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were applied to strips of Whatman 3MM paper and were de
veloped as descending chromatograms with 2-propanol-con-
centrated ammonia-water (6:3:1, by volume). The radio-
chromatograms from the 0.1-mL experiments are shown in 
Figure 2. The chromatograms from the 0.4-mL incubations 
were used for the quantitation of 14C in each chromatographic 
peak12 and for the elution of selected fractions for further 
identification. In the presence of 1 in the incubations there was 
a gross accumulation of a product with an Rf value of 0.17 
corresponding to 2. When this substance was eluted from the 
papers and rechromatographed, it cochromatographed with 
authentic 2, and after hydrolysis with alkaline phosphatase it 
gave mevalonate in 95% yield. Quantitatively, 2 accounted for 
40.4% of the total 14C added to the incubations containing 1 
compared with 3.4% in the uninhibited reaction mixtures after 
10-min incubations. In addition, there was a decrease in the 
amount of IPP (5.3% compared with 10.0% of the total 14C in 
the absence of 1) presumably owing to the decreased avail
ability of 5-diphosphomevalonate. 

The observations taken together can only mean that 1 is a 
specific inhibitor of 5-phosphomevalonate kinase. We exam
ined the possibility that 1 might also be a substrate for phos-
phomevalonate kinase. However, incubation of Sio prepara
tions with 1 and [7-32P]ATP gave no evidence of the phos
phorylation of 1 to a phosphono[32P]phosphate. 

The mechanism of inhibition of phosphomevalonate kinase 
by 1 is unknown at present since we have studied its effects so 
far only in the multienzyme system of rat liver Sio preparations 
and—in a quantitative way—only at one concentration of 
mevalonate. Although there is no information about the 
properties of phosphomevalonate kinase of rat liver, it is worth 
noting that the Km value of (i?)-5-phosphomevalonate for the 
partially purified enzyme from pig liver was found to be ~300 
AtM.13 The inhibition of phosphomevalonate kinase by a ra-
cemic mixture of 1 with an apparent K[ (ISOC°2) of 145 juM is 
the more surprising as no substrate inhibition of the pig-liver 
enzyme could be detected even at a concentration of 1.5 mM 
of (R)-5-phosphomevalonate.13 
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Low-Temperature Carbon-13 Nuclear Magnetic 
Resonance Spectroscopic Investigation of C 4H 7

+ . 
Evidence for an Equilibrium Involving the Nonclassical 
Bicyclobutonium Ion and the Bisected 
Cyclopropylcarbinyl Cation1 

Sir: 

Much experimental and theoretical work has been directed 
toward elucidating the nature of the cationic intermediate(s) 
involved in cyclopropylcarbinyl, cyclobutyl, and allylcarbinyl 
interconversions under so-called "stable-ion" as well as sol-
volytic conditions.23 Whereas all experimental evidence on 
C4H7+ indicates that the species is a nonclassical cation,2-4 

controversy continues regarding the equilibrium geometry of 
this cation, with some favoring the bicyclobutonium structure 
la, and others the "bisected" cyclopropylcarbinyl arrangement 
( lb) .2 - 4 We now report that an investigation of C4H7+ under 

CH, 
I £H CH., 

CH,+|| :CH-=CH, 

la lb 

"stable-ion" conditions at low temperatures by 13C NMR 
spectroscopy indicates the coexistence of at least two structural 
isomers of CtHv+ in rapid equilibrium with one another. 

An SbF5-SC»2ClF-S02F2 solution of C4H74" was prepared 
according to previously described techniques3 at ca. — 125 0 C, 
employing cyclopropylcarbinol-7-13C (43% 1 3C).5 - 7 The 
20-MHz 13C NMR spectrum of this solution at - 7 0 0 C dis-

•v. * 1. SbF1-SO,ClF-Sa1FV -125 0C . * 
J > — C H , O H „ _ 7 0 T " — » C4H7

+ (*CH, *OL) 

played resonances at <5nc 107.56 and 57.48 which may be as
signed to the methine and averaged methylene carbon reso
nances of C4H7+, respectively (Table I).3d Under these con
ditions, the carbon-13 label is distributed nearly randomly 
between the methylene and methine positions of C4H7+, in
dicating that hydride migrations between methine and meth
ylene centers are occurring at rates which are slow on the 
NMR time scale.8 

The 13C NMR chemical shifts obtained on varying the 
temperature of this SbFs-S02ClF-S02F2 solution of C4H7+ 

between —61 and —132 0 C are given in Table I.9 It is apparent 
that decreasing temperatures cause substantial movement of 
the methine and average methylene carbon resonances 
(downfield and upfield, respectively). The temperature de-

0002-7863/78/1500-8016S01.00/0 © 1978 American Chemical Society 



Communications to the Editor 8017 

Table 1. 13C NMR Shieldings of C4Hy+ and the 1-Methylcyclopropylcarbinyl Cation at Various Temperatures" 

species temp, 0C 5l3CH 3"CH2 6i3c+ 3'3CH3 

C4H Ab 

CH/ 

> -c : 
CH1 

-61 
-7(K 
-76 
-80 
-88 
-99 
-101 
-107 
-112 
-115 
-127 
-132 

-62 
-130 

106.78 
107.56 
107.64 
108.02 
108.52 
109.20 
109.38 
109.73 
110.03 
110.25 
111.00 
111.32 

66.49 
65.86 

58.95 
57.48 
57.22 
56.55 
55.58 
54.33 
53.97 
53.46 
53.02 
52.63 
51.36 
50.89 

58.52 
59.11 

249.63 
251.49 

31.52 
31.67 

" All spectra were obtained on a Varian Associates FT-80 NMR spectrometer. The chemical shifts were measured from the CF2ClH resonance 
of an external (capillary) CF2C1H/(CD3)20 reference and converted to parts per million relative to external (CH3)4Si utilizing 5i3c (external 
(CH3)4Si) = 6i3C (CF2ClH) + 116.60. * In SbF5-SO2ClF-SO2F2 solution. <• Excluded from data analysis. 

Table II. Comparison of 13C NMR Chemical Shifts OfC4H7
+ with 

Those Anticipated for Several Possible Structural Isomers 

structure 3'3CH av 6I3CH 

C4H7
+ (this work) 

la" 
lb" 

r/' 

115±3 
114 
76 

319 

47 ± 3 
56 

116 

" Anticipated 13C NMR shieldings of possible structural isomers 
taken from ref 3d and converted to parts per million relative to external 
(capillary) (CH3)4Si utilizing 6uC (external (CH3)4Si) = —5i3c (CS2) 
+ 193.7. 

pendences over a similar temperature range of the methine, 
methylene, and methyl carbon resonances of the 1-methylcy-
clopropylcarbinyl cation31^1 ° in the same solvent system were 
also studied and are given in Table I . " The latter experiments 
show that the temperature dependences of the shifts of a 
"static" cation are not of sufficient magnitude to account for 
the rather large temperature-induced shifts observed for 
C4H7

+ .1 2 The data thus suggest an equilibrium between two 
or more energetically similar structural isomers of C 4 H 7

+ 

which interconvert rapidly on the NMR time scale, even at 
63.1 MHz a n d - 1 5 5 0 C. 1 3 

Assuming that only two species are involved in the equilib
rium, the ' 3C NMR shifts of each set of exchanging sites were 
calculated from optimization of a linear least-squares fit of the 
observed chemical shifts vs. the populations of the lower energy 
isomer of C 4H 7

+ with respect to the 13C NMR shifts of the 
exchanging sites as well as the enthalpy and entropy differences 
between the two isomers.14 

These calculations indicate that the 13C NMR shifts of the 
methine and average methylene carbons of the lower energy 
isomer OfC4H7

+are 5i3C 115 ± 3 and 47 ± 3, respectively.14-15 

Comparison of these calculated 13C N M R shieldings with 
those anticipated for la and lb and the cyclobutyl cation4 

(Table II) show that they are only consistent with the formu
lation of the most stable isomer of C 4 H 7

+ as the bicyclobuto-
nium ion ( la) . 1 6 The experimental uncertainties14'15 in the 
input parameters <5 and T preclude any quantitative assessment 
of the 13C N M R shifts which can be attributed to the higher 
energy isomer of C4H7

+ .1 4 However, the observation that the 
methine and average methylene carbon resonances of the 
higher energy isomer of C 4 H 7

+ must be shifted upfield and 
downfield, respectively, relative to the corresponding reso
nances in the more stable isomer, suggests that the bisected 

cyclopropylcarbinyl cation structure (lb) might reasonably 
be assigned to the higher energy species (Table II).3d 

Although the experimental uncertainties14'15 in the input 
parameters <5 and T also prevent calculation of the enthalpy 
(AH) and entropy (AS) differences between the structural 
isomers OfC4H7

+ , we conclude that the nonclassical bicyclo-
butonium ion (la) and the bisected cyclopropylcarbinyl cation 
(lb) are rather similar energetically. Indeed if AS for the 
equilibrium is assumed to be 0, the free-energy difference is 
1000 ± 500 cal. Thus the results of this investigation are in 
general accord with those of our previous studies3b'd-17 and 
serve to reinforce the contention 3b-d-17 that the preference 
demonstrated for a bisected cyclopropylcarbinyl cation ge
ometry in suitably substituted systems in no way precludes, or 
represents a discontinuum from, the adoption of the bicyclo-
butonium ion geometry by C 4H 7

+ as has been suggested in the 
recent literature.20 
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Observation by Carbon-13 Nuclear Magnetic Resonance 
Spectroscopy of Hydride Shifts in C^jHy+ 

Derived from Cyclopropylcarbinol-/-13C 
in SbF5-SO2ClF-SO2F2 Solution1 

Sir: 

The interconversion in carbocationic reactions of cyclobutyl, 
cyclopropylcarbinyl, and allylcarbinyl derivatives has been the 
subject of many investigations since its discovery in 1950.2-3 

Although controversy continues to surround the precise nature 

CH, 

CH2 

' \ 

':? 
CH, 

la 

"CH, CH2 

-CH =*=* CH2 -XH ^ * CH, CH 
N + 'J 

CH2 

l b 

11CH2 

Ic 

CH, 

*CH/ 

*CH2_ 

; C H = C H 2 ^ I "^CH=CH 2 

CH, 
2a 2b 

CH2 

CR/ 
; C H — * C H Z 

2c 

(C) , 

(b) 

i ^ V ^ W ^ W ^ ^ H ^ ^ ' " * ^ ' ' ' * 1 ^ 

m-o 120 100 80 , tO 
6 1 3 C , ppm 

20 

Figure 1. Fourier transform, 20-MHz 13C NMR spectra (at -100 0C of 
SbF5-SO2CIF-SO2F2 solutions): (a) C4H7

+ and O-protonated cyclo
butanol 3 from cyclopropylcarbinol; (b) C4H7

+ and O-protonated cy
clobutanol 3 from cyclopropylcarbinol-/-13C (43% enrichment); (c) 
C4H7

+ after warming the solution described in (b) to -70 °C for 20 min 
and cooling to -100 0 C The resonance lines are assigned as follows: I, 
2, 4 = CF2ClH of external CF2C1H/(CD3)20 used as reference and 
field-frequency lock signal; 3, 7 = CH and average CH2, respectively, of 
C4H7

+; 5, 8, 9 = C-1, C-2 + C-4, and C-3, respectively, of 3; 6 = (CD3)20 
of external reference. 

of the "nonclassical" C 4H 7
+ cationic intermediate(s) involved 

in these transformations, the very rapid equilibration of the 
methylene carbons is well established. At present, opinion is 
divided as to whether the equilibration process involves rapidly 
interconverting bicyclobutonium ions ( la-c) or "bisected" 
cyclopropylcarbinyl cations (2a-c).2-3 In contrast, no evidence 
has been reported to indicate that hydride migrations occur 
in these intermediates.2-6 We now report that the 13C NMR 
spectrum of an isotopically labeled C 4 H 7

+ under stable-ion 
conditions provides unequivocal evidence for slow occurrence 
of such hydride shifts. 

An SbF5-SO2ClF-SO2F2 solution of C 4H 7
+ was prepared 

according to previously described techniques at about —125 
0 C, employing cyclopropylcarbinol-/-13C (43% l 3C).4h '7-9 A 
second SbF5-SO2ClF-SO2F2 solution of C4H7

+ was prepared 

CRDH 

ShF •-SOX'IF-SO ,F 

+0H, 

125 T - C4H- rCH2) + ( CH, 

for comparison purposes from nonisotopically enriched cy
clopropylcarbinol under the same conditions.10 The FT 20-
MHz 13C NMR spectra of these solutions at - 1 0 0 0 C are 
shown in Figure 1." These 13C NMR spectra display reso
nances of an additional, previously unreported,2'3'4h species 
with 5i3C 84.2 (d, 167), 29.2 (t, 143), and 10.1 (t, 149) as well 
as the resonances of the methine and averaged methylene 
carbons of the C 4H 7

+cat ion at 5i3C 109.1 (d, 182) and 53.6 
(t, 179), respectively.2-3-411'1' The 60-MHz 1H NMR spectrum 
of this new species in SbF5-SO2ClF-SO2F2 at - 1 0 0 0 C con
sists of a doublet (J = 3 Hz, 2 H) at 5 8.78, a broad multiplet 
centered at 5.6 (1 H), and two broad, partially coincidental 
multiplets centered at 2.8 (4 H) and 2.1 (2 H). Comparison 
of these 1H and 13C NMR parameters with those reported for 
cyclobutanol12 and O-protonated alcohols13 shows that this 
substance is O-protonated cyclobutanol (3), a wholly reason-
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