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Nucleophilic substitution reactions of 1-phenylethyl chlorides (1-PEC; YC6H4CH(CH3)C1) with phenoxides 
(XC6H4O ) and thiophenoxides (XC6H4S_) are investigated theoretically using the PM3 method. The Bronsted 
a and P values are greater for the phenoxides indicating a more advanced reaction in the transition state (TS) 
than for the thiophenoxides. This is supported by a greater magnitude of px (- 6.4~ - 7.4) and Pxy (一 0-76) for 
the phenoxides than for the thiophenoxides (px=-3.6~-4.4 and pxY=- 0.60). The percentage bond order 
changes, %&产，suggest that the extents of bond making and breaking are similar for the phenoxides and 
hence the TS is symmetrical, but bond making is somewhat greater than bond cleavage for the thiophenoxides 
indicating an unsymmetrical TS. The reactions in the gas phase for both nucleophile series proceed by a SN2 
mechanism with a tight TS and negative charge development on the reaction center carbon, Ca. The reactions 
in water investigated with model systems of benzyl and 1-phenylethyl chlorides using the Cramer-Truhlar sol­
vation model (PM3-SM3) indicate that the reactions of 1-PEC are far more complex due to enhanced sta­
bilization of the carbocation by the methyl substitution for a benzylic hydrogen.

Introduction

Nucleophilic substitution reactions of 1-phenylethyl deri­
vatives in solution have been stutied extensively.1 The reac­
tions are reported to display a variety of mechanisms de­
pending on the substituent (Y) in the substrate, nucleophile 
and solvent. Tidwell et tz/.lb,c reported that solvolyses of 1- 
phenylethyl tosylates in protic solvents proceed by a step- 
wise mechanism in which nucleophilic solvent attack on an 
ion-pair plays a major role (SV2C+ mechanism), whereas 
Richard and Jencks18 showed that 1-phenylethyl derivatives 
react with azide ion through a concerted SQ mechanism. 

Okamoto et al? observed products with retention of con­
figuration in their phenolysis studies of 1-phenylethyl deri­
vatives, which was mtionalized by a mechanism involving a

Hs|
YCM-C 흐…:。gC.W 

t 1 

HN------- H

CtH4X 



Theoretical Studies on the Nucleophilic Substitution Bull. Korean Chem. Soc. 1997, Vol. 18, No. 8 869

four center transition state (TS), I, (intermolecular mech­
anism). In our work on the aminolysis of 1-phenylethyl 
arenesulfonates3 (YC6H4CH(CH3)OSO2C6H4Z) with anilines 
(XC6H4NH2) in methanol we found a large negative pxz 
value4 (pxz= 一 0.60, eq la), which was interpreted to indic­
ate involvement of such a four center type TS, II, 
(intermolecular SNi mechanism).

log애:xz/*HH)=P9x+Pzbz+pxzb9z (1 a)

log(奴y/*hh)=Px&x+PyOy+PxQx0y (lb)

The negative sign of pXz4 is an indicative of a loose, 
open TS structure, whereas the large magnitude suggests a 
strong interaction between the nucleophile (X) and leaving 
group (Z) through an extra interaction route provided by a 
hydrogen bond in the TS, II? In striking contrast, the reac­
tions of 1-phenylethyl chlorides (1-PEC) with anilines in 
methanol were found to proceed by the ion-pair mechanism 
in which the nucleophile, aniline, attacks the carbocation 
within the ion-pair intermediate (SN2C+ mechanism).5

In view of the mechanistic variety exhibited by the nu­
cleophilic substitution reactions of 1-phenylethyl derivatives 
in solution, it is of interest to investigate the mechanism of 
such reactions in the gas phase. We report here the results 
of our MO theoretical studies6 on the reactions of 1-PEC 
with phenoxide and thiophenoxide nucleophiles in the gas 
phase, eq. 2, using the PM3 method.

YC6H4CH(CH3)C1+Nu ^YC6H4CH(CH3)-Nu+C1 (2) 

where Nu =XC6H4O and XQHjS,
and X=Y=H, p-Cl, w-CN, p-CN and p-NO2.

Calculations

Because of the complex reaction systems in eq. 2 in­
volving more than 18 heavy atoms, we adopted a sem- 
iempirical method, PM3.7 All the procedures used in the cal­
culation are the same as described in a previous work.6 The 
mechanistic change-overs in solution were tested with two 
model systems (YCH=CHCR1R2C1 and CH2=CHNH2 for 
substrate and nucleophile, respectively), Scheme 1, using

YCH»CH-CR*RaCI 쁘븨A Cl^] '-------a「丫이!리개ETr* :

YCH-CH-CR^R^Nu* . Cl"

Nu ・ CHzCHNHt 
Y«OCH„ H, NO,
a. R1 - R* « H

b. R1 : R1- CH,

Table 1. Heats of formation (A%) of reactants, activation energies (&?*) and reaction energies (△G°) for the reactions of 1-PEC with X- 
phenoxides (in kcal mol1)

Y X
AHf Activation parameter Reaction parameter

Reactants -TA5* NG* MT △G°
H -39.53 21.32 12.01 33.33 -1.30 4.53 3.23

p-Cl -52.55 24.04 12.02 36.06 4.85 4.61 9.46
H m-CN -15.68 25.70 11.99 37.69 9.71 4.61 14.32

p-CN -21.2 28.40 12.01 40.41 14.73 4.68 19.41
p-NO2 -76.96 33.11 11.83 44.94 25.43 4.25 29.68

H -46.17 19.53 12.04 31.57 -1.32 4.54 3.22
p-Cl -59.19 22.36 12.02 34.38 4.89 4.60 9.49

p-Cl m-CN -22.32 24.09 12.03 36.12 9.83 4.60 14.43
p-CN -27.84 26.88 12.04 38.92 14.86 4.65 19.51
p-NO2 -83.60 31.74 11.90 43.64 25.65 4.27 29.92

H -4.11 16.69 12.03 28.72 -1.40 4.52 3.12
p-Cl -17.13 19.68 12.06 31.74 4.93 4.61 9.54

m-CN m-CN 19.74 21.45 12.11 33.56 10.11 4.57 14.68
p-CN 14.22 24.40 12.16 36.56 15.08 나.69 19.77
p-NO2 -41.54 29.54 12.01 41.55 26.13 4.24 30.37

H -4.13 16.26 12.03 28.29 -1.35 4.51 3.16
p-Cl -17.15 19.25 12.09 31.34 4.96 4.60 9.56

p-NO2 m-CN 19.72 21.20 12.11 33.21 10.04 4.61 14.65
p-CN 14.20 23.98 12.18 36.16 15.12 4.66 19.78
P-NO2 -41.56 29.07 12.05 41.12 26.09 4.24 30.33

H -47.82 13.11 12.44 25.55 -1.40 4.57 3.17
p-Cl -60.84 16.24 12.50 28.74 5.01 4.65 9.66

p-no2 m-CN -23.97 18.19 12.53 30.72 10.29 4.63 14.92
p-CN —29.49 21.18 12.62 33.80 15.35 4.68 20.03
p-NO2 - 85.25 26.47 12.45 38.92 26.51 4.25 30.76
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the Cramer-Truhlar solvation model, PM3-SM3.8 Due to dif­
ficulties of locating an ion-pair (IP) in the gas phase with 
the present PM3 method, we located S^l-TS and S^-TS 
only, and hence we were unable to differentiate between the 
SnI and SN2C+ mechanisms. Detailed studies using ab initio 
MO method on such mechanistic differences between SN1 
and Sn2C+ are presently in progress.

Results and Discussion

Gas-Phase SN2 Reactions. The nucleophilic sub­
stitution reactions of 1-PEC with phenoxide and thiophenox­
ide nucleophiles in the gas phase, eq. 2, were found to 
proceed by a simple, concerted SN2 mechanism. The po­
tential energy surface is of a double-well type with a TS in 
between two stable ion-dipole (reactant and product) com­
plexes, which is a typical energy profile for the SN2 
processes.9 We have determined activation parameters 
measured from the separated reactants level. Examination of 
the results in Tables 1 and 2 reveals that the barrier heights, 
AG*, and reaction energies, are higher by ca. 4-6 kcal 
mol"1 than the corresponding values for the gas phase S^2 
reactions of benzyl chlorides.6 This can be attributed to the 
destabilization of the TS and product by the a-Me group of 
1-PEC; the a-Me group is expected to exert unfavorable ef­
fects due to steric crowding and electron donation. This latt­
er effect suggests that the TS is a rather tight, associative 
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type with negative charge development on the a-carbon10 
(vide infra, pY>0). The entropy terms are practically con­
stant irrespective of the substituents X or Y (Tables 1 and 2) 
and the magnitudes differ little from those corresponding 
values for the reactions of benzyl chlorides.6 The trends of 
changes in AG* and AG。are quite similar to those for the 
benzyl chloride reactions6: a stronger electron acceptor X in 
the nucleophile leads to higher values in both NG* and NG。, 
whereas a stronger electron acceptor Y in the ring lowers 
△G* but has insignificants effect on AG°. Since the reac­
tions have high activation barriers and are all endothermic 
with highly structured TSs (low e마］ppies), gas-phase ex­
perimental studies will not be feasible. Linearities of the ra­
te-equilibrium plots,11 eq. 3, were good (regression coef­
ficients r>0.99) with the slopes, a, ranging from 0.44 (Y=

8AG*=a5AG° (3)

H) to 0.49 (Y=p-NO2) for phenoxides and from 0.39 (Y=H) 
to 0.44 (Y=N02) for thiophenoxides. These values are sim­
ilar to those corresponding values for the reactions of ben­
zyl chlorides.6 Somewhat greater a values for the reactions 
of phenoxide series suggest that the TS occurs at a later po­
sition on the reaction coordinate for the phenoxides than for 
thiophenoxides. This is consistent with Bell-Evans-Polanyi 
principle,12 since the more endothermic reactions of phenox­
ides lead to a later TS than the less endothermic reactions 

Table 2. Heats of formation (&*) of reactants, activation energies (AG*) and reaction energies (AG°) for the reactions 1-PES with X- 
thiophenoxides (in kcal mol ~')

Y X Hf Activation parameter Reaction parameter
Reaction 사广 -TAS NG* -TAS NG*

H

H
Cl 

m-CN 
p-CN 
p-NO2

2.58 
-8.12
29.54
27.29 

-23.99

11.11
12.62
13.77
14.91
17.75

11.87
11.90
11.90
12.02
11.93

22.98
24.51
25.67
26.93
29.68

-3.82
0.22
4.62
6.66

13.81

3.87
3.89
3.89
3.92
3.53

0.05
4.11
8.51

10.58
17.34

Cl

H
Cl 

m-CN 
p-CN 
p-NO2

-4.06
-14.76

22.90
20.65

-30.63

9.22
10.83
12.07
13.25
16.23

11.88
11.91
11.93
11.98
11.96

21.10
22.74
24.00
25.23
28.19

-3.86
0.23
4.70
6.75

13.99

3.87
3.89
3.90
3.94
3.55

0.01
4.12
8.60

10.69
17.54

m-CN

H
Cl 

m-CN 
p-CN 
P-NO2

38.01
27.31
64.97
62.72
11.44

6.25
7.96
9.37

10.54
13.64

11.89
11.92
11.99
12.07
12.00

18.14
19.88
21.36
22.61
25.64

-3.94
0.26
4.96
6.95

14.43

3.90
3.93
3.92
3.97
3.55

-0.04
4.19
8.88

10.92
17.98

p-CN

H
Cl 

m-CN 
p-CN 
p-NO2

37.98
27.28
64.94
62.69
11.41

5.76
7.50
8.89

10.13
13.30

11.93
12.01
12.00
12.05
12.00

17.69
19.51
20.89
22.18
25.30

-3.98
0.19
4.79
6.88

14.28

3.88
3.92
3.90
3.96
3.55

-0.10
4.11
8.69

10.84
17.83

p-NO2

H
Cl 

m-CN 
p-CN 
p-no2

-5.71
-16.41

21.25
19.00

-32.28

2.30
4.19
5.70
7.02

10.40

12.33
12.39
12.39
12.47
12.36

14.63
16.58
18.09
19.49
22.76

-4.20
0.06
4.84
6.91

14.49

3.98
3.99
3.95
3.02
3.61

-0.22
4.05
8.79

10.93
18.10
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of thiophenoxides (Tables 1 and 2).
The slope & in the Bronsted type plots110,13 of AG* vs 

proton affinities (PA) of the nucleophiles, eq. 4, provides a 
measure of bond making by the nucleophile in the TS.

8AG%=p8(PAx) (4)

Comparison of the p values with the corresponding values 
of a, eq. 3, in Table 3 shows good agreements between 
the two. We have also included in Table 3 the calculated 
percentage bond order changes, % An* shown in eq. 5 
where r*, rR and rP denote bond length in the TS, reactant 
and product and a is the Pauling parameter, for bond mak­
ing (%Aa产 gnu) and bond cleavage (%&产c-o)이using the 
parameter a=0.7.14c

%&，* =【exp(-宀a)-exp(F/a)] * wo (5)
[exp(-rP /a)- exp(-rfl /a )]

We note in Table 3 that the extent of bond making as ex­
pressed by %An*C-Nu is rather greater than that by p for Y= 
니 (eg. 49% vs 43% for XQH4O series) and this diver­
gence is much greater for the reactions of thiophenoxides 
series (48% vs 37%). In view of the good agreement 
between a and p, the %Am*c.Nu values may be considered a 
less reliable measure of the degree of bond making. The ex­
tents of bond-making and -breaking represented by % An* 
are similar for the phenoxide series but the extent of bond 
making is ahead of bond cleavage for the thiophenoxide ser­
ies. This means that the TSs for the phenoxide series are 
more symmetric than those for the thiophenoxides.

Overall, the TSs for the thiophenoxides are earlier on the 
reaction coordinate than for the phenoxides (yide supra), 
and the TS becomes tighter with a stronger electron ac­
ceptor substitutent Y in the substrate, which is in agreement 
with the experimental results of $2 reactions at benzylic 
carbon in the gas phase,15 in MeOH16 and in 20% aqueous 
acetonitrile.lg,17

The Hammett coefficients, px and pY in eq. 6, and the 
cross-interaction constants, Pxy in eq. lb,4 are collected in

SAG * /(-2.3Q3RT)=p u (6)

Table 4. Reference to this Table reveals that the magnitude 
of px for the phenoxides is greater (px=- 6.5*- 7.4) sug-

Table 3. The TS structures represented by various parameters 
for progress of the reaction
Ni「 Y X a p %△件C-Nu)*

H -
H

-0.44 0.43
49 49(0.51)"

XQHiO
p-NO2 54 55

H
-0.49 0.50

48 46
p-NCg

p-NO2 54 51(0.49)
H 
-------0.39 0.37

p-NQ
48 42(0.58)
53 46

H
XC6H4S

H 49 40
p-NO2 ----------- 0.44 0.45 --------------------------

pg 54 43(0.57)
Values in parenthesis are bond orders, n*.

Table 4. Simple Hammett p-valuesa and cross-interestion con­
stants, pxJ

XorY H p-Cl m-CN p-CN p-NO2

T_I C — Px -6.45 -6.70 -7.13 -7.13 -7.44 Pxy=-0.76
시&버5（丿

Py 4.39 4.11 3.92 3.72 3.39(-0.60/

V/r tt C - Px -3.70 -3.89 -4.14 -4.18 -4.48 Pxy=-0.69XCgHs、
Py 4.49 4.44 4.26 4.18 3.90(-0.59)"

Regression coefficients were better than 0.97 in all cases. ”The 
pxy values for the reactions of benzyl chlorides.

gesting a greater degree of bond making in the TS than that 
for the thiophenoxides (px=- 3.7-*- 4.5) in agreement with 
the prediction of progress of reaction based on the larger a 
and p values for the former.

In contrast, the magnitude of the pY values are quite sim­
ilar for the two series of nucleophiles. Since pY is positive 
and the magnitude is similar, the negative charge developed 
on the a-carbon in the TS may be considered to be similar 
in the two reaction series of phenoxide and thiophenoxide. 
This is contrary to the trends shown by the extents of bond­
making and -breaking reflected in the % Am* values; the % 
A«*c.Nu values are similar for the two serie옹 of micleoph기es 
but the %△/产 eg values are smaller for the thiophenoxides 
than for the phenoxides suggesting that the TSs are some­
what tighter and hence the negative charge developed in the 
TS should be greater for the thiophenoxides than for the 
phenoxides. Thus the similar extent of bond making predict­
ed by the similar magnitude of %An*C-Nu for the two series 
of nucleophiles dose not seem plausible, especially in view 
of a lower degree of bond making predicted for the 
thiophenoxides by both a and P parameters.

Finally the magnitude of pxy is greater for the phenoxides 
than that of the thiophenoxides. This is again in agreement 
with the predictions based on a and p, since a greater mag­
nitude of is believed to indicate a greater extent of 
bond making in the TS.4 The sign and magnitude of the pXy 
values are consistent with those expected for a normal, con­
certed Sn2 reaction.4 The magnitudes of the pXY values are 
however slightly greater than those for the corresponding 
values of the benzyl chloride reaction series.6 This could be 
an indication of slightly greater extent of bond making for 
the reactions of 1-PEC than for the reactions of benzyl chlo­
rides, which is in line with a later TS, ie, a tighter bond 
formation, for the reactions at a sterically more hindered 
reaction center.18 This is reasonable and, as has already not­
ed above, is consistent with the prediction based on the Bell- 
Evans-Polanyi principle12 (yide supra) since a sterically 
crowded TS will lead to a greater activation barrier and also 
a more endothennic reaction due to formation of a higher 
energy product.

We have determined a-(YC6H4CD(CH3)C1) and p-secon- 
dary deuterium (YC6H4CH(CD3)C1) kinetic isotope effects 
(KIE) for the two extreme cases of X=Y=H (for the lowest 
degree of bond making) and X그Y=NC)2 (for the highest ex­
tent of bond making). The results in Table 5 reveal that the 
p-deuterium KIEs are consistent with those predicted for 
the normal reactions.19 The a-deuterium KIEs are all of 
an inverse type,40 知偽＜1.0; for the thiophenoxide series the 
kQko values are unusually small, most probably due to a re-



872 Bull. Korean Chem. Soc. 1997, Vol. 18, No. 8 Wang Ki Kim et al.

Table 5. a- and |3-deuterium secondary kinetic isotope effects 
(KIE) for the reactions of 1-PEC (YC6H4CH(CH3)C1) with
phenoxides and thiophenoxides

Substituents ^h/^d
X Y xc6h5o xc6h5s

a-KIE
H H 0.877 0.586
no2 no2 0.934 0.556

P-KIE
H H 1.013 1.030
no2 no2 1.013 1.017

latively tight TS with a bulky reaction center of the nu­
cleophile with a second row element, S.

Analyses of the changes in the ku/kD values with changes 
in the substituents (X=Y) are instructive. In a recent paper, 
Westaway et al.20 reported that the change in the kn/kD 
value with changes in the substituents in the nucleophile 
and the substrate is greater when the SQ TS is more sym­
metrical, i.e., %An*C-Nu %An*C-a in Table 3. The results in 
Table 5 are in line with this expectation, since a more sym­
metrical TS with the phenoxides leads to a slightly larger 
variation of kn/kD when substitutents are varied from X=Y= 
H to X=Y=NO2. Westaway et aL" have also suggested bas­
ed on their kinetic isotope effect studies that a significant 
change only occurs in the weaker reacting bond in the SQ 
TS when substituents are varied and the variation of 加偽 

arises mostly from the reacting bond change of a stronger 
bond. The bond energies (BEs) of the C-O, C-S and C-Cl 
bonds are 85, 65 and 81 kcal mol1 respectively. Since the 
BEs for C-0 and C-Cl are similar, we expect a more sym­
metrical Sn2 TS for the phenoxides. For the thiophenoxides, 
the C-Cl bond is much stronger than the C-S bond so that 
there will be a significant change in the C-S bond but little 
change in the C-Cl bond in the SN2 TS when substituents 
are varied. This is in agreement with the smaller variation 
of %A?产co (42—>43) than that of %Aw*C-nu (48—>54) for 
the thiophenoxide when substituents are changed from X=Y 
=H to X=Y=NO2. They also predicted that the Wronger 
bond (C-Cl) will be shorter (bond order is greater) than the 
weaker bond (C-S) (bond order is smaller) in the reactant­
like, unsymmetrical, SQ TS, which is also in agreement 
with our results in Table 3. In this connection, it should be 
noted that bond orders in the TS, n*, are related to the % 
An* values by eqs. 7.

冷 * c-ci= 1 ■ 미시오'‘ * c-ci (7 a)

刀* C-nu=%侦* C-Nu (*7b)

The detailed analysis of reacting bond changes in the SN2 
TS when substituents are changed can not be applied based 
on our % An* data in Table 3, since the conservation of 
bond orders, eq. 8, is not strictly held in our results.

£드疽(c-ci)+ «*(c-nu)= LO (8)

Nucleophilic Reactions of 1-PEC in Solution.
The enthalpies of activation, AH*, are calculated for model 
reaction systems of 5^1 and SR processes (shown in 
Scheme 1) in water using the Cramer-Truhlar solvation 
model8 with the PM3-SM3 method. The results are sum-

Table 6. Activation enthalpies in water, AH*, calculated using 
the Cramer-Truhlar solvation model (PM3-SM3) on 5^1 and SN2 
reactions with model systems of YCH=CHCR1R2C1 with NH2CH 
=CH2

사广 (kcal mol ')
R1 R2 Y W SQ
H H H 40.4 30.4
H H no2 50.2 30.9
H H och3 23.0 28.9
H ch3 H 33.1 34.3
H ch3 no2 - 34.2
H ch3 och3 20.7 -

marized in Table 6. The competitive nature of Syl and S^l 
processes of the reactions of benzyl chlorides (modeled 
with YCH=CHCH2C1, III) in water is well reproduced in 
the results shown; for the reaction of III with a strong elec­
tron acceptor Y (Y=NO2), the concerted SN2 process is 
much more favorable, by ca. 20 kcal mol \ whereas for III 
with a strong donor Y (Y=OCH3), the SQ process becomes 
more favored (by 6 kcal mol-1). The barrier height dif­
ferent is reduced to ca. 10 kcal mol1 in favor of the SQ 
process when there is no substituent (Y=H).

In contrast, however, for the reactions of 1-PEC (modeled 
with YCH=CH(CH3)C1, IV) two extreme situations are ob­
tained; when Y is a strong acceptor (Y=N02) only the SN2 
TS was obtained, whereas when Y is a strong donor (Y드 

OCH3) only the 5^1 process was found to be possible. In 
between these two extreme cases, for Y=H the two 
processes become competitive with similar activation bar­
riers for the SN1 and SN2 pathways. These are consistent 
with the experimentally observed mechanistic change-overs 
in solution. As we noted above, it is difficult to characterize 
the ion-pair intermediate with our method so that the 
process in Table 6 can be either a classical 5^1 mechanism 
with rate-limiting bond cleavage, or a SRU mechanism56 
with rate-limiting nucleophilic attack on the carbocation 
within the ion-pair (IP) in Scheme 1. The differences in the 
mechanistic behaviors between the reactions of III and IV 
are due to substitution of CH3 for one of the hydrogen atom 
on Ca in III. Since in water the partially charge separated 
state (TS) is strongly stabilized, the TSs in the reactions of 
both III and IV in water have a loose, open structure with 
cationic charge on the reaction center carbon. This positive 
charge is stabilized by both a-methyl group in IV and by a 
strong electron donor Y in both III and IV.

The enhanced stabilization of the cationic charge by the 
a-Me group in IV leads to much more 5^1-like TS for IV 
than III in water. This is in contrast to the gas-phase reac­
tions of 1-PEC, which reacts by a concerted displacement 
02) mechanism irrespective of the substituent Y involving 
a tight TS with negative charge development on the a-car- 
bon. We conclude that the mechanism of the nucleophilic 
substitution reactions of 1-PEC is strongly dependent on the 
substituent (Y) in the substrate, the nucleophile and the reac­
tion medium.
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