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Chapter 1 Introduction

The linear free energy relationship is an extremely useful
tool in the exploration of reaction mechanisms in a wide variety of
situations.l) In particular the Yukawa-Tsuno (LArSR) Eqg. (1—1)2)
is one of the most useful tool to predict characters of transition

state whose reaction center is affected by benzene TN-system, and

was widely applied to a lot of substrates with success.374)

log (k/k;) (1-1)

This equation is characterized by empirically obtained resonance
demand parameter r which indicates the degree of resonance
interaction between the reaction center and benzene N-system. The
r value has been found to change widely with the reactions; r =
1.00 for solvolysis of O-cumyl chloride by definition, r = 1.15
for the secondary O-methylbenzyl system,3d) and r = 1.30 for the
primary benzyl system.3c) In addition, r values of 1.39 and 1.5l
were found for highly deactivated carbocationic solvolyses of 0O-

methyl-oa-trifluoromethylbenzyl system3b) SDICEI O

trifluoromethylbenzyl system,3a) respectively. The r wvalue
increases in proportion to instability of cation. Thus the r value
should be a measure of the resonance demand reflecting the
stability of cationic transition state and provides very important
information to evaluate the nature of the transition state.

Substituent effect on the solvolysis of O-methylbenzyl

chil@idew Gave tha ¥ value 6F 1.15 Which is reférred o the-higher



resonance demand of this secondary system than the ot reference

system. However, the incursion of solvent participation is
suggested for this borderline solvolysis.?2) If this is the case,
solvent participation might become important as the substituent
becomes more electron attracting and give a monotonically concave

ot correlation. It has thus often been claimed in the literature

that the higher r wvalue observed in such a case will be
meaningless.6) The solvolysis of O-(t-butyl)benzyl tosylates
where there is little possibility of solvent participation can be
an alternative reference for secondary SNl solvolysis system.

Nevertheless, this system may not generate a coplanar cation with

benzene M-system in the transition state due to bulkiness of the t-

Bu group at position.3e) The intrinsic resonance demand of

secondary benzylic systems has not been determined yet. In order
to prove the origin of the r values relating to the inherent
stabilities of a series of the benzylic cation, the r value which
reflects the fully conjugated secondary system is needed. Thus the
substituent effect on the solvolysis of 2,2-dimethylindan-1-yl
chlorides,3g) where the vacant p-orbital developed at the benzylic
position is fixed in preferred conformation to overlap with the
benzene Tm-system, was analyzed by LArSR Eqgq. (1-1). The neopentyl
skeleton of this system will solvolyze wvia SNl mechanism.
Moreover, this system will attain a full resonance stabilization in
the transition state because of the fused five membered ring, and
then provide an standard r value anticipated for the inherent

secondary benzylic solvolysis system.



Results of substituent effect analysis of 2,2-dimethylindan-1-

yl chloride at 25°C are shown below.

log (k/kg) = -6.121¢*

(n=11, R=0.999, SD=%0.16) (1-2)
log (k/kg) = -5.80 (6°+1.11A0;)

p=1l, RIQ-999  SP=E0_ 12} (1-3)

The LArSR plot was shown in Fig. 1-1. Comparison of p+0+ and LArSR
correlations clearly shows that the LArSR equation can describe the
present reaction more precisely than the Brown p+0+ treatment; Ethe
SD value are 1.5 times larger than those of the LArSR correlation.

Both the large negative p value and the enhanced r value
larger than unity suggest that this solvolysis proceeds through a
highly charged transition state of a rate-determing kc—-ionization
leading to a carbocation intermediate. Furthermore this linear
relationship should be free of either nucleophilic solvent
assistance or neighboring methyl participation. Thus the r value
of 1.11 may be referred to as the reference value characteristic of
open secondary benzylic carbenium ion which is essentially coplanar
and capable of exerting essentially maximum conjugative
stabilization interaction with the benzene T system.

It hass been noeted that most systems! favored 'by Ethe LAESR
treatment are secondary substrates in nucleophilic solvents and

such systems may also be subject to nucleophilic solvent
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participation,5) and that the high r wvalue of 1.15 for -

methylbenzyl chloride is an artifact arising from such mechanistic
complexity. The r value (1.11) for 2,2-dimethylindan-1-yl chloride
which solvolyzes through k¢ mechanism is higher than that (1.00)

for O-cumyl chloride reflecting instability of secondary system.

It is almost identical to the r value of 1.153d) for the solvolysis
of O0-methylbenzyl chlorides in 80A. This solvolysis indeed shows
a strictly 1linear free energy relationship against the 2,2-
dimethylindan-1-yl solvolysis with a R=0.994 and SD=%0.08 as shown
in Table 1-1. Consequently, the exalted r value of 1.15 obtained

for O-methylbenzyl system 1is the intrinsic resonance demand

reflecting the stability of secondary benzylic cations.

Table 1-1. Substituent Effects of Secondary Benzylic Solvolyses vs.
2,2-Dimethylindan-1-yl Chlorides.

System Solv. temp/°C Slope
O-methylbenzyl 80A 45 0 ¥2I0 7000 1L 0.08 OF.28I9194
0-t-Bu-benzyl 80A 25 0...92.9%0 0L 12 0.10 U gees
0-t-Bu-2-Me-benzyl 80A 25 OF {GHN7EEQ A0 7 OR22 6 59960
O-t-Bu-
2,2-Me2-benzyl 80A 25 0.814%0.024 4 0.09 0. §292

a) Number of substituents involved. b) Standard deviation. <c)

Correlation coefficient.



The r value should be related most closely to the degree of

n-overlapping between the aryl-T-orbital and benzylic-p-orbital in
the incipient carbocation as shown in Fig. 1-2. 1In the case where
the dihedral angle made by benzylic p-orbital and benzene T-system
is 0°, the system acquires a full resonance stabilization to
provide the maximum r value. Then for the congested system where
both p-orbitals can not maintain coplanarity owing to steric
hindrance, the efficiency of resonance effect decreases compared
with that of the coplanar system, resulting in the decrease of r
value. Therefore the examination of the dependence of r value upon
the dihedral angle of both p-orbitals will provide the convincing
evidence for the real origin of the empirical resonance demand

parameter r in the LArSR Eq. (1-1).

COPLANAR TWISTED

DECREASE OF COPLANARITY
(DECREASE OF THROUGH RESONANCE)
DECREASE OF r

Fig. 1-2. Coplanarity and the resonance effect.




From this point of view, the benzylic ks solvolyses where the
incipient carbenium center p-orbitals are sterically twisted out of
the coplanarity with the aryl ring have been studied. ilio,c)oiE)
substituent effect on the solvolyses of secondary Oo-(t-
butyl)benzyl tosylates3e) and their o-methyl analogues, o-methyl
and o,o-dimethyl substituted series,3f) r value of 1.09, 1.01, and
1.02 were reported by using Eq. (1-1). No significant loss of
resonance for these systems compared with coplanar 2,2-dimethyl-1-
indanyl system has been observed. Increased steric congestion
around the carbenium ion center does not appear to be effective
enough to cause a significant 1loss of the coplanarity in the
transition state.

The comparison of substituent effects of secondary congested
systems with that of 2,2-dimethylindan-1-yl <chlorides are
summarized in Table 1-2. The direct comparison of logarithms of
rate constants for two systems will provide the information on the
relative degree of the resonance interaction. The solvolysis of
- (t-butyl)benzyl tosylates in 80A shows a good linear free energy
relation against the indanyl system. One can conclude that the
resonance efficiency of the a-(t-butyl)benzyl system i1s almost
identical to that of the indanyl system. As shown in Table 1-2,

the substituent effect correlation for O-(t-butyl)-2-methylbenzyl

solvolysis against for indanyl system gave a poor correlation,

suggesting the loss of resonance in the transition state of o- (t-

butyl)-2-methylbenzyl system. The same tendency can be seen for

0- (t-butyl)-2,2-dimethylbenzyl system. Consequently, it can be



said that qualitative loss of resonance interaction for these

systems exist.

The r value of 1.11 is regarded as a reference rpax value,
i.e., an intrinsic r wvalue characteristic of the coplanar sec.
benegylic carbocation: The efficiency* of resoenance interaction can

be accounted for in terms of cos2@ where @ is the dihedral angle of

twisting out of coplanarity.7) oS ~ieclgat©) ©)¢ Ll e | AvellbiE SiEie ct
given seolvolysis relative to the rpi4 may reflect the efficiency of
the resonance effect of that system and the r value for a twisted

benzylic system can be given by Eq. (1-4),

r = rpax cos40. (1-4)

The decrease of r values of o-methyl and o,o-dimethyl a-(t-
butyl)benzyl systems from rpsx of 1.11 should be attributed to a
loss of the resonance interaction between the carbocation center
and the benzene T-system in the solvolysis transition state caused
by the.gterioc  hindranaes. Thus the torsional angle Ogpg at the

transition state can be calculated to be 8° for Q- (t-butyl)benzyl,

and 17° for both o-methyl and o,o-dimethyl solvolysis based on Eqg.
i¥=4) » Torsional angles of these congested secondary systems
increase in proportion to the bulkiness around the reaction center,
although these twisting angles are not very serious compared with
those of tertiary systems reported.3h) The stabilization by the
extended T-delocalization should be the most predominant driving
force to promote ionization in the ordinary benzylic solvolysis.

The transition state should be able to attain the maximum



stabilization to overcome the large steric strain required for the
most preferred conformation. For tertiary solvolysis systems,
r=0.91 for O-t-butyl-o-methylbenzyl chlorides and r=0.26 for Q, Q-
di-t-butylbenzyl OPNBs were observed against r=1.00 of O-cumyl
chlorides which is considered to be coplanar. Torsional angles of
17° a-t-butyl-a-methylbenzyl and 59° for a,Qa-di-t-butylbenzyl
systems were estimated based on Eq. (1-4). Larger steric effect
can be seen for tertiary systems than that for secondary systems.
Substituent effects on the gas-phase stabilities of
benzylic cations can be described in terms of the LArSR
equation (B15254) excellently,z) similarly as seen in

solvolysis.

((18354)

where r is the parameter measuring the degree of resonance

interaction between benzene T-system and cationic center.

In continuous studies on gas phase benzylic cations in

this laboratory, the r wvalue 1.00 for o-cumyl4f) and a-

ethyl-0-methylbenzyl,4€) 1.14 for d-phenylethyl,4d) 1.29

for benzyl, 4¢) 1.41 fior oa-methyl-a-
trifluoromethylbenzyl,4b) and 1.54 for o—
trifluoromethylbenzyl4a) caittifomnss, ane sobjauinieds oy iEie. S u(il=
It Bt Shialsh  ibleien® SdiemeomisiErra teld Wit hatt MiEihies Wl Lvall welst W e

substituent effects on the gas phase stabilities are 1in
complete agreement with those dim the corresponding

siellsvellyISTelsSINE ot Ehieisie systems.4a) This result leads to the



important concept IE1Q)IE kc benzylic solvolysis; the

structure of transition state should be similar to that of

cation. However this phenomenon has not been confirmed
Rous both secondary and tertiary hindered resonance
systems. In order to confirm the identity of r wvalues

between in solution and 1n gas phase, substituent effect

analysis on gas phase stabilities for congested system

must be done. Intrinsic stability of cation in the gas
phase -can bey easily medasired wsimg ICR (ion «cydlotron
resonance) method. The substituent effect on gas phase

stabilities concerning the r value for twisted benzylic

carbocation system has not yet been examined. The

substituent effect on gas phase stabilities of O-t-butyl-
a-methylbenzyl cations (14) is chosen for this purpose as
a sterically hindered carbocation. The twisted structure
of the cation 14 may be produced by the bulkiness of two

d—-groups, and therefore a reduced r value may be expected

Saljht L1518y S @i )atshe a6 NGO LS LE

The gas phase stabilities of O-t-butyl-O-methylbenzyl
cations (14) were determined by the equilibrium constants
for the proton transfer reaction of the corresponding 2-
aryl-3,3-dimethyl-1-butene with suitable reference cations
of known stability by means of a pulsed ion cyclotron
resonance mass spectrometer at 343K as described in detail
in experimental chapter. As shown 1in Fig. L=3, an

application of the LArSR Eg. (1-5) to 14 provides an r of
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0.86 lower than the unity for O-cumyl cation, whereas a §p

oy S22 18 st Nelemplamabilet Site, ‘thialt  for | o cumylds clatien (=

13.0).4%)

The r=0.86 obtained for Oa-t-butyl-O-methylbenzyl cation is
only reduced one-tenth of r=1.00 of O-cumyl cation. Thie
resonance effect close to Ot-conjugation still remains in
this congested cation. The efficiency of m@T-interaction
between T-ring and a vacant p-orbital of the carbenium ion
is not so much decreased.

Since the r value of 1.01 for O-ethyl-ad-methylbenzyl
cations?€) is the same r value for Fclmyds isiysitem s s thies =

value does not change with electronic effect of a-alkyl

substituents. This allows the reasonable assumption of
the s Svalliies "o'ft sunEitys SondthcopiianaiE mands (Eeri itaEyiibenziliite

cations, regardless of varying a-alkyl groups. Thus the

reduced r value of 14 is due to the decreased resonance
interaction between benzylic p-orbital and benzene T-
system caused by the loss of coplanarity. According to
Eq. (1-4), the torsional angle between vacant p-orbital
and benzene M-system of cation 14 is given to be 22°. Ab
initio clatetliRiEEiiomn sUppeEts this result; optimized
structure of carbocation 14 using a 6-31G* basis set with

Hartree-Fock level gives the dihedral angle between vacant

-12-



benzylic p-orbital and benzene T-system 24° as described
LelieEhe s

The gas phase stability of unsubstituted Oa-t-butyl-o-

methylbenzyl cation is found to be lower by 1.1 kcal mol~1
than the corresponding -cumyl cation; this may be
attributed to polar effect or increased internal strain
due to replacing the o@a-methyl group by bulky t-butyl
group, or the loss of resonance stabilization by reduced
overlappimg of both p -and” B—-erbitals due to comgestion
bulkiness around the cation center in 14. The LArSR r

values were plotted against relative stabilities of parent

substrate (ring substituent H) 1H(6) 18 O-substituted
benzylic cations in Fig. 1-4. Oy et —buEy = or—
methylbenzyl system (14) shows a different behavior; the
parent cation 1is more destabilized than O-cumyl system
although 14 has reduced r value. The plot for 14 deviates

clearly from the line which 1is 1linearly correlated with

Pllocs - ©iaSolnEiE systems. Consequently good relation
between the r value and the AENES R MSENE stability
discriminates hindered resonance system such as 14. In

turn, it 1is concluded that this 1linear relationship 1is
generally retained for Dbenzylic system as far as the
benzene T-orbital and a vacant p-orbital lie on the same
plane. That 1is, the 1intrinsic stability of the parent
benzylic carbocation 1s a Hlaleitioh: which govern the

resonance demand.

_13_



1.6

1.4

1.0

Resonance demand (r)

0.8

J5haliie]

H, CFj3 R,
/
C+

Me, CFj \R2

Me, Me
Et, Me

t-Bu, Me ¢
-20 -10 0

Stability of the parent cation / kcal mol™

=4l Linear relationship between r value and

stabilities of the wunsubstituted member of each
series. A closed circle denotes the twisted system.



The r value of 0.86 for gas-phase stabilities of

carbocation 14 is in complete agreement with that of 0.91

obtained from the recent result of the solvolysis of a-t-
butyl-O-methylbenzyl chlorides.31) The agreement of r
values between solvolysis and gas phase stability has been
observed for not only coplanar carbocations but also
sterically twisted one. This fact reveals that the
structure of the transition state of the corresponding
solvolysis should be quite close to that oM the

intermediate 14. Thus, the twisting angle 0=21" is

astdmated. for Ehe “ERansition state by, Bg;. o(ir4) ranmd is
identical to 0=22° assigned for the intermediate from the
gas—-phase value. This further leads to a conclusion that
the cation can be used as a model of the transition state
of benzylic solvolysis. This identity of r value between
the solvolysis and the corresponding gas—-phase cation
stability may provide important information concerning the

real picture of the solvolysis transition state. Although

p values of gas phase cations including 14 are twice as

large as Shiclsie for slellsge 1hy/siil st =hie dielguaele ©)E 0=

delocalization of the charge into the aryl ring relative
to the inductive/field stabilization will remain
essentially the same in the gas phase as in solution. The
solvation of cation lowers the response to substituent
perturbation, essentially Wkt eIiE the change 3Lan)
intramolecular charge-delocalization. Furthermore, the

charge delocalization or structure in the Syl transition

-15-



state in the benzylic solvolysis should also be quite
close to those of the carbocation intermediate, so that one
can use the cation as a model of transition state of Syl
solvolysis. This suggests that the benzylic cations are very
important species to interpret the r value theoretically.

In organic chemistry, the "resonance theory" which is derived
from valence bond theory is of course important concept to predict
reactivity. This theory estimates changes of physical constants
(stabilization energy, bond length, charge density, bond order, and
so on) qualitatively, which is affected by resonance. Thus the
existence of good correlation between the r values and physical
quantities of benzylic cations which is calculated by molecular
orbital theory provides the real origin of the r value.

From this point of view, the geometries of benzylic cations
were optimized by ab initio MO methods with some kinds of basis
sets. The ab initio LCAO-MO method8) was used for the study of oO-
substituted benzyl cations. Structural formulas of calculated
cations were shown in Fig. 1-5 (1-10) and Fig. 1-6 (11-20). The
numbers of atom and the dihedral angle 0 correspond to those in
Bredia” de=1 . All calculations were performed on the IBM RS/6000
computer with GAUSSIAN-92 suite of programs.9) Geometries were
optimized completely by the gradient procedurel0) at the C1
symmetry. The closed-shell restricted Hartree-Fock level with STO-
3G, 3-21G, and 6-31G* basis sets was applied to find stationary
points on the potential energy surface (PES). At RHF/6-31G* level

all optimized structures were checked by analysis of harmonic

-16-—
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[

8 = (|180-£R1C7C1C8| + |£R2C7C1C8|)/2.

Fig. 1-7. Atom numbering for benzylic cations.

vibrational frequencies obtained from diagonalization of force
constant matrices to find the order of the stationary points.

Calculated dihedral angles of ZRjC7Cj1R2, ZC2Cj1C7Cg, £C1C2C3Cg4,

benzylic cations without 8 are less than 3.0°, indicating phenyl

rings are actually plane and interactions between vacant p orbital

and benzene T system are T-type. Thus electronic effect of a-
substituents (R]1, R2) and dihedral angle O are factors which
determine the degree of resonance interaction. Most stationary
conformations without 4b, 4¢, 18, 19, and 20 have only positive
vibrational frequencies so that these species are minimum
structures at the RHF/6-31G* PES.

The energy difference between these 90° fixed cations (18-20) and

corresponding coplanar cations can be approximated as the

rotational barriers around C31-C7 axis. In practice the

Perpendicular conformation is energetically maximum in all the

_19_



1)

rotamers for benzyl cation, while steric effect may exists for

the coplanar structure of 9 (6=5°). Moreover, the normal mode

analysis in frequency calculation indicates that 18-20 are

transition states concerning the rotation of C3-C7 axis. The

barrier to the rotation has been used as a measure of the

"resonance energy".lz) Thus, we can estimate the resonance
energies for these species. Rotational barrier for each cation was
summarized in Table 1-2. Basis sets and electron correlation do
not affect the barriers seriously. At our final level (MP2/6-

31G*//RHF/6-31G*) which does not include ZPE correlation, barriers
(resonance energy) are 49.3 kcal/mol for benzyl cation, 33.8
kcal/mol for O-methylbenzyl cation, and 20.7 kcal/mol for Q, -
dimethylbenzyl cation. Previously Houk et al. reported the
rotational barrier of benzyl cation (45.4 kcal/mol) at HF/3-21G
level which agrees with this result. One methyl substitution to
the benzylic position lowers the rotational barrier by 15 kcal/mol,
which can be attributed to the resonance interaction. The primary
benzyl cation (3) is required larger degree of conjugation in

order to stabilize the total energy. On the other hand, tertiary

0, -dimethylbenzyl cation (9) 1is stabilized by the inductive
effect of O-methyl group, so that the requirement of resonance
stabilization is small. It is worthy to note that the r value in
Yukawa-Tsuno equation runs parallel with rotational barriers of
corresponding benzylic cations. This is instructive, because the r

value can be connected to the resonance energy for these

structurally similar species.

-20-



Table 1-2. Rotational barrier?) (kcal mol~l) of benzylic cation.

species RHF / RHF/ RHF/ MP2/6-31G*//

STO-3G SN 6-31G* RHF/6-31G*b)

benzyl cation

47.086 45.390 45.887 40881012
o-methylbenzyl cation

34.548 31.840 32.440 SIS o Tl

o, 0-dimethylbenzyl cation

22 @)L 19.045 1SSF168:5 20.740

a) Rotational barriers were estimated by the total energy

difference between coplanar and 90° fixed structure; E(18)-E(9)
for a,d-dimethylbenzyl cation, E(19)-E(4a) for O-methylbenzyl

cation, and E(20)-E(3) for benzyl cation. b) ZPE are not

included.

For benzylic cations, bond length of C1-C7 and average bond

should be affected by the degree of resonance interaction between

benzylic p orbital and benzene T system. The "resonance theory"
predict the elongation of C1-C»2 and C3-C4, and shortening of C1-C7
and C2-C3 as increases the conjugation. As shown in Fig. 1-8,
these bond lengths at RHF/6-31G* are plotted against r values. For

cations 7 and 8, C1-C7 and C1-C2 are correlated poorly. This may

be attributed to the steric interaction between o-Me and O-alkyl

group. In cases of cations 5 and 17, C1-C7 fail below the

_21_
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Fig. 1-8. Bond length vs r values in Yukawa-Tsuno
equation for benzylic cations. Numbers correspond

those for species in Figures 1-5 and 1-6.

-22-



correlated line due to the steric strain of the ring structure.
Although C1-C7 of 90° fixed cations (18, 19, and 20) also failed
slightly, satisfactory correlation exists as a whole. This plot is
not basis set dependent.

When r=0, bond length of C1-C7 comes to 1.52A& which is almost
same as normal carbon-carbon single bond length (1.54A in ethane).
The C1-C7 become shorter in proportion to increase of the r value.

When r=1.51 (1), C1-C7 is 1.35& which is almost same as normal

carbon-carbon double bond length (1.33& in ethylene). When r=0,

same as carbon-carbon bond length of benzene. As the r wvalue

increases, C1-C2 and C3-C4 increase but C2-C3 decrease.

varies twice as large as C3-Cg. These tendency agree with the
prediction of the resonance theory. Contributions of five
resonance structures shown in Fig. 1-9 elucidate partial
alternation of single and double bonds in the benzene ring. Thus

this plot is evidence that the r value is the parameter indicating

the degree of the resonance interaction.

I 1 1V Vv

Fig. 1-9. Resonance structures of bezylic cations.



As shown in Fig. 1-9, contributions of II, III, and IV become
larger according to increase of resonance interaction between

benzylic p orbital and benzene T system. This should be detected
as a change of Wieberg bond orderl3) of C1-C7 and average bond
ondersiBe - CHi=EpRc NN EEHEHT S CoE CRINSNCENEsE Cay, and  Ca=—CuancdilE = @5
The plots of bond order against the r value are shown in Fig. 1-10.
In case of C1-C7, bond order converge to 1.0 when r=0, reflecting
the importance of unconjugated structure (I and V). The index
increases in proportion to the r value, indicating the increasing
contribution of structures II, III, and IV. C1-C7 connects the
cationic center and aromatic moiety. Thus this way of change

reveals that the r value shows the degree of overlapping between

benzylic p orbital and benzene T orbital. Bond orders of Cj1-C2,
Cp2-C3, and C3-C4 also change reflecting the importance of
contribution of each structure (I-V) in Fig. 1-9. When r=0, the

Wieberg indices take 1.4, which is an intermediate value between

single and double bond. As the r increases, bond order of C2-C3
increases but C1-C2 and C3-C4 decrease. All the behavior 1is
consistent to the prediction of resonance theory. Consequently

this indicates the increasing interaction between C7 and aromatic
moiety as the r value increases.

In organic chemistry "charge" is very useful tool to predict
reaction mechanisms and molecular properties. Resonance
stabilization of conjugated cations 1is equivalent to charge
delocalization. Thus the charge distribution should be related to
the r value, if the r value in the Yukawa-Tsuno Eg. (1-1) is a

parameter indicating resonance degree. Unfortunately charge is not

_24_
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quantum mechanically observable though it 1is easy to understand
intuitively. Several arbitrary method have been proposed to

14) The Mulliken population analysis

estimate atomic charges.
(MPA)lS) and natural population analysis (NPA)16) were selected in
order to discuss the relation between charges and the r value.
These methodology seem overestimate the polarity of C-H bond, group
charges should be used. Thus the charge on a hydrogen was summed
up into that on the carbon atom which connect to hydrogen atoms.

The charges on ortho position for 5, 7, 8, and 17 can not be

compared to those for other species because of their carbon

substituted structures. The plots of atomic charges (given by MPA)
on o—, m-, and p-positions for benzylic cations against the «r
values are shown in Fig. 1-11. At a first glance, charges are
related to the r values in each position. T 5y Uy B - cumel Al

charges are poorly correlated to not only o-position but also p-
and m-positions; ortho substitution may have additional influence
to charge distribution. In the case of 18, 19, and 20, the atomic

charges seem to deviate from the correlation lines; this may be

attributed to the mixing of O orbitals of O-substituents to

benzene T orbitals. Charges of other species are correlated in

every position as shown below. For charges on ortho position

(hereafter P (ortho)) given by MPA,

P (ortho) 0% 25 e =00 0 G L (1380 97 SiD==0L QETE) o (1=,

For charges on meta position (P (meta)),

—-26-—



Charge (MPA RHF/6-31G*)
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for species in Figs. 1-5 and 1-6.



P (meta) 0.003 r + 0.040, (R=0.176 SD=*0.0066) . (1-8)

For charges on para position (P (para)),

P (para) 0.123 r + 0.045, (R=0.991 SD=%0.0057). (1=9)

Fairly good correlations exist on o—- and p-lines but on m-line.
When r=0, all correlation lines converge in a narrow range of
0.015-0.045; degrees of delocalization without resonance effect are
nearly the same in all positions. As the r wvalue increases,
P(ortho) and P (para) increase to +0.2 (r=1.5) with the same slope,
while P (meta) do not change very much. This suggests that
efficiency of resonance interaction on ortho and para position are
nearly the same. As a result, the way of charge delocalization for
conjugative benzylic cations can be predicted qualitatively by the
resonance theory.

Sum of atomic charges on phenyl ring should be a probe which
measure conjugative interaction between C7 and aromatic moiety.
Charges (MPA) on aromatic moiety was plotted against the r values
astsSheown® Sine JEihig. L2 For species without those of ortho
substituted or 90° fixed species, good correlations are found in

both MPA and NPA. For Mulliken charges on aromatic moiety (P (Ar)),

P (Ar) 0.425 r + 0.051, (R=0.966 SD=%*0.039). (=0

-28—
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Charges on aromatic moiety increase in proportion to the r values.
This suggests that delocalization to the phenyl ring is the
controlling factor of the r value. The result given by NPA
analysis was the same as that given by MPA.

As described before, the r value should also be related most
closely to the degree of T-overlapping between the aryl T-orbital
and benzylic p-orbital in the incipient carbocation. Accordingly

the effect should be a factor which controls the r wvalue of

congested systems. Dihedral angle O represents the bulkiness of
0-substituents. Thus the dependence of the r wvalue on the
dihedral angle O may provide the real origin of the r wvalue.

Calculated dihedral angles 6, experimental O which are estimated by

Eq. (1-4), and r values for tertiary benzylic system are summarized
gl TiclolE il=S)) The resonance demand decreases as the bulkiness of
(—substituents increases. Torsional angles 6 in solvolysis

and gas phase study agree with each other supporting
intrinsically the same structure between transition state
and corresponding cation as argued before. As shown 1in

Bl =38, fairly good correlation exists between

theoretically obtained © (RHF/6-31G*) and experimentally
estimated Og5p1 for tert. benzylic cations. The important
thing in the MO calculation is whether the level of theory
and basis set are satisfactory to describe the phenomena
QIE = O)IE & Especially interatomic orbital interaction
becomes important in the congested systems. One may

suggest that electron correlation must be considered for



Table 1-3. Calculated torsion angles in unit of 62)) between

alkyl groups and benzene ring for some tertiary benzylic cations

and the comparison with the experimental data.

species MP2/
6-31G*//
RHF / RHF / RHF/  RHF/
STO-3G  3-21G  6-31G* 6-31G*P) rg51¢)0501%) rgas®)Bgast)

9 0 5 5 4.3 1.00 0 1.00k) 0
10 2 2 3 1.049) 0 1.011) o
£l 1 i 0 1.020h) o0
13a 10 1 10 1.019) o0

14 20 24 24 23.8 0.911) 17 0.87M 21
15 31 87 33 0.6801) 34

16 55 77 76 71.0 0.263) 59

%) 90 90 90 0 90

a) 6 is the angle of the a-C-C bond with respect to the aromatic

plane. Also see Fig. 1-9. b) Given by 6-31G*+MP2. See text. c¢)

r value given in Yukawa-Tsuno substituent effect analysis for the

solvolysis of each system. d) rsol/rsolmax = cos20sol . e) r value

given in Yukawa-Tsuno substituent effect analysis for the gas phase

stabilities of each system. f) rgas/rgasmax=coszegas. g) Ref. 3h.

h) Unpublished results in this laboratory. i) mRCHI BEN j) Ref.

3J. k) Ref. 4f. 1) Ref. 4e. m) Ref. 4g.
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Fig. 1-13. Calculated dihedral angle 0 (refer to
Figure 1-7) at RHF/6-31G* vs. torsion angle 0
estimated by r/rp.x=cos?6, where r is the
resonance demand S[h) Yukawa—-Tsuno equation
obtained from solvolysis of the corresponding
precursors. Numbers correspond to those for

species in Figs. 1-5 and 1-6.

-32-



such species. Unfortunately geometry optimization at MP2
or larger level of theories can not be performed for these
pulky systems because of the limitation of the hardware.
Thus, e OFEEE.  EE discuss the effect )T eilielcit=hacn
correlation on the torsion angle 8, single point calculation
at MP2 levell7) about 9, 14, and 16 were carried out with the
geometry whose dihedral angle 0 was swung with *5° from the RHF/6-
31G* optimized geometry. Total energy at each dihedral angle are
plotted against that of equilibrium structure in Fig. 1-14. The
abscissa is additional angle against the equilibrium 6. The plots
of every species are correlated in second order functions. For 9
and 14, correlation curve is also symmetrical to both sides of the

equilibrium 6 at RHF/6-31G*; electron correlation does not affect

the optimized structure. For 16, single point calculation was
extended to the O which is swung 10° to the direction of coplanar
structure, since a monotonical correlation curve was obtained for
these three plots. As a result asymmetric curve plot was obtained;

electron correlation 1is a factor to determine structure for this

conjugated system. However minimum 6 for 16 is calculated 71° in
the assumption of second order correlation. That is electron
correlation effect decreases O in only 5°. Consequently electron

correlation 1is not so important for these tertiary benzylic
cations. Force constants are estimated in the assumption that the
potential of the rotation is obeyed in the second order function.
7.35 kcal/mol, 28.5 kcal/mol, and 17.0 kcal/mol are estimated for

9, 14, and 16 successively. Rigid structure for the rotation were



0.6

o
~

O
N

=
o

Re a ve Energy /kca mo

O
N

-10 -5 0
Dihedral Angle /degree

Fig. 1-14. Fixed dihedral angle vs. energy for
o, 00—dimethylbenzyl (open circle), Qa-t-buthyl-o-
methylbenzyl (closed circle), and o,o0-di-t-
butylbenzyl (open square) cations.
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given for congested cations. The requirement of resonance

stabilization which forces the structure coplanar is still large

for 14. The requirement of steric effect which makes the
perpendicular structure also exist. This is the reason why the ©
is rigidly determined for 14. For secondary systems, the r

values, and calculated and experimental estimated 0 are summarized
in Table 1-4. 2,2-Dimethyl-l-indanyl system (5) is supposed to be
a standard of secondary system. The r values do not change
dramatically compared to those for tert. systems. This may be
attributed to the large resonance degree which 1is intrinsic to
secondary systems. Ogps and Ocalc fairly agree with each other.
This support that the r wvalue is the parameter indicating the

resonance degree .

Table 1-4. Calculated torsion angles in unit of 02)) between

alkyl groups and benzene ring for some secondary benzylic cations
and the comparison with the experimental data.

species Bcalc rsolb) esolc)

RHF/ RHF/ RHF /
STO-3G 2 1.6 6-31G*

5 0 0 0 T g 0

da 0 1.15¢€) 0

6 0 0 0 1.09f) 8

7 0 0 0 1.019) 4

8 16 25 2 1.029) 17

a) 8 is the angle of the 0-C-C bond with respect to the aromatic
Plane. Also see Fig. 1-9. b) r value given in Yukawa-Tsuno
Substituent effect analysis for the solvolysis of each system. c)

rsol/rsolmax = cos20sol. d) Ref. 3g. e) Ref. 3d. f) Ref. 3e. gq)
Ref. 3f.
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Chapter 2 Substituent Effect on the Solvolysis of

2,2-Dimethylindan-1-yl Chloridesl)

The LArSR (Yukawa-Tsuno) equation (2-1)2) is widely applied

to substituent effect analysis of many benzylic solvolyses.

log (k/ko) (2-1)

where r (resonance demand) is the parameter measuring the degree of

resonance interaction between the reaction center and benzene T-
system. The r value changes widely with the reactions; r = 1.00
forl seliveliys fsy lofih (Ecumylischiloriider by ‘definiitaion; s = L5 forathe
secondary O-methylbenzyl system (1),3) and r = 1.30 for the
primary benzyl system.4) EniFaddtitidiony = = v T e SRSl S8 OINEn ¢RIt 1t
were given for highly deactivated carbocationic solvolyses of Q-
methyl—a—trifluoromethylbenzy15) and O-trifluoromethylbenzyl
systems, 2P) respectively. The r value increases in proportion to
instability of cationic reaction center. Thus the r value is a
measure of the resonance demand reflecting the stability of
cationic transition state and provides very important information
to evaluate the nature of the transition state.

Substituent effect on the solvolysis of Q-methylbenzyl

chlorides (1) gave the r value of 1.15 which is referred to the

higher resonance demand of this secondary system than the ot

reference system. However, the incursion of solvent participation
is suggested in this borderline solvolysis.6) If this is the case,

Solvent participation might become important as the substituent

_3 99—



pecomes more electron attracting and give a monotonically concave

gt correlation. It has thus been claimed in the literature that
the highef r value gbsErved d4n such a case will be meaningless.’)
The alternative secondary SNl solvolysis system of O-(t-
gyl rbengyd twosgllates (2), where khegpe ds litkle peossibility of

solvent participation may not generate a coplanar cation with the

benzene M-system in the transition state due to bulkiness of the t-
Bu group at « position.8) In order to prove the origin of the r
values relating to the inherent stabilities of a series of the
benzylic cations, the r value which reflects the fully conjugated
secondary system 1is needed. That is, the system which has a
different r value from that of this standard system should give
important informations on the physical meaning of the r value.
Thus the substituent effect on the solvolysis of 2,2-dimethylindan-
1-yl chlorides (3),1) where the vacant p-orbital developed at the
benzylic position 1is fixed in the preferred conformation
overlapping with the benzene TN-system, was analyzed by LArSR Eq.
(200 e ¥ S EI0LIUS S GlaE Ol e The neopentyl skeleton of 3 will be
expected to solvolyze via SNl mechanism. Moreover, this system
will attain a full resonance stabilization in the transition state

due to the fused five membered ring, and then provide an standard r

Cl
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galie snticipated £Lfox *the) dnherent secomdary benzylic sélvelysis

system.

Results

A series of 5- or 6-substituted 2,2-dimethylindan-1-yl
chlorides were prepared by dimethylation and reduction of the
corresponding indanones, and subsequent chlorination. Substituted
indan-l-ones were prepared by the Friedel-Crafts ring-closure of
substituted 3-chloropropiophenones, or by the Friedel-Crafts ring
closure of aryl propionic acids.

The solvolysis rates of 2,2-dimethylindan-1-yl chlorides in
80% (v/v) aqueous acetone (80A) were determined conductometrically
at the initial chloride concentrations of 1074-10"5% mol dm~3. The
rate constants are summarized in Table 2-1 together with the
activation parameters.

The rate data of slow solvolyzing 6-Cl and 6-Br derivatives,
and those of fast 5-MeS, 5-PhO, and 5-Me0O-6-Cl ones were
extrapolated from rate data at other temperatures by means of the
Arrhenius equation.

The rate constants for all derivatives were unable to be
determined in a single 80A solvent, because the reactivity varies
remarkably with substituent changes over a range of nine powers of
ten. Solvolysis rates in 90A and 50A were similarly determined and
the results are listed in Tables 2-2 and 2-3, respectively. The

rate for the most reactive 5-Me0O derivative was not precisely
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Table 2-1. Solvolysis Rates of 2.2-Dimethylindan-1-yl Chlorides

in 80% agq Acetone.

AR¥25°C As¥as-c
Subst . Temp./°C 10°9k/s~1 kcal mol~1l Sl
p-MeO 25 324000P)
p-MeS -20 41.90
0 532.5
10 1705
25 81402) 17 -6.6
p-PhO -20 12.65
0 198.8
10 652.7
25 35402) 18.2 -4.3
p—MeO-m-Cl =25 4.855
-15 22 33
0 177 .4
15 973.7
a5 3080a) 18.3 -4.1
3.4-Me2 -15 1.397
0 12 .42
15 82.96
25 254.9 19.3 -5.5
p-Me 0 4.675
15 3827
25 102 .7 19.4 -7.1
p-t-Bu 25 41.91 18.9 -10.6
45 Iy
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Table 2-1. Continued.

AH*25°C

Subst . Temp./"C kcal mol~l e.u.

m-Me 15 1,323
25 4.312 20.6 =02
45 $8.23

H 25 1.744 2458 L = d¢!

45 1574910

m-MeO 25 £:596 208 =09.9
45 34.90

p-Br 25 0.2326 248 =G 9
45 2.666
55 IS ASE

m-Cl 23 0.0133a) 23:% -11.2
45 0.6
55 U8 8575
75 4.535

m-Br 25 0.01162) 23.5 -11.5
45 QR0
55 0.4734
S 335975

m-CN 25 0.000482¢)

p—-CN 25 0.000139¢)

a) Extrapolated from rate data at other temperatures. b)

Calculated from linear logarithmic rate relation between 80A and
90A at 25°C. «c) Calculated from linear logarithmic rate relation
between 80A and 50A at 25°C.
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Table 2-2. Solvolysis Rates of 2.2-Dimethylindan-1-yl Chlorides

in 90% ag Acetone.

AH¥25°C
Subst . Temp./"C kcal mol~1l Er, .
p-MeO -25 63.35
-15 219. 9
0 1264
25 151002) 15.6 -10.1
p-MeS 0 30.94
25 421.5 16.3 -14.7
p-PhO 0 12 .2
25 188.3 16.9 -14.5
p-MeO-m-Cl1 -15 1.461
0 10.46
15 58.66
25 162.3 17.4 -12.8
3.4-Me2 0 0.8336
15 5. 394
e 16.07 18.3 -14.5
45 115.4
p-Me 15 1.970
25 6.118 18.7 -15.2
45 47.14
p-t-Bu s 3.763 19.6 -13.5
45 23.63
m-Me 25 0.3152) 20.3 -15.7
45 2.881
L) 7.873
H %5 0.1092) 20.4 -17.5
35 0.3414
45 1.012
75 17.51
m-MeO 25 0.2778 23 -13.3
45 2.769

a) Extrapolated from rate data at other temperatures.
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Table 2-3. Solvolysis Rates of 2.2-Dimethylindan-1-yl Chlorides

in 50% ag Acetone.

Au*2s-c As¥25°¢
Subst . Temp./°C 109k /s~ 1 kcal mol~1 e.u.
m-Me —db5 6.536
0 57.16
s 1044 DERS 4.6
H -15 2.260
0 4 W
25 403.2 19.2 =5.1
m-MeO 0 239515
25 575.3 18.8 -5.6
p-Br 25 45.12 19.9 -7.1
45 396.9
m-C1 25 2.341 213 -8.2
45 23.96
m-Br 25 2. 407 21.4 -8.4
45 20.63
m-CN 25 0.06932) 23.0 -9.7
45 0.8059
55 2.817
75 20.39
p-CN 25 0.01862) 23.5 -10.6
45 0.2385
75 6.331

d)Extrapolated from rate data at other temperatures.
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followed in B80A by the present method even at low temperatures.
The rate data of this derivative in 80A at 25°C was estimated from
the rate in S90A at 25°C, using a linear logarithmic rates relation

(R = 0.9997, SD = %0.030, and n = 8) between 90A (25°C) and 80A

(25°C),

- 1.034 log(k/kg)gga(25°C) - 0.049.

On the other hand, the rates of strongly deactivated 6-CN and 5-CN
derivatives were too slow in 80A to be obtained directly by the
present conductometric measurement. The rate data for these
derivatives in 80A at 25°C were estimated from the rates in 50A at
25°C, using a linear logarithmic rates relation (R = 0.9999, SD =

10.013, and n = 5) between 50A (25°C) and 80A (25°C),

= 0.9469 log(k/kg)s50a(25°C) + 0.006.

The rate data estimated for these derivatives were also
included in Table 2-1. As shown in Tables 2-1, 2-2, and 2-3, the
6-MeO derivative reacts consistently faster than unsubstituted
derivative for all solvents, and is different from the normal
behavior expected by the standard oy value of 0.050. Ohkata et al.
also observed a similar rate acceleration for m-MeO derivatives in
solvolysis of spirolcyclopropane-1,2'-indan]-1'-y19) and 3, 4-
benzotricyclo[4.3.l.01r6]dec—3—en—2—yl p—nitrobenzoates.lo) IYOE i~
MeO group behaves actually as a slightly electron-donating group

and this seems to be characteristic of these congested indanyl

— (5=



systems . Thus substituent effect analysis for the present indanyl
system was treated excluding 6-MeO derivative.

The LArSR Eq. (2-1) was applied to the rate constants in 80A
DaRZor G byalEhes Slicalsigseliataeisiamedhos: The substituent parameters
employed in this analysis are listed in Table 2-4, and are employed
for the analysis of substituent effects of 0O-(t-butyl)benzyl
ﬂmtems.8) The 5- and 6-positions of 2,2-dimethyl-l-indanyl system
correspond to p- and m-positions, respectively. Results of
substituent effect analysis of 2,2-dimethylindan-1-yl chloride at

25°C are shown in Table 2-5. For a comparison, the Brown p*tct Eq.

(2-2),

log (k/kg) (2=2)

has also been applied, and the result was included in Table 2-5.

The LArSR plots are shown in Fig. 2-1.

Discussion

Comparison of pto* and LArSR correlations in Table 2-5 clearly

shows that the LArSR equation describes the present reaction more
precisely than the Brown p+0+ treatment; the SD value is 1.5 times
larger in p*o* than in the LArSR correlation.

Both the large negative p value and the enhanced r value
larger than unity suggest that this solvolysis proceeds through a

highly positive charged transition state of a rate-determing kc-—

lonization leading to a carbocation intermediate. Furthermore this

T



Table 2-4. Substituent Constants.

Subst .a)
p—MeO =000 SOLT20
p—MeS Q) =8U20) SIO2/0
p—-PhO 0.063 —(0) . 5510
p—MeO-m-Cl1 O 220 -0.690
p, m—Me»> SORSINSIS =% LS
p—Me -0.124 -0.187
P—t=Bl S0 1L5)5 -0.100
m-Me -0.069 0.000
H 0.000 0.000
p-Br 0L28E -0.146
m-C1l ORS8¥/S 0.000
m-Br 0) s S 0.000
m-CN 0.600 0.000
p—CN 0.670 0.000

a) p- and m-positions correspond 5- and 6-positions for 2,2-

dimethyl-1-indanyl system.

Table 2-5. Results of Substituent Effect Analysis of 2,2-
Dimethylindan-1-yl Chlorides (3).

Correlation p i SDb)
ptgt -6.121%0.095 (1.00) 14 0.16 0.9985
LArSR -5.798%0.127 1.11 14 0.12 OFSI992

a) Number of substituents involved. b) Standard deviation. c)

Correlation coefficient.
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0.0 H
ks
(@)
5-Br
'20 G_CI
6-Br
-4.0
o scale
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precise linear relationship excludes either nucleophilic solvent
assistance or neighboring methyl participation. Thus the r wvalue
of 1.11 may be referred to as the reference value characteristic of
open secondary benzylic carbenium ion which is essentially coplanar
and capable of exerting essentially maximum conjugative
stabilization interaction with the benzene T system.

It has been noted that most systems favored by the LArSR
treatment are secondary substrates 1in nucleophilic solvents and
such systems may also be subject to nucleophilic solvent
participation,6) and that the high r wvalue of 1.15 for O-
methylbenzyl chloride (1) 1is an artifact arising from such
mechanistic complexity.7) The r wvalue (1.11) for 2,2-
dimethylindan—-1-yl chloride (3) which solvolyzes through k¢
mechanism is 10% higher than that (1.00) for O-cumyl chloride
reflecting instability of secondary system. This r wvalue 1is
essentially identical to the r wvalue of 1.153) for the solvolysis
of 0-methylbenzyl chlorides (1) in 80A. There is indeed shows a
strictly linear free energy relationship between 1 and 3 (Fig. 2-
2) with a R=0.994 and SD=*x0.08 (Table 2-6). The exalted r value of
1.15 is the intrinsic resonance demand reflecting the stability of
secondary benzylic cations.

The r value should be related most closely to the degree of

T-overlapping between the aryl-T-orbital and benzylic-p-orbital in

the incipient carbocation. In the case where the dihedral angle

between benzylic p-orbital and benzene T-system is 0°, the system

acquires a full resonance stabilization to provide the maximum r

value. Then for the congested system where both p-orbitals can not
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4
_ o p-MeS

5 N 80A at 45°C p-PhO
p-MeO-m-Cl

2
p-Me

1 p-t-Bu

0 m-Me

= p-Br

2 m-Cl

m-Br log(k/k,) in 80A at 25°C

53wy w2l v 0 1 2 3 4 o

Fig. 2-2. Logk-logk plot between solvolysis
of o-methylbenzyl chlorides at 45°C and 2,2-
dimethylindan-1-yl chlorides at 25°C in 8O0A.
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Table 2-6. Substituent Effects of Secondary Benzylic Solvolyses

vs. 2,2-Dimethylindan-1-yl Chlorides (3).

gystem Solv. temp/°C Slope spb)

80A 45 Ol5C0 720 i 0 Ll 0.08 0.9994

80A 25 0.929+0.011 L2 0.10 0% CIEICE]

80A 25 0.917£0. 037 7 01272 0.9960

80A 25 0.814%x0.024 4 0.09 05992
a) Number of substituents involved. b) Standard deviation. c)
Correlation coefficient. d) O-methylbenzyl chlorides. e) Oo-(t-

butyl)benzyl tosylates. f) O0-(t-butyl)-2-methylbenzyl tosylates.

e) 0-(t-butyl)-2,2-dimethylbenzyl tosylates.

maintain coplanarity due to steric hindrance, efficiency of
resonance effect decreases compared with those of the coplanar
system, resulting in the decrease of r value. Therefore the
examination of the dependence of r value upon the dihedral angle of
both p-orbitals will provide the convincing evidence for the real
origin of the empirical resonance demand parameter r in the LArSR
Eq. (2-1).

In the substituent effect on the solvolyses of secondary O-
(t-butyl)benzyl tosylates (2)8) and their o-methyl analogues, 2-
methyl (4)11) and 2, 6-dimethyl substituted series (5),11) r value
of 1.09 for 2, 1.01 for 4, and 1.02 for 5 were reported by an
applilcatien ©f Hef. W(2—1). Solvolysis rates for these systems are

available for the parallel studies in this laboratory as shown in
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Me Me Me

5
4
4 5
Table 2-7. No significant loss of resonance for the latter two

systems compared with parent system 2 has been observed.
Increased steric congestion around the carbenium ion center for 4
and 5 systems does not appear to be effective enough to cause a
significant loss of the coplanarity i1n the transition state.
However this conclusion 1is based on the assumption of the
coplanarity for 2 solvolysis, and there is no information
concerning the steric hindrance of 2.

The comparison of substituent effects of congested secondary
systems with that of 2,2-dimethylindan-1-yl chlorides (3) are
summarized in Table 2-6. The direct comparison of logarithm of
rate constants for two systems will provide the exact information
on the relative extent of resonance interaction. The solvolysis of
G- (t-butyl)benzyl tosylates (2) in 80A shows a good linear free
energy relationship against that of 3. One can conclude that the
resonance efficiency of 2 is almost identical to that of 3. In

Fig. 2-3, log(k/kyg) wvalues for the O-(t-butyl)-2-methylbenzyl

solvolysis (4) are plotted against those for 3. Deviations of
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Table 2-7. Solvolysis Rates (109/s~1) of Secondary Benzylic

System.
_ Oo-methyl IS Byl = 0= (=B E Al = a—(t—ButyITl
benzyl benzyl 2-methyl- 2,6-dimethyl-
benzyl benzyl
Cl(1)a) OTs (2)P) OTs (4)C) OTs (5)C)
Subst. 80A45°C 80A25°C 80A25°C 80A25°C
p—MeO 42000 94600 197000 Si7iS8
p-MeS 2430 515192 14900 257 3@
p-PhO 894 1760
p-MeO-m-C1 545 1180
p.m-Me?2 186.7 TT €
p—Me 31.0 OIS0 425.7 7.256
p-t-Bu 14.4 SIOMIG
m-Me 1.46 2.862 1229
H 0728 1.420 7.048 OFSES(6T
m-MeO 0.6096
p-Br 0l 5l 0 252
m-C1l 0.00969 0.00691 0}.03/518/9
m-Br 0.00826 0.00659
m—-CN 0.000720
p—-CN 0.000242

a) Ref. 3. Db) Ref. 8. <c) Ref. 11.
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TsO._t-Bu
: Me Q
4

X

3 in 80A at 25°C

- p,m-Me2
|

= p-Me
1
0 m-Me

H

|
1
L
2 X

m-Cl log(k/k,)  in 80A at 25°C
b - et it Sl - Bk e -

1Taler s I 2=5) Logk-logk plot between solvolyses of
0— (t-butyl)-2-methylbenzyl tosylates at 45°C and
2,2-dimethylindan-1-yl1 chlorides at 25°C in 80A.
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para n-donors are systematic; the stronger the para T-donor

substituent shows the larger the deviation, suggesting the loss of
resonance effects in the transition state of 4. The same tendency
with 4 exists for 5. It can be said qualitatively that the loss
of resonance interaction is evaluated for 4 and 5 in reference to
the secondary coplanar system 3.

The r value of 1.11 is regarded as a reference rpagx value,
i.e., an intrinsic r value characteristic of the coplanar sec.
benzylic carbocation. The efficiency of resonance interaction can

be accounted for in terms of cos20 where 0 is the dihedral angle of

twisting out of coplanarity.14) The ratio of the r value for a

giiien, solvolysis  relatiye #o fthe Iga. ‘'mdy refléct the-efficiéney of

its resonance effect and the r value for a twisted benzylic system

can be given by Eq. (2-3),

(2=3)

The 'deecrease of ¥ vValues of *2, @, and 8 from rpzx O6 1:11

should be attributed to a loss of the resonance interaction between

the carbocation center and the benzene T-system in the solvolysis
transition state caused by the steric hindrance. Thus the
torsional angle BOgps at the transition state can be calculated to
be 8° for Q- (t-butyl)benzyl, and 17° for both o-methyl (4) and
0,0-dimethyl (5) solvolysis based on Eqg. (2-3). Torsional angles
of these congested secondary systems (2, 4, and 5) increase 1in
Proportion to the bulkiness of the alkyl groups around the reaction

Center, although these twisting angles are not significant compared
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oiEh" these in the texrtiary systems reported.l) Particularly
surprising is that the through-conjugation interaction with the
penzylic reaction center is not decreased seriously even in the
solvolysis of 5. The stabilization by the extended =-
delocalization should be the most predominant driving force to
promote ionization in the ordinary benzylic solvolyses. Support
for this view is provided by the fact that the free energy of the
rotation of the phenyl-CO bond of benzylic carbenium ions under
the stable ion condition is found to be 10 20 kcal/mol, and the

rotation barrier to be 4 5 kcal/mol higher for the p-MeO

derivative than for the unsubstituted one.l13) This strong T-
delocalization interaction with the CO-cation p-orbital should be
the cause of attaining coplanar transition state, to overwhelm the
steric repulsion interaction between o-methyl and 0-t-Bu groups in
the systems 4 or 5. All these solvolyses have been found to have
a degree of steric deceleration associated with steric congestion;
nevertheless the effect does not significantly prevent the aryl
group from exerting its maximum resonance effect on stabilizing the
incipient carbenium ion. The transition state should be able to
attain the maximum stabilization to overcome the large steric

strain required for the most preferred conformation.
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chapter 3 Substituent Effect on Gas Phase Stabilities

of O-t-Butyl-0-methylbenzyl Cationsl)

Substituent effects on the gas-phase stabilities of
penzylic cations can be described excellently in terms of

the LArSR equation (3-1),2) similar to that in solvolysis.

3AGY =p (6° + rAcy ) (3-1)

where r is the parameter measuring the degree of resonance

interaction between benzene TW-system and cationic center.
In continuing studies on gas phase benzylic cations 1in
this laboratory, the r wvalue 1.00 for a—cumy13) and G-
ethyl-a-methylbenzyl,4) 1.14 for Oa-phenylethyl,?) 1.29 for
benzyl,6) IS B St e)e a—methyl—a—trifluoromethylbenzyl,7) and
198545 Reons a—trifluoromethylbenzy18) cations are obtained by
0@o, & (=) "8 It has been demonstrated that the r wvalues of
substituent effects on gas phase stabilities for these
benzylic systems are in complete agreement with those of
corresponding solvolyses.8) This result leads to the
Imp o tanth cohceptt® forl Ytlle Hiken benziydiic * tslolhvelhyiskis the
structure of transition state should be similar toe that of
cation.

In chapter 2, a r wvalue of 1.11 was obtained for
sellviellysiihs Sl W25 2 diimeit hiydhabniciain ==yl chlorides®) and is

clearly larger than that of O-cumyl system (r=1.00). Thl s

exalted r value reflects the instability of secondary
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penzylic cation compared to r=1.00 for the stable tertiary
penzylic cation, and is the maximum r value referable to

that for planar secondary benzylic cations. Therefore the

reduced r .values fgom 1.1l were observed for congested €-
(t-Butyl)-2-methylbenzyl =B ARSI and U= e=tesamll) =2 5 B
dimethylbenzyl (r=1.02) system and were ascribed to the
steric hindrance of resonance due to sterically congested
reaction center.10) The same phenomenon was observed in
tertiary systems; r=0.9111) for O =Et=Buttyd —e=mne thyilibiemziysl
system and r=0.2612) for JoUstier) ot Bz congested a,0-di- (t-
biiEyAIDsEmZivAl SWSiyisiEemy SN clompairelcd SitsoRsishlai= R ot IS CiimySs isiisisem
(r=1.00) .

Nt onde B Stich Ielonifivame St e HicienttikE A oS it aies s s W iv/adl e
between in solution and in gas phase, substituent effect

analysis on gas phase stabilities for congested system

should be examined. BRaEnis el IsitraicHBSEEENC IR Rela't ifomisiin: {gials
phase can be easily measured using ICR (ion cyclotron
resonance) method. The substituent effects on gas phase

stabilities of twisted benzylic carbocation systems have
not been performed yet.

The substituent effect on gas phase stabilities of a-
t-butyl-a-methylbenzyl cations (1) aisi “ehle'semy Nfioag Siehkl's
Purpose, as a sterically hindered carbocation. The
twisted structure of the cation 1 is due to the bulkiness

of methyl and t-butyl groups at O-position, and therefore

d reduced r value may be expected similarly from the
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observed identity of r values between the solvolysis and

the gas phase coplanar carbocation.

Results and Discussion

2-Aryl-3,3-dimethyl-1-butenes were synthesized by the
nucleophilic addition of aryllithium derived from substituted
bromobenzene and n-butyllithium to pinacolone, and subsequent
dehydration with Al03 as a catalyst. The gas phase
stabilities of O-t-butyl-O-methylbenzyl cations (1) were
determined by the equilibrium constants for the proton
transfer reaction (3-2) of the corresponding 2-aryl-3, 3-
dimethyl-1-butene with suitable reference cations of known
stability by means of a pulsed ion cyclotron resonance
mass spectrometer at 343K as described in detail in

chiapter™ o«

(S=2),

(1)
Relative basicities of substituted carbocations 1 to the
unsubstituted one which corresponds to the free energy

changes of the reaction (3-3) are listed in Table 3-1.

-



rable 3-1. Relative Gas Phase Basicities of 2-Aryl-3,3-dimethyl-

Eputenes' and 2-Aryl=l-prepenes.

AAGB / kcal mol-1l

Substituent 2-Aryl-3,3-dimethyl- 2-RAryl-1-
l1-butenes?) propenesbP)
p—MeO 8.6 10.5
P=MES 8.1 10.0
PEMEOSnE=CIl 59 5 )
p—Me SN 4.1
3,5-Me2 3.6 3.5
m-Me 2.0 1 1S
H 0.0 ( 198.0 )¢) 0.0 ( 199.1 )¢)
m-C1l =498 -4.7
TNk = ) — 5l
m-CF 3 -6.0 =618
p—CF3 =7 52 =7 2

3) Relative to unsubstituted 2-phenyl-3,3-dimethyl-1-butene.

Positive value has larger basicity compared to parent substrate.
b) Relative to unsubstituted 2-phenyl-1l-propene. C) Absolute GB

value relative to ammonia of 201.5 kcal/mol.
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The relative stabilities of carbocations 1 are plotted

against the corresponding values of O-cumyl cations (2) in
Fig. 3-1.3) This plot is regarded as a gas-phase ct-plot,

since the gas—-phase stabilities @) 2 are described

excellently by the ordinary derived from the

reactivities in the solution.3)

‘ = 14.00'+ 0.4 (R=0.993, SD=*0.82) (3-4)

There exists a good linear relationship between for the

whole range of substituents.

8AG°=0.88 8AGeumyy - 0.22 (R=0.997, SD=%0.47)  (3-5)

However, there seems 10,(0) exist an excellent linear
relationship with a slope of unity for meta substituents

and p-T-acceptor group,
8AG®=0.98 8AGoumy1 + 0.17 (R=0.999, SD=+0.20)  (3-6)

and all para T-donor substituents deviate systematically

and significantly downward from this correlation line,

indicating inadequacy of the o6t-constant to this system as

Sheowmnt  Gink SEaNe s SEE|Es The line of a unit slope for meta

substituents and para T-acceptor suggests that & JorE
Stabilization of the cation by these substituents must be

ldentical for both systems except for the small difference

e



b @%*@QL‘__‘OXJUD% p-MeO

8 p-MeS

3,5-Me,

SAGC kecal/m

2 slope = 0.98

m-Cl
m-F
-6 m-CF5

p-CF3 SAG® kcal/mol
B M R P e reee e Veee 8 10

Elilieyi s 8 =rily Plots of gas phase stabilities of Q-
t-butyl-0-methylbenzyl against the corresponding
O—-cumyl cations.
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in absolute carbocation stability by 1.1 kcal/mol.
pownward deviations of para TN-donors are observed so
systematic that the stronger WT-donor substituents show the

lgice[Ehe deviations. In CENBSEEUENMEE, the resonance

contribution of the para @©-donor substituents the

carbocation 1 should be significantly lower than that in

g-cumyl cation 2. Indeed an application of the LArSR Eq.
(3-1) to 1 provides an r of 0.86 lower than the unity for
G=cumyzl ocation, jwhéréas & p of $£12.5 is comparable to "Ehat

for d—cumyl cation (Fig. 3-2).

dAG°=-12.5 (6% +0.86AG;) (R=0.999, SD=%0.28) (3-7)

The r=0.86 obtained for a-t-butyl-ad-methylbenzyl cation is
only reduced one-tenth of r=1.00 of O-cumyl cation. The
resonance effect close to O6t-conjugation still remains

this congested cation. The efficiency of T-interaction

between MT-ring and a vacant p-orbital of a carbenium ion

for this system is not so much diminished.

Since the r value of 1.01 for a-ethyl-O-methylbenzyl

cations4) is practically the same r value for d-cumyl

system, the r value does not change with electronic effect

o0t O=~alkyl substituents. This provides the reasonable

aisismpiEiion’ Wl Sthel % varlluel of, unity  for copliamalnr amd

tertiary benzylic cations, regardless of varying a-alkyl

group. Thus the reduced r wvalue of 1 from 1.00 is

dttributed to the decreased resonance interaction between
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penzylic p-orbital and benzene TMN-system caused by the
twisted structure. Interdependenee O i value and
dihedral angle © between the benzylic p-orbital and the

penzene N-system can be described by Eq. (Br=2g) . L34

where i3 and max are the efficiency o resonance
interaction of any system examined and the corresponding
ideal full-conjugative one, respectively, and © is the
dihedral angle of twisting out of coplanarity. According

to Eq. (3-8), the torsional angle between vacant p-orbital

and benzene T-system of cation 1 is given to be 22° as
compared with coplanar o—-cumyl system. Ab initio
calculation supports this result; optimized structure of
carbocation 1 wusing a 6-31G* basis set at Hartree-Fock

level gives the dihedral angle of 24° Dbetween vacant

benzylic p-orbital and benzene N-system (see Chapter 4).

The gas phase stability of unsubstituted o-t-butyl-o-

methylbenzyl cation is found to be lower by 1.1 kcal mol~1

than the corresponding O—cumyl caltaieon; this may be

attributed to polar effect or increased steric hindrance

due to replacing the 0o-methyl group by bulky t-butyl

group, or the loss of resonance stabilization by reduced

Overlapping of both p and T®T-orbitals due to bulkiness

dRomds* Ehie) SNelaiFhiont NeleintHcaisnt 1. The LArSR r values and

relative stabilities of parent substrates (ring
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substituent H) for Oo-substituted benzylic cations were
summarized in Table 3-2. Only O-t-butyl-a-methylbenzyl

system (1) shows different behavior; the parent (1) cation

is more destabilized than Oo-cumyl cation despite its

reduced r value. Asisihiownt S Esn N Eilghs 8830 iEhiel plet " fier I

deviates clearly from the line which 1is nicely correlated

with plots of other systems. Consequently good relation
between the ic value and the Abni=Ras nistie stability
discriminates resonance hindered system such as 1. 30!

wuzEnys SiNE s Nelomicilnidieldt SEhiateStehats® lisnielay, mellati'ontshiip: d's

generally retained for benzylic system as far as the

Table 3-2. The r Values and Relative Gas Phase Stabilities of

Benzylic Cation Systems.

0-Subst. r value Relative Stability?2)
/ kcal mol~1

CF3, #b) £.54 -19.5
CF3, Me€) T4 4D -16.2
H,Hd) 1.29 -12.0
Me, HE) 1.14 -5.2
Me,Mef) 1.00 0.0
Et,Me9) 1.01 0.4
t-Bu, Meh) 0.86 = 05

) Relative to o-cumyl cation. P) Ref. 8. ©) Ref. 7. 9d) Ref. 6.

Pl eer. 5. T par. 3. 9@y €. B gaf. i
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Fig. 3-3. Linear relationship between r value
and stabilities of the unsubstituted member of
each series. A closed circle denotes the

twisted system.
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penzene T-orbital and a vacant p-orbital lie on the same
plane. That 1is, the intrinsic stability of the parent
penzylic carbocation it g a factor which govern the
resonance demand.

The r value of 0.86 for the gas-phase stability of

carbocation 1 is in complete agreement with that of 0.91

opbtained from the recent result of the solvolysis of oa-t-
putyl-O-methylbenzyl chlorides.1l) The identity of r
values between the solvolysis and the gas phase stability
is observed not only free coplanar carbocations but also
sterically twisted one. ilatiNs IEENCHE reveals that the
structure of the transition state of solvolysis should be
quite close to that of the intermediate 1. Thus the
twisting angle 06=17° is estimated for the transition state
by Eq. (3-8), and is identical to the angle 0=22° assigned
for the gas-phase cation (1). LhE¥SSSEiathichs e aldisT =or ¥ a
conclusion that the cation can be used as a model of
resonance structure of the transition state of benzylic
SOASIONBISTNSY. IEjalal: identity of r value between the
solvolysis reactivity and the corresponding gas-phase
cation stability provides quite important information
concerning the real picture of the solvolysis transition

state. Although p values of gas phase cations are twice

as large as those for the solvolysis, the degree of

charge—delocalization 1into the aryl sgatole] M vab LIl remain

€ssentially the same in the gas phase as in the solution.

The solvation of the cation lowers the response to
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substituent perturbation, essentially without the change
in intramolecular charge-delocalization. Furthermore, the
dparge delocalizatioemn iIn the Syl transitiomn .state in the
Penzyididc ssiolllvielfyisiifsiiishollld” @illisie Iguifter ‘cloeisie tlo. those of

the carbocation intermediate.
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