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The association reactions undergone by 12-crown-4-ether, 12c4H+, with NH3, CH3OH, CH3NH2, (CH3)2NH,
and (CH3)3N have been studied using the B3LYP density functional method and a variety of basis sets. For
comparison purposes the insertion reactions for the same bases into protonated dimethoxyethane (“glyme”),
Gl‚H+, and protonated glyme dimer, (Gl)2H+, have also been modeled. The B3LYP/aug-cc-pVDZ//B3LYP/
4-21G(*) level of theory was found to be a particularly favorable compromise between accuracy and
computational expense for the calculation of proton affinities of medium-sized species. The protonated glyme,
Gl‚H+, the protonated glyme dimer, (Gl)2H+, and the protonated crown ether, 12c4H+, form two internal
hydrogen bonds with NH3, CH3OH, CH3NH2, and (CH3)2NH, except for (Gl)2H+‚NH3 which has four O‚‚‚H
bonds. In Gl‚NH(CH3)3

+, there is a single O‚‚‚H bond and the protons of the methyl groups assist weakly
in O‚‚‚HC bonding. The insertion energy of methanol, ammonia, and the series of amines into 12c4H+

increases with increasing proton affinity of the inserting base. A similar trend is observed for insertion into
(Gl)2H+. Trimethylamine does not follow the expected trend because it forms proton-bound complexes that
have a single O‚‚‚HN bond instead of two. The association energy of CH3OH2

+, NH4
+, etc., with 12c4 or

Gl2 decreases with increasing proton affinity (of methanol, ammonia, etc.).

I. Introduction

Crown ethers have been of great interest since their first
synthesis by Pedersen in 1967.1 The ability of polyetherss
glymes, crown ethers, and cryptandssto act as very effective
complexing agents for cations is well established and represents
a field of great chemical and biological significance.2

The importance of determining thermochemical properties for
complexation of cations by polyethers, in the absence of solvent
and counterions, has been pointed out.2b,3,4 Alkali metal-crown
ether complexes have been studied by collision-induced dis-
sociation threshold energy determinations employing guided ion
beam experiments,2b while the specific species under study here
have been studied using pulsed high-pressure mass spectrometry
by Meot-Ner3 and by Kebarle and co-workers.4

The thermochemistry of internal hydrogen bonds and of
multiple hydrogen bonding was estimated by comparisons
between polyfunctional and analogous monofunctional ions.3

Polyethers, crown ethers, and glymes exhibit strong (30 kcal/
mol) internal hydrogen bonds, stabilizing the protonated species
and increasing the PAs of the corresponding molecules.5,6 The
hydrogen bonding of polyfunctional molecules with polyprotonic
ions leads to multiply hydrogen bonded structures, which leads
to stabilization of ion/molecule complexes;5 this was observed
for ammonia-crown ether3 and methoxonium (CH3OH2

+)-
crown ether complexes.4

Reactions of protonated 12-crown-4 ether (12c4H+) and its
ammonium and methoxonium ion complexes with a series of
base molecules were studied using a selected ion flow tube.7

Reaction efficiencies were observed to be enhanced for base
molecules capable of forming multiple hydrogen bonded
structures. The association reactions undergone by 12c4H+ with
ammonia and methanol were viewed7 as insertion reactions
analogous to reactions observed for alkyl-blocked dimers such
as (CH3CN)2H+.8-10

In previous work,11 we have modeled the insertion reactions
of ammonia, methylamine, dimethylamine, and methanol into
proton-bound alkyl-blocked dimers of acetonitrile, (CH3CN)2H+,
and acetone, (CH3COCH3)2H+, using hybrid density functional
methods and have explained their insertion mechanism. The
purpose of the present work is to shed light on the reactions of
bases with protonated glyme Gl‚H+, protonated glyme dimer-
(Gl)2H+, and proton-bound 12-crown-4-ether (12c4H+), with
the same computational method.

II. Methods

All density functional calculations have been carried out using
the Gaussian 94 package12 running on a DEC Alpha TurboLaser
8400 at the Institute of Chemistry, Hebrew University; on a
DEC Alpha 233/4 at the Chemistry Department, Bogazic¸ i
University, and on DEC Alpha 500/500 and Silicon Graphics
Origin 2000 computers at the Weizmann Institute of Science.
Semiempirical calculations using the PM3 model13 were per-
formed using Spartan.14

All density functional calculations employed the B3LYP
(Becke three-parameter-Lee-Yang-Parr) exchange-correlation
functional,15,16 which combines the Becke three-parameter
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hybrid exchange functional15 with the gradient-corrected cor-
relation functional of Lee, Yang, and Parr.16 The excellent
performance of this method has been noted previously for
geometries and harmonic frequencies.17

Geometry optimizations and harmonic frequency calculations
were carried out using the 4-21G(*) basis set, which stands for
the standard 4-21G basis set of Pulay et al.18 with a single d
polarization function added on all heteroatoms as well as on
hydrogen atoms involved in protonation and/or hydrogen
bonding. (An early example of the use of such mixed basis
sets in geometry optimizations can be found in the work of Pang
et al.19 on the structure of some nitrogen heteroaromatics.) The
exponents for these extra functions were taken from Dunning’s
cc-pVDZ (correlation consistent polarized valence double-ú)
basis set.20a

Using the B3LYP/4-21G(*) reference geometries, single-point
calculations of the energetics were carried out at the B3LYP
level with the following larger basis sets: (a) cc-pVDZ, which
is of [3s2p1d/2s1p] quality; (b) the larger cc-pVTZ (correlation
consistent polarized valence triple-ú) basis set, which is of
[4s3p2d1f/3s2p1d] quality; (c, d) the aug-cc-pVDZ and aug-
cc-pVTZ (augmented correlation consistent polarized valence
double- and triple-ú, respectively) basis sets of Kendall et al.,20b

which differ from the parent cc-pVnZ basis sets by the addition
of one low-exponent (“diffuse”) function of each angular
momentum present. The latter were developed with improved
performance for electron affinities in mind, but the diffuse
functions were previously (e.g., ref 21) found to be essential in
obtaining high-accuracy proton affinities as well (because
protonation generally involves a change in the number of free
electron pairs). The aug-cc-pVDZ and aug-cc-pVTZ basis sets
(AVDZ and AVTZ for short) are of [4s3p2d/3s2p] and
[5s4p3d2f/4s3p2d] quality, respectively.

In addition, we considered improvement of the B3LYP/4-
21G(*) energetics with a BSSE (basis set superposition error)
correction according to the Boys-Bernardi counterpoise method.23

Zero-point energies and RRHO (rigid rotor-harmonic oscil-
lator) thermal corrections at 298 K were computed from the

unscaled B3LYP/4-21G(*) harmonic frequencies. The latter
were also essential to verify that some of the structures obtained
for the floppier molecules were in fact local minima.

Total energies and zero-point energies are given as Supporting
Information. Binding energies, i.e., differences in energy
between the dissociation products and the reactant, including
the zero-point energies are given in Table 1. Table 2 presents
calculated and experimental thermochemical data. The proce-
dure used by Yamabe et al.22 was followed to calculate proton
affinities as

(-5/2)RT is the thermal correction of translation and rotation.
For the B3LYP/4-21G(*) thermochemical data, estimated BSSE
corrections according to the Boys-Bernardi counterpoise
method23 were also considered.

Atomic polarizability tensor (APT) population analysis24awas
carried out for these structures using the program GAR2PED24b

as in our previous work.11 For a recent comparative study of
the performance of DFT methods for different charge distribu-
tions, see ref 24c.

The geometries for the structures that were characterized as
local minima are given in Figures 1-4, together with APT
charges for the atoms directly involved in protonation.

III. Results and Discussion

1. Proton Affinities of the Smaller Species. Comparison
of computed B3LYP/4-21G(*) PAs with experiment for these
species reveals that the calculated values leave a lot to be
desired. BSSE corrections are found to be very sizable, reaching
15.7 kcal/mol for Gl2H+ and 8.1 kcal/mol for CH3OH. After
BSSE correction, the values are still systematically too high.
Moreover, the calculated-observed gap is anything but constant
or systematic, strongly suggesting that the B3LYP/4-21G(*)
level of theory, even with counterpoise correction, is simply
inadequate.

TABLE 1: B3LYP Computed Dissociation Enthalpies at 298 K (kcal/mol) for the Different Complexes

reaction 4-21G(*) VDZ//4-21G(*) AVDZ//4-21G(*)

GlH+(12) f Gl(11) + H+ (I) 222.57 207.35 203.63
Gl‚CH3OH2

+(13) f GlH+(12) + CH3OH (II) 35.61 26.34 20.92
Gl‚CH3OH2

+(13) f Gl(11) + CH3OH2
+ (III) 64.35 49.54 45.44

Gl‚NH4
+(14) f GlH+(12) + NH3 (IV) 43.72 38.77 33.27

Gl‚NH4
+(14) f Gl(11) + NH4

+ (V) 48.24 37.40 34.66
Gl‚NH3CH3

+ (15) f GlH+(12) + NH2CH3 (VI) 46.56 44.15 40.21
Gl‚NH3CH3

+(15) f Gl(11) + NH3CH3
+ (VII) 45.99 33.18 29.97

Gl‚NH2(CH3)2
+(16) f GlH+(12) + NH(CH3)2 (VIII) 49.14 46.89 44.34

Gl‚NH2(CH3)2
+(16) f Gl(11) + NH2(CH3)2

+(IX) 40.07 30.30 26.94
Gl‚NH(CH3)3

+(17) f GlH+(12) + N(CH3)3 (X) 46.88 43.59 42.10
Gl‚NH(CH3)3

+(17) f Gl(11) + NH(CH3)3
+ (XI) 33.33 23.96 20.48

(Gl)2H+(18) f 2Gl(11) + H+ (XII) 256.67 234.23 226.98
(Gl)2H+(18) f Gl(11) + GlH+(12) (XIII) 34.10 26.88 23.35
(Gl)2CH3OH2

+(19) f (Gl)2H+(18) + CH3OH (XIV) 26.05 19.11 13.71
(Gl)2CH3OH2

+(19) f 2(Gl) + CH3OH2
+ (XV) 88.89 69.19 61.58

(Gl)2NH4
+(20) f (Gl)2H+(18) + NH3 (XVI) 45.77 34.83 30.59

(Gl)2NH4
+(20) f 2(Gl) + NH4

+ (XVII) 84.39 60.34 55.33
12c4H+(22) f 12c4(21) + H+ (XVIII) 231.07 218.55 216.94
12c4H+‚CH3OH(23) f 12c4H+(22) + CH3OH (XIX) 35.79 27.18 20.04
12c4H+‚CH3OH(23) f 12c4(21) + CH3OH2

+ (XX) 73.02 61.58 57.87
12c4H+‚NH3(24) f 12c4H+(22) + NH3 (XXI) 45.67 39.62 33.13
12c4H+‚NH3(24) f 12c4(21) + NH4

+ (XXII) 58.69 49.44 47.82
12c4H+‚NH2CH3(25) f 12c4H+(22) + NH2CH3 (XXIII) 49.55 44.65 38.96
12c4H+‚NH2CH3(25) f 12c4(21) + NH3CH3

+ (XXIV) 57.48 44.87 42.03
12c4H+‚NH(CH3)2(26) f 12c4H+(22) + NH(CH3)2 (XXV) 50.89 45.64 41.09
12c4H+‚NH(CH3)2(26) f 12c4(21) + NH2(CH3)2

+ (XXVI) 50.32 40.24 37.01
12c4H+‚N(CH3)3(27) f 12c4H+(22) + N(CH3)3 (XXVII) 41.88 38.36 35.21
12c4H+‚N(CH3)3(27) f 12c4(21) + N(CH3)3H+ (XXVIII) 36.83 29.93 26.89

-PA ) ∆E + ∆Evib + BSSE+ (-5/2)RT (1)
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Using a cc-pVDZ basis set instead appears to improve results
somewhat. The calculated-observed difference now however
displays a clear trend of increasing with increasing basicity.
Switching to the AVDZ basis set remedies this problem: all
computed PAs are now systematically slightly too low. Our
explanation is that with increasing PA and thus increasing

“anionlike” character of the proton acceptor atom in the neutral
species diffuse functions afford an increasingly larger stabiliza-
tion to the neutral. Hence their absence would result in a
progressively larger artificial increase of the PA (because the
basis set is progressively more biased against the neutral) with
increasing basicity, as observed.

TABLE 2: Comparison of Calculated and Observed Reaction Enthalpies (kcal/mol) at 298 K. Estimates of BSSE by the
Counterpoise Method, Where Available, Are Given in Parentheses

reaction B3LYP/4-21G(*) B3LYP/VDZ B3LYP/VTZ B3LYP/AVDZ B3LYP/AVTZ experiment

CH3OH2
+ f CH3OH + H+ 193.84 184.16 182.25 179.11 180.32 181.9c

(8.1) (3.75) (1.20) (0.25) (0.08)
NH4

+ f NH3 + H+ 218.06 208.72 205.78 202.24 203.39 204c,
(5.4) (3.96) (1.49) (0.47) (0.07) 203.5d

NH3CH3
+ f NH2CH3 + H+ 226.85 218.32 216.56 213.86 214.86 214.1c,

(5.2) (2.13) (0.85) (0.62) (0.07) 215.4d

NH2(CH3)2
+ f NH(CH3)2 + H+ 231.66 223.96 223.16 221.04 221.97 220.6c,

(3.5) (3.05) (1.13) (0.40) (0.14) 222.5d

N(CH3)3H+ f N(CH3)3 + H+ 236.14 227.00 226.98 225.28 226.12 225.1c

(4.5) (2.46) (0.92) (0.46) (0.16)
GlH+ f Gl + H+ 222.58 207.36 205.73 203.64 [204.7]g 204.9c,

(8.7) (2.56) (0.58) (0.33) 208.9e

(Gl)2H+ f 2Gl + H+ 256.66 234.2 227.0 [227.9]g 236e

(16.8)
12c4H+ f 12c4+ H+ 231.08 218.6 218.3 217.0 [217.9]g 219.6a,

(8.4) 221.0b,
225.0e

12c4H+‚CH3OH f 12c4H+ + CH3OH 35.78 27.2 20.0 19.5f

(11.6)
12c4H+‚CH3OH f 12c4+ CH3OH2

+ 73.02 61.6 57.9 58.3f

(18.4)

a Ref 6. b Ref 36.c Ref 37.d Ref 35.e Ref 28. f Ref 10.g Extrapolated values using eq 2.

Figure 1. B3LYP/4-21G(*) computed structures of the species1-11 as well as hydrogen bond distances (Å) and APT atomic charges of some
relevant atoms.
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As expected, the VTZ results are significantly better than the
VDZ results, but still exhibit a greater-than-unity slope for a
regression of computed versus observed values. The effect is
however much milder because the outermost primitives of the
cc-pVTZ basis set are considerably more “diffuse” than those
in the cc-pVDZ basis set. As expected, this tendency disappears
upon switching to the AVTZ basis set, the B3LYP/AVTZ values
being consistently close to the experimental ones. The differ-
ence between B3LYP/AVDZ and B3LYP/AVTZ values is
however quite small and definitely out of all proportion with
the great increase in computational expense involved. (The
AVDZ basis set involves 20 basis functions per first-row atom
and 9 per hydrogen, compared to 46 and 20, respectively, for
AVTZ.) Moreover, for the five proton affinities we have here,
a linear regression (in kcal/mol)

has a correlation coefficientR ) 0.99999 and residuals of 0.08
kcal/mol or less. Hence we propose to simply use this equation
to somewhat further improve on the computed B3LYP/AVDZ
results for the bigger species.

A critical reader would rightly argue that the excellent
agreement with experiment at the B3LYP/AVDZ and particu-
larly B3LYP/AVTZ level might be a result of error compensa-
tion involving neglect of BSSE. To address this point, we have
computed counterpoise (CP) corrections using the larger basis
sets, wherever our computational resources permitted us doing
so. (These corrections can likewise be found in Table 2.) We
see here that the CP corrections are smaller with the cc-pVDZ

than with the 4-21G(*) basis set; the most conspicuous feature,
however, is that adding on diffuse functions to obtain the AVDZ
basis set reduces the estimated BSSE by almost an order of
magnitude. Indeed, ranging from 0.25 to 0.62 kcal/mol for the
systems surveyed, they are appreciably smaller than those with
the larger cc-pVTZ basis set (0.58-1.49 kcal/mol); those with
the AVTZ basis set, at 0.07-0.16 kcal/mol, can definitely be
called negligible in the context of the present work. In other
words, the improvement in agreement with experiment is clearly
paralleled by a strong reduction in the estimated BSSE.

A similar phenomenon was observed in a recent ab initio
convergence study23b on the water dimer interaction energy,
where adding diffuse functions to a [5s4p3d2f1g/4s3p2d1f] basis
set was found to reduce the CP correction to it by an order of
magnitude at the SCF level and still by a factor of 4 at the
CCSD(T) coupled cluster level. Likewise, in a recent calibration
study23c on the anharmonic force field of acetylene, an unphysi-
cal anharmonicity and grossly underestimated harmonic fre-
quency with basis sets as large as [5s4p3d2f1g/4s3p2d1f] were
found to disappear completely upon adding diffuse functions
to the basis set: exploratory calculations led to a tentative
diagnosis of the problem as dynamical BSSE.

2. Glyme and Related Complexes. The structure of
dimethoxyethane (DME, dimethyl glycol ether, “glyme”), Gl
(11), has been investigated extensively theoretically and ex-
perimentally in the past decade.25a-d,26a-h Analyses of infrared
and Raman spectra showed that the CH2-CH2 bond is gauche
in the crystal mixture,25a and thettt (trans-trans-trans) andtgt
(trans-gauche-trans) rotamers were found in the liquid and gas
phases.25b-e Astrup reported from electron diffraction measure-

Figure 2. B3LYP/4-21G(*) computed structures of the species12-17 as well as hydrogen bond distances (Å) and APT atomic charges of some
relevant atoms.

PA[AVTZ] ) 0.9922(16)PA[AVDZ]+ 2.64(34) (2)
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ments that several rotamers exist in the gas phase.26f Jaffe et
al.26g investigated the dependence of the conformational energies
of the 10 unique rotamers of DME on the basis set and the
level of electron correlation treatment. They found thettt
conformer (which hasC2h symmetry) to be the global minimum
and tgt (which has C2 symmetry) to be the next lowest
conformer. However, introduction of electron correlation
strongly reduces the conformational energy difference∆Ettt,tgt,
as does improving the basis set at the correlated level, resulting
in a ∆Ettt,tgt of only 0.10 kcal/mol as their best estimate. Feller
and co-workers,26h using geometric basis set extrapolation
techniques26k in conjunction with basis sets of up to spdfg
quality, found a similarly small value as their best estimate.

The tg+g- conformer (C1 symmetry) was found by Jaffe et
al. to be the third lowest in energy (∆E ) 0.23 kcal/mol,
agreeing to within 0.1 kcal/mol with recent measurements26l).
Since it however is 4-fold “degenerate” in rotamer space, it was
predicted by them to have the highest relative abundance at 0
°C, followed bytgt (which is 2-fold “degenerate”) andttt (which
is not “degenerate”): their computed rotamer populations were
in very good agreement with those obtained by Astrup26f from
electron diffraction experiments.26f (For comparison, recently
Brickmann et al.26j have shown that for 1,2-ethanediol (glycol),
at the MP2 level using basis sets up to 6-311+G(3df,3pd), the
conformations where the oxygen atoms are gauche to each other
are preferred over the others by at least 2 kcal/mol.) Abe27 has
claimed that the gauche preference for the OC-CO bond is
not a feature caused by the surrounding solvent molecules in
solution.

In this work, a rotamer search around the five single bonds
was first performed with the PM3 semiempirical method. This
method is clearly not sufficient, yieldingttt as theleastfavorable
structure andtg+g- < tgt < g+tg- as the lowest three
conformers. (Jaffe et al. foundg+tg- as the fourth highest
rotamer.) At the B3LYP/4-21G(*) level, this ordering changes
to tg+g- < ttt < tgt < g+tg-: improving the basis set to cc-
pVDZ brings the bottom three conformers much closer to each
other and strongly increases the separation from theg+tg-

rotamer. Further improving the basis set to AVDZ or cc-pVTZ
leads to the samettt < tgt < tg+g- energyordering as found
by Jaffe et al., although it appears that B3LYP overestimates
the ttt-tgt and ttt-tg+g- separations. Reoptimization of the
geometries at the B3LYP/AVDZ level does not affect these
conclusions.

Since it appears to be clear from both refs 26g and 26h,
however, that thetg+g- conformer11sfortuitously found as
the lowest energy at the B3LYP/4-21G(*) levelswill be the
most abundant one in practice, we have used it as the reference
structure for the proton affinity calculations.

Protonated glyme (Gl‚H+, 12), on the other hand, is seen to
favor a tgt rotamer, which permits bonding of the proton to
both oxygens, thus forming a five-membered ring. (For a
similar small ion, Li+, it was previously found26h,m that tgt is
likewise strongly preferred.) The central proton in12 is 1.149
and 1.326 Å removed, respectively, from the two oxygens and
the methyl groups are almost trans (150°) to the methylene
groups. At the B3LYP/4-21G(*) level, this structure is 0.05
kcal/mol lower in energy than theC2 symmetric structure, where

Figure 3. B3LYP/4-21G(*) computed structures of the species18-21 as well as hydrogen bond distances (Å) and APT atomic charges of some
relevant atoms.
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the proton would be 1.231 Å away from the oxygens. The small
barrier may well be a methodological artifact, and in practice,
the effective geometry of the species will probably be sym-
metric, given such a low barrier. The asymmetry between the
two OH distances is however much less pronounced than in
the small basis set Hartree-Fock calculations of Meot-Ner et
al.28 and Yamabe et al.;22 a similar phenomenon was noted in
ref 11. Overall, the structure fairly closely resembles the
suggestion in Figure 5 of the experimental work of Vaidyanathan
and Garvey.29

In Gl‚CH3OH2
+ (13), although in the initial geometry one

of the bridge H atoms is close to glyme, in the optimized
geometry both H atoms are close to methanol and 1.463 and
1.436 Å away from the O atoms of glyme. Although the proton
affinity of glyme (PA) 204.9 kcal/mol) is higher than that of
methanol (PA) 181.9 kcal/mol), it may be that this quasi
symmetric geometry is preferred over a nonsymmetric structure
that would occur otherwise. Meot-Ner explains the same type
of behavior in the complex of H3O+ with polyethers where the
proton is associated with the H3O+ moiety, although the ether
groups have higher proton affinities due to the opposing
attractions of the ligand groups.28

In Gl‚NH4
+ (14), NH3 and glyme have equal proton affinities,

but it is NH3 that attracts the common proton toward itself. The
bridges between NH4+ and glyme have O‚‚‚H bonds of 1.612
Å and H‚‚‚N bonds of 1.073 Å. The protons of the bridge bear
the most positive charge (0.52), and the oxygens of glyme have
the most negative charge (-0.77).

Gl‚NH3CH3
+ (15) is quite similar to (14) although not

symmetric. Again the bridge protons are the most positive

(0.48) centers and the oxygens are the most negative sites
(-0.77). Notice also that O‚‚‚H bonds are longer than in14
by 0.04 Å.

Gl‚NH2(CH3)2
+ (16) and Gl‚NH(CH3)3

+ (17) retain the
tetrahedral geometry around nitrogen. Gl‚NH2(CH3)2

+ (16) has
two H bonds. Although Gl‚NH(CH3)3

+ (17) is singly hydrogen
bonded to one of the glyme oxygens, long-range (2.195 and
2.198 Å) O‚‚‚HC interactions between the other oxygen and
two hydrogens from the two nearest methyl groups appear to
stabilize this structure. Mautner5 has previously reviewed
contributions from-C-Hδ+‚‚‚O- bonds with polyethers. The
charge on the bridge H atoms varies from 0.52 in Gl‚NH4

+ (14)
to 0.48 in Gl‚NH3CH3

+ (15) and 0.44 in Gl‚NH2(CH3)2
+ (16).

The charges on the bridge H atoms diminish as the NH4
+ group

changes into NHm(CH3)n
+ (m ) 1, 3; n ) 4 - m): electron

donation from the methyl groups neutralizes the partial positive
charge on the bridge proton.

3. Glyme Dimer and Related Complexes.In (Gl)2H+ (18),
a proton binds one oxygen of one glyme to another oxygen of
another glyme, staggered to the first. O‚‚‚H bond lengths are
around 1.215 and 1.223 Å. The most negative sites are the
oxygens (-0.82) hydrogen bonded to the central proton (0.77).
Vaidyanathan and Garvey (Figure 6 in ref 29) suggest the two
glymes to be at (almost) right angles, each with one hydrogen
bond and one weak ion-dipole interaction. Our computed bond
distances, as well as the computed O-O-O-O dihedral angle
of 280°, fundamentally agree with this picture. Contrary to
Figure III of Mautner et al.,28a we definitely find the proton to
be nearly symmetrically bound to two oxygens rather than
predominantly to one. In (Gl)2CH3OH2

+ (19), the O‚‚‚H bond

Figure 4. B3LYP/4-21G(*) computed structures of the species22-27 as well as hydrogen bond distances (Å) and APT atomic charges of some
relevant atoms.
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lengths are extended to 1.470 and 1.486 Å. In (Gl)2NH4
+ (20)

the N‚‚‚H bond lengths are 1.758 Å. Bond length differences
in 19 and20 may be rationalized in terms of the nature of the
electronegative atom in the ligand. In19 oxygen still has a
lone pair capable of assisting the H by donating its electrons
and shortening the H‚‚‚O bond, whereas in20, N cannot show
similar behavior. Structure20 has four O‚‚‚H bonds because
of the symmetric tetrahedral geometry of NH4

+ and agrees quite
well with the previously suggested structure by Feng and
Lifshitz7 for (Gl)2NH4

+ based upon experimental findings only,
although some of the other structures suggested intuitively7 have
to be revised following the present density functional calcula-
tions (see coming section).

4. 12-Crown-4 and Related Complexes.It is known30 that
the crowns can adapt their conformation for optimum complex-
ation of the guest, a consequence of their dynamic flexibilty in
solution. There are numerous possible conformations31 for the
isolated 12-crown-4 molecule (12c4), but in the solid state only
a few of these conformations have been observed.32 In theC4

conformation the four O atoms form a plane with the CH2

groups on one side. In each OCH2-CH2- group one C is closer
to the O atom plane (“up” position) and the second C is further
from the O atom plane (“down” position). “C4” is used to
describe the group of structures based on an idealized molecule
with true C4 symmetry. For pseudo-C4 symmetry if one goes
around the macrocyclic chain from one O atom, the first carbon
is down and the next up, a chiral conformation which repeats
in the next three OCC units.

The RHF and MP2 optimized structures of the 12c4 ligand
haveS4 symmetry.26h The OCCO dihedral angle in 12c4 is 70°,
20° larger than the same angle in the Li+(12c4) complex. Both
the RHF and MP2 optimized structures of 12c4 are in excellent
agreement with the crystal structure of 12c4 reported by
Growth.32 For 12-crown-4 (21), we have found theS4 sym-
metric structure to be 13.91 kcal/mol lower in energy than its
C4 counterpart. The bond lengths are O-C 1.480 Å, C-C 1.526
Å, and C-O 1.469 Å.

While 12c4 is quite floppy, 12c4H+ (22) is fixed by an
intramolecular hydrogen bond. Structure22 hasC2 symmetry
with the proton 1.233 Å away from two opposite oxygen atoms.
This bond is weaker than the one in18 due to ring strain as
shown by Wasada et al.33

Both in 12c4H+‚CH3OH (23) and 12c4H+‚NH3 (24) there
are two hydrogen bonds between the two opposite oxygens and
the active protons of the ligands. In 12c4H+‚CH3OH (23), CH3-
OH2

+ is on top of 12c4 with two O‚‚‚H bonds of 1.519 and
1.524 Å, respectively. In24, NH4

+ is equidistant from the two
opposite oxygens; 12c4H+‚NH3 is completely symmetric, with
O‚‚‚H bond lengths of 1.658 Å. When the central base is
methylamine (25) or dimethylamine (26), the ligand is pushed
away from the ring, the O‚‚‚H distances being{1.697,1.701 Å}
and 1.780 Å, respectively. The lengthening of the O‚‚‚H
distance in 12c4‚NHm(CH3)n

+, (m ) 1, 3; n ) 4 - m) as n
increases is not similar to the situation observed for Gl‚NHm-
(CH3)n

+, (m ) 1, 3; n ) 4 - m); it may be that the 12c4 ring
pushes away the ligand NHm(CH3)3

+ asn increases and as the
ligand becomes crowded. The structure of 12c4H+(CH3)3N (27)
is different from the other clusters of 12c4H+ with methylamine
derivatives: the proton of (CH3)3NH is at 2.23 Å from two
opposite oxygens in 12c4 and the whole structure is stabilized
by these long-range interactions.

12c4H+ (22) has the largest negative charge on the hydrogen-
bonded oxygens (-0.81), and the central proton is 0.71. In
the other clusters of 12c4 the charges for the oxygens bonded

to the active hydrogens and the ones for the bridge hydrogen
themselves are distributed as follows:-0.76, +0.61 in 23;
-0.73,+0.48 in24; -0.73,+0.44 in25; -0.72,+0.40 in26;
and -0.69, +0.39 in 27. These findings seem to reflect the
fact that the shorter the hydrogen bonds are, the greater is the
charge separation.

5. Proton Affinities and Binding Energies. Two experi-
mental PA values exist for Gl. The higher Mautner et al.28a

value of 208.9 kcal/mol however reflects a PA scale28b that is
biased upward by 4 kcal/mol (see Szulejko and McMahon35

for details). After taking this into account, our B3LYP/AVDZ
value of 203.6 kcal/mol and particularly the estimated B3LYP/
AVTZ value of 204.7 kcal/mol are in excellent agreement with
experiment. Our calculations for 12c4 yield 217.0 kcal/mol at
the B3LYP/AVDZ level or an estimated 217.9 kcal/mol at the
B3LYP/AVTZ level, somewhat below the lowest experimental
value, 219.6 kcal/mol.6 Given the extremely low harmonic
frequencies involved, we assume that the RRHO treatment in
the thermal corrections could lead to a substantial error. The
error margin in our calculations is not necessarily small enough
to enable us to rule out the higher (221.0 kcal/mol) experimetal
value of Sharma et al.36

Even after taking into account the 4 kcal/mol downward shift
required for the reported Mautner et al.28 value for Gl2, this
still leaves a gap of 5 kcal/mol, which is unexpectedly large.
The Mautner value implies a much larger association energy
for GlH+ + Gl f Gl2H+, 27.4 kcal/mol, than was previously
found by Kebarle and co-workers,36 22.8 kcal/mol. As argued
by Mautner et al.,28 the dimerization energies should be small
because internal hydrogen bonds are broken. If we adopt the
Kebarle et al. value for the dimerization energy, we obtain 227.2
kcal/mol, compared to 227.5 kcal/mol from ref 36, and not
overly different from our own estimated B3LYP/AVTZ value,
225.5 kcal/mol. Again, we suggest that at least part of the
remaining discrepancy between theory and experiment would
be due to poor RRHO thermal corrections.

As can be seen from Table 2, differences between B3LYP/
4-21G(*) and B3LYP/AVDZ energies may be in the 20-30
kcal/mol range. The subsequent discussion will be based
exclusively on the B3LYP/AVDZ results, which were seen
above to be quite close to experiment at least for the proton
affinities. As also seen from Table 2, the computed reaction
enthalpies at 298 K for the two dissociation channels of the
12c4H+‚CH3OH complex, 20.0 and 57.9 kcal/mol, agree excel-
lently with the corresponding experimental values4 of 19.5 and
58.3 kcal/mol, respectively.

Regarding the dissociation energies of Gl‚CH3OH2
+ (13) and

of Gl‚NH4
+ (14) to produce CH3OH2

+ and NH4
+, respectively

(Table 2), the trend observed is seen to be based on the O‚‚‚H
and N‚‚‚H bond lengths (Figure 1) in the compounds consid-
ered: the shorter and the stronger the bond, the more energy is
needed to break it. The binding energy for reactions II and IV
displays the relative strength of the proton affinities of CH3OH
and NH3: more energy is released when NH3 is inserted into
GlH+. Considering Gl‚NH3CH3

+ (15), Gl‚NH2(CH3)2
+ (16),

and Gl‚NH(CH3)3
+ (17) in reactions VII, IX, and XI, it is

possible to state that dissociation energies decrease as the
number of methyl groups increases. In reaction XI, for Gl‚
NH(CH3)3

+ (17) the binding energy is considerably smaller than
for 14, 15, and16 due to the fact that a single O‚‚‚H bond is
broken in17whereas two O‚‚‚H bonds are broken in the others.
For reactions VI and VIII insertion of methylamine derivatives
is expected to be easier as the proton affinity of the ligand
increases. As expected, the energy released in these reactions
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increases as the number of methyl groups increases in methyl-
amines. Reaction X does not follow this trend because of the
single O‚‚‚H bond as described previously.

Regarding the binding energies of19and20 in reactions XV
and XVII (Table 2), the first one refers to the breakage of two
H bonds, whereas the second one refers to the cleavage of four
H bonds. Binding energies per O‚‚‚H and N‚‚‚H bonds amount
to 30.8 and 27.7 kcal/mol, respectively; this is in agreement
with the expectations based on the shorter H bonds in19 relative
to 20. Insertion of NH3 into (Gl)2H+ is more exothermic than
insertion of CH3OH (reactions XVI and XIV).

The binding energies deduced from reactions XIX and XXI
show a trend similar to reactions II and IV with almost the same
difference of 13 kcal/mol, with ammonia insertion being more
exothermic than methanol. For 12c4.NHm(CH3)n

+, (m ) 1, 3;
n ) 4 - m) the binding energy decreases as the number of
methyl groups in the ligand increases as mentioned earlier for
(Gl)2NHm(CH3)n

+, (m ) 1, 3;n ) 4 - m). Comparison of the
binding energies deduced for reactions XIV and XIX reflects
the stability of 12c4H+‚CH3OH with respect to (Gl)2CH3OH2

+;
the same is true for reactions XVI and XXI despite the larger
number of H bonds in20 than in 24. There are four O‚‚‚H
bonds in20 and only two O‚‚‚H bonds in24, and the ratio of
the binding energies per hydrogen bond for reactions XVI and
XXI is larger than that for reactions XIV and XIX, where the
number of O‚‚‚H bonds is the same. It can be concluded that
ammonia/methanol insertion into 12c4H+ relative to (Gl)2H+

is more exothermic per hydrogen bond for the former than for
the latter. These findings are in agreement with the experimental
observations of Feng and Lifshitz,7 where ammonia insertion
into 12c4H+ was found to be 1 order of magnitude more
efficient than its insertion into (Gl)2H+; the same protonated
species were found to be equally efficient toward methanol.

Experimental work on protonated complexes containing
ligands with a total of four polar groups has shown increasing
binding energies with increasing flexibility of the ligands,26 and
this behavior was attributed to the stabilization of the proton
by the free ether groups. The same is true for reactions XVIII
and XII, where the calculated binding energy for (Gl)2H+ is
higher than the one for 12c4H+.

Agreement between computed RRHO entropies and available
experimental values is quite poor due to the limitations inherent
in RRHO theory for the present systems, and we have not
pursued this point further.

IV. Conclusions

We draw a number of conclusions from this study.
The geometric features of the optimized clusters with B3LYP/

4-21G(*) agree with experimental findings (where available)
and with a priori expectations.

The B3LYP/aug-cc-pVDZ//B3LYP/4-21G(*) level of theory
is found to be a particularly good compromise between CPU
time and quality of results for proton affinities (and related
reaction energies) of medium-sized molecules. Reaction en-
thalpies for the protonated clusters at this level of theory are in
very good agreement with experimental data where the latter
are available. The “diffuse” part of the aug-cc-pVDZ basis set
is found to be more essential than extension of the underlying
basis set from cc-pVDZ to cc-pVTZ. The great improvement
in agreement between B3LYP and experimental proton affinities
upon adding diffuse functions to the basis set is directly related
to a drastic reduction in the counterpoise-estimated basis set
superposition error.

Insertion of NH3 into GlH+, (Gl)2H+ and 12c4H+ is more
exothermic than insertion of CH3OH into the same protonated
species.

Dissociation energies to produce the protonated bases reflect
the strength of the O‚‚‚H bonds: more energy is required to
break O‚‚‚H bonds when the base is methanol rather than
ammonia and methylamine(s).

Insertion of NH3 into 12c4H+ is more exothermic than its
insertion into (Gl)2H+; the exothermicity for the insertion of
CH3OH is comparable for 12c4H+ and (Gl)2H+.
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