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Abstract: The effect of a bridgehead methyl group on the hydride ion affinity in the gas phase of bicyclo-
[1.1.1]pent-1-yl (1(+)), 1-norbornyl (3(+)), cubyl (5(+)), 1-adamantyl (7(+)), bicyclo[2.2.2]oct-1-yl (9(+)),
and bicyclo[3.1.1]hept-1-yl (11(+)) cations has been studied using density functional theory and ab initio
methods. It is concluded that the methyl group always increases the stability of the substituted cations.
The effect of the solvent on the stability of methyl-substituted cations in relation to the unsubstituted cations
has been studied using the polarizable continuum model of the self-consistent reaction field theory. In the
case of rearranging cations, the nucleophilic assistance of the solvent is determined by means of the
interaction energy of the corresponding water complexes. It is concluded that the solvent causes the relative
stabilization of the parent cations. As a consequence, most of the methyl-substituted bridgehead derivatives
show a lower solvolysis rate than the corresponding unsubstituted compounds. A nonqualitative explanation
of the methyl effect on the relative stability of bridgehead cations in both gas phase and solution is given
for the first time. The ratios of solvolysis products in the case of rearranging bridgehead cations have also

been computed from the relative stability of the intermediate water complexes.

Introduction

Bridgehead carbocations continue being an area of interest
in physical organic chemistry after several decades of study.
Despite the large amount of information collected, some aspects
regarding the effect of the methyl group on the stability of
bridgehead cations remain unexplairfed.

In a preliminary communicatidnwe have shown that the
solvolysis of 4-methyl-1-norbornyl triflate4(OTf)) in 60%
ethanol takes place 3.74 times faster than the solvolysis of
1-norbornyl triflate 8(OTf)) (Figure 1). We attributed this weak
accelerating effect to enhancedparticipation. However, ab
initio (MP2/6-31G*) molecular orbital calculations on the
corresponding cation8(+) and 4(+), carried out by other
authors® have been interpreted in the sense that the weak
accelerating effect of the 4-methyl group is more likely a
manifestation of dominant destabilizing ground-state effects.
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Figure 1. Studied bridgehead structures €X+, H, or nucleofuge).

Doubts abouts-participation as basis for the striking rate
enhancing effect of the methyl group #(OTf) are justified
because it stands in contrast to the decelerating effect of
bridgehead methyl substitution in the solvolysis of all the other
bridgehead derivatives studied up to now. Thus, the parent
compounds bicyclo[1.1.1]pent-1-yl bromidé(Br)),* cubyl
triflate (5(0OTf)),> 1-adamantyl bromide7(Br)), bicyclo[2.2.2]-

10.1021/ja016583+ CCC: $22.00 © 2002 American Chemical Society
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Table 1. Experimental Rate-Constant Ratios (Kwe/kn)

structures
“H" (non-methyl-  “Me” (methyl- solvolysis conditions

substituted) substituted) solvent T(°C) Ke/K ref.

1(1) 2(I) 80% EtOH 45 5.5x 107 4

1(Br) 2(Br) 80% EtOH 70 5.2 107 4
3(0TH) 4(OTf) 80% EtOH 80 3.91 3
97% TFE 60 7.41 3

5(0Tf) 6(0Tf) MeOH 50 0.53 5
7(Br) 8(Br) AcOH 75 0.71 6
9(OBs) 10(OBs) AcOH 70 0.30 6

9(ONs) 10(ONs) 80% EtOH 70 2.2% 107 7
11(Br) 12(Br) 80% EtOH 70 0.04 8

oct-1-yl brosylate §(OBs))&7 and bicyclo[3.1.1]hept-1-yl bro-
mide (L1(Br))® have been found to solvolyze faster than the
corresponding bridgehead methyl-substituted deriva2¢Bs),
6(0Tf), 8(Br), 10(OBs), and12(Br), respectively. The relative
solvolysis ratekve/ky are given in Table 1. Moreover, it has

direction of the inductive effect of a methyl group relative to
hydrogen cannot be reached from the present solvolysis data.
A striking feature of the correlations between lognd inductive
effects is that the points for the parent compouhd®,%7 and

118 lie significantly above the regression line. This unusual
stabilizing effect of hydrogen has been formerly attributed to a
structural change upon replacing it by a methyl gréép. more
recent study of the solvolysis dfBr)!? has suggested that the
exalted solvolysis rate in nucleophilic solvents should be due
to solvation of the cationic transition state at 3-H. Hence, the
rate depression caused by the introduction of a methyl group at
the bridgehead position should be attributed to a poor hydrogen
bonding stabilization of the corresponding catidas.

On the other hand, significant secondary deuterium isotope
effects have been measured for #{X),12 7(X),* 9(X),1° and
11(X)82 systems. These isotope effects have been interpreted
as a probe of participation of the bridgeheadkbond in the
stabilization of the corresponding cations. In our opinion, this

been known for some time that the successive introduction of explanation is not conclusive since the isotope effect could be
methyl groups at the bridgehead positions C-3, C-5, and C-7 also due to changes in the-€i(D) force constant promoted
of 7(Br) reduces the solvolysis rate by a factor of ca.1.47 per by hybridization changes resulting from strain increase during

methyl group?

the ionization step (vide infr&). To provide a conclusive answer

Usually, the rate depressions caused by the methyl group haveo the striking question of the methyl effect, we have sought

been attributed to itgr-acceptor effect as measured by the
inductive constant9 = 0.11}1° since there is a good linear

correlation between logk of the solvolysis of bridgehead

substituted compounds of the ty@$8,67 10,67 and12 8 with

recourse to density functional theory (DFT) and ab initio

molecular orbital computations on the cations and hydrocarbons
1-12in gas phase as well as in solution using the polarizable
continuum model (PCM) method of the self-consistent reaction

the /9 value of the corresponding polar substituents. For the field (SCRF) theory.

43 and 6° systems the available data are so limited that a

meaningful correlation is not attainable.

On the other hand, the fact that a methyl group at C-4 position

depresses the rate of solvolysis of cubyl trifl&a(®Tf) has been

taken as evidence against charge delocalization at this po%ition.

The hyperconjugative stabilization by the methyl group (
effect) has been considered ineffective in catéfs) by the

off-axis positioning of the methyl €H bonds relative to the
symmetry axis of the cation LUM®&:'128Nevertheless, it should

Results and Discussion

Computations in the Gas PhaseThe inclusion of polariza-
tion functions and electron correlation has proved to be essential
for the reliable calculation of carbocation enerdi€Shus, there
is a good correlation between the differences in total energy
(AE) between bridgehead cations and the corresponding hy-
drocarbons AE[R(+)—R(H)]) calculated with the ab initio
Méller—Plesset MP2/6-31G* method and l&g 1! Recently it

be taken into account that there is also a good linear correlationhas been shown that Idg (in 80% EtOH) of unsubstituted

between lodk of bridgehead substituted compounds of t@gé

bridgehead derivatives correlate with the gas-phase stability

8,5and10° and the inductive effect of the substituents measured determined with the experimental dissociative proton attachment

by the gi-scale, in which the methyl groups(= —0.01) is
electron releasing? Thus, definitive conclusions regarding the

(4) (a) Wiberg, K. B.; Williams, V. ZJ. Am. Chem. S0d.967, 89, 3373. (b)
Della, E. W.; Taylor, D. KAust. J. Chem199Q 43, 945. (c) Grob, C. A.;
Yang, C. X.Tetrahedron Lett1991, 32, 5945.

(5) (a) Moriarty, R. M.; Tuladhar, S. M.; Penmasta, R.; Awasthi, AJKAm.
Chem. Soc199Q 112 3228. (b) Eaton, P. E.; Yang, C.-X.; Xiong, ¥.
Am. Chem. S0d.99Q 112, 3225. (c) Eaton, P. E.; Zhou, J. R.Am. Chem.
Soc.1992 114, 3118.
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1985 68, 2158. (b) Grob, C. A Schanb Biely. Chim. Actal982 6,

1720.

8) (a) Della E. W.; Elsey, G. MTletrahedron Lett1988 29, 1299. (b) Della,
E. W, Elsey G. MAUst. J. Chem1995 48, 967. (c) For a discussion of
“through-bond” and “through-space” interactions, see: Adcock, W.; Trout,
N. A. Chem. Re. 1999 99, 1415. (d) For the interpretation of secondary
isotope effect, see: Scheppele, Shem. Re. 1972 72, 511.

(9) Grob, C. A.; Gimdel, M.; Sawlewicz, PHelv. Chim. Actal988 71, 1502.

(10) Fischer, W.; Grob, C. AHelv. Chim. Actal978 61, 1588.

(11) (a) Hrovat, D. A.; Borden, W. TJ. Am. Chem. S0d.99Q 112, 3227. (b)
Della, E. W.; Head, N. J.; Janowski, W. K.; Schiesser, CJHOrg. Chem.
1993 58, 7876. (c) Della, E. W.; Janowski, W. K. Org. Chem1995
60, 7756.

(12) Della E. W.; Grob, C. A;; Taylor, D. KJ. Am. Chem. S0d.994 116,

159

(23) Thea| value for the methyl group is within experimental error effectively
zero. For a survey of field (inductive) effects, see: Hansch, C.; Leo, A,;
Taft, R. W.Chem. Re. 1991, 91, 165.

(DPA) method as well as with the computed with the MP2/6-
311G** method!’2

The Lee-Yang—Parr (LYP) three-parameter exchange-cor-
relation functional (B3LYP) of the DFf provides significantly
greater accuracy than the Hartrefeock theory with only a small

(14) Sunko, D. E.; HitsStareevic, S. K.; Pollack, S. K.; Hehre, W. J. Am.
Chem. Soc1979 101, 6163.

(15) Adcock, W.; Krstic, A. R.; Duggan, P. J.; Shiner, V. J.; Coope, J.; Ensinger,
M. W. J. Am. Chem. S0d.99Q 112 3140.

(16) According to the AIM theory, a methyl group is more electronegative than
hydrogen in all the acyclic hydrocarbons. On the other hand, the
electronegativity of a carbon atom increases as the carbon is subjected to
increasing geometric strain: (a) Wiberg, K. B.; Bader, R. F. W.; Lau, C.
D. H.J. Am. Chem. S0d.987 109 985, 1001. However, this trend is not
clear using the Mulliken’s charges on the methyl groups. For other
calculations showing the methyl group more electronegative than hydrogen,
see: (b) Mullay, JJ. Am. Chem. S0d.984 106, 5842. (c) Mullay, JJ.

Am. Chem. S0d.985 107, 7271. A slightly positive electrostatic field effect
(or) for the methyl group has been determined in nonsolvolytic experi-
ments: (d) Adcock, W.; lyer, V. SJ. Org. Chem1988 53, 5259, and
references cited therein.

(17) (a) Abboud, J.-L. M.; Herreros, M.; Notario, R.; Lomas, J. S.; Mareda, J.;
Mdller, P.; Rossier, J.-CJ. Org. Chem1999 64, 6401. (b) Stull, D. R.;
Westrum, E. F.; Sinke, G. Cthe Chemical Thermodynamic of Organic
CompoundsJohn Wiley and Sons: New York, 1969; Chapter 4.

(18) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b) Becke,

A. D. Phys. Re. A 1988 38, 3098.
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Table 2. Computed Relative Total Energies of the Cs, and Cs Structures

[AE = E(Csy) — E(Cs) (kcal/mol)] of Cations 1(+) and 2(+)

1+ H [/ 2(+): Me

C3v Cs
5 5 3 H (Me) & H (Me) 5 H S
l'@\/H (Me) \}VH (Me) M (M) N\ / .® // \ed
e = SN \\/ D \\4/ = \\/
C3v Cav' Cav” Cs’ Cs” Cs
method cation AE cation AE method cation AE cation AE

B3LYP/6-31G* 1(+) a 2(+) a MP2(full)/6-31G* 1(+) 6.90° 2(+) 11.3¢
B3LYP/6-311G** 20.02 MP2(full)/6-311G** 5.92 9.68

aConverges to theCs structure "Computed geometry and energy agree
incorrectly described in ref 22b aslé+)[CJ-like geometry.

with previously reported data (see ref 22b). The strutfurg@f] was

increase in CPU time and disk usage, because it includes someshow the same trend and lead to the same conclusions

of the effects of electronic correlation. However, apart froni®us,
this functional has not been employed for the study of
bridgehead cations. We now report the calculation of the
energies of cation&(+)—12(+) and the corresponding hydro-
carbons 1(H)—12(H) with the B3LYP functional and the
standard basis set 6-31G* implemented in the GAUSSIAN 98W
packag€e? In the case of3(H), 3(+), 4(H), 4(+), 10(H), and
10(+), computations with the B3LYP/6-31G**//B3LYP/6-

concerning the changes in charge on going from the hydrocarbon
to the catior??2We have attempted to compute the charges of
cations3(+), 9(+), and10(+) using the AIM method, but no
convergence was achieved. Unfortunately, this method usually
fails in the case of cage molecules with atoms with very curved
surfaces, because the atomic surface sheet cannot be determined
in the Newtor-Raphson steg

The geometries computed by us for hydrocarbons and cations

31G* method have also been carried out. On the other hand,3_5 and9 with the B3LYP/6-31G* method are in agreement

the structuresl(H), 1(+), 2(H), and 2(+) have been studied
using the basis sets 6-31G* and 6-311G** at the B3LYP as
well as at the ab initio MP2(full) theoretical levels.

The geometries and total energies of carbocations and

hydrocarbond—12 (E[R(+)] and E[R(H)], respectively) have
been fully optimized with the B3LYP/6-31G* method using
standard gradient-optimization techniqd&¥he computed total
energies ) are not corrected by zero-point vibrational energy
(ZPVE). The Gibbs free energieS) have been computed from
harmonic vibrational frequency calculations with the B3LYP/
6-31G* method using analytic second derivative procedtfres.
No imaginary frequencies have been found (see later for the
case ofl(+) and 2(+) and ref 2 for3(+)), showing that the

computed structures for both hydrocarbons and cations of types

1-12 correspond to energy minima. The atomic charges have
been computed from Mulliken population analysis on the
calculated wave functions in each c&3éopulation analysis

with the reported structures f@&?3 4,3 and9 23 with the MP2-
(full)/6-31G* method as well as with that computed fusing
the MP2(full)/6-31G** method*

Question of the Structure of Cations 1) and 2(+). There
is some uncertainty regarding the structures of bicyclo[1.1.1]-
pent-1-yl cations1(+) and 2(+). For cation 1(+), a Cs,
geometry (analogous td(+)[Cz] in Table 2) has been
previously proposed as a stable structure using the MP2/6-31G**
method?* A calculation of the vibrational frequencies fb)-
[Cs] with the MP4/6-31G* and MP2(full)/6-31G* methods
found one degenerate imaginary frequency, indicating it to be
a transition staté? The imaginary mode was followed down to
the first intermediate, which was found to be the bicyclo[1.1.0]-
but-1-ylcarbinyl cation withCs symmetryl(+)[Cg (Table 2)?2
By contrast, all of the frequencies of the 3-methyl-substituted
cation2(+) with C3, symmetry 2(+)[Cs,]) (Table 2) computed

of 1(+) cation has been performed using the atoms in moleculesWith the HF/6-31G* method were re#l.The energy of(+)-

(AIM) 21 procedure as well as the Mulliken meth&d.The

[Cs.] has also been calculated at the MP4 and MP2(full) levels

atomic charges from both population analyses are different but With the 6-31G* basis sét.

(19) Martnez, A. G.; Teso Vilar, E.; de la Moya Cerero, S.; ®Barcina, J.;
Gomez, P. CJ. Org. Chem1999 64, 5611.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(21) Wiberg, K. B.; Bader, R. F. W,; Lau, C. D. H. Am. Chem. So0d.987,

109, 985.

(22) (a) Wiberg, K. B.; Hadad, C. M.; Sieber, S.; Schleyer, P. vJRAM.
Chem. Soc1992 114 5820. (b) Wiberg, K. B.; McMurdie, NJ. Am.
Chem. Soc1994 116, 11990. (c) Wiberg, K. B.; McMurdie, NJ. Org.
Chem.1993 58, 5603.
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We have computed the structure and energy of catl¢#3
and 2(+) and the corresponding hydrocarbdk($l) and 2(H)
with the B3LYP/6-31G*, B3LYP/6-311G**, MP2(full)/6-31G*
and MP2(full)/6-311G** methods. The computed relative ener-
gies AE are given in Table 2. Th& values computed by us
with the MP2(full)/6-31G* method are identical to those
previously reported in the literatuf@The C3, geometry of both
cations computed with the B3LYP/6-31G* method is not a
stationary point. Thus, the energy optimization of both cations
affords the correspondingsGtructuresl(+)[Cg and 2(+)[C4].
Contrary to the B3LYP/6-31G* method, th€s, structures
computed with the B3LYP/6-311G**, MP2(full)/6-31G* and

(23) Hrovat, D. A.; Borden, W. TJ. Org. Chem1992 57, 2519.
(24) Della, E. W.; Schiesser, C. l&hem. Commuril994 417.
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MP2(full)/6-311G** methods for thé(+)[Cs,] and 2(+)[Cs,]
cations are stationary points, but no global minimum energy
structures.

The geometries computed by us with the four methods are
very similar, but not the corresponding charge distributions. The
C; structures ofl(+) and2(+) can be described as resonance
hybrids between the canonical structu@&sandC;"' (Table 2),
considering the shoi(1,5) and largeR(1,3) distances (1.348
vs 1.641 A for1(+)[CJ and 1.341 vs 1.730 A foR(+)[C4,
computed with the B3LYP/6-311G** method). TI& structure
is like a bicyclo[1.1.0]but-1-ylcarbinyl catioff,wherea<s' is
like a puckered 3-methylenecyclobutyl cation (angle of pucker
ca. 45). This last structure is more stable than the classical
3-methylenecyclobutyl cation previously discussed in the
literature?20.25

The charge distribution of th&s, cations as well as the short
carbon-carbon distance$k(1,3) and largeR(3,5) distances
(1.535 and 1.609 A fol(+) as well as 1.551 and 1.625 A for
2(+), computed with the B3LYP/6-311G** method) suggest

14 H / 12(+): Me

C1

He)

3
.y
/‘/ 4
[ |
2
)

§7\} HMe) HMe) 5

-~

X

c1 o1 o

Figure 2.
12(+).

Canonical contributors to the structures of catidri¢+) and

because th&(5,H) distance in catiot1(+) is even shorter than

in the corresponding hydrocarbai(H) (1.088 A vs 1.096 A).
We think that the corresponding change in theHED) force
constant is the correct explanation of the isotope effect (vide
supra).

The introduction of a methyl group at C-5 leads to a
retardation of solvolysfgTable 1). The exalted rate of the parent
bromide 11(Br) was ascribed to solvation of the bridgehead
C—H bond? Strikingly, our computed hydride affinities show
that the methyl-substituted catid2(+) is more stable than the

that these cations are indeed resonance hybrids between th%arent catiorL 1(+) (vide infra). In this context, it is even more

canonical structures,’ and Cg,” (and symmetry related
structures, Table 2; for other canonical contributors, see Eiter).
On the other hand, it has been previously shown, according
to the HF/6-31G* method, that the bridgehead methyl group
causes a stabilization of thegGstructure of2(+) in relation to
the correspondingCs structure??® Unlike these results, our
computations using the B3LYP/6-311G** and MP2(full)/6-
311G** methods show that the methyl group causes the
stabilization of theCs structure by 6.3 or 3.8 kcal/mol,
respectively, in relation to the correspondi@, structure
(calculated from theAE values in Table 2).
Structures of Cations 11¢-) and 12(+). We have included
in this paper the study of the methyl effect on the stability of
cation11(+) by the kind suggestion of a reviewer. Compound
11(Br) solvolyzes in methanol at a surprisingly high rate,
because it is seven times more reactive tearbutyl bromide?26

surprising that the through-space orbital interaction is smaller
in the case ol2(+). Thus, theR(1,5) distance o12(+) is larger
than that computed fat1(+) (vide supra).

The o-bridged (nonclassical) catiahil(+) shown in Figure
2 is more stable (by 8.9 kcal/mol, the B3LYP/6-31G* method)
than the classical 3-methylenecyclohexyl cation. We decided
not to compute the correspondinde value by using the MP2-
(full)/6-31G* method because the classical cation was not stable
(1) under the MP2(full) Hamiltonian. Thus, the optimization of
the classical cation leads to the 2-methylenecyclohexyl cation,
formed by 1,2-hydride shift.

Nature of the Methyl Effect in the Gas PhaseThe stability
of a cation is inverse to its hydride affinity as given by
AE[R(+)—R(H)], i.e. the difference in total energies between
the cation R¢) and the parent hydrocarbon R(H):-16.19.28The
AE[R(+)—R(H)] values calculated by us using the B3LYP/6-

This substrate undergoes solvolysis even 3.5 times faster tharg1G* method are given in Table 3. The data listed reveal that
1(Br).2” The enhanced solvolysis rates have been attributed toa bridgehead methy! substituent always has the effect of reducing

stabilization of cationl1(+) by through-space interactions as
well as homohyperconjugatich.
We have optimized the structures of catidd$t+) and12(+)

and computed the corresponding energies using the B3LYP/6-

31G* method. Our results show that catidii§+) and 12(+)

the energy required for the formation of the cation relative to
the unsubstituted hydrocarbon. The stabilizing effect (methyl
effect) is given byAAE[R(+)—R(H)] (AAE in Table 3), i.e.

the difference in hydride affinities between the substituted (“Me”
in Table 3) and unsubstituted (“H” in Table 3) cations. The

areo-bridged structures, which can be described as resonanceAAE values have the status of the heat of the isodesmic reaction:

hybrids between the G C,", and G'"' structures (Figure 2).
The computed structures for bath(+) and12(+) support the

through-space bonding interaction between the bridgehead

carbon atoms, as shown by the participation of the canonical
contributor G'', and, hence, a shoR(1,5) distance (1.855 A
for 11and 2.039 forl2). However, there is no geometrical data
supporting the claimed homohyperconjugative stabilization,

(25) In the opinion of one of the reviewers, the B3LYP method is known to
overestimate the stabilization energies of delocalized structures. However,

Ry(+) + Rye(H) — Ry(H) + Ry(+) + AAE

involving cations {) and hydrocarbons (H) of the unsubstituted
(Ru) and methyl-substituted @R) substrates. In all cases the
methyl effect is negative; i.e. the bridgehead methyl group
causes the stabilization of the corresponding cations.

In the case of the catiorig+) and2(+), the methyl effect is
depending on theirCs, or Cs symmetry as well as the

this fact is not manifested in the case of bridgehead cations. Thus, as showncomputational method, particularly in the case of@eations

in eq 1, there is an excellent relationship between cation energies (without
correction) using the B3LYP/ and MP2(full)/6-31G* methods. In the case
of cations1(+), the difference in energyAE) between the classical
3-methylenecyclobutyl cation and the nonclassib@t)[C4 structures is
12.6 kcal/mol, calculated by us with the B3LYP/6-31G* method, but even
higher, 16.6 kcal/mol using the MP2(full)/6-31G* meth®&8.

(26) Della, E. W.; Pigou, P. E.; TsanaktsidisJJChem. Soc., Chem. Commun.
1987, 833.

(27) Wiberg, K. B.; Williams, V. Z.J. Am. Chem. S0d.967, 89, 3373.

(Table 3). The transannular bonding orbital interaction (through-

(28) (a) Miler, P.; Mareda, J.; Milin, DJ. Phys. Org. Chenl995 8, 507.(b)
Gleicher, G. J.; Schleyer, P. v. B. Am. Chem. Sod.967, 89, 582. (c)
Sherrod, S. A.; Bergman, R. G.; Gleicher, G. J.; Morris, DJGAm. Chem.
Soc.1972 93, 4615. (d) Bingham, R. C.; Schleyer, P. v.RAm. Chem.
Soc.1971, 93, 3189. (e) Parker, W.; Tranter, R. L.; Watt, C. |. F.; Chang,
L. W. K.; Schleyer, P. v. RJ. Am. Chem. S0d.974 94, 7121.
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Table 3. B3LYP/6-31G*-, B3LYP/6-311G**-,

(AAG*') and Deviation from Experimental Data (0 G>°')

MP2(full)/6-31G*- and MP2(full)/6-311G**-Calculated Hydride Affinities of Carbocations in Both
Gas Phase (AE[R(+)—R(H)]) and Solution (AG[R(+)—R(H]) (kcal/mol):

Calculated Methyl Effects in Both Gas Phase (AAE) and Solution

structures

initial hydrocarbon — carbocatio n computed data

M (non-methy- Me" (methy- AE[R(+) - R(H)] AG¥[R(+) RH)]* exptl data
substituted) substituted) method “H ‘Me" AAE “H ‘Me”  AAG® Kyelki® AAGe™ oG
1(H) — 1(+)[Ca] 2(H) — 2(+)[Cs] B3LYP/6-311G** 5742 571.6 —2.6 5187 521.2 25 55102[52x1072 20[23] 0.5[0.8]
MP2(full)/ 6-31G* 552.4 549.9 —25 486.0 488.6 2.6 0.6[0.3
MP2(full)/ 6-311G** 565.8 563.0 —2.8 587.8 590.1 2.3 0.3[0.0]
1(H) — 1(+)[C]  2(H)—2(+)[C] B3LYP/6-31G* 557.4 548.6 —8.8 506.7 5025 —4.2 —6.2 [-6.5]
B3LYP/6- 311G** 562.7 551.6 —1.1 478.1 4755 —-2.6 —4.6 [-4.9]
MP2(full)/ 6-31G* 5455 538.9 —6.6 509.8 505.4 —4.4 —6.4 [-6.7]
MP2(full)/ 6-311G** 559.9 553.0 —6.9 479.7 476.4 —3.3 —5.3[-5.6]
3(H) — 3(+) 4(H) — 4(+) B3LYP/6- 31G* 582.1 578.6 —3.5 529.8 5285 —1.3 3.91 -1.0 -0.3
530.3 529.1 —-12 7.41 =15 0.3
5(H) — 5(+) 6(H) — 6(+) B3LYP/6- 31G* 577.1 575.3-1.8 521.8 521.4 —0.4 0.53 0.4 -0.8
7(H) —7(+) 8(H) — 8(+) B3LYP/6- 31G* 556.7 555.4—1.3 509.7 510.5 0.8 0.71 0.2 0.6
9(H) — 9(+) 10(H) — 10(+) B3LYP/6- 31G* 565.5 565.2 -0.2 529.2 530.1 0.8 0.30 14 -0.6
515.6 516.6 09 222102 3.0 -2.1
11(H) — 11(+) 12(H) — 12(+) B3LYP/6- 31G* 556.3 549.6 —6.7 508.4 504.2 —4.2 0.04 2.6 —6.8

aComputed using both temperature anudalue corresponding to the experimental condition in which éaghky ratio was measured (see Table 1).
b From Table 1 (different reportekise/ky for the same structure type and solvolysis conditions but with a different nucleofuge are distinguished into square

brackets).

space effect) ir2(+)[Cs,] is higher than in the case &+)-
[C4 in accord with the corresponding(1,3) distances (1.551
vs 1.730 A, computed with the B3LYP/6-311G*method). The

through-space interaction causes the decrease of the interaction

between C-3 and the methyl group in the case@f)[Cs,).
This fact is reflected not only in the lower methyl effeAE
values, Table 3) but also in tH&3,CH) distances: 1.528 A in
2(+)[Cs,] vs 1.470 A in2(+)[CJ (B3LYP/6-311G* values).

7 Me Ve 7 Me
\4/ \
l/ U B3 "~ ™~3 ®
é\% -~ ﬁ ~ 2
ey 4 4w

Figure 3. Canonical contributors to structure of carbocatitfr-).

au (at the equivalent position) in the casei(ifl). On the other
hand, the charge-0.074 au at C-4 08(+) decreases t#-0.036

The through-space interaction is also the reason for the highau in 4(4). The general electron-releasing effect of a methyl

AAE value computed in the case of catiohH+) and 12(+)
with the B3LYP/6-31G* method (Table 3).

To evaluate the effect of increasing the flexibility of the basis
set on the methyl effect in the case of non-rearranging
bridgehead cations, B3LYP/6-315** total energies for the
substrate8 and4 have been computed by us starting from the
B3LYP/6-31G* geometries (B3LYP/6-31G**//B3LYP/6-
31G* method). The resulting methyl effect is nawvAE = —3.4
kcal/mol, very similar to the calculated with the B3LYP/6-31G*
method 3.5 kcal/mol, Table 3).

In our opinion, the generality of the cation stabilizing methyl
effect is most probably due to a common electronic faater (

group in the case of bridgehead cations is clearly due to the
higher electron demand caused by the ionizatfon.

The general stabilizing electronic effect of the methyl group
in the case of the bridgehead cations is not only inductive
(stabilizing polarizability effect of the methyl group relative to
hydrogen) but also hyperconjugative because the introduction
of a methyl group generates significant bond length changes in
both hydrocarbons and cations. Thus, for instance, in the case
of cation4(+) the bond length changes of the methano bridge
are noteworthy. In terms of the valence bond theory, the
hyperconjugative effect of the methyl group causes the enhanced
contribution of the canonical structud¢+)"” (Figure 3). Thus,

delocalization and inductive effect) enhanced by the methyl the lengthening of the C-4C-7 bond and the shortening of the

group rather than to specific destabilization of the parent
hydrocarbons. To gain information on the electronic nature of

C-7—C-1 bond in going from the hydrocarbon to the cation are
larger than in the case of cati®f+) (R(4,7) = 1.593 A and

the methyl effect, it seems convenient to examine the effect of R(1,7) = 1.480 A in3(+) vs 1.613 and 1.469 A id(+)). On
the substitution of hydrogen by a methyl group on the charge the other hand, the contribution of structuie-)"" (Figure 3)
distribution and geometry of bridgehead cations and the is similar in both cation§(+) and4(+), because the C-2C-3

corresponding hydrocarbons.

bond changes are also similar in both cas¥@,8)= 1.611 A

Only charge distributions of the cations and hydrocarbons in 3(+) vs 1.606 A in4(+)). Besides this, the canonical structure

of types1,222433.194 3 511,247 19 and9 2% have been computed

4(+)" is analogous to a canonical structure proposed as

and discussed in the literature up to now. We have computedcontributor to the overall structure 4{+)[Cs,].?%%*

the charge distributions from Mulliken population analysis (vide
supra) using the B3LYP/6-31G* method for cations and
hydrocarbond—12 and found that the methyl group is electron
withdrawing in the case of the hydrocarbé&h& but electron

The comments of one of the reviewers have prompted us to
study the reasons of the stabilizing effect of the methyl group
in cations6(+) and 10(+). The structure of the unsubstituted
cation 9(+) is stabilized by through-bond coupling (double

releasing in the case of the corresponding cations. Thus, forhyperconjugation)> Our computations confirm the participation
example, in the case of the norbornane system the charge apf the canonical structurg(+)" (and symmetry related ones;

the bridgehead carbon C-1 8{H) is +0.016 au, but+0.104

(29) Bentley, T. W.; Roberts, KI. Org. Chem1985 50, 5852.

6680 J. AM. CHEM. SOC. = VOL. 124, NO. 23, 2002

Figure 4) because the ionization 8fH) is accompanied by
lengthening of theéR(2,3) and shortening of thR(1,2) (1.542

vs 1.460 A) andR(3,4) (1.542 vs 1.538 A) distances. In the
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Figure 4. Canonical contributors to structure of carbocat8igr-).

The corresponding entropy of symmetry corrections are not
needed for the calculation &fG of solvolytic reactions because
no changes in the number of symmetoy akes placé’ Since
AE > 9.1, the approximatiodAG = AE is justified in the gas
phase. As a corollary, the correlation lines betwA&|R(+)—
R(H)] or AE[R(+)—R(H)] vs the corresponding solvolysis rates

500 - s 2 (In k; Schleyer’s plots) show the same sldge.

450 | s RN I DespiteAS = 0, it is necessary to extrapolate rate constants

400 | : ™ ) to the same temperature for the Schleyer’s plot, becAtGes

350 \Y{_”‘”’ 7(H) independent of the temperature only for a series of reactions at
(-)E 200 ) “‘,< V\::\‘\‘\ S(H) the same pressure. Thus, eq 2b, obtained by partial differentia-

»co | 2(+)/‘$) ~ 6(H) tion of eq 2a, is only valid at constant pressure &&= 0.

200 | 1(+)/‘2(H) \\ T 4(H) B

' s(H) (0AG/aT), =0 (2b)
150 4
100

The solvolyzes of bridgehead derivatives are usually carried
out in sealed tubes. Therefore, the constant pressure condition
(-)G requires the reactions to be accomplished at the same temper-
Figure 5. Linear relationshipE vs G obtained from B3LYP/6-31G* ature.
(computedE and G values in hartrees). Nature of the Methyl Effect in Solution. It is well-accepted
that 80-90% of the free energy difference in the gas phase
case of the methyl substituted catid@(+), the through-bond  petween a bridgehead carbocation and the corresponding
coupling is not favored (th&(2,3) distance (1.631 A) is even hydrocarbonAG[R(+)—R(H)], is reflected in the transition state
shorter than in the case 8f+) (1.638 A)). This BakerNathan of solvolytic reaction@82932This corresponds to a mean slope
effect can be accounted for by supposing that the hyperconju-of m = 0.85 for the correlation line obtained by plotting a wide
gative ability of a C-C bond is smaller than that expected for range of solvolysis ratesIn k) of bridgehead derivatives vs
a C—H bond3° Similar situations take place in the case of cubyl AG[R(+)—R(H)] computed in the gas phads3
cations5(+) and 6(+). From a slope ofn = 0.85 and the experimenthl/ky rate
On the other hand, the-electron donor effect of the methyl  4tjos for substrates—12, we have evaluated the experimental
group is not effective at the C-1 position of catiog(s-) and relative hydride affinities of the intermediate carbocations in

10(+) (vide suprapella Hence, the main reason for the solution, AAGS°[R(+)—R(H)]exp (AAGexs*®' in Table 3), using
stabilizing methyl effect in the case of theSg, cations seems ¢

to be the electron release of the methyl group, particularly

150 200 250 300 350 400 450 500

toward the ipso positions, due to the electrostatic field of the AAGS°'[R(+)—R(H)] = —UmRTIn(k,Jk)] (3)
positively charged cage. N
Two Noteworthy Relationships in the Gas PhaseThere The resulting values are listed in Table 3. In all cases, with

is an excellent correlation between the B3LYP and MP2(full)

. ; . only the exception of the norbornyl derivativesAGs°[R(+)—
total energies of cationg+)—10(+) computed using the same

- R(H)]exp values are positive, showing that the introduction of a
6-31G* basis set. Thus, boB[R(+)] values are related by €9 ethyl group causes the destabilization of the corresponding
1, which allows the calculation of MP2 energies from the c4iinns in solution in relation to the unsubstituted cations.
corresponding B3LYP values, within an error #f1.5 kcal/ To understand the striking differences of the methyl effect
mol, comprising aAE range beyond 200 hartrees (!). in gas phase and in solution as measured byARE[R(+)—
R(H)] andAAGS°[R(+)—R(H)]exp Values, respectively, we have
sought to compute the free energies in solution of substrates
1-12 The polarizable continuum model (PC¥pf the self-
consistent reaction field theory (SCRf)is a convenient
approach for this purpose, although this model has been scarcely
applied until now to the study of solvolytic reactioffs.

The total free energies in solution (including nonelectrostatic
terms) G*° of the hydrocarbond(H)—12(H) and the corre-

E[R(+)lwp2 = 0.996&[R(H)]ga1ve 1)

There is also a striking good relationship between the total
energieskE (without thermal and ZPVE corrections) of all
hydrocarbons and cations with the corresponding sum of
electronic and thermal free energ@gFigure 5). Thus( values
(at 298 K and 1 atm) can be calculated fréwalues using eq
2, obtained by linear regression analysis, within an errat22

kcal/mol. (30) Grob, C. A.; Rich, RTetrahedron Lett1978 663, and references cited
therein. In the opinion of one of the reviewers, the relative hyperconjugative
G=E-85 (2) donor abilities of the €C and C-H bonds is a controversial question:
' (a) Wu, Y.-D.; Tucker, J. A.; Houck, K. NJ. Am. Chem. S0d.99], 113
) ) . 5018, and references cited therein. (b) Rablen, P. R.; Hoffmann, R. W.;
On the other hand, the differences in free energies between  Hrovat, D. A; Borden, W. TJ. Chem. Soc., Perkin Trans. 1899 2,

: . : 1719, and ref ited therein.
cations and hydrocarbons with ZPVE and thermal corrections (g1 ‘schreiner, p. R+ Schieyer, P. v. R.: Schaefer, H. F.JllOrg. Chem,

(AG), can be calculated from uncorrected differences in total 1997, 62, 4216.

. . L 32) Arnett, E. M.; Petro, C.; Schleyer, P. v. R.Am. Chem. S0d.979 10
energies AE) by using eq 2a within an error af0.5 kcal/mol (22) 522. y 910,
M. (33) Miertus S.; Tomasi, JChem. Phys1982 65, 239.

(34) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.
(35) (a) Ford, G. P.; Wang, B. Am. Chem. S0d.992 114, 10563. (b) Smith,
AG=AE-9.1 (2a) W. B. J. Org. Chem2001, 66, 376.
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Table 4. MP2(full)/6-31G*- and B3LYP/6-311G**-Computed Water Complexes of Cations 1(+) and 2(+) [Relative Total Energies (AE),
kcal/mol]

@5H/H H H
H\ / \\ M H 5 H\C 5
=/ O \34\ / ¥O /
N W N N

1(+)a.H,0[Cs] 1(+)b.H,0[Cs] 2(+)b.H,0[Cs]

/ \\r_____o/H / \Q_____O/H
N 7N
1(+).H20[C3v] 2(+).H,0[C3v]
method 1(+)a-H,0[Cs] 1(+)b+H,0[Cs] 1(+)-H,0[Cy)] 2(+)b-H,0[Cs] 2(+)-H,0[Ca]
MP2(full)/6-31G* 10.3 0.0 9.0 0.0 114
B3LYP/6-311G** 10.9 0.0 17.4 0.0° 19.7
H0 Table 5. B3LYP/6-31G*-Computed Water Complexes of Cations
AN 11(+) and 12(+) [Relative Total Energies (AE), kcal/mol]
0 e ® <Y oH, 0 OHy
ARt 7/
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H0 HpO ------- > C1/ N e
! \\6/4/ b .
Litorm | v ~ i OH;

P l l W
< 1GIHOICs] 101 Hp0[C3v] QOH

1(OH)b i OH 1(OH)
\ & H
-H HEe
1WaH0[Cs] —> %2 o N

1(OH) 7\ o
Ja 7 /' \ /
S . HY s /
O N oA
HO F~0o \2 5 4/ N \2/3\4
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Me @ e OH;
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| 7 Hh
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Figure 6. Predicted reaction products from nucleophilic attack of water

4 N7
~;/

e/ N

on the corresponding MP2(full)/6-31G*-computed intermedia{g9[Cs,] 12(+)a.H;0 12(+)b.H;0(a)
and 2(+)[Cs,).
complex AE complex AE
sponding cation&(+)—12(+) have been computed in the actual 11(+)-H20 10.5 12(+)-H:0 14.1
solvent mixtures and at the temperatures of solvolysis. The 13(+)a-H0 12.3 12(-H)a-H0 12.7
. . 11(+)b-H,0(a) 0.0 12(+)b-H,0(a) 0.0
computations have been performed with the PCM model  13(1).H,0(pe) 11.2

implemented in GAUSSIAN 98W2.0 at the B3LYP and MP2-
(full) levels using the 6-31G* and 6-31G** basis sets. The cavity

has been defined as the union of a series of interlocking atomic the computedAG®{R(+)—R(H)] and the experimentad AG-
spheres (using standarfdvalues), whose surface has been [R(+)—R(H)Jexp methyl effects on the hydride affinity of the
subdivided into 60 initial tesserae (pentakisdodecahedron). Thecorresponding carbocations are given in Table 3G@%".

relative hydride affinities\AG*®' have been calculated from the The comparison oAAE[R(+)—R(H)] values (which are
corresponding differences in total solvation free eneryie¥- equivalent toAAG; see eq 2a) with the computeAGs°-
[R(+)—R(H)] and are listed in Table 3. The differences between [R(+)—R(H)] clearly shows that solvation causes a pronounced

6682 J. AM. CHEM. SOC. = VOL. 124, NO. 23, 2002
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Table 6. MP2(full)/6-31G*- and B3LYP/6-311G**-Calculated Water—Carbocation Interaction Energies (AEy; kcal/mol): Determination of the
Water-Assisted Methyl Effect in Both Gas Phase (AAE,) and Solution (AAG,*®), and Deviation from §G*° (0G*° — AAG,?)

structures
initial hydrocarbon — more stable water—complex carbocation

computed data

“H" (non-methyl- “Me” (methyl- AR/
substituted) substituted) method “H” “Me” AAE, AAG,»® OG- AAG,™
1(H) — 1(+)b-HO[C{] 2(H) — 2(+)b-H20[C4] MP2(full)/6- 31G* —22.4 —19.3 3.1 2.6 —3.8[4.1]
B3LYP/6-311 G** —22.4 —17.2 5.2 4.4 —-0.9[-1.2]
11(H) — 11(+)b-H20(a) 12AH) — 12(+)b-HO(a) B3LYP/6-31 G* —22.6 —20.4 2.2 1.8 5.0

aUsing MP2(full)/6-31G*-computed(H,0) = —76.199 24 hartrees, B3LYP/6-311G**-computefH,O) = —76.447 45 hartrees, and B3LYP/6-31G*-
computedE(H,0) = —76.408 95 hartreed.Calculated fromAAG®® (see Tables 4 and 5 and text).

decrease of the methyl effect due to relative stabilization of the according to the PCM model, the solvent effect is only
parent bridgehead cations. The accordance between the comedependent on the dielectric constaaj but not on specific

puted AAG[R(+)—R(H)] and experimentahAGS[R(+)—
R(H)]exp values is surprisingly good. Thus, the differences

interactions such as hydrogen bonding and nucleophilic abil-
ity.3334 Hence, the solvolysis rates df(Br) and 11(Br) in

between computed and experimental hydride affinities of the trifluoroethanol should be very similar to those measured in

studied cations, which are listed in Table 3Gf), are
comprised withint1 kcal/mol. The only exceptions are these!
values corresponding to solvolytic reactions giving place to
rearranged products. In these casesd@€” are in the range
—5.3 to —6.8 kcal/mol.

ethanol, because values are nearly the same (27.1 vs 24.5),
which stands in contrast with the experimental reddks

To clarify this situation, it is interesting to know how the
cations interact with an aqueous environment to give the
rearranged reaction products. With this purpose, we have

Solvent effects on the solvolysis rates of bridgehead deriva- optimized the structures of the complexes of catibfs)[Cs,],

tives have been experimentally studied in the syst&fis3,3
7,%69,7 and11.8 Unfortunately, the solvent effect on the methyl
effect in the case of the rearranging systeltisand11/12 has

2(+)[Cs,], 11(+), and 12(+) and one water molecule at the
MP2(full) and B3LYP theoretical levels using the 6-31G* and
6-311G** standard basis sets. We consider that these methods

not been measured experimentally. It has been concluded thateproduce cationwater complexation energies satisfactopily.
strong hydrogen bonding acceptors such as ethanol cause small The directions for the nucleophilic attack of water on cations
rate enhancements due to stabilization of the corresponding1(+)[Cs,] and2(+)[Cs,] studied are given in Figure 6. Attacks
cations by hydrogen bonding of the bridgehead hydrogens. This|—IIl and V lead finally to the rearranged complex&gt)b-

type of cation stabilization is not taken into account by the
continuum models of the SCRF thedAConsequently, slightly
more negativeédG' values result foB and9 in the case of the
nucleophilic solvent 80% ethanol in relation to the nonnucleo-
philic solvents TFE and acetic acid, respectively, due to

H,0[C{ or 2(+)b-H,O[C4 (Table 4). Only frontal attack IV
affords complexes with structural retention and neatly,
symmetry. The corresponding differences in total energies
computed with the MP2(full)/6-31G* and B3LYP-31G**
methods are listed in Table 4. Zero-point vibrational energy

preferential solvation of the parent cations by hydrogen bonding (ZPVE) corrections have not been taken into account due to

(Table 3).

Methyl Effect in Solution in the Case of Rearranging
Cations. Two mechanisms have been propddddr the rapid
solvolysis of bicyclo[1.1.1]pent-1-yl halides: (a) a process
involving a 1(+)[Cs]-like cation as the primary intermediate,
(i.e. a reaction in which ionization and ring fragmentation are
concerted? and (b) a simple ionization involving H+)[Cs,]
cation, rapidly rearranging to &+)[Cs']-like cation12

The high solvolysis rates of the bicyclo[3.1.1]hept-1-yl
bromidesl1(Br) and12(Br) have been attributed to stabilization
of the transition state by through-space interactions (vide séipra).

the flatness of the potential energy surfaces of the water
complexes?!

The directions followed for the water attack on cati@agt)-
and 12(+) are shown in Table 5. The relative total energies
(AE) of the complexes obtained by optimization with the
B3LYP/6-31G* method are listed in Table 5. In the case of
attack Ill on cationl1(+), two different stationary complexes
are formed. At first, complexl1(+)b-H,O(pe) with boot
conformation and pseudoequatorial disposition of the water and,
afterward, the chair compled1(+)b-H,O(a). The product
11(OH)b(a) (Table 7) results from deprotonation of complex

On the other side, the enhanced solvolysis rates of the parentl1(+)b-H,O(a). The more stable equatorial isomid(+)(e) is

compounds1(Cl) or 1(Br), and11(Br) in the case of nucleo-
philic solvent§!? has been ascribed to stabilization of the
unrearranged transition states by hydrogen bonding.

formed by equilibration of either the axial conformer or between
the corresponding precursor water complexes.
The attack of water on catioh2(+) following direction IlI

The accordance between the computed and experimentalaffords only complex12(+)b-H,O(a), whose deprotonation

values in solution (as expressed by & values) is very
good in the case of the unrearranged cati{fg[Cs,] and2(+)-
[Cas\]. By contrast, the calculate®izs®' values for the rearranged
1(+)[Cq and2(+)[C4] cations as well as fot1(+) and12(+)

are very high. Another problem arises from the fact that,

(36) For alkyl substituted adamantanes, see: Takeuchi, K.; Okazaki, T.;
Kitagawa, T.; Ushino, T.; Ueda, K.; Endo, T.; Notario, R.Org. Chem.
2001, 66, 2034.

yields the productl2(OH)b(a). In this case, the kinetically
favored conformer is also the (slightly) more stable one. The
relative total energies of the products resulting from deproto-
nation of the complexes and optimization of the resulting
alcohols with the B3LYP/6-31G* method are given in Table 7.
If E[R(+)-H20] denotes the total energy of the optimized

structure of a cationwater complexE[R(+)] the energy of
the cation with the relaxed structure in the complex, Bfi,0)

J. AM. CHEM. SOC. = VOL. 124, NO. 23, 2002 6683
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Table 7. B3LYP/6-31G*-Computed Relative Total Energies (AE,
kcal/mol) of Reaction Products from Nucleophilic Attack of Water
on the Corresponding Computed Intermediates 11(+)-H»O and

12(+)-H,0
Attack | Cation Complex Product AE
HO
1 11(+)  11(HbHOpe) R 0.00
11(OH)b(e)
OH
1+  11#HbH0() % 1.03
11(OH)b(a)
OH
MM 0.01
12(0H)bla)
124 120bH0(@) u
HO
m 0.00
Me N
12(OH)b(e)
OH
I 11+  1HaHO m 7.40
11(OH)a
OH
12(4)  12(+)aH,0(pe) % 13.10
Me
12(OH)a
HO
I 11+ 1H+H0 ﬂ 9.00
11(OH)
HO
124  11(+)-H0 ﬂ 8.40
Me
12(OH)

6684 J. AM. CHEM. SOC. = VOL. 124, NO. 23, 2002

the energy of water, then the interaction enemyiz,() between
the cation and the water molecule is

AE, = E[R(+)-H,0] — E[R()] — E(H0)  (4)

The calculated interaction energigsH,,) are listed in Table
6. These values are not corrected for basis set superposition
error (BSSEY because we are only interested in relative values.
An estimation of the BSSE using the counterpoise method gives
BSSEs in the range of-13 kcal/mol for weakly bound species,
even in the case of basis sets without diffuse functions at the
MP2(full) and B3LYP theoretical level&:383%From the inter-
action energies listed in Table 6 can be concluded that the
nucleophilic assistance of only one water molecule causes a
considerable stabilizationAAE,) of the parent cations in
relation to the methyl-substituted cations.

CorrectedAAG! values for the nucleophilic assistance of
the solvent (water), given a8AG,° in Table 6, have been
calculated on the following assumptions: (a) only 85% of the
total nucleophilic assistancAAE, is manifested in the transition
state of the solvolysis; (b) also in solution stands thaAE ~
AAG. After correction, a discrepancy of 3:8.9 kcal/mol
remains between computed (fully corrected) and experimental
AAG* values (Table 69G° — AAG,°).

The differential nucleophilic assistance in the casgXf+)/
12(+) was calculated from thAE,, value corresponding to the
11(+)b-H,0(a) and12(+)b-H,O(a) complexes, because they
represent “product-like” transition states (vide infra), in which
the nucleophilic assistance is fully manifested. However, the
deviation calculated for this system is very high (Table 6).
Seemingly, the differential assistance of only one water molecule
is insufficient to account for the higher solvolysis ratel@(Br)
in relation to12(Br).

Therefore, we can conclude that the most probable mechanism
for the solvolysis of compoundsBr), 2(Br), 11(Br), and12(Br)
is the ionization concerted with rearrangemestagsistance)
favored by the nucleophilic attack of the solvent. It is to be
expected that thive/ky ratios of the corresponding substrates
in the case of nonnucleophilic solvents should be similar to that
computed with the PCM model and, hence, higher than the
measured in aqueous solvents. Unfortunately, the corresponding
kme/KH ratios have not been measured in trifluoroethanol in the
case of rearranging substrates.

Predicting the Reaction Products.The solvolysis of the
halides1 and2 in 80% aqueous ethanol affords only 3-meth-
ylenecyclobutyl product®224°In a reported trapping experi-
ment with azide ion, part of the reaction products (5%) was
bicyclo[1.1.0]but-1-ylcarbinyl azidel[N3)a].22* Products with
structural retention were not isolated in any c&sa/e will now
try to discuss the origin of the possible solvolysis products. The
water complexes can be considered as transition state (TS)
models for the formation of the reaction products. Therefore,
considering the relative energiesK) listed in Table 4, the only
solvolytic products should be the rearranged alcoA¢BH)b
or 2(OH)b (Figure 6), which is in agreement with the experi-

(37) Boys, S. F.; Bernardi, AVlol. Phys.197Q 19, 553.

(38) Jansen, H. B.; Ros, Ehem. Phys. Lettl969 3, 140.

(39) Han, W.-G.; Suhai, Sl. Phys. Chem1996 100, 3942.

(40) Maillard, B.; Walton, J. CJ. Chem. Soc., Chem. Commuad®883 900.

(41) However, the related 3-iodobicyclo[1.1.1]pent-1-yl cation can be trapped
under special reaction conditions: Milne, I. R.; Taylor, D.XXOrg. Chem.
1998 63, 3769.
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Table 8. Relative Energies (AE, kcal/mol) of Reaction Products
and Corresponding Water Complex Intermediates for the
Solvolysis of 11(Br) at 70 °C

product ratios
product AE (reacn prod)? AE(water complex)® calc® exptd
11(OH) 9.00 0.00 1.00 1.0
11(OH)a 7.40 1.84 0.10 0.6
11(OH)b(e) 0.00 0.73 0.34 1.3

a Calculated from the computesE values given in Table ?.Calculated
from the AE values of Table 5¢ Calculated from the equatida = —RT
In AG, supposingAG = AE. 4 From obtained experimental results reported
in ref 8b.

mental results (vide supra). TIg&, complexes are high-energy

relevant for the calculation of the nucleophilic assistance (vide
supra). However, the product-determining reaction step for the
formation of11(OH)b(a) is better represented by the “reactant-
like” complex 11(+)b-H,O(pe).

The AE values of the water complexes conducting to the
products11(OH), 11(OH)a, and11(OH)b are shown in Table
8. Supposing\E = AG, the product ratios were calculated using
the Boltzmann distribution equation. The accordance between
computed and experimental product ratios is surprisingly good,
taking into account that the described procedure is the first
computational approach to the prediction of product ratios in
the solvolysis of rearranging substrates.

Conclusions

entropy of symmetnAS= RTIn(o3, — 05 = 0.5 kcal/mol (at
70 °C) against each of the twGs complexes.

In an attempt to explain the formation of the bicyclic azide
1(N3)a, a concerted attack of the azide anion following direction
1l to yield cation 1(+)[C3,] (Figure 6) have been proposét.
However, we have found that such an attack should afford
products of typelb. Hence, the azid&(Ns)a is probably formed
by “leakage” to thel(+)a-N3[Cg complex from the more stable
azide complexX(+)b-N3[C4, as shown in Figure 6 for the water
reaction (see Figure 6, Nnstead of HO).

The products resulting from the solvolysis b2(Br) were
not determined. The product ratios in the case ©i(Br)8 in
buffered 80% ethanol at 70C are given in Table 8. The
corresponding relative total energiess) computed by us with
the B3LYP/6-31G* method are listed in Table 8. There is clearly

no relationship between energies and ratios of the reaction

products. Thus, the solvolysis is kinetically controlled, just like
other reactions in buffered solvents.

The exploration of the potential energy surface of the water
complexes of catiod1(+) resulting from attack Ill, reveals the
existence of two stationary statelsl(+)b-H,O(a) and11(+)-
b-H,O(pe) (Table 5). The first one is “product-like” and is

the stabilization of the bridgehead carbocations in gas phase in
relation to the unsubstituted carbocations. This methyl effect
is, however, not manifested in the relative solvolysis rates of
bridgehead derivatives in solution due to the relative stabilization
of the parent cations according to the PCM model of the
continuum solvent theory. In the case of rearranging cations,
the differential nucleophilic assistance of solvent is an important
contributor to the higher solvolysis rates of the unsubstituted
cations. This component of global methyl effect can be
satisfactorily accounted for by using simple solvation models.
The product ratios in the case of rearranging substrates can be
estimated from the relative stability of the intermediate water
complexes.
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