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contains two diphenylglycoluril and two hydroquinone rings linked 
through eight methylene bridges. The void in 5 (2.5 X 2.0 A) 
is not large enough to hold an organic guest. However, higher 
homologues of 5, e.g., those containing additional diphenyl
glycoluril and hydroquinone rings, do have large enough voids.10 

Starting from 2, hosts that have a metal center next to a cavity 
are readily accessible. As an example, we prepared 6 by reacting 
2b successively with: excess of Tos(OCH2CH2)2Cl and base in 
Me2SO, excess of benzimidazole (Bz) and NaH in DMF, and 1 
equiv of RhCl3 in Me2SO (overall yield 70%). Compound 6 has 
two trans-coordinated Cl ligands, one being inside the cavity, the 
other outside. The binding and catalytic properties of hosts 4-6 
are currently being investigated and will be published in forth
coming papers. 

Acknowledgment. We thank Prof. Wiendelt Drenth for stim
ulating discussions. 

(10) In addition to 5 a compound is isolated which contains three di
phenylglycoluril and three hydroquinone rings, linked through 12 methylene 
bridges (symmetry Z)34). The cavity of this cavitand has a diameter of ~5 
A. Sijbesma, R. P.; Smeets, J. W. H.; Nolte, R. J. M., unpublished results. 
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We present here for the first time NMR spectroscopic evidence 
of a nonconcerted double proton transfer. The double proton 
motion studied occurs along slightly asymmetric double-minimum 
potentials in solid TTAA2 according to Scheme I. For H-chelates 
of the malonaldehyde type like TTAA, it has been very difficult 
to establish the double-minimum character of the proton potential 
using different spectroscopic techniques3 including NMR.4 

Goedken et al.5 have performed an X-ray crystallographic analysis 
of solid TTAA, have postulated the "diagonal" tautomerism 1 ^ 
3 shown in Scheme I, and have further suggested that the de
generacy of this process is lifted due to a rhombic distortion of 
the unit cell. However, the X-ray method cannot reveal details 
such as the nonconcerted character of the double proton motion 
in TTAA or if the tautomerism is static or dynamic. 

Since solid-state proton transfers between nitrogen atoms are 
most directly probed by 15N CPMAS NMR,6,7 we have performed 
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Figure 1. 15N CPMAS NMR spectra of 95% 15N-enriched TTAA at 
6.082 MHz as a function of temperature: 10-Hz line broadening, 1K-4K 
zero filling, 25-ms cross-polarization time, 4000-Hz sweep width, 1.5-s 
repetition time, 9-̂ s ' H - T / 2 pulses, quadrature detection, 1000 scans on 
the average; reference, external 15NH4NO3. 
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such experiments on 95% 15N-enriched TTAA.8 Figure 1 shows 
some of the 15N CPMAS spectra obtained with an apparatus 
described previously.9 We observe four lines, a-d, of equal 
intensity. Between 100 and 80 K, the lowest temperature where 
experiments were performed, no spectral changes occur, indicating 
that the chemical shifts are temperature independent within ex
perimental error. Taking into account 15N solution NMR data,10 

we assign the overlapping lines a and d to NH atoms and the two 
resolved lines b and c to two inequivalent = N — atoms in solid 
TTAA. As the temperature is increased, lines d and c move 
toward each other without coalescing, as do lines a and b. The 
low-field shift of line a from 96 to 288 K matches the high-field 
shift of line b over the same temperature range. The same is true 
for lines d and c. Since the intrinsic chemical shifts are tem
perature independent, these changes can only be explained by fast 
proton transfer from atom a to b and from atom d to c. In other 
words, the position of line n depends on the average proton density 
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Figure 2. Two-dimensional magnetization transfer 15N CPMAS spec
trum (contour plot) of TTAA-15TV4 at 300 K with a mixing time of 800 
ms. The spectra were obtained at 9.12 MHz by using a Bruker CXP 100 
NMR spectrometer. There were 64 by 256 points in the original data, 
32 scans per spectrum: 10-ms cross-polarization time, 3-MS 'H-ir/2 
pulses, 2.7-s repetition time; reference, external 15NH4NO3. 

- Sn between the 15N lines m and n, where mn = ab, dc, is given 
by6'7 

dmn/Amn = (l-Kmn)/(\+Kmn) (1) 

where Kmli = pn/pm. Kmn is the equilibrium constant for tau-
tomerism in the 15N pair mn and Amn is the intrinsic chemical 
shift difference. As shown in Figure 1, <5dc decreases more rapidly 
with increasing temperature than 5ab. Thus, there are two in-
equivalent proton transfer systems ab and dc present in solid 
TTAA, with unequal equilibrium constants Kib < A!dc < 1." 
Therefore, since ATab ̂  KAc, the proton motion in system ab cannot 
take place in concert with the proton motion in system dc. 

A central question is whether each TTAA molecule contains 
both proton transfer systems ab and dc or whether there are two 
types of molecules in different but equally populated crystallo
graphy sites containing either ab or dc atom pairs. This question 
was answered by ID and 2D 15N exchange spectroscopy12 of solid 
solutions of TTAA-15TV4 in TTAA-1 4ZV4 . As shown in Figure 2, 
the 2D spectra contain cross peaks among all four lines, a-d, due 
to magnetization transfer during the mixing period. These spectra, 
as well as the magnetization transfer rates obtained by corre
sponding ID experiments, did not depend on the TTAA-1W4 mole 
fraction, which was varied between 0.1 and 1. However, 1H 
decoupling during the mixing time resulted in a suppression of 
magnetization transfer, proof that this effect arises from spin 
diffusion and not from chemical exchange. Since spin diffusion13 

between nuclei decreases with the third power of the internuclear 
distance, our observation that the spin diffusion rates are inde
pendent of TTAA-1W4 mole fraction confirms that the observed 
spin diffusion is an intramolecular process. 

Thus, the observation of four 15N resonances combined with 
the proof that all four lines come from atoms within the same 
molecule shows that there is only one type of nonsymmetric 
molecule in solid TTAA, in agreement with the crystal structure.5 

Consequently, each TTAA molecule contains both proton transfer 
systems ab and dc and must therefore be able to exist in four 
tautomeric states, 1-4, which interconvert by single proton 
transfers as shown in Scheme I. It may be that the "diagonal" 
processes 1 ^ 3 and 2 ^ 4 involving concerted two-proton transfer 
occur as a side reaction. Furthermore, our results show that the 
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expressed in terms of equilibrium constants for the tautomers: ATab = AT12(I 
+ Af23)/(1 + AT14) and Kdc = AT14(I + AT43)Z(I + AT12). K{j = X1Jx1 where x, 
is the molefraction of the ith tautomer. We have arbitrarily assigned the 
lowest energy to tautomer 1. 
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rhombic distortion lifts the degeneracy between 2 and 4, as well 
as between 1 and 3. 

It is tempting to correlate the nonconcerted proton motion with 
noncoplanarity5 of the H-chelate units sterically induced by the 
methyl groups. This effect could lead to a reduced repulsion of 
the inner protons of TTAA states 2 and 4 and to reduced electronic 
interaction of the two H-chelate units. The latter effect is sup
ported by the electronic spectra: the lowest energy transition in 
the spectrum of the methyl-free compound appears at 452 nm14 

while that of TTAA is at 342 nm.8 

We have shown here that the protons in the solid malonaldehyde 
derivative TTAA move rapidly in asymmetric double-minimum 
potentials between four different tautomeric states which inter
convert by single proton transfers according to Scheme I. Further 
experiments are under way to examine the effect of the removal 
of the methyl groups on the tautomerism. 
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Tetramethyleneethane (TME) is the simplest non-Kekule hy
drocarbon whose nonbonding molecular orbitals (NBMOs) can 
be localized to different regions of space.1 The localizability of 
the NBMOs of TME leads to the prediction of a singlet ground 
state for the planar diradical.2"4 

In 1970, Dowd reported the first preparation of TME and the 
observation of a triplet EPR signal for this diradical.5 Roth and 
co-workers have also detected a triplet EPR signal63 from a TME 
derivative,6 but the Curie law studies necessary to establish whether 
the triplet was the ground state were not reported. Very recently, 
Dowd and co-workers measured the temperature dependence of 
the EPR signal intensity for the parent TME, and from the lin
earity of a Curie-Weiss plot, they concluded that TME has a 
triplet ground state.7 

Dowd's finding does not necessarily conflict with the theoretical 
prediction of a singlet ground state for the planar diradical.3,4 In 
fact, the results of the ab initio calculations reported here show, 
in agreement with previous computational studies,8'9 that both the 
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