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A DFT study of transition structures and
reactivity in solvolyses of tert-butyl chloride,
cumyl chlorides, and benzyl chlorides

Ferenc Ruff®* and Odon Farkas®

DFT computations were performed on the Sy1 and Sy2 solvolyses of substituted cumyl chlorides and benzyl chlorides
in ethanol and water, by increasing stepwise the C—Cl distance and by optimization. The total energy increases with
the increase in the CI—C distance in Sy1 reactions, while free energy of activation pass through maximum. To validate
the results, the calculated free energies of activation were compared with data obtained by kinetic measurements.
The structural parameters of the transition states were correlated with the Hammett substituent constants and
compared with the data of hydrolyses of tert-butyl chloride and methyl chloride, which proceed with known
mechanisms. Conclusions on the mechanisms of the reactions were driven from the effect of substituents on free
energies of activation. Cumyl chlorides substituted with electron-donating (e-d) groups solvolyze with Sy1 mech-
anism, while the reactions of substrates that bear electron-withdrawing groups proceed with weak nucleophilic
assistance of the solvent. Benzyl chlorides hydrolyze through an Sy2 pathway except those derivatives that have
strongly e-d groups, where the reaction has Sy1 character, but a weak nucleophilic assistance of the water should also
be taken into consideration. Copyright © 2007 John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.wiley.com/
suppmat/0894-3230/suppmat/
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INTRODUCTION

The mechanism of aliphatic nucleophilic substitutions has been
thoroughly investigated.! Sy1 reactions proceed with rate-
determining formation of intimate and/or solvent separated ion
pairs,” while concerted Sy2 reactions proceed with the
synchronous formation and splitting of bonds of the nucleophile
and the leaving group,”' respectively. In Sy1 reactions of
adamantyl halides,*® the nucleophile does not take part in the
rate-determining step because of steric hindrance. Nevertheless,
in other cases the rate-determining heterolysis and the
amount of nucleophilic solvent assistance depend on electronic
and steric effects of substituents.® Bentley and Schleyer®?
designated the mechanisms which involve nucleophilically
solvated ion pair intermediates by the term Sy2 (intermediate).
Gajewski explained,” however, reactivity in nucleophilic substi-
tution reactions by hydrogen bond donation to the leaving
group, rather than by the nucleophilic solvent participation.

Earlier we made DFT computations™ on the effect of sub-
stituents on activation parameters and transition structures
of Sy2 reactions. Free energy, enthalpy and entropy of activation
data were correlated with the Hammett o constants®™®! (Eqn 1,
P=G, H, orS).

APE — sAPts + APE (1)

AP*and AP! are the activation parameters of the substituted and
unsubstituted compounds, respectively. The SAP* reaction
constants are the changes in the activation parameters per unit
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change in the o substituent constants. By using Heppler’s
theory”! we have shown™ that in Sy2 reactions the rearrange-
ment of the solvent molecules influences mainly the values
of the experimentally determined entropy and enthalpy of
activation. These parameters, however, decrease/increase
together with the increase/decrease in solvation, and their
changes approximately cancel each other, according to equation
SAGH = SAH* - TSAS* ~ 0. Therefore, the AG* values, obtained by
DFT calculations approximate well the experimental data for Sy2
reactions. The effect of solvent polarity on reactivity (on AG') can
be computed with the polarizable continuum model (PCM) of
solvents implemented in the Gaussian program package.”! The
use of the PCM solvent model means that calculations are carried
out in a polarizable, continuous medium of the same dielectric
constant as the solvent. On the other hand, calculated and
experimental AH' and AS' data may deviate from each other
because the rearrangements of the solvent molecules, which
proceed during the reactions, are not taken into account with the
applied computational methods.

To test the methods of calculations in Sy1 reactions, and to
study the change of mechanism and reactivity with substituents
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Scheme 1. Hydrolysis of tert-butyl chloride (1) and methyl chloride (5)

in aliphatic nucleophilic substitutions we made DFT compu-
tations on the solvolyses of cumyl chlorides and benzyl chlorides.
The first reaction has been accepted to be an Sy1 processes, the
mechanism of the latter one was thought to change with the
substituents of the benzene ring."’ To validate the method of
computations the widely investigated hydrolyses of tert-butyl
chloride and methyl chloride have also been studied.

RESULTS AND DISCUSSIONS

Hydrolysis of tert-butyl chloride and methyl chloride

Tert-butyl chloride (1) is thought to hydrolyze with an Sy1
mechanism!'##2048] (Scheme 1, 1 = TS 3), though evidences
have also been presented®®*'% that the reaction proceeds with
nucleophilic assistance of the solvent [Sy2 (intermediate)
mechanism, Scheme 1, 1+ 2A < TS 4]. We made calculations
on this reaction at DFT(B3LYP)/6-31G(d) level. Selected structural
data and thermochemical parameters, computed for both
mechanisms can be found in Tables 1 and 2, moreover in Tables
S1 and S5 in the Supplementary Materials.

In the Sy1 reaction the total energy (E) of the tert-butyl chloride
species increases continuously with the increase in the C—Cl bond,
therefore, locating corresponding TS on the potential energy
surface is impossible. However, free energy has a maximum along
the reaction path and can be used to identify the transition state
(TS). Free energy (G), enthalpy (H), and entropy (S) values for
finding the appropriate structure for TS 3 were computed via
relaxed scan applied on the C---Cl distance. The AE}, AG', AH?,
and AS' activation parameters were calculated from the
differences of the E, G, H, and S values of the scan points and
reactant 1. AG' data have a maximum value at R(CIC) =3.25A,
other activation parameters increase continuously with the
increase in the C---Cl distance (Fig. 1). The structure with maximum
value of AG" is regarded as the TS of the Sy1 process. TS 3 has one
imaginary frequency, which corresponds to the splitting of the
C---Cl bond. Weak interaction occurs between the Cl and t-Bu
moieties in TS 3, the charge of chlorine is less than unity, the
tert-butyl group shows slight deviation from coplanar arrangement
(Table 1). AG*=90.1 kJ mol~" was computed for the formation of
TS 3, while AGH=81.8kJmol~" was obtained from the measured
first-order rate constant''" in water, at 298K (Table 2).

Table 1. Charges (Q, a.u.), bond distances (R, A), and bond angles (6, degree) of the TSs of hydrolyses of tert-butyl chloride (TSs 3 and
4), methyl chloride (TS 6), cumyl chlorides (TSs 8 and 9), and benzyl chlorides (TSs 11 and 12), calculated at (B3LYP)/6-31G(d) level, in
water (for 3, 4, 6, 11, and 12) and ethanol (for 8 and 9), at 298K

TS X Q(Cl) Q(0) R(CIC) R(OQ) 6(CICO) A(CICR)? g(clcch
3 — —0.889 — 3.25 — — 93.2 —

4 — —0.890 0.068 3.044 2.668 177.6 92.0 —

6 — —-0.717 0.264 2425 1.904 177.9 86.8 —
8a H —0.934 — 3.337 — — 86.7 99.0
8b 4-MeO —0.921 — 3.165 — — 90.0 99.2
8c 4-NO, —0.900 — 3.367 — — 88.5 100.4
9a H —0.927 0.042 3.233 2.892 169.6 88.5 96.1
9c 4-NO, —0.907 0.095 3.204 2479 178.5 88.2 90.0
11a H —0.946 — 3.684 — — 75.9 117.3
11b 4-MeO —0.929 — 3.314 — — 76.7 118.9
11c 4-NO, —0.928 — 3.889 — — 77.8 114.4
12a H —0.821 0.215 2.699 2.049 157.6 79.0 101.6
12b 4-MeO —0.898 0.197 2.927 2.101 149.7 754 106.4
12c¢ 4-NO, —0.760 0.252 2.593 1.971 164.5 80.8 97.0
®R=H or Me.
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Table 2. Calculated and experimentally derived activation parameters (AG*, AH*, ASY) of the hydrolyses of tert-butyl chloride (1),
methyl chloride (5), cumyl chloride (7a), and benzyl chloride (10a), and effect of substituents on free energy of activation (SAG?) in

reactions of substituted compounds

298 K.

2In kymol™".

bIn khmol "o .
“In Jmol 'K,

¢ Measured in 90% acetone-water.
fData for compounds with substituent constants o > 0/c" < 0.

Reaction AGL, " AGL,,° SAG, " SAGE," AHL,C AHE AS € ASLS
157153 90.1 8138 — — 1028 972 204 51.0
142 TS5 4 93.1¢ 918 — — 1024 97.2 315 ~18.1
54257156 1212 126.7 — — 80.1 115 ~138 ~509
7a = TS 8a 523 923 335 280 63.2 79.5¢ 36.6 ~54.0°
7a+2 =TS 9a 59.8 99.4 36.0 280 714 — 303 —
10a = TS 11a 99.2 101 56.2 11.8/28.6'

10a+2 = TS 12a 99.9 11 127 11.8/28.6' 60.3 85.3 —131 ~85.3

Calculations [at DFT(B3LYP)/6-31G(d) level]l and measurements were carried out in water (for 1, 5, and 10a) and in ethanol (for 7a), at

d Calculated for the reaction 1+ 2C < TS 4+ 2B, for the reaction 1+ 2A = TS 4 AG'=112.6kJmol~" was obtained.

The optimized structure of TS 4 of the Sy2 (intermediate)
mechanism can be computed with two imaginary frequencies,
one of them corresponds to the stretching vibration of the C---Cl
bond, the other to the libration of the very weakly bonded water
molecule. The bond distances of TS 4 (Table 1) agree well with
data [R(CC)=3.0A R(OC)=26A] calculated by Jorgensen
et al" in a detailed study on the hydrated H,O--t-Bu™Cl~
contact ion pair in water. The R(CCl) = 3.390 Aand R(OC) = 1.742 A
bond distances calculated by Martinez et all'® for TS 4 show
great deviations from the former values, and rather due to
the complex of chloride ion and protonated tert-butanol
(CI™--tBuOH3), bonded with Cl---H hydrogen bondings together.
Though the calculated R(CCl) distance of TS 4 is somewhat
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Figure 1. AFY/AGY/AHY/AS* versus R(CIC) plots of the formations of TSs
3, 8a, and 11a in the Sy1 solvolyses of tert-butyl chloride (1) cumyl
chloride (7a), and benzyl chloride (10a), respectively. Calculations were
performed at (B3LYP)/6-31G(d) level increasing the R(CIC) distance step-
wise, in water (for 3 and 11a) and ethanol (for 8a), at 298 K

shorter than that of TS 3, the structures of the Cl---t-Bu moieties
are very similar in both TSs (Table 1). On the other hand, in the
case of TS 4 the R(CCl) and R(OC) bond distances are much longer,
the negative charge of chlorine is greater, the positive charge of
the oxygen atom is much smaller than in TS 6, calculated
for the Sn2 hydrolysis of methyl chloride (5) (Scheme 1, Table 1).
The bond distances calculated for TS 6 agree well with the data
R(CCI) = 2.500 A and R(OC) = 1.975 A obtained by Aida et al.!'* for
this structure.

The AG'=1212kimol™" value, computed for the Sy2
hydrolysis of methyl chloride (5+2A < TS 6) agree well with
AG*=126.7k)mol™" obtained by kinetic measurements™® in
water, at 298 K (Table 2). In the reaction of tert-butyl chloride and
one water molecule (14+2A <= TS 4) the AG'=1126 and
91.8kJmol™" data, calculated by the DFT method and from
the k,=k;/[H,0] rate constants,"" respectively, show greater
deviation, which may originate from the second imaginary
frequency of TS 4. To improve the results, the thermochemical
parameters of the H-bonded associations of two (Scheme 1, 2B)
and three water molecules (2C) were also calculated with zero
and one imaginary frequency, respectively. The imaginary
frequency of 2C corresponds to the libration of the third
water molecule, being only a H-bond acceptor. For the reaction
with three water molecules (n=3; 1+2C < TS 4+ 2B) AG' =
93.1 ki mol~" was calculated, which is in better agreement with
the experimentally derived value (Table 2). In the latter reaction
there is a species both on the reactant and the product sides (2C
and TS 4) with an imaginary frequency, which due to the libration
of a water molecule. The imaginary frequency correction (IFC,
refer to details in Section Computational Methods) can be used to
decrease errors in computed AG' data.

Computed structural data refer to weak interaction between
the t-Bu and the water species in TS 4. In accordance with the
results of former investigations,**>'% the calculations also
support that the hydrolysis of tert-butyl chloride proceeds
via Sn2 (intermediate) mechanism with the nucleophilic
assistance of water, however, the C:--O bond in TS 4 is much
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Scheme 2. Hydrolysis of cumyl chlorides (7) and benzyl chlorides (10)

weaker than in TS 6 of the Sy2 hydrolysis of methyl chloride
(Table 1).

Solvolysis of cumyl chlorides

The nucleophilic substitution reactions on cumyl chlorides (7) are
regarded to proceed! """ with an Sy1 mechanism (Scheme 2,
7 = TS 8). Rate constants of the hydrolysis of these substrates,
measured in 90% acetone-water solvent mixtures, were used to
determine® the o™ substituent constants. Some authors''®'?!
claimed that the hydrolysis of cumyl derivatives proceeds with
the nucleophilic assistance of water (7 + 2A < TS 9). On the other
hand, Kevil and Dsouza® and Richard et al.*" have presented
evidences using the extended Grunwald-Winstein equation that
solvation of these compounds is reduced and becomes
insignificant upon increasing internal electron donation.

The optimized structures for reactants and TSs, and the
activation parameters for solvolysis of cumyl chlorides have been
calculated at the DFT(B3LYP)/6-31G(d) level in ethanol. Structural
and thermochemical parameters are listed in Tables 1 and
2 moreover in Tables S2 and S6 in the Supplementary Material.
The total energy of TS 8a, and the AG, AH, and AS* activation
parameters of the Sy1 solvolysis (7a < TS 8a) pass through
maxima, with the increase in the R(CIC”) distance (Fig. 1). The Sy1
reaction can be calculated therefore both by optimization or by
increasing the R(CIC7) distance stepwise, and R(CIC”)=3.33 and
3.25A, just as AG" =49.9 and 50.8 kJ mol~" were obtained for TS
8a by these methods, respectively. In this reaction, the total
energy and the activation parameters have maximum values,
because at R(CIC’) > 3.4 A, the TS 8a is transformed to complex of
the cumyl cation and the chloride anion [CgHsC(CH3)S---Cl7],
bonded with CH---Cl hydrogen bonding together. The TSs 8,
calculated by both methods have higher energy than the
complexes, and have only one imaginary frequency, which
corresponds to the splitting of the Cl---C” bond.

The structures of TSs 9 of the Sy2 (intermediate) mechanism
can be calculated by optimization only for the unsubstituted TS
9a and for those derivatives that have electron-withdrawing (e-w)
X substituents. Water is bonded relatively strongly in the TSs 9 of
the X=4-NO, and 3-NO, derivatives. These TSs have only one
imaginary frequency, which leads to the splitting of the CI—C”
bond and the formation of the O—C” bond. TSs 9 bearing e-w
substituents from X=4-CN to X=H have a second imaginary
frequency, which is the libration of the weakly bonded water
molecule. Optimized structures cannot be calculated for TSs 9 of
compounds having the electron-donating (e-d) 4-MeO and 4-Me
groups.

The structural parameters of the XCgH4(CH3),C---Cl moieties of
TSs 8 and 9 are similar. The computed charges (Q) and bond
distances (R) of the Cl atom depend only slightly on the
mechanism of the reactions, and on the electronic effects of the
X substituents, and do not give linear correlations with the o™
constants (Fig. 2). On the other hand, in TSs 9 the Q(O) positive
charge of the oxygen atom of water increases, while the R(OC’)
distance decreases with the increasing o constant and e-w
effect of the X substituent. These parameters display linear
correlations with the o constants (Fig. 2).

The computed and experimentally derive activation
parameters give linear correlations with the o™ substituent
constants (Fig. 3). To correct the errors originating from the
second imaginary frequencies of some TSs 9, the activation
parameters were calculated according to the reactions 7 + 2B =
TS 94 2A and 7+2C = TS 9+ 2B for the nitro substituted
compounds (with one imaginary frequency), and for other
derivatives with weaker e-w groups (with two imaginary
frequencies), respectively, using the IFC method. The calculated
AG* values are smaller than the experimental data measured in
ethanol. One of the reasons of the differences can be that
calculations were performed with the water nucleophile instead
of ethanol to promote convergence during geometry optimiz-
ations. The slopes, of the computed and experimentally derived
AG" versus o plots, are similar and depend only slightly on the
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Figure 2. Charges (Q) and bond distances (R) of the TSs of Sy1 (7 < TS 8,
Scheme 2) and Sy2 (7 +2A < TS 9) solvolysis of cumyl chlorides (7),
calculated at (B3LYP)/6-31G(d) level in ethanol, at 298 K. [Correlations for
TS 9: Q(0) =0.0683 o+ 0.0366 (r=0.976), ROC’) = —0.543 ¢ +2.91
(r=0.995).]
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Figure 3. Calculated and experimentally derived"® AG*/AH* versus o™
plots of the Sy1 (7 < TS 8, Scheme 2) and Sy2 (7 + 2 = TS 9) solvolysis of
cumyl chlorides in ethanol, at 298 K. Calculations were performed at
(B3LYP)/6-31G(d) level. Experimental data were calculated from the first-
and second-order rate constants for Sy1 and Sy2 reactions, respectively.
[Correlations for calculated data in ethanol, Sy1: AG'=3350"+ 523
(r=0.998), AH'=36.00" 4 63.2 (r=10.996), AS' =366+
6.0Jmol " K™"; S\2: AG'=36.00"+59.8 (r=0.988), AH'= 30201 +
714 (r=0.991), AS* =30.3 £ 7.9 Jmol~' K. Correlations for experimen-
tally derived data;l'® ethanol, Sy1: AG! =28.00" +92.3 (r=0.994); Sy2:
AG'=2800"+99.4 (r=0.994). Methanol, Sy1: AG'=27.50"+86.2
(r=0.995). 90% Acetone-water, Sy1: AG'=26.16"+95.6 (r=0.998),
AH' = 1730" +79.5 (r=0.949), AS'=—29.56" —54.0 (r=0.568). Data
measured in methanol and 90% acetone-water mixtures are not plotted
in the figure.]

mechanism of the reaction and on the solvent (Table 2, refer to
data given in caption of Fig. 3). Very similar slope for the
AG' versus o plot (SAG'=259kJmol™") was calculated by
DiLabio and Ingold™® for the hydrolysis of cumyl chlorides in
water.

Entropies of activation computed for both mechanisms are
positive (Table 2, AS*~35Jmol™'K™") and proved to be
independent of the X substituents; therefore, the slopes of the
calculated AG* versus o and AH* versus o+ plots are almost equal
in ethanol (SAG*, ~ SAH*, AS* ~ 0, Fig. 3). On the other hand,
negative entropy of activation values were measured"® in 90%
acetone-water solvent mixture (AS*=—54Jmol "K' for the
reaction 7a < TS 8a, Table 2, Fig. 3) because charges formed in
the TS need solvation. The difference of the computed and
measured entropy of activation data can be another reason of the
difference of the computed and measured AG* values.

The results of computations support that solvolysis of cumyl
chlorides proceed with Sy1 mechanism for compounds bearing
e-d groups, and with Sy\2 (intermediate) mechanism for
derivatives having e-w substituents. However, in accordance
with results of former studies,’®" the nucleophilic assistance of
the water molecules in the Sy2 (intermediate) process is weak, it
decreases markedly with the decreasing e-w effect of the
substituents (Fig. 2), and does not influence the substituent effect
significantly (Fig. 3). The SAG* values can be calculated with good
approximation for both mechanisms of the reaction. The
calculated charges and bond distances of TSs 8 and 9 similar
to those of TSs 3 and 4 of the hydrolysis of tert-butyl chloride,
respectively (Table 1).

Journal of Physical
Organic Chemistry

Hydrolysis of benzyl chlorides

The mechanism of the hydrolysis of benzyl chlorides (10) was
supposed to change with the substituents of the benzene ring.
Kohnstam®® has presented evidences that benzyl chlorides,
substituted with strongly e-d 4-MeO or 4-PhO groups react by
the Sy1 mechanism (Scheme 2, 10 < TS 11), while those
substrates which bear alkyl or e-w groups hydrolyze by the Sy2
mechanism (10 + 2 < TS 12). On the other hand, Friedberger and
Thornton,* besides McLennan®®! came to the conclusion that
loose and tight Sy2 TSs are more consistent with the observed
kinetic isotope effect data, even in the case of the 4-MeO
substituted derivative. Moreover, simultaneous or border-
line Sy1-Sy2 mechanisms,'2?”! and the participation of ion-pair
intermediates?®2°! have also been proposed for the hydrolysis of
benzyl chlorides bearing e-d groups.

We have performed DFT calculations on the reactants and TSs
of the Sy1 and Sy2 hydrolyses (Scheme 2) of several ring-
substituted benzyl chlorides in water, at 298 K. Parameters of the
optimized structures and thermochemical data are listed in
Tables 1 and 2 moreover in Tables S3, S4, S7, and S8 in the
Supplementary Material. The calculated activation parameters
for Sy1 and Sy2 reactions have been compared with the data
obtained from the first- (k;) and second (k, = k;/[H,0])-order rate
constants, respectively, measured in water®® and in 50 and 70%
acetone-water mixtures.2327:3"]

Scans have been made to calculate the structure of TSs 11 of
the Sy1 hydrolysis of benzyl chlorides (10) at the (B3LYP)/
6-31G(d) level, increasing the Cl—C” distance stepwise. The
obtained optimized structures of minimum energy have only one
imaginary frequency, which is the stretching vibration of the
Cl---C” bond. The calculated AEY/AGHAHY/AS* versus R(CIC?) plots
for TS 11a of the reaction of benzyl chloride (10a) are given in
Fig. 1. Only the AG* data have a maximum at 3.68 A, where AS*
begins to increase steeply. This structure with maximum value of
AG! can be regarded as TS 11a of the Sy1 reaction.

In TSs 11 the net Mulliken charges of chlorine is approximately
—0.94a.u,, the Cl---C” bond is perpendicular to the aromatic ring
[p(CIC7C'C?) ~90°], the H® and H® atoms are coplanar with the
benezene ring [p(H3C'C'C?) ~—179°, @HEC'C'C?) ~ —0.5°].
These data do not depend on the X substituent of the aromatic
ring significantly; only the Q(Cl) charges of 4-MeO and 4-NO,
derivatives are slightly different (—0.928 a.u.). On the other hand,
the R(CIC’) distances increase, the 6(CIC’C") angles decrease
(Table 1), the TSs become looser with the increasing e-w effect
and o' constant of the X groups [R(CIC")=0.280" +3.66 (r=
0.981); H(CIC’C") = —3.276" + 117 (r=0.919)].

The optimized structures for the Sy2 TSs (12) of the hydrolysis
of benzyl chlorides (10) can be calculated at the (B3LYP)/6-31G(d)
level with one imaginary frequency for compounds bearing
substituents from 4-NO, to 4-Me groups. The calculations on TS
of the 4-MeO derivative (12b) resulted in two imaginary
frequencies because water is bonded much looser to the C’
atom in this case. TSs 12 have distorted trigonal bipyramidal
(TBP) geometry [A(CIC’O) ~ 160°]. The Q(Cl) negative charge, the
R(CIC’) and R(OC’) distances as well as the 6(CIC’C") and H(OC’C")
bond angles increase, whereas the Q(O) positive charge and the
A(CIC’0) bond angle decrease with the decrease in the o
constants of the X substituents (Figs. 4 and S1). Thus, with the
increasing e-d effect of the substituents, both the leaving group
and the nucleophile move away from the C’ atom and from
the benzene ring. Loose and tight TSs are formed with more
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Figure 4. Plots of the Q(Cl) and Q(O) charges and R(CIC’) and R(OC”)
distances of TSs 12 against the o substituent constants for the reactions
XCgH4CH,Cl 4+ H,0 < TS 12, (Scheme 2) calculated at (B3LYP)/6-31G(d)
and (B3LYP)/6-311+4G(d,p) levels, in water, at 298 K. [Correlations, (B3LYP)/
6-31G(d) level: Q(Cl)= 0.0700" —0.819 (r=0.994), Q(O)= 0.0416" +
0218 (r=0987), R(CIC’)=—0.1420" 42700 (r=0.992), R(OC’)=
—0.0880" + 2.047 (r=0.994); (B3LYP)/6-31 1+G(d,p) level: Q(Cl)=
0.0950" — 0.915 (r=0.994), Q(0) = 0.0420"" 4 0.299 (r=0.967), R(CIC") =
—0.2610" +2.859 (r=0.990), ROC’)=—0.0700"+ 2.045 (r= 0.989).
The data of the 4-MeO derivative (TS 12b) were omitted from the
correlations.]

and less distorted TBP geometry in the presence of e-d and
e-w substituents, respectively. Structural parameters give linear
correlations with the o substituent constants (Figs. 4 and S1)
because e-d through-conjugation exists between the X sub-
stituents of the aromatic ring and the reaction center. The plane
of the Cl---C”---O atoms is perpendicular to that of the benzene
ring [p(CIC’C'C?) ~90°, ¢(OC’C'C?) ~ —90°]. Even more polar
and looser structures with greater negative Q(Cl) and positive
Q(0) charges, R(CIC”) distances as well as /(OC’C") and 6(CIC’C")
bond angles were obtained for the calculations performed at the
higher (B3LYP)/6-311 +G(d,p) level (Figs. 4 and S1, Table S4).
Late TS 12a is formed in the Sy2 reactions of benzyl chloride
because water is a poor nucleophile. The hydrogen atoms of
the CH, group are bent towards the chlorine [p(H3C’C'C?) ~ 173,
@(H¥C’C'C?) ~5.7°]. By use of the calculated C—Cl and C—O
bond distances (R,) of benzyl chloride (10a; 1.864A) and
protonated benzyl alcohol (13; 1.545 A), furthermore the
distances of Cl---C’ and O--C’ bonds (R) in the symmetric
(n=0.5) TSs 14 (2.182 A), and 15 (2.565 A) and in TS 12a of the
hydrolysis (2.699 and 2.049 A), the bond orders n = 0.44 and 0.58
were calculated for Cl--C’ and O--C’ bonds of TS 12a,
respectively, with the Pauling equation®®? [R-R,=a In (n)].

(a=—0.920 and —1.011 were calculated for the Cl---C” and O---C’
bonds, respectively.)
Ph 1O I"h ®
®
CgHsCHR0OH, Cl----C---Cl Hz0----C---OH,
H H ' H H
13 14 15

Free energies of activation, computed for the S\2 reactions in
water (10+2 < TS 12), give linear correlations with the o™
constants (Fig. 5), and e-d effect of substituents accelerate the
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115:
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Figure 5. AG'! versus o' plots for the Sy2 hydrolysis of

XCgH4CH,Cl 4+ H,0 = TS 12 (Scheme 1 T=298K). Computations were
performed in water (W) at (B3LYP)/6-31G(d) and (B3LYP)/6-311+G(d,p)
levels with optimization and with SPEC. Experimental data were calcu-
lated from the second-order rate constants (k, = k;/[H>0]) measured in

water®® (W) and in 50 and 70v/v% acetone-water (A-W) mix-
[23,27,31]

tures. [Correlations:  W(calc, 6-31), AG'=12.76"+99.9
(r=0.983); W(calc, 6-311), AGH= 20.70" +113 (r= 0.995); W(SPEC,
6311), AG'=1600"+117 (r=0986) Wiexp), for o >0, AGH=

11807 +111 (r=1.000), for o+ <0, AG'=2860"+111 (r=0.995);
50%A-W(exp), for o >0, AG'=7.206" 4118 (r=0.999), for o <0,
AGH= 17207 +118 (r=0992); 70%A-W(exp), for o© >0, AG =
538" +123, for 6" <—031, AG'=4090" 4 131. The data of the
4-MeO derivative (TS 12b) were omitted from the correlations of W(calc,
6-31), W(calc, 6-311 and W(SPEC, 6-311).]

reaction (SAG*>0). The AG' values computed at (B3LYP)/
6-31G(d) level are lower, while those obtained at the (B3LYP)/
6-3114+G(d,p) level are higher than the experimental data,
measured in water. The AG' values obtained by single point
energy calculations (SPEC) deviate from the results computed
with optimization at (B3LYP)/6-311+G(d,p) level for compounds
with e-d groups, which have looser TSs (Fig. 5). In accordance with
earlier observations on the reaction of benzyl halides with
nucleophiles,®33-3%1 experimentally derived?>?73%3" AG* versus
o' plots show breaks at 6" ~0 (Fig. 5). The reactivity of the
derivatives with e-w groups are higher than expected from a
linear correlation (Fig. 5). Earlier this type of breaks of the
Hammett plots were explained with the change of the
mechanism of the reactions.”® We found, however, that in
the Sn2 nucleophilic substitutions of benzyl halides broken AG*
versus o plots at o ~ 0 can also be obtained when the structure
of the TSs is changed with the substituents.”® Therefore, the
break of the AG* versus o plots at o < 0 of the hydrolysis of
benzyl chlorides with strong e-d groups can be explained with
the change of the mechanism from Sy2 to Sy1, but for the break
at ot ~0 on the plots of compounds with alkyl and e-w
substituents, the change of the structure of the TS seems to be a
better interpretation.

The AS* and AH* parameters, calculated for the Sy2 hydrolysis
of benzyl chlorides show great deviations from the experimen-
tally derived data®%3"! (Table 2) because the latter are influenced
by the rearrangement of the solvent molecules, which cannot be
computed with the applied methods. Experimentally derived
AS*/AH* versus o plots (Fig. S2) are also broken at o ~ 0, which
may refer to a change of solvation with the substituents, too. AS*
data, calculated from kinetic measurements, increase with the
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Figure 6. Calculated and experimentally derived AG* versus o plots for
the Sy1 hydrolysis of XCgH4CH,Cl < TS 11 (Scheme 1 T=298K). Com-
putations were performed at (B3LYP)/6-31G(d) level in water (W). Exper-
imental data were calculated from the first-order rate constants,
measured in water®® (W) and in 50 and 70v/v% acetone-water
(A-W) mixtures'?®>?731  [Correlations: W(calc), AG'=56.20"+99.2
(r=0.997); W(exp), for ot >0, AGH=11.80"+101 (r=1.000), for
0"<0, AG'=2860"+101 (r=0.995); 50%A-W(exp), for o* >0,
AG'=7200"+112 (r=0999), for o"<0, AG'=1720"+112
(r=0.992); 70%A-W(exp), for 6" > 0, AG* = 5.380" + 116, for 6+ < —0.31,
">X+< AGH = +">"0T 44— >

increase in polarity and solvation of the TSs because water
molecules are less ordered in the solvent shell of the TSs than in
the bulk of the solvent.”® The measured AH* parameters®@ are
influenced by the contribution originating from AS'.

Free energies of activation, computed at the (B3LYP)/6-31G(d)
level for the Sy1 reaction (10 < TS 11) in water, give linear
correlations against the 0" constants (Fig. 6). The slopes of the
computed AG* versus o plots are much greater for the Sy1 than
for SN2 reaction (Table 2), similar change of reactivity with the
substituents has been measured only in the reaction of the
4-MeO and 4-PhO derivatives in 70% acetone-water solvent
(Figs. 5 and 6). In water the experimentally derived AG* values of
compounds with e-w substituents are smaller than the computed
data, indicating that the reaction of these derivatives proceed
with Sy2 mechanism.

CONLCUSIONS

In Sy1 reactions the total energy increases continuously with the
increase in the distance of the splitting bond, while free energy
activation, which determines the rate of the reaction, may have a
maximum value when entropy of activation increases. The
optimized structure of the Sy1 TSs can be calculated therefore via
relaxed scan applied to the bond of the leaving group.

Free energy of activation is influenced the least by solvent
rearrangement among activation parameters, and the mechan-
ism of the solvolytic reactions can be investigated by studying the
effect of substituents on this parameter. Experimentally derived
AH' and AS' parameters are influenced markedly by the
rearrangement of solvent therefore they do not agree with the
calculated data. The error of AG' originating from a second
imaginary frequency of the TS can be corrected by including a

Journal of Physical
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cluster of water molecules into the reactants, having the same
imaginary frequency as the TS.

The mechanism of the solvolytic reactions of benzyl chlorides
and cumyl chlorides changes with the steric hindrance and with
the electronic effects of substituents of the aromatic ring. In the
case of benzyl chlorides the structures of the Sy2 TSs change with
the substituents, loose and tight TSs are formed for substrates
bearing alkyl and e-w groups, respectively. The polarity of the TSs
increases with the increasing e-d effect of the substituents. Polar
TSs are stabilized by the solvent and this is the reason why e-d
effect of substituents of the benzene ring accelerate an Sy2
reaction. The hydrolysis of benzyl chlorides, substituted with a
strong e-d group (e.g., 4-MeO) proceeds with an Sy1 mechanism
in protic solvent, and the nucleophilic assistance of the solvent
has only minor importance. The distances of the nucleophile and
the leaving group from the center of the reaction are much
greater in hydrolyses of cumyl chlorides with great steric
hindrance. Nucleophilic assistance occurs only in reactions of
derivatives with e-w groups, but this does not influence reactivity
markedly.

COMPUTATIONAL METHODS

The geometry of the compounds was fully optimized without
symmetry constraints by use of the Gaussian 03 software
package®” at the DFT(B3LYP)/6-31G(d) level in solvents, at 298 K.
In the case of benzyl chlorides, geometry optimizations and SPEC
were also performed at the more extended DFT(B3LYP)/
6-3114+G(d,p) level. Scans were made increasing the CI—C
distance stepwise, to calculate the optimized structures of TSs of
the Sy1 solvolyses of tert-butyl chloride, cumyl chlorides, and
benzyl chlorides. The solvent effect was incorporated by
application of the PCMB® in the integral equation formalism!94%!
(IEF-PCM) of the corresponding solvent, i.e., calculations were
performed in a polarizable, continuous medium of the same
dielectric constant as the solvent. All structures were character-
ized as energy minima or TSs by calculation of the harmonic
vibration frequencies, with use of analytical second derivatives.
No or one imaginary frequency was obtained for reactants and
TSs, respectively, except the cases of some loose structures,
bearing a very weakly bonded water molecule. Selected data for
the optimized structures obtained by means of DFT calculations
and the number of imaginary frequencies are listed in Tables
S1-S4 and Tables S5-S8 in the Supplementary Material,
respectively.

The efficiency of methods used for exploring potential energy
surfaces may decrease when applied with solvent models since
their potential energy surface is less smooth than one can expect
for regular quantum chemical methods in gas phase. This effect
may result in additional imaginary vibrational frequencies, which
can be regarded as numerical errors but they also cause an extra
effect by preventing the inclusion of the corresponding normal
modes in the thermochemical analysis. Instead of excluding such
data from our study we applied a workaround to the problem by
exploiting the fact that only differences of thermochemical data
were utilized. When such problem of extra imaginary frequencies
occurred at one side of a reaction than we expanded the
equations to reproduce the extra imaginary frequencies also in
the other side of the reaction. In TSs 4 and 8 the extra imaginary
frequency belongs to the libration of the very weakly bonded
water molecule. We have created a cluster of three water
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molecules, where one of the water molecules is in similar
situation as in the given TSs and also produces an extra imaginary
frequency. The effect of the extra imaginary frequencies vanishes
when we add a cluster of two water molecules (with no imaginary
frequency) to the TS side of the equation and the cluster of three
water molecules (with one imaginary frequency) to the reactant
side. If the IFC was used in similar fashion it has been indicated in
the text.

The sums of the electronic and thermal free energies (G) and
enthalpies (H) and also the entropies of formation (S) for reactants
and TSs were obtained by the standard procedure in the
framework of the harmonic approximation,'*? and are listed
together with the calculated total energies (E) in Tables S5-5S8 in
the Supplementary Material. The computed entropy (S) values
obtained in solutions agree with the data measured in
the gas-phase or calculated by application of Benson’s rule.**!
As examples, the S values of 1949, 2436, 356.2, and
399.2Jmol 'K~ were obtained for H,0, CHsCl, CeHsCH,CI,
and CgHsCMe,Cl with DFT calculations in solutions, respectively.
In comparison, the values of S= 188.8 and 234.6 Jmol ' K~ ' were
measured for H,0 and CH;Cl in the gas-phase,* and S = 355.7 and
411.1 Jmol~ 'K~ were calculated for CsHsCH,Cl and CsHsCMe,Cl at
25°C on application of Benson’s rule, respectively. The AE, AGH,
AH*, AS* parameters for the reactions were calculated from the
differences in the E, G, H, and S values of the TSs and reactants,
respectively. The generated AF', AG! and AH' values were
multiplied by 627.51 and 4.184 in order to convert them into
kJmol™" units. Experimentally derived activation parameters
for Sy1 and Sy 2 reactions were calculated from the first-order (k;)
and second-order (k, = k;/[H,0]) rate constants, respectively. The
SAG*, SAH*, and 8AS* reaction constants were calculated from the
activation parameters obtained through the DFT computations
and from kinetic measurements, by using Eqn 1 with the o
substituent constants,> as described previously.>®!. The AG'/
AH*/AS* versus o plots of the reactions of benzyl substrates
often have two linear components, separately for compounds
with e-w and e-d substituents, with a break at 0" ~ 0. The data for
the unsubstituted compound seem to belong to both lines. In
these cases, the SAG!, SAH', and SAS' reaction constants were
calculated by use of Eqn 1, separately for compounds bearing e-w
and e-d substituents.

SUPPLEMENTARY MATERIAL

Optimized bond lengths, atomic charges, bond angles, torsion
angles, calculated total energies, sums of electronic and
thermal free energies and enthalpies, entropies of formation,
and number of imaginary frequencies are listed in the
Supplementary Material, available in Wiley-Interscience.
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