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Abstract

The determination of solution structure of small to medium size chiral lanthanide complexes through paramagnetic NMR and circular
dichroism is briefly reviewed. The main focus is on ytterbium as the rare earth, because of its negligible contact contribution to the hyperfine
shift and of its intense CD spectrum in the near IR. The structures discussed contain various stereogenic elements: classical chiral centre
atropisomeric axes, slowly interconverting conformations, which gives rise to a manifold of situations to be identified, classified, and char-
acterised through spectroscopic tools. The fallout of these structural properties are in enantioselective catalysis, in molecular reccognition, c
even in biomedicine, on account of the role offGdomplexes as MRI contrast agents. Moreover, the information encoded in the NMR and
CD spectra of LA complexes may be used to extract original data on the solution stereochemistry of organic molecules used as ligands. The
first part summarises some basic theoretical aspects, with special emphasis onto those which have practical consequences in the experime
design. A discussion of selected applications can be found in the second part.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction potential and consequently have rigorously the same NMR
spectrum, unless they interact with a further chiral entity. By
The use of some spectroscopic properties peculiar to lan-establishing labile diastereomeric interactions with the an-
thanide (Ill) ions is an established tool for refined structural alyte enantiomers, a chiral lanthanide shift reagent (CLSR)
investigation in organic as well as in biomolecules. Each el- may be able to split the resonances of the two forms. This can
ement of the series is endowed with different characteristics, be exploited to quantitatively assess the enantiomeric compo-
but all of them share very similar or nearly identical chemical sition of a mixture. A few selected lanthanide shift reagents
behaviour: the two properties together offer the investigator and CLSRs that can be commonly found in the literature are
the possibility to choose the ion, according to the needs or depicted inFig. 1
even to the available equipment; some may take advantage of The origin of LIR and LIS resides in the coupling between
luminescence, while others may focus on relaxometry. The the nucleus observed through magnetic resonance and the un-
amplitude of the subject largely justifies the number of re- paired lanthanide electrons. We shall refer to classical reviews
view publications which have appeared in the literature. We describing the processes underlying these effects and recall
offer here the contribution of our own experience, primarily here the most relevant results, useful for structural analysis in
centred on ytterbium and based on the combined use of neasolution. A much more detailed description can be found by
infrared circular dichroism (CD) and paramagnetic NMR. In  Bertini and Luchinat’s booKL], or in other excellent reviews
both techniques, the presence of the lanthanide opens new?2].
spectroscopic windows, where organic molecules, like the  An aspect seemingly not fully appreciated is that the in-
free ligand itself, are unlikely to interfere. What follows will  teractions detailed below occur between a nucleus {élg.
necessarily be a very partial account, reflecting our own in- or 13C), which is in a well-determined position in space, and
terests and inclinations, but we aimed at making clear what a diffuse electron cloud. One may grossly estimate the extent
kind of information one can obtain from the experiments and of such delocalisation for example by means of the 4f orbital
— possibly — how can one get them work. radial distributior{3], which indicates an uncertainty of about
The increasing interest towards ¥ncomplexes, for ex- +0.3A around the LA* nucleus. For small complexes, where
ample in synthetic organic chemistry, in magnetic resonancesome of the relevant nucleus—lanthanide distances are below
tomography, in fluorescence microscopy, in targeted radio- 4A, this means that the dipolar approximation used may be
therapy raises a quest for investigation protocols. critical and this introduces an error, which may be more se-
The text will be divided in two parts, one dealing with rious than neglecting, for example, the contact contribution
a general description of the methods and of their relevant to the hyperfine shift.
relations, the other dealing with selected applications.

2.1.1. Overview of paramagnetism-enhanced relaxation
Paramagnetism-enhanced relaxation represents the in-

2. Methods creased rate of nuclear recovery toward equilibrium deter-
o . . mined by very efficient fluctuating magnetic fields generated
2.1. NMR: lanthanide induced relaxation and shifts by the unpaired electrons. Since relaxation rates are additive

_ _quantities, one can define the lanthanide induced relaxation
Lanthanide complexes have been known for a long time a5 the amount exceeding the longitudinal or transverse recov-

as useful auxiliaries in NMR spectroscopy, because they in- ery ratey for a given nucleus in an isostructural diamagnetic
duce significant modifications in solute molecular spectra, compound. For a given nucleus

with which they interact. The main application is as shift _
reagents: when the NMR spectrum of a compound is too pP2= pos_ pdia 1)

complicated, for example because of signal overlap, adding b ) .
a small quantity of a diketonate of e.g. Pr, Eu or Yb, can Wherep®>*is the observed relaxation raje/® is the analo-

spread and resolve the signals, by a mechanism defined ag0us quantity for a reference diamagnetic complex. (Ey.

a lanthanide-induced shift or LIS. This process is accompa- holds for Iongnudma} as well as for transvers_e relaxation;
nied by a broadening of the analyte resonance lines, referrednus, Properly speaking one would be able to introduce two
to as LIR (lanthanide induced relaxation). Interestingly, the distinct effects forthe same nucleus. Thereference compqund
enhanced lability of many lanthanide complexes implies that @n be taken most correctly as the lanthanum or lutetium
the adduct between the shift reagent and the analyte is in fas€OMPlex. Very often, one makes use of the term lanthanide
exchange with the free species, meaning that upon progres_mduced relaxatlo.n, LIR,whlch.may be unsatisfactoryin some
sive additions of portions of the paramagnetic complex, one cases: LIR is defined as the difference

can follow the modification of the analyte spectrum. Modern | | _ p0bs _ free

multidimensional NMR techniques and the diffusion of high-

field spectrometers made the use of shift reagents less popand equatingoP®? to LIS implies thatpd2= pfe€ which
ular, with the very notable exception of chiral systems. Two may be incorrect for nuclei very close to donor atoms or
enantiomers of a chiral compound have the same chemicalwhen coordination implies a structural readjustment. In the
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t-Bu

‘:Ln

-C3F7
Resolve-Al Ln or Ln(tmhd)s Resolve-Al LnFOD or Ln(fod)
Ln= Pr, Eu, Gd, Ho, La, Dy, Er, Yb Ln= Pr, Eu, Gd, Ho, La, Dy, Er, Yb

R=CF3: Ln(tfc); or Ln(FACAM);
R=C3F7 : Ln(hfc)z or Ln(HFBC);
Ln=Pr, Eu, Yb

Fig. 1. Common achiral (top) and chiral (bottom) lanthanide shift reagents. In bold are indicated the most commonly occurring lanthanides.

context of shift reagents, instead, the term LIR is completely a dipolar coupling. In the case of paramagnetic lanthanides
adequate. (Ce*-Yb3*) and with the exception of Gd, the most rel-
Electron and nucleus are coupled by dipolar interaction, evant correlation time. describing the random fluctuations
through two different mechanisms; in the first place electron of the electron—nuclear dipolar interactions is the very short
and nucleus are two particles with non-vanishing spin mag- electronic relaxation time. = rs~ 10~13s. This value im-
netic moments (this will be referred to as dipolar relaxation); plies that {1)2 <« 1 (low field limit) practically at most
secondly, given its long lifetime, the nucleus senses the av-fields currently used for NMR. This simplifies the equa-
erage magnetic moment of the molecule, which in turn is re- tions for nuclear relaxation: the longitudinal and transverse
sponsible for its macroscopic magnetic susceptibility (Curie rates for the nucleug become equal and can be written

relaxation). as
Magnetic relaxation is described through spectral density 4 di
i J(J + 1)t A%P(T
functions, which in turn contain a correlation time. In the ,od'p pglp 3(4 ) AL é )s = 6( E) 3)
following we shall review the relevant correlation times and . T r . ' r _
what reasonable values should be expected. wherey; is the nuclear magnetogyric ratio férug is the

In small to medium-size molecules, the diamagnetic con- €lectron Bohr magnetafis the appropriate quantum number
tribution p%2 can roughly be estimated to 0.5-2's given for the lanthanide iorg; the associategifactor. Properlyris
the large values usually found f@PbS any deviation from the electron—nucleus distance and assumes that a point-dipole
this guess introduces only a minor error gf"@ The two approximationis valid, i.e. that the unpaired electron(s) cloud
main interactions leading to enhanced relaxation discussedcan be effectively described as a point, fixed in space. This

below lead to the same expression is usually valid for nuclei A away and excluding extensive
A electron delocalisation onto the ligands. In such a hypothesis,
012 = 1’26(TC) 2) r can be substituted by the nucleus3t distance.
’ r

Owing to the high symmetry of the 4tonfiguration, the
thatis, both longitudinal and transverse rates are phenomenoelectronic relaxation time of G is several orders of mag-

logically proportional to—8. The values of the constams » nitude longer.
and the relevant correlation time depend on the specific
mechanism, as discussed below. 2.1.1.2. Curie mechanism. The second relevant mechanism

of nuclear relaxation in paramagnetic systems proceeds
2.1.1.1. Dipolar interaction. A given nucleus is under the through the coupling of the nuclear spin with the average
effect of the magnetic field generated by the unpaired elec- magnetic moment of the whole molecule. This derives from
tron(s); this interaction is described through the equation of the (small) electron polarisation in the external figdg,
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which is responsible for the magnetic susceptibility (hence determination in diamagnetic systems (e.g. with the La or
the name “Curie relaxation”). It is immediately clear that this Lu complexes). The easiest way is through®€-71 mea-
mechanism is magnetic field and temperature dependent. Thesurement of a €H system, recorded while saturatifigl.
stochastic process modulating the magnitude of the randomProvided nuclear dipolar relaxation is the main prodess,
field ensuring nuclear relaxation, is molecular tumbling. The

—1 -1
relevant correlation time is thus the reorientation tirpe tg. wR(ps) = 494T; ~(s7) (11)
;I_—Qr'ls can be approximately predicted through the Stokes equa'WhereTl is the13C longitudinal relaxation time. The quan-
! tity tr contains an implicit dependence dnwhich has two

_ 4rna® nMR 4 different and important sources: the rotational dynamics of
R= 3kT dNakT ) solute molecular tumbling (appearing in the Stokes equa-

tion (4)), and the viscosity of the solution. Curie relaxation
is more strongly influenced by temperature than the inverse
square proportionality made explicit in E¢8) and (9) and
arising from Curie law of magnetic susceptibility.

Unfortunately, obtaining the transverse rate required in
Eq.(10) may be far from trivial for lanthanide complexes. In
fact, the linewidth is often not much larger than in diamag-
netic system, provided chemical exchange can be ruled out,
as discussed below. Thus, broadening dugtmhomogene-
ity and to partially unresolved scalar couplings may prevent
ch__E(gg)zaﬁgﬁuéJ%J-+lf < 3R ) 5) izggﬁgzggz;gggtheHnewknhandoneshoumresonto

= 75 _
>\ an (3kT)"r Typical expected paramagnetic linewidths for a small
) 24 42 ) complex, of the size of a tris diketonate or of LnDOTA
pGurie _ }(@) w7gingJ(J + 1) <4IR n 3R > throughout the lanthanide series can be determined through
2 5\ 47 (3kT)?r6 1+ w?t} Egs.(9) and (3) and are reported ifiable 1

with n the viscosity of the solutiong the radius of the
molecule (supposed spherical)fg the molecular weight
and d the density of the soluteys the Avogadro’s con-
stant. In water, at 25C, tr &~ 30 x 10~12s for aquo ions and
TR~ 80 x 10~9 s for a small protein (10 kDa). Thus, depend-
ing on the molecular size and on the solution properties, the
rotational correlation time may or may not be compatible
with a fast motion-low field approximation.

The full equations for longitudinal and transverse rates are

1+ w%ré

to spectrum can be very sensitive to the dynamic processes the
molecules undergo. Fast and slow exchange regimes take up
w1 = y1Bo (7) a particular meaning, when dealing with paramagnetic sys-

tems: as we shall see below, a structural rearrangement may
be accompanied by very large pseudocontact (and possibly
also contact) shifts. Moreover, any free/bound equilibrium
implies that a given nucleus is under the influence of chem-
ical shift in the free form, while it experiences a very large
hyperfine shift once bound. Thus, it is rather common that

which makes explicit the external magnetic field dependence
of Curie relaxation rates.

Whenever ¢;1r)2« 1 the above equations simplify
to

curie _ 6 (MO)Za);g‘}p_gJZ(J + 1215 _ A(llurie_’:R

1 T s5\4r (3kT)2r8 76 (8) even at room temperature the dynamic processes fall in the
i slow exchange limit{< 2rwoAS$, with wg the Larmor fre-
Curie Z<@>2w§g‘}u‘é J2(J + PR ASUerg ©) quency) and separate NMR spectra are detected for the two
~ 5\4rx (3kT)?r5 8 forms. This is notably the case of ring inversion and side arm

The two rates are therefore different even within the low field rotation in DOTA derlyatlye{54], d.I'SCL'JSSGd In Sectidh3 as
well as of the metal binding equilibria in anthracycl{st].

regime. Thisisin (_:ontrastwnh that which was repor_ted above Slow exchange (in the NMR context) means that one may be
for dipolar relaxation and has been used to determine a quan-

tity depending only onrr and ons—°

pgbs - p<1Jbs = pgune — pfune 1 This can be easily verified by comparing the entity of Overhauser en-
hancement. To this end, one must record 4@ spectra one with and one
1/uo 2w§g‘},ufé JZ(J + 1)2‘L'R without proton irradiation prior to acquisition. The relaxation delay must be
- 5 ( ) (3kT)2r6 longer than 37 in both cases. The Overhauser enhanceménthe inten-
sity ration for the same peak in the two spectra. #fyn/yc — 1=2.99,13C
In fact, for diamagnetic and dipolar relaxation, in the low relaxation s purely dipolar. o .
field regime, the Iongitudinal and transverse rates are equa| 2 While writing this contribution, Dr. Guido Pintacuda drew our attention

d lout. The ad t fthi d is that to the fact that transverse relaxation might be seriously affected by chem-
and cancelout. 1he advantage ofthis procedure isthat one Carikal shift anisotropy/Curie cross correlation. If this mechanism provides a

Cons_iderTR as known, either through the gross asseTSS'”nemsignificant further line broadening, E€L0) might be incorrect. Further in-
provided by Stokes equation (4), or through its experimental vestigation on this issue will be required.

47

(10)
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Table 1 forward way of assigning the paramagnetic NMR spectrum
Expected contributions to tHél NMR linewidths (Hz) of a kinetically inert from knowledge of the shifts for the molecule in the free
lanthanide complex calculated through E.and (9) state. In this case, cross-peaks are confined in a cross, span-

Nucleus J 8/ ts(ps) Dipolar Curie (7T) Curie (14.1T)  ning 0—12ppm in one dimension (the normal diamagnetic
Ce 52 6/7 05 3 020 081 spectrum) and a much wider area in the other. By a careful
Pr 4 45 05 v 080 a2 choice of transmitter offset and of spectral width in éne

Nd 92 811 05 1® 083 34 may acquire a rectangular EXSY spectrum with improved
Sm 52 207 05 ® 0.0025 00099 L N C : .

To 6 32 069 109 43 176 digital resolution in the first dimension. Obviously, care must
Dy 15/2 43 082 155 62 249 be taken with folded signals.

Ho 8 54 054 102 61 250 Fast or intermediate exchanges are typical of situations
Er 152 6/5 085 130 41 166 where no conformational rearrangement of ligand or of the
\T('t‘: - /g Zs é:gg 14; ;_% g; paramagnetic complex occurs and itis particularly significant

when the lanthanide chelate has a labile axial site. This is in-
_ ; ) - deed the case for shift reagents, for catalysts and notably for
ris assumed B, andtr =100 ps; the electronic correlation timefor the nal fMRI ntrast nts. Al th nber rded
late lanthanides has been taken from R&8] and arbitrarily set to 0.5 ps ana ogu_es 0 contras age S. _ese can be regarae
for the others. Pm, Eu, Gd are not reported: the first is a synthetic element @S functional molecules, specifically designed to ensure weak

The Curie term is evaluated at two differeBy fields. The Ln—H distance

and strongly radioactive, Bti has/=0 in its ground state and @t has reversible binding, usually to oxygen-containing functional
ats~ 10 8 to 1(T§_’8, leading to an exceedingly large dipolar term (the  groups, like hydroxyls, carbonyls, carboxylates. The NMR
linewidth Av (Hz) is related to the transverse relaxation ragethrough spectrum contains one set of lines faIIing at a shift. which is
Av = polT). )

the average of the two exchanging forms, weighted for the

. relative populations. This means that the observed shifts de-
able to record EXSY spectra, under the condition that appre- pend on the solution composition and can be brought from

ciable exchange take place within the longitudinal magneti- one form to the other by displacing the position of the equi-
sation lifetime; this puts a further restrictiob> 5p1. EXSY librium. Typically, with shift reagents, one starts with the free
spectra can be recorded with the conventional NOESY se-gnalyte, then adds small portions of the lanthanide chelate,
quence, with the only precaution of adjusting the mixing time. following the stepwise displacement of each signal.

Often, for Yb complexes 10-100 ms are reasonable values. |jiermediate exchange, occurring wher 2rwoAs
ROESY sequence canin principle be used, as well. Especiallymanifests itself through extensive line broadening. A glance
in macromolecular diamagnetic systems, with long tumbling gt the values of expectétH linewidths for inert lanthanide
time, this has the advantage that exchange and Overhausegomplexes reveals that at least at intermediate fields and for
cross-peaks are oppositely signed and can thus be easily disyo|ecules of smaller size, the largest values are of the order
tinguished. Unfortunately, W|_th protop spectra spanning SeV- of 60 Hz, only for Dy and Ho, provided one focuses on pro-
eral tens of ppm’s, strong spin-lock fields need to be applied g distant &. Any major increase (and most notably for

in order to effectively cover the whole spectral width. This ,¢|gjike Yb or Eu) must be attributed to dynamic processes
may induce sample heating and TOCSY-artefacts. Quantita-of some sort. This is indeed the case of labile axial coordina-

tive analysis of EXSY spectraatvariable mixing timgcan o, which will be treated in some detail in Sectidi8.1
provide exchange rates. In fact, given a pair of exchanging

proton signals, ab1 anduy, in the 2D spectrum one observes
four peaks at the frequency paits; ( v1), (v1, v2), (v2, V1),
(v2, v2), whose volume integrals can be arranged in a matrix

2.1.2. Contact and pseudocontact shifts
Hyperfine or paramagnetic shift is defined through the

. . . equation
A. Perrin and Gipg7] demonstrated tha& is related to the g A
exchange matri¥. through the equation grara_ sobs _ sdia (13)
1 1 i i i i
L=—InPtA) = —Utin(A)U (12) By analogy to.LIR,.dl_scussed in Secuﬁm..l and with th_e _
trmix tmix same precautions in its use, one can define a lanthanide in-

whereU is the matrix of eigenvectors and the diagonal matrix duced shift, LIS, as

A contains the eigenvalues;, of (P~1A). The diagonalma- LIS = §°P°s _ sfree
trix P~1 contains the population of the exchanging species
so that the elements dP( *A) are the normalised amplitudes
of the peaks.

For obtaining exchange rates, one can also follow steady gpara__ sc 1 gPe (14)
state nOe build up, through saturation transfer experiments.

In both cases, one takes advantage of the dispersion of signal3he former arises from the probability of finding the electron
brought about by hyperfine shifts. localised onto the observed nucleus, and this is the reason
EXSY spectra can be particularly valuable in the case of why it is also called Fermi contact shift. This property is
free/bound exchange, because they allow a fast and straighttransmitted through covalent bonds and, because lanthanides

" The paramagnetic shift is the sum of two contributions called
contact and pseudocontact shifts
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give usually rise to a mostly electrostatic bonéfscan be Molecular symmetry can simplify the task of finding the
neglected for nuclei distant more than 4-5 bonds from the principal axes ofy. Thus, inC2 symmetric molecules, one
paramagnetic centre (unless involved in extensive conjuga-principal axis must lie along th€>, and forD; the three
tion). 8¢ is strongly reminiscent of a scalacoupling in dia- directions are completely defined. WithCa symmetry (or
magnetic NMR and, likewise, it is a function of the geometry. higher), the molecule appears totally axially symmetric, i.e.
For three-bond systems, it follows a Karplus-like trend, with x.x = xyy. This further reduces E¢§19)to
a maximum for antiperiplanar arrangements. Indeed this is

what Forsberg et al. reported in the most thorough analysis ofSIOC _ D3 cogo — 1

LnDOTAM hyperfine shift§10]. However, systematic inves- r3

tigations of Ln-LH contact shifts are still scarce and there is
no quantitative relationship to the geometry. On the contrary,
the pseudocontact term is directly dependent on the structure
and on the magnetic anisotropy of the ion.

The anisotropic electronic distribution of a paramagnetic
lanthanide differing from G# in an external field, gives
rise to a magnetic dipole momemt which is proportional to
the field through a magnetic susceptibility tengor

(20)

This relation is sometimes referred to as the McConnel-
Robertson equation and, in the context of shift reagents, Eq.
(20) has been used often, irrespective of the real symme-
try of the intermolecular adduct between the analyte and the
lanthanide systerfRa] This can be justified for molecules
containing one monodentate binding site, because of a dy-
namic rotational process, which provides gfective axial
symmetry.

= XBy (15) The relationship between the magnetic susceptibility
anisotropy and crystal field parameters has been investigated

Therefore, in a generic poink,(y, z) at a distance r from  py Bleaney[8] and more recently by Mironov et gB].
the centroid of the electronic distribution, there will be an

additional magnetic field expressed b .
9 P y 2.1.2.1. Separation of the contributions. As expressed in

g 3(p-r)r i (16) Eq. (14), the total paramagnetic shift is the sum of the two
-3 5 Tk contributionssP¢ andsC, neither of which is known or easily
predictable. Since only the former contains relevant geo-

where we introduced the dipolar tensor S . . . ;
metric information, quantitative structural analysis requires

32 — ;2 3xy 3xz a reliable separation of the observed shift into contact and
F— 1 3xy 32 _ 2 3yz 17) pseudocontact terms. The problem has been faced by many
ro ) ' ) authors and we shall describe here only some of the methods

3xz 3yz 3 —r proposed to this end. We have already demonstrated that

8P€ is a linear combination of products of geometric terms
and of magnetic susceptibility constants. Its most compact
— although general — form is expressed in E), which is
valid only if we know the directions of the principal axesyof

It has been demonstrated that in a series of isostructural
complexes, scanning the lanthanide jotihe contact contri-

B = Ti’Bo adds taB in the Zeeman Hamiltonian. The ob-
served contribution to the shift induced by this term is the
motional average dB’, thus for isotropic reorientation, one
has to take the trace dfx/ Observing thafl is a traceless
tensor one must introduce

X=X —tr(X)1 butlon(SC for each nucleusfollows a regular trend:
Using the Cartesian components (in a molecule-fixed coor- 8% = Fi - (S); (21)
dinate system) of the susceptibility tensor, the pseudocontact ‘
contribution to the shift is written
~ 1 + — Ayy
8P = —tr(Tx) = -5 KXZZ - szxyy) (32— r?) + szn(gxz — 3y?) + By xy + Bz Xz + 6xy2¥2 (18)

and shows a dependence gpfmrameters. If the Cartesian
axes are chosen along the principal directiong,dhe cross
terms, like x,,, vanish, and one can obtain the simplified

The termg(S;); are rather insensitive to the specific complex
and have been calculated throughout the sétile§ hus one

. can write:
expression
1-3c0%0 _ siPocosd 8= Fi(S2); + (D1;Gai + D2;Gai) (22)
§PC — 1 3 + D2 3 (19)

whereGy; andGy; are the two geometric factors appearing in
with the parametersD; = x;; — 1/2(xxx + Xyy); D2 = Eq.(19). The problemis thus partitioned in factors, depending
3/2(xxx — Xxyy) @nd ¢, 9, ¢) the polar coordinates of the nu-  only on the nucleus(F;, G1;, G2;) and only on the lanthanide
cleus under examination with respect to the electronic spin ion j ((S);, Dyj, Dz)). A whole set ofs}" - can be collected

in the principal axes system §f for a whole set of nuclei.
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Table 2

Values of(S;) throughout the LA" serieq1]

Ce Pr Nd Sm Eu Th Dy Ho Er Tm Yb
0.98 2.97 4.49 —0.06 —10.68 -31.82 —28.54 —22.36 —15.37 -8.21 —2.59

Elegantly, Forsberg et aJ10] observed that the above

equation is the scalar product
= Q- Pf (23)

whereQ; = (F;, G, G2;) andP; =((S);, Dyj, D2)).
Eq. (23) is invariant for alli and; values under the in-

troduction of the non-singular :8 3 transformation matrix
D

57 =Q;-D-D P! (24)
which means for any choid@;,’ = Q; - DandP;’ = (D~ 1)T

shall not discuss this point any further, because such assump-
tions have recently met some criticism, based (1) on the va-
lidity of the theory[9]; (2) on the invariance of crystal field
parameters throughout the serjgb,13,14]

For axial complexes, one can eliminate the param@ter
by means of two equatiof22) for nucleii andk, obtaining

[15]
spara ' . gpara
1] — <Fz FkGl> + & . (25)
<Sz>] Gy Gy (Sz)j
This means that plotting]*"/ (S ) ; agains®}, /() ; along

P;. This demonstrates that the problem as such has infinitethe series of lanthanide i |on$>ne should obtaln astralghtllne
equwalent solutions and that further elements have to beWwith slopeG;/Gy and intercept; — F(G;/Gx), provided

sought in order to make a choice among them (this is in fact
a gauge choice).

the complexes are isostructural. Assuming that at least one
geometric paramete&¥, or one contact shiff is known, one

The Simp|est approach is to assume a structure, whichcan solve the whole problem graphically. This latter require—

means to fixGy; andGo;,° a strategy followed for example
by Kemple et al[11].

Forsberg et al. investigatedia-symmetric complex, ana-
logue to DOTA[10]. In this case, the McConnel-Robertson
equation holds and only on®; parameter needs to be de-
termined for each Ianthanlde In a first approximation, they
determined the various;, thus obtaining the&® contribu-
tions, by fixing the geometrical factor for one proton (i.e.
assuming the geometry for that fragment) and varying all the
Dj’s, through a multiparameter (10;'s and 10F;'s) fitting
of 10 10 807 “values. ThetH-5%s reported by Forsberg et
al. confirm that

e in the YB** complex, they are a small fraction of the total
shifts, for almost all protons;

e the most affected nuclei are vicinal and antiperiplanar to
Yb.

Lisowski et al[12] took a heuristic approach for analysing
the spectra of L# texaphyrins, by excluding from a struc-
tural fit those nuclei which were likely to be affected from
non-negligible contact interaction. By so doing, they deter-
mined a magnetic susceptibility tensor, which was in turn
used for calculating thé"®s for all the nuclei and finally to
retrieve thes®’s for all the nuclei.

In complete alternative to these approaches, one may as-
sume that th@®,; (n = 1, 2) parameters follow Bleaney’s the-
ory (see SectioR.3) and can be predicted accordingly. We

3 To be precise, in the absence of symmetry elements defining the princi-
pal axes of the magnetic susceptibility tensor, one should go through more
complicated equations, which are anyway formally equivalent to what is pre-
sented here, and can be derived in the same way as we did fqRE2xg24),
but starting from the full equatiofi8).

ment is exactly equivalent to Forsberg’s gauge mentioned
above. Indeed this latter method has the merit of providing
a simple expression amenable to linear plots, although it is
mathematically equivalent to Forsberg’s: its advantage lies
in the immediate evidence of deviations from the expected
trend, which can be related to structural variations along the
series.

Once we accept that the contact shifts are proportional to
(S.), we can evaluate the contribution for the variousin
according to the values @able 2 As areminder, for a vicinal
proton three bonds apart from Yb, in anvi-conformation a
values® ~ 4-5 ppm is expected.

2.1.2.2. Structural inference through pseudocontact shifts

and relaxation rates. The complete problem of solving a ge-
ometry for a set ofV atoms consists in determiningN36)
coordinates. It can be reduced by imposing constraints, like
internuclear distances and angles. By doing so, the number
of variables is greatly reduced and it may be sufficient to con-
sider only dihedral angles as real fitting parameters. Param-
agnetic NMR provide a wealth of experimental data rich in
structural information: Eq¢18) and (3)—(10provide exper-
imental constraints that can be used in a global optimisation
of:

. The five components of the magnetic susceptibility tensor

. The correlation time (rotational, electronic or botty,
e The location of the lanthanide ion.
e A set of dihedrals on the organic ligand.

This approach avoids any assumption on molecular
geometry or, equivalently, any bias arising from symmetry.
Interestingly protons and carbon pseudocontact shifts and
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relaxation rates provide a very large number of experimental YSIS program set up by Forsberg contributes to solving the
constraints. Recently we developed a Fortran routine, calledproblem of spectra interpretation, by performing a permuta-
PERSEUS, which performs such a non-linear fitting, by tion of assignment over all the nuclei.

minimising the functional A simpler treatment was used by Meskers and Dekkers for
| 2 analysing the _m_termqlecular adduct between Ln(DPA)
Zf=1Ai(5?C(Ca 9_ 5?C(8Xper3 DPA = 2,6-pyridine dicarboxylate, Ln=Th, Gd) and three
F = Py y
0 8pc(exper32 vitamin By, derivatived16]. They assumed the conformation
=1 of the corrinoids under investigation from X-ray data and that
S Bj( ppar(caIC)_ 'Opar(experj2 the magnetic susceptibility tensor in the adduct is the same as
J=1TT L in the unbound Ln(DPAYP~. All that needs to be determined
Z;zl(p?ar(e)(per3 is the location and the orientation of the lanthanide complex
. 2 and the mole fraction of the adduct. Indeed, in a free-bound
+Zk=1ck(r k(Ln—D) — {r k(z'-n—D))) (26) equilibrium, and within the approximation of effective ax-

ial symmetry,x acts as a scale factor of tiieparameter of
McConnel-Robertson equati¢®0)

> k1 {rk(Ln—D))
In this equation the three sums go over theseudocontact

shifts, ther relaxation rates, and thedonor atomsD, re- 8PS = (1 — x) . s 4 x . (8912 4 gPY
spectively. Each piece of information can be independently 30020 — 1
weighted through the factor, B;, C. The Ln-D distance ~ gfree 4 . gpara_ sfree | p>° 0 - (28)

has been added as a further possibility, because, especially r3

when relaxation rates are not available the shift information where the second equality holds only with the approximation
alone does not determine accurately the position: one gdia= sfree,
can thus impose optimal values for such parameters by The results of this investigation will be discussed in Sec-
inserting (ryLn-p)). The program uses the steepest descenttion 3.4.
to minimiseF by varying the five independent components This approach is reminiscent of earlier reports, which
of x appearing in Eq(18), a phenomenological constaft aimed at analysing the stereochemistry of organic molecules
as indicated in Eq(2), which contains a linear combination  through the exploitation of paramagnetic sh[tZ].
of zs and R, the location of the L#" ion, a set of dihedral Finally, a complex routine, called PSEUDYANA, was de-
angles along single bonds. Once the five the tersds veloped by Bertini’s grou18] as an attachment to a soft-
known, one can retrieve its principal axis system by a ware for protein structure elucidation through (diamagnetic)
simple diagonalisation. The direction of these axes can NMR data. In this case the functional space of torsion an-
provide further structural parameters, as we shall see ingles is explored through a simulated annealing procedure.
Section3.2 In other words, PSEUDYANA adds a pseudopotentigl

Eq. (26) is nothing else than a generalisation of the so- to the functional describing the conformational energy to be
called agreement facto, sometimes indicated as AFamd minimised. This is done by introducing a weightfor each
usually expressed as a %. In fact, for pseudocontact shiftsexperimental pseudocontact st ®®* and a global scaling

alone, this factor is actor, which determines the overall weight of the piece o
| this fact f hich d i h Il weight of the pi f
. information provided by pseudocontact shifts with respect to
. 2521(8?0(66“0)_ S?C(eXpeg 27) the target functional:
- s pc(exper)2 2
S8 3 Upe = Wpcz wpe 8lpc(calc)_ 5?c(exper3 (29)

that is, with all the weightd,; =1 andB;, C; =0. !

One of the most thorough and critical reports is due to The position of the metal ion and the magnetic anisotropy
Kemple et al.[11] who analysed field and temperature- tensor are then allowed to vary during the calculation
dependent shift and relaxation data for a set of EDTA and in order to minimise the global target functional, which
benzyl-EDTA complexes along the Bhseries. These au- includes conformational energy, as well as experimental
thors used MM2-optimised molecular structures, kept fixed constraints.
during the non-linear fitting process, which thus optimised  Interestingly, in spite of the wealth of information one can
only the x tensor. obtain from pseudocontact shifts and relaxation rates, the so-

Forsberg et al[10] faced the problem of optimising the lution structure may not be completely defined. Thisis indeed
structure of an amide derivative of LnDOTAafter isolating the case for some DOTA derivatives, as discussed below, in
the pseudocontact contributiond®'@ as outlined above. To  Section3.3 two different structures have the same set of geo-
this end, they treated thecoordinate of the lanthanide ion  metrical factors and L¥—nuclei distances (within the exper-
as an adjustable parameter, thus obtaining a set of Ln—O andmental error) and cannot be distinguished. The problem can
Ln—N distances, which are in good agreement with the ex- be resolved only with the aid of a proton Overhauser effect
pectations of the lanthanide contractions. The SHIFT ANAL- and demonstrates that all the manifold of NMR experiments



2862 L. Di Bari, P. Salvadori / Coordination Chemistry Reviews 249 (2005) 2854-2879

ought to be used and that in spite of the very efficient relax- nal detected is inversely proportional to the relaxation rate of
ation brought about by paramagnetism, small but significant the observed nucleus, which is naturally smaller. Moreover,
NOEs can be measured also in small complexes. the paramagnetic signals are usually more widely spread out,
As a general rule, it is widely accepted that the smaller which reduces the risk of saturating two nuclei. The infor-
the agreement factor, the better. This is trivially true, but only mation derived through EXSY (or saturation transfer) may
to a certain extent: for example, all the uncertainties on the lead to the immediate assignment of the paramagnetic spec-
diamagnetic or contact contributions to the shift, or the error trum, provided that of the free form is known. The LIS is
introduced by using a point dipole approximation to describe automatically measured.
what is in fact a diffused electron spin distribution, justify Intermediate exchange is not easily amenable to any NMR
a certain discrepancy between calculated and experimentaknalysis, because it is plagued by extensive line broadening.
shifts: pushing the fitting procedure beyond that limitis mean- One should try and change temperature, solvent or, when
ingless. Unfortunately, itis very difficult, and we are sure not possible, field.
able to, to define in general where and when should one stop.  Inert systems are those where the lanthanide is caught
tightly by its ligand and no exchange between a free and a
2.1.2.3. Spectral assignment. Unlike what might be com-  bound form is observed. This doest imply the absence of
monly believed, assigning the paramagnetic spectra of lan-any dynamics, like conformational rearrangement or a labile
thanide complexes can be relatively easy. The first approachcoordination site, cases that will be discussed in some detail
comes with the question—is the¥'ifligand system labile,i.e.  below. Assigning the paramagnetic spectrum is complicated
does the ligand exchange between a free and a bound forms®y three factors: the shift is mostly due to paramagnetic in-
If this is the case, we must go a step further: is the dynamic teractions (contact and pseudocontact) and the usual corre-
process fast, slow or intermediate on our NMR times¢ale? lations between environment and chemical shift do not hold;
Fast exchange: one observes one set of resonances, whosbe line broadening erases most of the multiplet fine struc-
position is concentration-dependent. In this case one can takdure; efficient relaxation and wide spectral width prevent the
advantage of a titration of the free ligand with the lanthanide, successful use of many sequences based on complicated co-
starting with very small aliquots of the latter, inordertofollow herence transfer pathways. The simplest 2D experiments are
the spreading of the signals. In fact, itis impossible to predict usually the most useful and informative and one should gen-
if a certain peak will move up- or down field and crossing may erally avoid any sophistication: absolute value COSY, HET-
be the rule. This situation is often found with shift reagents COR or HMQC are among the most informative experiments,
reversibly binding to monodentate systems. for assigning proton and carbon spectra. Heteronuclear cor-
Slow exchange: two sets of resonances are more or less aprelation experiments are based on the good match between
parent, one for the free ligand, one for the complex. The very the total delayr and the reciprocal of the scalar coupling.
large paramagnetic shifts of most lanthanides from*Ba Indeed, maximum intensity is expected whenl/J. On the
Yb3* (excluding Gd*) makes this situation rather common, other hand, during this time, transverse relaxation can induce
especially when L#" salts are mixed with polydentate lig- loss of magnetisation and using a shortenay be a wiser
ands. Here it is most appropriate to try EXSY or saturation choice. In our experience,=1-5ms can give good results.
transfer experiments. One must find a mole ratio of'Ln  Fig. 2contains a pictorial and simplified synthesis of the most
and ligand such that both bound and free forms are popu-relevant aspects of this section.
lated. Then EXSY can be measured through the conventional The pseudocontact shifts are determined by the position
NOESY sequence, by judiciously choosing the mixing time. of the nucleus with respect to the lanthanide, which induces
The rule of the thumb to choosg,x close to an averagg one to think that nearby nuclei will have similg€. This ex-
does not help much and it may be wise to try a few quick pectation may be completely false and misleading: consider
runs with very different values. One must make sure that in that a pair of germinal protons on cyclene ring in Yb DOTA
the first spectrum one can recognise a reasonable number ofliffer in resonance by more than 100 ppm and that for the
paramagnetic resonances well above the noise. The ROESYother pair thesP® are opposite[19].
version may be more difficult, because strahdfields need There are, however, two distinct advantages when using
to be applied in order to cover the very large spectral width. paramagnetic NMR of L complexes:
This may introduce significant artefacts and sample heating.
Alternatively, one can use 1D saturation transfer by saturating e the signals are usually spread and overlap is rare;
the paramagnetic signals and observing the effect on the dia-e the short relaxation time allows one to acquire at increased
magnetic spectrum. Operating in the opposite configurationis rate.
not as effective, because the amplitude of the steady state sig-
In any case, one should always measuresth&@’s by
means of a simple inversion recovery: relaxation rates are

4 A process is fast ik « 27 Av (Hz), which depends on the temperature, | t Di f inf i hich be of
butalso onthe magnetic field and on the nucleusunderobservation.Infactthevery relevant pieces or information, which can be of some

three dynamic regimes can apply for the same molecule at one temperatureN€lp in assigning the spectrum (spatially nearby nuclei have
but at different fields or for different nuclei. similar rates) and might be essential for structure refinement.
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Does one see the
spectrum of the free
ligand together with
that of the complex?

Slow free/bound exchange. Use

no EXSY to assign the 'H

spectrum and HETCOR or
HMQC for '3C.

SwaSAs a[Iqe |

Fast free/bound exchange.
Follow signal displacement
from the free ligand by stepwise
addition of lanthanide.

Is the spectrum
dependent on the Ln3+
concentration, on the

molar ratio or on the
total concentration?

Inert complex. Use COSY or
TOCSY to assign proton
spectrum and HETCOR or
HMQC for 13C

SWAISAs
110U]

Fig. 2. Suggestions for assigning the spectra of paramagnetic complexes. Notice that: (1) success of EXSY is not guaranteed, since it depehdsge the ex
rate and on the relaxation time, as explained in the text; (2) one might have the simultaneous presence of the spectra of free and bound ligasddanswer ye
the first question) also in the case of inert systems, in the presence of an excess of free ligand.

2.1.2.4. Choice of the lanthanide. When one is allowed to
choose among the series, a few guidelines can help one to ob-
tain the best spectroscopic response. As seBigir8, nuclei /\
from Tb to Yb guarantee strongly shifted lines. The ratios i
8P¢/s¢ andsPC/ Av provide a criterion to orient the choice: the ;
larger the better, because the paramagnetic shift is least af- /
fected by contact and the line broadening is not too heavy. sl / \ |
It is clear that Yb, Ce and Pr are the best choices in these / \
respects. Samarium is not very good, instead, bec#tise
almost vanishing. » L / P i
When focussing on larger systems than those discussed in / ‘\ /A
the present work, such as metalloproteins, it may be desirable
to use Dy or Th, which may significantly shift the resonances
of distant nuclei. In this case, the contact interaction is un-
likely to be a factor owing to the presumably large number
of chemical bonds between nucleus and lanthanide. o
Yb is confirmed a good system, also for its optical prop- Ce Pr Nd Pm Sm Tb Dy Ho Er Tm Yb
erties discussed below.

nucleus

Fig. 3. Solid line: ratio between pseudocontact and contact shifts for a pro-

ton in a Lr#* complex throughout the lanthanide series. Dotted line: ratio

. between protodP® and linewidthAv. Dashed linegPC. In all the three cases,

2.2.1. Selection r ”l_es . . the geometry of the arrangement, the magnetic anisotropy, and the external
In 1980 Fred Richardson classified the f—f electronic tran- fieiq can change the value (but not its relative trend), which is thus referred

sitions of Lr* systems with respect to their expected electric to Yb3*.

2.2. Chiroptical spectroscopy
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Table 3 Table 5

Richardson’s classification of B —f electronic transition§20] Transitions belonging to &R | clasg20]

Type AS AL AJ lon Transition Approximately trans. Approximately
1 0 0 0,1(#0+£J) freq. (cnm1) wavelength (nm)
2 0 0 1(orJ =0) Ce  ZRgp— 2Ry 2100 4760
3 0 >0 0,1(#0+T) Pt 3H,— 3Hs 2150 4650
4 0 >0 1 (] orJ' = 0) Nd3* 4|g/2 -4 11/2 2000 5000
5 0 >0 2<|AJ| <6 (JorJ =0) Pm* Sy — S5 1600 6250
6 0 >0 2,4,0r6{orJ =0) St SHgpp — SHyp 1400 7140
7 0 >0 3or5(orJ=0) E® TFi—'F 1100 9090
8 0 >0 0y=J=0) T  "Fg— 'Fs 2100 4760
9 >0 >0 0,17#0#T) Dy3*  BHi5o—®Hizp 3500 2860

10 >0 >0 1(JorJ=0) Hod*  SIg— Iy 5000 2000
11 >0 >0 2<|AJ| <6 (JorJ =0) Er* 50— 4li3p 6400 1560
12 >0 >0 2,4,0r6{orJ =0) Tm?*  3Hg— %Hs 5800 1720
13 >0 >0 3or5(¢orJs =0) Y3 2F7,— 2Fg)n 10000 1000
14 >0 >0 0y=7=0)

gations both connected to absorption and emission chiroptical

o spectroscopy of L transitions.
and magnetic dipole strengths and to the rotatory strength

they acquire once the ions are embedded in a chiral environ-
ment[20]. First of all he divided all the possible transitions
according to the change inS, AL, or AJ into 14 classes as
represented iffable 3

Thereafter, he determined which are the transition types
expected to yield: (A) the strongest electric dipole; (B) the
rotatory power; (C) dissymmetry factqy € Acle). These as-
pects play afundamental role in the intensity detected throug
spectroscopy, as depictediable 4

2.2.2. Absorption and emission chiroptical
spectroscopy: CD and CPL
Chiroptical techniques are a powerful tool for investigat-

ing chiral molecules for several reasons. In the first place,
circular dichroism and circularly polarised luminescence,
CD and CPL, providemique spectroscopic data sensitive
hto the absolute configuration and the enantiomeric composi-

tion of a substrate not depending on diastereomeric interac-
dtions. Moreover, there is a neat increase in sensitivity to the

This means that for each lanthanide (except La, Gd an hemical : faqi h h ith
Lu) the transitions reported ifable 5belong to tke R | class chemica enV|ronment otagiven ¢ rqmop ore with respect
to the non-polarised (sometimes definedrropic) absorp-

and are expected to give rise to intense CD and CPL spectra.t. L h Finally. the fact that the chi
Among these transitions, the nearest to the field com- lon or emission phenomena. Finally, the tact that the chi-

monly covered by commercial spectropolarimeters is the ro_pti(_:al bands can haye different signs oft_en implies spectra
2F,,—> 2F5) of Yb3*, which falls just at the beginning of with improved resolufuon. In fact, two partially overlapping
near IR. On the contrary, many of the others are likely to bands O.f the same sign tend to merge an_d to_appear as one
interfere with chiroptical phenomena allied with vibrational 2PSorption peak, while if they have opposite sign, there is a

spectroscopy. The transitions showfTable Srepresent only 3?‘??3”6}“;:”;%?& which Tétlkfséf;fe tWotcom tportletr;t.s clgarlty
a selection of the strongest rotatory strengths expected, which Istinguishable. In a completely difierent context, this eftec

does not imply that other systems are not amenable to chirop—'t_S \r/]vell k(rjlowtr:l: Ior ?xgmglgg)st\r;ose af[:cust(;]med to the an;l
tical investigation. In fact, there is a large manifold of investi- Iphase doublets o QF- spectra, where even sma
active J-couplings can become apparent, while they provide

no splitting in the in-phase 1D spectrum.
Table 4 The?2F7;; — 2Fs» of Yb3* is in fact a manifold of transi-
Classification scheme for electric dipole strength (A), rotatory strength (8), t1ONS centred around 980 nm: in a crystal field the lower lying
and dissymmetry factor (C) (the relative strengths are | > |1 > 111 20]) state?F7, splits into four sublevels, characterised by Mg
Class  Transition types components¥; =+7/2;£5/2;£3/2;+1/2), while the upper
state?Fsy» splits into three ¥ = +5/2; +3/2; +1/2). If the

@ Erectric dipole strength Eh ; ffig crystal field splitting of the ground state is comparable to —
i(:tt;osrizte";;‘ and emission ENl 2,4,7.8 or smaller than 47 at room temperature (which is indeed
EIV 10,1314 the case in the examples reported so far), the sublevels are
(B) RI 1 populated according to a Boltzmann distribution and in prin-
Rotatory strength (CD RII 2,3,5,6,9 ciple up to 12 electronic transitions can be observed (starting
and CPL intensities) RII 4,7,8,10,11,12 from eachM; component ofF;;, and aiming at the three
RIV. 13,14 sublevels ofFs)y), following the schematic representation
© DI 2,10 of Fig. 4 On lowering the temperature, the relative popula-
Dissymmetry factor B::I 3l>g Z,’ fvl9v1;3v 14 tion of the ground sublevel approaches unity and only the

transitions starting from it survive.
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Fig. 4. Crystal field splitting and hot bands in Yb DOTMA, a chiral ytterbium complex. On the left: NIR absorption and CD spectrum, where the individual
transitions have been assigned; on the right: energy splitting of the grékng) @nd excited{Fs/») electronic statef21].

This has been used as a tool for a tentative assignment ofapplications, this is made possible through the introduction
the energies of the electronic sublevels of Yb in YbDOTMA. of an organic chromophore capturing UV radiation and sen-
One can perform a quantitative evaluation of the rotational sitising the Li#*, which in turn gives rise to luminescence in
strengthR(7) of the individual dichroic bands as a function Vis or NIR. The overall process is dominated by an intra or
of temperature, and one expects that each transition is charan intermolecular energy transf@2,23] This situation has
acterised by an intrinsic rotational strendgth multiplied by been used to monitor the environment of both the lanthanide
a Boltzmann factob(7): and the organic moiety. Notably, it served as a sensor for pH

, [24], pO2 [25] anions[26], alkali cationd27], and for inter-
R(T) = R'(T) (30) action with nucleic acidf28]. To this end, the most widely
From the spectrum at low temperature80°C), shown in used systems are Th, Eu, more rarely Er, Yb, and the others.
F|g 5, one can recognise the two energy Sp||tt|ngs of the A considerable amount of work has been invested to
upper level 2Fs),, then these data are used to find the same determine the energy levels involved in the transition,
spacing of lines at room temperature. The values tentatively €xploiting CD and emission spectroscopy. This was done
found are shown iffrig. 4 [21] primarily by Richardson’s grouf29], and will not be further

Almostall lanthanides have fluorescent transitions and can reviewed here.

give rise to interesting emission and CPL spectra. In many  Nowadays many commercial CD instruments offer wave-
length extension to 1100 nm, in the near infrared as an op-

tional device. This is completely adequate to observe Yb, Tm,
Er, Dy, and Nd NIR-transitions. We work with a home-built
tandem detector Si/InGaAs, on an old Jasco J200D, equipped
with a halogen lam30]. The large rotational strength allied
with the2F72 — 2Fs» of Yb3* in a chiral environment makes
the detection of CD spectra particularly easy, and often sim-
pler than the accurate measurement of the absorption itself.
This is notably true especially when water or an alcohol is the
solvent, because between 900 and 1100 nm there is-&h O
stretching overtone. Owing to its small extinction coefficient
it does not interfere with CD (the anisotropy factoA/A re-
mains larger than 1), but may require repeated accumula-
S tion to obtain satisfactory accuracy in absorption. Things are
980 1000 much easier when heavy water is used instead,@i.H
Owing to the small absorptions allied with the electric-

Fig.5. Temperature dependent NIR-CD spectra of YbDOTMA. Continuous deOIe for.bld-den —f tra_nsmons of L%' CPL may require .
line 298 K; dashed line 218 R1]. laser excitation, especially for complexes lacking aromatic
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groups (see the description of antenna systems below in Secthe axial ligand35]. This will be discussed in the following

tion 3.3). section.
2.3. Connection between optical spectra and magnetic 2.3.1. The role of the axial ligand
properties Many functional lanthanide complexes share a common

feature: more or less inert binding to an organic ligand and

Lanthanide 4f orbitals are weakly affected by the donor one or more labile sites, where molecules containing donor
atoms in the environment, because they are deeply buriedgroups and atoms can be temporarily hosted. By doing so,
under the 5d shell. Consequently, unlike transition metals, the chemical and spectroscopic properties of this molecule
the crystal field splitting is usually small, and constitutes a may be drastically modified. Three examples will clarify the
minor perturbation to spin—orbit coupling. This means that matter.
the centre of gravity of all the state-to-state transitions is,  Shift reagents, where the guest molecule falls under the
to a first approximation, independent of the ligands, which influence of the large magnetic anisotropy oftthis possi-
determines, instead, the spread of the lines. With referencebly induces large shift differences and resolves peak overlap.
to Fig. 4 above, the separation between the sublevels of theThe organic ligand in the first place makes the lanthanide
ground electronic state of Yhin YoDOTMA is comparable soluble in apolar media. Moreover, when it is chiral it may
to kT (at room temperaturé] ~ 200 cn1 1), which justifies differentiate isochronous enantiotopic nuclei in the guest.
the appearance d@br bands, described in the previous sec- Magnetic resonance contrast agents are usually complexes
tion. The appearance of the optical spectrum (position and of Gd®* exploiting the very efficient nuclear relaxation expe-
intensity of the absorption, emission, and dichroic bands) rienced by water molecules coordinating to the lanthanide.
can be related to the crystal field parameters, expressed a3 he organic ligand must ensure sufficient stability to prevent
spherical harmonic componen%, where—k < ¢ <k and release of the lanthanide in the living organism. Secondly, it
0 <k <6[31]. The crystal field parameters are also responsi- modulates the properties of the system, for example the rota-
ble for the magnetic properties of thet'rions and arelation  tional correlation time, the exchange rate or, in more sophis-
between optical and NMR spectra has been sought throughticated application, it lends itself to interaction with specific
Bleaney's theory8]. This treatment suffers from one major target biomolecules.
limitation: the assumption that the crystal field splitting is Lanthanide-based catalysts for stereoselective reactions
small compared téT, which is likely to be violated by many  are often postulated to polarise the substrate, through a Lewis
systems, notably by Y&, as discussed above. Mironov et acid (the Li*) — Lewis base interaction, while the ligand
al. proposed a more complete approach and calculated theprovides the chiral environment responsible for a definite re-
magnetic anisotropy for a variety of systems, as a function of action stereochemistry.

the ligand geometr{p]. In all these cases it is essential that many guest molecules
Bleaney’s theory predicted a definite trend for ##& come in contact with the L, i.e. that the axial coordination

through the LA* series and this was the basis for several site is exchangeable.

investigationg32]. Interestingly, in a pioneering report of In the recent past, we have examined this process from

a scan ofP¢ throughout the series, Horrocks and Sjpa] the point of view of crystal field parameters, finding that

found a trend, which very closely parallels Bleand@kpre- the axial ligand plays a very large role in determining

diction and the very recent Bertini validati¢dd]. the magnetic anisotropy of ¥b [36]. The 1H spectrum

Parker et al. made an attempt directly to relate the appear-of the organic ligand in [Yb(DOTAMNpY}" (seeFig. 6)
ance of optical and NMR spectra, thus bypassing any explicit changes dramatically when DMSO is added to &sCRN so-
reference to crystal field parameters, which are modulated bylution. Because both complexes are axially symmetrical, the

1-Np

Me
4

touromso
2411 DMSO

1 4l DMSO N N \/( Me
0.5 ul DMSO
pure MeCN Aﬁ_/ N /L
/

920 940 960 980 1000 1020

M
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o

Fig. 6. NIR—CD spectrum of [Yb(DOTAMNpJ] as a function of DMSO added to a GEN solution[36].



L. Di Bari, P. Salvadori / Coordination Chemistry Reviews 249 (2005) 2854-2879 2867

200

7 -

y=-70.219 + 7.9249x RA2=0.984 N

o
PR °
J=1 splitting M'; 7/’"\,\{ \N/
/ cm-1 € o [ Eu®
100 N M 7 Me
(N~ N
=0 Ph
N [Eu(DOTAMPh)J®
)'"Me

0
10 20 3

0 40
axial proton shift/ppm

Fig. 7. Correlation of théH NMR shift of the most shifted axial ring proton, in [Eu(DOTAMP#)]with the separation of the A-A; and E-A optical
transitions in theAJ = 1 emission band#10 cn?) for 13 different O and N axial donors (295K, 1 mM complex).

McConnel-Robertson equati¢@20)is valid and, providedno  portant features: leaving the metal centre relatively accessible
structural rearrangement takes place between free and bountb reactants and reducing the number of non-equivalent reac-
forms, the spectra can be fully accounted for by one parametertion pathwayg37]. Unfortunately, the solution structure of
D, which is a function of the axial ligand strength. According many such derivatives has not yet been investigated, and we
to Bleaney, it is directly proportional to the sole crystal field hope that in the near future more reports on this subject will
parametelB(Z).5 In fact, two different effects concur in deter-  be published. Several reasons may prevent widespread geom-
mining this dependence. The increasing (negative) charge oretry determination of L# complexes. In the first place the
polarisability of the ligand reflects directly iB2, moreover lack of general software suitable for the analysigRéfand
if there is an equilibrium between a capped and a non-cappedrelaxation rates of small molecules, as outlined above. Sec-
form, this is likely to be displaced more in favour of the for- ondly, the high degree of fluxionality often exhibited by these
mer with stronger donors. Interestingly, the modification of complexes, at least on some coordination sites. Very recently,
theH NMR is parallel to that of the NIR-CD spectrum, as we became interested in the analysis of a chiral complex
demonstrated ifrig. 6. based on a neutral hexaazamacrocycle, obtained by conden-
Moving from this observation, Parker and Dickins ar- sation of diformylpyridine andrans-diaminocyclohexane,
gued that the optical and NMR spectra of the chiral complex shown inFig. 8 [38,39] This system exhibit®, symme-
[Eu(DOTAMPh)E* of Fig. 7 can be directly related, avoid-  try in the solid state and in solution. Two NO are axi-

ing explicit reference to the crystal field parametg3s]. ally bound and a further nitrate is in the outer coordination
Babushkina et a[32] had reported that the sublevels of the sphere.
states’F1 and®Dg of EW®* are split only by second order The solution structure has been confirmed to be practi-

harmonics, which — in an axial system — reducﬁgtoalso cally identical to the X-ray geometry, by analysis of #é.
responsible for thed parameter of Eq(20), according to Indeed, lacking axial symmetry, this complex must exhibit
Bleaney[8]. The value of the observed shift for the axial a certain degree of anisotropy of the magnetic susceptibil-
proton in DOTA-like systems is a good measurepfpro- ity tensor and the full Eq(18) has to be employed. The,
vided contact interaction can be neglected. The straight line symmetry ensures that the principal axes of the inertia and
of Fig. 7is a demonstration of the validity of this approach. magnetic tensors coincide, i.e. that the principal components
The same authors related the amplitude of the NIR-CD of x are to be found along the three orthogofiglaxes. This
spectrum of [Yb(DOTAMPh){* at 975 nmwith the axial pro-  greatly simplifies the task, because the geometrical factors are
ton shift. immediately defined in Eq19). When a salt of a different
anion is added to the solution, the NMR spectrum undergoes
profound changes, which reflect once more the sensitivity of

3. Applications the crystal field parameters to the donor strength of the axial
ligands. Unlike the previous discussion in SectibA.], in
3.1. Cz-symmetric complexes this case, twd parameters are relevant, and both — possi-

bly to a different extent — show the consequence of the anion
This class of symmetry is rather well represented for cat- change. Moreover, as clearly seerfrig. 8 there are two ax-
alytically active compounds, because it conjugates two im- ial sites, one above, one below the macrocycle pseudoplane.
This means that the anion exchange can take place stepwise
5 Following Mironov instead, the dependence is not as sirfgjléFor the and that SPecies withiz symmetry can be formed, where the

present argument, however, this has no practical effect, because we avoioaXial "gan.ds are different: assuming on?_titrates the complex
any precise reference to the nature of the crystal field terms. YbLA; with the anion B, the two equilibria ought to be
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Fig. 8. Structure of the hexaazamacrocyclic L*Tm(®&complex. The chiral ligand L* is depicted on the rigA8a].

considered Furthermore, by NIR-CD, one can establish a spectro-
B B scopic series for the ligands investigated:

YbLA2 = YbLAB = YbLB; (31) PhSQ~ < Cl- < NO3~ < AcO™
A~ A~

henylphosphat¢?, diphenylphosphate
This is readily apparent in thtH NMR spectrum because < phenylipiospha phenylphosphale

the systems YbA, and YHLB> haveD, symmetry, and only
eightresonances are to be expected, owing to magnetic protors.2. Cs-symmetric complexes
equivalence, while in the case of the low€s symmetry
species YRAB 15 different shifts are envisaged. Afamily of enantioselective catalysts belongs to this class,

The situation may be complicated by the dynamic regime obtained by reacting an alkali metal binaphthoate with a lan-
of the exchange processes. Let us focus on the first step of Eqthanide salt. These complexes are often known as Shibasaki's
(31)above. Ifitis slow, during the course of the titration one catalysts[40]. Several preparations have been described in
observes the superposition of the spectra of the two speciesthe literature, the most effective ones starting from the read-
EXSY experiments can readily correlate the proton shifts of ily soluble Ln¢PrO) or Ln(TfO)3, although, also the chlo-
L. ThesP® can be ascribed to the pure KB, and to the pure  rides may provide good results. The X-ray structures of these
YbLAB. If the exchange is fast, instead, in a generic point of
the titration, the spectrum displays lines whose shift do not
represent any pure species, but fall at weighted averages of
the limiting cases preventing a straightforward analysis. Care
must be taken to extract ti%€° sufficiently near to the case
where only one species is present. The situation can be clari-
fied, taking advantage of an “intrinsically fast” spectroscopy,
like NIR-CD. Indeed, for the timescale of optical spectro-
scopies practically all exchange processes appear slow and_lg
the spectra are the superposition of contributions from the =
various species. The sensitivity of this spectroscopy to the <
axial ligand was already discussed for symmetric complexes
in Section2.3.1and is further confirmed ikig. 9.

The analysis of théP¢ demonstrates that:

¢ The geometry of the macrocycle is insensitive (within the S
accuracyllm_lts ofthe m_et_h_od_)tothe axial ligand exchange. 960 965 070 975 980 985 990 995 1000

. Th_e magnetlc susceptibility is strongly dependent on the % (nm)
axial ligand.

e The results of the analysis for the systems of lower sym- Fig. 9. NIR-CD spectrum of: (a) [YbLG]-2H,O (6.52mM) in
metry are depicted iRig. 10 The graphical representation = CHCl/MeOH 2:1, (b) [YbL(NG)2(NOg)] 6.10 mM in CHCh/MeOH 2:1,
of the magnetic susceptibility tensor gives an immediate (¢) [YPL(NO3)2(NO3)] 3.13mM in CHCE/MeOH 2:1 after adding of

. o . - 2.4equiv. of AcONa (130.00 mM), (d) [YbLE]}2.67 mM in CHCk/MeOH
feeling that it is grossly approximated by a prolate ellip- 5 oo % 4062 S ealiiv, of PPNES7.47 mM), (€) [YBL(NG)2(NOS)]
soid, with the main axis roughly directed between the tWo 3 50mm in CHCh/MeOH 2:1 after adding of 2.5equiv. of DPPNa

cyclohexyldiamine nitrogen atoms. (24.68 mM)[38].
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Fig. 10. Results of the analysis of tbf¥ for a series of ternary adducts@ symmetry, with reference to the hexaazamacrocyclic ligand L*. Calculated values
of D1, D> (ppmA3, error within 10-20%) and (+5°) following Eq. (19), and of the components of the magnetic susceptibility tensor in its principal axes
system (a, b, c) indicated on the right. In the bottom line, the magnetic susceptibility ellipsoids are also {@jcted

compounds have been exhaustively reviewed by Aspinall the aid of the program PERSEUS described in Se@iar2
[41]. we varied the dihedral angle of a binaphthol unit, together
The main feature is that in the solid state, they give rise with the Yb coordinates and the magnetic susceptibility ten-
to an approximate trigonal antiprismatic coordination poly- sor components, in a global fitting of thie-7, andsP¢ and of
hedron, shown iffrig. 11 [42] the 13C sPC. The result was a fragment of the complex, with
In the first part of the series, from La to Eu, a water Yb3* defining the coordination polyhedron centre, and the
molecule occupies an axial position, capping the antiprism. main axis of the symmetric susceptibility coincident with the
From Eu to Yb, non-capped complexes are stable. Thus, eu-Cs axis. The whole geometry is obtained by constructing the
ropium can give rise to both 6 and 7 coordinated species. Thesymmetric images of the binaphthol ligand. Therefore, this
polyhedron may be conically distorted, with the upper trian- structure is built exclusively on the basis of NMR constraints
gle defined by the oxygen atoms slightly wider than the lower. and does not rely upon previous knowledge (apart from a
For the early lanthanides, this may appear a consequence ofeasonable geometry of the naphthol moiety). Water is not
the capping water ligand, but such a feature is preserved atbound to the complex in THF solution, as demonstrated by
least for some systems throughout the series independentlythe fact that HO resonates at the usual frequency and that
of the occupancy of the axial site. A notable exception is no low field signal can be assigned to axial ligation. This is
provided by YbLg[(S)-BINOL]3, which displaysD3 sym- taken as a good hint that Y{{S)-BINOL]3 (at least for
metry even in the solid state. THel and3C NMR spec- M=K, Na) cannot expand the coordination number, proba-
tra of YbNa[(S)-BINOL]3 immediately reveal that the six  bly on account of the small ionic radius of ¥band of the
naphthalene units are equivalent at all temperatures, down tobulk exerted by the ligand. In the X-ray structure, the angle
173K, where no decoalescence occur. Accordingly, the sys-O—-Yb—0 is smaller than 120from the wider rim, smaller
tem in THF solution must be considered truly symmetrical than 110 from the narrower rim. In the symmetrical solution
and not only dynamically so. A detailed analysis of the hyper- structure, this angle is anyway smaller than<120
fine shifts was performed first by Aspinfdi3], assuming the These compounds are extremely interesting also from the
solid state structure. This study demonstrated that this geom-point of view of chiroptical spectroscopy: they lend them-
etry is substantially conserved in solution. More recently, we selves to simultaneous examination of ligand-centred transi-
reanalysed the problem, without making assumptions, with tions in the UV and of metal-centred NIR-CD. Naphthalene

Oxygens

Binaphtholic
unit

Yb [(S)-BINOLJ;®

Fig. 11. X-ray structure of YbNg#(S)-BINOL]3 viewed almost along th€s axis[42].
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Fig. 12. NIR—CD spectra of Ybl(S)-BINOL]3 with M =Na (continuous
line) and M=K (dotted line). Fig. 13. NIR-CD spectrum of Yb¥{(R)-BINOL] 3 (indicated ask)-YbPB)
before (continuous line), and after (dotted line) the addition of a molar excess
of (5)-BINOL [45].
is a very powerful organic chromophore with awell described
UV spectrum, largely dominated by thBy, transition around
220 nm and polarised parallel to the long axis. In chiral non- previously only as a consequence of the reaction of & Ln
racemic compounds, this may give rise to intense CD spectra,salt with racemic binaphthol and the dynamic process of lig-
which reflect the overall molecular stereochemi$#4]. By and shuffling had not been revealptB]. The amount of
using the DeVoe approach to the quantitative interpretation of heterochiral complex at least when M =K remains well be-
the CD spectra, the relative orientation of naphthol moieties low 10%, witnessing a strong preference for the homochiral

can be investigated. In the case of Y§[#)-BINOL] 3, this species, which appears to be more stable. When a molar ex-

method confirms the solution structure determined through cess of R)-BINOL is added, one might expect a complete

the NMR analysi§42]. chirality inversion, which is indeed demonstrated through the
The case of YbM[(S)-BINOL]3 elucidates at least two  NIR-CD spectra ofig. 13

very important points, which will hopefully help the rational Another class ofC3-symmetric molecules, which have

approach to understanding chiroptical spectroscopy 8tYb  been thoroughly investigated by means of NMR is provided

In the first place, the coordination polyhedron of the by helicates. These are self-assembled systems, where three
molecule is achiral (it haB3g symmetry), which impliesthat  ditopic ligands are held together in the form of a twisted
the charged oxygen atoms cannot be held responsible for thebundle by metal ions. These systems are among the best char-
observed Cotton effects. The optical activity must thus be acterised for the separation of contact and pseudocontact con-
ascribed to a coupling with the organic backbone. tributions. The name helicate itself strongly calls for chirality,

Secondly, there is a remarkable difference in the spectral but unfortunately most of these complexes are prepared as
width spanned by the potassium and the sodium derivativeracemates. Nice examples of non-racemic systems are those
(se€Fig. 12. Thisfits nicely withthe NMR spectra, whichare recently described by Horrocks et al., who took advantage

characterised bp = 645 for M=K andD=1770 for M = Na. of stereodefined centres introduced on the ligand, reflected
EXSY spectra recorded after adding an excess of free lig- in a precise preference for one sense of helical tjgis}
and demonstrate that the ¥-BINOL bond is labile, which, Molecular mechanics calculations indicate that tha

together with the observation that ytterbium remains six- conformation should be preferred, as depicteBig 14 In-

coordinated, even in the presence of water, is a good indi- deed the CD spectrum shownkiyg. 14 clearly demonstrates

cation that any catalytic mechanism involving this complex thatNc*is embedded in a chiral environment. Unfortunately

may involve a ligand-to-substrate excharfd®g)]. it is weak and does not allow any safe correlation to those of
The observation of the lability of bound BINOL sug- Fig. 21below.

gests that in the presence of the free ligand of opposite The induction of chirality from the carbon backbone to

configuration, one may prepare directly in solution diastere- the aggregate in helicates may be incomplete and may lead

omeric complexes such as YBMS)-BINOL] 2[(R)-BINOL] to the formation of diastereomers (combining the stereogenic
and possibly even invert the configuration of the whole com- elements on the ligand with the two helical twists). On the
plex. This is what is indeed observed. contrary, in a recent report Piguet et al. prepared enantiop-

By simply mixing YbK3[(R)-BINOL]3 with (S)-BINOL, ure helicates containing d and f metals, and devoid of chiral
one can detect the NMR signals of a small amount of the centres on the ligand, by exploiting the stereochemical in-
heterochiral complexes. Similar systems had been reportedertness of Cr complexg¢47]. They characterised completely
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Fig. 14. Vis—CD spectrum of the neodymium helicate;Ndba-chxn®,R]3. The chiral ligand is represented in the insert and the structure of the complex is
shown on the righf46].

the Eu—Cr derivative, providing CD and CPL spectra, which many systems is labile, which is determinant in their role in
feature high luminescence dissymmetry factors. By doing so, MRI: the exchange rate of water molecules for Gd DOTA
they demonstrated that helicity is an efficient tool for gener- about 4x 10° s~1, ensuring high relaxivitj49]. Moreover,

ating high CPL signals. the cage itself undergoes very relevant dynamic conforma-
tional processes, which are best explained in the prototype
3.3. Cy4-symmetric complexes system LnDOTA" (seeFig. 15. Owing to steric interference

between the acetate side arms, the complex must adopt an

The derivatives of DOTA, based on tethasubstituted ordered conformation, where all the arms bend on the same
cyclene macrocycles constitute the best characterised classide, giving rise to a more or less twisted tetragonal prism.
of Ln3* compoundg48]. This is largely due to the possible The four N- and the four O-atoms constitute the top and the
implications and use of the Gt complexes as MRI con-  bottom squares and the distortion is conveniently described
trast agents. The eight-fold coordination of DOTA provides through the tilt anglep, between themyp =0° is a perfect
a tight cage, ensuring stability and low toxicity. The very prism,¢ =45 is a square antiprism. This leads to an overall
high formation constant, however, does not imply a com- chirality of the coordination cage, which is definador A,
plete kinetic inertness, on the contrary. The axial position of as depicted ifrigs. 15 and 16

- SA e T C
&%N Yoi+ ) ) & Vb Nj
o WAL

isomerization A(AAAA)

side arm
rotation

side arm
rotation

Fig. 15. Stereochemistry of Yb DOTA The species across the diagonals are enantiomers, while between top and bottom lines, and left and right columns
there is a conformational diastereomer relation.
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Ybs*

(@)

Fig. 16. (a) Equilibria between th& and A chirality of the coordination cage in Yb DOTA analogues. On the top line, the Newmann projection along the
C—N bond is depicted; on the bottom, the overlapped squares represent the two planes, one defined by the four nitrogen atoms, one of the oxygen atoms (at t
corners); (b) equilibria between ti@nda forms of the cyclene ring. In the top line the twauche conformation of a cyclene ethylenic bond are depicted; the
bottom line represents through wedges the enantiomeric [3333] conformations of cyclene.

Neither limiting case has been observed so far in the crys- consequence, théid NMR spectraare proportionéﬂ'his is
tal structures and most known geometries cluster around twoclearly seen for Yb DOTMA in Fig. 17 [51,52) and demon-
values:9=15" and 30. This means that the coordination = strates that the attempts to assign the spectra to one of two

polyhedron is itself chiral. In the absence of further stere-

forms (SA or TSA) on the basis of t#8° analysis only are

odefined chiral elements, the two enantiomeric conforma- yajn.

tions must be equally populated at the equilibrium. Owing to
the relatively efficient fluxionality usually displayed by lan-
thanides, the equilibration is ensured at room temperature.

Another element of conformational chirality is embedded
the macrocycle: the most stable [3333] conformation of cy-
clododecang50] admits two enantiomers, distinguished by
the ¢ or g~ arrangement of Cj+-CH, bonds, as depicted
in Fig. 16 A common notation for these two enantiomers is
(3338) and @A) for g* or g, respectively.

Mironov et al.[9] provided calculations for the depen-
dence of the magnetic anisotropy paraméesn the twist
angleg and demonstrated that for Yhone should expect
D(SA)>D(TSA). It should be observed that this observation
is in contrast with Bleaney’s theof], because the crystal
field parameteB% —to whichD is proportional—is indepen-
dent of the twist angle of a distorted square prism. Indeed,
theH NMR spectra for Yb DOTA-analogues displaying the
two diastereomeric conformations span very different spec-

The two chiral elements recognised so far combine toyield tral widths, confirming the validity of Mironov’s approach.

four stereoisomers: the enantiomer paif®d83)/A(AAAN)
and A(8883)/ A (AAAN), which are in a diastereomeric rela-

tionship with each other. The former gives rise to a quasi-

On top of this factor, there is the variable axial coordination
often exhibited by the two conformers. The SA conforma-
tion of Yb DOTA™ is much more exposed to the solvent than

antiprismatic conformation, often referred to as SA (square the TSA: this can be conveniently measured through the an-
antiprism), whereas the latter is definitely a twisted square gle O-Yb—O (sometimes called bite angg3]) relative to

antiprism (TSA). All LnDOTA™ in solution display an
equilibrium between these two forms, with relative popu-
lations varying along the seri€sThe interconversion be-

two opposite carboxylates for SA it is 155for a TSA it
reduces to 133 The effect of the axial ligand was already
discussed in Sectiop.3.1, where its profound influence on

tween the two diastereomers SA and TSA may proceed p was demonstrated.

through the concerted rotation of the four side arms (e.g.

A(5333) — A(d839)) or through the inversion of the macro-
cycle (e.g.A(8333) — A(ANAN)). Of course these two op-

erations correspond to two completely different pathways,

endowed for example with different activation parameters,
but they join a given substrate with two products that are
enantiomers and thus non-distinguished by NMR.

The fact that the two formg\ (8388) and A(AAAN) dif-
fer only by the cyclene inversion immediately explains a
feature, which until recently was largely overlooked in the

Thus, at least two factors participate in determining the
value of the magnetic anisotropy observed in LnDOTA
derivatives.

An important consequence of axial dynamics, which has
not yet found adequate space in the literature is its effect on
NMR linewidths andr’;'s. In Yb compounds completely de-
void of any axial ligand, one observes comparatively narrow
resonances for most protons, in agreement with, or narrower,
than the values reported in the last lineTable 1 On the
contrary, systems featuring axial dynamics are characterised

literature: the geometrical factors of the two diastereomeric by more or less pronounced line broadening. A remarkable

forms of DOTA derivatives are practically identical and, as a

6 The literature in the field is dominated by the descriptarandm for
SA and TSA, respectively, with reference to the major and minor forms of
YbDOTA™. We believe that this nomenclature is very confusing and that it
should be avoided.

7 Properly speaking, this is true only for the pseudocontact shifts, because
neithers® nor 592 are proportional to the geometrical factors. The large
values usually found for the magnetic anisotropy in these systems, however
makes these contributions practically negligible.
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Fig. 17. Correlation plot between the experimental vaiifof the two forms of Yb DOTMA in DO [51].

case is offered by Yb DOTMA, where the two isomers give
rise to spectra with differential line broadening, as if they re- of Fig. 7, we observed a continuous change in spectral width
sponded to completely different correlation times, as shown upon adding DMSO to a CELN solution, in agreement with

in Table 6

In the case of [Yb(DOTAMPh}', analogue to the system

the sensitivity ofD to the axial ligand. Simultaneously, the

Interestingly this same situation can be found also for lines underwent a remarkable broadening process, which re-
YbDOTA™, where the linewidths difference between TSA verted once an excess of DMSO had beenadded. Remarkably,
and SA is reverted. Such a paradox may be clarified, consid-on lowering the temperature, we were able to catch the two
ering that bothisomers are subjectto a hydration—dehydrationspectra that can be attributed to the DMSO- anckCR-

equilibrium, in analogy with what described for LnDOTA

ligated formg58]. It is worth recalling that, to the best of our

[54]. The spectra on this system and its analogues ought to beknowledge, the complex [Yb(DOTAMPH)] does not give
described through one set of geometrical factors (common forrise to a SA-TSA equilibrium.

SA and TSA) and foub parametersDg,, D2,, D3g,, for

Some lanthanide complexes endowed witl'aaxis or

SAand TSA, without or withinner sphere water (CN=8o0r9). analogous to those presented above have been used for molec-
Thus one should actually observe four sets of signals, corre-ular recognition. Recall the work of Aime, Parker and co-
sponding to the four situations (using the nomenclature of e.g.workers, who took advantage of systems closely similar to
Ref.[54], these ard!’, m’, M, m). The equilibrium between

the capped and non-capped forms is comparatively fast: its

exchange rate can be very roughly estimated betwe®arid
107 s71 [49], which justifies that provide®? , and D, are

[Yb(DOTAMPh)]3*, as depicted iffFig. 18 [59]

It is apparent that the coordination vacancy of the macro-
cyclic chelate, leaves Y% open to the reversible binding
of biologically relevant oxyanions, yielding systems able

not too different, the square antiprismatic form should actu- to spectroscopically report the environment composition. In
ally give rise to one set of exchange broadened resonances¢lose analogy to the discussion above in Sectibfsl and

so would the TSA. This is exactly what is observed. Closely 3.1, the strong sensitivity of the NIR (and NMR, as well)
similar are the ligands based on hydroxyethyl and hydrox- spectrum may lead to functional systems, to be used as spec-

ypropyl side chains and their Bh complexes, THEO55],
and THH53], active in nucleic acid cleavade6]. A remark-

troscopic probes or even as fluorescent stains in microscopy.
Complexes structurally similar to those described above

able aspect of these two complexes is the enhanced acidityffound applications in emission spectroscopy, by realising

of the hydroxyls, induced by the Bhbinding:pK,=7.7 has
been reported for the first deprotonation of Eu(THEY).

Table 6

Experimental linewidths (Hz) for the two isomers of Yo DOTMA
Proton Av (SA) Av (TSA)
A1 170 112
E 75 42
E1 76 45
M 56 25
A1 103 72
C 107 85

so-called antenna systems, i.e. complexes where the ligand
contains a suitable chromophore, absorbing in the UV and
transferring energy to the lanthanide, which finally eff@igy.
This arrangement overcomes the intrinsic weakness of lan-
thanide extinction coefficients because the light is captured
by an efficient organic chromophore, and at the same time
can exploit the wide emission spectrum obtained by changing
the Lr* ion: from blue (Ce and Tm) to near IR (Nd, Er, Yb)
(Fig. 19.

Lanthanide fluorescence is usually strongly sensitive to the
presence of inner sphere water molecules, which efficiently
quench it. This makes it possible to modulate the spectro-
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Fig. 18. NIR-CD spectra of ternary adducts, involving thé*Ytomplex depicted on the right, and diaquo, carbonate, phosphate or mgksjate

scopic response of the complexes, which can be off, in the of dipeptides: in this case much weaker CD spectra are mea-
presence of BO or on, when itis excluded. An applicationto  sured, in agreement with the longer distance between the two
nucleic acids can be found in R¢2.3]. Very recently, Quici functional groups. In all cases, there is a 1:1 ratio between the
et al. described the sensitised®and EP* visible and NIR amino acid moiety and the porphyrin, as shown by titration
emission, using phenanthroline as the capturing chromophorecurves®

in a DOTA-analogue compleg)0]. When the parent complex is made chiral through the use of

This work with lanthanide systems has already lent it- an enantiopure diketonate as the axial ligand, it exhibits a cer-
self to applications, as sensors for biologically relevant sub- tain degree of recognition towards the various sterecisomers
strateg61]. Tsukube and co-workers demonstrated th&tLn  of the dipeptide alanylalanine (Ala—Ala).
porphyrins, soluble in organic solvents, can extraemino A point, which surely deserves further investigation, is
acids from watef62]. The mechanism proposed for this in- the origin of the spectral features of the Soret band of the
teraction is once more an axial coordination, whereupon aternary adduct. In the absorption spectrum two components
ternary adduct is formed. The porphyrin itself is achiral and are clearly recognised with an apparent splitting of about
therefore it has a vanishing CD spectrum both around the 10 nm &550 cntl). The amplitudes of these bands are re-
Ln3*-centred transitions and around the Soret band, which is markably different, with a ratio of about 0.25. In exact corre-
the most prominent spectral feature of the organic moiety and spondence with these, there are the extreme points of the CD
falls at 420-440 nm. On the contrary, once the enantiopure spectrum, which features two Cotton effects of oppasité
amino acid has been extracted, one observes the appearanegual rotational strengthsdHg. 20).
of Cotton effects in the Soret region, which proves the for-  The whole situation is closely similar to an exciton cou-
mation of a stereodefined adduct. Interestingly,-allamino pled system, where two like chromophores interact through
acids give rise to a bisignate CD doublet with negative band space. If this similarity holds, the adduct must contain at least
at lower energy and a positive one at shorter wavelengths.two porphyrins, which is with the observation of a 1:1 ratio
The existence of both the amino and carboxyl groups closerecalled above. We hope that further studies will shed more
to one another, is essential, as demonstrated through the uskght on the structure of this promising system.

The existence of large aggregates involving many lan-
thanide chelates is neither new nor unexpef@@fland even
macrocyclic ligands, where the lanthanide is clearly buried at
the centre of an organic cage can give rise to supramolecular
systems. This has been reported again by Tsukube for the
cholesteryl derivative of DOTA shown in Rg64].

emitted
light

3.4. Dynamic symmetry

Many studies of monodentate ligands bound to shift
reagents are reported in the literature and a complete survey
definitely goes beyond our scope. Historically, shift reagents

Chelating

ligand
8 Each molecule of cystine, which contains tweamino acid portions,

Fig. 19. Schematic representation of an antenna-complex. binds two porphyrins.
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the first place, the reagent may bind preferentially to one of
the conformers, letting it play a dominantrole in the observed

Absorbance

6/ mdeg

-60
380

1 436 3
420 440

A/nm

1 1
400 460 480

Fig. 20. Absorption (a) and CD (b) spectra of the ternary com-
plex of G#* tetraphenylporpyrinr-phenylglycine and a diketonate, X;
X =acetylacetonate (—); methyl acetylacetonate)( dipivaloyl methanate

(---)[62].

like Ln(dpmX3~, orits fluorinated analogue Ln(fosf~ were
used together with simple rigid systems, like pyridine, pico-
line, borneol17]. These studies aimed at demonstrating the
power and limitations of the use of lanthanide reagents for
structure determination and stereochemical analysis in so-
lution. Thus, the first objective was evaluating the contact
contribution and validating McConnel-Robertson equation
(20). Naturally the whole complex is not axial, but it is dy-
namically symmetrised by the fast rotation along &eof

the shift reagent.

The use of shift reagents to investigate organic stereo-
chemistry is still lively, as witnessed by the series of pa-
pers from Abraham and SancasgéB]. In one of the lat-
est reports, for example, these authors dealt with a classica
conformational question: five-membered rings. Looking at
cyclopentanol complexes with Yb(fogf), they tried dif-
ferent conformers of the five-membered rings, and found

that the best agreement between experimental and calculated

(through McConnell-Robertson relatiod¢ is achieved

when the predominant role is assigned to an envelope con-

formation with the hydroxyl in axial position at the flap of

the envelope. The second part of the paper concerns 1,2-

cyclopentadiol, which was considered to bind the lanthanide
only through one oxygen atom at a time. The results may take
a different perspective on account of the wide literature con-

LIS and LIR; secondly, the minimum energy geometry (or a
manifold of) may be seriously altered by the presence of such
a bulky group as the lanthanide complex.

A recent report deals with the complex between chiral
cobalamin derivatives and Ln(DP&) [16]. In this work,
mentioned above in Secti¢hl.2 the authors found that the
X-ray structure of the axial ligands provides a set of coor-
dinates, which is completely satisfactory to account for the
geometry of the complex. This means that the structure of
the derivatives is not altered following interaction with the
lanthanide. Moreover, they apply E(£8) to determine the
mole fraction of the bound cobalamin derivative, by estimat-
ing the anisotropy factob from that of free To(DPA)3.

This assumption seems justified in view of the electrostatic
nature of the bond, where the positive cobalamin binds to
the anionic Th(DPAY®~ with a (weak) outer sphere coordi-
nation. As discussed above, lanthanide diketonates rapidly
switch between two enantiomeric conformatiohsand A.
These two become diastereomeric in the presence of the chi-
ral elements of vitamin B derivatives. Consequently, an
asymmetric transformation takes place, leading to the preva-
lence of one enantiomer of the lanthanide diketonate. This is
conveniently characterised through CD spectroscopy of the
Nd®* analogue, as demonstratedriy. 21

~
o

IR

(5x10%)

AA

L

700
Wavelength (nm)

cerning association bgtween 1,2-diols a—_nd I.amhanide dike'Fig. 21. Induced circular dichroism spectra of 10 mM Nd(DEA)in wa-
tonates, where chelation of the lanthanide is demonstratedier upon the addition of (from top to bottom»B8CbI* (10 mM, pH 6.7),

[66]. This latter subject will be reviewed below in this sec-
tion. In spite of the interest and potential of the method, we
want to stress a generatveatr: for non-rigid systems, there
are at least two orders of problems when investigating the
conformation (or its distribution) through shift reagents; in

CNCblI (15 mM), (CNXCbi (26 mM), dimethyle-tartrate (DMT, 1.5 M, pH
7.5), Bovine serum albumin (BSA, 3mM, pH 7.8) {6ICbI*: aquacobal-
amin; CNCbI: cyanocobalamin; (Ch{gbi: dicyanocobalamide). Lowest
plot: induced circular dichroism for Nd(TTHAY~ (20 mM) upon addi-
tion of bovine serum albumin (3 mM, pH 7.5) (TTHA: triethylene tetramine
hexacetic acid}16].
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mdeg

OCH,

Fig. 22. UV—CD spectra recorded on 1:1 mixtures of Yb(&Sd)and chiral diols whose structures are depicted on the fétt

By comparing the N&" Vis—CD spectra of their deriva- ~ With the two hydroxyl oxygen atoms and the two carbinol
tives with those of structurally known systems, the authors carbon atoms. The most bulky substituents on the diol tend
demonstrate that the three corrinoids induce the sameto occupy a pseudoequatorial position. This result is not un-
chirality in Nd(DPAX3~, whose prevailing enantiomer is €Xxpected, it is nonetheless based solely on the analysis of
A, and the relative amounts of enantioselectivity of hydro, experimental data. The evidence of relevant exchange pro-
cyanocobalamin and dicyanocobalamide. One more pointcesses (partly also involving water) is striking by looking
highlighted by this work is the enantioselective binding of at the linewidths of théH NMR signals, which easily ex-
Ln(DPA)33~ to serum albumin. Another application where ceed 100Hz, to be compared with the expected value of
the interplay of NMR and CD leads to a better understanding 8.3 Hz of Table 1 In fact, in order to obtain a dynamic axial
of functional systems is offered by the complex formed in Symmetry, justifying the use of McConnel-Robertson equa-
situ when chiral diols bind axially to Yb(fog}~ [67]. It tion, one must invoke a fast reorientation betweendie
has been known since 1975 that3frdiketonates offer a
tool for determining the absolute configuration of diols and
aminoalcohold66]. Simply upon mixing the two systems,
one obtains a complex where the chirality of the axial
ligand induces stereodifferentiation of the two enantiomeric
conformations of the (fod)units. In many relevant cases the
diols (or aminoalcohols) are devoid of strong absorptions
in the Vis—-UV, thus they are not amenable to a direct +1.5 o
chiroptical investigation. On the contrary, the diketonate
moiety has a strong absorption band centred around 300 nm
and polarised along the @ direction. In the propeller
shaped Yb(fod)*~ this would lead to a CD spectrum
dominated by the exciton coupling of these transitions and +1.0 f—
appearing as a dissignate couplet (a sequence of two bands of
opposite sign with the crossover point in close proximity to
the absorption maximum). The situation is more complex, as
demonstrated by the appearance of the UV-CD spectra for
a series of structurally similar diols, shownFRig. 22 where +0.5 |
the couplet feature is not easily recognised. On the other
hand, NIR-CD of YB* clearly reveals a strong substrate-
dependence.

In spite of this precaution, a reliable empirical correla-
tion between the sign of the CD at 300 and 978 nm and
the chirality of the diol can be drawn (negative at both
wavelengths> (R)- or (R,R)-configuration). Again with the
aid of McConnell-Robertson equati¢0), the analysis of I | I 1
the pseudocontact shifts measured on the 1,2-diol protons 900 2 (om) 1000
demonstrate unambiguously a well defined mode of chela-
tion, where Yb participates in a five-membered ring, together Fig 23, NIR-CD spectrum of a rifampicin and ¥bin MeOH/water[69)].

Ae.100
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Fig. 24. Stereo view representation of the adduct between adriamycin aficalb representation of the pseudocontact shift effect: the surfaces depicted
represent regions where the nuclei experience positive (darker shades) and negatifE8$hifts

symmetric unit and the additional ligand, which is bidentate 4. Conclusions
in the present case.

We have discussed selected methods and examples of the
study of chiral lanthanide complexes. These systems find ap-
plications in several fields of chemistry and biochemistry,

Finally we wish to briefly comment on some cases where largely owing to the plasticity of L# ions. Flexible coordi-
a “naked” lanthanide ion is used as spectroscopic probe nation number, electrostatic nature of chemical bond, strong

to investigate the stereochemistry of biologically relevant L_eW'S aC'd'tY areafewdeter_mmant properties. Qn top ofthis,
molecules. This line of research has deep roots in the Ob_r|ch and varied spectroscopic responses rooted in the unusual
servation that LA* have coordination properties, similar to properties of f-electrons, make these ions extraordinary struc-
those of C&* and Mc?*. These alkali earth ions are respon- tural and functional probes. We believe that much more will

sible for many important processes in living systems but are be unearthed anq we ho_p_e th_at th|s_ small c_ontr|but|on will
hardly amenable to spectroscopy, owing to their silentness ®NcoUrage chemists to visit this fascinating field.

[68]. The combination of NMR and optical, especially CD,
spectroscopy provides detailed information on the structure
of the cation binding site of biomolecules. NIR-CD of3b

for example provides immediate evidence of the formation of

a stereodefined complex with rifamycin antibiotics, as shown __Financial support from MIUR (PRIN Stereoselezione in
in Fig. 23 [69] Sintesi Organica) is gratefully acknowledged. The authors

the developments in paramagnetic NMR are indebted to Drs. G. Pintacuda, M. Lelli and G. Pescitelli
for helpful discussions.

3.5. Non-symmetric complexes
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detailed study, whereby the full magnetic anisotropy tensor
of Yb3* bound to the antibiotic adriamycin was determined, - _ _
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