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Summary

The '"H NMR chemical shifts of the cyclic conjugated hydrocarbon carbanions:
cyclopentadienyl, cyclooctatetraene, cyclononatetraenyl, benzyl and methylene-
cyclooctatrienyl anions, have been studied by a semiempirical approach in which the
alkali counter ions are explicitly taken into account. The importance of electrostatic
and covalent interactions between the ions and the ion-pairing effects on the proton
shifts are elucidated.

Introduction

Conjugated hydrocarbon carbanions and their counter ions exist as equilibrium
mixtures of solvent-separated ion pairs (SIP’s) and contact ion pairs (CIP’s), the
ratio of which can be influenced by the solvent, temperature, and counter ion [1,2].
The mutual orientation of the ions in the solid state can be deduced from X-ray
analysis, but for solutions of organometallic ion pairs no such direct method is
available. However, it can be expected that the proton shifts of cyclic conjugated
carbanions will provide a sensitive probe for ion-pairing effects, since their '"H NMR
spectra exhibit important effects [2] which can be rationalized qualitatively by means
of the ring current model [3,4].

In this paper we present the results of calculations of "H NMR chemical shifts for
the species: cyclopentadienyl anion (1), cyclooctatetraene dianion (2), and
cyclononatetraenyl anion (3), as well as of benzyl anion (4) and methylenecylcooc-
tatrienyl anion (5) which can be regarded as representing annulenes with one
exocyclic bond, see Fig. 1. Counter ions have not previously been taken explicitely
into account in the calculation of proton shifts of negatively charged conjugated
systems.

The 'H NMR chemical shifts 8 are calculated by means of a w-electronic
procedure [5] where 8 is obtained as a sum & = 8R%€ + §™* + §7+ §°; §° defines the
zero of the 8-scale, 88C represents the ring current contribution of the 7-system, §*
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Fig. 1. The carbanions studied.

is the local anisotropic contribution of #- and o-electrons (which has been shown to
be important in the case of annulenoid compounds [6]), and 87(=a- ¢ [7]) is the
shift due to a net charge g at the carbon atoms bonded to the proton in question.

In a SIP the counter ion interacts with the conjugated system mainly electrostati-
cally whereas covalent binding should also be taken into account in the case of a
CIP. Consequently a simple description of a SIP is obtained if the counter ion is
represented by a pseudoproton P [8] whose electric field is transmitted by a
Coulomb integral v,p between 7-basis functions x, at atoms s in the 7-network and
P. y,p is calculated by means of the Mataga—Nishimoto formula [9] with a one-centre
integral ypp 20.408 eV. For a CIP we use a supermolecule approach for mw-system
and counter ion; only alkali ions are considered here although the results can be
readily generalyzed. The resonance integrals between the ns and np valence orbitals
of the alkali atom and the #-basis functions are calculated as in ref. 10, by use of the
Wolfsberg-Helmholtz equation [11] with K = 1.75 and neglecting overlap integrals
between non-neighbours in the 7-network. The core energies U and the one-centre
repulsion integrals for the alkali atoms have been obtained from ionization poten-
tials 7 [12] and g values [13] according to U= I + Uz —~ I~ and y = gycc/8c» Where
Uc and ycc are the parameters given in ref. 5 for carbon.

Results and discussion

The annulenes 1-3 are characterized by a uniform distribution of the negative
charge over the perimeter. The electrostatic potential produced by such a charge
distribution will direct the counter ion over the centre of the perimeter resulting in
ion pair arrangements A (cf. Fig. 2) for 1 and 3 and B for 2. Such an ion-pairing is
consistent with the fact that only one signal is observed in the '"H NMR spectra of
1-3 [14,15]. Furthermore, structure B was found by X-ray analysis [16] for a
derivative of 2/2K". The experimental proton shifts of 1-3 are given in Table 1,
together with the calculated values for structures A and B. The distance between the
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Fig. 2. Schematical representation of ion pair arrangements.

counter ion and the plane of the m-network was fixed at 175 pm (Li*) [17] and 237.5
pm (K *) [16] for a CIP and 300 pm for an SIP.

The 'H NMR chemical shifts derived by assuming an SIP for 1-3 do not differ
from those of the free ion pair (FIP). The K* counter ion forms exclusively CIP’s
[2,14,15] and it has been shown [18] that 1/Li™ exists as a CIP except in solvents
with good cation-solvating abilities in which 3/Li" also forms an SIP. Thus the
observed proton shifts §,,, are uniquely related to the calculated values §, and it is
possible to determine the constants a and 8° by a regression analysis between
(Bexp — 8RC — 84) and the net charges g. We obtain a value for a of 10.2 ppm/elec-
tron, which is similar to that proposed earlier [7], and a value of 8° of 5.09 ppm; this
value agreeing approximately with those for benzenoid and olefinic protons [5].
Using these parameters a and §° we calculate proton shifts § which agree with the
experimental values. The maximum error in the calculated & values is less than 0.2

FABLE 1

CALCULATED (8) AND EXPERIMENTAL (8,,,) 'H NMR CHEMICAL SHIFTS (ppm) AND NET
CHARGES ¢ FOR 1-3

Compound Model Counterion q ) Sexp Solvent ¢ Ref.
1 FIP/SIP -0.200 426
CIP Li* -0.011 5.76 5.71 DME 15
CIP K* —0.057 5.35 5.51 DME 15
2 FIP/SIP —-0.250 4.54
CIP 2K —0.160 5.73 5.75 THF 14
3 FIP/SIP Li* —0.111 6.84 6.77 DME 14
CIP K* —-0.073 7.12 7.03 THF 14

“ DME dimethoxyethane, THF tetrahydrofuran.
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The proton shifts for the CIP’s of 1-3 are larger than those of the FIP’s or SIP’s
by 0.3 ppm for 3 and by more than 1 ppm for 1 and 2. The differences are mainly
due to a numerical reduction of the up-field shifts §9. The covalent interaction
between the ions, or more specifically, between the occupied orbitals of the annulene
and virtual orbitals of the counter ion, induces an electron transfer from the
annulene to the counter ion, so that the net charges g, and hence 89, are reduced in
magnitude. The ring current and local anisotropic contributions 8¢ and §'* to the
shift are not greatly affected by the ion-pairing in 1-3. This is to be expected for
diatropic annulenes [19] according to qualitative theoretical considerations [20].

The '"H NMR spectra of 4/K * [21], 4/Li" [22], and 5/K * [23] reveal that these
systems possess C; symmetry, where the mirror plane is perpendicular to the plane
of the hydrocarbon and contains the exocyclic bond. Thus the counter ion is
confined to this mirror plane within the time scale of the NMR experiment. Four
possible ion-pairings C-F with C, symmetry are displayed in Fig. 2. We assume the
same distances between counter ion and w-network as for 1-3, and arrive at the
calculated proton shifts which are shown in Table 2 together with the corresponding
experimental values and the maximum and mean errors A and A of calculated
shifts.

The calculated shifts for an SIP of 4 and 5 do not differ significantly from those
of the FIP as long as no unrealistic short ion pair separation is assumed. The
observed proton shifts of 4/K* and 5/K ™ deviate considerably from those for an
SIP, in agreement with experimental findings [2.14,15] that K* forms CIP’s. As with
the annulenes 1-3 the covalent interaction between the ions causes an electron
transfer from the organic ligand to the counterion, thus reducing the up-field shift
89 In contrast to the situation for 1-3, the covalent interaction also affects the
diamagnetic ring current effect in 4 (8%¢ >0) and the paramagnetic one in 5
(8% <0). The magnitude of the mean ring current term varies according to
C > D = FIP/SIP > E > F. However, the mean of the total proton shift § increases
according to FIP/SIP<E, F<D<C for 4/K* and C<FIP<D<E<F for
5/K* since 8 and 8" are of opposite sign in 4 but not in 5.

The calculated "H NMR chemical shifts for 4/K™ agree best with experimental
values if an ion-pairing similar to E or F is assumed. For an equilibrium between
48% E and 52% F the mean (maximum) error is only 0.3 (0.5) ppm. For 5/K* the
comparison of calculated and observed proton shifts suggests the ion-pairing F, since
the error in the calculated values increases if the counterion is moved towards
structures E, D, and C. There are no experiments to the best of our knowledge which
give any indication of the SIP to CIP ratio in the case of 4/Li*. The calculated shifts
for an SIP and the CIP’s indicate that in this system neither the SIP or a CIP
structure predominates. Good agreement between observed and calculated 'H NMR
chemical shifts with a mean (maximum) error of less than 0.2 (0.4) ppm is obtained
if a rapidly equilibrating mixture of 46% SIP and 54% CIP with ion-pairing C is
assumed.

For the FIP, SIP, and all studied CIP’s the largest net charge g of 4 is located at
the exocyclic carbon atom, whereas ring atoms 1 and 3 carry most of the negative
charge in 5. Thus the ion pair structures C for the CIP in the 4 /Li ¥ system and F for
5/K ™, which have been deduced from the comparison of calculated and experimen-
tal '"H chemical shifts, appear plausible at first sight. However, the charge distribu-
tion in 4 would not be consistent with ion-pairing F for 4/K™*. Furthermore, the

max
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calculation of the electrostatic interaction [24] (—~ Q) X, (¢,/r,) between the counter
ion and all carbon atoms s with net charges ¢, and distances r, from the counter ion
indicates that C and F in 4/Li*, C in 4/K* and 5/K* exhibit the largest
electrostatic stabilization. The more sophisticated hard sphere electrostatic model
[24] yields another ion pair structure G (G’) (cf. Fig. 2) for 4/Li", which was indeed
found in the solid state of 4/Li* salts [24,25]. However, G emerges only if
semiempirically-determined net charges are employed, ab initio values favouring an
ion-pairing similar to E. The ion pair arrangement G destroys the C, symmetry.
Consequently the observed 'H NMR spectrum of 4/Li* [22] indicates a rapid
equilibrium G 2 SIP 2 G’. The best agreement between calculated and observed
proton shifts is obtained if a mixture of 42% SIP and 58% G/G’ is assumed (see
Table 2), but the mean and maximum errors of calculated shifts still turn out to be
significantly larger than those found for a rapidly equilibrating mixture of C and an
SIP for 4/Li".

Conclusion

The results demonstrate that the proton shifts of cyclic conjugated carbanions are
significantly affected by ion-pairing with alkali counter ions. The covalent interac-
tion between the ions leads to a charge transfer from the w-system to the counter
ion, thus reducing the shielding which is due to the negative net charges. Further-
more the covalent interaction affects significantly the ring current contribution to
the shift in the case of 4 and 5, which are characterized by an exocyclic bond.
Obviously a satisfactory quantitative assessment of the 'H NMR spectra in such
organometallic compounds can be achieved only if the counterion is explicitely taken
into account. The dependence of the 'H NMR chemical shifts of cyclic conjugated
organometallics in solution on the ion-pairing can be used to derive information
about the ion pair arrangement. The covalent interaction between the ions must also
be important for determining their mutual orientation, since it contributes to the
binding energy and affects the electrostatic interaction by a significant alteration of
the charge distribution in the ion pair. In the case of 1-5 the electrostatic interaction
between the alkali ion and the negatively charged organic ligand forming an SIP
does not significantly affect the proton shifts, and so FIP and SIP cannot be
distinguished by their "H NMR spectra, in contrast to those for paratropic [19]
[4m + 2] annulene dianions [26].
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