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a  b  s  t  r  a  c  t

Accurate  pseudocontact  shifts  are  the basis  for structural  determination  in solution  by  means  of para-
magnetic  NMR.  Separation  of pseudocontact  (PCS)  from  Fermi  contact  (FC)  shifts  from  NMR  data  can  be
achieved  by  means  of  the  so-called  Reilley  method,  which  is  briefly  critically  reviewed.  It encounters  a
eywords:
seudocontact shifts
anthanide complexes
aramagnetic NMR

relevant  limitation  in  the  case  of  change  of crystal  field  parameters  through  the  series,  as  determined  by
various  processes,  primarily  axial  ligand  dynamics,  or as a consequence  of lanthanide  contraction.  We
propose  a simple  alternative  procedure  to  compensate  for  any  variation  (smooth  or  abrupt)  in crystal
field  parameters.  Four  examples  taken  from  the  literature,  plus  the  complete  set  of unpublished  data
for Ln  DOTMA  are  discussed  in  detail  to  illustrate  the  power  and  limitation  of  the  conventional  Reilley
treatment  and  to  demonstrate  the  power  and  scope  of  our  alternative  approach.
. Introduction

Paramagnetic NMR  provides some of the most sensitive and
ccurate experimental parameters for structural determinations
n solution [1,2]. Paramagnetism enhances relaxation rates and
nduces remarkable shift of nuclear resonances. This is true for both
- and f-metals, where the former have been very widely used in the
ontext of biomolecular NMR  [1],  while the latter have widespread

nterest for small or medium-size molecules [3,4], although their
se in proteins and nucleic acids is gaining increasing interest [5,6].

∗ Corresponding author. Tel.: +39 050 2219 298; fax: +39 050 2219 260.
E-mail address: ldb@dcci.unipi.it (L. Di Bari).

010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.05.010
© 2011 Elsevier B.V. All rights reserved.

Owing to the very similar ionic radius and identical structure
of the frontier orbitals, lanthanide(III) ions are usually consid-
ered to provide isostructural complexes throughout the series,
possibly with a higher degree of homogeneity within the ele-
ments at the beginning or at the end of the series [7].  This fact is
the basis for extracting contributions containing structural infor-
mation from experimental observables, because one is able to
compare the values of observables, measured on complexes having
the same geometrical and electronic structure but different mag-
netic properties. A very relevant case is provided by the extraction
of pseudocontact shifts (PCS), which are valuable pieces of geo-

metrical information [8].  This is because they display a marked
dependence on the polar coordinates of the observed nucleus in
a reference system based on the magnetic anisotropy tensor. Thus,
they offer the basis for accurate geometry determination in solu-

dx.doi.org/10.1016/j.ccr.2011.05.010
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:ldb@dcci.unipi.it
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Table  1
CLn, 〈Sz〉Ln and their ratio.

Ce Pr Nd Sm Eu Tb Dy Ho Er Tm Yb

CLn −6.48 −11.41 −4.46 0.52 4.00 −86.84 −100.00 −39.25 32.40 52.53 21.64
〈S 〉 0.98 2.97 4.49 −0.06 −10.68 −31.82 −28.54 −22.63 −15.37 −8.21 −2.59
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CLn/〈Sz〉Ln −6.61 −3.84 −0.99 −8.68 −0.37 

Ln are recalculated according to Bleaney [17], except for Eu, whose value is taken f

ion, provided they are reliably extracted from the observed shifts.
o this end, Reilley developed a procedure, which is based on
he conservation of crystal field parameters from one complex to
nother of the same ligand [9].

The existence of an exchangeable coordination site is a key
eature for functional systems: molecular recognition [10], enan-
iomer discrimination [11], substrate activation [12], luminescence
uenching [13], water nuclear relaxation (T1-contrast in MRI) [14],
nd saturation transfer contrast enhancement [15] are all depen-
ent on the dynamic binding of a ligand (most often water) to
n3+. As a consequence, most complexes are designed with a good
helating agent (often macrocyclic), leaving at least one position
hereafter called axial) open to dynamic coordination. This feature
s associated with a variable coordination number (CN) along the
eries, whereby early lanthanides tend to bind ancillary ligands,
hich may  be absent in the complexes of the late ions [16]. This
as a negative effect on the separation of PCS because one cannot
reat simultaneously data of complexes with different CN (usually
efore or after the so-called “gadolinium break”) [17,18].

We shall develop a simple set of equations, directly derived from
he standard Reilley treatment, for achieving the isolation of PCS, in
ases with variable CN. We  shall then see that the same treatment
an be extended to other cases, where the properties of the main
helating agent are modulated, because of polarizability effects, as
n heterobimetallic systems or because of a peculiar conformational
eature, typical of DOTA derivatives. In all these cases, we shall see
ow can one take advantage of a large set of data and extract reliable
CS.

This alternative procedure for achieving separation of Fermi
ontact (FC) shifts from PCS is independent of crystal field parame-
ers and provides reliable results even in cases of variable (possibly
ractional) occupancy of the axial coordination site. It may  be
egarded as an extension of the “two nuclei” method [19], and its
ower resides in two points: (1) it is very straightforward to use and
ay  be easily implemented on spreadsheets set up for the standard

eilley procedure and (2) it does not depend on the choice of nuclei
earby in the transition, but uses all the available set of experimen-
al data. In its present form, our theory is addressed to complexes
ndowed with axial symmetry, i.e. containing a Cn-axis with n ≥ 3.
hile we are currently working at systems with lower symme-

ry, where rhombic term cannot be neglected, we must observe
hat fast geometric rearrangements and ligand exchange often ren-
er effective axial symmetry much more common than expected
20,21].

. Total paramagnetic shifts and pseudocontact shifts

The paramagnetic shift, ıpara, is defined as the difference
etween the observed shift, ıobs, of a certain nucleus on a lig-
nd in a paramagnetic complex and in a reference diamagnetic
ompound (ıdia), which should have the same geometrical and elec-
ronic structures (from the ligand point of view) [2,3]. This is the

rst aspect which makes lanthanides unique: La3+ and Lu3+ are

deal standards for obtaining ıdia, because they provide isostruc-
ural complexes for the early and the late elements of the series,
espectively [3,4].
2.73 3.50 1.73 −2.11 −6.40 −8.36

19]; 〈Sz〉Ln is taken from [16]. The Sm value for 〈Sz〉 is affected by a high variability.

In  turn, ıpara is the sum of two  contributions: the Fermi contact
shift, ıcon (abbreviated in the text as FC) and the pseudocontact
shift, ıPC (abbreviated in the text as PCS). As a result we  can write
for each NMR-active nucleus i:

ıobs(i) = ıpara(i) + ıdia(i) = ıcon(i) + ıPC(i) + ıdia(i) (1)

Fermi contact is due to unpaired electron delocalization from the
Ln3+onto the nucleus i and is transmitted through bonds, very
similarly to the usual J-coupling in diamagnetic NMR. It becomes
negligibly small with the increasing number of bonds between Ln
and i, although in the presence of conjugation it may propagate to a
somewhat less predictable extent. The contact shifts for the nucleus
i on a ligand in isostructural lanthanide complexes is proportional
to the expectation values of Sz for that Ln3+ [22], which are known
and tabulated (see Table 1)

ıcon
Ln (i) = 〈Sz〉LnF(i) (2)

F(i) is a proportionality constant which depends solely on the spe-
cific nucleus i.

Pseudocontact shifts encode geometric information, hence their
popularity in structural determination. For simplicity of algebraic
arguments, in the following we shall consider only axially symmet-
rical species, i.e. complexes displaying a Cn axis with n ≥ 3, although
extension is possible. Axial symmetry can be a real, intrinsic prop-
erty of the complex geometry or can derive from a dynamic process.
To make evident the use of pseudocontact shifts, we can recall the
McConnell–Robertson equation for axial complexes [3,4]:

ıPC
Ln(i) = DLn

3 cos2 �i − 1

r3
i

= DLnG(i) (3)

Thus, the geometrical factor for i, G(i), is a function of ri (the length
of the vector adjoining the nucleus i and the lanthanide) and of �i
(the angle between this vector and the Cn axis). The constant DLn is
characteristic of the complex and in particular depends on the lan-
thanide ion, the ligand structure, and the coordination polyhedron,
as we  shall see below.

As discussed previously for FC, PCS also follow a known trend
from one lanthanide to another, provided isostructurality is pre-
served. This is because, following Bleaney’s theory [23], DLn is
proportional to the crystal field parameter B2

0 through a constant,
CLn which depends on the lanthanide. Even according to more
sophisticated treatments, such as the one by Mironov et al. [24],
the magnetic anisotropy and hence DLn can be written as

DLn = CLn · B (4)

where B contains a sum of crystal field parameters of various orders.
The two parameters 〈Sz〉Ln, CLn and their ratio are tabulated in

several Refs. [2,4,17] and reproduced here in Table 1.
Thus both FC and PCS can be factorized in a lanthanide-

dependent and a nucleus-dependent term and this offers an easy
way  to separate the two  contributions to the total paramagnetic

shift, according to the following equations, known as the Reilley
method [9,17].  By inserting Eqs. (2), (3) and (4) into (1),  we  obtain

ıpara
Ln (i) = ıcon

Ln (i) + ıPC
Ln(i) = 〈Sz〉Ln · F(i) + CLn · B · G(i) (5)
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rovided the complexes are isostructural through some subset of
he Ln series and that there are no major variations in the crystal
eld parameters collectively represented by B, we can write

ıpara
Ln (i)
〈Sz〉Ln

= F(i) + CLn

〈Sz〉Ln
B · G(i) (6)

aving observed that 〈Sz〉Ln and CLn are known, a plot of
para
Ln (i)/〈Sz〉Ln vs. CLn/〈Sz〉Ln yields a straight line with slope and
ntercept

Reilley = B · G(i) (7)

Reilley = F(i) (8)

ccordingly, one can calculate PCS and FC for any lanthanide as

PC, Reilley
Ln (i) = MReilley(i) · CLn (9)

con, Reilley
Ln (i) = Q Reilley(i) · 〈Sz〉Ln (10)

ome discrepancies in this separation have been attributed to
inor changes in the crystal field parameters e.g. due to the fact that

anthanide contraction brings about a shortening of the distances
etween Ln and the donor atoms on the ligand and a consequent
eometry adjustment. This can be taken care of by means of the
o-called three nuclei method which avoids the assumption of con-
tant B [17].

The Reilley method gives reliable results for PCS, while for
xtracting good FC a modified approach may  perform better. In this
ase, one divides both sides of Eq. (5) by CLn instead of 〈Sz〉Ln. For

 detailed description, refer to Piguet and Geraldes’s review: we
hall ignore this method here because our objective is to extract
ood PCS.

Axial coordination of water or of some other ancillary ligand
ntroduces a much greater source of variation of B. The contribution
o the crystal field parameters of an axial ligand, Bax, is limited to
he terms Bn

0 and is additive to those stemming from the other (non
xial) ligands, Blig [25]. We  can thus write the following partition

 = Blig + Bax (11)

onsequently the magnetic anisotropy term can be written as the
um [25,26]

Ln = CLn(Blig + Bax) = Dlig
Ln + Dax

Ln (12)

t is very common that for a given ligand early lanthanides yield
ydrated complexes on account of their preference for higher
oordination numbers, while late lanthanides provide anhydrous
omplexes. Thus, instead of being constant or following a regular
rend over the series, B may  display a more or less abrupt change,
hich often occurs around the middle of the transition and is called

adolinium break [18]. This corresponds to a rigid picture, where
he complex is either totally hydrated (viz. fully occupied at the
xial coordination site) or totally anhydrous, which is unfit to rep-
esent a dynamic situation.

The axial coordination site is often labile and this is a key feature
f lanthanide complexes. Indeed, dynamic axial coordination is at
he basis of functional systems, such as those quoted in the intro-
uction, which must exchange axial ligands very rapidly. From the
oint of view of NMR  spectroscopy, this means that the hydrated
H) and anhydrous (A) forms (plus water or in general any other
ncillary ligand, W)  must be in fast exchange, that is the rate of the
quilibrium

k+

�
k−

A + W (13)

s likely to be great compared to the shift difference (in Hz) between
he corresponding nuclei in H and A. In this situation one cannot
y Reviews 255 (2011) 2810– 2820

observe the spectra of the individual forms, but one set of reso-
nances, at shifts

ıobs
Ln (i) = xH

Ln · ıH
Ln(i) + xA

Ln · ıA
Ln(i) = xLn · ıH

Ln(i) + (1 − xLn) · ıA
Ln(i)

(14)

where xA = (1 − x) and xH = x are the mole fractions of A and H for
the complex with Ln.

It is thus reasonable to assume that to a first approximation
PCS display the greatest sensitivity to the occupancy of the axial
site, because they respond to the total charge distribution through
D, while the diamagnetic shift and FC are mostly local properties,
depending primarily on the electron density and on unpaired elec-
tron delocalization. Therefore we shall write

ıobs
Ln (i) = ıdia(i) + ıFC

Ln(i) + [xLn · ıPC,H
Ln (i) + (1 − xLn) · ıPC,A

Ln (i)] (15)

and

ıpara
Ln (i) = ıFC

Ln(i) + [xLn · ıPC,H
Ln (i) + (1 − xLn) · ıPC,A

Ln (i)] (16)

Taking advantage of Eq. (12), we  can write

ıPC,H
Ln (i) = [Dlig

Ln + Dax
Ln]Gi

ıPC,A
Ln (i) = Dlig

LnGi

(17)

which combine in the term in square parentheses of Eq. (16) to

ıPC,tot
Ln (i) = xLn · ıPC,H

Ln (i) + (1 − xLn) · ıPC,A
Ln (i)

= [Dlig
Ln + xLn · Dax

Ln]Gi = Dtot
Ln Gi (18)

with

Dtot
Ln = Dlig

Ln + xLn · Dax
Ln (19)

This demonstrates that Dtot
Ln is a function of the lanthanide not only

through Bleaney’s constant CJ but also because of variable occu-
pancy of the axial site through xLn. Consequently, Dtot

Ln may  not
follow the expected trend and Reilley method for separating Fermi
contact and pseudocontact shifts may  fail.

The so-called two-nuclei method for separating FC and PCS
terms is designed to take care of the variation in crystal field param-
eters along the series [17]. It has been proposed for the small
variations in B induced by lanthanide contraction, but may  very
well serve to eliminate the problem of variable coordination num-
ber outlined above. An exhaustive account of the principles and
applications of this method can be found elsewhere: here we  shall
just recall that it is based on the clever use of the paramagnetic
shift values of a pair of nuclei on two  isostructural complexes with
different Ln3+ ions [17].

3. Two-lanthanides method

If we  could neglect Fermi contact shifts altogether, by plotting
ıpara

Ln1 (i) vs. ıpara
Ln2 (i) for two different isostructural complexes with

lanthanides Ln1 and Ln2, we would obtain a straight line passing
through the origin (which is rigorously true for PCS). The slope of
this line is equal to the ratio

m = DLn1

DLn2
(20)

In the case of no variation in axial coordination (i.e. with the identity
xLn1 = xLn2) or in the crystal field parameters B, the above equation
would reduce to the predictable constant

C (Ln1)

mideal = J

CJ(Ln2)
(21)

But this is not the case if xLn1 /= xLn2 with reference to Eq. (14) (or
in general if BLn1 /= BLn2).
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that this parameter is very small and that it is at the denominator
of the quantities to be plotted in Reilley method has the effect of
amplifying any uncertainty.
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We  can now take advantage of the following facts regarding
ermi contact shifts:

1) they are usually scattered in sign and magnitude;
2) they are usually small for nuclei distant more than 4 bonds from

Ln3+;
3) for nuclei closer than 4 bonds from Ln3+, FC may  be large, but

most often PCS are also very large (because of the short dis-
tance).

These three points concur in determining that plots of ıpara
Ln (i) for

n1 and Ln2 are often linear to a very good approximation, possi-
ly with the exception of small and highly conjugated ligands. The
lope m provides the ratio of the D  parameters given in Eq. (20),
hile taking into account any variation in the crystal field parame-

ers B, notably the part due to variable axial coordination. Now, we
an recall Eq. (4) and substitute mDLn2 for DLn1 in Eq. (6)

ıpara
Ln1 (i)

〈Sz〉Ln1
= F(i) + mDLn2

〈Sz〉Ln1
G(i) (22)

ıpara
Ln2 (i)

〈Sz〉Ln2
= F(i) + DLn2

〈Sz〉Ln2
G(i) (23)

hese two can be combined to yield the modified Reilley equation

ıpara
Ln2 (i)

〈Sz〉Ln2
− ıpara

Ln1 (i)
〈Sz〉Ln1

= DLn2G(i)
(

1
〈Sz〉Ln2

− m

〈Sz〉Ln1

)
(24)

he final equations for calculating FC and PCS for the nucleus i in
he complexes with Ln1 and Ln2 are

PC
Ln1(i) = m

(
(ıpara

Ln2 (i)/〈Sz〉Ln2) − (ıpara
Ln1 (i)/〈Sz〉Ln1)

(1/〈Sz〉Ln2) − (m/〈Sz〉Ln1)

)
(25)

con
Ln1(i) = ıpara

Ln1 (i) − ıPC
Ln1 (26)

e must note that this procedure does not rely on any assumption
egarding the geometry of the complex (it falls into the category of
he “model free methods”), provided they are axially symmetrical
17,27],  and moreover does not use any hypothesis on the degree of
ydration (or bond to any other axial ligand) in the two  complexes.

. The “all lanthanides” method

As an alternative and an extension to the method outlined above,
e can take advantage of a set of Ln3+complexes simultaneously.

1) We  select a reference compound, which must be chosen for
being the best characterized one (with the largest set of unam-
biguously assigned resonances) and that is endowed with a
large CJ and CJ/〈Sz〉Ln ratio (see Table 1): the best choices may
be in this order, Yb, Pr, and Ce. From now on, this reference lan-
thanide will be called ref. We  must plot all the ıpara

Ln (i) vs. the
ıpara

ref (i), and fit them to lines passing through the origin, with
slopes mLn. Any significant deviation from linearity means that:
(a) the complexes with Ln and ref are not isostructural and (b) if
this occurs more or less systematically, then large contact con-
tributions must be envisaged. In both cases, the method cannot
be applied.

2) We  build modified Reilley plots for each nucleus i as a function

of Ln, by plotting

ıpara
Ln (i)
〈Sz〉Ln

vs.
mLn

〈Sz〉Ln
(27)
y Reviews 255 (2011) 2810– 2820 2813

This must yield straight lines, because, by analogy with what
was  seen in the previous section,

ıpara
Ln (i)
〈Sz〉Ln

= F(i) + G(i) · B · Cref
J

mLn

〈Sz〉Ln
(28)

(3) The slope and intercept of these straight lines are for each
nucleus

Mi = B · Cref
J · G(i) (29)

Q = F(i) (30)

(4) We are now able to identify the PCS for each nucleus in each
Ln-complex, by the simple operation

ıPC
Ln(i) = mLn · Mi (31)

and

ıPC
ref(i) = Mi (32)

while the contact terms can be obtained again through Eq. (10).

As we shall see in the case of cryptate below, the choice of the
reference compound affects the results of the procedure to a very
moderate extent for the PCS.

5. Applications

We shall discuss below a few practical cases, mostly taken from
the literature, which will hopefully clarify the above outlined pro-
cedures and show their scope, their merit and their limitations.

It should be stressed that our approach is only applicable to sys-
tems with a set of pseudocontact-shifted signals, because only this
ensures a good linear fitting for deriving the slopes m which must
substitute the CJ in the standard Reilley treatment Consequently,
some small-size traditional ligands for Ln3+, such as acetylaceto-
nates or 1,3-oxydiacetate are not amenable to our procedure.

5.1. DOTAM

In spite of the enormous interest towards DOTA and its
derivatives, mostly due to their applications in MRI, it is hard
to find a complete set of experimental shifts throughout the
series. In their comprehensive paper on the structure of Yb
DOTA in solution, Aime, Botta and Ermondi showed the 1H spec-
tra of most Ln DOTA but did not provide figures for the shifts
or their assignment [28]. The diethylamide derivative of DOTA,
called DOTAM (1,4,7,10-tetrakis(N,N-diethylacetamido)-1,4,7,10-
tetraazacyclododecane, Scheme 1) was thoroughly studied by
Forsberg et al. in a paper containing the most complete separation
of FC and PCS of this whole family of compounds [29].1

A standard Reilley analysis of the paramagnetic shifts consist-
ing of the plots of ıpara

Ln (i)/〈Sz〉Ln vs. CLn/〈Sz〉Ln is reported in Fig. 1.
This shows that there is a reasonably good linearity, with the gross
exception of Sm and Tm.  The former element is characterized by
very small paramagnetic shifts (see CSm and 〈Sz〉Sm in Table 1),
whose exact quantification is consequently rather error-prone.
Moreover, 〈Sz〉Sm is poorly estimated because it depends on a mul-
tiplet of energy levels very close to the fundamental one. The fact
1 Proton 1 corresponds to the “axial at side proton” (ax@s), proton 2 corresponds to
the  “equatorial at side” proton (eq@s), proton 3 corresponds to the “axial at corner”
proton (ax@c) and proton 4 corresponds to the “equatorial at corner” proton (eq@c).



2814 S. Di Pietro et al. / Coordination Chemistry Reviews 255 (2011) 2810– 2820

Scheme 1.

D

i
o

e
t
s

m
d

d

w

o
c
H
t
t
o

T
S
fi
o
5
v

Fig. 2. Plots of ıpara
Ln (i) vs. ıpara

Yb
(i), for Ln DOTAM.

Table 3
Slopes m and correlation coefficients R of the linear fits (forced through the origin)
shown in Fig. 2.

Lanthanide mLn R

Pr −0.435 0.99
Nd −0.19 0.86
Sm −0.036 0.98
Eu 0.20 0.78
Tb −4.37 0.98
Dy −4.79 0.99
Ho −2.27 0.99
Fig. 1. Reilley plots for a selection of protons in Ln DOTAM.
ata  taken from Ref. [24].

To our understanding, there is no obvious reason for a deviation
n Tm shifts, although they do often show exceptional behavior, as
bserved e.g. in Piguet and Geraldes’s review [17].

By discarding the values for Tm and Sm,  one can apply a lin-
ar fit to the Reilley plot for all protons in Ln DOTAM, obtaining
he parameters shown in Table 2. Thereafter, one can achieve the
eparation of PCS and FC by means of Eqs. (9) and (10).

We can take two parameters to assess the quality of the Reilley
ethod: the correlation coefficients R(i) of the linear fit and the

ifferences

iff(i) = ıpara
Yb (i) − (ıPC,Reilley

Yb (i) + ıcon,Reilley
Yb (i)) (33)

hich should ideally be 0.
We can appreciate that the quality of Reilley plots for this set

f complexes is very good, as witnessed by the correlation coeffi-
ients, which are all above 0.97 with the sole exceptions of H9 and
10. These two protons are remote from Ln and experience a par-
icularly small paramagnetic shift. Moreover, they are geminal and
heir assignment throughout the series may  be less safe than in the
ther cases.

able 2
lopes MReilley(i), intercepts QReilley(i), and correlation coefficients RReilley(i) of a linear
t  of Reilley plots for Ln DOTAM, by excluding the data for Sm and Tm.  The values
f  PCS and FC for Yb estimated through Eqs. (9) and (10) are reported in columns

 and 6;the last column contains the difference defined in Eq. (33). PCS, FC and diff
alues are in ppm units.

Protons MReilley QReilley RReilley PCS FC diff

1 4.85 −0.22 0.98 104.93 0.57 −4.90
2  0.84 0.99 0.97 18.23 −2.55 −0.78
3  −2.07 0.30 0.98 −44.75 −0.78 −0.87
4  0.62 1.45 0.98 13.35 −3.76 −0.89
5 −1.62  0.78 0.98 −35.14 −2.03 −0.43
6  −3.35 −0.13 0.98 −72.58 0.35 2.03
7  −0.84 −0.06 0.98 −18.11 0.15 1.55
8 −0.56  −0.07 0.98 −12.15 0.19 1.66
9  0.17 0.15 0.53 3.72 −0.39 2.27

10 0.06  −0.17 0.29 1.34 0.44 2.62
Er 2.90 0.99
Tm 7.93 0.99

According to our method, we  must take one complex as the ref-
erence and we choose Yb DOTAM. We  plot the paramagnetic shifts
for all protons in Ln DOTAM vs. those of the reference compound,
obtaining plots as shown in Fig. 2, while the parameters of the linear
fits (forced through the origin) are reported in Table 3.2 The good
linearity confirms that the complexes are isostructural and that the
contributions of FC to the total paramagnetic shifts are small and
scattered in sign and magnitude, as postulated in the previous sec-
tions. It is worth observing that also Tm provides a linear fit with
Yb and it will be used in the following procedure, while it had to be
arbitrarily discarded in the Reilley method.

We can now build plots of ıpara
Ln (i)/〈Sz〉Ln vs. mLn/〈Sz〉Ln for each

nucleus i, which yields the results shown in Fig. 3 and in Table 4.
In this case the slope M of our modified Reilley plots coincides

by definition with the PCS of the reference compound (in this case
Yb DOTAM).

The improvement over the conventional Reilley method is
apparent from both quality parameters (R and diff), although in

the present case the gain is only marginal: we  had already found
excellent linearity in Reilley plots, which could hardly be improved.

2 We  can appreciate that the values of the slopes mLn follow the same trend of the
constants CLn, apart for Sm and Tm. This is consistent with the previous observation
that Reilley plots are linear.
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Fig. 3. Plots of ıpara
Ln (i)/〈Sz〉Ln vs. mLn/〈Sz〉Ln for Ln DOTAM, having taken Yb DOTAM

as  the reference compound for calculating mLn.

Table 4
Slopes (Mi), intercepts (Qi) and correlation coefficients (Ri) of modified Reilley plots
for Ln DOTAM shown in Fig. 3. PCS and FC for the reference compound, Yb DOTAM,
were calculated from the values of Mi and Qi , respectively, according to Eqs. (31)
and (10). The quality parameter diff is defined in Eq. (33). PCS, FC and diff values are
in  ppm units.

Protons M Q R PCS FC diff

1 102.21 0.54 1.00 102.21 −1.41 −0.20
2  17.60 1.73 0.98 17.60 −4.48 1.78
3  −42.80 0.09 1.00 −42.80 −0.24 −3.37
4 14.06  2.08 0.98 14.06 −5.39 0.03
5  −34.49 1.02 1.00 −34.49 −2.63 −0.48
6  −71.99 −0.09 1.00 −71.99 0.23 1.55
7  −17.57 −0.20 1.00 −17.57 0.53 0.65
8  −11.77 −0.32 0.99 −11.77 0.83 0.64

5

o
d
s

9  4.67 −0.08 0.87 4.67 0.21 0.72
10  −2.96 −1.27 0.47 −2.96 3.29 4.07

.2. Cryptate

In 1999 Geraldes and coworkers reported a complete analysis

f the paramagnetic shifts in a Ln cryptate derived from the con-
ensation of tris(2-aminoethyl)amine and 2,6-diformylcresol [19],
hown in Scheme 2. These authors highlighted a break in the Reilley

Scheme 2.
Fig. 4. Reilley plot for H3 in the series of cryptates depicted in Scheme 2.
Data taken from Ref. [19].

plots, which was attributed to the presence of a coordinated water
molecule in the first part of the transition, absent in the second
part. This is particularly evident in the case of proton H3, as shown
in Fig. 4.

In such a case it is clear that a conventional treatment through
Reilley plots is only possible by treating separately early and late
elements. This reduces the set of data and may  worsen the quality of
the analysis. Unfortunately, for the other protons in the very same
molecule the situation is somewhat less evident, to the point that in
some cases it would be difficult to put the break point to a specific
lanthanide.

To use our modified method, we follow the same steps outlined
in the previous section. We  choose Pr as the reference compound,
because it has an optimal ratio CLn/〈 Sz 〉 (Table 1) and it is completely
characterized, unlike the Yb derivative. We  plot ıpara

Ln (i) vs. ıpara
Pr (i)

and fit them with lines (passing through the origin), which leads to
the results summarized in Table 5.

The correlation coefficients are satisfactory (although not
always excellent), which demonstrates isostructurality through the
series and small contributions of FC. The slopes mLn can be used to
achieve the separation of PCS and FC following the sequence of
operations described in Eqs. (31) and (10) with the results shown
in Table 6.

Interestingly, by choosing Ce instead of Pr as the reference com-
pound, we obtain PCS values differing by less than 10%, as shown
in Supplementary material, Table S1.

Proof of the quality of our results is provided in Fig. 5, where
we  show the modified-Reilley plot for H3. Moreover, in Fig. 6 we
report PCS and FC for the Pr complex calculated with our method
compared to those of the original paper. We  can simultaneously use

all the available data, without any more or less arbitrary partition
due to the gadolinium break, which is at variance with what was
reported in the original paper.

Table 5
Slopes m and correlation coefficients R of the linear fits (forced through the origin)
relative to the set of Ln cryptates of Ref. [19].

Lanthanide mLn R

Ce 0.67 0.96
Nd  0.59 0.86
Sm  0.0014 0.16
Eu  −0.60 0.35
Tb 4.94 0.64
Dy  3.64 0.66
Ho  2.00 0.76
Er −1.73 0.95
Tm  −2.40 0.91
Yb −1.10 0.81



2816 S. Di Pietro et al. / Coordination Chemistry Reviews 255 (2011) 2810– 2820

Table  6
Slopes (Mi), intercepts (Qi) and correlation coefficients (Ri) of modified Reilley plots
for the Ln cryptates of Scheme 2. PCS and FC for the reference Pr cryptate, were
calculated from the values of Mi and Qi , respectively, according to Eqs. (31) and (10).
The  quality parameter diff is defined in Eq. (33). PCS, FC and diff values are in ppm
units.

Protons M Q R PCS FC diff

H1ax 21.86 −1.23 0.94 21.86 −3.65 −5.22
H1eq 17.38 −1.24 0.98 17.38 −3.68 −0.67
H2ax 0.53 −0.72 0.36 0.53 −2.14 −0.17
H2eq 0.14 −0.38 0.13 0.14 −1.13 −0.70
H3 −10.79 −2.14 0.73 −10.79 −6.36 −3.23
H4 −8.84 2.16 0.45 −8.84 6.42 −3.22
H5  −2.18 0.36 0.65 −2.18 1.07 −0.68
H6  −1.71 0.03 0.94 −1.71 0.09 −0.21
H7a 8.24 −3.44 0.58 8.24 −10.22 2.96
H8ax 7.47 −0.45 0.99 7.47 −1.34 −0.46
H8eq 5.71 −0.36 0.99 5.71 −1.07 −0.32
H9ax 3.70 −0.24 0.99 3.70 −0.71 −0.17
H9eq 4.96 −0.31 0.99 4.96 −0.92 −0.35

a The values of ıpara (H7) are very small (below 1 ppm), consequently they are
affected by a big error and should be considered unreliable.
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ig. 5. Modified Reilley plot for H3 in the series of cryptates depicted in Scheme 2
fter the treatment proposed in this work.

Although some of the correlation coefficients of the plots ıpara
Ln (i)

s. ıpara
Pr (i) are unusually small compared to other cases, this does

ot prevent a satisfactory extraction of PCS, which are in close
greement with those found in Ref. [19].
.3. Saá’s Binolam complexes

At first sight, the complexes shown in Scheme 3, introduced
y Saá [30–33],  are very similar to the well known Shibasaki’s

ig. 6. Comparison between PCS and FC for PR cryptate, calculated according to our
ethod and extrapolated from the data of Ref. [19].
Scheme 3.

heterobimetallic systems treated below. The difference consists
of the incorporation of a Brønsted base proximal to the naphthol
hydroxyl. As a consequence, complex formation does not require
the treatment with a base, which is a necessary step in Shibasaki’s
systems, and the result is a set of alkali metal-free (monometallic)
compounds, displaying completely different structural and chemi-
cal properties [33]. The only system which led to crystals amenable
for XRD was the Sc complex, while heavier elements were reluctant
to crystallize.

The accurate analysis of paramagnetic shifts for Pr, Nd and Yb
complexes unambiguously demonstrated isostructurality through-
out the series, at least in the sense that the geometrical factors
GLn(i) are equal [33]. The existence of a dynamic hydration equilib-
rium becomes apparent through very simple experiments, where
the sample water content is changed: the paramagnetic shifts of
all nuclei are water sensitive to a more or less marked extent, as a
function of Ln. One observes greater variations of the 1H shifts for
Pr and Nd Binolam, and much smaller for the Yb derivative. Thus,
this system falls very obviously into the case depicted in Eq. (19),
i.e. one set of GLn(i), but water-dependent D.

Linearity of the plots ıpara
Ln (i) vs. ıpara

Yb (i) was  already observed
in Ref. [33], where it was also observed that the slopes mLn are
very far from what was expected from Bleaney’s factors. Accord-
ingly, separation of FC and PCS cannot be attempted by means of
the standard Reilley method but can be achieved successfully by
our two-lanthanides method, through Eqs. (25) and (26), with the
results reported for the Pr–Nd couple in Table 7 and for the Pr–Yb
one in Table 8.

We  can appreciate the consistency of the FC terms calculated
for different Ln and also that they are small, on account of the lim-

ited possibility of delocalization of unpaired spin density over the
moderately large ligand.



S. Di Pietro et al. / Coordination Chemistry Reviews 255 (2011) 2810– 2820 2817

Table  7
Separation of PCS and FC according to the two-lanthanides method for Ln Binolam
for  the couple Pr–Nd. Para, PCS and FC values are in ppm units.

Protons Pr Nd

Para PCS FC Para PCS FC

4 −0.76 −0.81 0.05 1.05 0.97 0.08
5 −0.49  −0.44 −0.05 0.46 0.53 −0.07
6  −0.33 −0.25 −0.08 0.17 0.30 −0.13
7 −0.19  −0.27 0.08 0.45 0.33 0.12
8  −0.67 −0.76 0.09 1.04 0.91 0.13
9a  −1.12 0.03 −1.15 −1.77 −0.03 −1.74
9b  −2.06 −1.33 −0.73 0.49 1.59 −1.10
10a 1.84 1.89 −0.05 −2.35 −2.27 −0.08
10b 1.54 1.51 0.03 −1.78 −1.82 0.04
10a′ 0.33 0.44 −0.11 −0.69 −0.53 −0.16
10b′ 0.58 0.42 0.16 −0.26 −0.50 0.24
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Table 9
Separation of PCS and FC according to the two-lanthanides method for
Li3Pr(Binolate)3 vs. those of Li3Yb(Binolate)3. Para, PCS and FC values are in ppm
units.

Protons Li3Pr(Binolate)3 Li3Yb(Binolate)3

Para PCS FC Para PCS FC

3 −18.51 −19.29 0.78 83.20 83.88 −0.68
4 −4.03  −3.68 −0.35 16.29 15.98 0.31
5  0.86 −0.58 1.44 1.26 2.51 −1.25
Me  0.72 0.59 0.13 −0.52 −0.71 0.19
Me′ 0.54 0.57 −0.03 −0.73 −0.68 −0.05

.4. Shibasaki’s heterobimetallic catalysts

Shibasaki introduced a class of C3-symmetric Ln complexes
ased on binaphtholate (hereafter Binolate) as the ligand, which
aised a great interest because of their properties as enantioselec-
ive catalysts in a number of organic reactions (Scheme 3) [34]. As
or many other catalysts, the possibility of coordination of ancillary
igands is of prime importance, since this dynamic binding is at the
asis of substrate activation.

The complexes of formula M3Ln(Binolate)3 (M = Li, Na, K) display
 pinwheel structure, which has been investigated in great detail
oth in solution and in the solid state [35]. In the latter case, sin-
le crystal XRD demonstrates that early elements provide hydrated
omplexes, while late elements yield anhydrous ones. Notably, for
u, both forms have been reported. In solution, the investigation
nto hydration number is more difficult and only indirect proofs
ave been provided. By two different synthetic procedures, Aspinall
t al. [36] and Walsh et al. [37] obtained two completely different
ets of 1H NMR  data for what is apparently the very same complex:
i3Eu(Binolate)3. This must be attributed to the different extents of
ydration in the two compounds, since in only one case (Aspinall)
as the sample obtained in rigorously water-free conditions. Inter-

stingly, no-one reports on the existence of two  sets of signals for
ydrated and anhydrous forms: we must conclude that this system

alls into the fast exchange regime, as envisaged in Eqs. (13)–(19)
nd that the Reilley analysis would lead to inconsistent results.
Unlike in the cases discussed above and notwithstanding the
arge interest and the numerous reports on heterobimetallic com-
lexes, in the literature we were able to find 1H shifts only for a

imited number of lanthanides. Usually the water content of the

able 8
eparation of PCS and FC according to the two-lanthanides method for Ln Binolam
or  the couple Pr–Yb. Para, PCS and FC values are in ppm units.

Protons Pr Yb

Para PCS FC Para PCS FC

4 −0.76 −0.92 0.16 −4.52 −4.38 −0.14
5  −0.49 −0.52 0.03 −2.51 −2.48 −0.03
6  −0.33 −0.39 0.06 −1.92 −1.87 −0.05
7  −0.19 −0.31 0.12 −1.57 −1.47 −0.10
8  −0.67 −0.97 0.30 −4.88 −4.62 −0.26
9a  −1.12 −0.91 −0.21 −4.16 −4.34 0.18
9b  −2.06 −1.51 −0.55 −6.72 −7.20 0.48
10a  1.84 1.77 0.07 8.38 8.44 −0.06
10b  1.54 1.63 −0.09 7.82 7.74 0.08
10a′ 0.33 0.64 −0.31 3.33 3.06 0.27
10b′ 0.58 0.55 0.03 2.61 2.63 −0.02
Me  0.72 0.62 0.10 2.88 2.96 −0.08
Me′ 0.54 0.82 −0.28 4.13 3.89 0.24
6  1.44 0.85 0.59 −4.21 −3.70 −0.51
7  2.97 1.66 1.31 −8.37 −7.23 −1.14
8  6.64 4.61 2.03 −21.82 −20.05 −1.77

various samples is difficult to estimate and moreover, they refer to
different alkali metals M.

As we said, Pr and Yb surely display opposite behavior: one
should mostly yield the water-capped complexes, the other should
provide the anhydrous ones. We  proceed through our modi-
fied method: first of all, we  plot all the paramagnetic shifts for
Li3Pr(Binolate)3 vs. those of Li3Yb(Binolate)3, and we obtain the
slope

mPr,Yb = −0.23 (34)

which is far from the ideal value of mideal = −0.52 (see Eq. (21)),
on account of the different hydration states of the two species. By
application of Eqs. (25) and (26), we  obtain the PCS and FC reported
in Table 9. We can appreciate that the FC terms are small for most
nuclei.

In the same way, we  can treat both sets of data for
Li3Eu(Binolate)3, as reported by Aspinall and Walsh, which are
very different, comparing their paramagnetic shifts with those of
Li3Yb(Binolate)3 method and we find

mEu Aspinall,Yb = 0.07
mEu Walsh,Yb = 0.22

(35)

This allows us to use the two-lanthanides method and to obtain the
PCS and FC reported in Table 10.  A general comment for all these
cases is that the FC terms are in any case small for most nuclei.

These heterobimetallic systems feature another aspect, which
is particularly interesting for our analysis. The alkali metal has
the effect of modulating the charge on the Binolate oxygen atoms
and consequently of changing the crystal field parameters, while
leaving the overall geometry of the various complexes unchanged,
as observed by Aspinall and subsequently confirmed [35,36].  This
means that the corresponding nuclei on complexes with different M
and/or different hydration numbers have the same set of G(i). This
observation prompted us to put forward another more venturous
attempt: using sets of data of heterogeneous systems, i.e. separate

PCS and FC from systems which differ not only in the Ln but also in
the alkali metal M.  Accordingly, we pursued the two-lanthanides
method on the data of Li3Pr(Binolate)3 vs. of Na3Yb(Binolate)3
[35]. The results are reported in Table 11 and compare very well

Table 10
Separation of PCS and FC according to the two-lanthanides method for the two sets
of  data relative to the formula Li3Eu(Binolate)3 taken from Ref. [37] (Walsh) and
from Ref. [36] (Aspinall), vs. those of Li3Yb(Binolate)3. Para, PCS and FC values are
in  ppm units.

Protons Eu Walsh Eu Aspinall

Para PCS FC Para PCS FC

3 17.91 18.33 −0.42 5.17 6.09 −0.92
4  3.10 3.61 −0.51 1.62 1.18 0.44
5  0.58 0.26 0.32 1.83 0.06 1.77
6 −0.72  −0.94 0.22 1.23 −0.34 1.57
7  −3.05 −1.77 −1.28 −0.92 −0.61 −0.31
8 −7.16  −4.67 −2.49 −4.66 −1.54 −3.12
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Table  11
Results of the separation of PCS and FC according to the two-lanthanides method
mixing data relative to two different alkali metals in heterobimetallic systems:
Li3Pr(Binolate)3 vs. of Na3Yb(Binolate)3. Para, PCS and FC values are in ppm units.

Protons Li3Pr(Binolate)3 Na3Yb(Binolate)3

Para PCS FC Para PCS FC

3 −18.51 −19.87 1.36 36.3 37.48 1.18
4 −4.03  −3.34 −0.69 6.9 6.30 −0.60
5  0.86 −0.64 1.50 −0.1 1.21 1.31
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7  2.97 1.00 1.97 −3.6 −1.88 1.72
8  6.64 3.16 3.48 −9 −5.97 3.03

o those of Table 9: the PCS and FC of Li3Pr(Binolate)3 separated
aking the two Yb compounds as the reference are practically
dentical.

.5. DOTMA

The most involved system we wish to treat is a complete
anthanide series of Ln DOTMA [38,39],  a chiral DOTA ana-
ogue (DOTMA = 1,4,7,10-tetrakis(R)-methylacetic acid-1,4,7,10-
etraazacyclododecane), the all-R derivative structure is reported
n Scheme 4.

Gd DOTA is one of the most widely used MRI contrast agents
nd this clearly demonstrates that hydration/dehydration equi-
ibrium is a key feature. Water exchange has been studied with
reat accuracy for this parent compound and for a number of
losely related ones [40]. Another relevant dynamic aspect consists
f an equilibrium between two different conformations, leading
o a square antiprismatic coordination (SAP) or a twisted square
ntiprismatic one (TSAP) [28,38,41,42].  These two forms are usu-
lly in slow exchange on the paramagnetic NMR  timescale, as is
learly manifest by two distinct sets of signals in the 1H spectra.
heir mole proportion is variable throughout the series, and also
heir affinity for water is changeable. DOTA and DOTMA are for-

ally very similar, the difference consisting of the fact that one
ydrogen atom of the acetate arms of DOTA is substituted with

 methyl group in DOTMA, which introduces a further element
f chirality. A very striking feature of these molecules is that the
CS of TSAP and of SAP forms are proportional, on account of the
ractical (accidental) identity of the geometrical factors Gi for all
uclei [39,43]. This can be easily demonstrated by plotting the PCS
or even the paramagnetic shifts) of the two forms of the same Ln
omplex one against the other. Thus, in spite of the great geomet-
ical detail attained by paramagnetic NMR, it may  be difficult to
ecognize if one is dealing with one or the other form, for a new
erm of this family of compounds. On the other hand, TSAP and
AP feature relevant differences in their ability to bind water in
he first coordination sphere and also in the dynamic exchange of
ound and bulk water, which has relevant consequences in MRI
15,40,44].

Very commonly, the distinction between SAP and TSAP forms
s based on the difference in the most downfield-shifted sig-
als [26,45], due to protons occupying the axial “at the corner”
osition in the cyclen macrocycle [46], which amounts to saying
hat

DTSAP| < |DSAP| (36)

hich is in agreement with Mironov’s results for the deformation
f the square antiprism [24]. Unfortunately, when only one set of
ignals is visible in the NMR  spectrum the assignment may  be less

afe. Moreover, predicting the prevalence for TSAP or SAP may  be
ery difficult, because of a subtle enthalpy/entropy compensation
ffect [39,41], and consequent interplay with even minor solvation
r polarizability effects [45]. Ta
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Table 14
Slopes (equal to the PCS of Yb DOTMA), intercepts and correlation coefficients of
modified Reilley plots for all protons in Ln DOTMA, obtained by taking the major
form of Yb DOTMA as the reference spectrum; FC terms for Yb DOTMA calculated
according to Eq. (10). The last column displays the quality parameters diff as in Eq.
(33)  for Yb DOTMA. PCS, FC and diff values are in ppm units.

Protons M Q R diff

Ax@s 89.12 0.23 0.99 4.90
Eq@s 10.66 0.51 0.94 5.66
Eq@c 13.14 0.23 0.95 −3.25
M  −13.65 0.18 0.99 −1.76
-OOCMe

Sch

Lastly, a further complication arises from the fact that unex-
ected differences in the crystal field parameters for some
lements, notably Tm and Er are observed [45].

The linear relation between PCS for the two forms, in the context
f the present work, calls for another property: to a large extent

 plot of ıpara
Ln1 (i) vs. ıpara

Ln2 (i) will provide a good linear fit not only
ndependent of Ln1 and Ln2, but also independent of the fact that

e are dealing with a TSAP or a SAP form.
To some extent, we may  say we are in a situation similar to

hat described above for heterobimetallic catalysts, where we could
ake advantage of data arising from complexes with different alkali

etals.
Separating FC from PCS in DOTMA (as well as in DOTA) is hardly

ossible by means of the standard Reilley method, because of the
ombined effect of the SAP/TSAP and of the hydration/dehydration
quilibria. Nonetheless, we obtained excellent results using our
odified method.
First of all, we choose as the reference spectrum the major form

f Yb DOTMA (which is TSAP) and we plot all the shifts of both
ajor and minor forms of the various Ln DOTMA (Table 12)  vs. this

et of data.
As we see from Table 13,  the correlation coefficients are all fully

atisfactory. The slopes of these linear fits can be used to build one
odified Reilley plot for each proton, by taking into account simul-

aneously all of the available data for Ln DOTMA in both major and
inor forms and to achieve separation of PCS and FC, as shown in

able 14.
We  can appreciate that the quality of this separation is excellent,

s measured by the difference of Eq. (33) for Yb DOTMA and also

y the fact that the trend of FC follows reasonably closely the one
ound for the correspondent protons in Ln DOTAM.

able 13
lopes and correlation coefficients for linear fits (forced through the origin) for
para
Ln1 maj/min

(i) vs. ıpara
Yb maj

(i).

Lanthanide m R

Ce −0.16 0.99
Ce  min  −0.26 0.97
Pr  −0.37 0.99
Nd  −0.15 0.92
Nd  min  −0.29 0.98
Sm  −0.03 0.98
Eu  0.17 0.74
Eu  min 0.30 0.75
Tb −4.10  0.99
Tb  min  −4.96 0.99
Ho  −3.04 0.98
Ho  min  −3.86 0.96
Er  1.64 0.98
Er  min 2.56 0.96
Tm  8.47 0.98
Tm  min  4.10 0.95
Ax@c −30.83 0.34 0.98 7.17
ac  −79.54 −0.40 0.99 4.65

6. Conclusions

We here briefly reviewed the standard protocol for separat-
ing pseudocontact and contact terms from total paramagnetic
shifts in lanthanide compounds, with particular reference to axial
symmetry. We  proposed a simple but not previously described
modification of this protocol for compensating for any variation
in crystal field parameters. We  discussed the standard and modi-
fied protocols on four sets of NMR  data taken from the literature
and on an unreported set for a chiral derivative of Ln DOTA. We  dis-
cussed the main limitation of standard protocol, consisting of the
necessity to restrict the analysis to some lanthanides characterized
by similar crystal field parameter(s). In many cases, the change in
these parameters may  be not trivial and sometimes even unpre-
dictable, which introduces a certain degree of arbitrariness. This is
especially true in cases of significant axial ligand dynamics, where
capped and non-capped forms may  coexist and freely exchange,
as notably found in catalytic systems and in MRI  contrast agents.
The proposed analysis offers a new “lens”, to extract the PCS from
the total paramagnetic shifts. It has the merit of avoiding any more
or less arbitrary partition into early and late lanthanides (or the
notion of “gadolinium break”) and can effortlessly and seamlessly
cope with changes in crystal field parameters arising e.g. from axial
dynamics or from lanthanide contraction. We  cannot and do not
claim that the PCS extracted in this way are more accurate than any
other, because their “true” values are only experimentally acces-
sible through a more or less questionable separation protocol. We
only can say that they compare well with sets of geometrical factors
arising from a structural optimization. In any case, however, there
is some degree of self-reference which invalidates the comparison.

Our procedure can be classified in the context of “model free”
methods, because it makes no assumption on a specific geometri-
cal model and also avoids reference to Bleaney’s constants. It can
be used even if only a few (two) Ln derivatives of a certain complex
are characterized, independent of the position of the elements in

the series, i.e. early and late lanthanides can be analyzed simulta-
neously. One of the most interesting features of this new method
is that we can even mix  and treat together heterogeneous data,
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