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The dissociation rates of the sodium(I) cryptates of 4,7,13,16,21-pentaoxa-1,10-diazabicyclo[8.8.5]tricosane
(C221) and 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (C222) in ethylenediamine have been
measured at various temperatures and pressures by the 2Na NMR line-broadening method. The dissociation
rate constant at 298 K (k2%), activation enthalpy (AH*), activation entropy (AS*), and activation volume
(AV*) are as follows: k3%=7.2s7' AH*=45.941.8 kJmol™!, and AS*=-74.5+5.4 Jmol~' K~! for Na*C221,
and k3%8=272s7!, AH*=43.2+1.1 kJmol™!, AS*=-53.6+3.7 Jmol "' K™, and A V#=8.940.4 cm® mol~! for
Nat(C222. The large positive value of A V# for Na+ (222 indicates the dissociative transition state accompanied
by the expansion of the cavity of C222. The electrostatic interaction of the sodium cation with ethylenediamine
in the transition state has been discussed in connection with the other solvents by comparison of the values of

AH:.

It is important to clarify the behavior of alkali metal
cations in various solvents in order to understand the
properties of the solvents and the reactivities of the al-
kali metal ions. However, it is difficult to directly ob-
serve the interaction between the alkali metal cation and
the solvent molecule. In contrast, the structural and ki-
netic properties of the alkali metal cryptates in a vari-
ety of solvents have been extensively investigated.'—3")
Some of these studies have revealed that the dissocia-
tion rates of alkali metal cryptates are quite sensitive
to the properties of the solvents.?1418:2426:28.30) Gych
an effect of solvents can be attributed to the interac-
tion of the solvents with the alkali metal cations of the
cryptates in the transition state. Accordingly, the in-
teraction will be elucidated by observing the dissocia-
tion reaction of the alkali metal cryptates as a probe.
From this point of view, the comparison of the activa-
tion parameters for the dissociation reactions in various
solvents is required.

While the dissociation reactions of various kinds of
alkali metal cryptates have so far been studied by the
NMR line-broadening method,!:?:5:8:18:24:26,28,30) there
have only been a few reports of activation parameters
for sodium(I) cryptate of 4,7,13,16,21-pentaoxa-1,10-
diazabicyclo[8.8.5]tricosane (NatC221) which were ob-
tained by using a stopped-flow apparatus.?” This is be-
cause the dissociation rates are too slow for measure-
ment by the NMR method due to the high stability of
Nat(C221. On the other hand, it has been claimed that
the dissociation rates of alkali metal cryptates increase
in the stronger donating solvents.?14:18:24:26,28,30) There-
fore, it may be possible to measure the dissociation rate
for NatC221 by the NMR method using ethylenedi-
amine (EN) as a solvent which has a strong donicity
with an anomalously large donor number (DN=55).3?
Furthermore, it is of great interest to see to what extent
the interaction between the sodium(I) ion and EN as a
solvent is actually operating, as this is scarcely known,
although EN is common as a ligand for the transition

metal ions.

In the present work, we have measured the dissocia-
tion rates for NatC221 and sodium(I) cryptate of 4,7,
13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8] hexacosane
(Na*tC222) in EN by the NMR method and have com-
pared the activation parameters. Furthermore, A V*
for the dissociation reaction of NatC222 has been de-
termined by using a high-pressure NMR apparatus.®
This appears to be the first instance of the determi-
nation of A V* for dissociation of cryptate by the vari-
able-pressure NMR method, and not by a stopped-flow
technique.?”:3®) The kinetic parameters in EN have been
compared with those for NatC221 in N, N-dimethyl-
formamide (DMF') and dimethyl sulfoxide (DMSO) pre-
viously obtained®” in order to reveal the difference in
interaction between the sodium(I) ion and the solvent
molecules. We will also discuss the application of AH*
to characterization of the solvents.

Experimental

Ethylenediamine (EN) was purified by the same proce-
dure as previously described.?® Sodium nitrate was recrys-
tallized from distilled water twice and dried at ca. 330 K.
Cryptand ligands, C211 (4,7,13,18-tetraoxa-1,10-diazabi-
cyclo[8.5.5]eicosane), C221, and C222 were purchased from
Merck Co. and used without further purification. The sam-
ple preparations for NMR measurements were carried out in
a glove box by using freshly distilled EN. The sample so-
lutions for variable-temperature NMR measurements were
sealed under vacuum in 5-mm o.d. NMR tubes that were
coaxially mounted in 10-mm o.d. NMR tubes containing
D20 as a lock solvent. For variable-pressure NMR mea-
surements, a 7-mm o.d. NMR tube capped with a flexible
teflon tube was used.®®

13C and ?NaNMR measurements were performed on a
JEOL JNM-GX 270 FT-NMR spectrometer operating at
67.89 and 71.32 MHz, respectively. In variable-tempera-
ture NMR measurements, the temperature of the sample
solutions was measured by a substitution technique using
a thermistor (D641, Takara Thermistor Co.). About 15
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min were required for the temperature equilibration and the
temperature stability was £ 0.1 K. The variable-pressure
NMR measurements were carried out by using a high-pres-
sure NMR probe constructed for the wide-bore supercon-
ducting magnet (6.34 T) of a JEOL JNM-GX 270 FT-NMR
spectrometer.>® The pressure generated by a pressure-gen-
erating pump (KBP56, Hikarikouatu Co., Hiroshima) was
measured with a Heise Bourdon gauge. Daifloil (No. 1, poly-
(chlorotrifluoroethylene), Daikin-kogyo Co.) was used as a
pressure-transmitting liquid. The temperature of the sam-
ple solution was measured by a substitution technique with
a thermistor and monitored with a thermocouple introduced
into a pressure vessel during the high pressure experiments.
About 5—8 h were required for the complete temperature
equilibration and the temperature stability was + 0.2 K.

Results and Discussion

Cryptate complexes of the alkali metal ions ex-
ist either in the ‘inclusive’ form, in which the metal
ion resides in the center of the approximately spher-
ical cavity of cryptand, or in the ‘exclusive’ form,
in which the metal ion resides outside the cryptand
cavity.>17:18:25,36—38) X_Ray structural studies indi-
cate that NatC211 exists in the exclusive form and
NatC221 and Na*tC222 in the inclusive form.25:36—38)
The NC-CO torsion angles in the inclusive form of
the sodium(I) cryptate decrease from those in the free
cryptand due to the electrostatic interaction between
the sodium(I) ion and the donor atoms of cryptand, al-
though such a distinctly conformational change is not
observed in the exclusive form.!"'® Steric crowding of
proton-bearing carbon atoms due to the decrease in the
torsion angles results in their being shielded and the up-
field shift of 3C NMR signals. Therefore, the structure
in solution can be confirmed by the }*C NMR chemical
shift, 1739

Figure 1 shows the 13C NMR spectra of the cryptands
and sodium(I) cryptates in EN solution for the three
cryptands. The assignment of each carbon atom is
made by comparison with that in deuterated chloro-
form solution in the literature'”'®) and by consideration
of the relative peak intensity. The shifts of all the reso-
nance lines for Na*tC221 and NatC222 are upfield from
the corresponding resonance lines of the free cryptands,
whereas NatC211 exhibits no substantial upfield shift.
These facts indicate that NatC221 and Nat(C222 ex-
ist in the inclusive form and NatC211 in the exclusive
form in EN solution. As apparent from Fig. 1, the res-
onance lines corresponding to the free cryptand are not
observed in the 3CNMR spectrum for each solution
of the sodium(I) cryptates under the present conditions
where the total concentration of the sodium(I) ion is
about twice as much as that of the cryptand. Further-
more, the observed resonance lines are not coalesced
because these resonances did not shift even by change
in the mole ratio of the cryptand to the sodium(I) ion.
These findings indicate that the sodium(I) cryptates are
formed quantitatively in EN under these conditions.
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Fig. 1. '3CNMR spectra of the free cryptands

and sodium(I) cryptates in EN solution. (a)
C211 (8.88x107% molkg™!); (b) the mixture of
C211 (4.60x1072 molkg™!) and NaNO3 (9.30x10~2
molkg™); (c) C221 (1.69x107! molkg™!); (d)
the mixture of C221 (1.35x10™! molkg™') and
NaNOj3 (2.76x107! molkg™1); (e) C222 (1.80x107*
molkg™!); (d) the mixture of C222 (1.50x107}
mol kg™') and NaNOj3 (3.34x107 ! molkg~!). Chem-
ical shifts are given versus methylene carbon of EN.

As shown in Fig. 2, the 23NaNMR spectra for
Na*tC221 and NatC222 in EN solution containing a
comparable amount of free sodium(I) ion showed the
two-site exchange of the sodium(I) ion between the
cryptate and solvated state (Fig. 2(b) and (c)). On the
other hand, only one 2Na NMR signal was observed for
the solution of NatC211 with a similar chemical shift
to that of the solvated sodium(I) ion (Fig. 2(a)). This
suggests a similar magnetic environment of the sodium-
(I) ion in Na*tC211 with the exclusive form and in the
solvated state, resulting in the close chemical shifts to
each other and, consequently, the coalesced signal.

The rate constant (kex) for the sodium ion exchange
between the cryptate and solvated state in the case of
NatC221 and Nat(C222 are given by Eq. 1:

kex =7~ = 77" [S]/[C] = m(Aiobsa — Avsary)(S]/[C], (1)

where 7. and 75 are the mean life times of sodium(I)
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Fig. 2. 23NaNMR. spectra of EN solutions of the

sodium(I) cryptate and free sodium(I) ion at 303
K. (a) Na*tC211 (4.85x10™' molkg™?), Na®t
(4.99x1072 molkg™!); (b) NatC221 (2.18x107!
molkg™?), Nat (2.27x107! molkg™!); (c) NatC222
(2.18x107! molkg™?), Na*t (2.27x107! molkg™!).
The resonances of NatC221 and Nat(C222 appear
upfield from that of the solvated Na*. Chemical
shifts are given versus Na¥ in a lock solvent (D20).

cryptate and the solvated sodium(I) ion, respectively,
[C] and [S] are the concentrations of the correspond-
ing species, and Avypsg and Avgely are the half-height
widths of the NMR signals of the solvated sodium(I)
ion, respectively, in the presence and absence of the
cryptand ligands. The rate constants were calculated by
using observed half-height widths. It is seen from Fig. 3
that kex for each cryptate is independent of the concen-
tration of the solvated sodium(I) ion within experimen-
tal errors. This finding indicates that the monomolecu-
lar mechanism for the dissociation of the sodium(I) ion
from the cryptate followed by a quite rapid formation
of the cryptate is operative in the sodium ion exchange
process. This is consistent with no observation of the
free cryptands from the }*C NMR spectra as described
above. Consequently, kox corresponds to the dissocia-
tion rate constant, kq.

The variable-temperature results of kg for Na*C221
and NatC222 were fitted to the Eyring equation
In (hk/kg T)=—AH?*/RT+AS*/R as shown in Fig. 4.
The pressure dependence of kg for Nat(C222 shows the
linear plot of log k4 versus pressure, P (Fig. 5). The vol-
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Fig. 3.  Dependence of exchange rate constants

on the concentration of the free sodium(I) ion.
®: NatC221 at 340.6 K ([Na*tC221]=5.8x10"2
molkg™1); O: NatC222 at 302.6 K ([NatC222]=
4.8x107? molkg™!). Sodium nitrate was used to
vary [Nat].
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Fig. 4. Temperature dependence of dissociation rate
constants for Na*C221 (@) and NatC222 (O) at at-
mospheric pressure. kg is the Boltzmann constant
and A is the Plank constant.

ume of activation is given by A Vi=—RT(8ln kq/0P)T.
In the case of Nat(C221, not enough broadening of the
23Na NMR resonance line of the solvated sodium(I) ion
compared to the reference line width was observed be-
cause the half-height width of the reference line by us-
ing the high-pressure NMR probe is too wide (ca. 0.8
ppm) mainly due to nonspinning and inhomogeneous
environment.?® The rate constants and activation pa-
rameters for the dissociation reactions of the sodium(I)
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Table 1. Rate Constants and Activation Parameters for Dissociation Reactions for
Sodium(I) Cryptates
Cryptand  Solvent kq298 AH?} ASH AV? Ref.
s7! kJmol™' Jmol 'K ! cm®mol™?!

C221 EN 7.2 45.94+1.8 —74.5+5.4 This work

C222 EN 272 43.2+1.1 —53.6+3.7 8.91+0.4 This work
3x10? a)

C221 DMF 0.337 73.0£0.9 -9 +£3 2.040.2 b)

C221 DMSO 0.765 70.4%+0.8 —-11 #£3 2.1+0.7 b)

a) Ref 8 (at 303 K). b) Ref. 27.

6.0 | _

K
S 550 S .
£
© o
S0l :
4.501 1 1 1 1
0 50 100 150 200
P/MPa
Fig. 5. Pressure dependence of dissociation rate con-

stants for NatC222 at 303.7 K.

ion in EN are summarized in Table 1 together with those
in DMF and DMSO previously obtained.?”

It has been proposed that the transition state of
the dissociation reactions for Nat(C221 and Nat(C222
takes a structure analogous to the exclusive form.'® If
the electrostriction due to the partial exposure of the
sodium(I) ion to the solvent in the transition state is the
major factor for the volume change, a negative value of
A V* should be observed. In fact, however, the values of
A V% in Table 1 are positive. Therefore, the increase in
volume due to projection of the sodium(I) ion into the
solvent mainly contributes to the volume change, and
the charge localization in the transition state is a minor
factor and/or the electrostriction of the partially sol-
vated sodium(I) ion in the transition state is cancelled
out by the desolvation of the neutral cryptand ligand.

Interestingly, the dissociation reaction for Nat(C222
in EN shows a considerably large value of AV* com-
pared to those for Nat (221 in DMF and DMSO. The
difference in A V* may come from the difference in de-
gree of dissociation of the sodium ion in the transition
state between NatC222 and Nat(C221, that is, the dis-
sociation for NatC222 is much more promoted than

that for NatC221. Taking into account the fact that
the cavity size of Nat(C221 is similar to that of free
C221,%64Y we can assume that the cavity size does not
change in the transition state. Consequently, the ac-
tivation volume simply corresponds to the volume of
the sodium(I) ion which partially emerges out of the
cryptand cavity. By calculating from the ion radius of
the sodium(I) ion, 1.16 A,*® which gives 3.9 cm3 mol !
to the volume of the sodium(I) ion, it is expected from
the A V* values for NatC221 in DMF and DMSO that
about half the sodium(I) ion is out of the cryptand
cavity in the transition state. In contrast, the much
larger A V* value of 8.9 cm® mol~! for Nat(C222 is not
attributable only to the volume of the sodium(I) ion
emerging out of C222. In the solid state, the cavity size
for NatC222 is compressed in comparison with that for
the free C222 ligand.?"414? The internal radius of the
cavity of Nat(C222 has been estimated to be by ca. 0.2
A shorter than that for free C222 (ca. 1.4 A) which is
close to that of K¥(222.4") This implies that the differ-
ence in the volume of the cavity between free C222 and
Nat(222 is ca. 2.6 cm® mol™!, and accordingly the dif-
ference in the external volumes is much larger. By con-
sidering such an electrostatic interaction between the
donor atoms of C222 and the central cation, the ex-
pansion of the cavity should be observed in the tran-
sition state for the dissociation reaction of Nat(222
and results in the much larger AV* value than that
of NatC221. The difference in structure of the tran-
sition state between NatC221 and Na*C222 is consis-
tent with the fact that the AS* for Nat(C222 shows a
less negative value than that for NatC221 in the same
solvent, EN (Table 1). The difference in AS* causes
the considerable difference in kg between Nat(C222 and
NatC221 in EN.

As shown in Table 1, the dissociation rate (kq) for
Na*tC221 in EN is increased about one order of magni-
tude over those in DMF and DMSO. The large k4 value
in EN can be ascribed to the small value of A H because
AS* in EN is much more negative than those in DMF
and DMSO. The smaller AH?* value in EN indicates the
large solvation energy obtained in the transition state
with the partially solvated sodium(I) ion. Thus it is
clear that the electrostatic interaction of the sodium(T)
ion with EN is much stronger than those with DMF and
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DMSO.

It has been claimed that the dissociation rates of the
cryptates are correlated with Gutmann’s donor num-
bers of solvents.'424:26.28:30) However, this does not seem
to be a reasonable approach, for the reasons described
below. The entropic term contained in the activa-
tion energy may not be reflected by Gutmann’s donor
number, which is simply the heat of complexation be-
tween the solvent molecule and antimony pentachlo-
ride. Therefore, A H* instead of kq should be correlated
with the donor number. Furthermore, the donor num-
ber itself has some problems as an empirical parameter.
For example, the comparison of the donor number is
achieved on the assumption that the enthalpy change
in the structural change for adduct formation from a
bipyramidal (sp®d hybridization) to the distorted oc-
tahedral configuration is negligible. The more serious
problem of applying the donor number to the discussion
about the solvation of the alkali metal ion is the differ-
ence in the bonding character between the antimony
and the alkali metal ion toward the solvent molecule.
The bonding energy of the solvent adduct of SbCls is
affected by the relative energy level of the atomic or-
bitals of the antimony and the donor atom of the sol-
vent molecule. On the other hand, the bonding between
the alkali metal cation and the donor atom of the sol-
vent is formed by an electrostatic interaction. Thus,
the values of AH? for the dissociation reactions of al-
kali metal cryptates more accurately reflect the strength
of the electrostatic interaction between the alkali metal
ion and the donor atoms of the solvents.

The above discussion suggests that the values of A H}
for dissociation of alkali metal cryptates are applicable
to the estimation of the solvating ability of the solvents
toward alkali metal cations. Though there have been
some systematic studies to estimate the solvating abil-
ity by using the 22Na NMR chemical shifts of the sol-
vated sodium(I) ion,**** in some cases, the chemical
shifts depend on the concentration of the sodium salt,
which may be due to the ion pairing effect. However,
such a concentration dependence is not observed in the
dissociation reaction in the present work. Moreover,
we can control the dissociation rate to be measurable
by using the same size cryptand with a different num-
ber of the donor atoms. For example, we can use 4,7,13,
16-tetraoxa-1,10-diazabicyclo[8.8.5]tricosane (C22Cj5 )"
instead of C221 to accelerate the dissociation rate be-
cause the electrostatic interaction between the sodium-
(I) ion and the donor atoms of C22Cs is expected to be
smaller than that of C221, as reported in the case of 4,
7,13-trioxa-1,10-diazabicyclo[8.5.5]eicosane (C21Cs) in
comparison with C211.3%
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