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Abstract: In this paper, the principles of the quantum statistical mechanical theory of relaxation are applied to elucidate the 
general properties of intramolecular rearrangement processes in carbonium ions. An interplay of well-known chemical con
cepts is brought out in an analysis of the dynamical behavior of the Wagner-Meerwein shift in the bicyclic 2-norbornyl cat
ions. The alternate roles of the activated rate process and quantum mechanical tunneling are explored in terms of theoretical 
limiting cases and experimental conditions. The relaxation behavior of the entire homologous series of norbornyl cations can 
be understood without invoking the role of the ground-state cr-bridged nonclassical ions. The low barrier to interconversion of 
classical structures is analyzed in terms of the electron deficiency at C-2. The theoretical estimate ~1012 sec - ' for the rate 
constant of the Wagner-Meerwein shift in the 2-norbornyl cation is in agreement with earlier empirical estimates. The treat
ment given here appears to be generally applicable to all carbonium ions from saturated structures. The concept of the tran
sition state is critically reexamined in terms of the present formulation. It is emphasized that the widespread usage of the 
transition state theory may have contributed to considerable confusion in the literature. 

Recently, we developed a general theory for molecular 
relaxation.1-6 This theory is based6 on the fundamental 
postulates of quantum statistical mechanics and the con
cepts underlying Onsager's reciprocity theorem7'8 for irre
versible thermodynamics. The relaxation rate constants are 
calculated within the framework of the adiabatic approxi
mation.1_6 '9"n In the relaxation process, the zero-order 
Born-Oppenheimer states are coupled by the nondiagonal 
matrix elements of the nonadiabatic nuclear kinetic energy 
operator.1_6 '10 

We have applied the formal theory to a variety of relaxa
tion phenomena.1_6,12"14 Numerical fits of theory and ex
periment have been obtained for the radiationless relaxation 
rates of electronically excited rare-earth ions in crystals2,3'5 

and for the orientational relaxation rates of ion-defect pairs 
in CaF2.4 The theoretical analysis of the relaxation proper
ties of chlorophyll molecules has led to a promising mod
e l 1 2 ' 4 for the primary light reaction in plant photosyn
thesis. In this paper, the basic principles of the relaxation 
theory are applied to a description of the dynamical behav
ior of equilibrating molecular configurations. 

All flexible molecules undergo intramolecular transitions 
between equilibrium configurations. The principles invoked 
in this work therefore should find broad areas of applica
tion. Examples include the ammonia molecule and the di-
phenyl ethers. Other familiar phenomena are exemplified 
by group rotations in nonrigid molecules, cis-trans isomer-
ization of substituted alkenes, and intramolecular rear
rangement reactions. 

In the gaseous state, intramolecular rotations or configu
ration rearrangements are governed by the potential surfac
es prescribed by the normal mode coordinates of the mole
cule. In condensed media, effects arising from solute-sol
vent interactions must also be considered. The majority of 
intramolecular transitions have thus far been examined in 
terms of the typical behavior of activated rate processes. 
However, the possible role of quantum mechanical tunnel
ing in large nonrigid molecules remains mostly undeter
mined. 

In the following, we explore the general properties of in
tramolecular relaxation. An interplay of important chemi
cal concepts is brought out in an analysis of the dynamical 
behavior of bicyclic carbonium ions. Symmetry effects of 
the internal degrees of freedom and the effects of steric 
strain and electron derealization are described. The alter
nate roles of the activated rate process and quantum me

chanical tunneling are explored. The distinction between 
the rapid equilibration of enantiomorphs and electronic res
onance is examined in terms of relaxation effects. The ques
tion of the activated complex is discussed. 

Theory of Activated Rate Processes. Molecular Relaxation 
in the Classical Limit 

In the present treatment, we specialize the theory of mo
lecular relaxation to processes involving discrete nuclear 
configurations. In a complete departure from earlier 
theories,15-22 we have derived4 a quantum statistical me
chanical expression for the activated rate constant of the 
transition between two states corresponding to two equilib
rium nuclear configurations. This derivation is made in the 
strong-coupling limit4 in which the activation barrier E-d is 
large compared with the vibrational quantum hu of the 
normal mode which promotes the transition. The rigorous 
result for the harmonic approximation reduces to the sim
plified high-temperature (kT » hoi) expression for the 
transition rate constant4 

W = A[T) exp(-EjkT) 

= {kT/h)[{2mkT/h^)y\R}A x 

\{2hTi/Mw) | s | 2 A € - 2 ] exp[-Ma>2(Ai?)2/8fer] (i) 

where h is the Planck constant, M and oo are respectively 
the effective mass and the frequency of the promoting 
mode, Ai? is the equilibrium separation of the two nuclear 
configurations measured in the coordinate of the promoting 
mode, S is a coupling parameter, and Ae is the vertical en
ergy separation of the potential surfaces of the two nuclear 
configurations evaluated at the equilibrium configuration of 
the initial state (see Figure 1). In practice, it is convenient 
to treat \S\ 2/Ae2 as a single parameter. The activation bar
rier 

JE1 = %Ma)2(Ai?)2 (2) 

is just the energy at which the two potential surfaces inter
sect. 

The promoting mode corresponds to a normal mode vi
bration along the coordinate pathway of the configurational 
transformation. It may be exemplified by the torsional vi
bration about the C = C bond in the cis-trans isomerization 
of, say, the 1,2-dichloroethylene molecule. The significance 
of the promoting mode has been discussed previously.4 
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Equation 1 reproduces the empirical temperature depen
dence displayed in the Arrhenius equation with a weak 
preexponential temperature dependence ( ~ r ' / 2 ) for the 
frequency factor A. Although this result can appropriately 
be envisioned in terms of a classical system undergoing a 
shift in the nuclear configuration by climbing the barrier 
which separates the two equilibrium positions, the underly
ing premises are derived directly from the postulates of 
quantum statistical mechanics.6 This approach avoids the 
necessity to invoke an intermediate "activated complex 
state" and appears to be a reasonable approach to the acti
vated rate process. Lin and Eyring23 have also applied the 
quantum statistical mechanical method and arrived at a 
final result that is essentially identical with eq 1. 

Equation 1 is particularly suited for dipolar reorienta
tions in solids and restricted intramolecular rotations or 
rearrangement processes in which high barriers or activa
tion are encountered. However, it fails for low-barrier intra
molecular mechanisms in which £ a < hw. 

For the problem of overall molecular rotations, it is nec
essary to consider the average solute-solvent interactions. 
These interactions have been incorporated into a viscosity 
frictional constant T?.15 The dependence of the relaxation 
time on the molecular dimensions and on the macroscopic 
viscosity of the solvent medium has been extensively test
ed.24'25 For example, it has been established that the dielec
tric relaxation times of the homologous series of haloben-
zenes generally increase with the size and polarizability of 
the halogen atom.26-33 

Within the context of the quantum statistical theory, the 
rate constant for the rotation of a rigid molecule in a vis
cous medium has been cast4 in a form similar to that given 
by Debye15 

W = kT/ATiri(K0,T)r0
3 (3) 

in which 

T](K0, T) = (jx6e/4^)(AgVlsi2)(2K0feT)1/2 x 

exp[877ro
2/<o(60)2A:r] (4) 

where /x is the reduced mass of the rotating molecule, KQ is 
an effective force constant corresponding to the intermolec-
ular forces which stabilize a given spatial orientation of the 
molecule, and 58 is the average angular displacement be
tween two neighboring equilibrium orientations. In view of 
(4), the rate expression 3 approximately observes the ex
pected exponential temperature dependence with the activa
tion energy 

EA = 87Tr0
2K0(Se)2 (5) 

We note that, in addition to the usual ra
l dependence15 of 

the rate constant, there is also an exponential dependence 
on r0

2 for a constant value of the average angular displace
ment 50. 

The application of (1) and (3) in an analysis of the dy
namical behavior of intramolecular rotations (or molecular 
rearrangements) and overall molecular rotations takes on 
the following significance. There is a minimum of encounter 
against the intermolecular forces when a nonrigid molecule 
relaxes predominantly through intramolecular mechanisms. 
In this case, eq 1 may be applicable. On the other hand, 
overall molecular rotations can only be achieved against the 
binding forces of the surrounding molecules. In this case, eq 
3 becomes appropriate. In eq 3 and 4, r0 may be interpreted 
as the effective radius of the volume swept out by a 180° 
rotation of the molecule. If the molecule is approximately 
spherical, the act of overall rotation can be achieved with 
little or no disruption of the local array of solvent mole
cules. The effective force constant r\ and hence the activa-

Figure 1. Schematic representation of intersecting adiabatic surfaces of 
two equivalent nuclear configurations exemplified by the two enantio-
morphs of the 2-norbornyl cation. The molecular parameters Ae, A/?, 
and £"a are given in eq 1 for the rate constant of the activated rate pro
cess. The dotted lines represent the lifting of electronic degeneracy at 
the intersection on account of nonadiabatic coupling. 

tion energy EA can be expected to be relatively low. On the 
other hand, if the molecule is irregularly shaped, the act of 
molecular rotation will be accompanied by a displacement 
of the surrounding molecules, leading to relatively large 
values for the activation energy £ A-

The explicit forms of eq 1 and 3 allow model calculations 
using the appropriate molecular parameters. Such a calcu
lation has been performed in the simple case of dipole reori
entations in crystals.4 In the following, we first apply the 
qualitative features of (1) and (3) to a phenomenological 
description of the dynamics of the bicyclic 2-norbornyl cat
ions. We then probe the limiting conditions under which eq 
1 is valid in order to arrive at a quantitative understanding 
of intramolecular rearrangement processes. 

Dynamical Behavior of the Wagner-Meerwein 
Rearrangement in 2-Norbornyl Cation Derivatives. A 
Classical Description 

The physical and chemical properties of the 2-norbornyl 
cation derivatives have been the subject of extensive study 
in recent years.34 The intense interest has resulted from the 
postulate of the concept of "a participation" in the non-
classical tr-bridged carbonium ion.35'36 We shall consider 
later the possible role of a participation in the solvolysis of 
exo- norbornyl derivatives which leads to the formation of <r 
bridging. Here we specialize our discussion to the phenome
non of the intramolecular Wagner-Meerwein rearrange
ment characterized by the equilibrating pair 

y y 
i i' 

which has been established for a large number of 2-nor
bornyl derivatives.34b>37~42 

2-Norbornyl. Effects of Symmetry. A close examination 
of the intramolecular shift 

4 5 5' 4' 

I 2 y i' 

2 2' 
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in the 2-norbornyl cation reveals that the promoting mode 
corresponds to a concerted intramolecular (CIM) twist vi
bration of C-5, C-6, and C-3, C-2 about the C-I, C-7, C-4 
bridgehead. In this vibration, the C-5, C-6 and the C-3, C-2 
bonds are kept as parallel as the restrictive geometry of the 
2-norbornyl cation would allow in bringing the cation from 
the equilibrium configuration 2 to the instantaneous config
uration 

1 2 

which may be considered to be the precursor to the transi
tion. During the transition, the 1,6 C-C bond is broken to 
yield the 2,6 C-C bond as the positive charge shifts from 
C-2 to C-I. The indices 1', 2', 3', 4', 5', 6', and T in 2' cor
respond to 2, 1, 7, 4, 5, 6, and 3 in 2, respectively. The total 
angular momentum of the molecule is practically conserved 
in the CIM transition which results in a rather minor rear
rangement within the spherical cluster of nuclei, leaving the 
intermolecular forces mostly undisturbed. Given the appro
priate conditions of the strong coupling limit,4 the rate con
stant W1-^T may be given by eq 1 (departures from this 
equation will be discussed later), with the corresponding en
ergy barrier determined by the effective mass and the fre
quency of the promoting mode associated with the torsional 
oscillation along the coordinate of the CIM mechanism de
scribed above. 

In ordinary solvents, the 2-norbornyl cation is probably 
closely associated with its counterion. The center of gravity 
of the ion pair can be kept stationary if the CIM transition 
2 —- 2' is accompanied by a slight overall tumbling of the 
cation such that the orientation of position 2 in 2 and 2' re
mains constant with respect to the counterion. In this case, 
the overall molecular rotation may play a minor role. The 
rotations of nearly spherical rigid molecules are character
ized by small activation energies ~1 kcal.43~45 Typical acti
vation energies in the 0-3-kcal range have been found46"51 

for intramolecular group rotations in nonrigid molecules. 
The symmetrical diphenyl ether molecule is nonrigid and 
relaxes through CIM mechanisms. The symmetrical CIM 
mechanism, originally proposed52 to account for the anom
alously low dielectric relaxation times53'54 (3-5 X 1O-'2 

sec) of diphenyl ether, is also thought to play an important 
role in the isomerization of diaryl compounds capable of re
stricted rotation of the aryl groups.55 

In the present context, the relaxation behavior of the di
phenyl ether molecule appears to provide an interesting 
comparison for that of the 2-norbornyl cation. Both mole
cules exhibit highly symmetrical internal flexibilities giving 
rise to rapid concerted intramolecular transitions. Based on 
the known relaxation behavior of rigid and nonrigid mole
cules, 4-43-54 it is reasonable to speculate that, if the CIM 2 
—» 2' transition in the 2-norbornyl cation resembles intra
molecular rotations in nonrigid molecules, a relatively high 
rate constant on the order of 10i2 sec-1 with an activation 
barrier <3 kcal may be characteristic of such a transition. 
Numerical estimates of these parameters will be made in 
the following section. 

2-NorbornyI Derivatives. Effects of Asymmetry. The in
troduction of substituent groups at the 1 and 2 positions in 1 
disrupts the near-spherical symmetry of the 2-norbornyl nu
clear configuration. The loss of symmetry leads to the fol
lowing consequences. 

(A) In the nearly spherical norbornyl cation, intramolec
ular rearrangement can occur without disrupting the ar
rangements of the surrounding solvent molecules. The sit
uation is different in the case of the substituted cation in 
which the CIM transition results in the displacement of sur
rounding solvent molecules by the protruding substituent 
groups. The transition rate constant is now determined by a 
combination of inter- and intramolecular interactions. This 
combination results in an effective increase in the internal 
barrier and hence retards the Wagner-Meerwein process. 
From eq 3-5, we note that this retardation effect should in
crease with the increasing size of the substituent groups. 
Where the substituent groups introduce large departures 
from the approximately spherical symmetry of the parent 
norbornyl cation, the retardation effect will be greatly en
hanced. 

(B) The substituent groups increase the effective mass M 
of the CIM torsional mode, raising the barrier to the Wag
ner-Meerwein shift according to eq 2. 

(C) The presence of bulky substituent groups at the 1,2 
positions may introduce intramolecular steric hindrance, in
creasing the energy barrier to the CIM mechanism. This ef
fect may be relatively unimportant except for the largest 
substituent groups. 

The effects of asymmetry are well documented in the 
study of the dielectric behavior of nonrigid molecules.52 Di
phenyl ether, a symmetrical nonrigid molecule, has a relax
ation time 4.9 X 1O- '2 sec in benzene solution at 2O0.54 The 
bis(/>- nitrophenyl) ether molecule, being larger, is expected 
to exhibit a larger relaxation time according to B. This ex
pectation is borne out by the experimentally observed relax
ation time 14 X 1O-'2 sec for the bis(p-nitrophenyl) ether 
molecule at 20° in benzene solution.56 If the CIM mecha
nisms52 are blocked as in the bis(o-nitrophenyl) ether mole
cule, one would expect to observe a much larger relaxation 
time according to C, which is indeed the case as shown by 
the large observed value 52 X 10 -12 sec for bis(o-nitro
phenyl) ether at 20° in benzene.56 When the symmetry of 
the CIM relaxation process is disrupted by the introduction 
of an asymmetrical component as in the p- bromophenyl 
phenyl ether and the p- pyridyl phenyl ether molecules, 
overall molecular relaxation becomes important. The con
servation of angular momentum requires a counter dis
placement of the solvent molecules, giving rise to apprecia
bly larger relaxation times according to A. The observed re
laxation times for p- bromophenyl ether57 and p- pyridyl 
phenyl ether58 are 72 X 1O-12 and 52.2 X 10~12 sec in ben
zene at 20°, respectively. 

On the basis of a variety of physical and chemical proper
ties, the 1,2-dimethylnorbornyl,38-39 1,2-dimethoxynor-
bornyl,41 l,2-di-/?-anisylnorbornyl,40 2-p- anisylnor-
bornyl,34b 2-phenylnorbornyl,37 and 1,2-diphenylnor-
bornyl59 cations are all considered to exhibit classical be
havior.42 This behavior has been rationalized in terms of 
two well-established concepts: (D) stabilization of the terti
ary carbonium ion due to strain release60-63 at the site of 
substitution, and (E) stabilization or destabilization of the 
carbonium ion at the substitution site depending upon the 
electron-donating or electron-withdrawing nature of the 
substituent group. Within the framework of the present the
oretical analysis, the effects A-C arising from asymmetry 
should also enhance the characteristics of classical behav
ior. In fact, it is not only possible to rationalize the retarda
tion of the Wagner-Meerwein rearrangement in terms of 
A-C but also predict trends for the rate constants of the 
CIM transitions in the various 2-norbornyl derivatives. 

In ordinary solvents, the rate constants for the Wagner-
Meerwein rearrangement should decrease in the order 
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In arriving at the above sequence, we have primarily made 
use of A and B. The discontinuity 2 » 3 results from the 
disruption of the symmetrical CIM Wagner-Meerwein 
rearrangement in 2 by the introduction of the methyl 
groups in 3. The remaining order can be understood in 
terms of the increasing size of the substituent groups ac
cording to eq 3 and 4. In the last statement, we have as
sumed that the average intermolecular solute-solvent inter
actions (and hence KQ) remain approximately constant 
throughout the series 3-6. 

In strongly polar solvents such as the "super acids" 64 ,65 

{e.g., SbF 5 -SO 2 and FSO 3 H-SbF 5 -SO 2 ) employed65 to 
stabilize 2-norbornyl cations, polar substituent groups are 
expected to exert a pronounced retarding effect over nonpo-
lar groups due to enhanced solute-solvent interactions. The 
expected order for the rate constants now becomes 2 » 3 > 
5 » 4 > 6. The large activation barrier41 13.2 kcal mol~' 
observed for 4 compared to the low barrier65 for the 1,2 
Wagner-Meerwein shift in 3 appears to be consistent with 
the above argument. The activation energy 13.2 kcal for 4 is 
comparable to the large activation energies 10-15 kcal 
mol - 1 for molecular rotations found in strongly hydrogen-
bonded liquids such as glycerol.66 

Actually, of course, the dynamical behavior of the 2-nor
bornyl cations must be interpreted in terms of an interplay 
of the five effects A-E. For example, the 2-p-anisyl-2-nor-
bornyl cation is undoubtedly stabilized due to charge local
ization via the electron-donating p- anisyl group and the 
strain release at the tertiary site. Careful pmr studies have 
indeed revealed no 1,6 charge derealization in 2-phenyl-2-
norbornyl37 and the same is doubtless true in the more sta
ble 2-p-anisyl-2-norbornyl cation.34b However, neither 
charge derealization nor steric strain effects are expected 
to significantly lower the internal barrier Ea in 1,2-disubsti-
tuted 2-norbornyl cations. The force constant of the pro
posed CIM vibration derives mainly from the strain arising 
from bending the bridgehead angles /C-2,C-l,C-6 and 
/C-3,C-4,C-5. Stabilization and destabilization effects D 
and E are largely canceled in the symmetrical disubstituted 
cations. We take for example the effects of the methyl 
groups. We let 8 be the steric strain due to the introduction 
of a CH 3 group on a tertiary carbon and —A be the stabili
zation energy due to the derealization of the positive 
charge in a tertiary cation. If we neglect any effects on the 
force constant of the CIM mode arising from the introduc
tion of the CH3 groups, we arrive at a set of intersection ad-
iabatic potential surfaces for the 1,2-dimethylnorbornyl and 
the monosubstituted methylnorbornyl cations relative to 
those of the 2-norbornyl cation (see Figures 2b-d). From 
Figures 2b and 2c, we observe that no substantial change in 
the barrier height is expected from the introduction of the 
two methyl groups in the 1,2-dimethylnorbornyl cation al
though there is a shift in the equilibrium energy with re-
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Figure 2. Model adiabatic surfaces for several norbornyl cations illus
trating (a) the question of a bridging in the 2-norbornyl cation, (b) 
rapid equilibration of "classical" 2-norbornyl cations, and (c, d) steric 
strain and charge derealization effects in methyl-substituted 2-nor
bornyl cations. The values of b and A are arbitrary. 

spect to that of the 2-norbornyl cation. 
In monosubstituted derivatives, the situation is quite dif

ferent. From Figure 2d, we observe that the combined ef
fects of steric strain and charge derealization in 

CH3
 C H 3 

7 7 ' 

renders 7 by far the more stable isomer in the equilibration 
in (6). The forward and backward rate constants in (6) are 
given by 

W7 , .7 = A exp[-(A + 5 - 4£ a ) 2 /16£ a £T] (7) 

W1.,. = A exp[-(A + fi + 4£a)2/16£afeT] (8) 

where A is given by the preexponential factor in eq 1. 
Equations 7 and 8 have been derived from eq 36 and 37 of 
ref 4 £ a » hoo and kT » h u. From (7) and (8), the equi
librium distribution of 7 and 7' can be evaluated 

N1ZN1. = Wv.,/W,.v = exp[(A + H)ZkT] (9) 

which is exactly what one would expect from thermody
namic arguments and serves as a consistency check for the 
theoretical expressions employed herein. 

On the basis of the qualitative analysis given above, we 
thus expect the 2-norbornyl cation to exhibit anomalous be
havior, an exceptionally fast rate of equilibration. This 
anomaly is a result of the near-spherical symmetry of the 
2-norbornyl cation. The CIM 2 —• 2' process can take place 
without appreciable counter participation of the solvent me
dium. The rearrangement transition occurs between two 
electronically degenerate states whose potential minima are 
given by the two equivalent nuclear configurations with the 
cation charge localized at the 2 positions. Relaxation pro
cesses predominated by intramolecular mechanisms are 
characterized by low-activation barrier.46"51 In the present 
case, only a minor nuclear rearrangement is needed for the 
2 —• 2' transition. In terms of eq 2, this means that a rela
tively small displacement AR in the normal coordinate of 
the pror.ioting mode is required for the transition, leading to 
a small activation barrier E a. In the following, we develop a 
more quantitative treatment for the dynamical behavior of 
the Wagner-Meerwein shift. The expected quantum-me
chanical behavior in the low-barrier limit is discussed as 
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well as the significance of a bridging in the 2-norbornyl cat
ion. 

Departure from the Arrhenius Behavior. Relaxation by 
Quantum Shuttling 

Equation 1 is valid strictly for the limiting conditions 

£ a » Hu (10a) 

kT » Jfo) (10b) 
If (10a) holds but (10b) is relaxed, such that kT < h u as 
in low-temperature experiments, it is necessary to write, in
stead of (1), for the activated rate constant 

W = (2w + l)(feSs|2/MAe
2)[(27iMfeT/fc2)1/2Ai?]-1 x 

eM-EjkT) (11) 
where 

n = [exp(Wfer) - I ] ' 1 (12) 

and £ a is given by eq 2. It is clear that for kT » h o>, (11) 
reduces directly to (1). In the limit kT « hut, (11) simpli
fies to 

W = (2h\s\2/MAe
2)[(2TiMkT/h2)U2^R]-1 exp(-EjkT) 

(13) 

where we have used condition 10a. 
The important point here is that regardless of the tem

perature, the rate expression does not depart significantly 
from the Arrhenius behavior. At high temperatures, we 
have 

W oc T 1 / 2 exp(-EjkT) (la) 

while at low temperatures, we have 

W cc T- ,/2 exp(-EjkT) (13a) 

so long as the activation barrier E3 is much larger than one 
quantum ho> of the promoting mode. 

It is desirable to arrive at an estimate (a detailed discus
sion of which is given in a later section) of the rate constant 
for the 2 —• 2' process in the 2-norbornyl cation. Assuming 
the values M ~ 2 X 10 -23 g (corresponding to an estimate 
for the reduced mass of the CIM oscillation), u ~ 4 X 1013 

sec-1 (corresponding to a skeletal-twist vibrational energy 
hu> ~ 200 cm -1) and AR ~ 4 X 10-9 cm (corresponding to 
an estimated displacement of 0.4 A in the CIM promoting 
mode coordinate), we obtain from (2) Ea ~ 1 kcal mol-1. 
This falls in the range of activation barriers normally ob
served for sterically unhindered intramolecular group rota
tions.43'54 Assuming the usual value 10'3 see - ' for the Ar
rhenius A parameter in eq 1, we arrive at the rate constant 
W ~ 10i2 sec-1 at 25° which, at first sight, appears to fall 
within the range 2 X 10,2-2 X 1013 sec-1 at 25° estimated 
by Winstein67 for the 2 — 2' process in the 2-norbornyl cat
ion from pmr and solvolysis data. 

The above calculation, however, is not valid. The estimat
ed barrier E d ~ 1 kcal mol-1 (350 cm-1) is on the order of 
hoi which has been assumed to be 200 cm -1. Instead of 
(10a), we now have 

E^ ~ Hu) (14) 

as the classical Arrhenius behavior for the rate constant 
given by (1), and (16) gives way to the description of quan
tum mechanical tunneling. 

In a general description of the double-minimum problem 
typified by the 2 — 2' Wagner-Meerwein rearrangement, 
the stationary eigenfunctions are given by the symmetrical 
combination 

*i = ^ bk + 4>2-) (15) 

and the antisymmetrical combination 

*2 = Jz (fc - -h<) (16> 

where 

h = 72 (*i + #2) 

and 

>h' =J2 (*i " * 2 ) ( 1 7 ) 

respectively, correspond to the instantaneous wave func
tions of the system with the 2-norbornyl cation assuming 
the classical structures 2 and 2'. The rate constant for the 
intrinsic time evolution of \pz to \p2' corresponding to the 
Wagner-Meerwein shift 2 — 2' is given68 by the approxi
mate formula 

W' = r'"1 = (2W/TT)(2EjT;Hu)in exp(-2EjHu) (18) 

where £ a and a> assume the same significance as in eq 1 for 
the activated rate constant W. We observe that under the 
conditions in (10) specialized to the Arrhenius behavior 

W » W (19) 
However, in the low-barrier case characterized by (14), the 
quantum mechanical shuttling rate W can become signifi
cant. 

In Figure 3, we plot the values of log WT' calculated from 
(18) as E^/hic is parametrically varied. Also plotted in 
Figure 3 is an exact extrapolation to the zero-barrier limit 
using numerical solutions.68 From Figure 3, we obtain the 
estimate ~1012 sec-1 for the rate constant of 2 — 2' at hw 
= 200 cm"1 for a 1-kcal mol-1 barrier. This result is at the 
lower end of Winstein's estimated range 2 X 10l2-2 X 1013 

sec-1. 

Evidence for a Bridging in the 2-Norbornyl Cation 

In the preceding sections, the dynamical behavior of the 
2-norbornyl cation derivatives has been discussed in terms 
of the double-minimum model. Here, we examine the evi
dence for the postulated nonclassical cr-bridged 2-norbornyl 
cation.35 

Perhaps the most vigorous current proponents of the con
cept of a bridging in the 2-norbornyl cation are Olah and 
his students who have reported massive evidence for the 2-
norbornyl cation nonclassical structure 8 in terms of 
pmr,65'69 13C nmr,65^70-73 Raman,65*'7' and ESCA72'73 

spectroscopic observations. 

b 
8 

The temperature-dependent pmr studies64 of the 2-nor
bornyl cation are of great interest. At —154°, the low-field 
four-proton resonance is separated into two components at 5 
3.05 and 6.59. This splitting may be suggestive of structure 
8, with the two components corresponding respectively to 
the two equivalent protons at the bridgehead and the two 
equivalent corner protons of 8. However, since the time res
olution of nmr is low (~10~3 sec), the observed -154° 
splitting could equally well be attributed to the two protons 
at posi*ions 1 and 2 and the two methylene protons at posi
tion 6 of 2 and 2'. Structural assignments64'65-69'70'73 based 
on chemical shifts observed in the pmr and 13C nmr studies 
are thought to be unreliable.74 No dependable theory is 
available at present which makes possible an unambiguous 
comparison of chemical shifts observed in strained bicyclic 
and in aliphatic compounds. 

The weakest evidence for 8 advanced by Olah and co-
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workers is based653,71 on a qualitative interpretation of the 
laser Raman spectra in terms of the symmetry properties of 
alternative models for the 2-norbornyl cation. In the ab
sence of detailed normal mode analyses,75 a definitive struc
tural assignment is impossible. Qualitative symmetry deter
minations based on optical spectroscopy are seldom unique, 
and conclusions drawn from them without a proof of their 
uniqueness are almost invariably misleading.76 

The experimental evidence offered for 8 in terms of the 
ESCA data has been disputed by Kramer.74 According to 
Olah, et al.,72-73 a curve resolver analysis of the C Is bind
ing energy spectrum gave an approximate peak area ratio of 
5:2 in support of 8. However, a careful reexamination of the 
first published spectrum72 by Kramer74 yielded an area 
ratio slightly larger than 6:1. The second published spec
trum,73 according to Kramer, differs from the first in the 
appearance of a new band on the high-energy shoulder of 
the supposed cation band. After a correction for this dis
crepancy, an area ratio 6:1 was again obtained,74 in support 
of the classical structure 2. The claim for the existence of 8 
on the basis of the energy separation (~1.5 eV) of the two 
observed ESCA bands has also been questioned by Kra
mer.74 

The Olah-Kramer disagreement notwithstanding, it ap
pears that in view of existing data, it is safe at present to 
conclude that a certain distribution of C atoms exists in 
Olah's "norbornyl" samples. This distribution yields a main 
ESCA peak with a minor high-energy shoulder. It is desir
able to establish on independent grounds that the observed 
spectrum does in fact originate from the 2-norbornyl cation. 
The possibility that the observed ESCA spectra may well 
have resulted from an addition compound of 2-norbornyl 
fluoride such as 9 has yet to be ruled out. It is not at all 

F:SbFs 

clear that the area ratios claimed by Kramer and Olah are 
meaningful judging from the variability in Olah's published 
data.72,73 In ESCA experiments, the probe penetration of 
the sample material is approximately 30 A, and surface 
contamination may play an important role on the reproduc
ibility of the measurements. 

Attempts at resolving the question of a bridging on the 
basis of quantum mechanical calculations have also been 
conflicting and inconclusive.76-80 The uncertain nature of 
ab initio calculations can perhaps be summed up by Goetz 
and Allen's own assessment of their theoretical calcula
tions.80 These authors concluded that the total energy of 2 
is 4.7 kcal mol-1 lower than that of 8. However, they also 
estimated that the "addition of polarization functions will 
produce a further lowering of the nonclassical relative to 
the classical structure, most likely making the nonclassical 
more stable." 81 

The confusion in the literature may perhaps be alleviated 
by an improved reexamination of the ESCA spectra. If an 
area ratio of 5:2 can be definitively attributed to the 2-nor
bornyl cation spectrum, the existence of the nonclassical 
structure 8 can then be established beyond question within 
the present framework of relaxation theory. The results dis
played in Figure 3 are instructive. We find that irrespective 
of the barrier E3,, the expected relaxation time for the 2 — 
2' process cannot assume values much less than M O - 1 3 sec. 
Within the present context, the nonclassical ion question 
thus reduces simply to whether or not the minimum of the 
adiabatic surface corresponding to the lowest electronic 
state of the nuclear configuration 8 lies below the cusp of 

log cur 

Ea/flOJ 

Figure 3. Parametric dependence of the shuttling time T' on the barrier 
height £ a separating the two equivalent potential wells in the double-
minimum model for equilibrating 2-norbornyl cation configurations. 
The solid curve is calculated from the approximate expression in eq 4 
for £ a » 0.25 ha. The dotted line represents a numerical evaluation in 
the low-barrier limit involving the two lowest vibrational eigenvalues of 
the double-minimum well problem. 

the intersecting adiabatic surfaces of 2 and 2' (see Figure 
2a). A dynamical equilibration of the type 

8 

/ \ (20) 
2 =*=*= 2' 

must then be considered. Individual rate constants must be 
assigned to 2 — 8 (2' — 8), 8 — 2 (8 — 2'), and 2 — 2' (2' 
— 2) transitions. Since the time resolution of ESCA spec
troscopy is ~10~16 sec and the quantum mechanical shut
tling time is ~10 - 1 2 sec, a definitive determination of the C 
Is binding energy spectrum of the 2-norbornyl cation 
should yield the peak ratios 5:2 if there is a single stable 
configuration corresponding to 8, 6:1 if there are two stable 
configurations corresponding to 2 and 2', and 17:2:2 if 2, 2', 
and 8 are equally stable provided that Olah's qualitative in
terpretation of the ESCA spectral band separation is cor
rect. A more quantitative description of (20) is developed 
later in terms of the theoretical expectations. 

There appears to be unanimous agreement that all known 
examples of substituted norbornyl cations37"42'59 exhibit 
classical behavior. The only disputed case is the 2-norbornyl 
cation. The postulated nonclassical behavior of the 2-nor
bornyl cation is thus presented as a unique chemical singu
larity. On the other hand, the present treatment provides a 
consistent description of the entire homologous series of 
norbornyl cations on the basis of the double-minimum 
model without invoking the creation of the nonclassical con
figuration 8. The apparent anomaly in the relaxation behav
ior of 2 has been numerically accounted for in terms of the 
low-barrier CIM degree of freedom. The numerical esti
mates of the rate constant for the 2 — 2' process are shown 
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U-'O. 8% —I 

Figure 4. Summary of the theoretically deduced energy diagrams for 
(a) two noninteracting adiabatic surfaces; (b) two interaction surfaces 
with a small splitting at the cross-over point; (c) two strongly interact
ing surfaces with a large splitting at the intersection resulting in an ex
cited potential with a single minimum and a ground-state double-mini
mum potential surface with a low barrier; and (d) the harmonic repre
sentation of the ground-state double-minimum well corresponding to a 
leaning of 2 and 2' to the bridged structure 8. The barrier in (d) corre
sponds to £"a in Figure I. 

to be consistent with the empirical estimates by Winstein.67 

Similar relaxation anomalies arising from low-barrier CIM 
mechanisms have been fully documented by the homolo
gous series of diphenyl ethers.52 

Barrier to the Wagner-Meerwein Shift 

The values of M, w, and AR upon which we base the nu
merical analysis of the 2 —» 2' transition have been arrived 
at in a relatively simple manner. The estimate M ~ 2 X 
1O-23 g has resulted from the assumption that the collective 
motion of the nuclei at positions 2 and 3 is countered by 
that at positions 5 and 6. We have used the approximate 
equation 

M = Ii1(I2Z(Ji1 - Ji2) (21) 

where MI is the collective mass of the carbon and hydrogen 
atoms at positions 2 and 3 and n2 is that at positions 5 and 6 
in 2. 

If the remainder of the molecule were to remain station
ary, C-6 would be displaced by about 2.5 A in the 2 —• 2' 
shift assuming the nuclear configuration of the norbornyl 
cation is the same as that of norbornane. Since, however, 
the overall angular momentum of the molecule is conserved 
in intramolecular rearrangement and since the remainder of 
the molecule must readjust to an energy minimum, the 
pathway of C-6 is countered by the remainder of the mole
cule in 2 —• 2',.and the normal mode displacement between 
the equilibrium positions of the adiabatic states is estimated 
to be only approximately 0.8 A. 

First, we consider the case in which there is zero interac
tion between the diabatic states (as in the norbornane mole
cule). The value ho: = 600 cm -1 typically observed for 
skeletal vibrations in alkanes82 is assumed for the torsional 
mode corresponding to the CIM degree of freedom de
scribed earlier for 2 — 2'. Using eq 2 with M = 2 X 1O-23 

g, hw = 600 cm -1, and AR = 0.8 A, we find that the two 
harmonic surfaces intersect at ~30 kcal mol-1. This is a 
reasonable order-of-magnitude estimate for the energy re
quired for the deformation of /C-2,C-l,C-6 by ~50°. The 
coordinate representation of the two noninteracting states is 
given in Figure 4a. 

In the 2-norbornyl anion, there is electronic coupling be
tween the diabatic states. Due to a nonbonding cr-electron 
repulsion in the anion, however, this coupling is weak and 
the splitting at the cross-over point is small (see Figure 4b). 
The barrier to a CIM rearrangement process corresponding 
to 2 —• 2' is thus expected to be on the order of at least 30 
kcal mol-1, which accounts for the fact that the anion does 
not rearrange under normal conditions. 

In the 2-norbornyl cation, coupling between the diabatic 
states is strong due to the electronic deficiency at C-2. The 
splitting at the cross-over point is accordingly large, result
ing in a depressed barrier for the 2 — 2' transition and an 
elevated minimum (located at ~60 kcal mol-1 above the 
ground-state minima) for the cr-bridged configuration (see 
Figure 4c). 

In the above description, the ground-state double-mini
mum hypersurface is composed of two shallow anharmonic 
wells. In practice, however, it is convenient to consider a 
readjustment of the equilibrium positions of 2 and 2' such 
that the anharmonic double-minimum well is now replaced 
by two intersecting harmonic potentials corresponding to 
ground-state "classical" configurations leaning toward the 
"nonclassical" structure of 8. While the primary motivation 
for this consideration is mathematical simplicity, the impli
cations of such a proposal actually appear to make good 
physical sense in the present context. There is no justifiable 
reason to expect the norbornyl cation to assume the same 
nuclear coordinates as those of the neutral norbornane mol
ecule. In view of the attraction of the electron-deficient car
bon atom at position 2 for the bonding electrons of C-2 and 
C-6, a slight displacement of C-6 toward C-2 in the equilib
rium configuration of 2 is most likely. 

The above reasoning procedure leads to the AR = 0.4 A 
estimate for the 2 —• 2' transition in the 2-norbornyl cation. 
The value hco = 200 cm"' assumed for the CIM promoting 
mode of 2 —• 2' is characteristic of low-barrier double-mini
mum well problems as typified by the ring-puckering mo
tion in trimethylene oxide.83-84 

The foregoing discussion thus leads to the following pic
ture for the 2-norbornyl cation problem, which is summa
rized in Figure 4d. The ground electronic state is prescribed 
by the harmonic double-minimum well corresponding to the 
two "classical" structures 2 and 2'. The first excited state is 
the lowest lying state of the cr-bridged "nonclassical" ion 8. 
This picture is reminiscent of the NH3 molecule for which 
the ground state is characterized by a double-minimum well 
corresponding to the two umbrella structures and the first 
excited state potential surface is given by a single-minimum 
well corresponding to a stable planar structure.8^ In exact 
analogy with the ground-state NH3 molecule, we have 
shown that the ground-state 2-norbornyl cation undergoes 
quantum shuttling between the two "classical" structures. 
The "nonclassical" structure 8 (in analogy with the planar 
NH3 molecule) is an unstable species at the crest of the bar
rier in the ground electronic state and exists only as a stable 
species (with a single energy minimum) in an excited state. 
In terms of this description, we would not expect the 2 <r> 8 

Journal of the American Chemical Society / 96:25 / December 11, 1974 



7645 

and 2' <=* 8 transitions in (20) to play any significant role in 
the ground-state chemistry of 2 and 2'. 

In the 1,2-disubstituted norbornyls, the 1 — 1' shift is re
tarded by the displacement of the surrounding solvent mole
cules. The barrier to the rearrangement process can no 
longer be simply evaluated from eq 2. This barrier can be 
approximated by a combination of (2) and (5). The summa
ry given in Figure 4d is thus exemplary of all the norbornyl 
systems. The barrier ~ 1 kcal mol - 1 estimated for the 2-nor-
bornyl cation gives the lower limit for the 1 —• 1' shift. For 
systems characterized by high activation energies (e.g., the 
1,2-dimethoxy 2-norbornyl cation41 in a superacid), the 
quantum shuttling process most probably becomes less im
portant than the corresponding activated rate process, in 
which case the rate constant is best given by eq 1. 

Other carbonium ion derivatives have been examined 
under stable ion conditions and shown to exhibit rapid 
equilibration between classical ions which cannot be frozen 
out at low temperatures. Such ions include 2-butyl, 2,3-
dimethyl-2-butyl, 2,3,3-trimethyl-2-butyl, and cyclo-
pentyl.86 The inability to freeze out the interconversions 
means that the barriers for interconversion must be low, 
generally less than 4 kcal mol - 1 . It thus appears that the 
above analysis of the 2-norbornyl cations is generally appli
cable to all carbonium systems which can undergo intramo
lecular rearrangement. 

The Transition State Problem 

The starting point of this paper is the complete departure 
from the activated complex theory which is basically invalid 
in the formal description of most activated rate pro
cesses. 4 '6 '22 '23 The confusion which has contributed to the 
long-standing controversy of the classical-nonclassical 2-
norbornyl cation problem67'87"90 can be traced to the wide
spread usage of the activated complex theory. The transi
tion state in Eyring's original theory is a thermodynamic 
state with energy minimum located on the reaction coordi
nate midway between the potential surfaces of the reactant 
and the product. This assumption of thermodynamic stabili
ty allows for the parameters of activation such as AG*, 
AS*, and AE*, the free energy, entropy, and energy of ac
tivation, even though there is no basis of justification for 
such an assumption.6 The situation is now complicated by 
an evolution of Eyring's concept into three variations. In 
common practice, the transition state is generally consid
ered to be located at the maximum of the activation barrier, 
while the barrier with an energy trough is thought to be as
sociated with a "metastable intermediate" or an "interme
diate" depending on whether the energy trough is higher or 
lower than the energy minima of the reactant and the prod
uct (see, for example, the discussion of Figure 3 in ref 59). 
Olah and coworkers, for example, arbitrarily considered all 
the substituted norbornyl cations in their c-bridged forms to 
be "transition states" or "metastable intermediates" and 
the 2-norbornyl cation in its cr-bridged form to be an "inter
mediate" (presumably due to exceptionally large 'V-bridg-
ing stabilization") in the solvolysis of norbornyl deriva
tives.59 Out of these considerations, Olah developed a "gen
eral concept of carbocations" based on the differentiation of 
the trivalent "carbenium" ("classical") ions from the "pen-
tavalent" carbonium ("nonclassical") ions.34c 

It has been argued that the low barrier to the intercon
version of classical carbonium structures implies the exis
tence of a low-lying transition state. This transition state is 
presumed to be equivalent to the cr-bridged nonclassical ion 
of Winstein. It is therefore reasoned that if the transition 
state is so stabilized in energy, why should one question the 
possibility that this may become a stabilized ground state? 

The estimated67 range 2 X 1012-2 X 1013 sec - 1 for the 
rate constant of the 2 —• 2' equilibration process suggested 
the bridged nonclassical structure 8 to Winstein67 because 
such a rate constant appears to be "greater than kT/h in 
absolute rate theory, namely 6 X 1012 sec - 1 at 25°, the rate 
constant predicted for zero AF*." Bartlett further elaborat
ed90 that the rate constant 4 X 1012 sec - 1 estimated for the 
2 —• 2' racemization process in S02-SbFs at 25° "happens 
to be about the rate of passage of a transition state over the 
barrier in rate theory." In his view, "any reaction occurring 
so fast has zero activation energy and the migrating carbon 
would be at just as low an energy when midway in its mi
gration as at the beginning or end." He concluded that "no 
such picture of decaying molecular structure results if we 
attribute the racemization to the direct formation of the 
bridged ion with planar symmetry, and no absurdly high 
rate constants are required." 

In view of the detailed analysis given above, the estimat
ed ~ 1 0 1 2 sec - 1 rate constant in the low-barrier limit of the 
double-well model appears to be well within expectation. 
The postulate of the cr-bridged nonclassical structure 8 for 
the ground-state 2-norbornyl cation on the basis of the oth
erwise "absurdly high" rate constant is tantamount to the 
postulate of a ground-state stable planar structure for the 
N H 3 molecule on the basis of the rapid rate (MO 1 2 sec - 1) 
of shuttling between its two pyramidal configurations. 

We now see that the cr-bridged structure at the top of the 
barrier to interconversion does not correspond to a state 
since it is not a stable species. The creation of the low bar
rier to interconversion of ground-state classical structures 
is in fact accompanied by the elevation of the energy mini
mum of the stable bridged structure which exists as an ex
cited electronic state. When the barrier to intramolecular 
rearrangement is low (i.e., £ a S hw), as indeed appears to 
be the case in the 2-norbornyl cations, we envision a most 
elegant internal mode of quantum shuttling between the 
two "classical" wells, far from Bartlett's vision of a "decay
ing molecular structure" in which "C-6 flops about ran
domly" as if "in an untidy box." 90 

Conclusion 

In the above, we have provided the theoretical grounds 
for the apparent differences between 2-norbornyl and the 
mono- and 1,2-disubstituted norbornyls in terms of the sol
vent effects on the concerted intramolecular rearrangement 
process. A self-consistent description has been made with
out invoking the role of the ground-state cr-bridged non-
classical ion. Partial formation of the nonclassical ion in the 
transition state of the exo- norbornyl isomer was originally 
thought35 to be responsible for the phenomenon of high exo/ 
endo rate ratios in the solvolysis of the 2-norbornyl deriva
tives until Brown systematically established that such exo/ 
endo rate ratios are not significantly different from those 
observed in tertiary 2-norbornyl derivatives yielding classi
cal cationic intermediates.42 

It was then argued67 '90 that the high degree of racemiza
tion observed in the solvolysis of 2-norbornyl derivatives re
quired a seemingly absurd rate constant of ~10 1 2 sec - 1 for 
the equilibration between the two classical ions. The present 
treatment now reveals that such a rate of equilibration is in 
fact expected of the norbornyl system and, indeed, can be 
estimated from well-accepted first principles. 

The "classical" behavior established for all the known 
substituted 2-norbornyl cations34b '37-41 '59 and aliphatic cat
ions86 suggests that the description summarized in Figure 4 
is generally valid. In this description, the energy minimum 
of the a-bridged structure must lie above the crest of the 
activation barrier to the equilibrating pair of "classical" 
ions. The remaining debate over the nonclassical ion status 
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of the 2-norbornyl cation thus appears to boil down to the 
validity of the postulate that, in the singular case of 8, the 
ground state is given by the single-minimum potential well 
corresponding to the structure that typically characterizes 
an excited state of all the other norbornyl systems. Such a 
postulate has not been supported by definitive theoretical or 
experimental evidence, and it clearly reaches beyond the 
rigorous confines of the present logical framework. 

In itself, the question of nonclassical ions represents a 
specialized area of research. Since the publication of the 
collection of research reprints and commentaries by Bartlett 
in 1965,90 the once-exalted position commanded by the con
cept of c-bridged nonclassical ions, which at one time in
cluded practically all existing carbonium ions from saturat
ed structures, has eroded to the debate over the singular 
case of the 2-norbornyl cation. Nevertheless, this debate is 
important because the problem points to the larger question 
of the transition state in chemical reactions. We have shown 
that decades of the controversy over the classical-nonclassi-
cal ions appear to have been sustained by a proliferation of 
ambiguous definitions and concepts derived mostly from the 
uncritical usage of the transition state theory. This usage 
has resulted from the tremendous influence exerted on gen
erations of chemists by the transition state theory which, 
ironically, may have acted as the major deterrent in the 
progress of unraveling reaction mechanisms. 
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