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Abstract: The interionic structure, kinetic stability, and degree of anion encapsulation of coordination cages
1 were studied by PGSE, NOE, and EXSY NMR techniques. The rate constants for the formation/dissociation
processes at 296 K were obtained independently via *H-NOESY and °F-NOESY experiments giving,
respectively, kops = 0.30 £ 0.04 s in CDCl; and kops = 5.2 & 0.8 s in CD3NO2/CDC;3 (7.1) mixture with
the proton probe, and kops = 0.33 + 0.06 s™* in CDCl; and kops = 5.0 = 0.8 s7% in CD3NO,/CDCy3 (7/1
mixture) with the 1°F probe. PGSE experiments showed that in CDCl; not only the encapsuled anion but
also the external anions translate with the same rate as the cage. °F,'H-HOESY experiments indicated
that an average of five external triflate anions are located in the equatorial sites close to the palladium
moieties, while two of them approach the polar pockets formed by the alkyl chains. In a CD3sNO,/CDCl;
(7/1) mixture only one or two anions are in close proximity with the cage, while the others are solvated. In
all the considered solvents (benzene, chloroform, methylene chloride, and nitromethane) the inclusion of
a single unsolvated triflate anion in the cage is quantitative. °F,"H-HOESY experiments indicated that the
charged guest head points toward one metal center. Therefore, while the ionic aggregation level and kinetic
stability of coordination cages 1 are solvent dependent, anion encapsulation is not.

Introduction tion kinetics of coordination cages is pivotal for exploiting their
inclusion properties in solution and for controlling their assembly
on surfaced. In this context, very few studies have been
conducted on the kinetic stability of H-bonded capsélasd
none on coordination cages, even if suitable spectroscopic

Self-assembly has proven to be an extremely effective
approach to the generation of molecular capsdwes coordina-
tion cageg. Compared to covalently linked carcerarfdspth
H-bonded capsules and coordination cages are not indeﬁnitelytechniques are available
stable? The kinetic lability of the noncovalent connections i - i )
among the constituent units of these supramolecular species is | WO Other pieces of information are crucial for the charac-
necessary for allowing the thermodynamic control of the self- terization of noncovalent supramolecular architectures in solu-

assembly processes, which brings in highly desired features suctfon: the relative positioning of the constituting units and the
as reversibility, selection, and self-repairing properidere- size of the adducts. This essential information can be obtained
fore, understanding the solution dynamics exhibited by these Py €xploiting NOE (nuclear OV(lerhauser efféétand PGSE
supramolecular assemblies is essential to control their formation(Pulsed field gradient spinecho}' NMR techniques, respec-

and propertie& For example, measuring the formation/dissocia- tVvely. Such techniques have been successfully used for the
determination of the interionic structure of intermolecular
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metallorganic adducts in solutitht3and labile supramolecular  the self-assembly of the coordination cadge(Scheme 1, dppp
assemblied?-16 = 1,2-bis(diphenylphosphino)propane) was investigated in

In this paper, we report the results of the application of PGSE benzeneds, chloroformd, methylene chloridek, and ni-
and NOE NMR methodologies to the investigation of cavitand- tromethaned; by means of quantitative integration 84, 31P,
based coordination cag€sAmong the different coordination  and!F NMR spectra.

cages available in our group, we chose nitrile-based cages of |t is known that compleain wet solvents reacts with water,

general structurel!® for this study, because of their anion forming a small amount of the bis-aquo complex [Pd(dppp)-

inclusion propertie$? Two major features of coordination cages (H20)5](CFsS0s)2 (4).21 The 3P NMR spectra clearly indicated

1 turned out to be appealing: (i) the included counterion can that, when solutions of cavitarthand complex3awere mixed

be easily distinguished from the external ones WaNMR;  together in a 2/4 stoichiometry, compleSa quantitatively

(ii) the anion exchange with the bulk requires the dissociation reacted, while a variable amount dfremained in solution,

of the cage, since the lateral portalslodre too small to allow  together with the corresponding uncomplexed cavitand. The

guest permeation. These features define the included anion agelative amounts of4 and of the formed cagda were

a unique probe to assess the kinetic stability of this class of determined by integrating their resonances in #e NMR

coordination cages. In detail, the interionic structure of the spectra. To determine the percentages of coordination cages

coordination cages in solution, i.e., their hydrodynamic radius, having an encapsulated counterion §8657,), its 1F NMR

their tendency to aggregate, the positioning of the external anionsresonance and that of the external {865 o) counterions were

with respect to the multicationic cage, and the orientation of integrated. It is important to stress that ##€ resonance relative

the encapsulated anion, has been studied through PGSE ang¢h CRSO; . is due not only to the cagea but also to the

19 'H-HOESY (heteronuclear Overhauser effect spectroscopy) water complex4. Once the contribution of comple# to

NMR techniques, while EXSY NMR (exchange spectroscopy) CR;SO; o, has been subtracted taking into accounftReNMR

experiment® have been used to investigate their kinetic spectra, the molar ratio GEO; o,/ CF:SOsin of cagelaand,

stability. consequently, the relative amount of cages bearing an encap-

7t sulated counterion and the empty ones were obtained. The results
are reported in Table 1.

The percentage of coordination catye bearing CESO; i
is higher than 95%, and, considering that such values derive
from a process of double integration, the a priori maximum error
7  CF3805 is comparable with the amount of empty cages5%).
Consequently, it is reasonable to regard the encapsulation
process as quantitative. This result is supported by the crystal
structure oflc, where every cage contains a single unsolvated
triflate anion?®

Interionic Structure. The tendency to form aggregates and
the relative anion-cage position were investigated in solution
by means of PGSE and NOE NMR experiments, respectively.
¢ and 'H PGSE NMR measurements help determine the
translational self-diffusion coefficienD{) of the anion and the
coordination cage, respectivell; is related to the hydrody-
namic radius 1y) of the diffusing particle according to a
modified Stokes Einstein equation:D; = kT/crnry (wherek
is the Boltzman constant, is the temperature; is a numerical
. . factor that can be expressed as a functionyaind the van der
Results and Discussion Waals radius of the solveRt,andy is the solution viscosity).

Empty versus Occupied CagesThe equilibrium reaction The diffusion coefficientD; can be estimated with different
between cavitan@a and palladium comple8a that leads to methodologies: (1) by measuring the proportionality constant

(12) (a) Macchioni, A.Eur. J. Inorg. Chem2003 195-205, and references using a sample of HDO (5%) in D in the same exact

therein. (b) Binotti, B.; Macchioni, A; Zuccaccia, C.; Zuccaccia, D.  conditions of the sample of interest; (2) by calibrating accurately
Comments Inorg. Chenm2002 23, 417-450. (c) Macchioni, A. In . .
Perspecties in Organometallic Chemistrerettas, C. G., Steele B. R.,  the gradient used in the sequence. In both cases the results can

Structure 1

Eds.; The Royal Society of Chemistry: Cambridge, 2003; pp—14K . i i
(13) Pregosin, P. S.; Martinez-Viviente, E.; Kumar, P. GDalton Trans.2003 be precise but n.Ot accurate, due tQ the prese_nce of different
4007-4014. ‘ sources of possible errors. In particular, the inaccuracy can
(14) Cohen, v.; Avram, L., Frish, LAngew. Chem., Int. E®O00S 44, 520~ derive from (i) convection currents (mass convection) when

554, and references therein. . . . . . .
(15) For PGSE studies on coordination cages and squares see: (a) Olenyuksolvents with low viscosity are used, (ii) changes in solution

B.; Levin, M. D.; Whiteford, J. A.; Shield, J. E.; Stang, PJJAm. Chem.

So0c.1999 121, 10434-10435. (b) Otto, W. H.; Keefe, M. H.; Slan, K. E.;

Hupp, J. T.; Larive, C. Klnorg. Chem.2002 41, 6172-6174. (19) Fochi, F.; Jacopozzi, P.; Wegelius, E.; Rissanen, K.; Cozzini, P.; Marastoni,
(16) For NOE studies on coordination cages see: (a) Bourgeois, J.-P.; Fujita, E.; Fisicaro, E.; Manini, P.; Fokkens, R.; DalcanaleJEAm. Chem. Soc.

M.; Kawano, M.; Sakamoto, S.; Yamaguchi, K.Am. Chem. So@003 2001, 123 7539-7552.

125 9260-9261. (b) Kumazawa, K.; Yamanoi, Y.; Yoshizawa, M.; (20) Perrin, C. L.; Dwyer, T. JChem. Re. 199Q 90, 935-967.

Kusukawa, T.; Fujita, MAngew. Chem., Int. E®2004 43, 5936-5940. (21) Gorla, F.; Venanzi, L. MHelv. Chim. Actal99Q 73, 690-697.
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Scheme 1. Self-Assembly of Coordination Cages la—c
0S0,CF.
5 Negls
M = =
0S0,CF;
2a-c Ja-c
la: R=C,;Hy3, M=Pd, Ly=dppp
1b: R=C6H|3, M=Pt, ]_Q:dppp
le: R=C,Hy3, M=Pt, Ly=dppp
Table 1. Experimental [CFsSO3™ ou]/[CF3SOs™in] Ratios for anions, it can be seen that the encapsulated anigSGFi,

Coordination Cage la and the Derived Molar Percentages of
Cages with Encapsulated Anion in Various Solvents at 298 K

[CF3S0;3™ oul/[CF3SO; i) cages la with

of la encaps. anion (%)
benzeneds 7.4 95
chloroformd 7.1 99
methylene chloridel, 7.3 96
nitromethaned; 7.4 95

viscosity when the dependence of the diffusion coefficients (and

so the aggregation size) on the concentration needs to be known

In addition, the absolute temperature and the viscosity of the
solution must be evaluated accurately to obtain a consistent valu
of hydrodynamic radiusrf;). A methodology that allows the
determination ofy in a simple and more accurate way consists
of the use of an internal standa®;12¢.23this approach cir-
cumvents the dependence of tBe values on temperature,
solution viscosity, and gradient calibration (for details see the
Experimental Section).

From the experimentally determindd values,ry (and c
factors) of the species present in solution were estimated.
Representativd’F and 'H PGSE NMR experiments are il-
lustrated in Figures 1 and 2, respectively, using tetrakis-
(trimethylsilyl)silane (TMSS) as internal standard in the case
of 'H PGSE. Data are reported in Table 2. The resonance
attributions of both cavitangda and cagelaare reported in the
Experimental Section.

As a general comment, the hydrodynamic radii obtained in
solution (12.9-13.7 A) cannot be directly compared with those
in the solid state because of the innumerable conformational
degrees of freedom of the long hydrocarbon chaingHé3).

The distances from the center of the cdgeand the external
phosphine protons and the chain protons, almost completely
elongated, are 12.7 A and ca. 16 A, respectively, in reasonably
good agreement with the values found in solution. By comparing
the diffusion coefficients of cagga with those of the triflate

(23) Babushkin, D. E.; Brintzinger, H. H. Am. Chem. So@002, 124 12869
12863.

e

translates exactly with the same velocity as the cage in all the
solutions (entries24 in Table 2), and consequently, its apparent
hydrodynamic radius is the same as those of the cage. As stated
in the previous section, all the coordination cadebear an
encapsulated anion. Interestingly, the external aniosBCE ot

in chloroform has self-diffusion coefficients much higher than
that expected based on its van der Waals radius (2.6 A) and, in
the case of the most concentrated solution (entry 3, 6 mM),
approaches that ofa In the 1°F NMR spectra we should
observe two resonances due t0;668; oyt and CESO; i, with

an intensity ratio 7/1, but in reality higher values were
obtained: 10/1 for entry 21@ 1.5 mM), 8/1 for entry 31a6.0
mM), and 25/1 for entry 41@a 0.4 mM). The higher intensity

of the resonance attributed to €305 o, is due to complex,

as discussed in the previous section. After having extracted from
the D values of CESO; oy the contribution of those anion that
belong to complex, whose radius was estimated to be ca. 5

CF3805
CF3S057,
A ] .
‘l 4%
T 12%
- 30%
4 = 40%
r T T T T T 1
-78 -79 -80 -81 82 ppm

Figure 1. 1F PGSE NMR spectra recorded in chlorofothshowing the
dependence of the resonance intensities on the intensity of the pulsed-field
gradient.
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Table 2. Diffusion Coefficients (102°D, m? s1) and Hydrodynamic Radii (4, A) for 1a, 2a, CF3SO3™j,, and CF3SO3 o in Chloroform-d
(entry 1: [2a] = 6 mM; entry 2: [la] = 1.5 mM and [2a] = 6 mM; entry 3: [1la] = 6 mM and [2a] = 24 mM) and in Nitromethane-ds/
Chloroform-d (7/1) (entry 4: [1a] = 0.4 mM and [2a] = 3 mM)

entry D(1a) D(2a) D(CF3S0571) D(CF3S03™ our) ry(1a) 14(2a) 14(CF3S037n) 14(CF3S03™ou)
1 5.3 8.0
2 31 5.0 3.1 4.0 12.9 8.1 12.9 10.1
3 2.7 4.2 2.7 2.9 13.7 9.0 135 13.0
4 25 3.9 25 8.7 13.0 8.5 13.0 4.3
™SS CFSSO3-out
(X 10)
OCH;,0(2a)
CH(2a)
CH(1a) CF3S8037,
OCH,,0(1a) | ppm
E H
CHCH,CH,(CH,)sCH, '
CHCH,CH,(CH,)sCH; '
F2
CHCH,CH,(CH,)eCH
PhZPéHzéHzc?-iZPpﬂz)"’ '
Ph,PCH,CH,CH,PPh, ¢ F3
OCH,0 — . v |4
CH — J
] L5
T T T T T 1 f T 1 OCH (0 — [} » ‘6
50 48 46 44 42 40 05 0.0 ppm ou
Figure 2. Two sections of the'H PGSE NMR spectra recorded in F7
chloroformd showing the dependence of the resonance intensities, resor- CeHs '
cinarene CH and inward hydrogen of the methylene bridges (@9Hon ArH . L g
the intensity of the pulsed-field gradient.

T T T
ppm -78 -79 -80 -81 19F

A, an apparenty very close to that of cagea is obtained for e 3. 19 1HHOESY NMR rum (376,65 MHz, 206 K, chiorof

. . . gure 3. ,H- spectrum . z, , chiorotorm-
entries 2 and'3. This means that .aII seven external anions areg) of coordination cagda. *Denotes resonances of cavitadd
aggregated with the cationic cage in chlorofodiBy applying
the same procedure to the mixture nitromethdgiehloroform Table 3. Relative NOE Intensities Determined for a Solution 6.0 x

_ . . - 1078 M in Chloroform-d of 1a by Arbitrary Fixing at 1 the Intensity

(7/1) (entry 4), where G50 out has a self-diffusion coefficient of the NOE(s) between the Anion Resonances and the Aryl
much larger than that ofa, it can be deduced that only ca.  Protons of dppp for CF3SOs o and the Anion Resonances and
15% of the anions translate with cafja This means that only ~ OCHi:O for CF3SO37in

an average of one or two anions of the sevegStk ot remain CF3S05 CF3S0s out
aggregated to the multicationic coordination cdgein this ArH 0.24
highly polar solvent mixture. 0-CeHs 0.94

19F IH-HOESY NMR experiments help determine the arion m,p-Cefs 1.00

. . " . OCHo,©O 0.57 0.60
cation relative position since the observed heteronuclear NOEs 0.11
have an intensity that is proportional to the inverse of the sixth OCH,0O 1.00 0.26
power of the internuclear distané&From a qualitative point PhPCH,CH,CH-PPh 0.20
of view, if an NOE is observed, then the two interacting nuclei g:g:ig!%ﬁg;gﬂipcwmzewpPh 8'32
are closer in space than 5 A. On the other hand, a quantitative CHCH,CHy(CH2)sCHs 0.14

comparison between two different NOEs requires that a mixing
time in the initial linear buildup of the NOE is used and that
the recycle delay is higher than 5 times the longitudinal intensity is higher with the proton that points inside the cage
relaxation time {y).10 After having evaluated; for both protons ~ (OCH®O) than with the one that points outside (O&#9). It
and fluorine atoms (data are reported in the Experimental appears that GSO;™i, orients its “negative head” toward the
Section), quantitativé% H-HOESY NMR spectra were re-  2-fold positively charged Pd atoms and the *&&il" toward
corded in chlorofornd (Figure 3), where PGSE results indicate  the OCHO moiety. The CESO; it anions weakly interact with
the presence of adducts in which all seven®B; o translate  protons belonging to the R groups of cavitatalat the lower
with the multicationic cage. The NOE volumes, scaled for the rim, in particular with the first two methylene and methyne

number of equivalent nuclei according to the Errlglacura groups. Further weak interactions are present with the aromatic
equatior?* are reported in Table 3. protons at the bottom of the resorcinarene skeleton. The
From both Figure 3 and Table 3 it can be seen thaSCE i preference of anions such as bromide and chloride for the pocket

selectively interacts with the OGB protons. The interaction ~ formed by the four pendant alkyl groups has been observed in
the solid state in the case of hydrogen-bonded resorcinarene

(24) Macura, S.; Ernst, R. RVol. Phys.198Q 41, 95-117. capsules, and it has been attributed to weak-© interac-
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OCH,,0(2a) CF3S037ut
CH(za) CH(1a)
OCH,,0(1a)
CF3S037,
ppm
. L ppm
OCH,,0(1a) ° @ °H 19F
F-82
CH(1a) ° , L45 CF38057, — ' .
OCH,,0(2a) o F-81
CH(2a) o
50 I-80
50 45 40 ppm --79
" CF3S0376ut
_ —_— | L-78
Figure 4. Section of the'H-NOESY NMR spectrum (400.13 MHz, 296
K, chloroform4d, 7, = 400 ms) pertinent to an equilibrium mixture between F .77
laand2a

T T T T T
77 -78 -79 -80 -81 -82 ppm
19, F

Figure 5. °F-NOESY NMR spectrum (376.65 MHz, 296 K, chloroform-
™m = 400 ms) pertinent to an equilibrium mixture b& and 2a.

n[(r+1)/(r-1)]

tions2® The fact that the same preference is retained in solution
CH:---X~ interactions successfully compete with anion solvation
in chloroform, with the help of some residual electrostatic
the aryl protons of dppp and (2) with the methylene protons : .
OCH,,0 and OCH,,O. These results suggest that thes8B6; 0.14
containing the four palladium(ll) atoms, and in particular 0.12-
external anions are close to the dppp ligand. A recent crystal — )
the space in the equatorial region is sufficient, all triflates are 1
positioned outside the cavity, near the four metal cerfferbis 0.08 -
maximize electrostatic interactions with the metal cations. The 0.06 4
inability to place all seven GISO; oy Close to the metal centers ] e
polar regions an alternative site for at least two triflates. E————S

Kinetic Stability of Coordination Cages. Exchange cross- 0.20 0.25 0.30 0.35 0.40 045 050
OL CaVIt?jn.(ljﬁ_? SnggerveglgFCdNS(%;nYaS |(\j/||:§ RSQs”ou were Figure 6. Plot of In[(r + 1)/(r — 1)] vs = for a solution ofla and 2a
observeda InmH- an b Spectra, respec-  gptained fromF-NOESY NMR spectra (376.65 MHz, 296 K, chloroform-
ments were carried out with a mixing time ranging from 0.1 to
1.2 s for cagela and cavitand2a in chloroformd and appreciably highefT; values (0.8 and 0.9 s fa2a and 1a,
values. In Figures 4 and 54-NOESY andlgF_-NOESY NMR (0.4 and 0.7 s), which allows measurements in the linear part
spectra forlaand2ain chloroformd, respectively, are shown. 5 pe carried out with longer mixing times and, consequently,
r depends on both the molar fraction of the species that undergogerived rate constants for the dissociatikgs) and associative
the dynamic process and the volume of diagonal and cross- (k.. processes are reported in Table 4.
mixing time 7, are reported in Figures 6 and 7. The slopes of and encapsulated anions is comparable to that between the free
the linear part of the plots at short mixing time values (from 0 gnq tetracoordinated cavitand ligands (entries 3/4 and 5/6).
'H-NOESY spectra, the exchange peaks of the CH resonancesyreviously reported for the reversible dimerization and encap-
(resorcinarene bridging methynes) were investigated due to theirg|ated-benzene exchange of tetra urea calix[4]arfér@sth

in the case of triflate is intriguing, suggesting that multiple

interaction. The strongest contacts forsSB; oy are (1) with 0.16 -

anions are prevalently positioned on the “equatorial” plane

structure of a nanoscale coordination cage revealed that, when  ¢.104 / -

should be the preferred location for the anions in order to

in 1 for steric reasons makes the hydrocarbon pockets in the 004 =

peaks betweetH resonances of coordination cabgand those T(8)

tively. Quantitative'H-NOESY and*F-NOESY NMR experi- d) recorded with different mixing times.

nitromethaneds/chloroformd (7/1) at different molar fraction  respectively) compared with those of the OB resonances

Plots of the experimental values of In[ 1)/(r + 1)] (where  he|ps detect exchange NOEs of higher intensitigs,and the

peaks, as described in the Experimental Section) versus the The rate constant of the exchange process between external

to 400 ms) afforded the observed rate constakgs)( In the Interestingly, the rate constant values are very close to those
exchange processes are more than 1 order of magnitude

(25) (a) Shivanyuk, A.; Rissanen, K.; Kolehmainen(em. Commur200Q

1107-1108. (b) Mansikkariid, H.; Nissinen, M.; Rissanen, KChem. accelerated passing from a relatively low polar solvent such as
Commun2002 1902-1903. ; v 203K —

(26) Pinalli, R Cristini, V/.: Sottii, V.: Geremia, S.: Campagnolo, M.: Caneschi, cnioroformd (relative permittivity, e 4.81) to a polar
A.; Dalcanale, EJ. Am. Chem. So@004 126, 6516-6517. one, namely, nitromethari-(¢2°8K = 35.94) (compare entries
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= 050 by CH---X~ interactions. The addition of a more polar solvent
:'., A m CH like nitromethane disrupts the ionic integrity of the cages,
? o] o OCH,0 leaving only the internal triflate and an average of one or two
£ 1 o anions connected to the cationic cage.
£ 0357 - Anion inclusion is quantitative in solution as in the solid state,
030 o . irrespective of the solvent. Since the encapsulation event is
025 il ] " coincident with the cage self-assembly, the preference of the
020.] EemEm T cavity for anion inclusion is complete, regardless of any
1 . o stabilization offered to the anion by solvation.
0157 . o ? N The kinetic stability of these cages can be tuned by changing
010 o the coordinating metal and the solvent. The coarse tuning was
0.05 a obtained by forming the kinetically more inert Pt square-planar
oo ° complexes instead of Pd ones. The corresponding tage
—— T kinetically stable both in CDGland in CQINO, for a few
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

seconds, the time frame limit of EXSY measurements. The fine-

_ _ tuning can be controlled by choosing the solvent or the solvent
gﬁ;ﬁeij frgrL?lL?rf\llonl[z(rs:(r ’\m(lr? gpéz:]tr\;s(flragélgal\/lsl?ilzlfuzogne(I)g}?h?cr)]gfzoa:m- mixture: reducing the solvent polarity led to a sizable increase
d) recorded with different mixing times. of thekyps In this way the uptake and release of potential guests

in solution can be precisely characterized.
3—5 and 4-6). The free/coordinated exchange of tetracoordi- A unique feature of this study has been the possibility to
nated cavitand ligand probably occurs through a dissociative record independent sets of measurements by performing the
polar transition state, stabilized by a polar solvent. Once the experiments with two different nuclei, namely and%. The
cagelais dissociated, CfSO;in is no longer distinguishable  resulting cross validation of the data has given a highly reliable,
from CRSG;~out because they undergo a very fast exchange. comprehensive picture of the dynamic behavior of this class of
Only the closure of the cage causes the differentiation betweencoordination cages in solution. Since several other supramo-
CRsSGs7in and CRSO; out This explains why the two processes  lecular assemblies present the ability to encapsulate anions or
have the same rate constants. In agreement with such acations bearing heteroatorffsthis methodology can be of
consideration, the opening and closure processes of the coorgeneral use to assess the dynamic behavior of large aggregates
dinative cage studied in the absence of free cavitand affordedin solution.
the same rate constant values (entry 2). The exchange process
is remarkably slowed when coordination cddeis considered, ~ Experimental Section

in which palladium is replaced by platinum. No exchange cross-  General Procedures All NMR measurements were performed on
peaks were observed in bdth- and'*F-NOESY NMR spectra, a Bruker Avance DRX 400 spectrometer operating at 400.13 MHi (
even in nitromethands. This is in agreement with the strength  376.65 MHz {°F), and 161.98 MHz3P), equipped with a GREAT
of the M—N bond, which is known to be much higher for Pt  1/10 gradient unit and a QNP probe with a Z-gradient coil. Cavitands
than for Pd. 2ab and metal complexe3ab were prepared according to published
procedured?

Preparation of the Coordination Cages.To a solution of cavitand

The combined use of PGSE, NOE, and EXSY NMR 2a(0.003 mmol, in 0.5 mL of chlorofornd) was added comple8a
techniques has helped determine interionic structure, kinetic (0-006 mmol). Cagela immediately formed. The solvent was then
stability, and degree of anion encapsulation of coordination rémoved under vacuum, and the solid cagewas dissolved respec-

. . . o S - tively in 0.5 mL of CDCl, benzeneds, and nitromethanes/
cagedl in solution. Both interionic structure and kinetic stability . )
. . L chloroformd (7/1). Cagelb was prepared in the same way starting

are solvent dependent, Wh”e, anion encap.s.ulatlon IS not. from cavitand2b and metal precurs@b and then dissolved in CD¢EI

In chloroform all counterions are positioned around the ;n4 coNO,. For the PGSE experiments concentrations see the caption
cationic cage and translate with it in solution. Interestingly, the o Table 2.
an|0ns are |Ocated not Only |n the f0ur equatorlal SlteS Close to Spectroscopic Resonances Attribution of Cavitand 2a and Cage
the metal centers, as expected, but also in the two polar pocketsla. 2a:'H NMR (300 MHz, CDC4) 6 0.88 (t, 12H, Gis), 1.26-1.40
formed by the alkyl chains, suggesting a stabilizing role exerted [m, 72H, CH(CH)sCHz], 2.19 [m, 8H, CHGH,(CH,)sCHa], 4.59 (d,

Tm(S)

Conclusions

Table 4. Rate Constants Kops, Kdiss, and kass Determined at 296 K for Cage 1a and Cavitand 2a in Chloroform-d and Nitromethane-d; at
Different Molar Fractions (X)

observed
entry cage/cavitand nucleus solvent Xorss05n Xers505ou Xoa Xia Kobs(S™Y) Kiss(S7Y) Kass(S7Y)
1 la H CDCl; 1.00 0.00
2 la 19F CDChk 0.90 0.10 0.32t 0.08 0.29+ 0.08 0.03+ 0.08
3 la/?a H CDCl; 0.33 0.67 0.3Gt 0.04 0.20+ 0.04 0.10+ 0.04
4 la/2a 19F CDCk 0.10 0.90 0.33: 0.06 0.30+ 0.06 0.03+ 0.06
5 la/?a H CD3NO, 0.12 0.88 5.2£0.8 4.6+ 0.8 0.6+ 0.8
6 la/2a 19F CDsNO, 0.03 0.97 5.6 0.8 4.8+ 0.8 0.2+ 0.8
7 1b 19F CDCk 0.90 0.10 a a a
8 1b 19F CD:NO, 0.90 0.10 a a a

aNo exchange cross-peaks were observed.
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4H, OCH;,O, J = 6.7 Hz), 4.79 [t, 4H,CHCH,(CH2)sCHjs], 6.08 (d, standard, the average hydrodynamic radii for the anionic and cationic
4H, OCH©O, J = 6.7 Hz), 7.25 (s, 4H, Ad). moieties were estimated.
1la: 'H NMR (CDCl;, 300 MHz)d 0.81 (t, 24H, G3, J = 6.8 Hz), The measurement uncertainty was estimated by determining the
1.20-1.34 [m, 128H, CH(CH,)g], 1.48 [bs, 16H, CHChICH,(CH,)s- standard deviation ofn by performing experiments with differert
CHg], 2.43 [m, 16H, CHCE1x(CH,)oCHjs] partially superimposed to 2.55  values. Standard propagation of errors analysis yielded a standard
(bs, 8H, PBPCH.CH,CH,PPh), 2.95 (bs, 16H, P CH,CH,CH.PPh), deviation of approximately 3% in the hydrodynamic radius
4.03 (d, 8H, OC®1,O,J = 7.3 Hz), 4.38 (t, 8H, €, J= 8.2 Hz), 6.07 HOESY Measurements. Two-dimensional®F H-HOESY NMR
(d, 8H, OHw©O, J = 7.3 Hz), 7.2%7.60 (m, 80H, GHs), 7.94 (s, experiments were acquired using the standard four-pulse sequence or
8H, ArH); 3P NMR (CDCk, 81 MHz) 6 10.1 (s);**F NMR (CDCl, the modified versiod! The number of transients was 64K and the
188.3 MHz)6 —78.2 (CESO; ou), —81.5 (CRSOs in). number of data points was 512. Quantitative spectra were acquired using
T1 Measurements.A solution of cavitand2a and the cagéla in a 7 s relaxation delay and 300 ms mixing times. The evaluation of the

chloroformd was degassed by three freegrimp—thaw cycles on a NOE intensities was carried out taking into account that their volumes
vacuum line. Measurements were performed at 298 K using the standardare proportional to
inversion recovery pulse sequence witldadelay time of 10 s. The

semilogarithmic trend of théH and*°F peak intensities as a function nns

of the evolution time was fitted using the XWinNMR Bruker software. n + ng

ImportantT; values are 0.8 and 0.9 s for CH resonance®axdind 1a,

respectively; 0.4 and 0.7 s for OGB resonance ofa and 1a, where n and ns are the number of equivalent | and S nuclei,
respectively; and 0.7 s for both €%0; i, and CESOs out respectively??

PGSE MeasurementsAll the PGSE NMR measurements were EXSY Measurements!H-NOESY and'°F-NOESY2 NMR experi-
performed by using the standard stimulated echo pulse seqéi@tce  ments were acquired at 296 K by the standard three-pulse sequence or
296 K without spinning. The shape of the gradients was rectangular, py the PFG versiof® The number of transients and the number of
their duration ¢) was 4-5 ms, and their strengti®] was varied during data points were chosen according to the sample concentration and the
the experiments. All the spectra were acquired using 32K points and a desired final digital resolution. For example, for th&NOESY NMR
spectral width of 5000'{H) and 18 000¢F) Hz and processed witha  measurements of a solution b4 and2ain chloroformd, the number
line broadening of 1.0') and 1.5 {°F) Hz. The experiments were  of transients was 64K and the number of data points was 256, and the
carried out with a total recycle time of 5 s. The semilogarithmic plots “nt” values were 48. QuantitativtH-NOESY and'F-NOESY NMR
of In(l/lo) versusG* were fitted using a standard linear regression experiments were carried out with a relaxation def§ s and a mixing
algorithm obtaining am factor always better than 0.99. Different values time ranging from 0.1to 1.2 s. The auto- and Cross_peak volumes were
of A, *nt” (number of transients), and number of different gradient determined using XWinNMR Bruker software after phase and baseline
strengths G) were used for different samples. For example, for the corrections in both dimensions. The volume uncertainty was estimated
measurements of coordination cages and cavitands in chloraform- by determining the volume of noise signal in a “blank space” of the

the “nt” values were 48'H) and 96 {°F). OCH,O, OCH,,O, CH, spectrum.

CRSO;™in, and CESO; ou resonances were usually investigated. The use of 2D-NOESY for chemical kinetics was first proposed by
The dependence of the resonance intengjtgif a constant waiting  Jeneer and Errétand was called 2D-EXSY (exchange spectroscépy).
time and on a varied gradient strengt) (is described by eq 1: 2D-EXSY spectra arise from noncoherent magnetization transfer that

can take place by exchange of nuclei between nonequivalent sites and
Inlz _ (yé)zD (A _Q)Gz 1) avoids the cross-relaxation between sites with different resonance
ly ! 3 frequency. 2D-EXSY° can measure a rate const&nin the order of

101-1s™*. The upper limit is governed by the difference in chemical
wherel = intensity of the observed spirecho,lo = intensity of the ~ Shift (k << wa = wy), and the lower limit is dictated by the relaxation
spin—echo without gradients) = diffusion coefficient,A = delay time T, (k ~ 1/T;). For an uncoupled system of spins A and B, with
between the midpoints of the gradiends= length of the gradient the simplification of equal spinlattice relaxation time, the rate constant

pulse, andy = magnetogyric ratio. The diffusion coefficiei; is kobs is related to the mixing time, by eq 3:
directly proportional to the slope of the regression lirer) divided
by A — 6/3, and its value was estimated by measuring-tmg/(A — |n(%) = Kopdm 3)

0/3) parameter for a sample of HDO (5%) in® (known diffusion
coefficient: 1.902x 107° m%sy° under the same conditions as those
for compounds.

According to the StokesEinstein eq 2D is proportional to I
(wherery represents the hydrodynamic radius of the diffusing particle).

In eq 3 the ternt is related to the volumes of the cross and diagonal
signal () and to the molar fraction of the species A and>® by eq

_ 4Xaxb(|aa+ Ibh)

kT @) Tt 1

= (X=X 4
v canry,

Since the system is in equilibrium (& B), it is possible to determinate

wherek is the Boltzmann constant, is the absolute temperatureis éhe directie_ and the reversk, . rate constant by eqs 5 and 6:

a numerical factor that depends on the size and shape of the solute an
the hydrodynamic behavior of the solutgolvent system® andy is (28) Valentini, M.; Riegger, H.: Pregosin, P. $lelv. Chim. Acta2001, 84,
the viscosity of the pure solvent. By applying eq 2 to samplegeof 2833-2853, and references therein.

and 2a containing tetrakis(trimethylsilyl)silane (TMSS) as internal (29 I%’gf”' H. J. W.; Harris, K. RDiffusion in Liquics; Butter-Worth: London,

(30) Zuccéccia, D.; Sabatini, S.; Bellachioma, G.; Cardaci, G.; Clot, E.;
(27) (a) Johnson, D. W.; Raymond, K. [Supramol. Chem2001, 13, 639~ Macchioni, A.Inorg. Chem.2003 42, 5465-5467.

659. (b) Mann, S.; Huttner, G.; Zsolnai, L.; Heinze,Aagew. Chem., Int. (31) Lix, B.; Stnichsen, F. D.; Sykes, B. DJ. Magn. Reson. A996 121,
Ed. Engl.1996 35, 2808-2809. (c) McMorran, D. A.; Steel, P. Angew. 83—-87.

Chem., Int. Ed.1998 37, 3295-3297. (d) Fiedler, D.; Pagliero, D (32) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RChem. Physl1979
Brumaghim, J. L.; Bergam, R. G.; Raymond, K. Morg. Chem.2004 71, 4546-4553.

43, 846-848. (33) Wagner, R.; Berger, §. Magn. Reson. A996 123 119-121.
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Koy = XpKops (5) The linear regression of experimental values within their errors
—x 6 (estimated by standard propagation of errors analysis from the errors
Ko-a = XaKobs ©) of the peak volume) was performed by using the software package

Microcal Origin 7.0, which obtains the slope of regression and its
In our case in théH-NOESY experiment A and B represent cage  siandard deviation.

la and cavitand2a, while in the®F-NOESY A and B represent the

CFSGsin and CRSO; oy anion, so the direck, p rate constant Acknowledgment. This work was supported by MURST

describes the dissociation of cage and the consequent exit of the  through FIRB-Nanoorganization of Materials with Magnetic and

internal anion Kais9. On the other hand, the reverkge. rate constant  Qptical Properties, COFIN 2003-Proprigtasingole molecole

describes the cage self-assembly and the inclusion of one external anioneg grchitetture molecolari funzionali supportate, and COFIN

in the cage Kas. 2004-Nuove strategie per il controllo delle reazioni: interazione
The rate constarips could be obtained (1) as the slope of alinear  gj frammenti molecolari con siti metallici in specie non

plot of an appropriate experimental quantity verspsf the mixing convenzionali.

time were variable (see eq 3) or (2) if only one mixing time is available

by applying directly eq 3. JA042265+
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