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Scheme I 

H 
tert-buty\-d9 chlorides11 and for equilibruim /3-deu-
terium isotope effect in cations.12 The agreement is 
improved by assuming a small 7-deuterium isotope ef
fect on the cationic center as reported for several 
solvolysis experiments.13 

The kinetics of the rearrangement of 3-deuterio-2,3-
dimethyl-butyl-2-ium ion (A) gave new information 
about the energy surface involving the three tert-he\y\ 
ions A, B, and C.2,4 It is postulated14 that the reaction 
A 1=* B and C proceeds through a corner- or edge-
protonated cyclopropane intermediate in which protons 
migrate from corner to corner yielding the transition 
states or intermediates Ii, 2i, and 3i (see Scheme I). 
Strong evidence for the involvement of similar inter
mediates is gathered from tert-amyl,16 methylcyclo-
pentyl,17 sec-butyl,6 isopropyl, and tert-buty\is cations. 

At —40° we found the rate of rearrangement of A 
into B and C to be three-ten times faster than the rate 
of deuterium-hydrogen scrambling in A yielding ID «=* 
IID. Therefore the energy barrier for the process 2i 
(or 3i) <=* Ii +± A is 0.25-0.75 kcal/mol higher than the 
energy barrier for the ring opening of 2i (or 3i) giving 
B and C. 
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Equilibrium Deuterium Isotope Effects in Systems 
Undergoing Rapid Rearrangements. 
Dimethyl-/er;-butylcarbonium Ion and 
Cyclopentyl Cation 

Sir: 

In previous communications1'2 we have shown that 
deuterium substitution in molecules undergoing rapid 
degenerate rearrangements can lift the degeneracy giv
ing rise to nonstatistical equilibrium constants between 
the isomers and leading to additional splitting in the 
spectra. This occurs when the processes occurring do 
not rapidly mix all equivalent groups. If a group of 
hydrogens and deuteriums was completely scrambled by 
a rapid process {i.e., all possible isomers rapidly 
achieved), then each proton would experience the same 
average environment and therefore all protons would 
have an identical chemical shift and yield only a single 
averaged peak. However, in spite of the fact that no 
additional splitting is expected, deuterium-hydrogen 
isotope effects can disturb the statistical probability of 
protons residing in the chemically different environ
ments and thus produce a net chemical shift. In order 
to observe such a shift accurately, it is desirable to in
clude, in the same sample, some of the undeuterated 
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Table I" 

-92 .7 -80 
-Temp, ± 2 0 C-

-68 .5 

D, Hz 
K (for Aco = 210 Hz) 
At T = - 9 2 ° 

5.2 ± 0 . 1 4 . 8 ± 0 . 1 
1.55 ± 0 . 0 1 6 1.494 ± 0 . 0 1 3 

(Hc - H3)Ii = 52 ± 2 cal/mol 

4.5 ± 0.2 
1.455 ± 0.028 

- 5 3 

4.1 ± 0.2 
1.404 ± 0.026 

If Aw were different, Hc — HB would be affected. Aw = 190 Hz yields 58 cal/mol and Au = 230Hz yields 47 cal/mol. 

substance. We wish to report the first case of such an 
effect. 

A 1:3 mixture of 2,2,3-trimethylbutyl-3-ium ion (A) 
and 98.3% deuterated l,l,l-trideuterio-2,2,3-trimethyl-
butyl-3-ium ion (B <=± C) was prepared by distilling the 
corresponding chloride mixture into a solution of SbF6 

in SO2ClF cooled to -100° . At T < - 4 0 ° the nmr 
spectrum3 of this ion mixture displayed two singlets 
having the expected area ratio of 1:2.4 situated at r 7.3 
and separated by the temperature-dependent value D 

CD3 

CH3 • * - < * 
CH3 

CH3 

¥ 

CH3 

CD, 

B 

CH3 

+) (^CH 3 

CH3 CH3 
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(see T a b l e J). T h e p e a k for B <=> C occu r r ing at lower 
field than the peak for A indicates a (/3 — 7) differential 
deuterium isotope effect such that B is more stable than 
C. By measuring D, K = 2/3([B]/[C]) can be calculated 
with the relation K = (3Aw + 20D)/(3Aw - 30D) where 
Aw is the chemical-shift difference between the different 
methyl groups in the absence of the rapid rearrange
ment. The methide shift that interconverts B and C is 
extremely fast even at low temperature;4 thus Aw can
not be measured directly. By using a Aw value equal 
to the observed chemical-shift difference in tert-amyl 
cation4-5 we obtained Kand Hc — HB = RTIn lva lues 
(see Table I) comparable to those measured for the di-
methylisopropylcarbonium ion.1'2 Thus it appears 
that the differential isotope effect for interchange of H 
and D between methyls with C-H's j3 and 7 to tertiary 
cationic carbons is approximately the same in these two 
open-chain compounds (50-60 cal/mol per H-D pair). 
We have preliminary indications that analogous dif
ferential isotope effects in cyclic ions may be quite dif
ferent.6 Assuming the 7-deuterium isotope effect 
small7 our values are comparable to those obtained in 
solvolysis experiments for open alkyl systems going 
through classical carbonium ion intermediates.8 

The cyclopentyl cation is another case where com
plete mixing of the protons occurs.9 Tetradeuterio-
cyclopentyl cation was prepared from the corresponding 
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chloride via reduction of 2,2,5,5-tetradeuteriocyclopen-
tanone10 and examined in a mixture with undeuterated 
material. No resolution of the nmr singlets for the 
unlabeled and deuterated ions due to the combination 
of a-, (3-, and 7-deuterium isotope effects on the car
bonium ion has been observed between —92 and 0°. If 
the a-deuterium isotope effect had the same sign and 
comparable magnitude as the /3-deuterium isotope 
effect7a,d'u the difference of chemical shifts between the 
monodeuterated and the unlabeled ions would be small. 
Strong evidence for the hyperconjugative origin of 
secondary kinetic /3-deuterium isotope effects12 has been 
gathered. In addition, the conformational dependence 
of these effects has been established.13 Therefore a 
more appropriate model than open-chain alkyl ions is 
necessary for the (j3 — 7) deuterium isotope effects in 
the cyclopentyl cation. 

By warming l,l,l-trideuterio-2,2,3-trimethylbutyl-3-
ium ion (B +± C) to —30° the other six isomeric tertiary 
ions were formed.4 At a somewhat slower rate, the 
amplitude of the nmr peak of B «=± C decreased rela
tively to the nondeuterated ion A. This can be ex
plained by a scrambling process among protons from 
different methyl groups yielding, in the case of the 
system containing deuterium, ions having one dideu-
teriomethyl and one monodeuteriomethyl or three 
monodeuteriomethyl groups. These isomers would be 
expected to yield complex spectra in contrast to the 
singlet of B ?=± C. In order to account for this H-D 
mixing the following mechanism can be drawn. 

• » - < • 
CD, D-J -D 

D 
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One change of branching level in the alkyl chain con
verts the hydrogens of a single group to methylene and 
methine protons.1'2 On return from such a process no 
scrambling of hydrogen will have occurred. There
fore two reversible changes in branching level are neces
sary for any interchange of the H and D of two methyl 
groups. We therefore have evidence that this system 
can go through the numerous steps necessary to convert 
it to the singly branched level and then return. 
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Equilibrium Deuterium Isotope Effects in Systems 
Undergoing Rapid Rearrangements. Methyl 
Interchange in Dimethylisopropylcarbonium Ion 

Sir: 

In the previous communication1 we reported that sub
stitution of a deuterium on a methyl group of the di
methylisopropylcarbonium ion gives rise to new split
ting in the nmr spectrum resulting from lifting of the 
degeneracy between the two isomers (I ^- II) related by 
hydride transfer. We now report the preparation and 
observation of ions of the same structure containing 
two, three, four, five, and six deuterium atoms leading 
to the discovery of a hitherto unreported degenerate re
arrangement. 

By adding Grignard reagent made from 76% deu-
terated methyl iodide to 3-methyl-2-butanone we ob
tained the starting material for an ion mixture containing 
44% 1,1,1-trideuterio- (I3 +=> H3), 41 % 1,1-dideuterio-
(I2 <=> H2), 13% l-deuterio-253-dimethylbutyl-2-ium ion 
(I1 <=* Hi), and 2 % unlabeled ion.2 

The nmr spectrum (see Figure 1) of this ion mixture 
displays pairs of doublets separated by different tem
perature-dependent Dn values for the different isomers 
I n ^ I I n . 

CH3 CH3 CH3 CH3 

CH3 Me-d„ CH3 Me-dn 

I„,n-0,1,2,3 H1, K n - [ I n ] / [ H j 

On adding partially deuterated methyl Grignard 
reagent to isobutyl isobutyrate, we obtained the starting 
material for a mixture of the hexa-, penta-, tetra-, and 
trideuterio-2,3-dimethylbutyl-2-ium ions (In ?=± II„; 
n = 3,4, 5, 6). 

The isotopic separations Dn
4 were found to be 14.5 
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(4) Dn is twice the separation between the low-field doublets and the 
doublet of the nondeuterated ion at T 7.07 ppm. 
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Figure 1. 100-MHz nmr spectrum of In <=s II„; n = 0. 1, 2, 3, in 
SO2ClF-SbF5 a t - 9 6 ° . 

± 0.5, 30 ±0.5,46 ±0 .5 Hz at - 7 6 ± 2 ° for n = 1,2,3, 
and 62.3 ± 0.3, 77.9 ± 0.4, 92.8± 0.3 Hz at - 7 9 ± 2° 
for n = 4, 5, 6. From the chemical shift between 
the different methyl groups (estimated from corre
sponding frequencies in /ez-z-amyl13) Aw = 210 Hz, 
we calculated Kn = (Aw + Dn)/(Aw — Dn). We 
obtained Kn = 1.148 ± 0.006, 1.33 ± 0.011, 1.561 ± 
0.016 for n = 1-3 at - 7 6 ° and 1.844 ± 0.019, 2.18 ± 
0.028, 2.585 ± 0.0415 for n = 4-6 at - 7 9 ° . From 
these data, Hnn — Hhi values were calculated. The 
values, normalized by dividing by n, were found to be 
54.2 ± 2, 56.2 ± 1.6, 58.3 ± 1.3, 58.8 ± 1, 59.6 ± 1, 
and 61.3 ± lcal/molforw = 1-6. 

The nonlinearity of the HUn — Hjn values with n 
appears to be slightly outside of experimental error. 
Similar observations have been reported in solvolysis 
studies of tert-buty\-di, -di, -d%, -de,, and -d% chlorides.6 

On irradiating the methine proton at T 5.4 ppm, de
coupling was obtained simultaneously for all the pairs 
of doublets of In <=* Hn. These latest observations 
confirm the hypothesis used to explain the spectra of 
the monodeuterated ion.1 

The hexadeuterated ion enabled us to observe the 
interchange, invisible in unlabeled ion, of pairs of non-
equivalent methyl groups (via secondary ion 2i). The 
isomers D related by the rapid hydride shift are once 
more degenerate and therefore one doublet is observed 
at the position (T 7.07 ppm) of the nondeuterated ion. 

The nmr spectra (see Figure 2) of a hexadeuterio-
2,3-dimethylbutyl-2-ium ion prepared by using a 98.3 % 
deuterated starting material7 showed that the methyl 
interchange occurred to equilibrium during the prepara
tion of the ion at T = —90°. A similar observation 
was made with the ion mixture containing In ^ Hn 

with n = 3, 4, 5, and 6 deuterium atoms in which the 
nmr spectrum displayed very intense doublets at the 
positions of the l-deuterio-2,3-dimethylbutyl-2-ium 
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