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Abtmst-A homologous series of [4n + 21 annulena reduced with alkali metals yrclds paratropic 

(4n)xdianions. ‘H NMR chemical shifts are most significant for a description of the relevant n-electron 
s~rwturcs. However. the shift data turn out IO rctIccr sens~uvely the ion-parnng. Thercforc. the 
experimental conditions (counterion. solvent. temperature. organic ion) have been varied systematically. 
and a consistent descriptron of the existing contact-solvent-separated Ion pan cquilibna (e.g. as a function 
of nng sirt. n-charge distribution etc) has been obtained. The interdependence of ion-parnng and ring 
currcnt efTccts is dtrussed. 

NMR spectroscopic studies of ion-pairing effects. 

amply described in the literature, have dealt preferen- 
tially wtth mono-charged aromatic species or their 
condensed benzene derivatives.’ ’ Such ions offer the 
advantage of being easily accessible and stable over 
a large temperature range. The experimental evidence 
compiled points toward equilibria of solvent- 
separated and contact ion pairs the relative weights 
of which are sensitively influenced by the choia of 
solvent, temperature and counterion. Similar in- 
vestigations of highly charged organic ions (dianions, 
tetraanions) have been rare although these species 
might be particularly relevant in view of the occurring 
Coulomb-interactions. 

During our continuing attempts at preparing novel 
ionic n-systcms6.’ we have recently transformed neu- 
tral [4n + Zjannulencs into (4n)ndianions and, sub- 
sequently, into (4n + 2)n-tetraanions. the rcsultinq 
ions exhibiting remarkable spectroscopic properties. 
Ion formation brings about large changes of the ring 
current effects which are most significant for struc- 
tural considerations and the verification of theoretical 
predictions. It has recently been established by us that 
a detailed evaluation of ring current phenomena on 
the basis of ‘H NMR chemical shifts requires 
significant “correction” terms accounting for the 
variable ekts of the n-charge and of the mode of 
Ion-pairing. It is the immediate consqucna of this 
finding that the protons attached to annulenc ions 
should expcnena the influena of a counterion in 
three ways: (a) via the (direct) electric tkld etkt 
along the C-.H-axis; (b) via the induced modification 
of the local ncharge densitics; and (c) by the per- 
turbed electronic structure and magnetic anisotropy 
of the cntrre n-system. 

Consequently. one might expect the ‘H chemical 
shifts of ionic annulcncs IO constitute most sensitive 
probes for the description of ion pair structures. The 
Interaction of the counterion or the solvent on the 
one hand with the organic substrate on the other 
hand will. apart from the above-mentioned cxpcri- 
mental factors. also depend on the size of the organic 
ion.’ II IS, therefore, another promising feature that 
WC have available a complete scrics of homologous 
annulencs I-4’ with identical ring configurations and 

ring conformations. Our study of ion-pairing effects 
in annulenes thus implies a systematic variation not 
only of the counterion, the solvent and the tem- 
perature, but also of the size of the organic ion. 

EXPERIMFMAL 

The synthcsrs of the neutral compounds, the method of 
obtaining solutions of pure dtamons or tetraanions as well 
as rhc structure proof of the resulting spccrcs. arc given 
dscwhcrc.’ Reprcsentatrve expcrirncntal aspects necessary 
for the mtcrpntation of the present NMR rcsults are 
dcscnbed. 

All expenments wcrc performed m scalcd KiMR tubes 
ulth alkali metals (Li. Na. K. Cs) as reducing agents tn 
degauad deuteratcd etheral solvents [tctrahydrofuran 
(THF), dimcthoxyethanc (DME). diethylethcr (DEE). mtx- 
trues of THF and DEE or mixtures of ethers wrth hexa- 
methylphosphoric triam& (HMPT)]. The rcactrons were 
performed at - 78’ while the temperature of the NMR 
measurerncnts was varial bclwccn - I30 and 0 (see below). 
In order to avoid dccompowtion of the starting materials, 
the solvents and the metals must bc punficd with extreme 
care. 

When contacting a solutron of the [14kxnnulcnc 1 with 
metal the original ‘H resonanocs arc broadened Into the 
baseline. This is a conscqucna of a raprd electron-transfer 
between 1 and the rddical anion 1’. The latter can be 
identified by IIS ESR. After several hours of further metal 
contact. ESR mcasurcmcnts indicate the absence of para- 
magnetic species whrlc at the same time the ‘H and 
“C spectra indicate the formation of a diamagncrrc dianion 
1” The tmncndous shifts of the ‘H resonances observed 
upon going from 1 IO I2 (see Table I) leave no doubt that 
the dietropic (4n + 2)n-annulcnc has been transformed into 
a paratropic (4n)rdranion--a finding which is In pcrfcc~ 

aazord with theoretical a)nsiderations of the n-s~ruc~um.’ 

In the case of the hrgher-memberal annulencs 2 4 a 
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Tabk I. ‘Hchanical shh (6,) of neutral. dimionic and tctraanionic annukna’. counterions. solvcnu 
and tanpcraturcs arc irhcarcd 

H-S II-4 n-5 “-6 n-7 H-t-but 

6"(l) C”Br, 

6"(1)2-(2Li*) mr 

6"(l) 2-(2Li*) DIO 

6"(l) 2-(2K* I TYtV 

6"(l) 2-(2K* ) D&S 

6,(1)2-(2C.*) THP -35% 2.77 23.27 0.20 

6"(1)2-t2Ll*) T"?/ 
"Mm 
1or1 

-40°C b) 2s.11 0.16 

6"(2) C"Bt, 

6"t2)2-t2Li*) W 

6"(212-(2K* ) W 

b"(2) 2-(2K* ) D)D 

6"(Z)'- (4Li*jd)mr 

6"(2) '-(4K* ) T"F 

6"(2)'- (4K* ) Dnt 

6"(y) C"Br, 

6"(s) 2-(2Li*) llit 

.Sb°C 9.12 -4.44 1.94 

. 6OC 3.22 18.88 

-42°C s.10 19.19 

-7Pc 2.95 19.66 

-82°C 2.89 19.84 

0.17 

O.JS 

o.so 

0.29 

-lo"c 

-45% 

-7PC 

2.52 21.24 

2.18 22.60 

1.8, 24.77 

0.18 

0.11 

-0.01 

l 11Oc 2.74 20.96 0.22 

-42Oc 2.68 20.98 0.21 

-MC 2.66 20.94 0.21 

-RZ°C 2.65 20.89 0.20 

- PC 2.63 21.17 0.19 

-4PC 2.61 21.41 0.19 

-AO% 2.5D 21.76 0.17 

.36% 9.32 -3.64 9.82 1.91 

-l!PC 

-42Oc 

-73% 

-02% 

-1Pc 

-4PC 

-60°C 

-RO% 

-23% 

-75% 

-80°C 

-40°C 

-40°C 

-40°C 

*MC 

-1Pc 

-4PC 

-RO°C 

b) 22.47 b) -0.12 

1.50 21.33 1.04 -0.12 

b) 24.56 b) -0.11 

1.04=' 24.00 l.OlC) -0.11 

b) 21.10 b) 0.06 

b) 21.22 b) 0.06 

2.07 2l.M 1.37 0.07 

2.02 21.6'1 b) 0.07 

b) 22.41 b) -0.04 

2.05 24.51 b) -0.19 

b) 24.68 b) -0.19 

7.95 - 8.97 9.85 2.12 

7.40 -10.30 a.90 1.70 

7.07 -lO.S4 

8.76 - 0.82 

8.91 1.97 

9.21 -0.A2 1.82 

b) 24.20 b’ 22.70 -0.23 

b) 24.80 b) 21.20 -0.29 

1.19 24.00 -0.29 23.23 -0.29 
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Tobk I. (Con&) 

1577 

h (T)2-(2K+ 
H 

1 MF 

6,,(Y) 2-(2d 1 mr/ 
DEE 
1:1 

b,,(3) 2-t2K* ) ‘tWF/ 
DEE 
1:2 

\,,(,)4_ (OK* ) TWP 

-45% 

l 4% 

-1Pc 

-45Oc 

-AO°C 

- 4Oc 

-19% 

-40°C 

-709c 

-45Oc 

-4Vc 

\,,(I) CHBr, .369C 

h,,(4) 2-t,t_i+)*)TttF -15Oc 

-459C 

-RO°C 

hJ4)2-(2K* )‘)TttF -lS°C 

-45Oc 

-AO°C 

hr,lrc,‘- (4t,i+)‘)THF -45-c 

h,,tl)l- t 4K+ )*)Tttt’ -45Oc 

H3 

1.95 

_- 
1, . H.5 H.6 H7 ._.~ 

21.29 

2.16 20.24 

2.07 20.45 

1.93 20.04 

1.76 21.90 

2.21 20.05 

2.19 20.13 

2.08 20.41 

1.92 20.89 

9.01 

9-w 

7.93 

-10.67 

-10.50 

1.95 

b) 

b) 

1.20 

21.28 (21.35) O.lA (g;::;, 0.18 -0.20 

25.52 
(21.37) 

b) t;;:;;, b) -0.20 

27.39 (21.75) O.lR t:::;;, O.lR -0.20 

2.08 

b) 

1.7O 

20.41 18.71 
flK.71) ‘) (20.41) b) 

-0.18 

20.91 19.14 
(19.14) b) (20.91) ‘) -0.09 

21.58 (19.72) 1.50 (;;:;;, 1.5o -0.09 

1.22 19.84 

b) 18.90 

1.45 19.06 

1.26 19.47 

by 20.4o 

1.70 10.74 

by 1g.71 

b) IA.97 

b) 19.46 

10.61 - 9.5o 

10.58 - 9.07 

-_ 
n T 3JI 

- 

-0.06 

0.01 

0.01 

-0.02 

-0.17 

0.05 

0.03 

0.00 

-0.09 

2.29 

2.1J 

6.2’1 1.82 8.23 1.61 

9.84 t:;f:;;, 11.49f$:;;y11.49 2.44 

9.80 t_;::fz, 11.47 i!t:i:,l1.4? 2.45 

Vu-values have hocn taken with respuzt IO the solvent signals and then referral IO TM.% 
hCovercd by the stgnal of an tmpurity or of the solvent 
The cstimatcd error is mlativcly high ( f 0.2 ppm) due IO the overlap of the signals of H-l and H-S 

with the ugnal of an impunty. 
Vor case of comparison the data of the dtatroptc tetraanions have also been tncluded. 
‘II IS not possible from cxpcnmcntal cvtdcttcx to discriminate betmen the stgnals of H-t and H-6. 

dctstton of the corrcspondtng dtamons turns out to be 
extremely dtfftcult since the reduction proceeds beyond the 
two-ekctron stage to yidd both radical trianions and 
tctraantons. As before. these ionic prodtkts can be charac- 
tenred by ESR and NMR. respectively. The intermediate 
diantons. however. are detectable only by their NMR 
spectra when pmcnt as sok products. Accordingly. the 
mduction (fotmatton of the dianions is compkte within a 
few minuta) has to be performed in short time-intervals and 
carefully monttorcd by recording the rcspccttvc ESR and 
NMR spectra 

Apart from problems tnhcrent in the reductton ktnetics. 
a NMR spaztroscot% study of the dianions and ~ctra- 
amons was severely Inhibited by thctr low solubility and 
limited thermal stability. In some oases. &omposition 
started at temperaturn above - 20‘ so that we could no1 
cover the full temperature range. 

Thcsc probkmr arc parttcularly severe for the larger 
countenons (it was not posslbk to obtain Cs salts of the 
tetraantonr). Addtttonal dttficultia were encountered when 
changtng the solvem sys~cm. Thus. the lithium salt of 1’. 
decomposed rapidly when gomg from THF IO a 
IO.l-mtxturc of THF:HMPT. 

The energy terms relevant IO a dtrussion of the existence 

of annuknc diantons and tetraamons have been exten- 
sively examined by us tn a separate paper.’ It is clear that 
the stabtltty of highly charged a-spccta csscnttally depends 
on the ton ton interaction with the metal; increasing cation- 
coordmating ability of the solvcnr system is observed IO 
dcstabiltlr the organic anion. The above ditftcultics should 
be kept in mind when considenng (sac Table I) that not 
every possible combination of organic substrate. counter- 
ton, solvent (and temperature) has been rcaltti expcti- 
mentally. 

Dunng ‘H NMR measurements the conctntrattons of the 
starting materials wcrc always lower than 2 x IO ‘M. 
Dianion concentrations higher than 5 x IO- r M could not 
be obtained for solubthty reasons. On the other hand. when 
the original THF-solutton of 1’ 12Li * was diluted and the 
concentration thus lowered from 2 Y 10-r M IO about 
7 x IO t M. the individual ‘H msonanm arc shifted by kss 
than 0. I ppm. This value is believed IO rrprrvnt the margin 

of error for the ‘H NMR chemical shtfts given in Tabk I. 

Normally. for a wngk spectrum one has to accumulate 
bctwecn 30 and SO scans The lockmg was provided by the 
deutcratcd solvent. For expcnmcntal reasons (stahhty and 
solubility of the tons) the NMR chemical shifts could not 
be measured with respect to the monattas of an internal 
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field effect of the cation upon the hydrogen (this is 
called the direct cation effect); (d) the ring current 
phenomena.‘? 

In an independent study WC have investigated the 
structures of dianions derived from the polycyclic 
n-systems S7.” By using different counterions and 

by systematically varying the temperature we could 
determine from ‘H and “C NMR spectroscopic evi- 
dence the preferred locations of the counterions with 
respect to the polycycks. When present in THF 
solutions the Li- and K-salts of 5’ and 6’ exist 
predominantly as contact ion pairs. The 

‘H resonances of the ion pair 5? -jZLi ’ are shifted by 
about 0.4 ppm when introducing potassium as coun- 
tenon. Accordingly, the ion pair shifts turn out to he 
much smaller than in the present annulenc case. 
Obviously, the ion-pairing elTects in the polycyclic 
dianions. as detected by ‘H NMR spectroscopy. 
appear more similar to those in, e.g. indenyl or 
fluorcnyl monoanions, than in annulene dianions. 

These relatively small ‘H NMR elfects. however, 
are in striking contrast to the finding that the corre- 
sponding changes of particular “C resonances, e.g. in 

5’ . are larger than IO ppm. The observation that a 
change of the counterion influences the “C chemical 
shifts of the ions 5? , 6’- and 7r to a much larger 
extent than the ‘H chemical shifts calls for a similar 
study of the annulenc dianions. 

We do not touch upon the problems inherent in 
correlating local n-charge densities with ‘H or 
“C chemical shifts.“” We just mention the un- 
equivocal results of independent studies that “C 
chemical shifts can be applied to dexribc changes of 
local r-charge densities and that they can be used in 
a subsquenI step to dcterminz “charge-induced” 
shifts of the corresponding proton signals. This is 
possible because carbon atoms within the periphery 
of the n-systems do not suffer significantly from ring 
current induced shielding elT’~ts.‘~ 

Let us consider as a typical cxampk the 
“C NMR spectra” of the ion pairs l’-i2Li + and 
1” !2K * (se Table 2). In complete accord with 
related experience the centrc of gravity of the 
“C resonances experiences only a slight shift 
( < I ppm).‘.” The absorption of C-4 is moved upficld 
by 4 ppm when potassium is substituted by lithium, 
the shifts of the other signals being much smaller. 

One realizes from the experimental “C chemical 
shifts and also from MOcalculations’ that the ccntre 
C-t accepts the greatest it-charge. Obviously, the 
higher polarizing ability of the (smaller) lithium ion 
causes the x-charge distribution to become less uni- 
form sina it attracts the n-charge toward the antm 
of or’ginally high ncharge density. 

Having in mind the temperature dependence of the 
‘H monanccs of I’ /2Li l we measured the corre- 
sponding “C NMR spectra in the same temperature 
range (i.e. &80,). It is remarkable in view of the large 
gradients of the ‘H chemical shirts that no carbon 
resonance was shifted by more than I ppm. 

The importana of “C meaSurements for dilferent 
counterions and temperatures becomes clear when 
referring to the proportionality of n-charge densities 
and ‘H or “C chemical shifts, mpectively. The 
variations of particular “C monances which are 
induced by a change of either the countcnon or the 
temperature reflect the redistribution of the local 
ncharge densities. In a subsequent step one can now 
easily determine the charge effect upon the corre- 
sponding ‘H resonances from the equation 
A6, = (A&,/Kc). K,,. Thereby I&. = (A&iAq,) and 
K,, = (A&,/Aq,) are the proportionality constants 
giving the “charge-induad” shift of individual “C 
or ‘H signals per unit nchargc. Considering for the 
particular case of lz - the ‘H and “C monanccs 
within a temperature range of - 80 to - 20,. it 
follows that the “charge-induced” changes of 
‘H chemical shills will not exceed a value of about 
0.1 ppm. 

The “indirect” cation efkct, which influences the 
polarization of the C-H-bond via a redistribution of 
the n-charge. does not explain the experimental 
results. 

The “direct” cation effect upon the proton 
shielding, i.e. the polarization exerted by the clcctric 
field of the cation along the C H-bond, depends on 
the relative arrangement of the counterion and the 
organic anion. It is therefore straightforward that the 
induced shielding effects also reflect the contact- 
solvent-separated ion pair equilibrium and that they 
vary with temperature. Velthorst and Coo&r, when 
studying the indenyl anion, determined the indirect 
elTcct from “C data and visualized the direct elfect by 
subtracting the temperature-dependent contribution 
of the indirect effect from the ‘H data.’ Via this 
technique the authors obtained firm evidence that in 
the contact ion pair of the indcnyl salt the counterion 
is localir& over the five-membered ring. 

Clearly, we cannot rigorously exclude the possi- 
bility that the pronounced ion pair shifts in the 
annulene dianions are due to extremely large (“di- 
rect”) polarizing effects of the counterion. This 
might. m principle, result from the particular lo- 
cations of the counterion with mpccl to the pcriphc- 
ral n-system of the perimeter. In the ionic macro- 
cycles, however. one encounters large ion pair shifts 
for protons far apart from each other. Referring 
again to the contact ion pairs of indenyl and of 
5- I? it seems hard IO believe that the outstanding 
shielding effects observed for annulcnc protons comes 
from the close proximity of the counterion and, 
therefore. their “direct” polarizing effect. We propose 
instead that the sensitive dependence of the 
‘H chemical shifts on the mode of ion-pairing is a 
consequence of the large peripheral ring current 
effects. As is well known, the secondary magnetic 
field at a particular proton IS not only due to the ring 
current 

Y 
r umt apphcd field but also due to spatial 

factors.’ .I9 Of particular importana is the distance of 
the nucleus under consideration from the antre of 
the ring. Consequently. the resonance of protons 
inside the annulene ring should reflect a change of the 
ring current in a more sensitive way than that of outer 
protons. 

II is significant for a description of annulene di- 
anions that the protons inside the ring arc observed 
to suffer much larger ion pair shifts than the nuclei 
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outside.+ This finding is true irrespective of the 
particular n-charge distribution: in the dianion salts 
l? and 2? the signals of the inner nuclei (H-4) arc 
most strongly shifted, due to the ion-pairing etTccts; 
the corresponding carbon centrcs adopt a very high 
n-charge density in I*’ and a very low xchargc 
density in 2? 

Moreover. as can bc seen from Table I, all the 
cfTccts known to enhance the tendency toward 
solvent-separated ion pairs cause a further de- 
shielding of inner and a (smaller) shielding of outer 
protons. This trend is. again, Independent of the 
mode of n-charge distribution. Likewise. in the con- 
tact ion pairs 1’ :2K * and l’- /2Cs * , the smaller 
cation (with higher polarizing ability) diminishes the 
ring current cfTcct lo a larger enlent. 

Within our empirical approach WC arc therefore 
led to conclude that an incrcasmg perturbation of 
doubly charged annulcncs by their counbzrions de- 
creases the measurable paramagnetic ring current 
effects. This feature, on the other hand, allows the 
detection of subtle ion-pairing cfTccts. 

CY)M’I.lJSIOS 

The present study of annulcnc ions reveals, dcspltc 
considerable experimental difficulties. new aspects of 
ion-pairing phenomena: (a) ring current cfTccls cn- 
hancc the measurable consequences of ion-pairing; 
and (b) the s(ructurc of the ion pairs sensitively 
depends on the size of the particular homologue. 

It is well known, on the other hand. that ionic 
annulcnc species arc important model compounds for 
theoretIcal considerations and thar NMR 
spectroscopic criteria arc extensively applied for a 
description of the prevailing n-bonding. In view of 

+An Important structural problem. in view of the amso- 
rropy of the nng current etTozrr. cotxems the geometry of 
the amornc n -sys~cm. Variation of the conformation of the 
perimeter (see Rcf IO) or of the CC- and C-H-bond 
lengths IS. m&cd. expcctcd IO mflucnce the mcasurabk ring 
current cffcc~s. II IS hard IO bchcve. however. that such 
geometric vanallons. e.g. upon changmg the counlenon. 
could bc r~n~blc for the obscncd Ion pair shifts. 

the above results it appears a prerequisite of this 
approach that the experimental conditions should be 
carefully defined and controlled. 
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