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Abstract

We have experimentally bracketed the gas phade Na", K™, Rb", and C¢ affinities of dibenzo-18-crown-6 in the
order 15-crown-%15C5 < dibenzo-18-crown-6DB18C6 < 18-crown-618C6. Comparison with published experimen-
tal threshold collision-induced dissociation measurements yields enthalpies of binding at 298 K (im RJasdiollows:
DB18C6Nat, —299+ 26; DB18C6K™, —221+ 19; DB18C6Rb", —154+ 38; DB18C6Cs", —136+ 35 (experimental
values for the bracketing ligands binding'Lare not available). Thus, dibenzo substitution of the crown makes it a weaker
ligand toward the alkali metal ions, in contrast to dicyclohexano substitution, which was previously shown to make the crow
a stronger ligand toward all the alkali metal ions. We have also calculated the enthalpies of binding between these metal ic
and DB18C6 using both the LANL2DZ basis set and a modified version of thet&3basis set wherein diffuse functions
are removed from carbon atoms and thé&, Rb", and C$ basis functions are those of the Hay—Wadti{ 1) effective
core potential set. Full geometry optimizations were carried out at the HF/&3hnd HF/LANL2DZ levels of theory,
and energies were also calculated for the HF/§-G1 geometries at the MP2(full)/6-31G* and B3LYP/6-34-G* levels.
The computed enthalpies of binding for the KRb", and C¢ complexes of DB18C6 fall between computed values in the
literature for 15C5 and 18C6 complexes at both HF/6-@1 and MP2(full)/6-34-G* levels, in good agreement with our
bracketing experiments. The values at both levels of theory for the DB18C6 complexésarfd Na are larger than those
in the literature for both 15C5 and 18C6; the reasons for this discrepancy are not clear.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction cently they have also been examined in the gas phase.
Among the earliest-recognized remarkable properties
Crown ethers are an important class of molecules of of these molecules is their ability to selectively bind
both inherent and practical interest. Since they were metal cations in solution. This property is unusual but
initially described by Pedersen in 19(72], they have not unique; crown ethers mimic the ability of biolog-

been heavily studied in solutiof3—5] and more re- ical cation transport systems and of some antibiotics
(such as valinomycin) that also bind metal cations se-
_— lectively [6].
* Corresponding author. Tel#1-801-378-2355; . .
fax: +1-801-422-0153. Crowns are of practical interest for a number of rea-
E-mail addressdavid dearden@byu.edu (D.V. Dearden). sons. They have found applicatigr] in such diverse
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Table 1

Comparison of complex stability constants for 18-crown-6 and
dibenzo-18-crown-6 complexes with alkali metal ions in various

present (for example, sekble 1), making it diffi-
cult to answer the question using solution data. In this

solvents paper, we wish to examine how substitution on the
Solvent sb s logK(18C6) crown ring affects the intrinsic alkali cation affinities
— logK(DB18C6}* of the ligand. In an earlier studyl9] that compared
Nat Kt  Cst dicyclohexano-18-crown-6 (DC18C6) with 18C6 we
Water 234 1090 -06 04 01 found that the intrinsic affinities of the DC18C6 iso-
Methanol 143 058 -01 11 1.1 mers for alkali cations are higher than those of 18C6
Acetonitrile 11.7 0713 -04 09 because of the higher polarizability of the substituted
Propylene carbonate 13.3 0.0 1.2 11 DB18C6 is of int tb this li dh
Dimethylsulfoxide ~ 13.0 1.000 -04 07 1.7 crown. IS of Interest because this ligand has

a polarizability comparable to that of DC18C6 but is
much more rigid than 18C6.

We also wish to examine the question of whether
size match between the crown cavity and metal ion
areas as selective transport and separation of metalsplays a role in enhancing the binding. The common
phase transfer catalysis and solvation of ions in non- explanation for the metal cation selectivities of crown
polar solvents, and stabilization of protonation sites in ethers in solution is that crowns bind metals best that
the electrospray ionization mass spectrometry of pep- are the proper match to the size of the crown cavity
tides[8,9]. Crown ethers are often cited as one of the [3,4]. However, such effects are not evident in the ex-
key components in some of the most promising means perimental metal ion binding energies measured in the
of isolating radioactive components of nuclear waste gas phas¢20—24] We will use computational meth-

2 All data from [48].
b Hildebrand solvent polarity49].
¢ Taft solvent polarity[49].

[10-18]

Dibenzo-18-crown-6 (DB18C6 hereafter) was one

of the first crown ethers described by Pederfdn
and is a prototypical substituted crown. In solution,
it has complexation properties similar to those of
18-crown-6 (18C6; se@able 1. Its aromatic sub-

ods to address this question.

In this paper we present experimental results that
bracket the gas phase affinities of DB18C6 for Li
Na®, K*, Rb", and Cg between the affinities of
15-crown-5 (15C5) and 18C6 for the corresponding
cations. We also deal with the question of how well

stituents make it less soluble in aqueous media and computational chemistry can reproduce experimen-
increase its solubility in nonpolar solvents relative to tal results for these systems, where the energetic dif-
18C6. Therefore, it is often used when loss of ligand ferences between the complexes being compared are
to an aqueous phase is a concern. small and the molecules are relatively large.

Probably because of its very low vapor pressure,
DB18C6 has never been investigated in the gas phase,
but it is desirable to do so for several reasons. One of 2. Experimental
the goals of our research is to characterize the intrinsic
factors that affect cation recognition by crown ethers 2.1. Bracketing experiments
and other selective ligands. The most straightforward
way to do this experimentally is to carry out studies  All experiments were performed using a Fourier
in the gas phase, where complications arising from transform ion cyclotron resonance mass spectrometer
solvation are absent. For example, one of the ques-(model APEX 47e; Bruker Daltonics; Billerica, MA)
tions we wish to address is whether or not DB18C6 that has been described previoug$,26]. The instru-
is intrinsically a stronger ligand for alkali cations than ment is equipped with a microelectrospray ionization
18C6. Formation constants measured in solution vary source modified27] from an Analytica (Analytica of
with solvent, method of measurement, and counterion Branford; Branford, MA) design. The heated drying
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tube is based on a design developed by the Eyler groupthe reaction rates. For reactions involving 15C5, a

at the University of Florid428]. The instrument was
controlled using a MIDAS29] data system (National
High Magnetic Field lon Cyclotron Resonance Facil-
ity; Tallahassee, FL).

Bracketing experiments were performed for all the
alkali metals simultaneously with a given crown. The
ions were introduced into the instrument by electro-
spraying a “cocktail” solution containing the cations
Li+, Na", K+, Rb", and Cg and the ligand DB18C6.
The concentrations of each salt and DB18C6 in the
cocktail were 1x 10~ and 1x 103 M, respectively,
in acetonitrile. The salts were all alkali acetates ex-
cept the cesium salt, which was the chloride. The
lithium and rubidium salts were purchased from
STREM Chemicals (Newburyport, MA), and sodium,

more complicated procedure was followed because
both cation transfer and ligand addition reactions were
observed. In these cases, rate constants were obtained
by fitting the data to a numerical solution of a coupled
set of differential equations describing the system.
Before and after each of these rate measurement ex-
periments, the neutral crown ether was ionized via
70 eV electron impact, and similar rate measurements
were carried out for the disappearance of tile 89
fragment ion (which corresponds to a molecular for-
mula of GHgO, ™). This ion reacts via proton transfer

to the neutral crown ether, and we assume the rate of
this reaction to be collision-limited. Measurement of
the proton transfer rates in this manner served to char-
acterize the partial pressures of the neutral crowns in

potassium, and cesium salts were purchased fromthe ion trapping cell of the instrument.

Mallinckrodt (Paris, KY). DB18C6 was purchased
from Sigma Chemical Co. (St. Louis, MO). All were
used as supplied without further purification. The ion
source and transfer optics were tuned to maximize
signal from the DB18C®&1" complexes. Neutral
reactants were introduced into the ion trapping cell
of the instrument using a controlled variable leak
valve (12C4; from Aldrich; Milwaukee, WI) or a di-
rect exposure vacuum lock probe (15C5 and 18C6;
both from Parish Chemical; Orem, UT). The neutral

2.2. Computational studies

The binding energy calculations consisted of Monte
Carlo conformational searches with a molecular me-
chanics force field, followed by ab initio geometry
optimization and energy computation as detailed be-
low. Conformational searches were conducted using
the Macromodel package, version 7.1 (Schrédinger,
Inc., Portland, OR). We employed the AMBERbrce

reagent partial pressure as determined using a coldfield supplied with Macromodel and used the default

cathode ionization gauge was typically between10
and 108 mbar during the bracketing experiments, but

MCMM method with automatic setup, except the force
field was set for no electrostatic cutoffs and the num-

pressures were also further characterized using theber of Monte Carlo steps was set to 30,000.

proton transfer method described below.

The general procedure for the alkali cation affin-
ity bracketing experiments involved electrospray of
the “cocktail” solution described above to generate
DB18C6M™ complexes of all the alkali cations.
These were allowed to react for systematically varied
time intervals with the neutral crown ether introduced
via the vacuum lock, then the reaction products were
probed. The reactant (R) and product (P) ion peak in-
tensities for ions containing each of the alkali cations
were extracted from the spectra; the ratio RAHP)
was plotted as a function of reaction time. The slope
of a plot of the natural log of R/(R P) vs. time yields

The lowest-energy conformation found in the
AMBER* conformational search was used as the
starting point for ab initio geometry optimization. We
recognize that the lowest energy conformers found
in a molecular mechanics minimization will not nec-
essarily be the lowest energy conformers according
to higher levels of theory, but we expect any differ-
ences between the examined conformations and the
global minima to be small. All of the higher-level
calculations were set up and managed using the
Ecce package (Pacific Northwest National Labora-
tory, Richland, WA) and used either the Gaussian 98
(versions A.6 and A.11; Gaussian Inc., Pittsburgh,
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PA) (for Hartree—Fock geometry optimization and
vibrational calculations) or NWChem (version 4.0;
Pacific Northwest National Laboratory) (for MP2 and
B3LYP energy calculations) computational engines.
We employed two different basis sets for the calcu-
lations. The standard LANL2DZ basis set supplied
with Ecce was used for calculations of all the alkali
cation DB18C@VI* species. An additional set of cal-

culations used the same basis set previously described

by Feller and coworker§30], which consists of the
6-31+G* basis functions on H, O, I, and N&, the
6-31G" basis functions on C, and the Hay—Wadt MB
(n + 1) effective core potential basis functions or K
Rb*, and C¢. Following Feller's example, we will
refer to this basis set as 6-8G* for the remainder of
this report, even though it is not strictly the 6-8G*

J.D. Anderson et al./International Journal of Mass Spectrometry 227 (2003) 63-76

Table 2
Efficiencies for the reaction DB18CBI ™ +L — DB18C6+L-M*
Metal Ligand, L

12C4 15C5 18C6
Lit <0.002+ 0.001 0.031+ 0.003 0.33+ 0.09
Na* <0.002+ 0.001 0.011+ 0.004 0.63+ 0.09
K+ 0.0414+ 0.001  <0.002+ 0.001 0.69+ 0.07
Rb* 0.057+ 0.001 0.010+ 0.010 0.70+ 0.2
Cst 0.0184+ 0.001 0.020+ 0.030 0.80+ 0.2

No exchange was observed for#Li or Na over the
time scale of the experiment, which was up to 20s.
This leads to an estimated upper limit for the exchange
reaction efficiencies for these metals of about 0.2%.
The maximum observed exchange efficiency was for
Rb", at 6%.

basis set of Pople. Binding energies were calculated For L = 15C5, both exchange (reaction 1) and

as: D(L — M) = E(LM*) — [E(L) + E(MT)],

where L is the ligand and M is the alkali metal. The
MP2 and B3LYP calculations used the Ecce defaults
except that the MP2 calculations did not use the
frozen core approximation and that in the density
functional calculations B3LYP was chosen as the
combined exchange-correlation functional. Correc-
tions to the HF and MP2 calculations were made for

clustering (reaction 2) reactions were observed. The
exchange efficienciesTéble 2 were all low, with a
maximum of 3% for exchange of ti Clustering was
not observed for M= Li, but the efficiencies were
0.3+0.1% for M = Na, 94+3% for M = K, 15+-4%

for M = Rb, and 13+ 5% for M = Cs. We also ob-
served (15CHM™ complexes for M= Na (4%), K
(2%), Rb (16%), and Cs (7%) (efficiencies in parenthe-

basis set superposition error using the counterpoiseses). These complexes must be products of secondary

method[31], and thermal enthalpy corrections were
made to all the calculations using vibrational frequen-
cies calculated at the RHF/6-3G* level of theory,
assuming a temperature of 298 K.

3. Results
3.1. Exchange rates

Efficiencies of the metal exchange reactions from
DB18C6 to other crown ethers (reaction 1), relative to
the rates of exothermic proton transfer to the crowns,

are listed inTable 2
DB18C6-M™ + L — DB18C6+ L -M™ Q)

For L = 12C4, only the exchange reaction (reaction
1) was observed, but the efficiencies were all very low.

reactions, either ligand addition to 15@6" or ligand
exchange with (DB18C6)(15CB)*. Thus, whereas
exchange from DB18C6 to 15C5 was slow, clustering
occurred at significant rates, especially for the larger
metals.

DB18C6-MT +L — (DB18CH(L) - M™ )

For L = 18C6, only the exchange reaction (reaction
1) was observed. The exchange efficienciesb(e 2
were significant for all the alkali cations, increasing
monotonically from about 30% for M= Li to about
80% for M= Cs.

3.2. Computed structures of DB18G6"
complexes

The conformational search procedure found a num-
ber of low-lying conformations for the free DB18C6
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Table 3
AMBER*/Monte Carlo conformational search results

Species No. of conformers  A(Emint1 — Emin )°
found?
DB18C6 237 1.2
DB18C6Li+ 64 0.6
DB18C6Na" 66 0.7
DB18C6K™ 5 11.3
DB18C6Rb"™ 6 12.5
DB18C6Cs" 5 13.6

67

Table 4
Geometric parameters for DB18®6" complexes, computed at
the RHF/LANL2DZ level

Metal, M Angle between mean planes R (M — [mean
of benzene rings°} O plane)) (A)

Li 26.4 0.0447

Na 69.3 0.0774

K 54.8 0.7100

Rb 46.4 0.9977

Cs 38.9 1.5297

awithin 20 kJmot! of minimum energy conformer.
b Difference in AMBER strain energies between lowest and
next lowest energy conformers (kJ mé).

ligand and each of its complexeBaple 3. The num-
ber of low-lying conformers is greatest for the free
ligand, decreases by a factor of about 4 for th& Li
and Na complexes, and is relatively small, with a

as the distance between the metal center and the mean
plane of the ligand oxygen atoms. Use of the 6+-&t*
basis set yielded qualitatively similar results.

The Li™ and Na complex structures are similar to
each other and distinct from those of the" KRb",
and C§ complexes. The DB18C6 ligand in theLi

large separation in energy between the lowest and and Na complexes is highly twisted, in contrast

next-lowest conformers, for the ' Rb"™, and Cg
complexes. Therefore, the likelihood that we have
found the global minimum (and used it for subsequent
higher-level calculations) is lowest for the free ligand
and greatest for the K Rb", and CS complexes.

The optimized structures of the DB18G&&" com-
plexes, determined at the RHF/LANL2DZ level, are
shown inFig. L Geometric parameters for the com-

to the structure found in an earlier molecular me-
chanics study{32] that also used the AMBER force

field, which found boat-shaped structures with, C

symmetry. That study used literature X-ray data to
determine starting structures for the molecular me-
chanics minimizations and did not employ extensive
conformational searching, which may account for its
failure to find the twisted conformation depicted in

plexes, computed at the same level of theory, are listed Fig. 1. Beginning with a G, ligand and perform-
in Table 4 The table gives the angle between the mean ing full geometry optimization at the RHF/6-3G*
planes of the two benzene rings on the ligand, as well level we arrive at a structure about 9 kJ mbhigher

Table 5
Computed total energies (Hartree$)r DB18C6M+ complexes and related species
Species Level of theory

HF/6-31+G* HF/LANL2DZ B3LYP/6-314+-G*
Li* —7.23554 —7.23598 —7.28457
Na' —161.65929 0.00000 —162.08125
K+ —27.70551 —27.70571 —27.97061
Rb*™ —23.44371 —23.44371 —23.70578
Cst —19.47928 —19.47928 —19.73152
DB18C6 —1220.44762 —1220.10616 —1227.84091
DB18C6Li* —1227.85241 —1227.53272 —1235.29109
DB18C6Na" —1382.24087 —1220.25720 —1390.05394
DB18C6K™ —1248.25185 —1247.92619 —1255.90892
DB18C6Rb" —1243.97489 —1243.64493 —1251.62991
DB18C6Cs" —1239.99531 —1239.66198 —1247.64120

2No counterpoise or thermal corrections.
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Fig. 1. Top (left) and side (right) views of DB18@8™" complex structures computed at the RHF/LANL2DZ level.

in energy than the twisted conformer. The twisted search found many other conformations similar in
conformer places the metal ion approximately at the energy.

centroid of the ligand oxygen atoms, allowing max-  The K™, Rb", and C$ complexesFig. 1) all have
imum interaction between the small, charge dense boat-shaped structures withpCsymmetry, similar to
metal center and the electronegative donor groups of the structures found in the earlier AMBER stu@p].

the ligand. It is possible that the twisted conformer is In all of these structures the metal ion lies above the
not the true global minimum, as the conformational mean plane of the oxygen donor atoms. The height
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Table 6

Computed and experimental enthalpies at 298K for the reactigrMt — LM+ (kJ mol-1)

Ligand, L Method@ Li* Nat K+ Rb* Cs"

12C4 HF/6-3%-G* [41] —369 —265 —187 —154 —129
MP2/6-3H-G* —359 —258 —196 —164 —140
Threshold CID —378+ 51[20] —-254+ 13[21] —191+ 11[23] —95 + 13 [22] —86 + 9 [22]

15C5 HF/6-3%-G* [42] —430 —335 —234 —194 —162
MP2/6-3H-G* —423 —-320 —243 —204 —174
Threshold CID[24] —298 + 18 —206 + 14 -116+ 6 —-101+ 6

18C6 HF/6-3%-G* [30] —364 -327 —283 —226 —183
MP2/6-34-G* —-399 —336 —299 —243 —204
Threshold CID[24] —300+ 19 —235+ 13 —192 + 13 -170+ 9

DB18C6 HF/6-3%-G* —439 —336 —256 —213 —174
HF/LANL2DZ —479 —382 —291 —241 —194
MP2/6-3H-G* —-517 —388 —263 —229 —196
B3LYP/6-31+G* —429 —343 —253 -216 -178
Bracketing of CID values —299 + 26 —221+ 19 —154 + 38 —136+ 35

aThe designation “6-3+G*” indicates the Pople 6-32G* basis set was used for all atoms except C, for which the diffuse functions
were deleted, and K, Rb and Cs, for which the Hay—Wadt effective core potential basis set was used. “LANL2DZ” indicates the standar
LANL2DZ basis set on all atoms.

b Average of threshold CID values for 15C5 and 18C6. Error bars are the greater of error propagation of threshold CID values or ha
the difference between values for 15C5 and 18C6.

of the metal center above the donor plaifalie 4
increases with increasing cation radius. In addition, the
ligand “flattens” with increasing metal size, as can be
noted from the decreasing trend in the angle between
the benzene ring planetgble 4 as the metal is varied.

The large difference between these minimum energy E
conformers and the next-lowest conformers found in 2 -200
the searchTable 3 suggests a reasonable likelihood &
that these are the global minimum energy structures. i
§ -300 —
5
3.3. Computed energies of DB18E®B" @
complexes Z 400
s
Total computed energies of the various DB18@6 é
. 5 -500 —
complexes and related species at the Hartree—Fockand © : : : : :
B3LYP levels of theory using the modified 6-8G* 08 10 12 14 16
basis set, and at the Hartree—Fock level using the Metal ionic radius, A

LANL2ZDZ basis set, are listed |mablg 5 These Val_, Fig. 2. Crown ether—alkali metal binding enthalpies (at 298K,
ues were used to calculate enthalpies of metal bind- for the reaction crown+ M* — crownM+) computed at
ing to DB18C6,AH2%8, and the results, along with  the MP2(full)/6-31+-G* level as a function of metal ionic ra-
enthalpies calculated at higher levels of theory, are dius- Diamonds ¢) represent crown= 12-crown-4[41]. Cir-

. . cles ©O) represent crown= 15-crown-5 [42]. Squares [(J)
reported inTable 6with analogous values from the

) represent crown= 18-crown-6 [30]. Triangles () represent
literature for 12C4, 15C5, and 18C6. The computed crown= dibenzo-18-crown-6.
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literature values were determined using the same basiscomplexes are long-lived, they are able to thoroughly
sets we employed, and the experimental values wereexplore phase space and overcome kinetic barriers
derived from threshold collision-induced dissociation that might otherwise distort the results. If the metal
measurements. The computed Hartree—Fock and MP2transfer is exothermic, energy will be released into
values inTable 6 include counterpoise corrections the vibrational modes of the collision complex and
[31] to account for basis set superposition error. The this will promote relatively rapid dissociation of the
counterpoise corrections decreased the computed encomplex, with the metal ion most likely remaining
thalpy of binding by 0-15kJmof (with the largest with the ligand for which it has higher affinity. If
correction for the N& complex). The computed bind-  the transfer is endothermic, either the complex will
ing enthalpies (at the MP2(full)/6-31G* level) for be very long-lived such that it can be stabilized by
15C5, 18C6, and DB18C6 are compared graphically collisions and/or emission of radiation, so that a clus-
in Fig. 2 For DB18C6, as found previously for the ter product will be observed, or it will be so weakly
other crowns, the alkali cation binding energies de- bound that it will dissociate back to reactants.
crease monotonically from It to Cs" using both Table 2indicates that the metal transfer reaction
basis sets. The LANL2DZ basis set yields binding efficiencies from DB18C6 to 12C4 are all less than
enthalpies 20-50kJ mot greater than are obtained 6%, suggesting that these reactions are endothermic.
with the 6-314-G* basis set. This is not surprising given that 12C4 has two fewer
donor atoms than DB18C6 and is far less polariz-
able (17.3 & for 12C4 and 37.7 Afor DB18C8, esti-

4. Discussion mated using the method of atomic hybrid components
[36,37). The situation is somewhat more complicated
4.1. DB18C6&MT binding energies when comparing 15C5 with DB18C6, because both

metal exchange (reaction 1) and clustering (reaction

We have used the ion—molecule reaction brack- 2) are observed, with clustering efficiencies of about
eting method to experimentally determine the en- 10% or more for the complexes of 'K Rb", and
thalpies of alkali metal binding by DB18C6 relative Cs". However, we believe alkali cation transfer from
to other crown ethers. The assumption underlying this DB18C6 to 15C5 is still endothermic. The transfer ef-
method is that exothermic reactions will occur rapidly, ficiencies are all less than about 3%, and clustering
whereas endothermic reactions will not. For example, indicates that whereas 15C5 has significant affinity for
in proton transfer reactions in the absence of an acti- the metal ions the affinity is not large enough to re-
vation barrier, reaction rates increase from less than lease sufficient energy to promote rapid dissociation of
10-13cm® moleculet st up to the collision rate as  the collision complexes, nor is it large enough to leave
AHe varies from about-20 to —20 kJ mot™ [33]. the metal attached to 15C5, displacing DB18C6; it is

Although we are dealing with the transfer of metal very likely less than the affinity of DB18C6 for the
ions between ligands rather than simple proton trans- metal cations. It is interesting to note that clustering
fer, the assumption of significant reaction efficiency is only observed for the alkali cations that are about
for exothermic reactions and low efficiency for en- the same size or larger than the cavity of DB18C6,
dothermic reactions is still reasonable for these metal paralleling earlier observations with the unsubstituted
transfer reactions. Metal transfers likely proceed crown ether—alkali cation complexg4,35] Cluster-
through a long-lived collision complex. Often, crown ing only occurs when the metal cation is large enough
ether—-metal ion collision complexes are sufficiently that it is not encapsulated by the DB18C6 ligand.
long-lived that they are stabilized either through col-  Alkali cation transfer from DB18C6 to 18C6 is rel-
lisions with third bodies or through emission of radi- atively rapid, with observed efficiencies ranging from
ation and are observd@4,35] Because the collision  about 30 to about 80% as metal cation radius increases.
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No clustering reactions involving these two ligands ground state isomer for which the calculation was
were observed. Thus, energy release in these reactionperformed. The reported binding enthalpies of 15C5
is large enough that collision complex dissociation oc- for each alkali cation are less than those of 18C6 for
curs prior to stabilization. Based on the efficiencies of the same cations, although the difference for-Na
these reactions, all appear to be exothermic. Thus, thesmall. These values are consistent with the results of

affinity of DB18C6 for each of the alkali metal ions
is intermediate between those of 15C5 and 18C6.
Given that the affinities of DB18C6 for the alkali

cations are between those of 15C5 and 18C6 for the
corresponding metal ions, what are the absolute val-

ues for the DB18C6-alkali cation affinities? Two ap-

an earlier bracketing stud5], which found that for
each alkali cation the ligand binding affinity is in the
order 12C4< 15C5< 18C6.

Combining the results of the bracketing experiments
with the threshold CID binding enthalpy determina-
tions from the literature, the binding enthalpies of

proaches might yield accurate values. Because abso-DB18C6 for Na&—Cs" can be determined as the av-

lute 15C5 and 18C6 affinities for NaK*, Rb", and

Cs* have been measured using threshold CID meth-

erages of the literature values for 15C5 and 18C6.
These values are listed ifable § along with uncer-

ods[24], those values can be used in conjunction with tainties determined from the greater of the propagated
the bracketing results to obtain estimates of the abso- errors in the threshold CID values and half the differ-
lute DB18C6 alkali cation affinities. Alternatively, ab  ence between the reported values for 15C5 and 18C6.
initio theory can be used to determine absolute values. The binding enthalpies determined in this fashion for
The measurement of kinetic energy thresh- DB18C6 decrease monotonically from Néo Cst as

olds for collision-induced dissociation (CID) is a expected based on the electrostatic nature of the inter-
well-established technique for bond energy determi- action and the increasing size of the metal ions. The
nations in isolated gas phase systd8%&39] To de- values for R and C¢ determined this way are likely
termine accurate binding enthalpies, the raw reaction to be low, because of the suspected problems with the
cross section measurements are corrected to allow forreported values for the binding of 15C5 to these met-

the thermal energies of the collision partners and for als[22].

kinetic shifts in the threshold arising from the need
for dissociation to occur rapidly enough to be ob-
served on the time scale of the experimi@. These

Independently, the results of ab initio calculations
can be used to determine absolute binding enthalpies.
These values can be compared with the results of the

corrections have been found to generally produce ex- bracketing experiments and with similar calculations

cellent agreement with results from other methods,

in the literature. Published alkali cation binding en-

although the crown ether—alkali cation systems are thalpies are available in the literature for 12{24],

larger, and in particular require larger kinetic shift

15C5[42], and 18C{30], and these calculations em-

corrections, than most other systems examined usingployed some of the same methods (RHF and MP2)

threshold CID techniques.
The binding enthalpies of 12C4 for tiCs"
[20-23] and of 15C5 and 18C6 for NaCs" [24]

have been determined using the threshold CID tech-

nique and are listed ifiable 6 Most are in reasonable
agreement with the results of ab initio calculations
(seeTable 6and discussion below), but some (in par-
ticular, those for 12C4 or 15C5 binding Rimr Cs")
show greater deviations from the ab initio values. In

and basis sets (modified 6-8G*) as we used, so the
results should be directly comparable.

One question that should be addressed before
making these comparisons deals with which level
of theory should be used. In most cases, theoretical
methods that include the effects of electron correla-
tion, such as MP2 and B3LYP, give more accurate
answers than RHF methods. However, for the crown
ether/alkali cation complexes examined previously

these cases, it is believed that the experiment may (seeTable §, the computed binding enthalpies are in
have probed an isomer less-strongly bound than the general significantly larger than the values determined
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-100 — most accurate. The computesH2%8 values for the

Na™ and K" complexes of DB18C6 agree with the
CID-bracketed values about as well as the computed
values for the 18C6 complexes agree with the CID
values for 18C6. The agreement between the com-
puted and CID-bracketed values is worse for thé'Rb
and Cst complexes of DB18C6. It is likely that the
bracketed values are low because of the acknowledged
problems in the CID values for the 15C5 complexes.
The computed results for ¥ Rb*, and Cg at
all levels of theory, presented ifable 6and Fig. 2,

-200 —

-300 —

-400 —

Binding enthalpy, AH**®, kJ mol™

-500 —
| | | | | are consistent with the bracketing results. In agree-
0.8 1.0 12 14 1.6 ment with our experiments, the calculations find bind-
Metal ionic radius, A ing enthalpies for these metals in the order 15€5

Fig. 3. Enthalpies (at 298K) of alkali cation binding by DB18C6 < 18C6. However, InconSIStenC_leS develop
dibenzo-18-crown-6. Solid circled®) are averages of the thresh- ~ When the results for the smaller metal cations are con-
old collision-induced dissociation values experimentally deter- sidered.
mined tfotr 15-Ilcr0\(,i\l:t-e5r nilir:]c;dl&clrowrgﬁ. g&eIS/GSggtgf f‘é“ese”t The computed RHF/6-32G* binding enthalpies
RHFILANLZDZ: (8), MP2/6-34G*; (<§'), Salvpiesnc | for Na© by 15C5, 18C6, and DB18CS are all sim-
ilar, spanning a range of 8kJmdl (see Table 6.
using threshold collision-induced dissociation exper- The published magnitude afH?® for formation of
iments, and the differences between experiment and 15C5Nat [42] is greater than that for 18@6a’
theory are generally larger at the MP2 level than at [30] by that amount. However, these theoretical re-
the HF level. Binding enthalpies for DB18Q6™" sults are inconsistent with a prior bracketing study
systems determined by bracketing the threshold CID that found N& affinities in the order 15C5 18C6
experimental values and computed at various levels [35], and with the current bracketing results, which
of theory are compared graphically Fig. 3. As with find the order to be 15C% DB18C6 < 18C6. Fur-
the other crowns, the experimental binding enthalpies ther, they are weakly inconsistent with the threshold
are smaller than the computed ones. Of course, the CID results Table §, which find affinities in the or-
experimental values here were derived from threshold der 12C4< 15C5~ 18C6. Higher-level calculations
CID measurements that also gave smaller values than[30,42] that include the effects of electron correla-
were obtained computationally for the corresponding tion (MP2/6-3H1-G*) are consistent with experiment.
systems. The RHF/6-31G* and B3LYP/6-3%G* These calculations reverse the order of Nfinities,
computed values are very similar to each other for placing that of 15C5 at-320kJmot! and that of
each of the metals and vyield results closest to the 18C6 at—336 kJmot . However, the MP2/6-34G*
experimental values. Surprisingly, the MP2/6+33* Na® affinity of DB18C6 is —388kJmot?, larger
values are all larger and farther from the experimental than that of 18C6, in disagreement with the current
values than the RHF/6-31G* or B3LYP/6-3LG* bracketing results. If the Naaffinities of 15C5 and
values, especially for the ti and Na complexes. 18C6 are as similar as suggested by the ab initio
The RHF/LANL2DZ results roughly parallel the and threshold CID results, it should be possible to
MP2/6-31-G* results. On the basis of comparison observe equilibrium in the Natransfer reaction be-
with the experimental results and the expected qual- tween these two ligands, although complications may
ity of the various levels of theory, we believe the arise because of the tendency of 13T&" to add a
B3LYP/6-314+-G* computed values are probably the second 15C5 ligan{B5].
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According to RHF/6-3%G* calculations, the bind-
ing enthalpies of LT with 15C5 and DB18C6 are sim-
ilar, but the reported value for 18@67 is weaker by
about 70kJ mat! (seeTable §. At this level of the-
ory, 18C6 binds LT less well than does either 15C5 or
12C4. Again the theoretical results do not agree with
the findings of either current or pri¢85] bracketing
experiments, which place the Libinding enthalpies
in the order 12C4< 15C5 < DB18C6 < 18C6. The
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ligands) this would increase the relative cation affinity
of 18C6 and might account for the differences between
experiment and theory. In any event, further work is
needed to resolve these disagreements.

4.2. Size effects in alkali cation binding
by DB18C6

The correlation between solution binding constants

agreement between experiment and theory improvesand the “fit” of the metal cation in the crown cavity

somewhat at the MP2/6-31G* level; this level of
theory putsAHZ% at —359kJmot?® for 12C4Li T,
—423kJmot? for 15C5Li*, —399kImot?! for
18C6Li*, and—517 kImot? for DB18C6Li*, but
the magnitude of the 18G6 ™ value is still too small
to be consistent with the bracketing experiments.

is well known[5,43]. In contrast, the gas phase en-
thalpies of binding generally decrease monotonically
for a given crown as the cation size increases. Does
size-matching play a role in the intrinsic binding of
metal ions by crown ethers? The experimental val-
ues available so far have relatively large uncertain-

The reason for the disagreements between experi-ties, so subtle size effects, if present, are masked by
ment and theory for the smaller metal ions is unclear. It experimental “noise.” The computational data, on the
could be argued that the conformations selected from other hand, offer hints that size matching may at least
our searches were not the true global minima, but if weakly influence cation binding. Examination of the
lower energy conformations exist the computed bind- computed enthalpies of binding as a function of cation
ing enthalpies for them will be larger than those we radius for various crownsF{g. 2) shows a smooth
have reported here and the disagreement with experi-trend line for 12C4 and 15C5. For 18C6, on the other
ment will be larger. Comparing the trends in the com- hand, there is a sharp break at Kwhich may be ac-
puted binding enthalpies for the various crown ethers centuated by a high value fortjas discussed above).
(Fig. 2), the 18C6Li* and 18CeNa’ values appear  With an ionic radius of 1.38 A44], K+ is the best
inconsistently small. It is possible that the lowest en- alkali cation match for the cavity of 18C6 (estimated
ergy conformers of these complexes were not found cavity radius: 1.34-1.43 A%5]. Such a break is, how-
in the earlier calculations. In addition, it is well to ever, not evident in the MP2/6-31G* binding en-
remember that the experiments probe differences in thalpies computed for DB18C6. On the basis of their
free energies, whereas the computed values are forstructural similarity, DB18C6 has a cavity radius sim-
enthalpies. Binding a metal cation to a crown is en- ilar to that of 18C6, but DB18C6 is less flexible and
tropically unfavorable because of the loss of degrees therefore less able to adapt to the size of a guest cation.

of freedom that occurs on complexation. If the en-
tropic effects are more unfavorable for DB18C6 than
for 18C6 (which seems unlikely, given the relative
flexibilities of the two ligands), that might decrease
the free energy of binding DB18C6 sufficiently to
account for the results. Further, both the 18C6 and
DB18C6 complexes of the smaller alkali cations have
numerous low-lying conformations that likely are pop-
ulated atthermal energies. If 18G6" has more popu-
lated low-lying conformers than DB18@&" (which
seems likely, given the relative flexibilities of the two

Consideration of the computed entropies of alkali
cation binding by DB18C6Kig. 4) does suggest size
matching effects. As expected based on the loss of
translational and vibrational entropy that occurs when
the complexes form, all the entropies of binding are
unfavorable. The entropies show a break in the trend
vs. metal ion radius at K; the value for K is more
unfavorable than would be expected on the basis of
the trend for the other alkali cations. The idea of size
matching rationalizes this result. Binding oftKis
more unfavorable than the trend for the other metal
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Computed AS®, e.u.

0.8 1.0 1.2 1.4

Metal ionic radius, A

1.6

Fig. 4. EntropiesA S, at 298 K) for the reaction DB18GeM ™+ —
DB18C6M* computed at the RHF/6-31G* level of theory.

ions would suggest because'Kits tightest in the
binding cavity of the crown and therefore binding K
results in the greatest loss of motional freedom.

The difference in energies between the lowest
energy conformation of the free ligand and the con-
formation adopted on binding the metal ion also
shows metal ion size effects. The ligand relaxation
energies (able 7 are large and comparable for the
highly-twisted complexes of i and Na, and only
about two-thirds as large for the more symmetric
complexes of K, Rb", and Cg. An earlier com-
putational studyj46] of K+ complexes of 18C6 and
derivatives (including DB18C6) found a strong cor-
relation between ligand relaxation energies for the
complexes and complex stabilities. The same qualita-
tive correlation is evident in our gas phase results.

Table 7
Entropies AS’) and ligand relaxation energies computed at the
RHF/6-34-G* level for the reaction DB18Cé M* — DB18C6.

Mt

M AS (ImorlK—1 Ligand relaxation
energy (kJmot?)

Li —-34.2 125

Na —-32.9 122

K -32.4 88

Rb -30.7 87

Cs —-29.3 86
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4.3. Influence of electronic effects and ligand
rigidity on cation affinities

We can now compare three crown ligands with simi-
lar cavity sizes but differing degrees of rigidity and dif-
fering substituent electronic effects: 18C6, DC18C6,
and DB18C6. Prior gas phase wdrk9] has shown
that both isomers of DC18C6 have higher alkali cation
affinities than 18C6, and that the isomers can be dis-
tinguished. DC18C6 is more rigid than 18C6, so the
higher cation affinities of the former were attributed
to the higher polarizability of DC18C6 (39.23rel-
ative to 18C6 (25.9 &). We can now make the same
kinds of comparisons for DB18C6.

DB18C6 has a higher polarizability (37.2Athan
18C6, but the aromatic rings make it much more
rigid than either 18C6 or DC18C6. In most solvents
(Table 1), the result is generally lower formation con-
stants for binding K or Cs" by DB18C6 than by
18C6. However, N& binding constants are generally
greater for DB18C6 than for 18C6.

Earlier work[47] with substituted DB18C6 ligands
in solution suggests that electronic effects are im-
portant for metal binding by DB18C6 and provides
precedent for changes in binding properties with guest
cation size. This study found that solution alkali cation
binding constants correlated with Hammett parame-
ters such that greater substituent electron withdraw-
ing power led to weaker complexes. Further, the elec-
tronic effects were greater for the"kcomplexes than
for the Na- complexes. This was rationalized on the
basis of the different sizes of these metal complexes.
In the KT complexes, the metal interacts with all the
oxygen donor atoms of the ligand, so if electron with-
drawal occurs for any of the oxygen atoms the com-
plex is weakened. In the Nacomplexes, the smaller
metal ion does not simultaneously interact with all the
ligand oxygen atoms, so if binding to some of the oxy-
gen atoms is weakened by electron withdrawing sub-
stituents the metal can simply shift coordination to a
different oxygen atom that is not affected, maintaining
stronger binding.

In the gas phase, all the electrostatic interactions
are strengthened because there is no competition from
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solvent. Therefore, it is likely that the lowest-energy 18C6 < DB18C6< 15C5 (RHF) or 15C5< 18C6 <

gas phase conformations of DB18CiE™ and DB18C6 (MP2), in contrast to the bracketing experi-
DB18C6Nat do involve coordination of all the lig-  ments, which give the same order as for the larger al-
and oxygen donor atomg-ig. 1), so that electronic  kali cations. We do not currently have explanations for
effects on the oxygen atoms adjacent to the aromatic the disagreements; a more careful look should be taken
rings do affect the complex stabilities. In addition, as at the Li" and Na" affinities of small crown ethers to
noted above, DB18C6 is also more rigid (less con- try to rationalize the differences between experiment
formationally mobile) than either 18C6 or DC18C6 and theory. The computed entropies of complexation
and this might account for decreased cation affinity. show weak evidence of the size match between the
The net result is that in the gas phase DB18C6 is a cavity of DB18C6 and K: trends in the entropies of
weaker ligand than 18C6 for all the alkali cations, complexation vs. cation size show a “dip” atKsug-
not just the larger ones as observed in solution. The gesting a more unfavorable entropy of complexation
current experiments do not allow us to distinguish be- than would be expected based on extrapolation from
tween electronic effects and the effects of decreasedthe values for the other alkali metal cations. However,
conformational mobility, but we note that from the these weak intrinsic effects do not account for the size
RHF/6-31G* calculations Mullikan charges on the selectivity observed in solution, which is a fortuitous
O atoms in the DB18C&i™ complex average 0.08 el-  combination of both intrinsic binding and differential
ementary charges greater than those in 1BiC6 with solvation effects.

the greatest charges on the phenolic O atoms and the

smallest on the O atoms remote from the benzyl sub-

stituents. This suggests that ligand rigidity, rather than Acknowledgements
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