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Introduction

Magnetic resonance methods have become pre-eminent in
modern structural analysis because of the sensitivity of the
observed chemical shift to molecular environment. In this
respect, 19F NMR spectroscopy studies with fluorinated
probes offer considerable scope, as not only does this nu-
cleus have a high receptivity (83 % of 1H) and Larmor fre-
quency (376 MHz at 9.4 T), but also the chemical shift range
is typically an order of magnitude greater than for 1H NMR
spectroscopy.[1] The acquisition of sufficient signal intensity
in a short time-period remains a limiting feature of NMR
spectroscopy and magnetic resonance imaging studies. This
limitation can be obviated to a degree, by increasing the
rate of relaxation of the observed nucleus, following intro-
duction of a paramagnetic centre close to the nucleus being
observed.[2–4] The steep distance dependence (r�6) of the
electron–nuclear dipolar interaction primarily determines
the nuclear spin relaxation rates, R1 and R2. At very short
distances, line-broadening is severe and limits spectroscopic
studies particularly; at larger distances the increase in R1 is
less than an order of magnitude and any sensitivity gain aris-
ing from shorter acquisition times is reduced. A balance
needs to be struck, striving also to minimise the R2/R1 ratio.

These issues have been addressed recently in the design
of several paramagnetic lanthanideACHTUNGTRENNUNG(III) complexes in which
a homotopic CF3 group is placed between 4.5 and 7.5 �

from the metal ion.[2–4] Sensitivity gains over diamagnetic
controls in spectroscopy are of the order of a factor of
12,[3,4] and the use of zero echo time pulse sequences can in-
crease sensitivity for imaging by a factor of about 25.[4c]

The broad chemical shift range of 19F NMR spectroscopy
prompted its early application in metabolism studies[5] of
fluorinated drugs, as well as stimulating the development of
responsive chemical shift probes.[1a,c,2] In each case, the ob-
served shift most commonly reported an irreversible chemi-
cal transformation of the fluorinated probe, including those
induced by enzymatic catalysis.[6] Examples have also been
described in which reversible calcium binding to a fluorinat-
ed analogue of BAPTA[1d] was signalled by a change in the
chemical shift of an aryl F label. However, the dissociation
constant for calcium binding was in the micromolar range
and hence beyond the normal sensitivity range of most mag-
netic resonance experiments.

When the fluorine label in a putative probe is close to
a lanthanide ion within the same molecule, the pseudo-con-
tact shift amplifies chemical shift differences between probe
species. The dipolar shift induced (dp), varies as a function
of the geometric coordinates of the 19F nucleus with respect
to the principal axis, as well as the local coordination envi-
ronment of the Ln3+ ion. This is commonly expressed, for
systems approximating to cubic symmetry, as [Eq. (1)]):

dp ¼ CD
b2

60ðkTÞ2
ð3 cos2 q� 1Þ

r3 B0
2 ð1Þ

where the geometric term includes the distance, r, between
the probe nucleus and the metal ion and the angle, q, de-
fined with respect to the principal axis; b is the Bohr magne-
ton, CD is the Bleaney constant for the given Ln3+ ion and
B0

2 is a second-order crystal field coefficient that is strongly
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dependent on the Ln3+ coordination environment.[7] It
should be remembered that this shift effect does not apply
to Gd3+ complexes, as the magnetic susceptibility tensor is
nearly isotropic, due to the absence of orbital degeneracy.
For the later Ln3+ ions (Tb, Dy, Ho, Er, Tm, Yb) the
pseudo-contact shift variation therefore allows a general
means of tracking changes in probe geometry (i.e., configu-
ration or conformation) or metal ion speciation, by using
NMR spectroscopy or chemical shift imaging.

Chemical shift probe design criteria : Two different cases can
be considered for probe design, depending upon whether
there is an irreversible transformation of the probe or a re-
versible change in its structure. In each case, it is highly de-
sirable that the polar coordinates of the CF3 reporter group
do not change too much, so that the R1 and R2 parameters
are minimally perturbed. In this way, standard pulse sequen-
ces can be employed throughout the monitoring process. A
direct consequence of this strategy is that the fluorinated
label should be maintained at a fixed distance from the Ln3+

ion. This approach may be contrasted with that adopted by
Mizukami based on abrupt changes in line-broadening.[6e, f]

Irreversible cleavage of a 19F labeled peptide conjugate
linked to a Gd complex was catalysed by an enzyme, and
led to the formation of fragments where the Gd complex
moiety was separated from the 19F labeled entity. The re-
moval of the proximate Gd moiety, that caused the initial
19F signal to be very broad and difficult to observe, allowed
the appearance of the diamagnetic 19F labeled fragment to
be monitored. No change of chemical shift accompanied this
process and the final species observed had a slow rate of re-
laxation.

In the first case, the irreversible transformation can be
a functional group transformation of the ligand, for exam-
ple, an amide or ester hydrolysis. Judicious positioning of
the CF3 label allows the perturbation in local electron densi-
ty to be signalled by variation in dF. In the second case, a re-
versible interaction of the probe can occur either at the
metal centre—for example, displacing a weakly bound
ligand donor group or a solvent molecule—or at the ligand,
or indeed at both sites simultaneously. The change in the
local ligand field causes a variation in B0

2 and this change is
reported as a shift of dF [Eq. (1)].

Here, we report paramagnetic fluorinated magnetic reso-
nance probes that have been designed with these criteria in
mind. We establish these principles in three systems: the
first reports a variation in calcium ion concentrations in the
millimolar regime; the second signals the presence of citrate
in competitive aqueous media; the third indicates ester/
amide hydrolysis in a relayed, irreversible transformation.
For the calcium probe example, we have modified the ap-
proach used recently in the design of Ca2+ and Zn2+ respon-
sive Gd complexes. These examples were based on a reversi-
ble change in metal ion hydration state, leading to a large
change in the water proton relaxivity.[8–10]

In the target complex, [Ln·L1], a CF3 group is fixed in po-
sition within a strongly coordinated arylamide moiety

(Scheme 1). At the trans-position of the macrocyclic ring,
a second amide carbonyl group forms part of a 7-ring che-
late and is linked to a calcium selective binding site. This
amide carbonyl is more weakly bound to the lanthanide
ion[11] and when Ca2+ is present, the carbonyl oxygen prefers
to bind to the Ca2+ ion and the Ln3+ coordination environ-
ment changes.[8,11] The coordination change at the metal
centre is reported by the change in dF.

In the case of citrate signalling, most related reported
probes have been based on the displacement of water at the
metal centre in a coordinatively unsaturated complex of
a heptadentate ligand. Typically, signal transduction with
these probes has been based on the modulation of lantha-
nide luminescence. Systems have been created that allow
the rapid and selective measurement of citrate in serum,
urine or seminal fluids.[12–15] Here, the cationic monoamide
complexes, [Ln·L2] and [Ln·L3], have been designed so that
a coordinated water is displaced (Scheme 2) by the anion,
whereas the CF3 label remains in a constant relative posi-
tion. Prototypical systems are reported here, in order to es-
tablish the principle of reporting reversible and selective
anion binding by a change in dF.

Finally, examples are presented of the use of a change in
dF, amplified by the presence of the proximate Ln3+ ion, to
signal a remote functional group transformation. The sys-

Scheme 1. Change in the lanthanide coordination environment induced
by Ca2+ binding.
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tems chosen also contain an integral CF3 group in an amide-
bound subunit, [Ln·L4] and [Ln·L5], in which the para-sub-
stituted aryl ester group is hydrolysed, following relayed
cleavage[16,17] of the distal ester or amide group (Scheme 3).

Results and Discussion

Ligand and complex synthesis : The synthesis of ligand L1

was undertaken by using a strategy that required formation
of an amide bond between the Ca2+ binding site and the flu-
orinated paramagnetic reporter moiety (Scheme 4). Alkyla-
tion of the tertiary butyl ester of 1,7-bis(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (DO2A) by the a-chloroa-
mides 1 or 2 yielded the corresponding monoamides 3 and
4. Subsequent treatment of 3 with benzyl 2-bromoethylcar-

bamate in MeCN yielded the diamide 5, from which the pri-
mary amine 6 was obtained following Pd-catalysed hydroge-
nolysis of the benzyl group. The acid, 7, has previously been
reported,[8] and was coupled with the amine 6, by using stan-
dard carbodiimide methodology, to afford the protected
amide, 8. Following removal of the ester groups with TFA,
the desired lanthanide complexes, [Ln·L1], were formed by
treatment with LnCl3·6 H2O at pH 6.5. Any lanthanide ions
that bound to the weaker Ca2+ binding site in L1 were re-
moved by treatment with ChelexTM resin. The final com-
plexes were purified by reverse phase HPLC, and gave rise
to a single shifted 19F NMR resonance, consistent with pref-
erential formation of one main solution species. The lantha-
nide complexes of L2 and L3 were formed from 3 and 4
through a similar pathway (Scheme 4).

For the synthesis of the complexes [Ln·L4] and [Ln·L5],
the ester groups were introduced in the final step, in each
case (Scheme 5). The intermediate complex [Ho·11] has
been reported previously[3a] via the triester 10, and was O-al-

kylated with 4-chloromethyl-
phenylacetate in DMSO to
yield the target ester, [Ho·L4].
The synthesis of the phosphi-
nate complex [Ln·L5] followed
a different route. Monoalkyla-
tion of cyclen in MeCN with
the CF3-labelled a-chloroamide,
containing a para-ethyl ester
group, yielded the secondary
amine, 9. Subsequent treatment
with paraformaldehyde and
MeP ACHTUNGTRENNUNG(OEt)2 allowed the intro-
duction of the phosphinate
ester groups, through an Arbu-
sov reaction. Base hydrolysis of
the ester groups followed by
complexation of the appropri-
ate Ln ion in aqueous media
gave the complexes [Ln·13],
from which [Ln·L5] was made
by either O-alkylation or by

a coupling reaction with 4-hydroxymethylacetanilide in
DMF, mediated by HATU (Scheme 5). Final complexes
were purified by reverse phase HPLC.

Calcium-selective probe behaviour : The complex [Gd·L6]
has been shown to exhibit a proton relaxivity that varies as
a function of calcium concentration, with a dissociation con-
stant of 450 mm in human serum solution (pH 7.4, 310 K).[8]

The relaxivity increased by up to 67 % on calcium binding
(1.4 T, 310 K), as the hydration state of the complex
switched from zero to one. This behaviour was shown to be
independent of pH over the range 5.5 to 8 and was selective
for Ca2+ over K+ , Na+ , Mg2+ and Zn2+ at equivalent con-
centrations, or at the values typically found for these cations
in extracellular biological fluids. This selectivity profile is
a property of the calcium-binding moiety, and should be re-

Scheme 2. Variation in lanthanide ion speciation following reversible cit-
rate binding.

Scheme 3. Irreversible cleavage of the remote functional group signalled by a change in chemical shift of the
reporting CF3 group.
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tained in the fluorinated analogue, [Ln·L1]. Accordingly,
prior to the NMR spectroscopy work with the Dy and Tm
complexes, the performance of [Gd·L1] was examined as
a calcium-selective contrast agent, in comparison to [Gd·L6].

The proton relaxivity, r1p, of [Gd·L1] was 3.42 mm
�1 s�1

(pH 7.2, 0.1 m MOPS, 310 K, 1.4 T) and increased to a limit-
ing value of 6.62 mm

�1 s�1 following addition of >1 equiv
calcium chloride (Figure 1). By fitting the variation of the
relaxivity with [Gd3+] and assuming a 1:1 limiting stoichiom-
etry, an estimate of the association constant was obtained by
iterative fitting, with log K=3.80 ACHTUNGTRENNUNG(�0.05) m

�1. This compares
to a logK value of 3.59 ACHTUNGTRENNUNG(�0.03) m

�1 for the calcium binding

affinity of [Gd·L6], measured under the same conditions.
Less than a 6 % change in proton relaxivity was observed in
the presence of NaCl (110 mm), KCl (5 mm), MgCl2 (1 mm)
and ZnCl2 (1 mm), consistent with the established selectivity
profile. Subsequent addition of EDTA to the calcium-bound
complex restored the initial relaxivity value, as the Ca2+

prefers to bind the added acyclic chelate. Such behaviour ac-
cords with the reversibility of calcium binding observed with
[Gd·L6].

Similar titration experiments were undertaken with
[Dy·L1] and [Tm·L1], and the variation in the 19F chemical
shift of the trifluoromethyl group (4.7 T, 295 K, pH 7.2, 0.1m

MOPS) as a function of the calcium ion concentration was
observed (Figure 2). With [Dy·L1], addition of calcium was

characterised by a shift of 3.0 ppm to higher frequency (�69
to �66 ppm), and for [Tm·L1] the shift change was 3.9 ppm
(�94.6 to �98.5 ppm) to lower frequency. The longitudinal
relaxation rate, R1, did not change by more than 4 %, in
each case, for the “free” and calcium-bound complexes. For
example, with [Dy·L1], R1 was 169 Hz at 9.4 T and 100 Hz at
4.7 T and these values were 166 and 97 Hz, respectively, on
adding calcium. The insensitivity of R1 to added calcium in-
dicates clearly that the CF3 group remains at the same dis-
tance from the Ln ion. On the other hand, the observed

Figure 1. Variation of proton relaxivity with added Ca2+ and subsequent
EDTA addition for an aqueous solution containing [Gd·L1] (pH 7.2, 0.1m

MOPS, 310 K, 1.4 T, 1 mm complex) r1p modulation =94 % (3.4 to
6.6 mm

�1 s�1).

Figure 2. Variation of dF with added Ca2+ and subsequent EDTA addi-
tion for an aqueous solution containing, top: [Dy·L1] (pH 7.2, 0.1m

MOPS, 295 K, 188 MHz, D2O lock, 4 mm complex DdF =3 ppm); bottom:
[Tm·L1] (as above, but 2 mm complex DdF =4 ppm).
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linewidth did vary differentially between the Dy and Tm
systems, and in a manner that was field dependent (Table 1).
Such behaviour is consistent with chemical exchange contri-
buting to the broadening of the observed resonance, super-

imposed on the broadening ascribed to paramagnetic relaxa-
tion.

An attempt was made to fit the variation of dF with
[Ca2+] for [Tm·L1], and a binding constant value of logK=

3.4 ACHTUNGTRENNUNG(�0.1) m
�1 (295 K, pH 7.2, 0.1 m MOPS) was estimated.

The slightly weaker binding of the thulium complex to Ca2+

can be attributed to the higher affinity of the labile amide
carbonyl oxygen for the more charge dense Tm centre.

The binding curves in Figure 2 allow the ratio of free and
calcium bound complex to be established, from the observed
chemical shift value. Given the selectivity for calcium bind-
ing observed, noting that dF does not vary significantly with
pH (over the range 6 to 8), and knowing the dissociation
constant, Kd, measured in the medium of interest, the calci-
um concentration can be estimated directly. It is given as
the product of the ratio of bound/free complex and Kd

(Scheme 6).

Scheme 4. Reagents and conditions: i) Na2CO3, anhydrous MeCN, 35–50 %; ii) benzyl 2-bromoethylcarbamate, K2CO3, MeCN, 32%; iii) Pd-C (10 %), H2,
MeOH, 40 psi, 65 %; iv) NMM, EDC, HOBt, DMF, 20%; v) TFA/CH2Cl2 (9:1), 65% for L1/80% for L2/76 % for L3; vi) LnCl3·6H2O, H2O, 60 8C, 18 h.

Table 1. NMR spectroscopic data[a] in the presence and absence of added
metal ions (295 K, pH 7.2, 0.1m MOPS, 2 mm complex, 2 equiv of stated
metal ion as chloride salt).

Complex Cation dF [ppm] Linewidth [Hz]
4.7 T

Linewidth [Hz]
9.4 TACHTUNGTRENNUNG[Dy·L1] none �69.0 84 188ACHTUNGTRENNUNG[Dy·L1] calcium �66.0 110 282ACHTUNGTRENNUNG[Dy·L1] magnesium[b] �68.5 95 220ACHTUNGTRENNUNG[Dy·L1] zinc[b] �68.9 95 214ACHTUNGTRENNUNG[Tm·L1] none �94.6 38 44ACHTUNGTRENNUNG[Tm·L1] calcium �98.5 110 106

[a] For [Dy·L1] R1 values were 169 and 100 Hz at 9.4 and 4.7 T, respec-
tively; for [Tm·L1], corresponding R1 values were 47 and 23 Hz. [b] On
further addition of CaCl2 (2 mm) to this sample, the observed shift was
�66.0 ppm, consistent with selective Ca binding; no change was found in
the presence of NaCl (0.1 m) and KCl (5 mm).
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Citrate selective chemical shift probe : When an anion binds
to a lanthanide centre and displaces a coordinated water,
the coordination change can be signalled by differences in
the optical and NMR properties of the complex.[13d, 18,19]

With optical signal transduction, complexes of europium are
frequently studied, as the emission spectra are most amena-
ble to interpretation.

The Eu, Ho and Tm complexes of ligands L2 and L3 were
prepared. In each case, the amide proton is relatively acidic

and the pKa was measured for
each complex (Scheme 7), mon-
itoring either variations in ab-
sorbance at 300 nm, or follow-
ing changes in dF as a function
of pH. The pKa values (295 K,
0.1 m NaCl) were 7.24 ACHTUNGTRENNUNG(�0.02)
for [Ho·L3], 6.57 ACHTUNGTRENNUNG(�0.06) for
[Eu·L3] and 6.10 ACHTUNGTRENNUNG(�0.04) for
[Tm·L3]. For the complexes of
L2, the corresponding pKa

values were all >8.5. For
[Tm·L3], the 19F NMR spectros-
copy and optical methods used
to estimate the pKa showed rea-
sonable agreement (Figure 3).

Crystals of [Tm·L3] were
grown from aqueous solution
and the X-ray structure was de-
termined, revealing the geome-
try of the charge neutral conju-
gate base, that is, following de-
protonation of the amide NH
proton. The X-ray structure re-
vealed several features. The
single coordinated water mole-
cule (Figure 4) is located 0.55 �
out of the plane defined by the
other three coordinated oxygen
atoms. The twist angle between
the N4 and O4 planes is 38.48,
typical of related square anti-
prismatic complexes of lantha-
nide complexes with a coordina-
tion number of eight.[20] The tri-
fluoromethyl group has a mean
Tm–F distance of 6.48 �, with

Scheme 5. Reagents and conditions: i) R =H: MeCN, 40 8C, 6 h, 64 % 9 ; ii) R= CH2CO2tBu: MeCN, K2CO3,
KI, reflux, 18 h, 78% 10 ; iii) 1) CH2Cl2/TFA (1:4), 24 h, 2) LiOH, 48 h, 77%; iv) LnCl3·6H2O, H2O, 60 8C, 18 h;
v) paraformaldehyde, diethylmethylphosphonite, THF, reflux, 18 h, 55%; vi) KOD, 40 8C, 48 h, 40 %; vii) N-
(4(hydroxymethyl)phenyl)acetamide, HATU, DIPEA, DMF, 48 h, 25% [Dy·L5] and N-(4-(chloromethyl)phe-
nyl)acetamide/4-(chloromethyl)phenyl acetate, DMSO, K2CO3, 30 % [Tm·L5]/ ACHTUNGTRENNUNG[Ho·L4].

Scheme 6. Equilibrium associated with calcium binding.

Scheme 7. Protonation equilibrium for [Ln·L3].
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the individual fluorine atoms separated by distances of 5.34,
6.78 and 7.33 �. The amide carbon�nitrogen bond is rela-
tively short (1.30 �) consistent with its double bond charac-
ter. The nitrogen lone pair is able to conjugate effectively
with the aromatic electrons, promoting the charge delocali-
sation into the o-cyano group that is associated with the ab-
sorption spectral change.

Before examining the 19F NMR behaviour in solution, the
anion affinities of the emissive Eu complex, [Eu·L3ACHTUNGTRENNUNG(H2O)2]
were established. Relative binding affinities were measured
by examining the intensity ratio of the Eu DJ= 2 to DJ=

1 emission bands (see the Supporting Information) as a func-
tion of added anion concentration, by using reported meth-
ods[12, 13] (Table 2). At pH 7.4, this system exhibits a modest

selectivity for citrate. In a “fixed interference” background,
containing the stated mixture of anions (Table 2, footnote),
citrate was bound selectively with a reduced apparent affini-
ty, associated with a Kd value of the order of 10 mm.

Changes in 19F NMR parameters for the Ho and Tm com-
plexes of L2 and L3 were monitored, following addition of
up to a tenfold excess of the sodium salts of hydrogencar-
bonate, citrate, lactate and hydrogenphosphate at pD 7.4 in
HEPES (50 mm) buffer (Table 3). At this pH, the aqua spe-
cies of the complexes with L2 gave rise to fairly sharp lines.
In contrast, with [Ho·L3], the observed resonance at
�63.6 ppm was considerably broadened, associated with the
chemical exchange between the protonated and deprotonat-
ed forms (pKa ca. 7.15, Figure 3, vide supra). Exchange
broadening was even more severe for [Tm·L3], with a line-

Figure 3. pH profiles for [Ho·L3] observing absorbance intensity changes
(labs 300 nm; ~) or variations in dF (&), associated with a pKa of 7.15-ACHTUNGTRENNUNG(�0.1).

Figure 4. Views of the molecular structure of [Tm·L3] from the X-ray
analysis.

Table 2. Binding constants for [Eu·L3] with selected anions, calculated
from changes in the ratio of DJ =2 to DJ =1 bands of the emission spec-
trum (H2O, pH 7.4, 50 mm HEPES, 2 mm complex, 0 to 100 mm [anion],
298 K, lexc =397 nm).

Anion log K (�0.05)

citrate 2.71
lactate 1.98
phosphate 1.93
bicarbonate 0.81
citrate in anion mixture[a] 1.95

[a] Citrate competition experiment involved incremental addition of
sodium citrate to a solution containing complex (2 mm), HEPES (50 mm),
sodium bicarbonate (20 mm), sodium dihydrogenphosphate (1 mm), and
sodium lactate (2 mm).

Table 3. 19F NMR spectroscopy data for [Ln·L2] and [Ho·L3] and their
anion adducts (D2O, 188 MHz, 295 K, pD 7.4, 2 mm complex, 50 mm

HEPES, 10 equiv anion).

Complex Anion dF [ppm]:R1(�3) [Hz] Linewidth (�10) [Hz]ACHTUNGTRENNUNG[Ho·L2] aqua species �76.8 45 67ACHTUNGTRENNUNG[Ho·L2] bicarbonate ~�66 broad[a]ACHTUNGTRENNUNG[Ho·L2] lactate �64.6 214ACHTUNGTRENNUNG[Ho·L2] phosphate �53.6 230ACHTUNGTRENNUNG[Ho·L2] citrate �66.5 48 208ACHTUNGTRENNUNG[Tm·L2] aqua species �67.6 23 120ACHTUNGTRENNUNG[Tm·L2] bicarbonate �63.2 189ACHTUNGTRENNUNG[Tm·L2] lactate �70.2 99ACHTUNGTRENNUNG[Tm·L2] phosphate �83.0 198ACHTUNGTRENNUNG[Tm·L2] citrate �72.3 25 175[b]ACHTUNGTRENNUNG[Ho·L3][c] aqua species �66.3 83 420ACHTUNGTRENNUNG[Ho·L3] bicarbonate �64.6 400ACHTUNGTRENNUNG[Ho·L3] lactate �68.6 1200ACHTUNGTRENNUNG[Ho·L3] phosphate �64.8 700ACHTUNGTRENNUNG[Ho·L3] citrate �68.0 91 260ACHTUNGTRENNUNG[Ho·L3] mixture[d] �68.1 92 250

[a] Linewidth >1500 Hz; [b] slow decomplexation of the Ln ion from the
ligand was observed; [c] with [Tm·L3], only addition of citrate gave rise
to an observable signal at pD 7.4, dF =�61.1 ppm, (w1/2 =134 Hz, R1 =

54 Hz (295 K, 4.7 T) and R1 =64 Hz (9.4 T, 295 K); [d] mixture consists of
10 equiv each of phosphate, bicarbonate, lactate, and citrate.
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width of >1500 Hz at 4.7 T and pD 7.4, such that the 19F res-
onance was barely discernible. Lowering the pH sharpened
the resonance for the aqua species, and at pD 4 it was ob-
served at �61.4 ppm, with an R1 value of 67 Hz at 9.4 T. At
a given field, the R1 values for the complexes of L2 were sig-
nificantly slower than those with L3. For example, R1 values
for [Ho·L2ACHTUNGTRENNUNG(H2O)] and [Ho·L3ACHTUNGTRENNUNG(H2O)] at 4.7 T were 45 and
83 Hz, respectively. Given the r�6 dependence of R1, arising
from the electron–nuclear dipolar interaction, and noting
the separation found in the X-ray analysis of [Tm·L3 ACHTUNGTRENNUNG(H2O)],
it can be estimated that the CF3 group is about 0.6 � closer
to the metal ion in complexes of L3.

Anion addition gave rise to shifted resonances with a char-
acteristic 19F chemical shift for each ternary adduct, associat-
ed with the change in the local ligand field at the Ln ion.
Shift non-equivalence was greatest for adducts with the
complexes of L2. However, in equimolar mixtures of anions,
no significant preference for binding to a given anion was
observed. In these cases, single resonances with additional
line-broadening were observed, associated with chemical ex-
change between free and bound anion adducts that is fast
on the NMR timescale. With [Ho·L3], anion addition gave
rise to exchange broadened resonances at characteristic
chemical shifts, and with added citrate, resonances were
sharpest. Chemical shift values for the lactate and citrate
ternary adducts were most similar, consistent with their
known common coordination to an Ln centre, involving che-
lation of the a-hydroxy and carboxylate groups, verified in
related crystallographic analyses of Yb, Eu and Ho com-
plexes.[22]

In an equimolar mixture containing [Ho·L3] and 10 equiv
of each of the studied anions, only the citrate peak was ob-
served (Table 3). This behaviour accords with the selectivity
observed for [Eu·L3] defined above (Table 2). Incremental
addition of citrate to [Ho·L3] allowed free and bound spe-
cies to be observed simultaneously by 19F NMR spectrosco-
py (see the Supporting Information). Following addition of
0.5 equiv citrate, each species was present in approximately
50:50 ratio, consistent with chemical exchange between the
aqua species and the citrate adduct that is slow on the NMR
timescale.

With [Tm·L3ACHTUNGTRENNUNG(H2O)], only addition of citrate gave rise to
a resonance that was not severely broadened by chemical
exchange. Selectivity for citrate was again noted in equimo-
lar anion mixtures. Incremental addition of citrate at pD 7.4
was monitored by 19F NMR spectroscopy, with trifluoroetha-
nol as an internal reference to allow the change in intensity
of the emerging bound citrate signal to be followed (see the
Supporting Information and Figure 5). The apparent affinity
constant measured (log K=2.79 ACHTUNGTRENNUNG(�0.03)m

�1), corresponds
well to that defined for [Eu·L3], monitoring emission spec-
tral changes (Table 2).

Signalling a remote functional group transformation : The
diester, [Ho·L4 ACHTUNGTRENNUNG(H2O)], gives rise to one major solution spe-
cies (dF =�50.8 ppm). It contains a remote phenolic ester
group that following hydrolysis was envisaged to trigger

cleavage of the aryl-carboxylate ester, in a stepwise manner,
based on the “self-immolative” property of these sys-
tems[16, 17] (Scheme 8). The product carboxylate complex,
gives rise to a single resonance at �57 ppm (DdF = 6.2 ppm,
295 K, pH 7.4). Following addition of either pig-liver ester-
ase or a-chymotrypsin to solutions containing the ester,
under standard conditions, the 19F NMR spectrum was moni-
tored as a function of time. Little change in the NMR spec-
trum was observed over a period of 24 h. Analysis by LCMS
revealed the build-up of a new peak at m/z 868 (negative
ion ESMS), consistent with formation of the intermediate

Figure 5. Binding curve for addition of citrate to [Tm·L3 ACHTUNGTRENNUNG(H2O)], showing
the fit (line) to the experimental data, following the increase in relative
intensity of the [Tm·L3 ACHTUNGTRENNUNG(citrate)] signal at �61.1 ppm, reported as the
ratio of the total signal area with respect to added trifluoroethanol at
�77.3 ppm (298 K, 188 MHz, 3 mm complex, D2O, pD 7.4, 0.2 mm

CF3CH2OH).

Scheme 8. Stepwise cleavage of [Ho·L4] induced by added pig-liver ester-
ase or a-chymotrypsin (pH 7.4, 310 K).
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phenol. In control experiments at elevated pH, this inter-
mediate underwent further hydrolysis at ambient tempera-
ture only at pH 10. In a further control experiment, the en-
zymatic hydrolysis of the ethyl ester of [Ho·11] was exam-
ined, under the same conditions. Slow catalysis of ester hy-
drolysis was observed by using pig-liver esterase, but the re-
action only proceeded to 50 % conversion. In each case
product inhibition of enzyme activity might suppress the
cleavage reaction.

The lanthanide complexes of L4 give rise to several iso-
mers in solution,[4a] but for the corresponding triphosphinate
series, only one isomer is favoured in solution (>85 % typi-
cally). Furthermore, as the intermediate phenolate had not
cleaved as rapidly as had been envisaged, the related amide
system, [Ln·L5] was examined. In the presence of a-chymo-
trypsin, changes in the 19F NMR spectrum of [Ln·L5] (Ln=

Dy and Tm) were followed as a function of time (Figure 6).

The 19F shift non-equivalence between [Dy·L5] and the prod-
uct carboxylate complex was 4.8 ppm, and for [Tm·L5], DdF

was 12.1 ppm. Thus, the cleavage reaction could be moni-
tored easily. The greater linewidth of the precursor amide is
caused by chemical exchange with the conjugate base, asso-
ciated with its lower pKa, as noted in related earlier
work.[2b, 3a] Therefore, during acquisition of the spectral data,
the pH was temporarily lowered to 6.5. A feature of these
systems was their sluggishness, taking about 10 days to reach
completion, as found with [Ho·L4]. Evidently, although
these systems are not good substrates for the esterase and
protease examined, the facility of following changes in the
hydrolysis reaction directly by 19F NMR spectroscopy opens
up possibilities for directly monitoring such hydrolytic cleav-
age reactions in situ with spatial resolution, by using chemi-
cal shift imaging.

Conclusion

With these three diverse examples, we have demonstrated
how amplified shift non-equivalence, coupled with faster
signal acquisition arising from enhanced rates of longitudi-
nal relaxation, can be combined to devise paramagnetic
probes that allow monitoring of both reversible and irrever-
sible reactions by 19F NMR spectroscopy.

Modulation of calcium concentration in the millimolar
range has been shown to cause changes in the relative con-
centration of free and bound Ca2+ at the remote engineered
binding site in [Ln·L1]. This event triggers a reversible
change in the lanthanide coordination environment that
modulates the pseudo-contact shift, amplifying the chemical
shift non-equivalence of the CF3 reporter group. The “pyro-
EGTA” Ca2+ binding moiety used, has been shown to pos-
sess good selectivity for calcium over sodium, magnesium
and zinc at the concentration levels of each “free” ion
likely to be present in biological samples.[8] Here, this be-
haviour is also shown to be in agreement with the findings
for the analogous Gd system, in which water proton relax-
ivity is modulated reversibly and selectively, because of
a change in metal hydration state.

Reversible anion binding in aqueous solution at a lantha-
nide centre also changes the dipolar shift of ligand resonan-
ces, by altering the second-order crystal field coefficient,
B0

2, that is a function of the local coordination environment.
Here, we have established proof-of-principle using a mono-
cationic complex containing a reporter CF3 group, to show
that chemoselective binding of citrate can be signalled by
a change in dF. Citrate selectivity is also demonstrated for
the related Eu complex, by using emission spectral changes
to allow quantification of anion binding constants.

Finally, building on earlier work of Mason,[1a,6a] we dem-
onstrate that ester cleavage can be signalled by a 19F shift
change using a CF3 reporter, with which the observed non-
equivalence can be amplified to 12 ppm, an order of magni-
tude greater than shift differences typically found with dia-
magnetic systems.[23]

Experimental Section

Details of instrumentation, ligand synthesis, methods of purification,
characterisation, relaxivity measurements and spectral titrations are
given in the Supporting Information.

General preparation of lanthanide complexes of L1: Lanthanide com-
plexes of L1 were prepared from corresponding solutions of the ligand
(1 equiv) and solutions of GdCl3·6H2O/DyCl3·6 H2O or TmCl3·6H2O
(1.5 equiv). The reaction mixture was stirred at 80 8C for 20 h. The pH
was periodically checked and adjusted to 6.5 by using solutions of NaOH
(1 m) and HCl (1 N) as needed. After completion, the reaction mixture
was cooled and passed through Chelex-100 to trap free or weakly bound
Ln3+ ions, and the Ln-loaded complexes were eluted. The fractions were
dialyzed (500 MW cut off; Spectra/Pro

�

biotech cellulose ester dialysis
membrane, Spectrum Laboratories), purified by semi-preparative RP-
HPLC and lyophilized to obtain off-white solids. These complexes were
characterized by ESI-MS in positive and negative mode and the appro-

Figure 6. Changes in the 19F NMR spectrum of [Dy·L5], following cleav-
age of the remote amide bond induced by a-chymotrypsin (pH 7.4, 9.4 T,
295 K; spectra shown above were measured at pH 6.5; substrate at top,
product at bottom).
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priate isotope pattern distributions for Gd3+/Dy3+/Tm3+ were recorded
(see the Supporting Information).ACHTUNGTRENNUNG[Gd·L1]: Yield=3 mg (off white solid), 52 %; ESI-MS (+): calcd
C41H55F3

155GdN8O14: m/z 1096.3 [M+H]+ ; found 1096.4 [M+H]+ , r1p

(1.4 T, pH 7.2)=3.42 [mm
�1 s�1]; HPLC, tR =5.34 min.ACHTUNGTRENNUNG[Dy·L1]: Yield=2.6 mg (off white solid), 45 %; 19F NMR (376 MHz, H2O,

pH 7.2): d=�69.0 ppm; ESI-MS (+): calcd C41H55
160DyF3N8O14: m/z

1101.3 [M+H]+ ; found 1101.3 [M+H]+ , HPLC, tR =5.31 min.ACHTUNGTRENNUNG[Tm·L1]: Yield= 2.2 mg (off white solid), 38 %; 19F NMR (376 MHz, H2O,
pH 7.2): d=�94.6 ppm; ESI-MS (+): calcd C41H55F3N8O14

169Tm: m/z
1110.3 [M+H]+ ; found 1110.3 [M+H]+ , HPLC, tR =5.32 min.

X-ray crystallography : The single crystal X-ray data for [Tm·L3] were col-
lected at 120 K on a Gemini Ultra (Agilent Technologies) diffractometer
(graphite monochromator, m ACHTUNGTRENNUNG(MoKa), l=0.71073 �) equipped with Cryo-
stream (Oxford Cryosystems) open-flow nitrogen cryostat. Using
Olex2[23] software, the structure was solved with the XS[24] structure solu-
tion program by Patterson methods and refined with the XL[25] refine-
ment package with full-matrix least squares minimisation. All hydrogen
atoms were placed in calculated positions and refined in riding mode, dis-
ordered atoms were refined isotropically with fixed SOF=0.5.
CCDC 870354 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for [Tm·L3]: C22H37F3N6O10Tm, Mr =771.51, monoclinic, a=

7.55031(18), b= 32.7541(7), c=11.8075(3) �, b =101.046(2)8, V=

2865.93(11) �3, space group P21/c, Z=4, m ACHTUNGTRENNUNG(MoKa)= 3.178, 20173 reflec-
tions measured, 7618 unique (Rint =0.0659), which were used in all calcu-
lations. The final wR2 was 0.1016 (all data) and R1 was 0.0604 for 5270 re-
flections with I>2s(I), GOF=1.085.
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Paramagnetic 19F Chemical Shift
Probes that Respond Selectively to
Calcium or Citrate Levels and Signal
Ester Hydrolysis

A change of scenery : Variations in the
coordination environment of paramag-
netic lanthanide complexes are signal-
led by changes in the chemical shift of
a reporter CF3 group. Examples
include reversible calcium (shown in
structure) or citrate binding in the mm

range, as well as the irreversible
hydrolysis of a remote amide or ester
group.
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