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ABSTRACT

The synthesis of the novel Eu(lll) cyclen complex, Eul, is described. In buffered pH 7.4 water, the Eu(lll) emission was “switched on” upon
excitation of the Terpy antenna. In the presence of various transition-metal ions (e.g., Fe(ll) and Ni(ll)), both the singlet-excited state and the
Eu(lll) emission were quenched (“switched off”), whereas in the ground state, an MLCT band was formed, signifying the formation of stable

mixed linear trimetallic f —d supramolecular self-assemblies.

There is currently great interest in the development of
transition-metal-directed coordination assembly of functional
supramolecular systemSuch systems can often be viewed
to mimic the nature of biological systems, as well as to
replicate the function of switches, motors, and machfrtes.

have been extensively employed in organic synthesis and
catalysis’ as luminescent probes and senséansd as MRI
contrast agents.We have been interested in the use of
lanthanide complexes of cyclen 1,4,7,10-tetraaza-cyclodode-
cane in developing various supramolecular devicés.

The lanthanides have also been used in the construction of

such supramolecular assemblies, although relatively few
examples exist for compariséf. Owing to their unique

luminescence and paramagnetic properties, in conjunction
with their high coordination requirements, the lanthanides

(1) Some recent examples include: (a) Stadler, A. M.; Puntoriero, F.;
Campagna, S.; Kyritsakas, N.; Welter, R.; Lehn, J@¥em—Eur. J.2005
11, 3997. (b) Bonnet, S.; Collin, J. P.; Sauvage, Ltiem. Commur2005,
3195. (c) Sauvage, J. Bhem. Commur2005 1507. (d) Leop, S. LThem.
Commun2005, 1511. (e) Constable, E. C.; Housecroft, C. E.; Lambert, J.
N.; Malarek, D. A.Chem. Commun2005, 3739. (f) Constable, E. C.;
Figgemeier, E.; Hougen, I. A.; Housecroft, C. E.; Neuburger, M.; Schaffner,
S.; Whall, L. A.Dalton Trans.2005, 3204. (g) Tominaga, M.; Suzuki, K.;
Murase, T.; Fujita, MJ. Am. Chem. So€005,127, 11950. (h) Fujita, M.;
Tominaga, M.; Hori, A.; Therrien, BAcc. Chem. Re005, 38, 369.

(2) (a) Stoddard, J. FAcc. Chem. Re001, 34, 410. (b) Amendola,
V.; Fabbrizzi, L.; Mangano, C.; Pallavicini, Rcc. Chem. Res2001,34,
488. (c) de Silva, A. P.; Fox, D. B.; Huxley, A. J. M.; Moody, T.Goord.
Chem. Re»2000, 205, 41.

(3) (@) Molecular Motors; Schilwa, M., Ed.; Wiley-VCH, Weinheim,
2002. (b) Venturi, M.; Credi, A.; Balzani, VMolecular Devices and
Machines-A Journey into the Nanoworld; Wiley-VCH: Weinheim, 2003.
(c) Molecular Switches~eringa, B. L., Ed.; Wiley-VCH: Weinheim, 2001.

10.1021/0l060752j CCC: $33.50
Published on Web 05/23/2006

© 2006 American Chemical Society

(4) (a) Blnzli, J.-C. GAcc. Chem. Re®006,39, 53. (b) Blinzli, J.-C.
G.; Piguet, CChem. Soc. Re2005,34, 1048. (c) Bunzli, J.-C. G.; Piguet,
C. Chem. Re»2002,102, 1977. (d) Piguet, C.; Blnzli, J.-C. Ghem.
Soc. Rev1999,28, 347.

(5) (a) Elhabiri, M.; Hamacek, J.; Bunzli, J.-C. &ur. J. Inorg. Chem.
2004, 51. (b) Pope, S. J. A.; Coe, B. J.; FaulkneCgem. Commur2004,
1550. (c) Bassett, A. P.; Magennis, S. W.; Glover, P. B.; Lewis, D. J.;
Specer, N.; Parson, S.; Williams, R. M.; De Cola, L.; Pikramenou].Z.
Am. Chem. So004,126, 9413. (d) Faulkner, S.; Pope, S. J.JAAm.
Chem. So0c2003,125, 10526. (e) Cantuel, M.; Bernardinelli, C.; Muller,
G.; Riehl, J. P.; Piguet, dnorg. Chem.2004,43, 1840. (f) Imbert, D.;
Cantuel, M.; Biinzli, J.-C. G.; Bernardinelli, C.; Piguet, £.Am. Chem.
Soc.2003 125, 15698. (g) Petoud, S.; Cohen, S.; Binzli, M. J.-C. G.;
Raymond, K. N.J. Am. Chem. So@003,125, 13324.

(6) See special issue of : Tetrahedron Symposium in Print on Lanthanide
Recent Advances in Rare Earth Chemistry. Kobayashi, S. Tettahedron
2003,52, 10339—10597. Special issue of : Chemical Review on Frontiers
in Lanthanide Chemistry; Kagan, B., Guest Ethem. Re»2002,102,
1805—2476.

(7) (a) Parker, D.; Dickins, R. S.; Puschmann, H.; Cossland, C.; Howard,
J. A. K. Chem. Re»2002,102, 1977. (b) Parker, DCoord. Chem. Reuv.
200Q 205 109. (c) Reany, O.; Gunnlaugsson, T.; Parker, @hem.
Commun200Q 473. (d) Gunnlaugsson, Tetrahedron Let2001, 42, 8901.

(e) Gunnlaugsson, T.; Parker, Bhem. Commuri998, 511.



Recently, we have become interested in the formation of correct supramolecular structure using various transition-

mixed lanthanide—transition-metal (f—d) based supramo- metal ions as the bridging ions. Moreover, even though both

lecular self-assemblies. Our strategy is shown schematicallythe absorption and the fluorescence spectra changed upon

in Figure 1 and involves designing ligands suctasvhich formation of these assemblies, the most striking changes were
observed for the delayed Eu(lll) emission, which occurred

I | | o long wavelengths. Here, we present the results from these
studies, which are to the best of our knowledge the first clear
examples of such mixed linear trimetallied supramolecular
self-assemblies.

Figure 1. Schematic representation of the two- or three-directional _ 5 H
architectures (see text for further explanation). (A) The bifunctional '

N
ligand. (B) Linear array of two Ln(lll) ion complexes sandwiched N, /N/Y I = ]N = ]N
between a transition-metal ion. (C) Three-directional array of three OE,Eu\j\Lo x N Ho oy Na

. i - N
Ln(Ill) complexes with the transition-metal ion centered. Other \N)[\/N N N | b 4 | _
higher-order arrays can be constructed using these principles. | H &
N— Eu1 2

has two metal ion binding sites, one of which is a cyclen- Figure 2. Cyclen-terpyridine target.
based lanthanide ion center (represented as red circles or
green circle backgrounds) and the second of which is a

receptor for transition-metal ions. The .flormation . of a Our initial target was to connect theerpy directly into
supramolecular complex betwearand transition-metal ions  one of the acetamide arms, which involved the synthesis of

(green circles), used here as the bridging ions, would thenthe amine precurso? (Figure 2) from3 (Scheme 1}
be expected to give rise to either linear structures, &g.,

(1:2 stoichiometry ratio), or three-directional architectures, _

e.g.,C (1:3 stoichiometry ratio), depending on the nature of :
the second receptor. These kinds of systems can also be Scheme 1. Synthesis ofl and the Eu(lll) ComplexEul

viewed as lanthanide luminescent sensors for transition-metal
ions, as the lanthanide emission for ions such as Eu(lll) and
Th(lll) (the excited state beingD, and®D, for Eu(lll) and
Th(lll), respectively}3would be expected to be modulated
by the presence of the transition-metal ion employed (see
later). Our first attempt consisted of developBgisingphen

as the antenna (the ligandAy). However, using Cu(ll) gave
rise to the formation of botB andC in solution!? With the

aim of achieving exclusively the formation &, we thus
synthesized, a terpyridine Terpy)-based cyclen conjugate.
The Eu(lll) complex ofl, Eul, Figure 2, gave rise to the
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Scheme 1. Heating at 120°C in neat 1,3-diamino-propane
gave4 in 89% vyield. The reaction o, triethylamine, and
chloroacetyl chloride in CECN gave theo-chloroamideb

in 76% vyield after purification (alumina column chromatog-
raphy; 99:1 CHCI,/MeOH). The final step involved the
coupling of5 to 6,'5 by heating under reflux in DMF in the
presence of GEO; for 24 h. Ligandl was formed in 47%
yield after purification using alumina column chromatogra-
phy (99:1 CHCI,/MeOH(NH;)). The reaction oflL with 1
equiv of europium triflate in CECN under anhydrous
conditions gavézul as an off-white solid in 95% yield after
precipitation from diethyl ether, followed by trituration using
CH,Cl,. Characterization dtul using*H NMR (Supporting
Information, Figure S1) showed the expected broadly shifted

ring as well as thea-protons of the pendant arms. The
chemical shifts are indicative of square antiprismatic geom-
etry” High-resolution ESMS also confirmed the formation
of Eu1.16

The lanthanide luminescence Bi1 was first monitored
as a function of pH, in 100% watel € 0.1 M, TMACI).
TheTerpychromophore functions as an antenna, populating
the Eu(lll) excited state®Do) via sensitizatior.In water, at
pH 7.4, the absorption spectra &ul showed a band
centered at 285 nme (= 23513 mot? cm™?), corresponding
to ther—sr* transition of theTerpymoiety. Upon excitation

0.01 M,I = 0.1 M TMACI) where the changes in the ground
state, the singlet-excited state, and the delayed Eu(lll) emis-
sion were all monitored. The changes in the ground state of
Eul clearly showed the formation of a ternary complex
betweerEul and transition-metal ions, Fe(ll) (as either the
ClO4~ or CI salt), Co(ll), Cu(ll), Ni(ll), Zn(ll), and Cd(ll)

(as CIQ™ salts). The changes observed for Fe(ll) and Ni(ll)
(ClO,4~ salts) will be focused on here. For Fe(ll), a new band
was formed centered at ca. 570 nm, which was assigned to
the formation of a new MLCT band upon coordination of
these ions to th&erpyligand (Figure 3). This indicated the

resonances for the axial and equatorial protons of the cyclen -

01T

0051

& . . ; . .
of this transition, a broad fluorescence emission was observed 2 aw 400 40 500 550 60 60 700
centered at 420 nm. The complex also showed the charac- Wavelength [nrr]

teristic luminescence bands for Eu(lll), appearing at 581, Figure 3. Changes in the absorption spectrafafl (5.8 x 1076
592, 615, 624, 654, 686, and 702 nm, for the deactivation M) upon titration with FeCIQ ([Fe(ll)] = 0 — 5.8 x 1075 M) at

of 3Dy — "F; (J = 0, 1, 2, 3, and 4). This clearly indicated
that the terpyridine moiety was an effective sensitizer for
the Eu(lll) Do excited state. The emission lifetimez() in
water (pH= 7.4) was measured to be 0.470 and 0.767 ms
in D,O (pD = 7.0). From these changes, the hydration state
(0) of the complex was determined to be 1 Phis indicates

that the complex has ca. one metal-bound water molecule,

giving an overall nine-coordinated environméhThe pH
titration of the complex showed that the Eu(lll) emission
was also highly pH dependent (Supporting Information,
Figure S2), where the Eu(lll) emission was switched on
above pH~3 and switched off above pH9. These changes
can be assigned to protonation of tferpy ligand and
deprotonation of the metal-bound water molecule (or an aryl

amide), respectively. Moreover, no intensity changes were

seen for the Eu(lll) emission at pH 7.4 when monitored
overnight.

Having established that the emission was switched on at

neutral pH, we carried out spectrophotometric titrations of
Eul using a series of transition-metal ions at pH 7.4 (HEPES,

(14) (a) Mutai, T.; Cheon, J.-D.; Arita, S.; Araki, K. Chem. Soc., Perkin
Trans. 22001, 1045. (b) Constable, E. C.; Ward, M. . Chem. Soc.,
Dalton Trans.1990, 1405.

(15) Gunnlaugsson, T.; Leonard, J. P.; Mulready, S.; Nieuwenhuyzen,
M. Tetrahedron2003,59, 3231.

(16) Eul: calcd for GoHeoN1204EU [M + H peak]m/z = 925.4073,
found 925.4031+4.5 ppm);*H NMR (400 MHz, D;0O) 30.4, 8.8, 8.3, 8.1,
76,47,3.2,2.8,1.3,0.4,1.1,—-25,-5.5,—-7.8,—13.0,—15.7;'°F NMR
(376 MHz, D,O) —79.4; ESMS (MeCN)wz expected 925.40, found 308.46
(M+)/3, 611.65 (M+ 2[Triflate])/2.
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pH 7.4,1 = 0.1 M TMACI, showing the formation of the MLCT
band. Inset: MLCT band, which was removed upon adding ETDA.

formation of the desired 2:1 compleB, as such MLCT
bands are characteristic of such (octahedral) complexes. A
small shoulder was also formed at ca. 370 nm due to the
changes in ther—x* transition. Fitting of the spectral
changes for the MLCT band, using the nonlinear least-
squares regression program SPECFIT, indicated the forma-
tion of a 2:1 complex with an overall log,.; of 11.51
(£0.12) (see Supporting Information Figure S3a,b for
fitting).*” For Ni(ll), similar spectral changes were seen, with
a log B2 1 of 12.46 (40.33) determined.

The fluorescence emission spectrunkofl, when excited
at 277 nm, gave rise to a major emission band centered at
422 nm and a smaller band at 348 nm. Upon titration with
FeClQ, the long-wavelength emission was quenched as is
evident from Figure 4. These changes were assigned to the
coordination of Fe(ll) to th&erpyunit. The fitting of these

(17) The stability of the complex formation is reported as faa, as
the MLCT band reflects the formation of the 2:1 species only, whereas the
changes observed in both the fluorescence and the Eu(lll) emission reflect
the stepwise equilibrium. Fitting (a) over the whole data in Figure 4 gave
log f2:1 = 11.73 (+0.2) and (b) below 400 nm gave Ifg1 = 11.81
(£0.17). All three fits are within error of each other and are comparable to
those determined from the fluorescence and the Eu(lll) emission (see later).
Fitting these changes to 1:1 complex formation gave unsatisfactory results.

(18) These stability constants are large and, hence, carry a significant
error as the individual lod¢k values are approaching the maxima at which
they can be determined accurately using this spectroscopic method.
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s tablished the emission over time because of dissociation of

the assembly.

oy Analysis of the changes for Fe(ll) (as GIQ gave an
- overall logf,.1 of 11.58 (£0.13) [logK; = 6.12 (40.13),
log K, = 5.46 (+0.19)] (Supporting Information, Figure
z 400 S3d). The titration oEul using Fe(ll) (chloride) gave similar
g results [logK; = 6.35 (£0.15), logK, = 4.81 (£0.13)]. Ni-
5™ (II) complexation toEul gave similar spectral changes, with
-E - a logf,.1 of 13.41 (£0.42) [logk; = 7.14 (+0.28), logK,

= 6.27 (£0.42)] determinetf. Similarly, for Co(ll), log K
=6.34 @&0.11) and log{; = 5.88 0.13) were determined,
whereas for Cu(ll), lod<; < 1 and logK, = 13.75 (+£0.22)
were measured. These results clearly showed the same

g

Wavelength [m] binding stoichiometry (2:1) signifying the formation of the
Figure 4. Changes in the fluorescence emission spectrEudf desired linear trinuclear-fd self-assembly architectui2.
(5.8 x 1078 M) upon titration with Fe(ll) ([Fe(ll)]= 0 — 5.8 x In the case of the'fitransition-metal ions, no MLCT bands
1075 M). were seen for Zn(ll) and Cd(ll), as expected. Moreover, the

fluorescence and the Eu(lll) emission were enhanced, in
contrast to the quenching observed above, possibly due to
changes using SPECFIT indicated the formation of the requction in LMCT upon coordination to these ions. Hence,
desired 1:2 complex with an overall I¢fg. ; of 11.52 ¢£0.19)  the nature of the bridging ion can also be determined from
for Fe(ll) (Supporting Information, Figure S3c) and a log these changes, e.g., switching off vs switching on for the
B2:1 0f 13.35 E0.45)8 for Ni(ll), both of which are in good d'° jons. For these later ions, Ig&}.; = 11.97 (£0.22) with
agreement with that observed for the absorption changes. log K1 < 1 and logf,.1 = 11.13 (+0.25) [logk; = 5.63

As previously demonstrated, the Eu(lll) emission was (+0.12), logK, = 5.50 (+0.25)] were determined for Zn-
switched on at pH 7.4. In comparison to the fluorescence (1) and Cd(ll), respectively.
changes, the Eu(lll) emission is a delayed emission, occurring  The real attractiveness of monitoring the changes in the
in the x—ms time frame and at long wavelengths (in red, gy(111) emission, over that of the ground and the singlet-
with an over 300 nm Stokes shift) with characteristic linelike excited state, lies in the fact that these changes occur at long
emission bands. The concomitant changes in the Eu(lll) emis‘wavelength and with delayed emission, giving rise to signif-
sion upon titration with Fe(ll) are shown in Figure 5. These icantly improved signal-to-noise ratios (cf. Supporting Infor-

mation Figure S3a—d). More importantly, the Eu(lll) ion is

s animpartial luminescent reportems it does not participate
directly in the binding of the transition-metal ions. Hence,
the changes observed in Figure 5 can be used as a direct meas-
ure of the coordination changes occurring at the antenna and
therefore of the formation of the self-assembly comex

In summary, we have developed new cyclen-based mixed
trinuclear f—d self-assemblies in aqueous solution. Here, the
changes in the ground and the singlet-excited states and, in
particular, the long-wavelength lanthanide emission were
used independently to determine the structural nature of the
resulting assembly in solution. To the best of our knowledge,
these are the first examples of such lineadfassemblies
that can be reversibly formed. Moreover, by simple replace-

Eulll) Emission Intensity

RIS ment of the lanthanide metal ion, for instance, with Nd(lI)
Figure 5. Changes in the Eu(lll) emission upon titration i1 or Yb(lll), the formation of such self-assemblies can also
(5.8 x 107° M) upon titration with Fe(ll) ([Fe(Il)]= 0 — 5.8 x be monitored in the NIR, as can Er(lll), which has potential

5
107> M). application for telecommunication. We are currently devel-

oping these types of self-assemblies.
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changes clearly show that there was a significant quenching,C
ca. 95%, for all of the’Dy — 7F; transitions upon Fe(ll)
recognition and demonstrate the sensitivity of the Eu(lll)
emission to changes in the local environment, i.e., the coor-
dination of Fe(ll) to the antenna. This quenching is most
likely due to energy transfer frofD, to SMLCT upon bind-

ing to Fe(ll). The reversibility of these changes was also
investigated. Adding EDTA to the quenched solution rees- 0L060752J
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