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A Cryptate (221) having a short alcohol pend@pivas metallated with europium(lll) in anhydrous condition,

and its hydrolytic activity for phosphate esters at neutral pH was examined. While the activity for the phosphate
diester and monoester is comparable to that of the parent metal cobiul§X fits hydrolytic activity towards

a phosphate triester is significantly suppressed. Potentiometric titration and luminescence spectroscopic studies
for the equilibrium behavior of the complex in solution suggest that a dimer formation through the metal hy-
droxides as well as the pendant alcohol is likely to happen. The low hydrolytic activity for the triester seems to
be associated with the dimer formation.
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Introduction ol) was prepared as described by Baibbal® Europium
trichloride hexahydrate (400 mg, 1.09 mmol) was stirred in
Lanthanide ions and their complexes have been shown tiethylorthoformate at room temperature for an hour. After
be reactive for hydrolyzing various kinds of the substrateevacuation in vacuum, 1.2 equiv. of Cryptate (221435
such as phosphate diesters, monoesters, and triestersmg, 1.31 mmol) or the modified on& @75 mg, 1.31 mmol)
While the catalysts enhance the rate of the hydrolysis in dissolved in anhydrous methanol were added for the metal-
similar degree for the various phosphate esters, overall ratation. After the resulting solution was heated at@@or 30
constant of the triesters is still higher than that of the corremin, diethyl ether was added dropwise at room temperature
sponding anionic phosphates, reflecting the higher reactivityn order to precipitate the metal complex. The process, the
of the phosphate triesters. Here we report that an europiuntissolution in methanol and the precipitation, was repeated
complex of which activity towards phosphate triesters is sahree times for the purification. These moisture-sensitive
suppressed that the overall rate constants are comparablegioropium complexes were handled and weighed inan N
each other. It is believed that the suppression is associatditled glove box.
with the characteristic equilibrium behavior 8E[F*] com- [2Eu]Clk (370 mg, 50.7%). mp 21&€ (decomp.). Found:
plex. C, 32.52; H, 5.68; N, 4.13. Calc. for#83sN,0OsEUCk: C,
32.89; H, 5.52; N, 4.51%
Kinetic Measurement Kinetic traces were recorded on a
I\ Hewlett-Packard 8453 diode-array UV-vis spectrophoto-
<\ o O/> <\ 0 O/> meter equipped with a temperature-controlled cell holder.
N, N N, O N

OH

0 Buffers were made up from sodium hydrogen phosphate and
\CT/ \5/ \5/ \a/ stan-dardized HCl and NaOH in deionized water (T8N ™).
/ N/ The buffer concentration and ionic strength were fixed at
1 2 0.20 M and 0.50 M (NacCl), respectively, for the kinetics.
For dissociation kinetic studies, the purified europium(lll)
Experimental Section Cryptate chlorides were dissolved in a buffer solution at

room temperature. The pH of the reaction medium was

All chemicals were purchased from Aldrich Chemical Co.finely adjusted by titrating with a dilute NaOH solution. The
and Strem Chemical Co. otherwise mentiorted.andP- temperature of the stirred reaction mixture was kept &€25
NMR spectra were recorded on a Bruker AM300 andby using a constant-temperature water-bath. Typically, the
DPX300 spectrophotometers operating at 300 and 121 MHzoncentration of the europium complex was 5.0 mM. At par-
respectively. Melting point was measured in a sealed glagicular stages of the reaction, an aliquot of the solution was
tube and was not corrected. Elemental analysis was pewithdrawn, and the UV-vis spectrum was recorded. White
formed at Galbraith Laboratories, Inc. precipitate of europium hydroxide was formed as the disso-

Preparation of the Europium(lll) Catalysts. The modi-  ciation proceeded, and was filtered off prior to the spectro-
fied Cryptate (221) having an alcohol pendant (1,4,7,13scopic measurement. The absorbance was recorded until
16,21-pentaoxa-1,10-diazabicyclo[8.8.5]trico-5-yl-methan-1- more than 80% of the complex had dissociated to the metal
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ion and the free macrocycle. high solubility in organic solvents. It is assumed that the
For kinetic measurement for the hydrolytic activity, a solu-modified Cryptate (221)2) binds the europium ion as the
tion of the metal complex was syringed into a thermostatedame way as the parent Cryptate (221) dadthiough there
cell containing an aqueous solution dissolving the substratds an ambiguity whether the pendant alcohol coordinates the
(NPP, BNPP, or PNPDPP). Addition of aqueous sodiummetallic center or not. The observed spectroscopic properties
hydroxide solution was followed if necessary. The final con-and the chemical reactivity support the assumptiode (
centration of the substrate and the metal complex were fixenhfra).
at 5.0x10° M and 5.0x10" M, respectively. In particular, 10  Hydrolytic Activity towards Phosphate Esters Hydro-
% (v/v) aqueous acetonitrile solution was employed to disdytic activity of [2Eul* towards various kinds of substrates
solve PNPDPP. The solution was mixed rapidly, and théhas been tested, and was compared with thaEofi{". The
absorbance at 400 nm was recorded automatically at inteexamined substrates include sodium (4-nitrophenyl) phos-
vals of a preset time. phate (NPP), sodium bis(4-nitrophenyl) phosphate (BNPP),
Potentiometric Titration. The pH-meter (Orion 720A) and (4-nitrophenyl)diphenyl phosphate (PNPDPP). The
and electrode system (Orion 81-02 Ross combination elecates were measured at pH 8.0, in which the observed activ-
trode and Orion ACT-probe 917005) were used. The potentidty for BNPP is the highest. Being guided by the previous
metric pH titrations were carried out at 25.0+®1 The  results, use of buffers was avoided in order to suppress the
deprotonation constants afful** and REUP** complexes  dissociation of the europium compleXe$he pH of the
were calculated using the computer program PRAS. solution was adjusted to 8.0 by adding aqueous NaOH or
Luminescence SpectroscopyFor the luminescence stud- diluted hydrochloric acid. Only the initial kinetic traces
ies, a solution ofJEu]Cl; was prepared by dissolving appro- (within one half-life) were analyzed in order to minimize the
priate amounts of the sample in deionize®tdr DO (99.9  erroneous effect of the drifted pH.
atom %). The pH of the solution was adjusted by adding As shown in Table 1, the phosphate diester (BNPP) has
aqueous NaOH or NaOD solution, and was measured bthe lowest uncatalyzed rate constant, and the phosphate tri-
using a glass electrode coupled to a digital pH meter (Orioester (PNPDPP) the highest. In the above particular condi-
model 720A). tion, the parent compleXEu**] enhances the hydrolysis of
Nd : YAG (Quantel YG681) pumped dye laser (Quantelthe phosphate esters by a factor of ) 1. While the
TDL 50) operating at 10 Hz was employed as the lightenhancement factor is the highest for BNPP, those for NPP
source. A dye mixture (R590+R610) was used to obtairand PNPDPP are similar to each other. It is worthwhile to
appropriate laser wavelengths in the 570-585 nm region. Theotice that the overall rate constant for PNPDPP is the larg-
band width of the dye laser was 0.05tand the laser est, reflecting the fastest uncatalyzed reaction of the triester.
pulse width was 8 ns. The pulse energy of the laser was keptAt the same condition, the rate constant 2EJP* for
constant, and about 3.5 mJ pulse was used to avoid the saMPP is 4.6 x 1F s, which is 8.5 times larger than that of
ple decomposition. The laser beam was passed through athe parent europium catalyst. The activity 8EP* for
cm quartz fluorescence cell containing the sample solutiorBNPP is comparable to that du]** as shown in Table 1.
The Eu(lll)°D, < 'F, excitation spectra were obtained by The striking difference is observed for PNPDPP: The hydro-
monitoring the luminescence from t*@, — ’F, centered at  lytic activity of [2Eul* is significantly suppressed for the
about 619 nm, while scanning the laser wavelength in th@articular substrate. The rate constant for PNPDPP is 45
575.5-581.5 nm region. The luminescence signal was cokimes smaller than that of the parent europium Cryptate
lected at 90 from the laser beam direction using a 0.5 mcomplex. As a result, the overall rate constant for the various
monochromator (Spex 500M) equipped with a cooled PMTphosphate esters are comparable to each other in the pres-
(Hammamatsu R928). The signal from the PMT was amplience of the modified europium complex. The modified cata-
fied using a Keithly 428 current amplifier, then fed to a digi- lyst promotes the anionic substrates by a factor bfal.0C,
tal oscilloscope (Tektronix TDS520). The output from thebut it promotes the neutral substrates only marginally. The
digital oscilloscope was transferred to a laboratory compute6th column of the table clearly shows that the two catalysts
for the signal averaging and the processing. behave very differently. The activity oREU*"] is slightly
enhanced or constant for the anionic substrates, but that is
Results and Discussion
Table 1 Pseudo-first-order rate constants DE(** and PEu®*
Preparation of the Europium(lil) Catalysts. The modi-  towards the various substrates at pH 8.0 ar€50
fied Cryptate (221)2) was metallated by the same method gypsirate KIS kOIS k@Y k@hk — k2)/K1)
plox (1), In ordr 10 cve the metalition complete, anfy- PP 80410 407 46407 7.5 65
drous methanol was employed as the reaction solvént AIsoBNPP 30x10° 6.1x10° 57x107 19x10  0.92
. s PNPDPP 2.6x10 8.5x10° 1.9x10° 7.3x1G 0.022
the hexahydrated metal salt was pretreated with triethyl- : :
orthoformate for the dehydration. A slight excess of the;iﬁti_cg_”gzmt_ f'grrnt_hgh“e”ﬁggéz%gﬁg?g;é)?ﬂoi-gsf;%gg(t:hh;”rate
ligands was used to consume the metal salt completelyas recorded at pH 9.0 and %5 (Ref. 3)."Rate constant forlEuf".
because the unreacted ligand is easy to eliminate due to fRate constant fo2Eul*.
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reduced for the neutral substrate by a factor of 0.022.

It is known that an alcohol pendant in the proximity of the
reaction center is sometimes so activated that the pends
alcohol behaves as a nucleophile and catalyzes the trar
esterificatior®. In order to find out whether a transesterifica-
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tion is involved in the system, the reactions were followec .
by 3P-NMR spectrometer. The NMR spectra showed tha
only inorganic phosphate was produced during the catalyti
hydrolysis of NPP withZEu]**. Also, the phosphate was the ,
major product for the hydrolysis of PNPDPP in the presenc - ¢
of the catalyst. The NMR analysis clearly showed that truly -
hydrolysis is operative in this particular catalytic system. R )
Dissociation Kinetics Kinetic stability of the 2Eul** 8 000009° e
complex against the demetallation will give a clue to a ques
tion whether the methylenehydroxyl group coordinates the .
europium(lll) center or not. It is expected that the stability
will increase significantly if the extra alcohol coordinates the 1.0 2.0
metallic center in an intramolecular manner. The dissocia Equiv. NaOH
tion kinetics was studied by the same method applied for thrigure 1. Potentiometric titration curves (c=0.40 mM): (a)
Cryptate (221) europium compl&xThe linearity obtained [1Eu]Ck. (b) REu]Ck. (c) EUCh: 6H:O.
on plotting log A (absorbance) against the reaction time indi
cates that the dissociation rate exhibits a first-order depenncrease of pH upon addition of NaOH results from the fact
dence on the concentration of the metal complex. Irthat pk: is very close to pK being invoked by the formation
phosphate buffer (c = 0.20 M), the dissociation rate constaraf the multinuclear specié8.Indeed, analysis of the
for [2EuP*is 2.1 x 10° st at pH 7.0 and 2%C, while the  recorded curve for2Eul** with a program (PKAS)shows
one for the parent europium(lll) complex is 2.4 x*1€9'at  that pk, and pk are 7.1 and 8.2, respectively. Thus, the
the particulacondition. Even though there is an ambiguity methylenehydroxyl group oREu** complex is believed to
on the mechanism of the dissociation, the observed increageduce the intermolecular association in solution. Taken the
of the stability is too marginal to suppose the intramoleculashape of the Cryptate complex into consideratitng bi-
coordination of methylenehydroxyl group to the metal cen-molecular association is most likely to happen (Scheme 1).
ter. The experimental observation is in accordance with &pon the addition of base, the association must be fortified
molecular modeling result showing that the methylene-y the formation of the hydroxide bridgés.
hydroxyl group is too short to coordinate the metal center It is believed that the water molecule bound to the
intramolecularly. europium center is further activated by the neighboring
Potentiometric Titration. Potentiometric titration is an metallic center. In other words, the bridged water is expected
important method to retrieve valuable information on theto be more acidic than the terminal water bound to the metal-
behavior of metal complexes in solution. On top of; pK lic center. The observed first pK of the complex (7.1) would
value of the coordinated water molecules, the associativee associated with the deprotonation of the bridged water.
nature of metal centers can be monitored if any. It is particuAs expected, the value is lower than the one (7.8) observed
larly true for the lanthanide ions, of which strong associativefor the monomeric JEul** complex? Upon the dimer for-
nature to form multinuclear species is indicated by the lowmation the alcohol pendant is also activated as well. The pK
slope of the titration curves. value (8.2) appears to be associated with the alcoholic pro-
Potentiometric titration curve foREul** is compared with  ton. It has been known that the alcohol can be so acidic upon
those for free europium(lll) ion as well as for the parentthe coordination to the acidic metal center, and the examples
europium complex. As in Figure 1, the curve fBEF*  are well characterized by Kimuet al® However, an alter-
resembles that of europium trichloride. At present, it is noative, the former deprotonation is associated with the pen-
clear why pH increases sharply around 2.5 equiv. of NaOHlant alcohol, can not be excluded.
rather than 3.0 equiv. One possible explanation is that the It is believed that further deprotonation of another water
europium hydroxide aggregates formed at pH over 8.0 sedigand happens upon the increase of pH of the solution. (The
regate from the solution, even though it is well below the pH
giving the particles observable with bare eyes. The forma
tion of the aggregates invisible to eyes will result in the early
break point.
Another resemblance is a rather slow increase of pH up t
2 equiv. of NaOH. The behavior &gul** is strikingly dif-
ferent from the parent europium compl@€{}**, of which

3.0

Scheme 1 Intermolecular
pH increase is more than three pH units in the range. Sme[2Eul** in solution.

association and deprotonation of
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second water ligand is omitted at the schematic drawing fowas observed that the relative ratio of two peaks is sensitive
the simplicity.) However, the reduced hydrolytic activity at to pH. While both peaks were observable at neutral pH, only
high pH indicates that the latter species is not significant inhe former peak was recorded at basic condition such as pH
terms of the reactivity. 8.8. Because the peaks have been identified as arising from
Luminescence SpectroscopyLuminescence spectroscopy [1Eu(OH)(OH)..1]*" and [LEu(OH),*>" species, respec-
is a valuable tool to understand the behavior of europiuntively,” we can assign the minor peaks as arising from
() complexes in solution& For identification of the [2Eu(OH)(OH)n.1]* and REU(OH). .
Eu(lll) species in aqueous medig, — °D, excitation spec- The broad major peak centered at 577.5 nm is totally new.
tra were obtained as a function of pH. When 1.5 mM ofTaking the results from the potentiometric titration as well as
[2Eu]** complex was dissolved, one major peak as well asts molecular geometry into consideration, the new peak is
two minor ones were observed in the neutral environment asost likely coming from the binuclear species. Figure 2(b)
in Figyre 2(a). The minor peaks at 578.4 and 580.0 nm arand 2(c) show spectra obtained from a solution of lower con-
very similar to that observed fatEuP* complex in terms of  centration (c=0.4 mM), and they clearly indicate that the
the peak position (578.6 and 579.9 nm). A& case, it  species is dominant even at the low concentration. Because
the broad peak at 577.5 nm is the major one at pH 7.2 and
8.3, the peak appears to represent all kinds of the binuclear

o species including the hydroxide-bridged and alkoxide-bridg-
.2 nm

(a)

{400
i

ed ones. The peak at 580.0 nm represendiBg(DHy)]*" is
almost invisible presumably due to the low concentration as
well the influence of the high pHs.

Because the anionic substrates such as diphenyl phos-

phate, phenyl phosphate, inorganic phosphate, and carbonate
show the strong binding affinity towards the hard metallic
centers including the europium (lll), the addition of sub-
strate could disrupt the binuclear association (Scheme 2).
Indeed, it was observed that the addition of the anionic phos-

578.4 nm

577.5nm

= phates such as phenyl phosphate and diphenyl phosphate (c
€ (b) =4.0 mM) reduced the intensity of the 577.5 nm peak (Fig-
o
8 I 100
2 2007
2]
c
% 577.5nm (a)
5775 nm
(©) 1007 578.4 nm
{100 =
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X
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Figure 2. Excitation spectra: (a2Eul’* (c=1.5 mM; pH=6.8); (b) 3791 nm
[2EuP* (c=0.40 mM; pH=7.2); (c)JEu}** (c=0.40 mM; pH=8.3).
1001
anionic phosphate ‘ X d
‘W ---phosphate J
Y 576 578 580 582

tral phosphat
fioutral plosphate Wavelength (nm)

X =0H, or OH
Y=0HorO

Figure 3. Excitation spectra: (aREul** (c=0.40 mM) in the pre-
sence of diphenyl phosphate (c=4.0 mM; pH=7.0); @Bu[**
Scheme 2 Dissociation into the mononuclear species upon addi-(c=0.40 mM) in the presence of phenyl phosphate (c=4.0 mM;
tion of the anionic phosphates. pH=7.0).
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577.5 nm
X
NPP or BNPP ‘ h .
ydrolysis
200 (a) ‘w --Substrate .
\
—H— ¥
A PNPDPP the active form
100 Scheme 3 Selective transformation of the inactive binuclea
. 578.4 nm species into the active form.
'€
; 580.0 nm and the carbonates.
s : . Ny , The excitation spectrum taken in 30% acetonitrile and the
Z one obtained in the presence of 10 equiv. of triphenyl phos-
3 200 577.5 nm phate are shown in Figure 4. It is evident that the broad peak
c

is persistent in both cases. Only slight increase of the peak at
580.0 nm was observed. The latter change as well as the
decrease of the total emission intensities could be associated
with the change of the solvent polarity. From the observation
that the broad peak is dominant in the spectra, it can be said
that the neutral substrates are not as effective as the anionic
substrates for the competitive binding. The binding affinity
of the neutral substrates seems so weak that they cannot
induce the dissociation effectively (Scheme 2).

Mechanism Potentiometric titration and luminescence
spectroscopic results provided valuable clues for elucidating
the mechanism of the hydrolytic selectivity. It is believed
that the new europium cataly&Eul** forms a dimer through
coordinated hydroxides and/or water molecules as well as
the pendant alcohols in solution. It can be deduced that the
ure 3). The particular phosphates were chosen, because thggrticular anionic phosphates such as (4-nitrophenyl) phos-
are less activated phosphates for the hydrolysis. It can bghate and bis(4-nitrophenyl) phosphate disrupt the binuclear
easily assumed that their binding affinity towards the metahssociation to generate the mononuclear species that are
center should be very close to those of the fully activatedictive for the hydrolysis. In the presence of phosphate tri-
phosphates. While 70% of the initial intensityd=ca. ester, the association appears to be maintained so that the
500; knal =ca. 150) was lost upon the addition, another peakshydrolytic activity is significantly suppressed (Scheme 3).
at 578-580 nm were significantly increased. Figure 3(a) Acknowledgment Student fellowships of the Brain Korea
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strong acidic nature of the diphenyl phosphate<g® it
is expected that it forms an outer-sphere comldig&ke par-
ticular property to form an outer-sphere complex can explain
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the binding. The addition of the dianionic phosphate de-  (b) Williams, N. H.; Takasaki, B.; Wall, M.; Chin, Acc.
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Figure 4. Excitation spectra: (a)2Eu** (c=0.40 mM) in 3@t
aqueous acetonitrile (v/v). (BEu** (c=0.40 mM) in the preseac
of triphenyl phosphate (c=4.0 mM) in aqueous acetonitrile.

References

creases the intensity of the broad peak as in the former case,
but it generates a new peak at 579.1 nm as well as the peak at
578.4 nm. Given that pjof the dianionic phosphate should

be close to that of 4-nitrophenyl phosphate (5'9ahe
anion has a high tendency to form an inner-sphere complex.
The new peak at 579.1 nm could be explained by a mono-
meric species that binds phenyl phosphate through the inner-
sphere coordination. Disappearance of the peak at 580.0 nm
suggests that the acidic form @HuP* ([2Eu(OH)q*")

forms an inner-sphere complex with phenyl phosphate, ren-
dering a peak at 579.1 nm. The spectrum shows that the two
species, the inner-sphere and outer-sphere complexes, co-
exist at the particular condition coincidentally. The similar
spectral change was observed for the inorganic phosphates

Chem. Resl999 32, 485. (¢) Komiyama, M.; Takeda, N.;
Shigekawa, H.J. Chem. Soc., Chem. Commur999
1443. (d) Jurek, P. E.; Martell, A. E.Chem. Soc., Chem.
Commun.1999 1609. (e) Cullis, P. M.; Snip, B. Am.
Chem. Socl1999 121, 6125. (f) Hegg, E. L.; Burnstyn, J.
N. Coord. Chem. Re998 173 133. (g) Oh, S. J.; Choi,
Y-S.; Hwangbo, S.; Bae, S. C.; Ku, J. K.; Park, J.JW.
Chem. Soc., Chem. Commad898 2189. (h) Roigk, A.;
Hettich, R.; Schneider, H.-horg. Chem1998 37, 751.
(i) Magda, D.; Crofts, S.; Lin, A.; Miles, D.; Wright, M.;
Sessler, J. LJ. Am. Chem. Sod997, 119 2293. (j)
Bracken, K.; Moss, R. A.; Ragunathan, K.JGAmM. Chem.
S0c.1997 119 9323. (k) Ragunathan, K. G.; Schneider,
H.-J.Angew. Chem., Int. Ed. EndB96 35, 1219. (I) Chin,
J.Acc. Chem. Re4991] 24, 145. (m) Breslow, R.; Huang,



204 Bull. Korean Chem. So2001, Vol. 22, No. 2

D.-L. Proc. Natl. Acad. SclUSA 1991 88, 4080.

. Oh, S. J,; Song, K. H.; Park, J. W.Chem. Soc., Chem.
Commun1995 575.

. Oh, S. J;; Yoon, C. W.; Park, J. %W.Chem. Soc., Perkin
Trans.2 1996 329.

. Yashiro, M.; Takarada, T.; Miyama, S.; Komiyama,JM.
Chem. Soc., Chem. Comm@@94 1757.

. Babb, D. A,; Czech, B. P.; Bartsch, R. A.;Heterocycl.
Chem.1986 23, 609.

. Martell, A. E.; Motekaitis, R. Determination and Use of
Stability ConstantsVCH Publishers: New York, 1992.

. Oh, S. J.; Song, K. H.; Whang, D.; Kim, K.; Yoon, T. H.;
Moon, H.; Park, J. Winorg. Chem1996 35, 3780.

. Oh, S. J.; Park, J. W. Chem. Soc., Dalton Trank997,
753.

. () Kimura, E.; Nakamura, |.; Koike, T.; Shionoya, M.;
Kodama, Y.; Ikeda, T.; Shiro, M. Am. Chem. So&994
116 4764. (b) Koike, T.; Kajitani, S.; Kakamura, I.; Kimura,

10.

11.

12.

13.
14.

Chang Won Yoon et al.

E.; Shiro, M.J. Am. Chem. Sod.995 117, 1210. (c)
Baker, B. F.; Khalili, H.; Wei, N.; Morrow, J. R. Am.
Chem. Socl997 119, 8749.

Clavatta, L.; luliano, M.; Porto, RRolyhedron1987, 6,
1283.

(a) Hurst, P.; Takasaki, B. K.; Chin,JJ.Am. Chem. Soc.
1996 118 9982. (b) Takasaki, B. K.; Chin, J. Am.
Chem. Socl1995 117, 8582. (c) Takasaki, B. K.; Chin, J.
J. Am. Chem. S0d.994 116, 1121. (d) Takasaki, B. K;
Chin, J.J. Am. Chem. So&993 115 9337.

(a) Horrock, W. D.; Sudnick, D. R. Am. Chem. Soc.
1979 101, 334. (b) Richardson, F. Shem. Revi982 82,
541.

Koike, T.; Kimura, EJ. Am. Chem. Sot991 113 8935.
Bunzli, J.-C. G.; Choppin, G. Ranthanide Probes in
Life; Chemical, and Earth Sciences: the Theory and Prac-
tice; Elsevier: New York, 1989; p 23.




