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Table VI. Relative Energies (kcal/mol) for 6-8

AE(SCF)* AE(SCF)® AE(MP-2)° AE(MP-2)¢

molecule basis set 2  basis set 3 basis set 2 basis set 3
6a 0.0 0.0 0.0 0.0
7a -0.7 ~-1.0 2.5 1.9
8a -0.9 -1.6 5.2 4.0
6b 13.6 13.7 11.9 11.8
7b 14.6 14.4 18.0 17.3
Tc 12.3 12.0 13.5 12.7
8h 13.9 13.3 19.8 18.5

9 E(SCF) for H,Si(CN),” ~475.407 986 au (basis set 2). ®E(SCF)
for H3Si(CN),™ -475.409 294 au (basis set 3). ¢ E(MP-2) for H;Si(C-
N);~ -476.103266 au (basis set 2). ¢E(MP-2) for H,Si(CN);,
-476.106 268 au (basis set 3).

stable than 8a. Making the good approximation that AAHX =
AAG*®X for their relative energies, we predict that there are 4.1%
of 7a and 0.2% of 8a at room temperature relative to the amount
of 6a. We can use the previously obtained values of AH and AS
for eq 2 together with our calculated relative energies to calculate
values of K24°C = 1.3 X 107! M~ for eq 6 and K%#°C = 3.6 X 1073
M-! for eq 7.

1+ 2 = Buy,N*Me,;Si(CN)(NC)~ (6)
1+ 2 = Bu,N*Me;Si(NC),” N

The structures with one axial substituent and one equatorial
substituent are clearly less stable than those with two axial sub-
stituents. Thus, we did not study structures with two equatorial
substituents. The most stable structure with one axial substituent
and one equatorial substituent is 6b with two cyano groups.
Structure 6b is 11.8 kcal/mol less stable than 6a with two axial
cyano groups. Structure 7c with an axial cyano and an equatorial
isocyano substituent is the next most stable structure. The least
stable structures are 7b and 8b with an axial isocyano substituent.
The ions with an isocyano axial substituent and an equatorial
substituent are destabilized by ~6 kcal/mol with respect to the
ions with an axial cyano substituent and an equatorial substituent;
e.g., AE(Tb~6b) = 5.5 kcal/mol, and AE(8b~7¢) = 5.8 kcal/mol.

Supplementary Material Available: Crystal structure data for Et,;N-4a,
including tables of atomic positional parameters, general displacement
parameters, root-mean-square amplitudes, bond distances, bond angles,
torsional angles, and least-squares planes and ORTEP figures and ball and
stick diagrams (16 pages). Ordering information is given on any current
masthead page.
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The stability constants and rate constants of formation and dissociation of alkaline earth complexes with a series of diaza crown
ethers, (2,1), (2,2), (25,2), (2,2-Me,), and (2,3), in methanol are reported [(2,1) = 1,4,10-trioxa-7,13-diazacyclopentadecane; (2,2)
=1,4,10,13-tetraoxa-6,16-diazacyclooctadecane; (25,2) = 2,3-benzo-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane; (2,2-Me,) B
7,16-dimethyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane; (2,3) = 1,4,7,13,16-pentaoxa-10,19-diazacycloheneicosane]. The diaza
crown ethers, like the corresponding fully oxygenated crown ethers, do not show strong selectivity between the alkaline-earth-metal
cations Ca®*, Sr?*, and Ba?* or large variations in complex stability with ligand structure and ring size, except when considerable
differences between the size of the cation and the ligand cavity are involved. The dissociation rate constants are sufficiently low
to allow rate measurements over a range of temperatures with a stopped-flow apparatus. The dissociation reactions of several
of the complexes are susceptible to acid catalysis, and those of all nine diaza-18-crown-6 complexes are strongly accelerated by
nitrate ions. Complexes of (2,2) and (2p,2) are up to 7 orders of magnitude less stable than those of the corresponding macrobicyclic
cryptands ((2,2,2) and (2g,2,2), respectively) [(2,2,2) = 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8] hexacosane; (25,2,2) =
5,6-benzo-4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane]. This macrobicyclic or cryptate effect shows up virtually
entirely in the dissociation rate constants of the two classes of complexes, with formation rate constants for a given cation being
almost identical for mono- and bicyclic ligands.

Chart I

The rate of formation of complexes between alkaline-earth- 4
metal ions and cyclic macromolecular ligands in solution is always N (2.1) n=0
several orders of magnitude lower than that of a diffusion-con- E (22) n=1
trolled reaction. This means that the dissociation rates of com- o o ’
qh[) o (23) n=2
H

Introduction

plexes of relatively high stability, such as those of the macrobicyclic L
cryptand ligands (cryptates),! can be followed by conventional

techniques, even in water.>® For the less stable, more mobile

monocyclic crown ether complexes, it is necessary to use ultrasonic

relaxation techniques to determine the complexation kinetics in CH3 H
water.* In methanol, however, the stabilities of crown ether é/\»‘/ﬁ
complexes are several orders of magnitude higher than those in O,
water with a consequent reduction in the dissociation rate con- E j
stants. In particular, we have found that for alkaline-earth-metal ?\/N\j OK/N
complexes for diaza-18-crown-6 the dissociation rate constants &g M
are sufficiently low to enable rate measurements to be made with

(2,2-M62) (28»2)

a stopped-flow apparatus over a range of temperatures (~10 to

t University of Stirling.
+20 °C).}
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Table I. Stability Constants, log K, in Methanol at 25 °C
(2,1) (22" (252) (2,2-Mey)*  (2,3)

Ca¥* 31, 3.5 38 42 2.5
Sr* 29, 5.7 49 6.5 3.5
Ba®* 2.7 5.9 4.5 6.9 5.1

2Reference 5.

In the present paper we present an extended investigation of
the kinetics and stabilities in methanol of Ca?*, Sr?*, and Ba?*
complexes of various diaza crown ligands: diaza-18-crown-6
(2,2)*% and its dimethyl derivative (2,2-Me,);3¢ a benzo-substituted
diaza-18-crown-6 (2g,2);% diaza-15-crown-5 (2,1);% and diaza-
21-crown-7 (2,3)8 (see Chart I). The benzo group (25,2) allowed
an independent but consistent determination of the dissociation
rate constant using optical detection in addition to the less specific
conductimetric detection used for the remainder of the reactions.

Experimental Section and Results

The ligand (2p,2) was a gift from Merck. It was used without
further purification, as were the ligands (2,1) and (2,3).6 The
hydrates of Ca(ClOy), (Ventron) and Sr(ClO,), (Ventron) were
dried under vacuum for 20 h at 160 °C, and the residual water
content was negligibly small. Tetraethylammonium nitrate
(Fluka) was used as purchased. Tetraethylammonium perchlorate
(Fluka) was recrystallized from ethanol and dried under vacuum.
The origin and purification of the other substances used have been
described previously.’

The stability constants, K, of complexes of Ca?*, Sr?*, and Ba?*
(Table I) with a ligand L were determined by potentiometric
Ag/Ag* titration from the equilibrium constant K, =
K (AgL")/K(ML?) for the reaction

ML2* + Ag* = M?* + AgL* (1)

together with the stability constants log K,(Ag(2s,2)%) = 9.74,
log K,(Ag(2.1)*) = 7.45, and log K,(Ag(2,3)*) = 9.29, obtained
from direct titrations of Ag* with the ligands. The protonation
of the basic nitrogen donor atoms of the ligands was not taken
into account in the disproportion reaction, eq 1, because the total
metal ion concentration was always much larger than the ligand
concentration. In the determination of stability constants of the
silver complexes, when the total Ag* concentration was smaller
than the ligand concentration, the stability constants were also
calculated, neglecting ligand protonation. It could be shown that
the consideration of protonation constants of ligand molecules’
changes the silver complex stabilities by less than 0.03 unit in log
K,

The dissociation reactions of the (25,2) complexes (eq 2) were
measured under pseudo-first-order conditions by mixing an
equilibrated M(25,2)**/M?* sample with an excess of trifluoro-

k,
M(25,2)%* — M?* + (25,2) )

methane sulfonic acid (used as a scavenger for (23,2)) in an
all-glass, stopped-flow apparatus. Detection was either conduc-
timetric or optical at 280 nm. The temperature was varied between
—-10 and +20 °C in steps of 5 °C, covering a range of at least 15

(1) Lehn, J. M. Struct. Bonding (Berlin) 1975, 16, 1.

(2) Loyola, V. M,; Wilkins, R. G.; Pitzer, R. J. Am. Chem. Soc. 1975, 97,
7382. Loyola, V. M.; Pitzer, R.; Wilkins, R. G. J. Am. Chem. Soc.
1977, 99, 7185.

(3) Cox, B. G.; Schneider, H. J. Am. Chem. Soc. 1977, 99, 2809.

(4) Liesegang, G. W.; Farrow, M. M,; Vazquez, F. A_; Purdie, N.; Eyring,
E. M. J. Am. Chem. Soc. 1977, 99, 3420.

(5) Cox, B. G.; Firman, P.; Schneider, H. Inorg. Chem. Acta 1983, 69, 161.

(6) (2,1) = 1,4,10-trioxa-7,13-diazacyclopentadecane; (2,2) = 1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane; (25,2) = 2,3-benzo-1,4,10,13-tet-
raoxa-7,16-diazacyclooctadecane; (2,2-Me;) = 7,16-dimethyl-
1,4,10,13-tetraoxa-7,16-diazacyclooctadecane; (2,3) = 1,4,7,13,16-pen-
taoxa-10,19-diazacycloheneicosane; (2,2,2) = 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane; (2p,2,2) = 5,6-benzo-
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8 1 hexacosane.

(7) Spiess, B.; Arnaud-Neu, F.; Schwing-Weill, M.-J. Helv. Chim. Acta
1979, 62, 1531.
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Table II. Rate Constants of Dissociation (ky/s™), of Formation
(kg/M™ 571, and of Catalysis (ky/M™ s7!) and Activation
Parameters of Dissociation in Methanol at 25 °C

AHS*/ 298 ASy*/

ligand  M?* logky log k; log ky kJmol? kJ mol™
@n Ca* 197 5.1 374 244
(21 St 191
(2s2)  Ca®* 170 55 431 =202
(252)  S** 118 6.1 505  -158
(25,2) Ba* 207 6.6 474 -13.8
2,2) Ca?* 148 50 214 490 156
(2,2) Sr*  0.041 5.7 2,12 57.1 -15.7
2,2) Ba>* 090 6.8 3.09 45.0 -22.9
(2,2-Mey) Ca?* 125 5.5 3.20 353 -30.6
(2,2-Me,) Sr** -0.66, S8 087 586  ~-18.2
(2,2-Me,) Ba** 014, 70 186  59.1 -13.1
2,3) Ba>*  2.20 7.6 22.4 -38.10
AL 8.5 °C.

°C for each individual system. The nitrate catalysis of the (25,2)
complexes was investigated at +5 °C by using alkaline-earth-metal
nitrates and perchlorates, together with added tetraethyl-
ammonium nitrate. The inertness of C1O,” was shown by addition
of tetraethylammonium perchlorate to alkaline-earth-metal per-
chlorates. The results of a previous investigation,’ in which the
influence of NO;~ was unknown and the nitrate salts of Ca?* and
Sr2* were used, have been rechecked by using perchlorate salts.
No influence of NO;™ on K| values was observed (Table I), but
k4 and ky for the (2,2) and (2,2-Me,) complexes of Ca?* and Sr?*
required correction because of the influence of the nitrate catalysis
on the extrapolation of H*-catalyzed reactions to zero [H*].

For the ligands (2,1) and (2,3), only the dissociation reactions
of Ca(2,1)?* and Ba(2,3)%* could be measured over a sufficiently
wide temperature range (around 0 °C) to enable a reliable ex-
trapolation to 25 °C. The dissociation of Sr(2,1)** was measured
only at —8.5 °C: above this temperature reactions were too rapid
for measurement by stopped-flow. The dissociation reactions of
the two (2,1) complexes were independent of [CF;SO;H]. The
dissociation reaction of Ba(2,3)** was measured by using Ag* as
a scavenging ion for (2,3) instead of CF;SO;H because of a larger
conductance change, and the reaction was also catalyzed by Ag*.

Values of k;, k4 and its associated activation parameters, AH,*
and AS4*, and, where appropriate, the catalytic constant for proton
catalysis, ky are listed in Table II. Details of the influence of
NO;~ on the dissociation reactions are included in the Discussion.

Discussion

The stability constants of all of the Ca?* complexes with the
diaza-18-crown-6 ligands are lower than those of the Sr?* and
Ba?* complexes (Table I). There is very little difference between
the stabilities of the Ba2* and Sr?* complexes, and this suggests
that the ring size of the three ligands lies between the diameters
of Sr?* and Ba?*. The addition of the benzo substituent, although
not having a very large effect, leads to a progressively unfavorable
effect as the cation size increases: log K,(M(25,2)%**) - log K-
(M(2,2)?*) values are +0.3, -0.8, and —1.4 for M?* = Ca?*, Sr2*,
and Ba?*, respectively. This would be consistent with the major
influence of the benzo substituent being a reduction in the effective
ring size of the ligand, thus favoring complexation of Ca?* relative
to Ba?*. N-Methyl substitution leads to a significant, but relative
constant increase in K of ca. 0.8 log unit.

The results for the (2,1) and (2,3) complexes in comparison
with those for the (2,2) complexes show that there is no striking
effect of ring size on the stabilities of the complexes, except where
the difference between formal ring and cation diameters is con-
siderable. The small variations of log K,(M(2,1)?*) for the al-
kaline-earth-metal ions may result from partial compensation of
decreasing ion solvation by a growing discrepancy in the sizes of
ligand and ion. Nevertheless, as with the fully oxygenated parent
crown ethers,®? it may be concluded that the diaza crown systems

(8) Lamb, J. D.; Izatt, R. M,; Swain, C. S.; Christensen, J. J. J. Am. Chem.
Soc. 1980, 102, 475.
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Figure 1. Stability constant, K, and rate constants of dissociation, kg,
and of formation, &, at 25 °C and of nitrate ion catalysis, kno,, for (2p,2)
complexes at 5 °C in methanol.
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Figure 2. Dissociation of Ba(2,2)?* in methanol.

do not show strong selectivity between alkaline-earth-metal cations
or strong variations in stability with ligand structure and ring size.
The stability constants of corresponding crown ether and diaza
crown ether complexes are often the same within experimental
error, and any observed differences do not show systematic trends
in sign or magnitude with cation or ligand size.

A comparison of the stability constants, K (Table I), and
dissociation rate constants, k4 (Table II), of the alkaline-earth-
metal diaza-18-crown-6 complexes shows a very similar depen-
dence of K; and 1/k4 upon cation radius, ;. This is exemplified
for complexes of (23,2) in Figure 1. The formation rate constants,
k; = K.ky, on the other hand show an almost linear decrease of
log k; with 1/r,. This behavior is considered more fully below in
connection with results for other macrocyclic systems.

The dissociation reactions of (2,2) and (2,2-Me,) are all subject
to acid catalysis. In contrast, however, the dissociation rate
constants of the (2g,2) complexes are independent of the con-
centration of the scavenging acid, as illustrated, for example, by
the results in Figure 2. Proton-catalyzed dissociation of metal
ions from complexes with macrobicyclic diaza polyethers (cryp-
tands)' has been observed earlier,>!®!! and this has been explained
in terms of formation of a protonated complex that releases the
metal ion more rapidly than the original complex. For the
cryptates the relative contribution of the proton-catalyzed dis-
sociation to the overall dissociation reaction decreases as the ratio
of cation size to ligand size increases. No acid catalysis was
observed for (2.1) complexes. The results presumably reflect the

(9) Gokel, G. W.; Goli, D. M.; Mingati, C.; Echegoyen, L. J. Am. Chem.
Soc. 1983, 105, 6786.
(10) Cox, B. G.; Stroka, J.; Schneider, H. J. Am. Chem. Soc. 1978, 100,
4746.
(11) Cox, B. G.; Jedral, W,; Firman, P.; Schneider, H. J. Chem. Soc., Perkin
2 1981, 1486.
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Figure 3. NO,™ enhanced dissociation of Ca(25,2)** in methanol at 5 °C.
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Figure 4. Contribution of the NO; ™-catalyzed dissociation pathway of
alkaline-earth-metal complexes with (2g,2) in methanol at § °C.

ability of a nitrogen atom within the complex to adopt an exo-
conformation in which the lone pair is directed outward and is
available for protonation.

This process may involve reactions analogous to those occurring
in the protonation of the free cryptands!®! in their various con-
formational states."!* Thus it seems that the monocyclic dia-
za-18-crown-6 ligands (2,2) and (2,2-Me,) still retain sufficient
flexibility in their complexes, especially with smaller cations, to
allow interactions between a nitrogen atom and a proton in so-
lution. No catalysis was observed for (23,2) complexes, even at
acid concentrations up to 4 X 1073 M, and this suggests that the
benzo substituent tends to immobilize the ligand structure in the
complex.

A very unexpected observation was the increase in dissociation
rates in the presence of nitrate ions. This is illustrated in Figure
3 where the dissociation rate constant for Ca(2g,2)%* is plotted
against the nitrate concentration. The results are independent
of whether nitrate concentrations are varied by adding different
amounts of Ca(NO,), or by mixing Ca(ClOy,), with tetraethyl-
ammonium nitrate. There is no convincing evidence in the ex-
perimental results for any strong degree of ion-pair formation

(12) Cox, B. G.; Knop, D.; Schneider, H. J. Am. Chem. Soc. 1978, 100,
6002.

(13) Cox, B. G.; Murray-Rust, J.; Murray-Rust, P.; van Truong, Ng;
Schneider, H. J. Chem. Soc., Chem. Commun. 1982, 377.

(14) Simmons, H. E.; Park, C. H. J. Am. Chem. Soc. 1968, 90, 2428.
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Table HI. The Macrobicyclic Effect: (2,2) versus (2,2,2)?
Complexes in Methanol at 25 °C

log (K,/M™)  log (ky/M™' ™) log (kq/s™!)
cation (22) (222) (22) (222) (22) (222
Ca* 35 8.1 5.0 4.5 148 -3.66
Sr* 57 118 5.7 5.5 0.04 -6.26
Ba?* 59 129 6.8 6.7 090 -6.20

2Reference 20.

between the complexes and NOj™, so the process may be described
as catalytic. A reaction of the form shown in eq 3, on application

M(25,2)** + NO;™ = [M(25,2)NO;]* —
M2 + (25,2) + NO,~ (3)

of the steady-state approximation to [M(25,2)NO;]*, together
with the contribution from the direct dissociation (eq 2), leads
to eq 4 for the observed rate constant. The required activity

ke = kg + kno[NO3T)vs* (4)

coefficients, v4, have been calculated by using the Davies equa-
tion! and are quite small, varying between 0.65 and 0.86 in the
different solutions. The results presented in Figure 3 show that
there is a nice linear relationship between k. and the function
[NO;)v4* Results for the three alkaline-earth-metal complexes
of (2g,2) are shown in Figure 4, where in order to present a simple
comparison, values of &, — k4 are plotted against [NO; ]v,* There
is clearly a very substantial influence of NO;~ on the rates, and
the numerical values of kno, are larger than any of those of ky
in Table II. It is interesting to note that the variation of kno,
with cation size parallels that of the simple dissociation reactions
(Figure 1).

Independent experiments with CI™ and Br~ over a concentration
range similar to that of NO; failed to show any catalysis.
However, it is to be expected that catalysis of the dissociation
reaction by these ions would be measurable at sufficiently high
concentrations, as has been found for Ca?*-cryptates in metha-
nol.'8 It has also been reported that SCN™ has a strong catalysis
effect on Na* exchange with the crown ether 18-crown-6 in
tetrahydrofuran.!” Thus, although the magnitude of NO;™ ca-
talysis of the M(25,2)** systems is perhaps surprisingly large, the
observation of anion catalysis of the dissociation reactions is not
unique among macrocyclic systems. It should be noted that the
dissociation rates of the alkaline-earth-metal complexes of (2,2)
and (2,2-Me,) also show a nitrate dependence. However, for these
systems, ko, has not been determined because of the additional
acid catalysis, which makes a sufficiently accurate separation of
the two pathways rather difficult.

The activation parameters in Table II are unremarkable for
dissociation reactions of macrocyclic complexes,'® and only a
relatively small set of values for other systems is available for
comparison, but almost all show negative AS4*. This is especially

(15) Davies, C. W.; Ion Association; Butterworths: London, 1962,

(16) Cox, B. G.; van Truong, Ng; Garcia-Rosas, J.; Schneider, H. Inorg.
Chim. Acta 1983, 77, 2155,

(17) Strasser, B. O.; Hallenga, K.; Popov, A. L. J. Am. Chem. Soc. 1985, 107,
789.

(18) Izatt, R. M.; Bradshaw, J. S.; Nielsen, S. A.; Lamb, J. D.; Christensen,
J. J. Chem. Rev. 1985, 85, 271.

Inorganic Chemistry, Vol. 27, No. 22, 1988 4021

true for ions of high charge density,>!® for which AS,* values are
generally large and negative, presumably because of the formation
of a solvation shell around the emerging cation. Activation en-
tropies for the formation reaction, AS¢*, for (2,2-Me,) complexes,
obtained from a combination of the present AS;* values with
earlier values® for the overall entropies of complexation (AS, =
ASy* — ASy), are also negative. Thus the entropy of the transition
state is at a minimum with respect to reactants and products for
complexes of all three cations. The simplest explanation for this
is that in the transition state the cations have their solvation shells
largely intact, so that the loss of translational entropy on asso-
ciation of the cations and ligands is only partially compensated
for by release of solvent molecules from the coordination spheres
of the cations.

Finally, the present results allow a more detailed consideration
of the so-called macrobicyclic or cryptate effect than has hitherto
been possible. In Table III, log K, log k;, and log k4 values for
(2,2) and (2,2,2)%% alkaline-earth-metal ion complexes in methanol
are compared. Two features of the results stand out. The first
is the very large increase in complex stability resulting from
addition of the third bridge to (2,2) to form (2,2,2): 4.6, 6.1, and
7.0 units in log K for Ca?*, Sr?*, and Ba®*, respectively. These
increases are much too large to be accounted for simply in terms
of the increase in the number of donor atoms in (2,2,2) relative
to (2,2), as it has been shown for a number of crown ethers and
aza crown ethers that additional substituents in the form of ox-
ygen-containing side arms (e.g. CH,CH,OH) have only a rela-
tively small effect on complex stabilities.'® Mare striking, however,
is the observation that the formation rate constants for complexes
of the two ligands are almost identical. The major difference
between the two systems then occurs in the dissociation reactions.
The differences are very large as may be seen from the results
in Table III, which show that kq values for (2,2,2) are some 5-7
orders of magnitude lower than those for (2,2) complexes.

The close agreement between the k; values of mono- and bicyclic
ligands (Table III), which holds also for (25,2) and (25,2,2)® with
all values being 1.5 log units lower than those of the corresponding
complexes of the unsubstituted ligands, has some implications for
the mechanism of formation of macrocyclic complexes. Formally
the (2,2) ring and one of the faces of (2,2,2) will present structures
very similar to those of the incoming cation. However, (2,2,2)
has much greater conformational rigidity than (2,2) so that
previously discussed proposals of a rate-determining conforma-
tional change in the ligand prior to complex formation®??? may
be excluded. Similarly, the simultaneous separation of two or more
solvent molecules before entry of the metal ion into the cryptand
cavity?® may be considered very unlikely as a rate-detemining step
in cryptate formation. Probably the formation of the first or
second chelate ring, a process common to both types of ligand,
is rate-determining as suggested by Rorabacher and co-workers. 2

(19) Cox, B. G.; Firman, P.; Schneider, H. Inorg. Chem. 1982, 21, 2320.
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