Transition-State Variation in the Solvolysis Reaction
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Rate constants for solvolyses of cyclopentyl para-substituted benzenesulfonates are reported for aqueous binary
mixtures with acetone, ethanol and methanol. These data are interpreted using the equations of original and ex-
tended Grunwald-Winstein relationship, Hammett equation, potential energy surface model, and quantum
mechanical model. The Grunwald-Winstein plots of first-order rate constants for cyclopentyl benzenesulfonates
with Yor, (based on 2-adamantyl tosylate) show a dispersion phenomenon while the extended Grunwald-Win-
stein plots show a good correlation (r>0.997) for the solvolyses of cyclopentyl tosylate, benzensulfonate, and
para-chlorobenzenesulfonate. This study has shown that (i) the magnitudes of m, [ and m/! associated with a
change of solvent composition indicate a relatively advanced bond-breaking in the transition state for the sol-
volysis of cyclopentyl tosylate, (ii) the decrease of p; value with solvent change from pure ethanol to pure wat-
er implies a product-like transition state, where bond breaking is much more progressed than bond formation
(i) both the potential energy surface and quantum mechanical models are applicable for the prediction of the
transition state variation involving more product-like S,2 transition state, and (iv) the Sy2 reaction via product-
like transition state appears to cause the dispersions in the original Grunwald-Winstein correlations.

Introduction

Dispersion into separate lines in the correlation of the

specific rates of solvoysis of a substrate in various binary
mixtures was documented' in early treatments using the
Grunwald-Winstein Eq. (1).

log(k /ko)=mY +c §y)

In Eq. (1), k and &, are specific rates of solvolysis of a
substrate in a given solvent, of solvent ionizing power Y,
and in 80% ethanol, respectively, m is the sensitivity to
changes in Y values, and c is a residual (constant) term. Eq.
(1) is commonly written without the intercept (¢), which is
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not required for typical interpretations, but it is often con-
sidered as a "hidden" adjustable parameter in the corre-
lations.*

In general, dispersion effects in unimolecular solvolyses™®
make smaller contribution to the overall linear free energy
relationship (LFER) than solvent nucleophilicity effects in
bimolecular solvolyses. It was suggested” that a second term
which is govermed by the sensitivity / to solvent nu-
cleophilicity N, should be added to Eq. (1) for bimolecular
solvolyses. The resulting Eq. (2) is often referred to as an
extended Grunwald-Winstein equation.

log(k /ko)=mY +IN @)

It was also suggested that a Y scale based on 2-adamantyl
tosylate solvolysis’ (Yor,) should be the most appropriate,
and Ngr, values can be obtained from Eq. (3).

G)

The main cause of dispersion in the Grunwald-Winstein
plots using Eq. (1) is the different leaving group in the sol-
voysis of a given substrate from that of the standard sub-
strate used to establish the Y scale being used in the corre-
lation." Other causes of dispersion phenomenon are the
resonance stabilization within benzylic carbocations and ap-
preciable crowding in the vicinity of the reaction center."!

The potential energy surface (PES) model' for predicting
transition state variation is based on the application of the
Hammond postulate'® and the Thornton's rule** to the reac-
tion of a nucleophile (N) attacking a substrate (RL),

N(B) + RL(A) — [N--R--L]* > N-R+L (4

While the PES model has been successful in many ap-
plications, one of the prominent failures of this model in-
volved the inability of predicting the effect of changing the
leaving group on transition-state structure of nucleophilic
substitution reactions."

Pross' et al., and Lee et al.,'"’ however, solved this dif-
ficulty by analyzing the effect of leaving groups on tran-
sition-state structure using a simplified quantum mechanical
(QM) model. In the method of Pross et al,' transition
states are defined in terms of linear combinations of reac-
tant configurations. This model has been shown to predict

N o =log(k /ko Jmeors— 0-3Y o6
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correctly the effects of nucleophiles and substrates as well
as of leaving groups when applied to a limited family of
reactions such as the S,2 reaction of benzyl derivatives.

In this work, transition state variation in the solvolysis of
some cyclopentyl para-substituted benzenesulfonates in
EtOH-H,O0, MeOH-H,0 and Acetone-H,O mixtures is in-
vestigated by applying the extended Grunwald-Winstein
equation, the Hammett equation, the potential energy sur-
face model and the quantum mechanical model.

Results and Discussion

Solvent Effects. Rate constants for solvolyses of cy-
clopentyl tosylate, cyclopentyl benzenesulfonate, cy-
clopentyl para-chlorobenzenesulfonate, and cyclopentyl
para-nitrobenzenesulfonate in aqueous binary mixtures of
acetone, ethanol, and methanol are reported in Table 1. In
order to eliminate the dispersion phenomenon due to vari-
ation of leaving group in Grunwald-Winstein plots, we tried
to correlate log k with Yor, using k values obtained in this
work. The Grunwald-Winstein plots of first-order rate con-
stants for cyclopentyl tosylate with Yor, (based on 2-a-
damantyl tosylate) still showed dispersions for cyclopentyl
tosylate, cyclopentyl benzenesulfonate, and cyclopentyl
para-chlorobenzenesulfonate (Figures 1, 2, and 3). However,
the plot of first-order rate constants for cyclopentyl para-ni-
trobenzenesulfonate with Yo, (based on 2-adamantyl
tosylate) showed a little dispersions (Figure 4).

Since cyclopentyl para-substituted benzenesulfonates are
neither conjugated systems nor aromatic rings adjacent to
the reaction center in the substrate, it can not be explained
by phenomenon of the dispersion caused by differential sol-
vation effect on the stabilized reaction center by con-
jugation with adjacent conjugated system or aromatic rings.
Therefore such phenomenon can be explained as dispersion
effect caused by other specific solvent effect or a change of
reaction mechanisms according to the variation of solvent
composition. In order to examine the cause of this disp-
ersion phenomenon, we correlated using extended
Grunwald-Winstein equation with the rate data in Table 1.
The extended Grunwald-Winstein plots showed good corre-
lations for cyclopentyl benzenesulfonates solvolysis (Figures.

Table 1. Rate constants(k) solvolyses of cyclopentyltosylates in aqueous binary mixtures at 25 °C

kx10* sec™’
MeOH EtOH Acetone
viv%
p-CH, H pCl  p-NO, p-CH, H p-Cl p-NO, p-CH, H p-Cl p-NO,
100 0.115 0.171 0.407 2.59 0.0325 0.0732 0.128 0.820

90 0.242 0.388 0.993 4.09 0.103 0.181 0.560 3.68
80 0.515 0.908 2.26 15.8 0.254 0.430 1.34 10.4 0.0288  0.066 0.202 1.93
70 1.05 1.86 4.62 29.6 0.496 0.865 2.64 20.6 0.112 0.207 0.670 5.72
60 2.20 3.72 9.20 57.6 0.907 1.55 5.04 39.2 0.321 0.526 1.84 154
50 4.56 7.51 18.7 108 1.93 3.05 9.52 72.0 0.919 2.06 4.82 37.7
40 9.17 16.0 36.2 207 4.35 7.53 20.0 147 248 491 12.6 91.7
30 19.3 33.1 70.0 378 12.0 22.8 48.6 310 7.69 18.2 33.0 211
20 36.8 65.6 126 635 32.7 479 115 635 21.9 35.8 74.8 442
10 69.1 110 186 944 63.9 112 189 1010 59.3 84.7 148 836

0 101 177 282 1380 101 177 282 1380 101 177 282 1380
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Figure 1. Logarithms of first-order rate constants for solvolyses
of cyclopentyl tosylate at 25°C vs. Yor,.
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Figure 2. Logarithms of first-order rate constants for solvolyses
of cyclopentyl benzenesulfonate at 25 °C vs. Yor,

S, 6,7, and 8).

The nucleophilicity parameter (N) has previously been
shown to give considerable improvement when an IN term
is added to the original Grunwald-Winstein correlations of
the solvolyses reactions. The m value is changed slightly aft-
er removal of dispersion, but the associated standard errors
are substantially reduced. The correlation coefficient of
0.989 in the absence of the IN term was improved to 0.996
with the IN term for cyclopentyl tosylate solvolysis. There-
fore, it shows the importance of solvent nucleophilicity com-
pared to solvent ionizing power for the solvolysis of cy-
clopentyl tosylate. And also, same linear free energy re-
lationships for the solvolysis of cyclopentyl ben-
zenesulfonate and cyclopentyl para-chlorobenzenesulfonate
were improved with good linear correlation coefficients.
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Figure 3. Logarithms of first-order rate constnats for solvolyses
of cyclopentyl para-chlorobenzenesulfonate at 25 °C vs. Yor,
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Figure 4. Logarithms of first-order rate constants for solvolyses
of cyclopentyl para-nitrobenzenesulfonate at 25 °C vs. Yor,.

This indicates that the solvolysis of cyclopentyl derivatives
proceeds by predominantly Sy2 pathway with a more pro-
duct-like transition state (asymmetric TS, [N*-- C---L3"]%),
where bond breaking is much more progressed than bond
formation (vide infra). The S)2 reaction via product-like
transition state appears to cause the dispersions in the
present Grunwald-Winstein correlations.

Substituent Effects. The Hammett plot (Figure 9)
for the variation of substituents of leaving group shows a
good linearity (r=0.997) with large positive slopes, p,=
0.90-1.7 in various alcohol-water solvents at 25 °C (Table
3). Relatively large p, values suggest that bond breaking
tends to be advanced in the transition state of the solvolysis
of cyclopentyl benzenesulfonates. If we assume virtually
separate p values for bond formation (p;<0) and bond break-
ing (p>0),”® positive p, values obtained suggest predom-
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Figure 5. Plot of log(k/k,) for cyclopentyl tosylate against

0.70Y51s+0.91N 615 (r=0.996).
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Figure 6. Plot of log (k/k,) for cyclopentyl benzenesulfonate
against 0.67Y+0.72N (r=0.994).

inance of the bond-breaking in the transition state. The re-
latively loose transition state with a large degree of bond
cleavage predicted for the solvolysis of cyclopentyl arenesul-
fonates in this work is consistent with the relatively small
pxz values found for the Sy2 reactions of cycloalkyl
derivatives.!” It has been shown that the magnitude of pxg,
which is defined by Egs. (5),” is inversely proportional to
the tightness of the Sy2 transition state (or to the distance
between reaction centers on nucleophile (X) and leaving
group (Z), Yxz~, which is the same

log(kyz /kya) = Px Ox + Pz Oz + Pxz Ox Oz (5a)
dpz _ 9px
=Ll =% 5b
pﬂ a GX a O,Z ( )

as Ywm.© Eq. (4); the larger the magnitude of py, the tighter
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Figure 7. Plot of log (k/k,) for cyclopentyl para-chloro-
benzenesulfonate against 0.63Y+0.69N (r=0.999).
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Figure 8. Plot of log (k/k,) for cyclopentyl para-nitro ben-
zenesulfonate against 0.59Y+0.44N (r=0.998).

is the transition state, ie., the shorter is the Y * (or ™).
Moreover, the py, value has been found to be a relatively
large constant value for the S,2 reaction at a primary car-
bon (pyz=0.3), whereas it is a smaller constant at a secon-
dary carbon center (py,=0.1), irrespective of the size of the
group attached to the reaction center. These constant Py
values suggest that the transition state tightness of the Sy2
reactions is tight or loose i.e., Yiz* (or Yx.*) is short or long,
depending on whether the reaction center carbon is primary
or secondary, but the transition state tightness varies very lit-
tle with regard to the group attached to the reaction center."”
The constancy of the transition state tightness has been con-
firmed by the experimental py, values as well as by a high
level ab initio MO calculations,” the difference in the ex-
perimental py, values between the primary and secondary
carbon centers of ca. 0.2 (Apy;=0.2) corresponded to the
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Figure 9. Hanmmet plot for the solvolysis of cyclopentyl ben-
zenesulfonates in alcohol-water at 25 °C.

Table 2. Correlation of the specific rates of solvolysis of cy-
clopentyl benzenesulfonates at 25 °C

Substituents m ) m/l r

p-CH, 0.70 0.91 0.77 0.996
H 0.67 0.72 0.93 0.994
p-Cl 0.63 0.69 0.91 0.999
p-NO, 0.59 0.44 1.34 0.999

Table 3. Hammett p, values for the solvolysis of cylopentyl
para-substituted benzenesulfonates in alcohol-water at 25 °C

Sovlents 100E 100M S50E 50M H,O
PL 1.74 1.54 1.55 1.26 0.92
r 0.998 1.00 0.998 0.998 0.997

Ay* values of ca. 0.1 A (Ay,*=0.1 A).°

Since cyclopentyl derivatives used in this work have a
secondary carbon reaction center and react by the S,2
mechanism,'® the transition state is expected to have a rath-
er loose structure, as evidence by the large component of
Sy2 character (large [ values) as well as by the large p,
values (p,=1.0-1.7). The decrease of p, from pure ethanol
to water (1.7—0.90) implies an increasing importance of
bond making in the. transition state. The transition state is
therefore more product-like (more asymmetric transition
state, [N®-- C---L*"]*), where bond breaking is much more
progressed than bond formation in ethanol than water. This
is again in line with a relatively constant transition state
tightness, ie., Yy~ =constant, since a stronger nucleophile
(EtOH) should lead to a shorter Wwet with a larger Y™
(larger v;), whereas a weaker nucleopile (H;O) leads to a
longer yv* with a shorter Yo *, with approximately con-
stant total tightness, i.e., Yy * =Yoo ™ +Yo * = constant.

Application of the PES model. The most recent
and convenient method of application of the PES model is
to use a More O'Ferrall type of energy surface’ (Figure 10)
in predicting the changes in the structure of the transition
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N-C bond formation

N—(II—-L

Figure 10. Potential energy surface for nucleophilic substitution
of cyclopentyl benzenesulfonates; N is the nucleophile, and en-
ergy minima and maxima are repreented by circles and star
marks, respectively.

state as a sustituent in the substrate, the nucleophile, or the
leaving group is changed. Since it is well established that
bond-breaking is more ahead of bond-making in the tran-
sition state of nucleophilic cyclopentyl sulfonates sub-
stitution, the transition state will lie on the reaction coor-
dinate between Syl and Sy2 paths. It can be readily shown
that both an early, F, and a late, G, transition states would
not be consistent with the experimental results. Similarly
simple considerations of the effects of substituents in the
substrate lead us to reject the Syl mechanism as untenable;
an electron-withdrawing substituent in the leaving group
should stabilize the upper left corner which is on the reac-
tion coordinate of the Syl path and the first transition state
H will move toward reactants corner (the second transition
state, I, away from products comer) hence C-L bond
cleavage should decrease in contrary to the experimental
results; the small p; values obtained for a higher ionizing
power solvent suggest a shorter C-L bond in the transition
state. The increase in ionizing power of solvent mixture
should enhance the leaving ability by assisting the leaving
group L to depart more easily causing a slight increase in
the length of the C-L bond. On the PES diagram, the in-
crease in the ionizing power stabilizes the upper corner, and
this should cause the transition state A to move to, e.g. D
which is obtained as a vector sum of AB and AC. Thus vec-
tor AD will be somewhere in between the vector AB and
AC depending on the magnitudes of the two vectors. The
PES model now predicts that the increase in the ionizing
power should always lead to a longer N-C bonds ir-
respective of whether perpendicular or parallel effect is
stronger. This is consistent with the experimental results
since smaller p; values clearly indicated a shorter C-L to-
gether with a longer N-C bond (keeping approximately con-
stant Yy;¥) as the ionizing power of solvents is increased in
water. Thus we conclude that the PES model predicts tran-
sition state variation correctly for Sy2 reaction of cy-
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Table 4. The structural effects of the key configurations on the
reaction complex, [N---R---X]

Structural effect

Configuration

N-R R-X
BA loose tight
B'A” tight loose
BA* loose loose

clopentyl benzenesulfonates.

Application of the QM model. In general four types
of interactions are involved in the perturbation of a system,
A, by another, B: electrostatic, polarization, exchange re-
pulsion, and charge transfer interactions.”””> The former two
are long range whereas the latter two are short range com-
ponents of intersystem interactions. Pross and Shaik™ con-
sidered only the two, polarization and charge transfer, in
their quantum mechanical description of transition state
structure. They expressed various states of the reaction com-
plex as a linear combination of the three configurations;
ground BA, polarized BA* and charge transferred B*A~
configurations. In a nucleophilic substitution reaction, B
may be a nucleophile N and A a substrate RX with a leav-
ing group X. Analysis of bonding characteristics and the re-
lative contribution to the structure of the transition state of
the three key configurations allow us to predict how the
transition state will change as a result of a given per-
turbation. Examination of the structural implications as-
sociated with each configuration using an MO and VB des-
cription led Pross and Shaik to a set of simple rules for
prediction the structural effects of the three configurations
on the reaction complex as presented in Table 4. Let us
now apply the QM model based on these rules of structural
effects. Application of the model to the predictions of ef-
fects of the nucleophile and substrate is entirely analogous
to that for the benzyl and sulfonyl system.”*** An increase
in the nucleophile strength (ethanol) will increase electron
donating ability of the nucleophile and hence increase the
contribution of the B*A~ configuration to the transition
state. Reference to Table 4 suggests that as a consequence
both nucleophile-substrate (N-C) bond formation and sub-
strate-leaving group (C-L) bond should increase. The ex-
perimental results obtained in this work support these pred-
ictions. It can be seen that the p, value increases in the ord-
er of nucleophilicity (Table 3). Increasing electron with-
drawing ability in the leaving group has the effect of in-
creasing leaving ability, which will result in lowering the en-
ergy of the B'*A~ and BA* configuration in which electrons
are already largely localized on the leaving group. Thus the
contributions of these two configurations to the transition
state will increase. Reference to Table 4 also suggests a
looser C-L bond while the effect on N-C bond length is unc-
ertain since two opposing effects are predicted. The ex-
perimental m/l values increase in the order X=p-CH;<H<p-
Cl<p-NO,, where X is the substituent in the leaving group
ring since the bond-breaking is slightly more advanced in
the transition state. Therefore, quantum mechanical ap-
proach is well established to propose the product like tran-
sition state for the solvolysis of cyclopentyl ben-
zenesulfonates.

In" Sun Koo et al.

Conclusions

This study has shown: (i) the magnitudes of m, ! and m/I
associated with a change of solvent composition indicate
that bond-breaking in the transition state is relatively more
advanced, (ii) the decrease in p, from pure ethanol to pure
water suggests that a more product-like transition state
(asymmetric TS, [N* - C---L%"]¥), where bond breaking is
much more progressed than bond formation is obtained
upon increasing solvent nucleophilicity, (iii) both the PES
and QM models correctly predict the transition state vari-
ation to a more product-like Sy2 transition state, and (iv) the
dispersions in the Grunwald-Winstein correlations in the
present studies are caused by the product-like S,2 transition
state structure.

Experimental

Cyclopentyl para-substituted benzenesulfonates were pre-
pared by the previous method.” Gr grade methanol, ethanol
and acetone (Merck) were used without further purification.
Water was used after purification as described in the pre-
vious report.® Kinetic measurements were done con-
ductometrically using the same apparatus and thermostatic
bath as before.® Pseudo-first order rate constants were det-
ermined by the LSKIN program.”’” Rate constants were ac-
curate to +3%.
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pH and Micellar Effects on the Quenching of Tris(2,2'-bipyridine)Ruthenium(ll)
Luminescence by 1-Alkyl-4,4'-bipyridinium : Evidence of Deep Embedment of
the Quencher Cations in Sodium Dodecyl Sulfate Micelle

Joon Woo Park* and Yu Na Kim

Department of Chemistry, Ewha Womans University, Seoul 120-750, Korea
Received October 28, 1996

The effects of pH and sodium dodecyl sulfate (SDS) micelle on the quenching of Ru(bpy),** luminescnce by
N-alkyl-4,4'-bipyridinium ions (RBPY*: R=methyl, octyl, dodecyl, benzyl) were investigated. In the absence of
SDS, the quenching rate at pH 2 is similar to that of the corresponding methylalkyl viologens and much great-
er than that in pH 8 solution due to greater reducibility of the protonated form of RBPY* (HRBPY?>). The
quenching rate at pH 2 is strongly enhanced by the presence of SDS, while that at basic pH is greatly retarded.
These observations are explained by deep embedment of RBPY" into the hydrophobic hydrocarbon region of
the micelle, whereas Ru(bpy),®>* and HRBPY* locate in the Stern layer of the micelle.

Introduction

The electron transfer quenching of luminescence from tris
(0,0 -diimine)ruthenium(Il) complexes by viologens has
been extensively investigated in relation to the development
of light to chemical energy conversion schemes' and photo-
sensitized reductive transformation of organic compounds'®"
where viologens behave as electron mediators. The rate of
the quenching reactions is greatly enhanced by the presence
of anionic micelles such as sodium dodecyl sulfate (SDS),
largely due to condensation of the electron donor and ac-
ceptor pairs in the potential field of the anionic mi-
croparticles by electrostatic interaction.* However, dif-
ferent degree of embedment of viologens into micellar in-
terface depending on the alkyl chain length also influences
the surface diffusion of the viologens in micelles and thus
the quenching rate.*%’

R—©—©N __—:_:- RN~ O+

Basic Form (RBPY+) Acidic Form (HRBPY2+)

1-alkyl-4,4'-bipyridinium ions (RBPY*) undergo the fol-
lowing acid-base equilibrium. The acidic form (HRBPY?*)
has structural similarity to viologens, while the basic form
is a substituted pyridinium ion which can be considered as
an analog of coenzyme NAD*!> Because of these inter-
esting characteristics, the pH-dependent electrochemical'®
and spectroscopic'*'>!7 behaviors of the compounds as well
as the ability of the compounds as electron mediators in
redox reactions in homogeneous media have been in-
vestigated.®™ An nmr study indicated that the bipyridine
moiety of RBPY* intercalates between the hydrocarbon
chains of the SDS micelle. In this paper, we have studied
the emission quenching of Ru(bpy),”* by various RBPY* in
acidic and basic solutions. The opposite effect of 'SDS on
the quenching reaction rate depending on pH is discussed in
terms of difference of the locations of HRBPY* and RBPY*
in the micelle.

Experimental Section

Sodium dodecyl sulfate was obtained from Fluka and was
purified by recrystallization from ethyl alcohol after wash-
ing with diethyl ether. Chloride salts of 1-alkyl-4,4'-bi-



