
J. Am. Chem. Soc. 1986, 108, 1415-1418 1415 

IV. Conclusion 
In this paper we have analyzed the cycloaddition of two ethylene 

molecules in terms of diabatic surfaces. We have shown that this 
analysis provides a clear understanding of the index and origin 
of the various critical points. We have also shown that the behavior 

One of the most discussed topics in chemistry is undoubtedly 
the concept of aromaticity.1"4 Although no general definition 
of aromaticity is available, a commonly accepted description is 
in terms of ir-electron derealization in a ring, which causes 
resonance stabilization.5 Widely used criteria for aromaticity 
are the following:1 the structure of the rings (planarity, bond 
lengths), heat of formation of the compound, reactivity of ring 
subtituents, and the presence of "ring-currents". The existence 
of ring-currents is a subject of discussion;6 a better criterion is 
the magnetic susceptibility x» which is directly related to the 
electronic structure of a molecule. Dauben et al.7 suggested that 
the magnetic susceptibility exaltation, defined by 

Q = x(obsd) - x(local) (1) 

is a measure for aromaticity. Here x = l / 3 (x« + Xyy + Xzz) is 
the average molecular susceptibility, with x, y, z the principal axes 
of the susceptibility tensor. x0o cal) is x of a nonaromatic ref
erence molecule calculated by means of known localized sus
ceptibilities. Recently, Aihara4 demonstrated that Q is related 
to the resonance energy of the ring. An analogous measure of 
aromaticity is the enhancement A of the absolute value of the 
susceptibility component perpendicular to the ring, xzz, or, since 
the in-plane components of aromatic molecules and their non-
aromatic analogues are about the same,8 the change in the 
magnetic susceptibility anisotropy Ax 

A = Xzz(obsd) - Xzz(local) « Ax(obsd) - Ax(local) (2) 

Flygare et al.8"10 demonstrated the applicability of this procedure 
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of the constituent diabatic surfaces as well as that of the curve 
of intersection can be easily rationalized by using simple MO 
energy expressions. 
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for a series of aromatic and nonaromatic molecules. The method 
has been criticized by Benassi et al." on the ground of semi-
empirical calculations. However, their criticism is dubious, since 
it only applies to A-values which are of the order of magnitude 
of the experimental error of the used local susceptibility values. 
In other cases the approach will be able to give a quantification 
of the aromatic character of the compound. 

Compounds for which the question of aromaticity is of par
ticular interest are the short-bridged cyclophanes,12 where the 
benzene ring aromaticity may be influenced by the bending im
posed by the bridge. In the [n]metacyclophane series, [5]meta-
cyclophane (la) is the shortest known representative. Indeed, large 
deviations from planarity of the benzene ring were revealed in 
the X-ray crystal structure of a derivative of la: 8,11-dichloro-
[5]metacyclophane (lb); the molecule possesses Cs symmetry and 
the benzene ring has an asymmetrical boat conformation, with 
the bow bending about 27° and the stern 12° out of the plane 
of the ring.13 This geometry is reasonably well reproduced by 
MNDO14,15 and MM16 calculations. A surprising feature of the 
crystal structure is the length of the bonds in the benzene ring. 
Whereas the possibility of bond fixation toward a cyclo-
hexatriene-like structure had been discussed in view of the strongly 
enhanced chemical reactivity of la and lb,17 the actually observed 
bond lengths (1.393 ± 0.007 A) are uniform within experimental 
error and typical for a delocalized aromatic molecule. Further
more, the chemical shifts of the benzene ring protons of la-c are 
in the low-field region (about 6.5-8 ppm)15'18 and it seems plausible 
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Figure 1. Local frames (x", y", z") for para and meta deuterons and 
molecular frame (x, y, z) for meta-disubstituted planar benzenes. 

to conclude that [5]metacyclophanes are essentially aromatic, 
according to the criteria of electron derealization and "ring-
current", so that the high reactivity is mainly a consequence of 
strain. However, proton chemical shifts are in general subject 
to various contributions and therefore we decided to investigate 
the anisotropy of the magnetic susceptibility, which is expected 
to be the main cause of the downfield shift in aromatics. 

Experimental determination of Ax of cyclophanes is extremely 
difficult by microwave spectroscopy, in view of the complexity 
of the spectra. Recently, a new and convenient method has been 
described to determine A% from high field 2H NMR spectra.19"22 

In this paper, the technique will be illustrated for three meta-
disubstituted benzenes (2d, 3e, 4e) and the [5]metacyclophane 
(Id), and the results are compared with calculations based on 
localized magnetic susceptibilities to demonstrate the aromatic 
character of the species under study. 

Ol 
Y 

2 : R = Me 
3 : R=Et 
4 : R = I - Pr 

: X = Y = H 
X = Y = Cl 

: X = Y = Br 
: X * Y = D 
:X =D , Y = H 

X = Br, Y = D 

Theory 
Molecules possessing an anisotropic magnetic susceptibility tend 

to be aligned by a magnetic field. In the mobile phases this 
orienting mechanism is counteracted by the Brownian motion, and 
only at very high fields does a small measurable partial alignment 
result. As a consequence of this alignment, anisotropic nuclear 
interactions like quadrupolar and dipolar couplings may become 
apparent in the NMR spectrum; e.g., the 2H nucleus in benzene-^ 
(at 5 mol % solution in diethyl ether) exhibits a quadrupolar 
splitting of 0.48 Hz22 at a magnetic induction of 1.41 x 105 G. 
The splitting Ac, of a certain deuteron i is related to the magnetic 
susceptibility tensor elements by 

Ar1(Hz) = (B2ZlOkT) (eQ/h)\AxVZ7+ 1/2 5X (Vxx - Vyy)\ 

(3) 

B is the magnetic induction in Gauss, Ax = xZz
 _ 1/2 (xXx + Xyy) 

is the anisotropy, and Sx = xxx - xyy ' s the asymmetry in the 
magnetic susceptibility; the axes (x, y, z) define the molecular 
frame in which the susceptibility tensor is diagonal. Ax and 5x 
are effective quantities if angular correlation with other molecules 
plays a role. For the compounds under investigation, dissolved 
at low concentration in a noncomplexing solvent, it is assumed 
that Ax and Sx are the molecular values. eQ is the nuclear 
quadrupole moment and Vaa (a G x, y, z) the electric field 
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Table 1. Bond 

bond 

C-H 
C-C 
C = C 

Suscept ibilities10 

a 

-0.051 
-0.003 
-0.229 

(in 10"28 cm3) 

b 

-0.051 
-0.003 
+0.066* 

c" 

-0.093 
-0.131 
-0.013 

"c coincides with the bond axis; a and b are perpendicular to each 
other and to c. 'b lies in the plane of the cr-skeleton. 

gradient at the site of the nucleus; it is related to the major local 
field gradient eq (=VZ,,Z,) at a certain deuteron (Figure 1) by 

Vaa = eq{[3/2 cos2 «,»„ - 1/2] +l/2^[cos2 «,-„ - cos2 V J ) 
(4) 

The asymmetry parameter rj denotes the deviation from axial 
symmetry of the field gradient around the /"axis (C-D bond). 
The product (e2qQ//i) is called the quadrupole coupling constant. 
For deuterium the latter two quantities are well known:23 in 
aromatic compounds in the liquid phase (e2qQ//i) = 186 ± 6 kHz 
and 7) = 0.05 ± 0.02. In aliphatic species (e2qQ//i) = 167 ± 10 
kHz assuming *? = 0. 

It follows directly from the equations that Ax and &x c a n De 

calculated, if the position of the nuclei in the susceptibility frame 
and splittings of two deuterons with different geometrical positions 
are known. Depending on symmetry a single splitting suffices. 
In most compounds20 5x can be neglected, which also reduces the 
number of required splittings to one. For [5]metacyclophane (Id) 
the definition of the principal susceptibility axis is not straight
forward. However, on the basis of the experimental splittings and 
considerations using local susceptibilities, their orientation can 
be determined. 

To obtain the enhancement of xZ2, the Xn-values of a nonaro-
matic reference compound have to be evaluated. For nonaromatic 
species the use of local susceptibilities to calculate the molecular 
susceptibility components has been proven to give reasonable 
results within 10% of the experimental values.8~10'24 In this 
procedure24 it is assumed that each electron circulation is confined 
to localized orbitals and that the electron distribution around a 
certain type of bond is the same in different molecules. In Table 
I bond susceptibilities (xaa, Xbt» Xcc) a fe given as determined from 
a large series of reference compounds. To obtain the molecular 
susceptibility values Xij (> j G *y (i, j (E x, y, z)) of the localized 
model, the bond susceptibilities have to be transformed and a 
summation over the contributions of all bonds n has to be made 

Xij(local) = E cos 0ia" cos 0ja"xaa" + C0S 6* c o s Vxbt," + 
n 

COS 0ic" COS fl/Xcc" (5) 

The susceptibility frame can then be found from a diagonal-
ization procedure. So, comparison of Ax(experimental) with 
Ax(local), under the assumption that xxx

 ar>d xyy do not differ 
much in the aromatic and the localized situation, provides a 
criterion for the aromaticity of the compound under study.8"10 In 
this paper the procedure will be demonstrated for a few model 
compounds that are certainly aromatic and for [5]metacyclophane. 

It should be mentioned that the validity of the use of local 
susceptibilities has not been proven for strained compounds and 
the values in Table I might not be entirely correct if the bond 
angles deviate from their normal values. This might induce small 
errors in the results for the nonaromatic reference compound, but 
it is not expected to influence the main trend in the results. 

NMR Measurements 
Samples were prepared as 1-2% solutions in CDCl3 in 5-mm 

NMR tubes (Wilmad, 507 pp) which were degassed and sealed 
under vacuum. The experiments were conducted at the 14.1-T 
(1H frequency 600 MHz) NMR facility for Biochemical Studies, 
Pittsburgh. Locking on a reference deuterium signal and ob
servation of the deuterium resonance (under proton decoupling) 

(23) Loewenstein, A. Advances in Nuclear Quadrupole Resonance; Hey-
den: London, 1983; Vol. 5, p 53 and references therein. 

(24) Pascal, P. Chimie Generate; Masson et Cie: Paris, 1949. 
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Table II. Susceptibilities" and Quadrupolar Splittings* from Experiment and Calculated for a Nonaromatic Reference Compound 

benzene1* 
m-dimethylbenzene (2d) 
m-diethylbenzene (3e) 
m-diisopropylbenzene (4e) 
[5]metacyclophane (Id) 

Av 

(Dl) 
(D2, D5) 
(D2) 
(D2) 
(D8, DI l ) 

experiment 

0.48' 
0.51' 
0.54^ 
0.64^-

o.6y 

1O28Ax' 

-1 .01 
-1 .07 
-1 .14 
-1 .35 
-1.49* 

-1 .58 ' 

1028Ax 

-0 .45 
-0 .40 
-0.51 
-0.56« 
-0.42* 

- 0 . 4 3 ' 

reference 

io 2 \ 
0 

-0.04 
-0.03 

0.00« 
-0.05* 

-0.03' 

Av 

(D2, D5) 
(D2) 
(D2) 
(D8) 
(DIl) 
(D8) 
(DIl) 

0.21 
0.26 
0.26 
0.27 
0.17* 
0.21* 
0.11' 
0.15' 

"In cm3 (emu). 4InHz. 'For Sx = O. ''Reference 22. 'Error: 0.02 Hz. "̂Error: 0.03 Hz. * MNDO structure. * X-ray of 8,11-dichloro analogue 
(ref 13): S2.., = 98.6°. ''MNDO structure: 52„2 = 101.6°. 

at 92.1 MHz was accomplished with use of the rapid-scan cor
relation console designed by Dadok.25 The probe temperature 
was 296 K. 

Results and Discussion 
In Table II experimental quadrupolar splittings and suscep

tibility anisotropics which were calculated from local bond sus
ceptibilities, are compared with those of a nonaromatic reference 
compound. A few remarks concerning these values have to be 
made. In the planar meta-disubstituted benzenes (2d, 3e, 4e) the 
position of the principal susceptibility frame can be deduced from 
symmetry (Figure 1). As mentioned in the Theory section, this 
is not the case for [5]metacyclophane. In this compound, however, 
experimental splittings of two deuterons in the symmetry plane 
are available. These splittings are equal and for a nonplanar 
geometry this can be so only if the angles between the C-D bonds 
of the two deuterons and one of the susceptibility axes in the 
symmetry plane is the same (in a planar molecule for any position 
of the susceptibility axis in the symmetry plane cos2 Sz«z (D8) = 
cos2 Sz«z (Dl I)). This fortunate situation enables us to calculate 
Ax from the known structure and splitting, assuming that <5x = 
0. The latter assumption is warranted by an abundance of ex
perimental data8,20 and by theoretical calculations,8 which show 
that ^x will contribute to the splitting 5-10% at most. The small 
deviations induced by this contribution cannot account for the large 
differences found in Table II. For la, two structures have been 
used in the calculations for the nonaromatic reference compound: 
an X-ray structure13 of the 8,11-dichloro analogue lb (5^z = 98.6°) 
and a MNDO structure (Sz«z = 101.6°). It could be argued that 
in the 8,11-dideuterio compound (Id) the steric hindrance would 
be less and the angle smaller. However, 52«2 = 90° leads to Ax 
= 1.39 X 10~28 emu, which is still large compared to the value 
of the nonaromatic reference. 

A second point to be discussed is the quadrupole coupling 
constant used to evaluate Ax(experimental) and the splittings of 
the reference compound. For the planar disubstituted compounds 
the aromatic values (e2qQ/h) = 186 kHz and JJ = 0.05 have been 
applied. If the quadrupolar coupling constant of a C-D bond in 
a nonaromatic compound would have been used, the difference 
between the experimental and reference data would even have been 
more pronounced. For the [5]metacyclophane (Id) (e2qQ//r) and 
ii are not known explicitly, but since the quadrupolar coupling 
in a C-D bond in an aromatic and an aliphatic environment hardly 
differs (186 vs. 167 kHz) this will not severely disturb the results. 
Therefore in the calculations 186 kHz and ri = 0 have been used 
for simplicity. Again use of 167 kHz and/or TJ = 0.05 only 
increases the deviation between experiment and the reference. On 
the basis of the above arguments and the results in Table II, Id 
is beyond doubt aromatic. 

It would be interesting if Ax and Sx of an aromatic reference 
molecule could also be evaluated. Of course localized suscepti
bilities cannot be assumed, but an attempt can be made with use 
of an average susceptibility contribution per bond determined from 
a few reference compounds with known Ax, ^x, and x- From 
anthracene and benzene one has xaa

 = -0.261 X 10-28 emu, Xbb 

(25) Dadok, J.; Sprecher, R. F. J. Magn. Resort. 1974, 13, 243. 

Table III. Calculated Ax (in emu) and Av (in Hz) for an Aromatic 
Reference Compound Assuming Localized Contributions from Each 
Aromatic Bond" 

compound 

benzene 
m-dimethylbenzene (2d) 
m-diethylbenzene (3e) 
m-diisopropylbenzene (4e) 
[5]metacyclophane ( Id ) 

1O28Ax 

-1 .01 
-0 .96 
-1 .07 
-1 .12 
-0.89* 

- 0 . 8 9 ' 

1O28Sx 

0 
-0 .04 
-0 .03 

0.00 
- 0 . 0 1 * 

- 0 . 0 4 ' 

Ay 

(D2) 
(D2, D5) 
(D2) 
(D8) 
( D I l ) 
(D8) 

( D I l ) 

0.48 
0.49 
0.52 
0.53 
0.35» 
0.40» 
0.28 ' 
0.36 ' 

° Calculated from anthracene and benzene. 
'MNDO structure of la. 

'X-ray structure of lb. 

= -0.037 X 10"28 emu, and xcc = -0.107 X 10"28 emu, leading 
to the molecular values in Table III for the compounds under 
study. The table shows that the approach is reasonable in the 
case of dimethyl- and diethylbenzene and that Sx does not con
tribute more than about 5%, warranting our assumption just made. 
In diisopropylbenzene (4e) and [5]metacyclophane (Id) Ax and 
Ac are still too low. This can perhaps be ascribed to hypercon-
jugation effects or, in case of Id, to small deviations in the local 
susceptibility values as a consequence of bond strain. 

It may be argued that the anisotropy in the magnetic suscep
tibility in Id could depend strongly on the degree of bending of 
the benzene ring, which might induce erroneous conclusions if the 
geometries used would differ a few degrees from reality. For this 
reason we have calculated Ax as a function of the bow-bending 
angle a and found that Ax decreases only slightly with increasing 
a. However, the same holds for the localized model and the 
difference turns out to be constant with respect to variations of 
a few degrees in a. We therefore conclude that the reliability 
of the calculations will not be influenced by possible deviations 
in the bending angles. 

Conclusions 
High field high resolution deuterium NMR has been employed 

to obtain the anisotropy in the magnetic susceptibility of some 
meta-disubstituted benzenes and [5]metacyclophane (la). With 
use of local susceptibilities, Ax and the quadrupolar splittings of 
olefinic reference compounds have been evaluated. Despite a few 
assumptions, the measurements prove beyond doubt that [5]-
metacyclophane is fully aromatic. 

Experimental Section 
Preparation of the Compounds. [8,ll-2H2I5]Metacyclophane (Id). A 

solution of 8,1 l-dibromo[5]metacyclophane (Ic, 100 mg, 0.33 mmol) in 
dry tetrahydrofuran (3 mL) was cooled to -70 0C and treated under 
stirring with 2 equiv of /e/7-butyllithium in n-hexane under an Argon 
atmosphere. After 5 h, EtOD (100 ML) was added and the temperature 
was slowly raised to room temperature. Diethyl ether (10 mL) was added 
and the organic layer was washed with water (5 mL) and brine (5 mL), 
dried (Na2SO4), and concentrated under reduced pressure. The crude 
product was purified by preparative GLC (5% Carbowax, Chromosorb 
W-60M, 1.5 m) to yield Id as a colorless liquid (34 mg, 0.23 mmol, 70%): 
1H NMR (250 MHz, CDCl3) 6 6.81 (2 H, br s), 2.85 (ddd, 2 H, VHH 
= 12.5 Hz, VHH = 12.3 Hz, and \7HH = 3.0 Hz), 2.54 (ddd, 2 H, 1J11n 
= 12.5 Hz, VHH = 3.3 Hz, and VHH = 3.3 Hz), 1.92 (ddddd, 2 H, 2yHH 
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= 14.4 Hz, VH H = 12.5 Hz, VHH = 7.7 Hz, VHH = 3.3 Hz, and 3y„H 

= 3.0 Hz), 1.67 (dtt, 1 H, 2 /H H = 16.2 Hz, VHH = 7.7 Hz, and 3JHH = 
1.1 Hz), 1.33 (dtt, 1 H, 2 /H H = 16.2 Hz, 3 /H H = 10.6 Hz, 37HH < 0.5 
Hz), 0.25 (ddddd, 2 H, 2JHH = 14.4 Hz, VH H = 12.3 Hz, 37HH = 10.6 
Hz, 37HH = 3.3 Hz, and 3 /H H =1 .1 Hz). 1H NMR data are in agree
ment with published data.15 2H NMR (38.39 MHz, diethyl ether/diethyl 
ether-^i0 1:1) J 7.90 (s), 7.21 (t, VHD = 0.9 Hz); mass spectrum mjz (%, 
fragment) 148 (38, M+-), 133, (43, [M - CH3]+), and 106 (100). On 
the basis of the 1H NMR spectrum of Id the deuterium incorporation 
at C-8 was 97% and at C-Il it was 81%. 

l,3-Diethyl[2-2H]benzene (3e) or l,3-Diisopropyl[2-2H]benzene (4e). 
To a solution of 1,3-diethyl- or l,3-diisopropyl-2-bromobenzene (47 
mmol) in dry diethyl ether (7 mL), n-butyllithium in rt-hexane (10 mmol) 
was added. After being heated at reflux temperature for 5 h, the reaction 
mixture was cooled to room temperature and D2O (1 mL) was added. 
The organic layer was separated, washed with water (5 mL) and brine 
(5 mL), dried (MgSO4), and concentrated at reduced pressure. The 
crude product was purified by preparative GLC (15% SE-30, Chromo-
sorb W-60M, 1.5 m, 100 0C) to yield 3e and 4e, respectively, as a 
colorless liquid. 3e (0.61 g, 4.5 mmol 95%): 1H NMR (90 MHz, 
CDCl3) S 7.31-6.93 (AB2 system 5A 7.22, aB 7.02, 3 H, 7AB = 8.0 Hz), 
2.65 (q, 4 H, VHH = 7.6 Hz), and 1.25 (t, 6 H, VHH = 7.6 Hz); 2H 
NMR (38.39 MHz, diethyl ether/diethyl ether-rf10 1:1) 6 7.08 (s); mass 
spectrum mjz (%, fragment) 135 (43, M+-), 120 (85, [M - CH3J+) and 
106 (100, [M - C2H5I+). On the basis of the 1H NMR spectrum the 
deuterium incorporation at C-2 was 80%. 4e (0.69 g, 4.23 mmol, 90%): 
1 H N M R (90 MHz, CDCl3) S 7.42-6.96 (AB2 system 5A 7.29, «B 7.11, 
3 H, yAB = 8.0 HZ), 2.86 (2 H, M), 1.22 (D, 12 H, 3 /H H = 6.9 HZ); 
2H NMR (38.39 MHz, diethyl ether/diethyl ether-</,„ 1:1) 5 7.14 (s); 
mass spectrum mjz (%, fragment) 163 (38, M+-) and 148 (100, [M -
CH3J+). On the basis of the 1H NMR spectrum the deuterium incor
poration at C-2 was 80%. 

l,3-Dimethyl[2,5-2H2]benzene (2d). Compound 2d was prepared from 
2,5-dibromo-l,3-dimethylbenzene (2c) by a procedure similar to that 

The ability of cyclodextrins (CDs) and synthetically modified 
cyclodextrins to form inclusion complexes with a variety of 
molecules is well-known.1"6 Cyclodextrins have been used as 
enzyme models,1,2'6"8 catalysts,9,10 emulsifiers," novel reaction 
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Pines, H., Weisz, P. B., Eds.; Academic: New York, 1973; Vol. 23, p 209. 

(2) Bender, M. L.; Komiyama, M. "Cyclodextrin Chemistry"; Springer-
Verlag: Berlin, 1978. 

(3) Hinze, W. L. Sep. Purif. Methods 1981, 10, 159. 
(4) Szejtli, J. "Cyclodextrins and Their Inclusion Complexes"; Akademai 

Kiado: Budapest, 1982. 
(5) Tabushi, I. Ace. Chem. Res. 1982, 15, 66. 
(6) Breslow, R. Science 1982, 218, 532. 
(7) Van Etten, R. L.; Sebastian, J. F.; Clowes, G. A.; Bender, M. L. J. Am. 

Chem. Soc. 1967, 89, 3242-3253, 3253-3262. 
(8) Siegel, B.; Breslow, R. J. Am. Chem. Soc. 1975, 97, 6869. 
(9) Trainor, G. L.; Breslow, R. J. Am. Chem. Soc. 1981, 103, 154. 
(10) Breslow, R.; Trainor, G.; Veno, A. J. Am. Chem. Soc. 1983, 105, 
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Abstract: Equations are derived which allow one to determine a-cyclodextrin-substrate complex stoichiometrics as well as 
primary and secondary binding constants by using liquid chromatographic retention values. Retention is dependent on the 
concentration of cyclodextrin in the mobile phase as well as the stoichiometry of the cyclodextrin-substrate complex. It was 
found that two cyclodextrin molecules bind to prostaglandin B1, prostagladin B2, 4,4'-biphenol, and p-nitroaniline. Conversely, 
o-nitroaniline and w-nitroaniline form complexes of 1:1 stoichiometry. The fact that closely related compounds such as the 
nitroanilines can exhibit different binding behaviors may result in the reevaluation of some cyclodextrin-based studies. 
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