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a (a) (ICH2CH2)20, NaH, THF, A; (b) trisyl azide, KOH, PhCH3, 
PTC; (C) MeOH, hv\ (d) LiOH, DME, A; (e) oxalyl chloride, 
LiCH2COOMe; Cf)TsN3, Et3N; (g) Rh2(OAc)4, CH2Cl2, room 
temperature; (h) NaBH4, MeOH, O 0C, dicyclohexylcarbodiimide, 
Cu2Cl2, THF, A; (i) CrO3, HOAc, CH2Cl2, room temperature. 

molecular complexity of 1 is assembled by forming the carbon-
carbon bond at "b". We have found that rhodium-mediated 
intramolecular C-H insertion is particularly effective in this 
application. 

The starting point for the synthesis (Scheme II) is the readily 
available6 4,4-dimethylcyclohexanone (4). Spiroannulation with 
bis(2-iodoethyl) ether7 proceeded smoothly to give 5. Diazo 
transfer by the method of Mander8 followed by photolysis in 
methanol and saponification then gave the crystalline acid 6, which 
was homologated to 7 by the method of Rathke.9 This set the 
stage for the anticipated C-H insertion. 

We were gratified to observe that exposure of a-diazo-/3-keto 
ester 7 to catalytic Rh2(OAc)4 in CH2Cl2 at room temperature 
led to smooth conversion to a single substance, shown by subse
quent transformation to be the desired tricyclic ether 8. Reduction 
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and dehydration10 of 8 gave 9, which was regioselectively oxidized" 
to the previously prepared5 lactone 10. The alternative lactone, 
from oxidation of the more hindered methylene, was observed as 
a minor product from the oxidation. Methylenation of 10 to give 
pentalenolactone E methyl ester (1) has been demonstrated by 
previous investigators.5 

The synthetic utility of intramolecular C-H insertion is ap
parent. Unlike most methods for ring construction, in which two 
functionalized carbon atoms are joined, intramolecular C-H in
sertion allows bond formation to an unfunctionalized carbon atom, 
generating a striking increase in molecular complexity12 in a single 
step. Further investigations of the scope and limitations of this 
reaction are under way.13 
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The combined use of CP/MAS carbon-13 NMR spectroscopy 
and X-ray crystallography is giving new insights on the dynamic 
phenomena in the solid state. Among the dynamic phenomena 
that have interested the chemist, prototropic tautomerism is one 
of the most elusive, due to the sensitivity of the activation energy 
to environmental effects (concentration, nature of the solvent, 
water traces, etc.). Heterocyclic prototropic tautomerism1 in the 
solid state concerns almost exclusively static studies, i.e., the 
structure of the most abundant tautomer.la Up to now the only 
dynamic study of heterocyclic tautomerism in a crystal concerns 
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Figure 1. 13C CP/MAS spectra of 3,5-dimethylpyrazole at 75.5 MHz': 
(a) at 303 K; (b) at 233 K. Asterisks denote spinning sidebands. 

porphines as determined via 15N CP/MAS NMR.2 

Annular tautomerism is defined"3 as the prototropy involving 
exclusively ring nitrogens and is common to all N-unsubstituted 
azoles.3 Preliminary studies4,5 on azoles in the solid state by 13C 
CP/MAS NMR show two important features: (i) "Narrow" 
singlets corresponding to a unique tautomer are always observed, 
(ii) The structure of the tautomer present in the crystal always 
agrees with the previous X-ray results. Well-resolved spectra were 
obtained for autotropicld systems like pyrazole,4 imidazole,4 and 
benzimidazole;5 moreover, the tautomeric structures of 1,2,4-
triazole,5 indazole,5 and benzotriazole5 [all N(H)I tautomers] 
correspond to those found by crystallography.ld_lf 

In the course of a systematic study of pyrazoles by 13C CP/ 
MAS NMR6 it was found that 3,5-dimethylpyrazole (1) showed 
broad bands for carbon atoms C3 and C5 at 50 MHz. The 
spectrum recorded at 75.5 MHz at room temperature (303 K) 
with a Bruker CXP 3007 is shown in Figure la. Only one peak 
for the methyl substituents and two broad singlets at 146.2 and 
141.0 ppm for carbons C3 and C5 are observed. The apparent 
splitting (5.2 ppm) is reduced from the low-temperature limiting 
value. For comparison, the chemical shifts of 1 in Me2SO solution 
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Figure 2. X-Ray structure of 3,5-dimethylpyrazole: (a) isolated mole
cule; (b) cyclic trimer. 

(rapid tautomerism) and of 1,3,5-trimethylpyrazole (2) in the same 
solvent8 are given below: 
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At this point, the X-ray structure of 1 was determined on a 
CAD4 Enraf Nonius diffractometer and refined until a final R 
= 0.79. The ORTEP projections of a single molecule and of the 
unit cell, a trimer, are represented in Figure 2a,b. 

The most remarkable facts about the structure are (i) a C10 

structure of the monomer,9 (ii) a trifold symmetry of the cyclic 
trimer, and (iii) a half-proton intensity spot for the tautomeric 
proton. 

Simultaneously, a 13C CP/MAS NMR spectrum at 233 K was 
determined (Figure lb). At this temperature, the annular tau
tomerism is frozen and the spectra ressembles that of 2: C3, 147.5; 
C4, 104.8; CJ, 139.3; Me3, 12.8; Me5, 10.5 ppm. 

In conclusion, at room temperature, a trimer ^ trimer inter-
molecular tautomerism is taking place in 3,5-dimethylpyrazole 
(1) with a AG* > 57 kJ rnol"1. In solution, using HMPT as 
solvent,10 the activation energy for the isomerization of 1 is 63 
kJ mol"1. Thus, the results described here provide a proof of how 
easy intermolecular proton migration can be (tunnel effects must 
be considered).11 In solution these intermolecular mechanisms 
do not necessarily involve cyclic trimers or linear polymers but 
more probably solvent molecules (water for instance).12 

The crystal structure can account for the absence of a similar 
intermolecular process in pyrazole itself:13 the distorted tetrameric 
geometry is less favorable to the concerted proton migration. In 
X-ray or neutron diffraction structure13 the NH proton is well 
located and in the 13C CP/MAS NMR spectrum4 there is no 
appreciable broadening of the signals belonging to carbons C3 and 
C5 compared with that of carbon C4. 

It seems likely that, depending on the C substituents, other 
pyrazoles and, more generally, other azoles crystallize in such 
structures that dynamic annular prototropic tautomerism will be 
observed in the solid state. 
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