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Abstract: 3C NMR spectroscopy of the 2-methyl-2-butyl-1-13C cation (*3C-labeled tert-amyl cation) indicates
that interchange of the inside and outside carbons occurs via a barrier of 19.5 + 2.0 kcal/mol. A plausible
mechanism involves hydride migration in the proposed 2-pentyl cation 4 to form 3-pentyl cation 5. Via the
protonated cyclopropane intermediate 6, which undergoes degenerate corner-to-corner hydride shift, the
secondary 3-pentyl cation 5’ with the label shifted to the central carbon atom is formed. The tert-amyl
cation obtained from 5' in the reverse process has the 13C label on an inside carbon atom. All intermediates
and transition structures were located on the PES theoretically at the MP2/6-31G(d,p) level of theory. The
rearrangement rate of the doubly labeled tert-amyl cation (methyl-13C-butyl-1-13C cation), followed by means
of 13C NMR, revealed that the process that interchanges inside and outside carbons has the highest barrier.
Comparison of the initial rates revealed that isotopomer le arises considerably more slowly than other
isotopomers, indicating that in the overall rearrangement process transition structure 5-TS has the highest
energy.

Introduction the rearranged tertiary iofi. The measured barrier was 15.4
kcal/mol. A second, slower, process that exchanges the methyl-
ene protons and methyl protons was subsequently observed, and
its barrier was found to be 18.8 kcal/nfolfThe mechanism
oposed for the second process was corner-to-corner proton
igration in the protonated dimethylcyclopropaihirough the
ransition structure3-TS to form the secondary unbranched

Obtaining rearranged products in solvolysis reactions has long
been considered evidence for 1,2-hydride, methide, and alkide
shifts in the carbocations that are intermediates in these reac- r
tions. Only extremely rapid rearrangement steps can be seen irﬁ1
this way because the intermediate cations have such short Iife-t
times. The development of conditions where some of these ionscation4 (Scheme 1, pathway II). The energies of stationary
are indefinitely stable has made it possible to detect and measurepoints along reactio’n pathways | and Il were calculated at the

the rates of a variety of much slower rearrangement processesMP4SDTQ(FC)/6—31G(d p)/IMP2(FC)/6-31G(d,p) level. The

_ The tertamyl cation (2-methyl-2-butyl cation) has been gptimized geometries of the “open” secondary 3-methyl-2-buty!
investigated for more than three decades, in stable solution incation2 and the 1,3-protonatetcans-1,2-dimethylcyclopropane
superacid,* as a stable saftand theoretically:” Solvolysis (edge-protonated cyclopropar@TS) were located as the
studies go back still further. Two rearrangement processes thayansition-state structures for pathway | and pathway II,
rapidly interchange chemically different hydrogens have been respectively. The calculated energy barriers (15.2 and 18.5 kcal/
reported in the stable ion. Changes in the proton NMR line shape mol, respectively) are in close agreement with the experimental
with temperature demonstrate interchange of the two types of ;ogits.

methyl groups. The mechanism proposed (Scheme 1, pathway - sjmilar mechanisms for formation of protonated cyclopro-
I) involves L_lphlll isomerization of theert-amyl cationl to th_e panes and corner-to-corner proton shifts (pathway Il) have been
secondary ior2, followed by a degenerate Wagnevleerwein proposed in other stable secondary carbocations. The interchange
1,2-methide shift, proceeding through the protonated dimethyl- ot the methyl hydrogens with the ring hydrogens in the
cyclopropane structur8. A 1,2-hydride shift then returns to methycyclopentyl cation and migration ofC label from the
methyl into the ring can be rationalized through a similar
mechanism. Scrambling of the hydrogens and carbons in the

T University of Zagreb.
*Yale University.
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(3) (a) Olah, G. A.; Baker, E. B.; Evans, J. C.; Tolgyesi, W. S.; Mclntyre, J. If the secondary 2-pentyl catighis formed in pathway I, it

S.; Bastein, I. JJ. Am. Chem. S0d964 86, 1360-1373. (b) Olah, G. A,;
Donovan, D. JJ. Am. Chem. S0d.978 100, 5163-5169.
(4) Farcasiu, D.; Marino, G,; Hsu, C. S. Org. Chem1994 59, 163-168.

would be expected to rapidly and reversibly rearrange to the

(5) Kato, T.; Reed, C. AAngew. Chem., Int. E®2004 43, 2907-2911. (8) Saunders, M.; Vogel, P.; Hagen, E. L.; Rosenfeld, JAG:.. Chem. Res.

(6) Farcasiu, D.; Norton, S. Hl. Org. Chem1997, 62, 5374-5379. 1973 6, 53—59.

(7) Schleyer, P.v. R.; Carneiro, J. W. de M.; Koch, W.; Forsyth, DJ.AAmM. (9) Walker, G. E.; Kronja, O.; Saunders, M. Org. Chem2004 69, 3598-
Chem. Soc1991 113 3990-3992. 3601.

10.1021/ja046004b CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 13703—13707 = 13703



ARTICLES Vréek et al.

Scheme 1

Pathway |
HsC
o)/

HaC*

1
Pathway I

@ *

CH; CHj

CHj;

CHj;

HaC
3

Pathway Il

*

f

4'

CHy *

5-TS'

CHj;
5

CHg

3-pentyl cation5, since 1,2-hydride shifts that are not uphill
typically have very low barriers. For example, cyclopentyl cation
shows a single sharp proton peak even at low temperatures.
Furthermore, since the 3-pentyl cation is a secondary cation X
similar to those mentioned above, it should also undergo
rearrangement through a protonated cyclopropane intermediate
and a corner-to-corner proton shift, in a manner similar to that
of seebutyl cation.

The two processes previously reported (pathways | and 1)
do not interchange the two inside carbonsesf-amyl with the
three methyl carbons. However, if the 3-pentyl catiris
formed, its rearrangement would be expected to interchange
these carbon atoms. To see whether this scrambling process
occurs, we labeled a methyl group witbC. We report here T s
observing its rearrangement to the inside carbon positions by,__’.gure 1
means of13C NMR spectroscopy. Theoretical calculations
concerning the pathway are also described.

300 75 50 25 ppm

13C NMR spectrum (125 MHz) of thEC-labeledert-amyl cation
1in SbR/HF at—9 °C. The methyl signal of thtert-butyl cation is denoted
as X.

Results and Discussion rearrangement rate constants were calculated from the increasing

The monolabeledert-amyl alcohol (2-methyl-2-butanol-1-
13C) was prepared via the Grignard addition &fJmethyl
iodide to the methyl ethyl ketone. Dilabeléett-amyl alcohol
[2-(methyl43C)-2-butanol-113C] was obtained from the ethyl
propionate and thé{C]methyl iodide also by Grignard reaction.

fractions of the isotopomers having th€ label on the inside
carbons (data obtained from the peak heights). The following
first-order rearrangement rates were obtained: 9.0.4) x
104s1(=9°C), 2.0+ 0.1)x 103s1(—-4°C), and (6.0+

0.4) x 102 s1 (5 °C). Since only one of the three outside

The stable carbocation solution was prepared from the alcoholmethyl groups was labeled in the starting compound, the

via the molecular beam method in SHFO,CIF .10

observed rate of moving to the inside is only one-third the total

13C NMR spectroscopy of the monolabeled isotopomer (125 rate of the overall process. However, since the process is first
MHz) showed a decrease of the signal due to the (methyl) order, the half-life and rate constants are not affected. Thus,

carbons (8.6 and 43.4 ppm) and the appearance of “infde”

from the rearrangement rate, the barrier for the interchange of

signals (56.2 and 334.6 ppm) (Figure 1), indicating that the inside and outside carbons was found toEhe= 19.5 +
interchange of the outside and inside carbons occurs. The2.0 kcal/mol.

(10) (a) Saunders, M.; Vogel, B. Am. Chem. S0d.971, 93, 2559-2561. (b)
Lenoir, D.; Siehl, H.-UHouben-Weyl: Methoden der Organischen Chemie
Georg Thieme: Stuttgart, 1990; Vol. E19C, p 26.
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The experiment presented above clearly demonstrates the
existence of both the 2-pentyl catidrand the 3-pentyl cation
5. It should be noted that the methyl and methylene hydrogens
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Figure 2. MP2/6-31G(d,p)-optimized geometries of carbocations involved in pathway Il (MP2/6-31G(d)-calculated geometry parameters are in italics),
bond lengths in angstroms and bond angles in degrees.

could exchange without going to the 2-pentyl cation. Once the Eﬁgﬁ;& aﬁ%'gtggfvc:;gfﬁf (keal/mol) for Stationary Points

protonated cyclopropane derivatigeis formed exchange of
the hydrogens could occur by two successive corner-to-corner

caion  MP2/6:31G(d)  MP2/6-31G(d,p)  MP4/6-31G(d,p)IMP2/6-31G(d,p)

proton migrations. A proton could move to C-2, and the proton 18 3 %8 101 1
which was initially there could move back. However, exchange 11.7) (11.2) (12.5)
of the inside and outside carbon atoms can only happen if the 4-TS 175 16.2 16.6
protonated cyclopropang is formed, and this can arise only (19.3) (17.6) (17.9)
from the 3-pentyl cation. The 3-pentyl cation, in turn, can be (ig:g) &g:g) &g:g)
obtained only by a hydride shift from the 2-pentyl cation. 5-TS 12.7 12.7 12.9

A plausible mechanism consistent with the new result is (13.7) (13.7) (13.9)
presented in Scheme 1, pathway lll. The first step is the hydride 6 éé:% (E:% &g:g)
migration in the secondary catio, and formation of the 6-TS 21.6 19.8 21.9
secondary catiorb. The next step is the formation of the (22.5) (20.6) (22.8)

protonated cyclopropartthat undergoes a degenerate corner-
to-corner proton shift. Reopening the cyclopropane ring gives

5, which is the isotopomer d with the label shifted to the calculated results obtained by Farcasiu and NdttOorrections

central carbon atom. This ion can return téeat-amyl cation . . .
. for ZPE (not scaled) are included in the calculated energies.
by the reverse of the process that formed the unbranched ion, . . . . .
The relative energies are given in kcal/mol with respect to

but now the!3C label is on an inside carbon atom. - I _ _
the most stable corresponding isonieaind are listed in Table

We performed quantum chemical calculations using the 1. For minimum structure$—6 only the most stable conformers
Gaussian 94 program suiiteo study these proposed intermedi- Were considered y

ates. All structures were fully optimized (in the specified sym- ) o

metry) at the Mgller-Plesset perturbation theory. The ab initio  1N€ Secondary 2-pentyl catigh which is formed from the
calculations were performed using frozen core (FC) second- cation 3 (pathway 1), is calculated to be 12.5 kcal/mol less
order MP2 perturbation correction and fourth-order MP4(SDTQ) Stable than the startingrt-amyl cationl. The 3-pentyl cation
theory with single, double, triple, and quadruple substitutidns. 5 obtained by hydride shift id, is an additional 1.3 kcal/mol
The standard split valence and polarized 6-31G(d) basis set wagd!igher in energy than the catigh Cation5 hasC, symmetry
employed in the geometry optimizations and frequency calcula- In Which the C+-C2 and. C4-C5 bonds are a"qned parallel to
tions. For comparison, we also carried out calculations with the the formally vacantr-orbital at the C3 carbocation center, each
larger basis set 6-31G(d,p). A vibrational analysis was performed N one side of the carbon skeleton “plane” (Figure 2). The
at the same level of theory (except for MP4 calculations) to formation of5 is followed by ring c_Io_sure, yleldmg the corner-
determine the zero-point vibrational energy (ZPE) and to charac- Protonated ethylcycloproparge This interconversion dsto 6
terize each stationary point as a minimum (NImag@) or transi- (the calculated energy barrier is only 0.1 kcal/mol) occurs via
tion-state structure (NImag= 1). The optimized MP2/ the partially bridged transition-state struct&&'S (Figure 3)
6-31G(d,p) geometries were subjected to single-point energy characterized by one imaginary frequeney70 cnr?), which
calculations at the MP4 level; thus, our final level is MP4(SDTQ)/ corresponds to the three-membered ring closure prdgess

6-31G(d,p)//MP2/6-311G(d,p), which is comparable to the 6 We have located two more rotamers for the protonated
cyclopropané obtained by the rotation around the €34 bond

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.  axis, and the relative energy difference between the most stable

G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A, i _bri

Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. (6) and the least stable is Only 0.8 keal/mol. The methyl t.)rldge(.j

G.: Ortiz, J. V.. Foresman, J. B.. Cioslowski, J.. Stefanov, B. B.. Structure6 undergoes a degenerate corner-to-corner hydride shift

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; H _ H

Wong, M. W-. Andres. J. L.+ Replogie, E. . Gomparts. R.. Martin. R, L. via the_edge protonate'd ethylcyclo_propane cafiorSto _yl_eld

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- an equivalent structuré;. The most important energy minimum

ﬁgfdogih“ggu?;hnzg':zig;;op'e’ J- Baussian dgrevision E.1; Gaussian, - stryctures are presented in Figure 2, while the most important
(12) Krishnan, R.; Frisch, M. J.; Pople, J. A. Chem. Phy. 198Q 72, 4244. transition structures are presented in Figure 3.

2 The relative energies with ZPE included are given in parentheses.
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Figure 3. MP2/6-31G(d,p)-optimized geometries of transition-state structures involved in pathway Il (MP2/6-31G(d)-calculated geometry parameters are
in italics), bond lengths in angstroms and bond angles in degrees.
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aThe fractions are the amounts expected at statistical equilibrium assuming no equilibrium isotope effects.

According to quantum chemical calculations carried out at that of3, before going back to thert-amyl cation via pathway
the MP4/6-31G(d,p)//MP2/6-31G(d,p) level of theoB:TS II, multiple rearrangements according to pathway Il would
(—195 cm?) represents the transition-state structure for the occur. In that case besidds—d, the formation of4e (from
overall rearrangement process of tieet-amyl cation, since it 4d) would happen. FroMethetert-amyl cationlg having the
is 0.7 kcal/mol less stable th&TS. However, these differences inside carbon atoms labeled would be formed at the same rate
are rather small. Experimental data suggest also that pathwayas cationslc—1f. On the other hand, if pathway Ill were rate
Il proceeds via a slightly higher barrier than pathway Il (18.8 determining, as is suggested by kinetic data carried out with
vs 19.5 kcal/mol), but because of the experimental error, this monolabeled isotopomer and by theoretical calculations, in the
result is ambiguous. Therefore, we performed an experimentearly stages of the reaction onlya—1f would be formed, as
with doubly labeled amyl cation (structude, Scheme 2) to predicted above. The formation @§ would occur in the later
decide which is the rate-determining rearrangement in the cation.stages of the reaction and slower than the formation of other
Let us consider how the content of the mixture of doubly isotopomers. The overall process is presented in Scheme 2, in
labeledtert-amyl cations depends on the barriers for processes which the fractions in certain isotopomers in the final equilib-
I'and III. If the proton migration in the protonated cyclopropane rium are given above the isotopomer structure.
6 were the rate-determining process (pathway lll), only one  The formation of different isotopomers from the dilabeled
closure of6, proton migration, and reopening could occur before 1a/l1b cation mixture was followed by3C NMR at —22 °C.
going back to thetert-amyl cation via pathway Il. In other  Only formation of the cations in which the labels are adjacent
words, only one exchange of the inside and outside carbonsto each otherd, 1e andlg) can be monitored separately. They
would take place. All possible rearrangements of the doubly have doublets instead of singlets in the carbon spectrum due to
labeled catioria are presented in Scheme 2. Starting from the 13C—13C spin—spin coupling. It turned out that it was convenient
doubly labeledert-amyl cationla, isotopomerlb would arise to compare the formation dfd and 1g, since the fraction of
via the lowest barrier (pathway I). Thus, from the initial mixture both isotopomers is equal in the final mixture (1/10) and the
1a/lb two isotopomers of 2-pentyl cations would be formed, coupling constants between €23 (1g) and C3-C4 (1d) are
4aand4b. After one rearrangement cycle according to process different. Formation of isotopomerd is seen in thé3C NMR

I, besides isotopomera and4b, the formation of4c and4d spectrum as the increase of two doublets having the same
would also occur. From all possible 2-pentyl cations four coupling constantks-c4 = 35.1 Hz), one centered at 8.6 ppm
additional different isotopomers would arise, which &ce-1f, due to the methyl carbon and the other centered at 56.2 ppm
so the overall mixture would contain isotopometa—1f. due to the methylene carbon. Formation of isotopodgin

However, if the barrier to the formation @fwere lower than the spectrum is also seen as two doublets with the same coupling
13706 J. AM. CHEM. SOC. m VOL. 126, NO. 42, 2004
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Figure 4. 13C NMR spectrum (125 MHz) of thE¥C-dilabeledert-amyl cationl in SbR/HF at—22 °C. The spectrum was taken after 0.5 h. Two corresponding
pairs of spir-spin coupling constants are presentedXdr(J = 35.1 Hz) andlg (J = 29.6 Hz).

isotopomersld and 1g are the same, as is obvious from the
spectral region at 55.2 ppm where the peaks that correspond to
1d and1g are equal (Figure 5).

With the above considerations in mind, the experiment with
/ the doubly labeled cation unambiguously shows that the barrier

19
1d\j\m of the new process in thtert-amyl cation that interchanges
L }

- 1c

1d+1g

inside and outside carbon atoms proceeds via the protonated
cyclopropane transition structu@TS (pathway 1ll, Scheme
1). This is the highest energy transition structure on the pathway.
In conclusion, the overall rearrangementent-amyl cation can
564 560 ppm be described with three distinct processes: the process that
Figure 5. 13C NMR spectrum (methylene signal) of tH€-dilabeledtert- interchanges the methyls (pathway I) proceeds through the
amyl cation1 in SbR/HF at —22 °C. The spectrum was taken after  |owest barrier (15.4 kcal/mol), the process that interchanges
equilibrium was reached. methyl and methylene protons (pathway I) proceeds via a higher
barrier (18.8 kcal/mal), and the process that interchanges inside
constant Jc_cs = 29.6 Hz), one centered also at 56.2 ppm and outside carbons (pathway Ill) goes through the highest
due to the methylene carbon and the other centered at 334.g0arrier (19.5 kcal/mol).
ppm due to the carbocation center. Thus, direct comparison of . .
the relative ratio of the doublet &fd and1gat 56.2 ppm enables Acknowledgment. We gratefully acknowled.ge the fmanua!
us to decide which isotopomer is formed more rapidly. Important support of this research by th? _Natlonal S_mence Foundation
segments of the spectrum taken in the early stages of rearrange(Gram No. 0120595) and th? Ministry of Science and Technol-
ments of the doubly labelegért-amyl cation are presented in  °9Y Of the Republic of Croatia (Grant No. 0006451). We thank
Figure 4. Spectra taken in early stages of the reaction clearly "€ NMR Center of the Institute Rudjer Bas/ic for allowing
revealed that formation ofd (J = 35.1 Hz) is faster than  US o perform NMR experiments.
formation of 1g (J = 29.6 Hz). As shown in Figure 4, after
1/2 h of rearrangement at22 °C, the height of the peak that
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