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Abstract—Chelates formed by carbocations and cyclic polyethers and polyamines are studied with semiempirical and

ab initio MO methods.

Carbon atoms with a coordination number higher than
four have received considerable attention.'” A possi-
bility for their formation is provided by the chelation of a
carbocation by compounds possessing more than one
suitably placed electronegative atom.®

Theoretical approaches to chemical structure open the
possibility of studying molecules at present not available
to the experimentalist, in the hope of uncovering features
which might promote their syntheses.” In this report we
present the results of MO calculations on chelation of
carbocations by cyclic polyethers and polyamines.

Methods

While the CNDO/2 method® was employed with the
full systems, the use of ab initio methods® was restricted
to model systems and to compounds 1 and 2.

CNDOJ2 studies. The reliability of the CNDO/2 results
in this particular application was assured by the follow-
ing facts:

(i) a plot of calculated binding energies vs experimen-
tal heats of atomization (obtained from heats of forma-
tion)'®!" of carbocations related structurally to the
chelates, gave a linear relationship with a correlation
coefficient of 0.995;°

(i) calculations on conformations of cyclohexane, 1,4-
dioxane and 14-piperazine'® successfully reproduced
experimental trends as well as sophisticated MO and
molecular mechanics calculations, and

(iiiy CNDOJ?2 results® paralleled sophisticated ab initio
results'® for structurally related carbocations such as
CH;".

Full geometry optimization'* was achieved in cyclo-
hexane and cycloheptane derivatives. Geometry opti-
mization in the crown ether compounds however, was
carried out after imposing the following symmetry con-
straints: local Cs on the Me moiety and local C, on the
crown ether moiety with n equal to the number of O
atoms in the ether.

Ab initio Studies. Extensive ab initio calculations were
carried out on positively charged species.”” It was
concluded that geometries and relative energies cal-
culated tended to approach experimental values as the

“The species included in the plot are Me™*, Et*, i-Pr*, t-Bu”,
C-C5H11+, CH2F+, CHF2+, MCOCH2+, MezNCH2+, (Ol‘l)zCI‘l+
and MeO™. The energies discussed below were extrapolated from
this line.

*The symmetrical mode of interconversion between chair and
boat cyclohexane was caiculated by molecular mechanics to be
11.3kcal/mol.”” A CNDO/2 calculation gave a value of
9.7 kcal/mol.

size of the basis set employed was increased and
polarization functions were introduced.'*'® A satisfac-
tory basis set for carbocations was the STO/4-31G one
with geometry optimization. The size of our systems
however, demanded a less ambitious compromise.

Calculations with the STO-3G basis set and full
geometry optimization were carried out on model
compounds where the 6-membered rings were replaced
by a 4-atom linear chain (compare 1 with 6, 2 with 7 and
3 with 8). The energies, relative to the onium compounds
(6 or 1), from the model calculations were expected to
parallel those from calculations on the whole systems,
since the former suffered mainly from the exclusion of a
fairly constant strain energy due to the bicyclic ring
system in the chelates. For some compounds, single
calculations at the STO/4-31G level were then performed
at the STO-3G optimized geometries.

Compounds 1 and 2 were studied in some detail. First,
their geometries were optimized at the STO-3G level,
subject only to the constraints of local C; symmetry on
the Me group and local C,, symmetry in the ring of 1 and
C,. in that of 2. Calculations were then performed with
the extended STO/4-31G basis set at the STO-3G opti-
mized geometries, and finally some selected parameters
in species 2 were optimized at the 4-31G level.

RESULTS AND DISCUSSION

Cyclohexane derivatives. The most stable conformation
of 1-methyl-1,4-dioxanium ion, 1a, was chosen as
reference.

Cation 2a was shown to correspond to the transition
state for Me migration between Sa and its mirror image.
Thus, when the condition that the Me group should lie
above the center of the ring was relieved, the molecule
fell into the potential of 5a.

While in 3a and 4a the carbocation moiety retained its
preferred (in the gas phase) planar conformation, steric
repulsions created by the H atoms pointing into the ring
and smaller C-O overlap made these species unstable
relative to 2a.

By analogy with cyclohexane, the interconversion of
1a and 5a proceeded through a transition state higher in
energy than 1a by about 11 kcal/mol.”

The energy difference between chair/equatorial and
boat/flagpole methylcyclohexane was calculated to be
S.0kcal/mol. In the 1,4-dioxane case, the energy
difference 5a-1a was only 0.7 kcal/mol, indicating the
importance of the interaction between the Me group and
the O atom in the 4-position.'® This effect is presumably
the origin of smaller endocyclic angles in the O
compound (Fig. 1).
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The results presented are summarized in Fig. 2.

When the O atoms were replaced by NH groups, the
energy difference 2-1 was lowered by 2.2 kcal/mol,
reflecting the increased ring puckering of the parent
heterocycles'® which favoured preferentially species

Me

(a) (b)

Fig. 1. Comparison between boat/flagpole methylcyclohexane (a)
and 1-methyl-1,4-dioxanium ion (b).
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Fig. 2. Energy profile for 1-methyl-1,4-dioxanium ion. Numbers
in parentheses are CNDO/2 energies (kcal/mol) relative to 1a.

“E(1) = 30.9, 32.1 and 66.0 kcal/mol respectively with the STO-
3G basis set and 29.9, 2.1 and 47.8 kcal/mol with the STO/4-31G
basis set.

4E(2) = —4.4, 0.2 and —3.0 kcal/mol, respectively.

‘If the oxygen centers in 7 were made planar, as in 9, energy
decreased by ca. 12kcal/mol, reflecting the = interaction be-
tween the O atoms and the adjacent C atoms. These molecules
however, did not bear a direct geometrical resemblance to our
systems,

with small bonding angles. In addition, the energy
difference 5b-1b was —0.6 kcal/mol, due to the higher
basicity of N over O.

Substituent effects were studied through isodesmic
reactions.”® The energies for reaction 1 were calculated

CH.X* +CH, —— CH,* +CH5X (1)

for a series of groups X.*' Positive values obtained for
Me, F and OH° indicated that these substituents stabil-
ized preferentially the cation over the neutral molecule.

In our systems substituent effects could be studied
through the isodesmic reaction (2), where species 1 was
taken as a model for the hydrocarbon since the charge in
it was less concentrated on the Me group (see below).

2X) + 1(H) ——= 2(H)+ 1(X) Q@

Me, F and OH substituents were found to destabilize 2
relative to 1.7 This was due, on one hand, to the absence
of resonance effects, which in large part accounted for
the greater stability of CH.X™ over CH;" in eqn (1), and
on the other, from destabilizing inductive and field
effects which were greater in 2 than in 1, as judged from
a larger concentration of positive charge in 2 on the C
atom bearing the substituent (Fig. 3).

Fluorine substituent effects were studied in model
compounds. The STO-3G energy calculated for eqn (3),°
analogous to

(F) + 6(H) ——> 7(H) + 6(F). 3)

Equation (2), was 5.4 kcal/mol, indicating that fluorine
stabilized 7 more than 6. However, small basis sets were
shown to overemphasize the stabilizing properties of
fluorine towards carbocationic centers.?’ When the
STO/4-31G basis set was employed, E(3) reduced to
—0.5kcal/mol, a result qualitatively similar to the
CNDOJ/2 result for the whole system.
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Fig. 3. Charge distributions for the STO-3G optimized structures
of 1 and 2. The figures shown correspond to the summation of
charges of the heavy atom and its attached hydrogen atoms.?

When eqn (4) was considered, F with both basis sets
8(F) + 6(H) ——> 8(H)+ 6(F) @)

stabilized 8 relative to 6. This resulted from the possi-
bility of direct conjugation with the carbocationic center of
&F).

Complete geometry optimization of 1 and 2 at the
STO-3G level resulted in structures depicted in Fig. 4.
The energy difference 2-1 was 78.7 kcal/mol. However
the lack of flexibility of this basis set led to an overes-
timation of bond angle strain and hence to destabilization

Fig. 4. STO-3G optimized geometries of 1 and 2.

. IG E(4) = 18.8 kcal/mol (STO-3G); E(4) = 22.6 kcal/mol (STO/4-
1G).

*The sum of the squares of the coefficients of the carboca-
tionic center in the LUMO of 1 is 0.396, to be compared with
0.960 in 2. Furthermore, the LUMO of 2 is lower in energy than
that of 1 by 0.133 atomic units.

kThe position of the O atoms was chosen in a way such that
Me substitution creates the least steric hindrance.
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of 2 relative to 1."® Consequently, when the STO/4-31G
basis set was employed at the STO-3G optimized
geometries, the energy difference dropped to
56.7 kcal/mol. A further drop of 5.0kcal/mol occurred
when optimization at the STO/4-31G level of some
parameters involved in the bond angle strain of 2 (10)
was performed. Presumably full optimization employing
a larger basis set would result in a still smaller 2-1 energy
difference.

The strongest interactions between solvent and species
1 and 2 were predicted to occur in the vicinity of the
carbocationic center, with the largest share of positive
charge (Fig. 3). Ion-dipole interactions, which have been
shown to be of predominant importance in the solvation
of monoatomic ions,”>** were predicted to stabilize 2
more than 1 since the charge was more localized in the
former ion (Fig. 3). Charge transfer effects, calculated
with a simple PMO model based on the interaction of the
LUMO of the carbocation with the HOMO of the
solvent, have been shown to account for the solvation
energies of a variety of carbocations.”” This model ap-
plied to 1 and 2 also predicts the latter species to be
preferentiaily solvated.®* The two effects mentioned are
partly compensated by the slightly greater steric
hindrance to the approach of solvent to the positive
center in 2 than in 1.

The association of triphenylmethyl cation with several
linear and cyclic ethers and acetals has recently been
studied.?® Linear correlations were reported between the
equilibrium constants and the basicities of the ethers on
the one hand and between AH® and AS° on the other.
1,4-Dioxane was found to fit into these correlations thus
suggesting a behaviour towards corrdination to the cation
similar to that of the other ethers studied. This un-
doubtedly reflects the bulkiness of the phenyl groups
which makes arrangements such as 2-4 improbable.

Precedents exist however for the formation of inter-
mediates analogous to 2. Thus the shift of the chair &
boat equilibrium in 1,4-dioxane towards the boat form in
the presence of the field of strong dipoles has been
postulated.”’

Cycloheptane derivatives. The species to be compared
are the more stable conformation of 1-Me-1,4-diox-
acycloheptane and a species permitting bridging across
the O atoms by the Me group. By analogy with cyclo-
heptane, where the C, twist-chair form is the more
stable®®? and where the preferred sites for monosub-
stitution are the equatorial 2, 3 and 4 positions (11),**
species 12 was studied.” The bridged species studied was
13.

The CNDO/2 energy difference 13-12 was
6.9 kcal/mol, which represented a slight improvement
over the cyclohexane system. In contrast with the
cyclohexane case, there was no high barrier between 12
and 14, the conformation permitting bridging as in 13.2**°

Crown ethers. The complexation of carbocations by
crown ethers has importance from synthetic and
mechanistic viewpoints.>'*> We have studied the inter-
action of the Me cation with crown ethers by comparing
an oxonium species (Me group directly bonded to one O
atom) with one in which the Me group lies above the
center of the macrocycle (Fig. 5). The crown ethers were
constrained to their maxidentate conformation.>® Results
are collected in Table 1.

The macrocycles suffered structural deformations
upon complexation which brought the O atoms closer
together. Deformations were also observed upon
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complexation of simple cations.**” The effect was larger
in the smaller cycles where the interactions between the
carbocationic center and the O atoms was strongest, as
judged from bond order values.

©

Fig. 5. Complexes between methyl cation and 9-crown-3 (a),

12-crown-4 (b) and 18-crown-6 (c). The oxygen atoms (shaded)

share a common plane. The distances from the methyl C atom to
any O atom are 1.108 A (a), 0.811 A (b) and 0.222 & (c).
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Table 1. Parameters for crown ethers + Me* compounds®

Center-O° =C-0,¢
Crown ether® Oxonium  Bridged Bridged  AE*
9-crown-3 1.559 1.234 1.126 2.3
12-crown-4 1.781 1.543 1.082 36.0
18-crown-6 2.663 2.656 0.018 74.1

*Distances in A, energies in kcal/mol.
*For nomenclature, see Ref. 34.

‘Distance from any O atom to the center of the surface defined
by the O atoms.

4Summation of bond orders calculated according to Ref. 35.
“Energy difference between bridged and oxonium species.

The stronger C-O interactions in smaller rings are
reflected in smaller energy differences between bridged
and oxonium species. 18-crown-6 is sufficiently large to
accomodate within its cavity and without substantial
deformations a planar Me cation. The H atoms are then
situated at H-bonding distances from O atoms,®*>° but
the species is highly energetic due to the poor electron
donation from the O atoms to the carbocationic center.

The results presented suggest that complexation of
carbocations in the sense described is favoured by small
crown ethers and by substituents in the carbocation
which do not create great steric hindrance upon pyrami-
dalization of the central carbon and which do not pref-
erentially stabilize a planar carbocationic species. The
use of other electronegative atoms, such as nitrogen, in
the crown compound, may also favour complexation.

Acknowledgements—The author wishes to express his gratitude
to Prof. H. Dahn for his encouragement and advice, and to Mr. J.
Wenger for his invaluable help in the computer programming.
The financial support given to Prof. Dahn by the Swiss National
Science Foundation (Project No. 2.77272) is gratefully ac-
knowledged.

REFERENCES

'H. Hogeveen and P. W. Kwant, Accounts Chem. Res. 8, 413
(1975).

M. Saunders, P. Vogel, E. L. Hagen and J. Rosenfeld, Ibid. 6,
53 (1973).

*M. F. Hawthorne, J. Organometal. Chemistry 100, 97 (1975).
*V. G. Albano, P. Chini, S. Martinengo, D. J. A. McCaffrey, D.
Strumolo and B. T. Heaton, J. Am. Chem. Soc. 96, 8106 (1974).
SP. Cremaschi and M. Simonetta, Theor. Chim. Acta 37, 341
(197%).

*H. M. Niemeyer, J. Molec. Struct. 40, 157 (1977).

’J. B. Collins, J. D. Dill, E. D. Jemmis, Y. Apeloig, P. v. R.
Schleyer, R. Seeger and J. A. Pople, J. Am. Chem. Soc. 98, 5419
(1976).



Chelation of carbocations by polyethers and polyamines

J. A. Pople, D. P. Santry and G. A. Segal, J. Chem. Phys. 54,
508 (1971); J. A. Pople and G. A. Segal, Ibid. 44, 3289 (1966); P.
A. Dobosh, CNINDO, QCPE program No. 141.

W. J. Hehre, R. F. Stewart and J. A. Pople, Ibid. 51, 2657
(1969); R. Ditchfield, W. J. Hehre and J. A. Pople, Ibid. 54, 724
(1971); W. J. Hehre, W. A, Latham, R. Ditchfield, M. D.
Newton and J. A. Pople, GAUSSIAN-70, QCPE program No.
236.

195 L. Franklin, Carbonium Ions (Edited by G. A. Olah and P. v.
R. Schileyer), Vol. 1, Chap. 2 (1968).

K. W. Egger and A. T. Cocks, Helv. Chim. Acta 56, 1516, 1537
(1973).

2H. M. Niemeyer, to be published.

1], B. Collins, P. v. R. Schleyer, J. S. Brinkley, J. A. Pople and
L. Radom, J. Am. Chem. Soc. 98, 3436 (1976).

144. M. Niemeyer, Tetrahedron 33, 1369 (1977).

W. A. Latham, L. A. Curtiss, W. J. Hehre, J. B. Lisle and J. A.
Pople, Prog. Phys. Org. Chem. 11, 175 (1974).

D. Cremer, J. Am. Chem. Soc. 99, 1307 (1977).

1]. B. Hendrickson, Ibid. 89, 7047 (1967).

8ya. 1. Estrin and S. G. Entelis, Russ. J. Phys. Chem. 43, 1594
(1969).

C. Romers, C. Altona, H. R. Buys and E. Havinga, Top.
Stereochem. 4, 39 (1969).

2W. A. Latham, W. J. Hehre and J. A. Pople, J. Am. Chem. Soc.
92, 4796 (1970).

2lY. Apeloig, P. v. R. Schleyer and J. A. Pople, Ibid. 99, 1291
(1977).

2\, Streitwieser, Jr., P. C. Mowery, R. G. Jesaitis, J. R. Wright,
P. H. Owens and D. M. E. Reuben, Quantum Aspects of

2761

Heterocyclic Compounds in Chemistry and Biochemistry, The
Jerusalem Symposia on Quantum Chemistry and Biochemistry,
I1, Jerusalem (1970).

R. Yamdagni and P. Kebarle, J. Am. Chem. Soc. 94, 2940
(1972).

24W. R. Davidson and P. Kebarle, Ibid. 98, 6125 (1976).

W. L. Jorgensen, Ibid. 99, 280 (1977).

g Slomkowski and S. Penczek, J. Chem. Soc., Perkin II, 1718
(1974).

M. B. Ledger and P. Suppan, Spectrochim. Acta 23A, 3007
(1967).

85 B. Hendrickson, J. Am. Chem. Soc. 83, 4537 (1961); J. B.
Hendrickson, Ibid. 89, 7036 (1967).

®N. L. Allinger, M. T. Tribble, M. A. Miller and D. H. Wertz,
Ibid. 93, 1637 (1971).

35, B. Hendrickson, R. K. Boeckman, Jr., J. D. Glickson and E.
Grunwald, Ibid. 95, 494 (1973).

313.-M. Lehn, Struct. Bond. 16, 1 (1973).

3R, M. Izatt, D. J. Eateugh and J. J. Christensen, Struct. Bond.
16, 161 (1973).

3A. Pullman, C. Giessner-Prettre and Yu. V. Kruglyak, Chem.
Phys. Letters 35, 156 (1975).

34C. . Pedersen, J. Am. Chem. Soc. 89, 7017 (1967).

3K. B. Wiberg, Tetrahedron 24, 1083 (1968).

33, D. Dunitz and P. Seiler, Acta Cryst. B30, 2739 (1974).

M. Dobler, J. D. Dunitz and P. Seiler, Ibid. B30, 2741 (1974).

3p. A. Kollman and L. C. Allen, Chem. Revs. 72, 283 (1972).

¥H. M. Niemeyer, O. Goscinski and P. Ahlberg, Tetrahedron 31,
1699 (1975).



