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ABSTRACT: Lanthanide [lanthanum(lll)2; europium(lll), 3; and gadolinium(lll), 4] cryptates of a tris-
phenylphenol NOs; Schiff-base cryptand (4) were synthesized by transmetallation with [Ng(J]CIO4-3H,O

(1) and characterized by spectroscopic and crystal structure analyseS &udd are isomophous and isostructural.

The complexes crystallize in the triclinic space groBpl with cell parameters foi3 of a=14.9833(2),
b=15.42670(10)c=16.3770(3) A, o =75.3760(10),5 = 68.2640(10),y = 77.0540(10) and Z=2 and for4 of
a=14.9976(3)b=15.4417(3)c=16.35350(10) A o = 75.4980(10) = 68.3180(10)y = 76.8790(10) andZ = 2.

The structures reveal that one lanthanide ion is unsymmetrically encapsulated in the cryptand cavity with a second
ligand (solvent DMF). Solution NMR and solid structural studies demonstrated that there are intracavity and
intermolecular proton transfer processes during lanthanide complexation towards the cryptand. A fluorimetric
titration in acetonitrile for Eu(lll) ion tdl afforded a novel fluorescence intensity){equivalents of Eu(lll) ionX)

plot signaling a quenching (@ x < 0.2)-enhancement (022x < 1) change with formation of the kinetically stable

1:1 cryptate. An energy-transfer mechanism is discudsetP98 John Wiley & Sons, Ltd.

KEYWORDS: cryptand; fluorescence titration; lanthanide coordination; proton transfer

INTRODUCTION derived from a 2+ 3 condensation of tris(2-aminoethyl)-
amine and 2,6-diformyl-4-methoxypherdt’? As a

Lanthanide complexes are of increasing interest in further approach to a potential fluorescent chemosen-

supramolecular chemistry, biology and medicine. For sor*!*we synthesized a novel analogug| HFig. 1), in

example, luminescent Bu and TE"" complexes with  which three fluorescent phenylphenol units have been

encapsulating ligands have been extensively studied asncorporated, and we describe here its structural char-

potential molecular and supramolecular devitésior- acterization and spectroscopic properties for lanthanide

escent probes and luminescent labels in biological coordination. Moreover, a novel profile of fluorescence

systems and medical diagnostfcs.Gd®" complexes  intensity—metal equivalents was obtained through a

are possible contrast-enhancing agents for magneticspectrofluorimetric titration for Eli ion complexation.

resonance imaging® Recently, lanthanide complexes

have been used as catalysts for the hydrolysis of

phosphodiesters and of DNA® We have reported the

use of lanthanide complexes to scavenge superoxideRESU'-TS AND DISCUSION

radicals® To form more stable lanthanide complexes for

further potential use, the design and syntheses of Structures of cryptates 3 and 4

macrocyclic lanthanide complexes are currently attract- ) )
ing much attentiot® Recently, we have studied the Crystals of bott8 and4 are isomophous, possessing the

syntheses and characterization of kinetically stable 9€neral formula [Ln(HL)(DMF)](CIO4)-nH20-0.5E£0

lanthanide complexes of ang®; Schiff-base cryptand ~ (Where Ln=Eu,n=2in 3 and Gd,n=6 in 4). T£1+e
structures of both cationic cryptates [Ey((DMF)]

in 3 and [Gd(HL)(DMF)]?" in 4 are isostructural with
*Correspondence toS.-Y. Yu, Coordination Chemistry Laboratory, —each other, as shown in Figs 2 and 3. Selected bond

Institute for Molecular Science, Myodaiji, Okazaki 444, Japan. lengths and angles are listed in Table 1.
Email: ysy@ims.ac.jp . . S
Contract/grant sponsor:State Key Laboratories of Coordination The complexes crystallize in the triclinie-1 space

Chemistry (Nanjing University) and Structural Chemistry (FJIRSM).  group. In the cationic cryptate [Euél:l)(DMF)]2+, the
0 1998 John Wiley & Sons, Ltd. CCC 0894-3230/98/120903-09 $17.50
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Figure 1. Tris-phenylphenol cryptand HsL

S.-Y.YU ETAL.

Eu®" ion coordinationwith the deprotonatedwo-proton
cryptand is similar to those of the EW®" cryptates
describedn a previouspapert' i.e. the Eu atomhasan
eight-coordinateenvironment consisting of an N4Os
donor-setfrom the cryptandcavity and a second-donor
O from a DMF solventmolecule Onemetalionis placed
unsymmetricallyat one site of the cryptand cavity, in
whichtheremainingN,4 donor-setmaybeemptyor actas
a host for protons transferredfrom the phenylphenol
units. Although the tris-phenylphenbcryptandcavity is
capable of functioning as 11 donorsin symmetrical
N4OsN,4 form to bind one or two metals, only one
lanthanideion is boundasymmetricallyby sevendonors
(N40O3) from the cavity. The secondlanthanideion is
unableto enterthe emptychamberin the cavity. This is
possiblyattributableto thelargeradii andhighcoordinate
numberf lanthanidéonsandthesizeandrigidity of the
Schiff-basecryptandcavity. It seemsmpossibleto obtain
anf—f binuclearor asymmetricaimononucleaf complex
of this kind of cryptand,althoughhomo- and heterobi-
nuclear transition metal complexesof this kind of
cryptandwerereportedn 1985° Beyondthe complexa-
tion inside the cavity, to meet the eight-coordination
about the lanthanideion, a seconddonor is always

Figure 2. Structure of the cationic cryptate [Eu(H,L)YDMP)]*" in 3 (H atoms omitted; thermal ellipsoids are shown at 20%

probability)

0 1998JohnWiley & Sons,Ltd.
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Figure 3. Structure of the cationic cryptate [Gd(H,L)(DMP)I?* in 4 (H atoms omitted; thermal ellipsoids are shown at 20%

probability)

present*2®|t is noteworthythat the seconddonoris
variable.In solution(acetonitrilemixed with afew drops
of DMF), the seconddonor may come from water,
acetonitrile and DMF molecules.Owing to the strong
bindingpotentialwith lanthanidesanoxygendonorfrom
aDMF moleculeis dominantlybondedo anEuionin the
remaining coordinatesite to meetthe eight-coordinate
dodecahedronThe Euy-O distanceof 2.343(11A is
slightly shorter(by 0.1 A) thanthatof Eu—O(waterasthe
seconddonor)!* showingthe strongerbinding between
EuandO donorfrom DMF. In the cavity, thethreeEu—
O (phenol) units have different bond distancescorre-
spondingto inequivalentproton transferfrom the three
phenylphenolsiponEW®" coordination Thisis different
from whatoccurredn amononucleaEu*" complexwith
a 2+ 2 Schiff-base macrocyclic phenolate-bridged
ligand;'” in which both Eu—O (phenol) bond lengths
are equally short, 2.28(1)A, showingthat two protons
have transferredfrom the correspondingphenolic oxy-

genslIn thecryptate3, theshortesEu—O (phenol)bond,
Eu—O(2)=2.284(8)A, agreeswith that of the macro-
monocycliccomplex!’ regardecasbondingbetweerEu
andthe deprotonateghenoloxygen,while the othertwo
aretoolong[2.346(8)and2.370(8)A], indicatingthatthe
remaining protons have partly transferredinside the
cavity. It hasbeenshownthatprotontransferfor thethree
phenylphenolsin the cavity is non-equivalentand
stepwise Single-crystalanalysesf the cryptates3 and
4 revealthat onelanthanidecryptatecationmatcheswo
perchlorate anions together with crystalline neutral
solventmolecules.Consequentlythe cryptandreceptor
recognize®nelathanidecationicguestin adeprotonated
two-protonform (H,L ™), suggestinghatonephenylphe-
nol OH in the cryptandhastransferrednto the solution.
A coordinationprotontransfermay be describedby the
following equationswhereS representsolventacetoni-
trile or water coming from the hydrate lanthanide
perchlorates:

EW* + [Na(HsL)]" + S—[Eu(H,L)(DMF)]*" + Na" + H* ---S (1)
G + [Na(HsL)]" + S—[Gd(H,L)(DMF)]*" + Na* + H*---S (2)

0 1998JohnWiley & Sons,Ltd.
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Table 1. Selected bond lengths (A) and bond angles (°) for 3 and 4

3
Eu—O(1) 2.346(8)
Eu—0(2) 2.284(8)
Eu—O(3) 2.370(8)
Eu—O 2.343(11)
Eu—N(1) 2.660(10)
Eu—N(2) 2.505(9)
Eu—N(3) 2.522(9)
Eu—N(4) 2.605(9)
0(2)—Eu—0 100.6(3)
0(2)—Eu—O0(1) 80.0(3)
O—Eu—O0(1) 143.5(3)
0(2)—Eu—O(3) 83.1(3)
O—Eu—0(3) 73.0(3)
O(1)—Eu—O(3) 70.8(3)
0(2)—Eu—N(2) 155.2(3)
O—Eu—N(2) 79.2(3)
O(1)—Eu—N(2) 85.7(3)
O(3)—Eu—N(2) 73.1(3)
O(2)—Eu—N(3) 101.2(3)
O—Eu—N(3) 143.8(4)
O(1)—Eu—N(3) 69.2(3)
O(3)—Eu—N(3) 138.2(3)
N(2)—Eu—N(3) 92.3(3)
O(2)—Eu—N(4) 71.8(3)
O—Eu—N(4) 70.4(3)
O(1)—Eu—N(4) 140.5(3)
O(3)—Eu—N(4) 130.2(3)
N(2)—Eu—N(4) 129.5(3)
N(3)—Eu—N(4) 89.5(3)
O(2)—Eu—N(1) 135.9(3)
O—Eu—N(1) 79.1(4)
O(1)—Eu—N(1) 125.6(3)
O(3)—Eu—N(1) 136.0(3)
N(2)—Eu—N(1) 68.7(3)
N(3)—Eu—N(1) 65.1(3)
N(4)—Eu—N(1) 66.7(3)

4
Gd—O(1) 2.339(10)
Gd—O(2) 2.293(9)
Gd—O(3) 2.358(10)
Gd—O 2.340(13)
Gd—N(1) 2.689(12)
Gd—N(2) 2.501(12)
Gd—N(3) 2.532(12)
Gd—N(4) 2.573(12)
0(2)—Gd—O0 101.0(4)
0(2)—Gd—O(1) 79.3(3)
0—Gd—O(1) 142.6(4)
0(2)—Gd—O(3) 82.6(4)
0—Gd—O(3) 72.8(4)
0O(1)—Gd—O(3) 70.1(3)
0(2)—Gd—N(2) 155.1(4)
0—Gd—N(2) 79.1(4)
O(1)—Gd—N(2) 85.8(4)
0(3)—Gd—N(2) 73.6(4)
0(2)—Gd—N(3) 101.1(4)
O0—Gd—N(3) 144.1(4)
O(1)—Gd—N(3) 69.7(4)
0(3)—Gd—N(3) 138.1(4)
N(2)—Gd—N(3) 92.1(4)
0(2)—Gd—N(4) 72.3(4)
O—Gd—N(4) 70.9(4)
O(1)—Gd—N(4) 140.6(4)
0(3)—Gd—N(4) 130.3(4)
N(2)—Gd—N(4) 129.4(4)
N(3)—Gd—N(4) 89.5(4)
0(2)—Gd—N(1) 136.1(4)
O—Gd—N(1) 79.0(4)
O(1)—Gd—N(1) 126.5(4)
0(3)—Gd—N(1) 136.3(4)
N(2)—Gd—N(1) 68.6(4)
N(3)—Gd—N(1) 65.4(4)
N(4)—Gd—N(1) 66.3(4)

Spectroscopy of the cryptates

All complexegpresensimilar IR featuresThereis avery
strongbandat ca 1650cm * assignedo theimino C=N
stretching vibration. The band at 1087-109tm™* is
characteristiof the perchlorateanion. As for their UV—
visible spectra in acetonitrile, the sodium cryptate
[Na(HsL)]ClO4-3H,0 (1) exhibitsthreeabsorptiorbands
at 284, 350, and 445nm, whereas all lanthanide
complexes?2, 3 and4 (La®", E®*" and G&®"), present
only two strongabsorptiorbandsat 293and415nm. All
absorptionspectraare dueto the n—r* transitionof the
tris-phenylphenbmoieties.

Thesodiumcomplex1 andlanthanuncomplex2 were
characterizedby chemical analyses and fast atom
bombardmen{FAB) massand NMR spectra.The FAB
massspectrashowthat 1 hasa base-ionpeakat m/z886
and a weak peak at m/z 863, correspondingto the
monosodiuncryptate[Na(HsL)+1]" andthe metal-free
cryptand [(HsL)+1]", respectively.In the FAB mass
spectraof 2, therearetwo importantpeaksat m/z1100

0 1998JohnWiley & Sons,Ltd.

and 1001, due to the species[La(H3sL)(CIO,)]" and
[La(HsL)] ", respectively, resulting from the loss of
perchlorate and water. The peak correspondingto
[La(HsL)(H,0)]" was not found, possibly attributable
to the weak binding betweenLa and the secondligand
H,0. No peakassignedo the metal-freecryptandligand
wasobservedutthefragmentgesultingfrom thebroken
macrobicycle were. This confirms the high kinetic
stability of lanthanidecryptatessimilar caseshavebeen
reportedrecentlyby Avecilla et al.*®.

Like the other sodiumcryptatesof the NgO3 Schiff-
basecryptandseportedpreviously***?1 presentdroad
overlapped\MR spectrain DMSO-dg (or in CDsCN or
CDCly) atroomtemperaturepossiblyresultingfrom the
conformationalmobility or multiple-proton transferin
the cavity. Owing to the low solubility, it seemghatthe
Schiff-basecompounds difficult to usein further NMR
studies. However, the lanthanumcomplex 2 has fair
solubility in acetonitrile, DMF and DMSO. NMR
experimentsin CDsCN give the samedistinguishable
unsymmetrical resonancemode as in our previous

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,903-911(1998)
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Figure 4. Fluorescence spectra for Eu" titrations of 1 (9.1 x 107> mol dm~3) in acetonitrile at room temperature. Left,
excitation spectra; right, emission spectra. f is relative fluorescence intensity; x is equivalents of Eu3* ion added. (a) Excitation at
436 nm, emission measured at 536 nm. x=(1) 0; (2) 0.02; (3) 0.036; (4) 0.072; (5) 0.11; (6) 0.15; (7) 0.17. (b) Excitation at
482 4+ 2 nm, emission measured at 536 nm. x=(8) 0.18; (9) 0.20; (10) 0.24; (11) 0.28; (12) 0.30; (13) 0.34; (14) 0.38. (¢)
Excitation at 482 & 2 nm, emission measured at 536 nm. x=(15) 0.42; (16) 0.49; (17) 0.58; (18) 0.68; (19) 0.78; (20) 0.88; (21)

0.98; (22) 2.20

observationfor anotherlanthanide cryptate of a tris-
phenolNgO; Schiff-basecryptand™* This modesuggests
that only onemetalion is coordinatedn onesite of the
cavity of the compartmentatryptand,in which another
siteis emptyor servesasa hostfor protons,with similar
unsymmetriccompartmentalcoordinationto the solid
structuresof 3 (Fig. 2) and 4 (Fig. 3). Hence the
correspondingproton resonancesplits into two pairs of
peaks Forinstancethe *H NMR spectrumof 2 displays
two pairs of peaksat 6 8.71, 8.68 (doublet) and 8.50
(singlet)assignedo two kindsof imino protons(HC=N),
and two pairs of resonancesat 6 8.20, 8.19 (doublet,
J=2.5Hz) and 8.02, 8.01 (doublet,J=2.5Hz), corre-
spondingto the protonsat the 3 and 5 sites of Ph(1),
respectively Also, the 1*C NMR and**C—H COSY data
suggesttwo kinds of imino carbonsat § 173.00 and
169.08.1t is noteworthythat thereis a broadpeakat 6
12.81in the *H NMR spectrum attributedto the three

0 1998JohnWiley & Sons,Ltd.

phenylphenolOH protons. From *H-'H COSY, this
broad peak has a coupling at 6 8.71, 8.68 (doublet,
J=15.0Hz), indicating that proton transfer occurred
partially or completelyfrom the phenylphenobxygento
the imino nitrogen. The related imino group may be
describecas™HN=CH andtheintracavityhydrogerbond
asO-HN™ forms™ In theopinionof Avecilla etal.,*®it is
difficult to decidewhetherone,two, threeor noneof the
protonswastransferredrom the phenolicoxygento the
imino nitrogen under various conditions, becauseit is
affectedby manyfactorsin solution.We havemadesome
contrastingpbservationsdn CDsCN atroomtemperature,
we obtain a clearly resolvedspectrumin the low-field
region for 2. However, in DMSO-ds at the same
temperaturethe spectrumchangedinto a broad over-
lappedform. Whenanexcesof La>" ionswasaddedo a
solution of 2 in CDsCN at room temperature,some
importantchangesook place.Thespectrundid notshow

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,903-911(1998)
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Figure 5. Fluorescence Eu>™ titrations of 1 in acetonitrile. I is relative fluorescence emission intensity (=2%); x denotes the

equivalents of Eu* ion added to the solution of 1 (+0.01)

the resonancesor the three phenylphenolOH protons;
moreover, the coupling at 6 8.71 (doublet) in the
spectrumof 2 alonewasreducedto a singletat 6 8.69.
Theseresultsmight be explainedby the three phenyl-
phenolOH protontransferbeingpromotedby an excess
of lanthanideions. The resonancesf the imino protons
give two singletsat 6 8.69and8.45.Thoseof the phenyl
Ph(1) protons retain two doublets at 6 8.15, 8.14
(J=2.5Hz) and 7.98, 7.97 (J=2.5Hz) relatedto 3-H
and 5-H in Ph(1). These spectroscopicfeatures still
confirm the unsymmetricalmono-metalcoordinationin
the cryptandcavity, whateverproton transferoccursin
the solution. We should state here that proton transfer
may be affectedby the radii andnatureof the lanthanide
ions. Also, the solution situation can be different from
thatin thesolid state Underthesamereactionconditions,
we obtained solid lanthanide cryptateswith different
proton states,suchas La(HsL) in 2, Eu(H,L) in 3 and
Gd(H.L) in 4. Further,the three Ph(2) always show a
symmetrical resonancemode, not affected by the
usymmetricalcoordinationinside the cavity.

Fluorescence titration for Eu*" complexation

Fluorimetric titration for E®" complexationin acetoni-
trile atroomtemperaturgyavetheresultsshownin Fig. 4.

If non-luminescenta®>" or Gd®" ion is addedto a
solution of 1 in acetonitrile, no changein the ligand
fluorescenceakesplace.However,additionof lumines-
cent E®" ion to the system changes either the
fluorescencéntensityor the excitationwavelengthOnly
emissioncenteredat 536nmis observeduring EU®" ion
titrationsfor 1 andnolanthanideemissioris sensitizedA

0 1998JohnWiley & Sons,Ltd.

progressivalecreasén theligandfluorescenceccursin
theregion0 < x < 0.2 until quenchingis maximumat x
closeto 0.2[Fig. 4(a)]. Thequenchingmayarisefrom an
intermolecularproces$’ or the protontransferfrom the
phenolicoxygento thesolvent,asin theproposegrocess
basedon the crystal structureanalysisfor 3. After the
quenchingpoint, the fluorescenceemissionis enhanced
linearly (0.2<x< 0.5). The fluorescenceincreases
slowly (0.5< x < 0.9) with EU** titrations as shownin
Fig. 4(b) and (c). The maximumappearsat x near0.9.
Evenif anexcesf EW¥' ion (x up to 2.20)is addedto
the system the fluorescenceés not altered,indicative of
the formation of a unique 1:1 mononuclearcomplex.
Moreover, even after the addition of non-luminescent
La®>" or GAE' ion to the coordination-saturatedluor-
escentsystem,no fluorescencehangeis observedThis
confirmsthe high kinetic stability of the EL®" cryptatein
solution.The excitationspectraleft partof Fig. 4) show
a similarity with the corresponding@bsorption At x =0,
the spectragive threebandsfor the sodiumcomplexl at
315,360and436nm, andsimilar absorptionspectraare
obtained with bands at 284, 350 and 445nm in
acetonitrile. At x near0.9, the excitation spectrashow
two bandsat 320 and482nm for the 1:1 Eu*" cryptate;
the correspondingbsorptiorspectrafor Eu** cryptate3
alsodisplaytwo bandsat 293 and415nm. The spectro-
scopicanalogyindicateghatfluorescencarisesrom the
energytransfet®2°from the chromphoricphenylphenol
units to the bound Eu*". The total fluorescenceEu™"
titration of the tris-phenylphenotryptandgivesa novel
profile for relative fluorescenceintensity (Ig) versus
equivalentof Eu*" ion added(x) (Fig. 5).
Threeturningpointsin theprofile occurredatx =0, 0.2
(—0.02) and 0.9 (—0.02), correspondingto ligand

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,903-911(1998)
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emission, fluorescencequenching,and maximum en-
hancementwith 1:1 complex formation, respectively.
The plot may be relevantto the stepwiseprotontransfer
for the three phenylphenobprotonsin the cryptandwith
Eu®" complexation.n the caseof the Tb*" complexof
calix[4]areneligand (which bearsfour phenols)'® the
fluorescencentensity is pH dependentThe trisphenyl-
phenol cryptand should exhibit similar fluorescence
intensitychangewith the stepwiseprotontransferupon
lanthanide coordination. However, owing to the poor
solubility, further studiesof pH-dependenfluorescence
Eu®" ion titration for the Schiff-basecryptandhavenot
yet beenperformed.

The contribution of the directly excited tris-phenyl-
phenol cryptand (X =0, Aexc=436 nm) to the fluores-
cencewasfoundto be a small fracation(lg = 17%), but
themaximuml g of 86%occurredcatx near0.9.According
to our experiments,complexationtowards non-photo-
activemetalions(La>", G&® andNa") doesnotenhance
the ligand fluorescenceTherefore we considerthat the
fluorescencesignal changesmay not result from metal
complexatioror from the protontransferin the cavity. It
may beinterpretedby a similar energy-transfemechan-
ism to that describedby Sato et al.*® for luminescent
lanthanidecomplexeswith water-solublecalix[4]arenes
bearing four phenols. According to the energy level
diagramsfor EW®" calix[4]arenecomplexes->?° energy
transferfrom the simple phenolunits to boundEW®" is
extremely difficult, owing to the charge-transfeband
(near300 nm) which deactivateghe excitedstateof the
phenolunit to the ground state. We observedthat the
Eu®" cryptateof a trisphenol cryptand showeda very
weak ligand emissionat 525nm (excitedat 300 nm)**
However, after introduction of the phenyls to the
cryptand, the fluorescenceof the EW*" cryptate is
apparentlyenhanceaver four-fold. This showsthat the
sensitizer-to-metaenergy transfer is essentialto this
system.The energytransfermay occur from the triplet
level (3zn*) of the phenylphenolsensitizerto the *Dg
emissiorlevel of the EW®" cryptate The sensitizednetal
emissionis centeredat ca 614 nm?*° However,we did
not observethe emission, possibly quenchedby the
coordinatedsolvent-likewatermolecule.The Horrocks—
Sudnickequatiori* provesthatthe rate constanfor non-
radiativeenergytransferto the OH vibrational manifold
of OH oscillators(e.g. coordinatedwater molecules)is
significantfor the E®" ion. It is possibleto quenchthe
Eu®" emissionwithin one water moleculecoordination
towardsthe Eu*" centerin thecryptate Thex-ray crystal
structureof the EW*" cryptate3 revealsthatan E®" ion
is unsymmetricallycoordinatedy the N4O3 donorsetof
the cryptand cavity. This representsless effective
encapsulatiorior the lanthanideion thanwith the eight-
coordinate lanthanide complexes of calix[4]arenes®
althoughthey have similar phenolicoxygendonors.To
meet the eight-coordinationaround the Eu*" ion, a
seconddonoris neededhencethe solventwaterfrom the

0 1998JohnWiley & Sons,Ltd.

hydrate EW*" perchloratein this titration systemmay
bind EU®" ion in the remainingsite, resultingin metal
emissionquenching.

CONCLUSIONS

Beinginterestedn novel physicalandchemicalproper-
ties of and potential usesin materialsand biological
systems of f-block lanthanides, we designed and
synthesizedthe fluorescenttris-phenylphenolcryptand
HsL andresultingkinetically stablelanthanidecryptates.
The NMR and FAB massspectracharacterizedl as
possessing three-protorcryptandligandHsL. Basedon
NMR studiesof the diamagneticLa®>" cryptate 2, we
discussedthe solution proton transferin the cryptand
cavity. The proton transfer occurred only inside the
cavity if anequivalentof La*" ions complexedwith the
cryptand. Addition of an excessof La>" ions cannot
producecomplexationbut promotesthe proton transfer
from the phenolOH to solvents(suchaswater) outside
the cryptandcavity. Crystal structuralanalysegevealed
thatsolid complexes3 and4 haveanothemprotonstatein
the cryptand ligand cavity, in which one proton is
transferredfrom the phenolic oxygen to the solvent,
leading to a crystalline complex with the formula
[Ln(HoL)(DMF)](CIO 4)2-nH,0-0.5E40. This indicates
therearetwo different protontransferprocessesccom-
panyinglanthanidecomplexationpneintracavityandthe
otherintermolecularproton transfer.Evenif intracavity
protontransferoccurredjt is not equivalentfor thethree
phenylphenobprotons.Therefore,we observedmultiple
fluorescence changes during the fluorimetric Eu*"
titrations of the cryptand. Furthermore,an important
conclusion is the spectroscopicallyand structurally
proved high kinetic stabilities of the 1:1 lanthanide
complexegesultingfrom the unsymmetricatecognition
of the compartmentaktryptandtoward lanthanideions.
The fluorescencemissioninvolvesa sensitizer-to-metal
energy-transfemechanismby photo-activeEu®*" bond-
ing with the three fluorescentphenylphenolicoxygen
donorsand resulting proton transfer.We may consider
the supramoleculasystemas a fluorescentchmosensor
operatingvia pM andpH.***4

EXPERIMENTAL

General methods. All chemicals were prepared by
previously reported methods'* All solvents used in
syntheseswere commercial products and were used
without further purification. 2,6-Diformal-4-phenylphe-
nol wassynthesizedn 45%yield asyellow crystalswith
satisfactoryelementalanalysis(Analysis: calculatedfor
C14H1003, C 74.34,H 4.42;found, C 74.53,H 4.45%)
and*H NMR spectra(500MHz, CDCly): 11.63(s, 1 H,
phenol);10.32(s,2 H, CHO);8.20[s,2H, Ph(1)-H(3,5)];

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,903-911(1998)
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Table 2. Crystallographic data for the cryptates 3 and 4

Parameter 3 4
Formula CsoHsgCloEUNGO1 4 5 CsoH77Cl,GANGO™®
Formulaweight 1359.12 1436.47
F(000) 1372 1476
Spacegroup P-1 P-1
a(A) 14.9833(2) 14.9976(3)
b (A) 15.42670(10) 15.4417(3)
c(A) 16.3770(3) 16.35350(10)
a (°) 75.3760(10) 75.4980(10)
p(°) 68.2640(10) 68.3180(10)
v (%) 77.0540(10) 76.8790(10)
V (A3 3366.30(8) 3368.91(10)
VA 2 2

Dc (gem™3) 1.341 1.416
n(emY 1.076 1.137

Approx. crystalsize (mm)
Radiation,\ (A)

0.10x 0.20% 0.15
Mo Kz (0.71073)

0.10x 0.20x 0.18
Mo Ke (0.71073)

TemperaturgK) 293+ 2 293+ 2
Scantype w w

Rangeof 26 (°) 3.28-46.58 3.30-46.50
Rangeof hkl -16/16,—-11/17,—-15/18 -16/12,—-17/15,—-18/16
No. of total reflections 9387 9393

No. of observedeflections 6795with | > 20 7195with | > 20
No. of refinedparameters 676 754

R (obs./total) 0.0924/0.1249 0.1043/0.1448

WR (obs./total) 0.2475/0.2754
Goodnesf fit (obs./total) 1.116/1.053
Final ApmadApmin (€ A73) 1.756/-1.578

w=1/[6%(Fo?) + (0.179%)? + 3.5053]

0.2355/0.2845
1.162/1.223
1.512/-0.968
w=1/[o? (Fo®) + (0.07782 + 72.090P]

AP = (F? 4 2Fd)/3).

7.60[d,2H, Ph(2)-H(2,6)]; 7.50,7.48,7.47[t,2 H, Ph(2)—
(3,5)]; 7.42[m,1 H,Ph(2)=(A)]; 3Jun = 7.5Hz in Ph(2).

Spectra. NMR spectraveremeasurean a Varian Unity
500 spectrometerat room temperaturewith SiMe,; as
internal standard FAB massspectrawere obtainedon a
Finnigan MAT 8430 spectrometemwith m-nitrobenzyl
alcohol as the matrix. IR spectrawere recordedon a
Perkin-Elmer577 spectrophotometen the range4000—
400cm ' (KBr pellets). UV-Visible spectra were
recordedon a ShimadzuUV-3000 spectrophotometeat
room temperaturefrom ca 10> mol dm > acetonitrile
solution. Fluorescencetitration was performed on a
ShimadzuRF-540 spectrophotonter in acetonitrile at
295K. The solvent acetonitrile used in spectroscopic
studieswas distilled from P,Os. To a solution of the
sodiumcryptatel in acetonitrile(9.1 x 10~ mol dm3)
wereaddeda solutionof Eu(ClOy)3:6H,0 in acetonitrile
(8.4x 107*dm~3). In EU*" ion titrations, the maximum
excitationwavelengtichangedO < x < 0.2,excitationat
436nm; 0.2<x< 2.20, excitation at 482+ 2 nm).
Emissionwas centeredat 536nm. The slit width was
5nm. The spectrawere correctedfor the sensitivity.

X-ray crystallographic study. Crystallographicdataare
givenin Table2. Yellow block crystalsof 3 and4 were
obtained by slow diffusion of diethyl ether into the

0 1998JohnWiley & Sons,Ltd.

acetonitrile solution mixed with a few drops of DMF.
Both are isomophousand isostructural. Data were
collected on a SiemensSMART CCD area-detector
diffractometer and corrected for absorption by SA-
DABS 22 A total of 1261 frameswere collectedwith a
graphitemonochromatoin athree-cyclegoniometerAll
calculationswere performedon a INDY workstation
usingthe SHELXL 93 programpackage”> Someatoms
setin the second-ligandDMF and in the benenering
Ph(2)andalsothecrystallinesolventsaredisorderedThe
terminal C atomsin the second-ligandDMF have 50%
occupation,suchas C(2a) and C(2b) for 3 and C(01),
C(02),C(03)andC(04)for 4.

[Na(H5L)]CIO4-3H>0 (1). To a mixture of an excessof
NaClOQ, (0.50g, over 4mmol) and 2,6-diformyl-4-
phenylpheno{0.339g, 1.5mmol)in anhydrousnethanol
(50cm®) was addeddropwise an anhydrousmethanol
solution (50cm®) of tris(2-aminoethyl)arme (0.146g,
1 mmol). After stirring for 1 h at room temperaturethe
resulting yellow precipitateof 1 was isolated, washed
with methanolanddried over CaCl, yield 0.41g (79%).
IR (KBr), v=3429w, 3057, 3030, 2939, 2837, 1649vs
(CN), 1598,1521,1452,1408,1344,1276,1219,1157,
1097s (ClO, "), 885, 761, 698, 623, 607cm *; UV-
visible (acetonitrile), Amax (lOg ¢) =284 (4.26), 350
(2.76), 445 (3.61); '"H NMR (500MHz, DMSO-dg),

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,903-911(1998)



STRUCTURESOF LANTHANIDE CRYPTATES 911

6=13.58(br, 3 H, phenol-OH),9.19 (br, 6 H HC=N),
8.33[br, 6 H, Ph(1)H], 7.47[m, 15 H, Ph(2)H], 3.70—
299 (m, 24 H, CHxCH,;); FAB-MS, m/z 886
[M — ClO, — 3H,0 +1, 100%]", 863 [M — CIO,—
3H,0— Na+ 1, 15%]". Analysis: CssHgoCINgNaO;
calculated,C 62.39,H 5.82, N 10.78;found, C 62.43,
H 5.71,N 10.85%.

[La(H3L)[(CIO4)3-H>O (2). A solution of 1 (0.21g,
0.2mmol) in acetonitrile(10 cm®) wasaddedto a stirred
solution of lanthanumperchloratg0.22g, ca 0.4mmol)
in acetonitrile (10cm®) over 1 h. The reactionmixture
wasallowedto evaporatetroomtemperaturdor 1 week
andyellow microcrystalsof 2 wereisolated filtered off,
washedwith ethanolanddried over CaCl, yield 0.23g
(86%basednthecryptand)IR (KBr), v = 3385w,3033,
2922,2860,1653vs(CN),1541,1477,1452,1350,1296,
1221, 1146, 1221, 1146, 1115, 1088s (ClO,), 768,
702cm™t; UV-Visible (acetonitrile), \max (109 €) = 293
(4.40), 415 (4.28); *H NMR (500MHz, CDsCN),
$=12.81 (br, 3 H, phenol-OH), 8.71 (d, 3 H,
3Jun = 15.0, HC=N"), 8.50 (s, 3 H, HC=N), 8.20[d,3
H, Ph(1)-H(3),*Jun = 2.5Hz], 8.02[d, 3 H, Ph(1)-H(5),
4Jun=2.5Hz], 7.69 [d, 6 H, ph(2)-H(2,6), 3Juy
(23) =8.0Hz], 7.55[t, 6 H, Ph(2)-H(35), 334n(23) =
8.0Hz, 3J,4(34) =7.5Hz], 7.44t, 3 H, Ph(2)-H(4),
3Jun(34) = 7.5Hz], 4.052.78(br, 24 H, CH,CH,), :*C
NMR (CDsCN), § = 173.00(s,C=N"), 171.34[s, Ph(1)—
C(1)],169.08(s,C=N), 146.12[s, Ph(1)—-C(5)]140.44[s,
Ph(1)-C(3)],139.09[s, Ph(2)—C(1)],130.31[s, Ph(2)-
C(3,5)] 128.70[s, Ph(2)-C(4], 127.18[s, Ph(1)-C(4)],
127.14 [m, Ph(2)-C(26) + Ph(1)-C(2), Ph(1)-C(6)],
61.87,61.26,60.76 (t, CH,), 52.00(s, CH,N=); FAB-
MS, mVz1116[M —2HCIO,] ", 1100[M —2CI0,—H,0]*,
1001[M —3CIO,—H-0]". Analysis: CssHsClsLaNgO16
calculated,C 49.19,H 4.28,N 8.50; found, C 49.11,H
4.47,N, 8.78%.

[EU(HLYDMF)J(CIO4)>-2H,0-0.5Et,0  (3). A similar
procedureto the aboveafforded3 and 4; yellow block
crystalswereobtaineddirectly from the reactionby slow
evaporationat room teperature,but the crystals very
easily lose their crystalline solvents. To obtain more
stable single crystals suitable for x-ray analysis, the
reactionsolution was mixed with a few dropsof DMF.
By slow diffusion of diethyl etherinto the solutionfor 2
weeksat room temperatureyellow block crystalsgrew
againyyield 74%IR (KBr), v = 3419w,3064,2925,2861,
1652vs (CN), 1540, 1479, 1384, 1089s (CIO, ), 842,
767, 698cm ; UV-Visible (acetonitrile), Amax (l0g
§) =293 (4.45), 415 (4.29). Analysis: CsgHgoCloEU-
NgO14 5 calculated,C 52.14,H 5.12,N 9.28; found, C
52.01,H 5.25,N, 9.63%.

[GA(HAL)DMF)J(CIO4),-6H50-0.5Et,0 (4). Yellow block
crystals,yield 76%. IR (KBr); v»=3415w,3116,2927,
2865, 1652vs (CN), 1540, 1475, 1297, 1087s (ClOy),

0 1998JohnWiley & Sons,Ltd.

904, 771, 703cm™*; UV-visible (acetonitrile); Amax
(loge) =293  (4.42), 415 (4.29). Analysis:
CsoH77Cl,GdNyO; 5 5 calculated,C 49.69, H 5.46, N,
8.78;found C 49.69,H 5.46,N, 8.87%.

Supplementary data. Tables of atomic coordinates,
bondslengthsandanglesinvolving all the non-hydrogen
atoms are deposited as supplementarydata at the
CambridgeCrystallographidDataCentre.
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