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Mechanisms of Formation and Dissociation of a CesiumCalix[4]arene Acetamide Complex
in Solution: A Cs-133 Dynamic NMR Study

Urs C. Meier and Christian Detellier*
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The kinetics and mechanism of the cesium cation complexation by 5,11,17,28tetvatyl-25,26,27,28-
tetrakis(\,N-diaethylaminocarbonyl)methoxy calix[4]areri§ (vere studied in a binary mixture (1:1 by volume)
of deuterated acetonitrile and deuterated chloroform usthgnd'3*Cs NMR spectroscopy. The formation
of cone complexes with 1:1 and 2:1 % stoichiometries is reported. The complex formation of the 1:1
complex is quantitativeK; > 10* M~1), and the equilibrium constant for the 2:1 complex i=2 M1 at

238 K. The first complexed Csis embedded in the cavity made of the four phenolic and four carbonyl
oxygens, whereas it is suggested that the secofidsdsosely bound by the amido groups. The secont Cs
and the solvated Csare in fast exchange. The embedded @sin slow exchange with solvated CsThe
decomplexation process of the 1:1 complex follows a unimolecular dissociation mechanism. It is characterized
by AH* = 67 £+ 2 kd/mol andAS* = 40 + 3 J/(mol K). An intramolecular exchange between the two bound
cesium cations is not observed.

Introduction SCHEME 1

Calix[n]arenes are macrocyclic pherdbrmaldehyde con-
densation oligomers which have received widespread attention 4%
due to their versatile recognition properties toward neutral,
cationic, and anionic guests? The selectivity of the complex-
ation process can be controlled by substitutions, particularly at
the phenolic oxygens, constituting what is currently referred to
as the lower rin?~° Of the many calix[4]arenes which have
been chemically modified at the lower rim, ester, ketone, and
amide derivatives have received particular attention because they
display strong extracting and complexing properties toward
alkali metal cationd® Thermodynamic and kinetic studies of OR
the complex formation and dissociation processes are required R=CH,CON(CH,CHj)
to understand the factors and mechanisms responsible for the 2 S
observed selectivity of the hesguest complexation in solu-
tion.1! The kinetics and mechanisms of the alkali metal cation
complexation by calix[4]arenes and their conformational inter-
conversion in solution have been scarcely studfetf

In this paper, the complexation of the cesium cation by a
calix[4]arene acetamide, 5,11,17,23-teted-butyl-25,26,27,-
28-tetrakisiN,N-diaethylaminocarbonyl)methoxycalix[4]arerie,
(Scheme 1), is studied B and33Cs NMR spectroscopies in
a binary mixture of deuterated acetonitrile and chloroform. It
is shown that the decomplexation of the 1:1 cesigalix[4]-

All measurements were made in a binary mixture of deuter-
ated chloroform and deuterated acetonitrile. Deuterated chlo-
roform (99.8%) was purchased from Cambridge Isotope Labo-
ratories, and deuterated acetonitrile (99.8%) was purchased
either from Cambridge Isotope Laboratories or CDN Isotopes
Pointe-Claire, Quebec, Canada. The solvents were dried over 4
A molecular sieves before use.

NMR Measurements.TheH and33Cs NMR spectra were
recorded on a Bruker AMX-500 NMR spectrometer at 500.14

arene acetamide complex (Csl) follows an unimolecular anfd 65'53 tMHﬁi refpecti\;egl. Thed N(I;/I%&spectra twe:e
dissociation mechanism. The presence of small amounts of areterenced to chiorotorm (7.24 ppm) an S spectra o

. o o 0.01 M CsCl in 20% RO (0 ppm at 300 K).
2:1 Cs'/1 complex does not lead to a competitive associative ~3 .
exchange mechanism. %Cs NMR SpectraThe parameters were chosen to obtain

guantitative spectra. At relaxation delay of 846s (>5T;), a
90° pulse of 14us, an acquisition time of 0.612 s, and a sweep

Experimental Section width of 20 kHz were used and 320000 scans were

Chemicals and Solutions.The 5,11,17,23-tetreert-butyl- accumulated per spectrum.
25,26,27,28-tetrakidN-diaethylaminocarbonyl)methoxycalix- The longitudinal relaxation timed;, were measured by the
[4]arene was synthesized from thetert-butylcalix[4]arene inversion-recovery technique. A 90pulse of 14us and 10
derivative (Aldrich 99%) as described by Arduini ePalesium delay times (1 ms to 2.56 s) and relaxation delays of at least

triiodide (Johnson Matthey 99%) was used as the cesium cation0.75 s were used. The data were fitted to the equd{idn=
source. Cgl was dried under vacuum overnight prior to use. Mo(1 — ke”™1), andMy, k, andT; were determined by a nonlinear
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Figure 1. 13Cs NMR spectra of 30 mM Csin the absence (a) and ~ Figure 2. *H NMR spectra of various amounts &fin the presence
the presence (bf) of various amounts ol at 238 K: (a) 0; (b) 4.5; (a—e) and absence (f) of 30 mM Gsit 238 K: (a) 4.5; (b) 9.9; (c)
(c) 9.9; (d) 15.2; (e) 25.4; (f) 36.7 mM. 15.2; (d) 25.4; (e) 36.7; (f) 32.6 mM.
are better resolved, at 3.08 and 2.85 ppm. These shifts are in
agreement with the formation of a 1:1 complex in the cone
* conformation. Interestingly, in the cases of a large excess of
the Cg salt, additional peaks are observed at 4.19 ppm (singlet)
d 4.08 ppm (doublet). They can be attributed to another
mplex, also in the cone conformation, with a 2:1*Cs

;
b
N
—

regression analysis. THg values were determined at 255, 265,
274, 283, and 292 K. They were found to be respectively 120
132, 174, 202, and 220 ms for the complexed @ad 150,
173, 179, 201, and 245 ms for the solvated Cs n
The error on the temperature measurements was estimatecio

to be 0.5 K. calixarene stoichiometry. This assignment is further supported

Data TreatmentThe line widths, intensities, and chemical e fact that the intensities of this complex decrease compared
shifts were determined by fitting each peak with a Lorentzian ] i0se of the major complex upon addition bfThe same

line shape. The integrals were calculated analytically using thesepahavior is observed in the aromatic part of the spectrum, with

line widths and intensities. the integrals of the various peaks in excellent agreement with
the attribution done above. In thert-butyl part of the spectrum,
the shifts are too small to be observed. The chemical shifts of
Figure 1 shows thé&33Cs NMR spectra of variable amounts the two complexes and of frekeare given in Table 1. On the
of 1in the presence of 30 mM of cesium triiodide, &sh a basis of!H NMR integrals, the equilibrium constant for the
binary mixture of deuterated acetonitrile and deuterated chlo- complex formation of the 2:1 complex is calculated to b& 3
roform at 238 K. In the absence &f the 13%Cs" resonance is 2 M1 at 238 K.
observed at 52 ppm, which, in the conditions of this study, The temperature dependence of ##&s NMR spectra of
corresponds to the solvated cation, since, as it has been showt30 mM Csk and 15.2 mML1 are shown in Figure 3. For >
beforel? the contact ion pair eventually formed between"Cs 255 K, the line width of the two signals increases with increasing
and k- is dissociated, at least to a very large extent. Upon temperatures, indicating a chemical exchange between solvated
addition of1, a new signal appears at 68 ppm, whose chemical and complexed Cs Above 300 K the two signals coalesce.
shift does not depend on the concentratiod.ofhe resonance  For temperatures greater than 265 K, it was possible to
of the solvated Csis slightly shifted toward lower frequencies, determine the exchange rate between the two sites by a complete
indicating a fast exchange with at least one other species formedband shape analysis using the DNMR5 softwr€he fits at

Results and Discussion

upon addition ofl. 265, 283, and 300 K, using the DNMR5 software, are shown
Figure 2 shows théH NMR spectra, in the region 2-7%5.3 in Figure 4. At all temperatures, the agreement between the

ppm, of various amounts df in the presence (Figure 2&) experimental and calculated spectra is excellent.

and in the absence (Figure 2f) of 30 mM g3The spectrum of As mentioned above, the two signals coalesce above 300 K

the uncomplexed calixarene is characteristic of the cone (Figure 3i). Figure 5 gives th&**Cs NMR line widths (top)
conformation. No other conformations can be detected. In the and chemical shifts (bottom) of 30 mM Gsand variable
presence of Cs| one of the AB doublets of the methylenic amounts ofl at 328 K. The chemical shift and line widths
bridges is displaced to lower frequencies (5.05 to 4.52 ppm). variations are characteristic of a system under moderately fast
The singlet is attributed to the -@CH,—CO moiety (4.75 to exchange. The contributions of the exchange to the observed
4.55 ppm). The two amido methylene groups in slow exchange line width (Avey is related to the pseudo-first-order rate
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TABLE 1: 'H NMR Chemical Shifts of Free and Complexed 1 at 238 K

region 1:1 complex 2:1 complex free
aromatic 6.95 6.98 6.82
Ar—CH,—Ar 4.52 (d), 3.01 (d)J=12Hz 4.08 (d)J=11Hz 5.05(d), 2.99 (d) = 13 Hz
O—CH,—C=0 4.55 4.19 4.75
N—CH>—CHgz 3.08 (), 2.85(q)) = 7 Hz 3.05 (2q)
tert-butyl 0.9 0.87
N—CH,—CH3 0.88 (t), 0.82 (t)J=7 Hz 0.85(t), 0.78 (1) =7 Hz
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Figure 3. 13Cs NMR spectra of 30 mM Csand 15.2 mML at various
temperatures: (a) 238; (b) 246; (c) 255; (d) 265; (e) 274; (f) 283; (9)
292; (h) 300; (i) 328 K.

constantska and ks (Scheme 2a) through eqt#! and the 5000 4000 3000 2000 1000
observed chemical shifts are the weighted average of all Hz

ihuti 2,23
contributions Figure 4. 13%Cs NMR spectra of 30 mM Cgland 15.2 mM1 at (a)
300 K (k = 1708+ 6s°Y), (b) 283 K = 249+ 1 s°3), and (c) 265
Avg, = 4p, Pert(vy — VB)Z(kA + kB)_l D K(k=43+ 1s1): (® measured spectrum:—) fit with DNMR5;
(+++) difference.

This exchange regime permits an easy test of the exchange
mechanism since the rate constants are directly obtained fromgerative, the line width variations have to be symmetrical with
the measured line width. The plot of the line width as a function respect to J/[Cs*] = 0.52124 Obviously, this is not the case
of the [1]/[Cs™] ratio goes through a maximum fot]f{[Cs™] ~ (Figure 5, top).

0.4, and the curve is not symmetrical with respect to the |5 the hypothesis of a dissociative mechanism, shown in
maximum (Figure 5, top). The chemical shifts are directly gcpeme 2b, the relationship betwden+ ks andk 1 is given

proportional to LJ/[Cs*] for [1/[Cs] < 1 and constant for by eq 2212425This equation can be applied since the complex
[L/[Cs*] > 1, confirming that the complex formation iS  formation is quantitative, as shown by the chemical shift
quantitative, i.e.K > 10* M~* at 328 K (Figure 5, bottom).  yariations (see above). The relationship betwier- ks and

This is in good agreement with = 10>°M~*in acetonitrile at (1 — [1}/[Cs*],,t is shown in Figure 6. Indeed, the relationship
298 K, aresult published by Araud-Neu ef#lis reasonable s jinear and extrapolates to the origin within the error limit.
to assume a larger equilibrium constant for the complex The slope givesk 1, the rate constant characterizing the

formation in the binary mixture of chloroform and acetonitrile  ,nimolecular dissociation process shown in Scheme 2b. At 328
than in acetonitrile due to the lower donicity of chloroform. | . =184 02 x 10¢s.

These results allow discrimination between the two possible

mechanisms for the decomplexation of thetEsalixarene [ \+

complex. Under conditions of a quantitative complex formation, Ky + kg =k_; (1 - — ) 2
if the associative interchange mechanism (Scheme 2c) was [Cs']
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Figure 5. 133Cs NMR line width (top) and®*Cs NMR chemical shift 5
(bottom) of 30 mM Cs and various amounts df at 328 K: @) N
experimental line width or chemical shift. The solid line is the best fit
calculated on the basis of eqs 1 and 2. 4 - .
SCHEME 2 3 . | : :
3.0 3.2 34 3.6 3.8
ka
a) A B 1000/T [K}
kg Figure 7. Eyring plot for 30 MM Csjand 15.2 mML: (®) determined
by a complete band shape analysi) (letermined at 328 K using eq
k, 2. AH* = 67 + 2 kd/mol andAS* = 40 + 3 J/(mol K).
b) C+ (s =————— (C,CS*)
-1
Cs". This shift is comparable to the shifts observed in the case
« of the sandwich complexes between 18-crown-6 (18C6) and
. 2 . Cs', [Cs(18C6)] " as reported by Popov et #In both cases
C) (C,CS+ )+ CS+‘———= (C,CS+ ) + CS+ [ ( )] p y p

it is expected that all solvent molecules are expelled from the
Cs' cation coordination sphere. TR&Cs shift of the {,Cs")
complex is in the same order of magnitude as the one observed
Figure 7 shows the rate constants for the dissociation of the for the 2:1 Cg/calix[6]arenehexaamide complex (63 ppm). In
(1, Cs") complex as a function of the temperature. The data this case the Cscoordination sphere is made of four phenolic
points in the slow exchange regime from 265 to 300 K were and four carbonyl oxygens as shown by the X-ray structtre.
obtained by a full band shape analysis and in the regime of alt is reasonable to assume the same coordination sphere for the
moderate fast exchange at 328 K from the line width as a (1,Cs") complex of this study.
function of the [L]i/[Cs" it ratio using eq 2. The agreement This study shows the formation of a 2:1 % complex in
between the data obtained by the two methods in different detectable amounts with the calixarene in a cone conformation,
kinetic regimes is excellent. An Eyring plot of this exchange as it is the case for the 1:1 complex. One can propose the
process is characterized lyH*= 67 + 2 kJ/mol andAS = hypothesis that the second ‘Csation is linked through the
40 + 3 J/(mol K) (Figure 7). amido groups, while the first Cscation is embedded into the
The 13%Cs chemical shifts of thel( Cs") complex is on the cavity formed by the phenolic and carbonyl oxygens, with a
order of 50 ppm at 300 K. This is compatible with a capped structure similar to the K complex, as shown by an X-ray
structure of the calixarene lower rim substituents around the study?® The coordination of the Cscation by the amido groups
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SCHEME 3
Cs" “cst .
C =—————= (C,Cs)) =—= (C,Cs")'Cs" + (C,"Cs")Cs
slow fast

leaves access to solvent molecules and rapid dissociation of theReferences and Notes

complex. On the contrary, the Csation embedded in the inner (1) Gutsche, C. DAcc. Chem. Re€.983 16, 161-170.

oxygen cavity is not acceSS|t_)Ie to solvent molecules. It requires  (2) Gutsche, C. DCalixarenes Royal Society of Chemistry: Cam-

a much larger energy barrier to overcome to allow for the bridge, 1989.

dissociation of the complex. This model is compatible with the (2) _Er>o|r(1mt;r_i VQ”.ggﬁV' Ehegn;;"“méhEd' E§919?5r13§é 7%538_13233—

experimental observation that a complexed Gsesumably in 1099) akeshita, M.; Shinkai, Bull. Chem. Soc. JprL995 68,

the 2:1 complex is in fast exchange with solvated Gshile (5) Arduini, A.; Ghidini, E.; Pochini, A.; Ungaro, R.; Andreetti, G.

the solvated and the 1:1 complexedtGse in slow exchange.  D.; %e;lestanl,dG.; Ugozzoli, Rl. Iréclugon Phent():ml988 68, 119-134. o
; i i Arnaud-Neu, F.; Barrett, G.; Corry, D.; Cremin, S.; Ferguson, G.;

Interestingly, th.ls dqes. not aHO\{V for an Intema.ll exchgnge of Gallagher, J. F.; Harris, S. J.; McKervey, M. A.; Schwing-Weill, ¥.

the two C§ cations inside the.2.1 complex. This prohibits an  chem. Soc., Perkin Trans. 97 575-579.

associative exchange mechanism, where the 2:1 complex would  (7) Arnaud-Neu, F; Collins, E. M.; Deasy, M.; Ferguson, G.; Harris,

be an intermediate in the exchange of the solvated and the 1:1?-_ Jé? 'ﬁa!mer\}vB;l;l L;\)Augjhz g- 34 '\gcﬁermy,AM- AC.:hMarqgeZQ%: Filihl' B.

complexed cations, as it was shown to be the case for crownggg; ey o 1 = Seward, = W Am. &hem. 5o 9111

ethers in low donicity solvents.This discussion is depicted in (8) Arnaud-Neu, F.; Schwing-Weill, M. J.; Ziat, K.; Cremin, S.; Harris,

Schemes 2 and 3. S. J.; McKervey, M. ANew J. Chem1991, 15, 33—37.

. e ; . (9) Arnaud-Neu, F.; Barrett, G.; Cremin, S.; Deasy, M.; Ferguson, G.;
The12.1 comp_lex IS 1n S'°"Y exchange with the 1:1 complex Harris, S. J.; Lough, A. J.; Guerra, L.; McKervey, M. A.; Schwing-Weill,
on the*H NMR time scale (Figure 2). However, a complexed ;j-"schwinte, PJ. Chem. Soc., Perkin Trans.1892 1119-1125.
cation in the 2:1 complex is in fast exchange with solvatet Cs (10) McKervey, M. A.; Schwing-Weill, M.; Arnaud-Neu, F. Cation
on the!33Cs NMR time scale (Figure 1). Since the equilibrium Binding by Calixarenes. IrComprehensie Supramolecular Chemistry
constant for the formation of the 2:1 complex is known from Sg'g%'i%bgiﬁglfg‘égnig':?ﬁ;‘eg"ford' U.K., 1996; Vol. 1, Chapter 15,
the *H NMR spectra, the lower and upper limit for the Cs (11) Detellier, C. Complexation Mechanisms. Gomprehensie Su-
exchange between the solvated"Gsd the 2:1 complex can pramolecular Chemistry(okel, G., Ed.; Elsevier Science. Oxford, U.K.,
: ; . 1996; Vol. 1, Chapter 9, pp 357375.
_be estimated at 238 K. For the formation of the 2.1_ c_omplex, (12) Meier, U. C.. Detellier, CJ. Phys. Chem. A998 102, 1888
i.e., (Cs, 1) + Cs" — ((Cs")z 1), lower and upper limits of  1gg3
respectively 90 and 400-5 and 1000 and 100007% for the (13) Israeli, Y.; Detellier, CJ. Phys. Chem. B997, 101, 1897-1901.
2:1 complex formation and dissociation processes are estimated. (14) Blixt, 3 Detellier, CJ. Am. Chem. S0994 116, 11957-11960.
This corresponds to free activation energia&t) for the 2:1 (15) Blixt, J.; Detellier, CJ. Am. Chem. Sod995 117, 8536-8540.
. . .. N (16) Soi, A.; Bauer, W.; Mauser, H.; Moll, C.; Hampel, F.; Hirsch, A.
.co.mplex formation of 4#49 kJ/moI For the dlSSOCIatIOﬂ,G J. Chem. Soc., Perkin Trans.1®98 1471-1478.
is in the range of 4645 kJ/mol. This can be comparedA&* = (17) Groenen, L. C.; van Loon, J.-D.; Verboom, W.; Harkema, S.;

57kJ/mol for the dissociation of the 1:1 complex. These values €asnati, A;; Ungaro, R.; Pochini, A.; Ugozzoli, F.; Reinhoudt, D.JN.

are in good agreement with the proposed model for the structuresA”Z'lgheBrgl'(kSe?,d\% ll 1|13‘ ﬁiﬁizﬁfzkhoobeame, C.: Ostaszewski, R.
of the 2:1 complex and with Scheme 3. Franken, S. M.; Denhertog, H. J.; Verboom, W.; Dezeeuw, D.; Harkema,
In conclusion, we have shown that the decomplexation of S-;(lengoudt. D. IEIJ.CAméCf;erQ- aofll\ﬁ%cllﬁ 1_23;13_?_. o

. i i i roenen, L. i uel, B. . .; Casnati, A.; Timmerman, P.;
the 1:1 cesu_Jmcallx[4]ar_ene _ac_etamlde co_mplex (CS]') Verboom, W.; Harkema, S.; Pochini, A.; Ungaro, R.; Reinhoudt, D. N.
follows an unimolecular dissociation mechanism. The presencetegrahedron Lett1991, 32, 2675-2678.
of small amounts of a 2:1 C&l complex does not lead to a (20) Stephenson, D. S.; Binsh, GCPE 11, 3651978.
Competitive associative exchange mechanism. (21) Delville, A.; Stover, H. D. H.; Detellier, CJ. Am. Chem. So&987,

109, 7293-7301.

. . . 22) Woessner, D. El. Chem. Phys1961, 35, 41—-48.
Acknowledgment. The Natural Sciences and Engineering §23; Meiboom. S.- Gill. D. JJ. Ch‘ém. Plhys1957 27 1411-1412.

Research Council of Canada (NSERC) is gratefully acknowl-  (24) Brigre, K. M.; Detellier, C.J. Phys. Cheml987, 91, 6097-6099.
edged for a research grant. The Schweizerische Nationalfondslogi)ﬂnglxllllg,sA-; Staver, H. D. H.; Detellier, CJ. Am. Chem. So¢985
zur Faderung der Wlssenschaftllchen Forschung is acknowl- (26) Mei. E.. Popov, A. 1.: Dye, J. LJ. Phys. Chemi977 81, 1677
edged for a postdoctoral Fellowship to U.C.M. Dr. Glenn A. 1631,

Facey is thanked for his help in recording the NMR spectra.  (27) Meier, U. C.; Detellier, C. To be published.



