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We have previously reported the unique luminescence properties of ML, complexes formed between tropolonate
ligands and a series of lanthanide cations, several of them emitting in the near-infrared domain. The synthesis and
composition of ML, lanthanide tropolonate complexes have been previously described in the literature, but no
structural information has been available so far. In this work, the crystal structures of several lanthanide tropolonate
complexes (Ln®* = Th®*, Dy®*, Ho%, Er®*, Tm3*, Yb3*, Lu®*) have been isolated and systematically analyzed by
X-ray diffraction and compared by using different criteria including the Kepert formalism. Such comparative work
is rare in lanthanide coordination chemistry. The analysis of the structures in the solid state reveals that although
the packing of the ML, complexes depends on the nature of the metal ion, the coordination geometries around the
different lanthanides is virtually similar for all the cations that have been analyzed; an indication that lanthanide-
centered f orbitals play a role in controlling this coordination geometry. Analysis of the solution’s behavior by
stability constant determination reveals the formation of complexes with similar ML, stoichiometries as those observed
in the solid state. Nevertheless, analysis of the luminescence lifetimes indicates that the coordination environment
around the lanthanide cations are different in the solid state and in solution, with the presence of one molecule of
water bound to the lanthanide cation in solution. The presence of such a water molecule is a significant source of
nonradiative deactivation of the excited states of the lanthanide cations, an unfavorable condition that leads to
significant loss in fluorescence intensity of these lanthanide complexes. This exemplifies that such comparative
analysis between the solid state and solution is important for the rationalization of the luminescence properties of
the complexes. This analysis will aid us in optimizing ligand design for improved photophysical properties of the
complex.

Introduction electronic structure of the tropolone, a seven-membered non-

Tropolone (2-hydroxycyclohepta-2,4,6-trienone) and its P€nzenoid aromatic ring compound. Its pKa value of 6.7
derivatives have been studied in various fields such as&/l0Ws for complete deprotonation at physiological condi-

medicinal and material sciences because of their biological iONS- Like the benzenoid catecholato ligené, tropolone
activities and their ability to form metallomesoget is a versatile bidentate chelating agent, suitable as a chelating

respectively. Tropolone derivatives have also been used afI™0UP for d-block and f-block metal ions.
dynamic molecular systems for intramolecular proton tun- N MOSt tropolonate metal complexes, the deprotonated
neling*s and proton transfer due to their structural tautom- 1Ydroxyl group and the carbonyl oxygen are involved in the

erism® All these properties result from the molecular and coordination to the metal ion, resulting mqbldentate complex
(Scheme 1). This forms a thermodynamically favored five-
*To whom correspondence should be addressed. E-mail: spetoud@ membered chelate ring. Muetterties et al. were among the
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plexest! They point out that tropolonate’s compact shape,
skeletal rigidity, and small bite angle make it a very suitable
ligand for complexes with high coordination number. Using
specific synthetic conditions, they were able to control the
nature of two types of complexes (Mland ML, formula).
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spectroscopy, NMR, and luminescence techniques. The
results of this investigation indicated that the coordination

around the lanthanide cations are different in solution and
in the solid state.

Experimental Section

Materials. All reagents were used as received, unless otherwise
stated. Tropolone, LngInH,O (Ln = La, Nd, Eu, Gd, Er, and Yb,
99.9% or 99.99%n = 6 or 7), YCk-6H,0 (99.99%), and KOH

Three different types of counterions have been described forstandard solution in methanol (0.103 N) were purchased from

the ML, systems: Ng Li*, and NH*. The molecular

Aldrich. LnClz-nH,O (Ln = Pr, Sm, Th, Dy, Ho, Tm, and Lu,

formulas of these complexes were obtained from elemental99.9% or 99.99%, = 6 or 7) were purchased from Strem
analysis since it was a common technique available at thatChemicals. All deuterated NMR solvents were purchased from

time. Information on the coordination geometry of the cation

Cambridge Isotope Labs and used as received.

in these lanthanide complexes was not available since they Synthesis of Complexes and Preparation of Single Crystals.

had not been analyzed by X-ray crystallography.
One of the main reasons of our interest for tropolonate
ligand for lanthanide coordination is its unique ability to

sensitize several lanthanide cations emitting in the near-

infrared (NIR) domairt?~2> We have disclosed preliminary
results describing mostly the photophysical properties of
these tropolonate complexes in a communicatforhrough

To a solution of tropolone (48.8 mg, 0.04 mmol) in MeOH (10
mL) was added KOH (0.04 mmol) in methanol (0.103 M) with
stirring. To the resulting solution was added Lg@H,O (0.01
mmol) (Ln = La, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb,
and Lu) or YCk-6H,O in methanol (10 mL). The solution was
stirred for 3 h, and the resulting precipitate was filtered, washed
three times with methanol, and dried in vacuo ovgd4¥or 48 h.
Single crystals of{K[Ln(Trop)4DMF}., (Trop = C;HsO;,

the choice of the appropriate counterions and synthetic tropolonate) were obtained from slow diffusion of diethyl ether into
conditions, we were able to reproducibly prepare complexes DMF solutions of K[Ln(Trop)].

with the ML, stoichiometry, and for the first time, the
structure of seven different lanthanide complexes were
isolated and analyzed. Through X-ray crystal analysis, we

Methods. Infrared spectra were recorded on a Perkin-Elmer
Spectrum BX FT-IR instrument. Elemental analyses were performed
by Atlantic Microlab, Inc. (Norcross, GA}H NMR spectra were

have been able to systematically compare the solid-stater¢corded on a Bruker DPX-300 spectrometer at 300 MHz. MS-

structures of these seven complexes. It is important to note

that there are few reported examples of crystallographically

characterized lanthanide complexes formed with the same

ligand coordinating a series of lanthanide cations. The solid-

state structural analysis was completed by the investigation

of the complex species formed in solution through absorption

ESI were measured on an Agilent HP 1100 series LC-MSD
instrument. U\*-vis absorption spectra were recorded on a Perkin-
Elmer Lambda 19 spectrophotometer.

Spectrophotometric Titrations. Spectrophotometric titrations
were performed with a Perkin-Elmer Lambda 19 spectrophotometer
connected to an external computer. All titrations were performed
in a thermostated (25.& 0.1 °C) cuvette in DMSO at constant

spectrophotometric titrations, electrospray ionization mass ionic strength = 0.01 M (tetrabutylammonium perchlorate). In a

(11) Muetterties, E. L.; Wright, C. MJ. Am. Chem. S0d.965 87, 4706.

(12) Binzli, J.-C. G.; Piguet, CChem. Soc. Re 2005 34, 1048.

(13) Binzli, J.-C. G.Acc. Chem. Re200§ 39, 53.

(14) Aime, S.; Barge, A.; Batsanov, A. S.; Botta, M.; Castelli, D. D.; Fedeli,
F.; Mortillaro, A.; Parker, D.; Puschmann, Bhem. Commur2002
1120.

(15) Foley, T. J.; Harrison, B. S.; Knefely, A. S.; Abboud, K. A.; Reynolds,
J. R.; Schanze, K. S.; Boncella, J. Morg. Chem.2003 42, 5023.

(16) Quici, S.; Cavazzini, M.; Marzanni, G.; Accorsi, G.; Armaroli, N.;
Ventura, B.; Barigelletti, FInorg. Chem.2005 44, 529.

(17) Torelli, S.; Imbert, D.; Cantuel, M.; Bernardinelli, G.; Delahaye, S.;
Hauser, A.; Bazli, J. -C. G.; Piguet, CChem. Eur. J2005 11, 3228.

(18) Imbert, D.; Cantuel, M.; Baeli, J.-C. G.; Bernardinelli, G.; Piguet,
C.J. Am. Chem. So@003 125, 15698.

(19) Pope, S. J. A,; Coe, B. J.; Faulkner, S.; Bichenkova, E. V.; Yu, X.;
Douglas, K. T.J. Am. Chem. So2004 126, 9490.

(20) Hebbink, G. A.; Grave, L.; Woldering, L. A.; Reinhoudt, D. N.; van
Veggel, F. C. J. MJ. Phys. Chem. 2003 107, 2483.

(21) Pope, S. J. A;; Coe, B. J.; Faulkner, S.; Laye, RDidlton Trans.
2005 1482.

(22) Davies, G. M.; Pope, S. J. A.; Adams, H.; Faulkner, S.; Ward, M. D.
Inorg. Chem.2005 44, 4656.

(23) Van Deun, R.; Fias, P.; Nockemann, P.; Schepers, A.; Parac-Vogt, T.
N.; Van Hecke, K.; Van Meervelt, L.; Binnemans, Kiworg. Chem.
2004 43, 8461.

(24) Lenaerts, P.; Driesen, K.; Van Deun, R.; Binnemangikem. Mater.
2005 17, 2148.

(25) Bertolo, L.; Tamburini, S.; Vigato, P. A.; Porzio, W.; Macchi, G.;
Meinardi, F.Eur. J. Inorg. Chem2006 2370.

(26) Zhang, J.; Badger, P. D.; Geib, S. J.; Petouddr®yew. Chem., Int.
Ed. 2005 44, 2508.
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typical experiment, 2.00 mL of a ligand (potassium tropolonate)
solution in DMSO (initial total ligand concentration>6 105 M)

was titrated with lanthanide chloride solutions in DMSO (stock
solution concentration: X 107 M). After each addition of the
lanthanide salt solution, the UWis spectrum the solution was
measured. Factor analysis and mathematical treatment of the
spectrophotometric data were performed with the SPECFIT pro-
gram?’

Luminescence MeasurementsThe luminescence lifetime mea-
surements were performed by excitation of solutions in 1 cm quartz
cells using a nitrogen laser (Oriel model 79110, wavelength 337.1
nm, pulse width at half-height 15 ns;-80 Hz repetition rate).
Emission from the sample was collected at a right angle to the
excitation beamya 3 in. plano-convex lens. Emission wavelengths
were selected by means of quartz filters. The signal was monitored
by a cooled photomultiplier (Hamamatsu R316) coupled to a 500
MHz bandpass digital oscilloscope (Tektronix TDS 754D). The
signals (15 000 points each trace) from at least 500 flashes were
collected and averaged. Background signals were similarly collected
and subtracted from sample signals. Lifetimes are averages of at
least three independent determinations. Data were fitted to expo-
nential decay by Origin Pro (V7 SP4) data analysis software.

(27) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbuehler, ATBlanta
1985 32, 1133.
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X-ray Crystallography. Crystals suitable for X-ray diffraction
were coated with Fluorolube then mounted on a glass fiber and
coated with epoxy cement. X-ray data were collected on a Bruker
Apex diffractometer using graphite-monochromatized Mo K
radiation § = 0.71073 A). Data collection was controlled using
the Bruker SMART program, and the data processing was
completed with the SHELXTL program package. Graphical rep-
resentations were obtained with the help of Ortep-3, Mercury 1.2.1,
and Ortex software packages. All hydrogen atoms were calculated
and placed in idealized positiondc( = 0.96 A).

Results and Discussion

Synthesis.The lanthanide complexes were synthesized in
methanol using a 1:4 (metal/ligand) stoichiometry. Tropolone
ligands were deprotonated by adding 1 equiv of KOH in Figure 1. 'H NMR spectra of tropolone, KTrop and K[Lu(Trepgt 298
methanol prior to addition of lanthanide chloride salt in the K in DMSO-Ge.
reaction mixture. Muetterties et #lsynthesized [Ln(Trop)~
complexes by reacting the Ln(Trgmomplex with NaTrop
or LiTrop in a mixture of methanol and water. Our method
is more straightforward and rapid: the total synthesis duration
is 3 h, a significantly shorter time compared to the reaction
time of the Muetterties method (15 h and 2 days for Na-
[Ln(Trop)s] and Li[Ln(Trop)], respectively) and leads to the
isolation of the potassium salt, in comparison to the sodium
and lithium salt for the Muetterties method. The difference
in the nature of the counterion can have a significant role in
the structures of the resultant complexes, as describe
recently the for rare-earth quinolinate syst€mlthough the
same recrystallization method was systematically used for
all the lanthanide tropolonate complexes, we were only able
to isolate crystals suitable for X-ray diffraction for ¥to
Lu®* but not for the larger lanthanide cations.

Elemental Analysis and IR Absorption Characteriza-
tion. As used previously by Muettertiésthe analysis of
the solid material has been obtained through elemental
analysis. Results (Table S1) indicate that complexes with
the ML, formula have been isolated. All the complexes have
been found to have K cation as counterion for the

[Ln(Trop)]~ anlon.. identified by IR spectroscopy were also described.
The IR absorption spectra of tropolone, tropolonate (as NMR Analysis. The IH NMR spectra of tropolone,

potassium salt), and all the lanthanide complexes were otassium tropolonate. and the diamaanetié‘Leomplex
recorded. The results are summarized in the Table S1. Thep P ' 9 b

H-bonded OH stretching vibration of tropolone is assigned KILu(Trop)s were measured in DMS@s. The chemical

. shift data are given in Table S2, and thé NMR spectra
to the broad band located between 3200 and 2500.chhis are shown in Figure 1.

band is not present in the spectra of the potassium tropolonate Due to the st int lecular hvd bond i
and lanthanide complexes, providing a strong indication of . ue 10 the strong intramolecuiar nydrogen bonds presen
a complete deprotonation of the OH group. The band around' tropolone, Fhe proton. from .the OH group appears as a
1620 cnT® present in the tropolone spectrum was assigned broad band with a chemical shift of 10.2 ppm (not shown in

to the C=0 bond stretching band. Upon deprotonation, this :
(28) Selbin, J.; Ortego, J. 0. Inorg. Nucl. Chem1968 30, 313.

stretching band shifts to lower energy by 13 €mThis (29) Bagnall, K. W.; Bhandari, A. M.; Brown, D.; Lidster, P. E.; Whittaker,

change can be explained by the resonance of the deprotonated B. J. Chem. Soc., Dalton Tran975 1249.

tropolonate anion (Scheme 1) which gives the@ bond (30) 1Bgu;§h2%(é‘,7é33 Klein, B.; Pradervand, G. O.; Porcherrerg. Chem.
the mixed character of single and double bonds, therefore(31) Binzli, J.-C. G.: Mabillard, C.: Yersin, J. Raorg. Chem 1982 21,
decreasing the stretching energy. Upon coordination, this __ 4214

. . . .. 32) Binzli, J.-C. G; Yersin, J. R.; Mabillard, norg. Chem1982 2
vibration red-shifts by an additional 10 cidue to a further (32) 1471, 9 22

decrease of the double bond character described above, whicks3) ?Tgyllt%rbgﬂ- D.; Carter, C. P.; Wynter, C.J. Inorg. Nucl. Chem196§
indicates that the oxygen atom of carbonyl group is involved (34) Aly, H. F.; Abdel Kerim, F. M.; Kandil, A. TJ. Inorg. Nucl. Chem.

in the complexation of L¥. The stretching vibrations of 1971, 33, 4340.

C—0 in tropolone disappear in potassium tropolonate and
lanthanide complexes because the two CO vibrations are
equivalent by resonance. Crystallography data also substanti-
ate the equivalency of these two bonds (vide infra). The bond
length of CG=0 in tropolone is 1.261 A. In the complexes,
the average CO bond length is longer (1.278(4) A). A similar
effect was observed for the=€C stretching vibration, which
appears at 1542, 1530, and 1508 ¢rim tropolone, potas-
sium tropolonate, and lanthanide tropolonate, respectively.
d The IR absorption bands of the troplone ligand located at
1241 and 711 crrt result from the in-plane and out-of-plane
vibrations of C-H bonds, respectivel§#2° Upon deproto-
nation and complexation, these-@& vibrations shift. These
changes could be attributed to the change in rigidity of the
tropolone ring upon coordination. The metalxygen bond
vibration was identified in the IR spectra around 4&D0
cm L. The frequency of this bond is an indication of the
covalency of the M-O bond and has a higher value for
heavier lanthanide ior8:3? This result is consistent with
the previous study for lanthanide benzo&tesd lanthanide
8-hydroxyquinoline complexé&sfor which an increase in
covalency of the MO bond in the heavier lanthanides

Inorganic Chemistry, Vol. 46, No. 16, 2007 6475
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Figure 2. ORTEP representations of the molecular structurgkd b(Trop)s]DMF} ., (50% probability ellipsoids, H atoms have been omitted for clarity).

Table 1. Summary of Crystal Data fofK[Ln(Trop)sDMF}. (Ln = Tb, Dy, Ho, Er, Tm, Yb, Lu)

complex Q1H2709KTb C31H2709DyK C31H2709KHO C31H2709EI'K 031H2709KTm C31H270gKYb C31H2709KLLI
M 755.56 759.14 761.57 763.90 765.57 ~ 769.68 77161
space group P2:/n P1 P1 P1 P1 P1 P1
a(h) 12.7566(12) 7.3048(5) 7.2622(4) 7.2758(10) 7.296(3) 7.2409(3) 7.2465(4)
b (A) 13.2771(12) 11.0879(8) 10.9440(6) 10.9867(16) 11.077(4) 10.9079(4) 10.9035(5)
c(A) 18.9393(18) 20.1174(15) 19.9951(12) 20.037(3) 20.107(7) 19.8683(7) 19.8822(10)
o (deg) 90.00 79.3790(10) 80.0340(10) 79.993(3) 79.576(6) 80.0870(10) 80.1350(10)
B (deg) 95.984(2) 84.2300(10) 84.0010(10) 84.103(3) 84.340(7) 84.1570(10) 84.1030(10)
¥ (deg) 90.00 78.8070(10) 78.8730(10) 78.941(3) 78.757(6) 78.8690(10) 78.8180(10)
V(A3) 3190.3(5) 1567.48(19) 1531.60(15) 1544.1(4) 1564.2(10) 1512.93(10) 1514.40(13)
z 4 2 2 2 2 2 2
wlmmt 2.399 2.569 2.773 2.906 3.022 3.283 3.452
TIK 295(2) 295(2) 150(2) 150(2) 150(2) 100(2) 150(2)
data collection  1.84-32.53 1.96-32.51 1.92-32.47 2.03-32.58 2.0+25.00 1.93-32.52 1.93-32.49
range,f/deg
reflns collected 40 368 20 601 13209 19971 11424 19 668 19 694

independent 11227 (0.0588) 10708 (0.0531) 9463 (0.0211) 10444 (0.0246) 5128 (0.0152) 10293 (0.0140) 10 268 (0.0577)
refins Rint)

data/params 11 227/388 10 708/388 9463/388 10 444/472 5128/388 10 293/496 10 268/388
GOF onF? 0.941 0.861 1.083 1.096 1.004 1.272 1.035

R1[l = 20(1)]2 0.0521 0.0342 0.0399 0.0276 0.0193 0.0209 0.0291

wR22 0.1190 0.0666 0.0954 0.0660 0.0559 0.0544 0.0725

aR1= J||Fol — IFdll/ZIFol; WR2 = { 3 [W(||Fol* — |Fc|?)?/ Z[w(Fo*)]} 2

Figure 1). After deprotonation, all the ring protons in complex, all the crystal structures are isomorphous. The
tropolone shift to higher field. A similar effect was also structure of the Y&" complex is shown in Figure 2 as an
observed by Poh et al. in a tropolorigiethylamine systeri example. The first sphere of coordination around each
When coordinated with L, proton signals are shifted back lanthanide cation is similar for all the different complexes
to lower field because of the electron-withdrawing effect of analyzed. Each lanthanide cation is coordinated by four
Lu®*, which decreases the electronic density on the protons.bidentate tropolonate ligands, and the resulting coordination
Crystal Structure. X-ray quality crystals have been number is 8. The average b© bond length in each of these
obtained for K[Ln(Trop)] with Ln = Tb, Dy, Ho, Er, Tm, complexes ranges from 2.31 to 2.37 A, steadily decreasing
Yb, Lu, allowing for a systematic analysis of the structure from Tb** to Lu®" (Figure 3), which can be explained by
of the complexes and of the coordination geometry around the decrease in the respective effective ionic radii of the
the different lanthanide cations of the series. There are few central lanthanide ion (1.04 A for #band 0.977 A for L&,
reported examples of crystallographically characterized lan- values obtained using Shani®nalculations for a coordina-
thanide complexes formed with the same ligand with a seriestion number of 8). The counterion K bridges two

of lanthanide cations. Of those few are the C&#+, Nd*t, [Ln(Trop)s] ~ units being coordinated by six oxygen atoms,
Gd**, and YB" complexes of the heptadentate ligand,2,2 three from each unit of the complex, with an average@
tris(salicylideneimino)triethylamin:3” bond length of 2.8(1) A. In addition, a DMF solvent molecule

The crystallographic data for the tropolonate complexes is coordinated to the Kby its carbonyl oxygen atom, leading
are summarized in Table 1. With the exception of th&'Tb  to a total coordination number of 7 for*K(Figure 4 and
Figure S1). Through the bridging *Kions, coordination
polymeric chains are formed in the solid state, which have

(35) Poh, B.-L.; Siow, H.-LAust. J. Chem198Q 33, 491.
(36) Bernhardt, P. V.; Flanagan, B. M.; Riley, M.Alust. J. Chem200Q

53, 229. {K[Ln(Trop)4]DMF} as the smallest common maotif for the
(37) Bernhardt, P. V.; Flanagan, B. M.; Riley, M.Alust. J. Chem2001,
54, 229. (38) Shannon, R. DActa Crystallogr., Sect. A976 A32 751.
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of hydrogen bonds observed in the 3b(four types, see
Table S4) and T complexes (two types, see Table S4).
The distances and angles between the donor and acceptor
atoms are reported in Table S4 and are all in the range of
typical C—H---O hydrogen bond¥
m—m stacking interactions are another type of weak
interaction that can contribute to the crystal organization.
There are typically two types of—s stacking interactions:
face-to-face and slipped.Both of them were identified in
the complexes from BY to Lu*" complexes. As an example,
in the HG" complex, the distance between the tropolone
Figure 3. Ln—O bond length in{K[Ln(Trop)JDMF}. versus the rings ('C8—C14) in adjacent polymerlc chalqs is 3.293 A.
reciprocal of the effective ionic radii (calculated according to Shannon for The distance between the rings (GiG21) is 3.695 A.
a coordination number of*g). (Figure S2). Because the planes are crystallographically
identical, the dihedral angles are zero. The distances in all
of the complexes are listed in Table S3.

Geometry Analysis of the Complexes and of the
Coordination around the Ln3* Cations in the Solid State.
Since seven crystal structures of the tropolonate complexes
formed with different lanthanide cations were obtained,
which has been rarely reported in the literature, we were
able to collect a large amount of structural information on
these complexes and to perform a systematic and comparative
analysis of the coordination geometry around the lanthanide
cations. In order to compare the tropolonate lanthanide
complexes presented here with tropolonate complexes formed
with other metal ions having a coordination number of 8,

_ ° oo dina . g the Cambridge Structure Database (CSD) was searched and
Eglijrrle{t[Ybgrfpiagg?\;lis}?tﬁst& %rﬁﬁaﬁﬁﬁ; ;Tl?;';’(?,fs”vﬁ";‘{;“;’;tg;g“e” six structures were identified with the coord|n7at|on motif
been omitted for clarity). [M(Trop)s] (M = Zr**, Nb>*, Hf**, Srf*, S¢).4247

Evaluation of the geometry of these complexes was
repeated unit. Figure 5 shows the polymeric chain of the divided into two steps. First, the coordination polyhedron
complexes. The average distance between the closé5t Ln around the metal cation was identified using the analysis
and K" cations is fairly small at 3.88(2) A (Table S3). method from Kepert. Second, the deviation of the experi-

The main difference between the structure of thé*Tb  mental coordination polyhedron from the ideal polyhedron
complex and the other ions are the relative positions 8fLn  was quantified.
versus K ions. The schematized views of the polymer chains Crystallographic data show that the coordination number
for the two different types of complexes are presented in of the central cation in all the analyzed tropolonate lanthanide
Figure 5. Although both polymer chains have a zigzag motif complexes is 8. A typical example of the coordination
for the alternating Lr-K---Ln---K---Ln sequence, the two polyhedron around L3t in K[Ln(Trop)s is depicted in
types of arrangements can be clearly distinguished by therigyre 7. Two different types of ideal coordination polyhe-
relative position of K with respect to the Ln-Ln---Ln drons have a minimal energy for this coordination number:
sequence. In the structures{d{[Ln(Trop)sDMF}. (Ln = square antiprismsg) and dodecahedromgg). For coordi-
Dy—Lu), the K* ions are isotactic (on the same side of pation complexes formed with four bidentate ligands, the
Ln---Ln---Ln), but in the TH* complex, the K ions are  normalized bite If) value is used as quantitative criteria to
syndiotactic (located alternatively on both sides of-Tb  gytripute if the coordination geometry around the lanthanide

Tb---Tb) (Figure 5). The difference of LRK-:-Ln---K--- cation is closer to a square antiprismatic or to a dodecahedral
Ln sequences in the Th complex caused by the different

paCking mode of [Ln(Trop]‘ units is prObably due to the (40) Jeffrey, G. A.; Maluszynska, H.; Mitra, lit. J. Biol. Macromol 1985

larger ionic radius of the T cation. 7, 336.
_ ; ; (41) Janiak, CDalton Trans.200Q 3885.
HydrOgen Bonds and 7—x StaCkmg Inte'ractlons. (42) Anderson, T. J.; Neuman, M. A.; Melson, G. lorg. Chem.1974
Although C-H---O hydrogen bounds are typically weak 13, 1884.

interactions €12 kJ/mol), they play an important role in  (43) Davis, A. R.; Einstein, F. W. Binorg. Chem.1974 13, 1880.
6 . ) y play P (44) Davis, A. R.; Einstein, F. W. BActa Crystallogr., Sect. B978 B34,
supramolecular chemistry and crystal packihg§everal types 2110.

of C—H---O hydrogen bonds have been identified for all (45) Tranqui, D.; Tissier, A.; Laugier, J.; Boyer, &Rcta Crystallogr., Sect.

: ; ; B 1977, B33 392.
seven crystal structures. Figure 6 illustrates the different types( 46) Kira, M.; Zr?ang, L. C.. Kabuto, C.; Sakurai, Brganometallic.998
17, 887.

(39) Desiraju, G. RAcc. Chem. Red.996 29, 441. (47) Davis, A. R.; Einstein, F. W. Bnorg. Chem.1975 14, 3030.
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Figure 5. Representation of the polymeric chain{iK[Yb(Trop)s4DMF}. (top) and{ K[Tb(Trop)sDMF}. (bottom).

Figure 6. C—H---O hydrogen bonds i§K[Yb(Trop)sDMF}., (left) and{K[Tb(Trop)sDMF}., (right).

Pa

Figure 7. Coordination polyhedron around ¥bin [Yb(Trop)]~ as

obtained from X-ray crystallographic data. Figure 8. Dodecahedron model for the geometrical analysis.

coordination geometry. Empirical relationships between the
coordination geometry of tetra-bidentate complexes and theirhedron is represented in Figure 8. The results of these
normalized bite have been put forth by KeprtThe calculations for the tropolonate complexes formed with both
normalized bite is defined as the ratio of the distance of the |5nthanide cations (this work) and other metal ions are
;[WO o::ygfen atoms in tk_'e bidentate Ilgandgl(o) to thg bozd reported in Table 2. All the lanthanide tropolonate complexes
1e rllgt OI M—fO éd""’o)a dot.’old"god COan dexles W'g,b i presented here hawevalues between 1.07 and 1.10, which
.eoarggt(r:i:ssyvlvehe?es ?:o?ﬁ Ilgdesoweit(l:navzlur:s ngrrn w:z;can allows us to conclude, according to the Kepert criteria, that
g . P . P all lanthanide complexes for which a crystal structure has
between 1.15 and 1.20 possess intermediatstereochem- been obtained ado dodecahedral coordination geom-
istries. Complexes formed with bidentate ligands viith tries. For the oth mz.d t lonat | f g d with
1.3 can be classified as havirld, square antiprismatic € L'es' or | _eo e;zx rlopo ofnﬁe Fz'mple)l(gsl ciere dWI
coordination geometries. A theoretical model of a dodeca- Othe" metal ions, thé values fall within 1.12-1.17 and
indicate theD, intermediate stereochemistries. In the existing
(48) Kepert, D. L.Prog. Inorg. Chem1978 24, 179. literature, the coordination polyhedra observed for th&"Nb
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Table 2. Results of Geometrical Analysis of Dodecahedra in the Different Complexes

ideal

Th Dy Ho Er Tm Yb Lu Sc# Sc2 zZr+ Hf45 Srf6 Nb*”  dodecahedron
@a(degp 36 39 39 39 39 39 39 36 36 37 36 36 36 35.2
@b (deg} 101 104 105 105 105 106 105 105 105 105 106 107 106 106.5
ab 1.00 0.99 1.00 0.99 0.99 0.99 0.99 1.00 1.00 1.01 1.00 1.01 1.00 1.03
6 (degy 178 172 172 172 173 173 173 172 172 173 179 178 178 180
wi(degf 0O 3 3 3 9 21 3 8 9 1 2 6 4 0

2 1 1 1 2 10 2 11 L 2 5 7 5 0

6 7 17 5 2 2 6 6 6 3 2 20 10 0

3 19 6 3 5 1 12 8 9 1 2 19 10 0
do-o (A) 2.54 2.55 2.56 2.56 2.55 2.54 2.55 2.50 2.50 2.46 2.49 2.55 2.43
du-o(A) 2.37 2.35 2.34 2.34 2.32 231 2.32 2.21 2.21 2.18 2.18 2.17 2.09
be 1.07 1.08 1.09 1.09 1.10 1.10 1.10 1.13 1.13 1.12 1.14 1.17 1.16
v (A)f 1.04 1.027 1.015 1.004 0.994 0.985 0.977 0.87 0.87 0.84 0.83 0.81 0.74

a paandgyp are the average values of the angles betwReR, and A (i = 1, 2, 3, 4) and B(i = 1,2 3,4), respectively. The error in the angles is typically
1°. bais the ratio of the bond lengtiM—A| to [M—B|. ¢ 0 is the angle betweeR; andR». ¢ w; are the angles between the-O vectors belonging to
the same tropolonate ligantlb is the ratio betweenlo-o anddu-o. frv is the effective ionic radii (calculated according to Shannon for a coordination

number 89).

Figure 9. Average distances between oxygen atoms in tropolonate ligand,
M—0O bond lengths, and normalized blievalues for different tropolonate
complexes.

cations adopt a dodecahedral coordination geometry. A shape
analysis was undertaken to quantify the level of distortion
from the ideal coordination polyhedron. For each lanthanide
complex analyzed, the coordination sphere around the cation
has been analyzed using geometrical considerations assuming
that theS, improper axis of rotation was maintained for all
the complexes formed (Figure 10). Three parameters are
relevant to confirm the dodecahedral shape: (i) the angle
betweenRy_a (vector of the M-A bond) and theS, axis

(pa), (ii) the angle betweeRy g (vector of the M-B bond)

and theS, axis (), and (iii) the ratioa, between bond length
IM—A| and|M—B|. For an ideal dodecahedron, these three
theoretical values are 35,2106.5, and 1.03, respectively.

To quantify the presence of the pseusiamproper rotation
axis, the sum of vectors MA;, M—A;, M—B3;, and M—By,

was defined as vectdr,, the sum of vectors MB;, M—B,,

and SA™ complexes were assigned to an irregular bicapped M—A,, and M-A, was defined as vect®,, and the vector

trigonal prism distorted toward a dodecahedron by their
authors?e47

It can be observed from the comparison of theo, dv-o,
andb values, reported in Table 2 and shown in Figure 9,
that there is an almost monotonous linear relationship
between thely o distances and the sizes of the metal cations;
the smaller the size of central metal ion, the shortedghe,
distance. The relationship between the oxygexygen
distancesdo-o, and the size of the metal ions adopts two
different regimes for lanthanide and for the other metal ions.
This relationship is almost linear for the lanthanide cations.

Ri-R; is defined as the pseudi-axis (Figure 10). The angle
betweenR; andR; is defined as). The projections of Ln
and the eight oxygen atoms of the coordination sphere onto
a plane perpendicular to thR;-R, direction were then
calculated. The angley;, located between the vectors+0@
belonging to the same ligandr{-A; andLn-B)) is the direct
guantification of the deformation of the pseudo-dodecahedron
from its ideal geometry (ideab = 0°). The assignments for
the oxygen atom present in different complexes are shown
in Table S5. The values fap, 0, and w; are reported in

Two important changes in slopes are observed for the otherTable 3.

ions with two abrupt changes, the slope is strongly positive
from Zr** to Srf*t and becomes negative from“Srio Nb°*

(Figure 9). This indicates that parameters that control the
coordination geometry around metal cations are significantly

different for lanthanide and other metal ions, even if they
form the same type of complexes with tropolonate ligands
with the same coordination numbers. This is attributed to
the difference in the nature of the orbitals of these metal
ions.

It can be concluded from this treatment of the experimental
data that the geometries of coordination polyhedra in the
tropolonate lanthanide complexes possess some distortion
relative to the ideal dodecahedron. This could be explained
by the shape of the molecule in the crystal packing, which
is affected by the presence oftkand the DMF solvent
molecule. In the crystals, Kis coordinated to the oxygen

atoms in the deprotonated tropolonate ligands and the DMF

We have demonstrated that, according to the Kepertis coordinated to K (see above). This induces one of the

definition, for all the ML, lanthanidetropolonate complexes

tropolonate planes to deviate significantly from its ideal

for which crystal structures have been isolated, the central position, and as a consequence, two of the four dihedral
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A1
A

. Proj[Ai]
Wai-Bi
£ Proj[B]

B1

Plane perpendicular to R4-R,

Figure 10. Definition of the angles and vectors used in the geometrical analysis.

Table 3. Calculated Formation Constants for WMand ML, Complexes observed. Tedeschi et 4l.also observed a polynuclear
La Nd Sm Gd Ho Er Yb Lu pattern of peaks in ESI-MS with the 1,2-HOPO lanthanide
logKs 5.6(3) 5.7(3) 57(3) 56(3) 60(3) 593) 6.03) 61(3) complexes that they studied. Analysis obtained from spec-
logKs 4.8(3) 4.8(3) 4.5(3) 4.7(3) 4.8(3) 4.8(3) 4.4(3) 45(3) trophotometric titrations (vide infra) did not indicate the
presence of di- and trinuclear species.

angles deviate from the ideal values of°9@ne of the Spectrophotometric Titration. To determine the number
dihedral angles being larger and the other one being smallerand nature of species formed in solution and the correspond-
(Table S6). ing stability constants for the lanthanide tropolonate com-

Solution Behavior. In order to compare the tropolonate Plexes, spectrophotometric titrations were performed for
lanthanide complexes formed in solution and in the solid La*", Nd&®*, Sn?*, G&*, Ho*", Er*, Yb®*, and L¢". A

state’ the Compounds were ana|yzed and Compared usindypical example of eXperimental data for the titration of the
different techniques. Yb*" complex is depicted in Figure 12. In this experiment,

the lanthanide salt is added to a solution of deprotonated
ligand (potassium tropolonate).

Factor analysis indicated the presence of five independent
colored species in the solution. For each lanthanide cation,
experimental data were successfully fitted with a model
where four complexes are successfully formed in solution:
ML, ML, ML3, and ML, (this model is compatible with
the factor analysis results). Stability constants forsMind
ML 4 were obtained on the basis of this model (Table 3) at
the condition of fixing the values of lo; and logK; to

ESI-MS. Electrospray ionization mass spectra (ESI-MS)
were recorded for all the different lanthanide complexes (Ln
= La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in
a mixture of DMF and methanol solution. They all show
rather similar peak patterns in both positive and negative
spectra. Typical examples of spectra are depicted in Figure
11. The detailed results are listed in Table S7. Selected
spectra for the different species are shown in Figure S3. In
the negative ion mode spectra, the presence of the [Lng]Top)

peak' (Figure 11) indicate the formation of Mtomplex in values larger than ®.This can be explained by the relatively
solution. Other peaks were also observed on the spectra Suc'ﬂigh stability of the MLy and ML, complexes in solution
as the free tropolonate anion with a lower abundance WhoseAt the concentrations in which the experiments Wére

presence can be attributed to the partial dissociation of the ., ,cteq insufficient information on these species is present
ML, complex in the chosen experimental conditions. ItiS , 410 for accurate calculation with the Specit software.
important to notice that the Mispecies cannot be detected The calculated formation constant of Mand ML, shows

in this experiment because it is not ionized. In the positive itrarent trends that depend on the size of lanthanide cations
ion mode spectra, several types of ions were observed: [Ln-(gjgre 13). logKs increases as the size of the lanthanide
(Trop)] ™, [Ln(Trop)+DMF]™, [Ln(Trop)s+Na]’, [Ln- decreases. This is the typical trend observed for lanthanide
(Trop)s+K] ™, [Ln(Trop)s+2Nal", [Ln(Trop)+Nat+K] ™, and cations where no steric hindrance is present between ligands
[Ln(Trop),+2K]*. In addition, the signal of di- and trinuclear upon complex formation, as the interaction between lan-
species such as [kfTrop)]™, [Lnx(Tropk+Na]", [Ln,- thanide cations and the ligand is mainly electrost&tithe
(Trop)e+K] ™, [Lns(Trop)]*, [Lns(Tropk+Nal*, and [Lr- strength of this interaction increases with the atomic number
(Trop)+K] * were also detected. This may indicate that there of the lanthanide. As the atomic number increases, the charge

is significant interaction between the Ln(Trgpinits when  density on the lanthanide cation increases, leading to larger
the K[Ln(Trop)] complex is present at high concentration
(107 mol/L). Other phenomena such as fragmentation, ligand (49) Tedeschi, C.; Azema, J.; Gornitzka, H.; Tisnes, P.; Picar@alton

exchange, and clustering reactions during the mass spectrals; ,Taree‘t’;i'dzogé }BZE’HS'J.—C. G.. Renaud, F.: Piguet, C.. Schenk, K. J..

experiments could also account for the diverse ionic species  Hopfgartner, Glnorg. Chem.1997, 36, 5750.
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Figure 11. ESI-MS spectra for K[Eu(Trop).
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Figure 12. Example of absorption spectra collected during a spectropho-
tometric titration of the tropolonate ligand solution with ¥hin DMSO
(total ligand concentration=5 x 10-°> mol/L; aliquots of YbC}in DMSO
were successively added (up to 1:1 metal/ligand rafiey; 25.0+ 0.1°C;

0.01 M tetrabutylammonium perchlorate for ionic strength control, arrows
indicate continuous changes in signal (upon lanthanide addition).

Figure 13. Plot of the calculated values of Id§s and logK4 obtained
from the analysis of the experimental data with Specfit versus the reciprocal
of the size of the effective ionic radii of the lanthanide cations calculated
according to Shannof.

log K3 values. logK, values for the different lanthanides of

the series show a different trend by steadily decreasing as

the size of the lanthanide cation decreases. This can b

explained by the steric hindrance generated between the fou

ligands when Ml, is formed. This steric hindrance increases
with smaller lanthanide cations since the ligands must be
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phenol ligands! bidentate tropolonate ligands do not induce
a size-discrimination effect (size selectivity) based on the
size of the lanthanide cation upon formation of the ML
complexes. This can be explained by the lack of ligand
preorganization. For example, three bis(benzimidazolyl)-
pyridine ligand®& form MLs; complexes with lanthanides
wrapping around the central cation and forming a cavity with
a specific size to accommodate the lanthanide cation.
Tropolonate is only a bidentate ligand with a lower level of
preorganization, which may explain the steady decrease of
the stability with the decrease of the size of the metal ion
instead of observing a peak of size selectivity.

In summary, these measurements have demonstrated that
the tropolonate ligands react with all the lanthanide cations
of the series to form ML, ML, ML3, and ML, complexes
successively. The Mlspecies that has been observed in the
solid sate from the X-ray diffraction experiments is also
formed in solution under specific conditions (mainly stoi-
chiometry and concentration).

Protection of the Lanthanide Cations in the Solid State
and in Solution. Information on the structure of [Ln(Trog)
obtained on the basis of the crystal structure data indicate
that, in the solid state, lanthanide cations are coordinated
with four tropolonate ligands and are well protected from
solvent molecules since none were detected in the first
coordination sphere of the lanthanide cation. To evaluate the
situation in solution, LA"-centered luminescence lifetimes
measured upon ligand excitation have been recorded in
different solvents in order to determine the nature of the
coordination environment around the lanthanide cation when
the [Ln(Trop)k~ complex is in solution.

The hydration state of lanthanide ion in a coordination
complex can be estimated by using an empirical formula (eq
1) developed by Horrocks et &->3whereq is the number
of the water molecules bound to the lanthanide ionland
and kpzo are the rate constants of the excited states of the

91ranthanide ion in HO and DBO, respectively.A is a

proportionality constant related to the sensitivity of the
lanthanide ion to vibronic quenching by OH oscillators.

located at closer proximity when the lanthanide cations’ (s51) caravan, P.; Hedlund, T.; Liu, S.; 8ferg, S.; Orvig, CJ. Am. Chem.

effective radii decrease.

Unlike preorganized tridentate ligands such as substituted

bis(benzimidazolyl)pyridiné8 and N,Os tripodal amine

Soc.1995 117, 11230.

(52) Horrocks, W. D., Jr.; Sudnick, D. R. Am. Chem. Sod.979 101,

334.

(53) Horrocks, W. D., Jr.; Sudnick, D. Rcc. Chem. Red.981, 14, 384.
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Beeby et al. revised it to eq 2 for Ey Tb*", and YB*-
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tropolonate ligands coordinate to one lanthanide cation, the

complexes in water, where the outer-sphere quenchers areoordination number around the lanthanide cation being 8

taken into account by adding a correction fac®p?
q= Alki20 — Kp20) (1)
d= A(Kyzo — Kpoo) = B (2

More recently, Davies et &.and Beeby et al® modified
this formula for the determination af for Yb3* and Nd&*
complexes in MeOH solutions, respectively.

For the Y complex

0= Kizo ~ Kpzo = 0.1= 1/typ0 —1/tpp0 — 0.1 (3)

d= 2(Kerzon — Kepzop) — 0.1=
2(Yhcpgon —repsop) — 0.1 (4)

(All the rate constants are expressed in unitg®
Applying these formulas for the tropolonate ¥ tcomplex,
g values were calculated as 1.13 in watef,6 = 0.75+
0.01us,tp20 = 10.04 0.1us) and 0.98 in methanotdpson
= 1.62+ 0.03us, tcpsop = 13.02+ 0.01us). Due to the

and the coordination polyhedron being best described as a
slightly distorted dodecahedron. The systematic analysis of
the experimental data obtained from the X-ray crystal
structures shows that the coordination geometries around the
different lanthanide cations are similar for all the different
complexes.

The crystal packing of the molecules was similar fof'Ln
= Dy®", Ho*, Eff, Tm*", Yb3*, Lu*". A change in the
packing mode of the molecules in the crystal has been
observed for the largest lanthanide cation of our serie${Th
We explain this change by the increase in size of the
lanthanide cation which generates a modification in the
coordination mode of the potassium counterion and in the
resulting crystal packing of the molecules.

In solution, spectrophotometric titrations confirmed that
the ML;, ML, MLjs, and ML, species are successively
formed in solution. The stability constant values of the ML
complexes increase as the lanthanide cation’s radius decrease.
This behavior has been typically observed for complexes
where bonds are mainly of electrostatic nature. However,

limited solubility of these complexes in methanol and water, this situation is quite different for the Mlcomplexes, where
they were dissolved in a mixture of DMSO (5% by volume) the stability constant values of Misteadily decrease as the
and methanol or water, respectively. These values consis-Hanthanide’s size decreases. This can be explained by the
tently indicate that in both types of solvents, one water steric hindrance generated by the four tropolonate ligands
molecule is bound to the lanthanide ion in the first sphere around the lanthanide cation upon formation of the ;ML
of coordination. The structure in solution therefore has to complex.

be different from the structure observed in the solid state,

Luminescence lifetimes of the ¥bcomplex in HO/D,O

where no coordinated solvent molecules were present in theand MeOH/MeOHd, indicate that the coordination geom-
first coordination sphere. The four tropolonate ligands in etries around the L% cation in the ML, complexes in

[Ln(Trop)s]~ do not efficiently protect the L3 cation from

solution are different than those in the solid state. These

nonradiative deactivations induced by coordinated water measurements provide evidence of the presence of one water
molecules in solution. This system of coordination complexes (methanol) molecule in the first coordination sphere. How-
is an example where the structure observed in the solid stateever, no solvent molecule was observed as being bound to

does not reflect the structure of the complex in solution.

Conclusion
In this paper, the structures of Mlcomplexes formed

the lanthanide cation in the crystal structure. This demon-
strates that coordination chemists must be careful in using
X-ray data to explain the solution behavior of coordination
complexes.
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