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Mechanism of nucleophilic substitutions
at phenacyl bromides with pyridines.
A computational study of intermediate
and transition state
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DFT computations have been performed on nucle
investigate the mechanism of the reaction. In cont
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ophilic substitutions of phenacyl bromides with pyridines to
rast with earlier suppositions, tetrahedral intermediate is not

formed by the addition of pyridine on the C——O group of phenacyl bromide, because the total energy of the reacting
species increases continuously, when the distance between the N and C(——O) atoms of reactants is shorter than 2.7 Å.
At a greater distance, however, a bridged complex of the reactants is observed, in which the N atom of pyridine is
slightly closer to the C atomof the C——O, than to the C atomof the CH2Br group of phenacyl bromide, the distances are
2.87 and 3.05 Å, respectively. The attractive forces between the oppositely polarized N and C(——O) atoms in the
complex decrease the free energy of activation of the SN2 attack of pyridine at the CH2Br group. The calculated
structural parameters of the SN2 transition states (TS) indicate, that earlier TSs are formed when the pyridine
nucleophile bears electron-donating (e-d) groups, while electron-withdrawing (e-w) groups on phenacyl bromide
substrate increase the tightness of the TS. Free energies of activation computed for the SN2 substitution agree well
with the data calculated from the results of kinetic experiments and correlate with the sPy substituent constants,
derived for pyridines, and with the Hammett s constants, when the substituents (4-MeO-4-NO2) are varied on the
pyridine or on the phenacyl bromide reactants. Copyright � 2008 John Wiley & Sons, Ltd.
Supporting information may be found in the online versi
on of this article.
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INTRODUCTION

The mechanism of the reactions of phenacyl halides with
nucleophiles[1–5] has been investigated by kinetic methods[6–15]

for a long time. The reactivity of these substrates proved to be
generally higher[16] than that of the alkyl halides. Pearson et al.[17]

explained the rate enhancement by the electrostatic attraction
between the oppositely polarized carbonyl carbon atom of the
substrates and the hetero atom of the nucleophiles. At present
mainly two proposals for themechanisms meet with acceptances
(Scheme 1). One of them, suggested by Baker[18] and Winstein
et al.[19] involves the formation of a tetrahedral intermediate (3)
by the prior addition of the nucleophile on the carbonyl carbon of
the phenacyl derivative, and the shift of the nucleophile from
C——O to the CH2 group through a bridged transition state (TS 4),
with the simultaneous expulsion of the leaving group (path A).
The other mechanism (path B) involves the SN2 attack of the
nucleophile at the CH2 group of the substrate and the
stabilization of the TS (6) through the conjugative effect of
the carbonyl group in an enolate form[1,20–26] (7). The orbital on
the carbon atom, at which displacement takes place, was thought
to overlap with the p-orbital of the carbonyl group.[5,26] On the
other hand, McLennan and Pross[27] applied the valence-bond
configuration mixing model to the nucleophilic substitutions of
a-carbonyl derivatives and came to the conclusion that not the
g. Chem. 2008, 21 988–996 Copyright �
enolate form of the C——O group, but the carbanion canonical
form of the CH2 group contributes mainly to the TS of the SN2
process. SN2 mechanism was also proposed by Kevill and Kim[28]

for the solvolyses of phenacyl derivatives, proceeding with poor
nucleophiles in different solvents. Investigating the kinetics of the
reaction of substituted phenacyl bromides (1) with pyridines (2)
in acetonitrile and methanol solvents, Lee et al.[29–31] found
evidences for the first addition-substitution (path A), while Forster
and Laird[20,21] for the second SN2 mechanism (path B).
Not being convinced of the interpretation of the kinetic

experiments and of the proposed strange bridged TS (4), we have
performed DFT computations to test both mechanisms of the
reaction of substituted phenacyl bromides (4-MeO-4-NO2) and
pyridines (40-MeO-40-NO2). The results are presented in this paper.
Earlier, we studied the effect of substituents on activation

parameters and transition structures of aliphatic nucleophilic
2008 John Wiley & Sons, Ltd.



Scheme 1. Mechanism of the reaction of phenacyl bromides (1) and phenacyl chlorides (10) with pyridines (2)

Figure 1. Relaxed potential energy curve trajectories (x-y plane, deter-

mined by C(——O), C(H2Br) and N atoms) and relative total energies (DE, z-x
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substitutions via DFT computations.[32–34] To validate the results,
the computed activation parameters were compared with the
data obtained by kinetic experiments. We came to the conclusion
that the rearrangement of solvent molecules, which proceeds
during the reactions, influences mainly the experimentally
derived DHz and DSz values, but has minor effect on DGz.
Namely the DHz and DSz parameters decrease or increase
together with solvation, and cancel out each others changes,
because equation dDGz ¼ dDHz � TdDSz � 0 is valid in good
approximation. The rearrangement of solvent molecules, how-
ever, cannot be computed by applying the polarizable continuum
model (PCM) of solvents, therefore, the computed and
experimentally derived DHz and DSz values may differ consider-
ably from each other. On the other hand, computed and
experimental free energies of activations are usually in much
better agreement, because the effect of solvent polarity on
reactivity can be evaluated well even with the applied simple
solvent model, and the effect of solvent rearrangement on
experimentally derived DGz is small.
plane) for the attack of pyridine (2a) on the C——O (1bþ2a 6¼ 3b)
and CH2Br (1bþ2a> TS 6b) groups of 4-nitro-phenacyl bromide (1b,
Scheme 1) and on the CH2Br (12bþ 2> TS 13b) group of

2-(4-nitrophenyl)ethyl bromide (12b, Scheme 2). Free energy of formation

(DG8) of complex 5b, and free energies of activations (DGz) for TSs 6b and

13b are 31.1, 94.5 and 113.9 kJmol�1, respectively. Calculations were
performed at DFT(B3LYP)/6-31G(d) level, in methanol, at 310 K
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RESULTS AND DISCUSSIONS

Computations have been performed at DFT(B3LYP)/6-31G(d)
level in acetonitrile, methanol and water solvents, moreover at
DFT(B3LYP)/6-311þþG(d,p) level in methanol, applying the PCM
of the corresponding solvents (as shown in Computational
Methods Section). Selected structural data, total energy and
thermodynamic parameters for each species are listed in Tables
S1–S7 in the Supplementary Material.

Structure of the intermediate

Potential energy curves have been computed for the attack of
pyridine (2a) at carbon atoms of both the C——O and
the CH2Br groups of 4-nitrophenacyl bromide (1b, Scheme 1),
by changing stepwise the C7���N and C8���N distances for the
reacting molecules. Trajectories of the attacks, and the total
energy values at the different scan points, as compared to the
J. Phys. Org. Chem. 2008, 21 988–996 Copyright � 2008 John W
reactants, are shown in Fig. 1. The 4-NO2 group has been attached
to phenacyl bromide to promote the formation of tetrahedral
intermediate 3b. The results of computations do not support the
formation of intermediate 3 in the attack of the pyridines (2) on
the carbonyl group of phenacyl bromides (1), because the total
energy of these species increases steeply with the decrease in the
distance between the C7 and N atoms if they are closer than 2.7 Å
(1bþ 2a 6¼ 3b, Fig. 1). During the attack of pyridine, the u(NC7O)
angle decreases with the decrease of the R(NC7) distance
(u(NC7O)¼�12.7R(NC7)þ 130.3 (r¼ 1.000); u and R are given in
degree and Å, respectively), and its value corresponds to the
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Table 1. Calculated total, strain and interaction ener-
gies[39–40] (kJmol�1) for tetrahedral intermediate 3b and
complex 5b as well as for TSs 6b and 13b, in methanol,
at 25 8C

Compound DE DEstrain DEint

3ba 83.39 148.96 �65.58
5b �7.84 1.38 �9.22
6b 42.74 94.92 �52.19
13b 65.43 98.25 �32.82

a Calculated for scan point R(C7N)¼ 1.500 Å.
Scheme 2. Mechanism of the reaction of 2-phenylethyl bromides (12)
with pyridine (2a)

Scheme 3. Symmetric TSs (14, 15) of the exchange reactions of
phenacyl bromide (1a) with bromide ion and N-phenacyl pyridinum

ion (8a) with pyridine
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direction of the empty p* orbital of the C——O group, and to the
Bürgi–Dunitz angle.[35–38]

However, the results of DFT computations have showed, that a
complex (5b) is formed from 4-nitro-phenacyl bromide (1b) and
pyridine (2a) reactants (Scheme 1). Complex 5 has similar
structure to the formerly supposed[18,19,29–31] bridged TS 4, but it
is in a minimum and not in a TS on the potential energy surface
(Fig. 1). In complex 5b the N atom is slightly closer to the C——O
than to the CH2 group [R(C7N)¼ 2.87 Å, R(C8N)¼ 3.05 Å], and it is
situated almost in the same plane as the BrC8C7 atoms
[w(BrC8C7N)¼ 168.78]. The plane of the pyridine ring is bent
towards the oxygen atom of the carbonyl group
[w(OC8NC6

0
)¼ 157.98]. The phenacyl moiety of complex 5b is

only slightly distorted (w(OC7C1C2)¼ 174.58, w(C8C7C1C2)¼ –3.08),
as compared to the 4-nitrophenacyl bromide (1b) reactant
(w(OC7C1C2)¼�178.78, w(C8C7C1C2)¼�0.038). The free energy
of formation of complex 5b is DG8¼ 31.1 kJmol�1, the equi-
librium constant K¼ 5.75� 10�6 (in methanol, at 310 K), there-
fore the concentration of 5b is very small in the reaction mixture.
To find the origin of the stabilization or destabilization of the

species in path A and B, the ‘Activation Strain Analysis’, proposed
by Bickelhaupt[39,40] was extended to the intermediates. The total
energy was decomposed to strain and interaction components
(DE¼DEstrainþDEint) and computed for intermediates 3b and 5b
(Table 1). Complex 5b can be formed in the reaction, because the
strain is very small in this species, and the interaction of the
reactants decreases the energy of the system. On the other hand,
intermediate 3b is not formed, because the increase in strain
energy is much greater than the decrease in energy, obtained by
the interaction of reactants (Table 1).

Structure of the TS

The total energy passes over TS 6b, and decreases afterwards till
the formation of the products, if the N-atom of pyridine attacks at
the carbon atom of the CH2Br group of 4-nitrophenacyl bromide
(1bþ 2a> TS 6b, Fig. 1). The trajectory of the relaxed potential
energy curve scan is curved towards the carbonyl group and
passes through complex 5b. With the advance of the reaction, the
pyridine ring moves away from the C——O and nears towards
the CH2Br group. The attractive interaction between the
negatively polarized N atom of pyridine and the positively
polarized C7 atom of the carbonyl group decreases the energy,
needed for the nucleophilic substitution at the CH2Br group, in
accordance with the suggestion of Pearson et al.[17] Such
an effect has not been observed in the trajectory of the reaction
of 2-(4-nitrophenyl)ethyl bromide (12b) with pyridine
www.interscience.wiley.com/journal/poc Copyright � 2008
(12bþ 2a> TS 13b, Fig. 1, Scheme 2). TS 13b of the latter
reaction has similar structure but higher energy than TS 6b of the
reaction of 4-nitrophenacyl bromide (1b) and pyridine (2a). The
‘Activation Strain Analysis’ [39,40] of the TSs has showed that
the strain energies of TSs 6b and 13b are similar, but the interaction
of the reactants results in a much favourable decrease in energy for
TS 6b than for TS 13b (Table 1). The similarity of the strain energies
suggests that the carbonyl groupdoes not stabilize the distortion of
the CH2Br group of the phenacyl bromide moiety considerably. On
the other hand, the differences of the interaction components may
indicate the contribution of the empty p* orbital of the carbonyl
group to the stabilization of TS 6b.
TSs 6 have distorted trigonal bypiramidal (TBP) structure

(u(BrC8N)� 1758, u(C7C8N)� 928, u(C7C8Br)� 938). The plane of
the pyridine nucleophile is near to the carbonyl oxygen atom
(w(OC8NC6

0
)� 1458). The phenacyl moiety of TS 6 is approxi-

mately planar (w(C2C1C7O)� 10.88). The C8Br bond of the leaving
bromine and the C8N bond of the attacking pyridine are almost
perpendicular to the plane of the O——C7—C8 atoms
(w(OC7C8Br)��97.38, w(OC7C8N)� 83.48).
The TS of the nucleophilic substitution reaction of phenacyl

bromide (1a) and pyridine (2a) is slightly early, since bond orders
n¼ 0.46 and 0.54 were obtained for the C8���N and C8���Br bonds
of TS 6a, respectively, by using the Pauling equation[41] (Eqn 1).
The C—Br and C—N bond lengths (Ro) of phenacyl bromide (1a)
and N-phenacyl pyridinium salt (8a), moreover the C���N and
C���Br bond distances (RS) of the symmetric TSs 14 and 15
(Scheme 3) (n¼ 0.5) were used to calculate the a constants (Eqn
1). The bond orders were obtained from the C8���N and C8���Br
bond distances (RR) calculated for TS 6a (Table 2).

R � R0 ¼ a lnðnÞ (1)

The contribution of enolate 7 (Scheme 1) to TS 6 was
investigated by comparing the R(C7O) and R(C7C8) bond lengths,
calculated for TS 6a and for phenacyl bromide (1a). The decrease
in the R(C7C8) and the increase in the R(C7O) bond lengths are
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2008, 21 988–996



Table 2. Bond orders (n)a calculated for the TS 6a, generated in the reaction between phenacyl bromide (1a) and pyridine (2a,
Scheme 1)

Solvent Bond RS
b,c Ro

c,d ae RR
f n

Water CN 2.037 (15) 1.472 (8a) �0.8157 2.106 0.459
CBr 2.492 (14) 1.987 (1a) �0.7281 2.434 0.542

Acetonitrile CN 2.036 (15) 1.472 (8a) �0.8136 2.100 0.462
CBr 2.491 (14) 1.987 (1a) �0.7279 2.439 0.537

Methanol CN 2.037 (15) 1.472 (8a) �0.8152 2.099 0.464
CBr 2.491 (14) 1.987 (1a) �0.7281 2.439 0.538

a Bond orders were calculated according to Pauling (Eqn 1).
b Atomic distances (Å) calculated for symmetric TSs (n¼ 0.5).
c The numbers of the relating species are given in parentheses.
d Bond lengths (Å) calculated for reactant or product.
e Constant calculated for Eqn 1.
f Atomic distances (Å) calculated for TS 6a.

Figure 2. Plots of charges (Q(Br), Q(O)) and bond distances (R(C8Br),
R(C8N), R(C7C8), R(C7O)) of TSs 6 against the sPy constants for the reaction
of phenacyl bromide (PhCOCH2Br, 1a) with substituted pyridines

(YC5H4N, 2), calculated at DFT(B3LYP)/6-31G(d) level, in acetonitrile, at

318 K. (Correlations: Q(Br)¼�0.0325sPy� 0.548 (r¼ 0.995); Q(O)¼
0.00755sPy� 0.527 (r¼ 0.976); R(C8Br)¼ 0.0704sPyþ 2.441 (r¼ 0.995);
R(C8N)¼�0.00783sPyþ 2.095 (r¼ 0.991); R(C7O)¼ 0.000175sPyþ 1.228

(r¼ 0.373); R(C7C8)¼ 0.00429sPyþ 1.504 (r¼ 0.990). Correlations for plots

given in Figure S1: u(C7C8Br)¼�2.63sPyþ 92.6 (r¼ 0.990); u(C7C8N)¼
3.07sPyþ 92.0 (r¼ 0.992))
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expected in the TS at a significant contribution of the enolate, and
DR(C7C8)¼�0.021 Å and DR(C7O)¼ 0.0030 Å were found for the
difference of the corresponding bond distances of 6a and 1a. In
the reaction of 2-phenylethyl bromide (12a) with pyridine (2a),
DR(C7C8)¼�0.0125 Å was obtained from the data calculated for
TS 13a and reactant 12a. In this latter reaction the shortening of
the C7—C8 bond can be explained with the change of the
hybridization state of the C8 atom from sp3 towards sp2 at the
formation of TS 13a. Though the increase in the C7——O bond
length during the formation TS 6a is very small, the somewhat
greater shortening of the R(C7C8) bond lengths for TS 6a than for
TS 13amay refer to a resonance interaction with the C——O group
in TS 6a. A greater contribution of the enolate form 7 would be
expected for TSs bearing electron-donating (e-d) groups on the
pyridine ring.[22,23] Accordingly, the greatest negative charge for
the carbonyl oxygen (Q(O)), and the shortest R(C7C8) bond
distance were obtained for these derivatives (Fig. 2). To sum it up,
the results may refer to a small but significant contribution of
enolate 7 to TS 6.
Structural parameters, calculated for TSs 6 of the reactions of

phenacyl bromide (C6H5COCH2Br, 1a) with substituted pyridines
(YC5H4N, 2) have been plotted against sPy substituent constants,
derived for pyridines (as shown in Section Computational
Methods). The Q(Br) negative charge of the leaving bromine,
the R(C8Br) and R(C7C8) distances and the u(C7C8N) angle increase,
while the Q(O) negative charge of the carbonyl oxygen, the
R(C8N) distance and the u(C7C8Br) angle decrease, with the
increase in the electron-withdrawing (e-w) effect and sPy
constant of the Y substituents of pyridine (Fig. 2 and Figures
S1–S5 in the Supplementary Material for data obtained in
different solvents). All these structural changes are consequences
of the formation of more product like TSs with the increasing e-w
effect of the substituent of pyridine.
Structural parameters, calculated for the reaction of sub-

stituted phenacyl bromides (XC6H4COCH2Br, 1) with pyridine
(C5H5N, 2a), give linear correlations with the Hammett s

constants. The values of all structural parameters ((Q(Br), Q(O),
R(C8Br), R(C8N), u(C7C8N), u(C7C8Br), R(C7O) and R(C7C8)) decrease
with the increasing e-w effect of the X substituents of the
phenacyl moiety (Fig. 3 and Figures S6–S8 in the Supplementary
Material for data obtained in different solvents). The structures of
J. Phys. Org. Chem. 2008, 21 988–996 Copyright � 2008 John W
the TSs 6 become tighter and have less distorted TBP geometry
with the increasing e-w effect of the X substituents of phenacyl
bromides.

Effect of substituents on reactivity

Activation parameters were computed at DFT(B3LYP)/6-31G(d)
level in acetonitrile, methanol and water, moreover at
DFT(B3LYP)/6–311þþ G(d,p) level in methanol, and compared
with the data calculated from the results of kinetic experiments
performed in acetonitrile,[29] methanol[20,21] and 90% acetone–
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 3. Plots of charges (Q(Br), Q(O), Q(N)) and bond distances
(R(C8Br), R(C8N), R(C7C8), R(C7O)) of TSs 6 against the Hammett s con-

stants for the reaction of substituted phenacyl bromides (XC6H4COCH2Br,

1) with pyridine (C5H5N, 2a), calculated at (B3LYP)/6-31G(d) level, in
acetonitrile, at 318 K. (Correlations: Q(Br)¼ 0.0280s� 0.546 (r¼ 0.994);

Q(O)¼ 0.0247s� 0.529 (r¼ 0.982);Q(N)¼ –0.00421s� 0.454 (r¼ 0.957);

R(C8Br)¼ –0.0103sþ 2.438 (r¼ 0.986); R(C8N)¼ –0.00344sþ 2.099

(r¼ 0.774); R(C7C8)¼ –0.00590sþ 1.503 (r¼ 0.996); R(C7O)¼ –0.00474sþ
1.229 (r¼ 0.968); correlations for plots given in Figure S5: u(C7C8Br)¼
–1.69sþ 92.7 (r¼ 0.974); u(C7C8N)¼ –0.101sþ 92.0 (r¼ 0.261))

Figure 4. Calculated and experimentally derived[29] DGz versus s, and
DGz versus sPy plots for the reactions of phenacyl bromide (1aþ 2@ TS

6) and phenacyl chloride (10aþ 2@ TS 11) with pyridines (2) in aceto-
nitrile, at 318 K. Calculations were performed at DFT(B3LYP)/6-31G(d)

level. (Correlations for DGz versus sPy plots are given in Table 3, Nos. 1

and 10)

Figure 5. Calculated and experimentally derived[20,21] DGz versus sPy
plots for the reaction of phenacyl bromide with pyridines (1aþ 2@ TS 6)
in methanol, at 310 K. Calculations were performed at DFT(B3LYP)/
6-31G(d) and DFT(B3LYP)/6-311þþG(d,p) levels with optimization or with

single point energy calculations (SPEC). (Correlations are given in Table 3,

No. 4)
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9
9
2

water mixtures,[42] respectively. The activation parameters were
correlated with the Hammett s constants, and with the sPy
substituent constants, derived for pyridines.
In the reactions of phenacyl bromide (1a) with substituted

pyridines (2, Scheme 1) the e-d effect of the Y substituents
increase the nucleophilicity of pyridine, and the rate of the
reactions, that is decrease the free energy of activation (Figs 4
and 5 and Figure S9, Table 3, Nos. 1, 4 and 7 for data obtained in
different solvents). The experimentally derived[29] DGz values
give a broken plot against the Hammett s constants in
acetonitrile (6(s,exp) plot in Fig. 4). Such a change of reactivity
with the substituent constants has been explained[43–49] by the
change of the rate determining-step in multi-step reactions.
The reactivities of the pyridine nucleophile and the leaving
bromide ion are very similar, in the Swain–Scott equation[50–52]

their nucleophilic constants are n¼ 3.6 and 3.5, respectively.
Pyridine and its derivatives, bearing e-d groups are better
nucleophiles, while those derivatives bearing e-w substituents
are poorer nucleophiles than bromide ion. Therefore, it has been
suggested by Lee et al.,[29] that in the reaction of phenacyl
bromide with good pyridine nucleophiles, the rate-determining
step is the formation of tetrahedral intermediate 3, while with
poor pyridine nucleophiles the rate-determining step changes for
the breakdown of intermediate 3. However, the DGz versus s plot,
computed for the SN2 mechanism of this reaction (1aþ 2@ TS 6)
is also broken, though no break would be expected for a
single-step SN2 reaction; (6(s,calc) and 6(s,exp) plots in Fig. 4).
The results of computations demonstrate that assuming a
tetrahedral intermediate is not necessary. Moreover the
calculated DGz versus s plot for the SN2 reaction of phenacyl
chloride with substituted pyridines (10aþ 2@ TS 11) is also
broken at the very same s value as that of the phenacyl bromide
(11(s,calc) and 6(s,calc) plots in Fig. 4), though the nucleophilicity
www.interscience.wiley.com/journal/poc Copyright � 2008
of the chloride ion (n¼ 2.7) is much smaller than that of the
bromide ion. If the change of the relative nucleophilicities of the
nucleophile and the leaving group were the reason for the break
of the DGz versus s plots, than the breaks of the plots for the
reactions of phenacyl bromide (TS 6) and phenacyl chloride (TS
11) would be at different s values.
The resonance interaction between the orthogonally posi-

tioned p orbital of the 4-substituents and the lone pair of the N
atom of pyridine is very different from the interaction, which
occurs at the dissociation of benzoic acids, used for the
determination of the s constants. This difference is the cause
of the break of the DGz versus s plots. Therefore, instead of
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2008, 21 988–996



Table 3. Correlations for the calculated and experimentally derived[20,21,29,42] DGz, DHz and DSz activation parameters against the
sPy and s substituents constants for the reactions of phenacyl bromide (1aþ 2@ TS 6) and phenacyl chloride (10aþ 2@ TS 11)
with pyridines (2), moreover for substituted phenacyl bromides with pyridine (1þ 2a@ TS 6, Scheme 1)

DPz ¼ dDPzsþDPzo (r; N)b

No. Reaction Solvent T/Ka Calculatedc Experimental

1 1aþ 2@ TS 6 Acetonitrile 318 DGz ¼ 24.8sPyþ 98.8 (0.972; 12) DGz ¼ 19.0sPyþ 90.4 (0.969; 11)
2 DHz ¼ 24.3sPyþ 49.4 (0.988; 12) —
3 DSz ¼ –1.80sPy� 157 (0.105; 12) —
4 1aþ 2@ TS 6 Methanol 310 DGz ¼ 22.1sPyþ 97.5 (0.977; 11)d DGz ¼ 11.8sPyþ 95.0 (0.994; 5)
5 DHz ¼ 23.3sPyþ 49.7 (0.989; 11) DHz ¼ 7.53sPyþ 60.7 (0.675; 5)
6 DSz ¼ 4.32sPy� 156 (0.370; 11) DSz ¼�13.6sPy� 110 (0.488; 5)
7 1aþ 2@ TS 6 Water 308 DGz ¼ 19.5sPyþ 95.8 (0.986; 11) DGz ¼ 16.6sPyþ 91.6 (0.992; 6)e

8 DHz ¼ 22.4sPyþ 48.2 (0.991; 11) —
9 DSz ¼ 9.53sPy� 155 (0.691; 11) —
10 10aþ 2@ TS 11 Acetonitrile 318 DGz ¼ 24.2sPyþ 101 (0.989; 10) —
11 DHz ¼ 23.1sPyþ 50.7 (0.990; 10) —
12 DSz ¼�2.81sPy� 159 (0.525; 10) —
13 1þ 2a@ TS 6 Acetonitrile 318 DGz ¼ –2.47sþ 97.2 (0.718; 8) DGz ¼ –1.64sþ 89.7 (0.983; 6)
14 DHz ¼�2.75sþ 48.1 (0.975; 8) —
15 DSz ¼ –0.90s� 154 (0.113; 8) —
16 1þ 2a@ TS 6 Methanol 310 DGz ¼ –3.68sþ 96.7 (0.874; 8) DGz ¼ –1.53sþ 95.1 (0.997; 6)
17 DHz ¼ –3.02sþ 48.4 (0.987; 8) DHz ¼ 4.14sþ 61.1 (0.709; 6)
18 DSz ¼ 2.11s� 156 (0.293; 8) DSz ¼ 18.3s� 110 (0.814; 6)

a Temperature of calculations and experiments.
b P¼G, H or S; s¼ The Hammett s constants or the sPy constants; determined for pyridines; r¼ correlation coefficient; N¼ number of
compounds.
c Calculated at DFT(B3LYP)/6-31G(d) level if not otherwise stated.
d At DFT(B3LYP)/6-311þþG(d,p) level with optimization, DGz ¼ 21.4sPyþ 102 (0.964; 8); At DFT(B3LYP)/6-311þþG(d,p) level with
SPEC approximation; DGz ¼ 19.5sPyþ 102 (0.969; 9).
e Experimental data were measured in 90% acetone–water.[42]
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the Hammett s constants, the sPy parameters, calculated from the
dissociation constants of pyridinium ions,[53,54] must be used for
the reactions of 4-substituted pyridines (as shown in Section
Computational Methods). The Hammett sm constants are valid
for the reactions of 3-substituted pyridines because the
resonance effect between the 3-substituent and the N atom is
poor.[55] The sPy substituent constants, calculated for resonance
e-d and e-w 4-substituents of pyridine, are larger and smaller,
respectively, than the Hammett sp constants, because both e-d
and e-w resonance effects of 4-substituents are less effective in
the pyridine ring than in the case of the benzene derivatives.
Resonance e-w 4-subtstituents (e.g. 4-COMe, 4-CO2Me, 4-CN,
4-NO2) proved to be weakly e-d, when stabilizing a positively
polarized centre.[56–58] Better correlations are obtained for the
calculated DGz data of TSs 6 and 11 and for the experimental DGz

values of TS 6 if they are plotted against the sPy constants
(6(sPy,calc), 6(sPy,exp) and 11(sPy,calc) plots in Fig. 4, as shown in
moreover plots in Fig. 5 and Figure S9 and data in Table 3, Nos. 1,
4 and 7, obtained in different solvents). The sPy constants,
however, may also slightly depend on reactions of pyridines,
especially in the case of 4-MeO, 4-Me and 3-MeO groups.[59–62] In
the TSs of the SN2 reactions, the p electrons of the pyridine ring
may interact with the C—C bonds of the substrate, for example
J. Phys. Org. Chem. 2008, 21 988–996 Copyright � 2008 John W
with the C7—C8 bond of phenacyl derivatives. Such an interaction
does not take place in protonation of pyridines, used for the
determination of the sPy constants.
The substituent effect is smaller in the reaction of phenacyl

bromide (1a) with substituted pyridines (2) than in the
dissociation of pyridinium ions, reaction constants dDGz �
20 kJmol�1s�1

Py (r��3.3) and dDG8¼�36.4 kJmol�1s�1
Py

(r¼ 6.01) were calculated for the slope of the DG versus sPy
plots, respectively (dDG¼�2.303RTr;[32] Table 3, Nos. 1, 4, 7 and
10). Computed dDGz data are in the best agreement with the
results measured in the aprotic acetonitrile (Table 3, No 1,
6(sPy,calc), 6(sPy,exp) plots in Fig. 4). In protic solvents the
experimentally derived dDGz data are smaller than the calculated
ones (e.g. in methanol dDGz ¼ 11.8 and 22.1 kJmol�1s�1

Py ,
respectively, Table 3, No 4 and 7, Fig. 5 and Figure S9). The
substituent effect in alkylations of pyridines was also found to
be smaller in protic solvents.[59] Good pyridine nucleophiles form
stronger hydrogen bonding, which decreases their reactivity to a
greater extent than in the case of poor nucleophiles. The effect of
hydrogen bonds was not taken into consideration, by using the
PCM of solvents, therefore computed dDGz data do not depend
on solvent significantly (Table 3, Nos. 1, 4 and 7). The deviation of
the measured and calculated DGz values is less than 8 kJmol�1
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 6. Calculated DGz/DHz/DSz versus s, and experimentally
derived[29] DGz versus s plots for the reaction of substituted phenacyl

bromides (XC6H4COCH2Br, 1) with pyridine (C5H5N, 2a) in acetonitrile, at

318 K. Calculations were performed at DFT(B3LYP)/6-31G(d) level. (Corre-

lations are given in Table 3, Nos. 13-15)
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(Figs 4, 5 and Figure S9). Experimental data are in best agreement
with the results obtained at the lower DFT(B3LYP)/6-31G(d) level,
but DGz data computed at different levels with optimization or
with single point energy calculations (SPEC) do not deviate from
each other considerably (Fig. 5).
In the reactions of substituted phenacyl bromides (1) with

pyridine (2a) the e-w X groups of the substrate accelerate the
reactions and decrease the DGz values, which give linear
correlations with the Hammett s constants (Figs 6 and 7). The
substituents of the benzene ring are far from the centre of
the reaction and this is the reason why reactivity is changed with
the substituents only to a small extent (as shown in slopes of DGz

versus s plots in Table 3, Nos. 13 and 16). Earlier theminor effect of
substituents was explained[29] with the supposed small changes
Figure 7. Calculated and experimentally derived[29] DGz/DHz/DSz versus
s plots for the reaction of substituted phenacyl bromides (XC6H4COCH2Br,

1) with pyridine (C5H5N, 2a) in methanol, at 310 K. Calculations were
performed at DFT(B3LYP)/6-31G(d) level. (Correlations are given in Table 3,

Nos. 16–18)

www.interscience.wiley.com/journal/poc Copyright � 2008
of charges in the reaction. The same magnitude of changes were
calculated for charges of bromine and oxygen atoms for the
reactions of substituted phenacyl bromides with pyridine
(dDQ(Br)¼ 0.0280 a.u. s�1, dDQ(O)¼ 0.0247 a.u. s�1 Fig. 3) and
phenacyl bromide with substituted pyridines (dDQ(Br)¼
0.0325 a.u. s�1

Py , dDQ(O)¼ 0.00755 a.u. s�1
Py Fig. 2], though the

changes of reactivity are very different in these two series of
reactions (as shown in slopes of DGz versus s plots in Table 3, Nos.
1, 4, 7, 13 and 16). It seems that the change of reactivity and the
change of charges are not correlated. The small absolute value of
the dDGz reaction constants for the reactions of substituted
phenacyl bromides with pyridine (dDGz ��1.6 kJmol�1s�1;
r� 0.26; Table 3, Nos. 13 and 16) also support the attack of
pyridine on the CH2Br group of phenacyl bromide.[63] Similar
reaction constant were observed in the nucleophilic substitution
reactions of 2-arylethyl and phenacyl derivatives, proceeding
by SN2 mechanism.[11,12,20,21,29–31,63–66] Much greater reaction
constants (r� 2) were obtained if the nucleophilic addition takes
place on a carbonyl group coupled to a benzene ring.[67–71]

The charges, formed in the TS, influence the solvation and the
experimentally derived DSz values. In the reaction of substituted
phenacyl bromides (1) with pyridine (2a), the measured DSz

values increase with the increasing e-w effect of the X
substituents (dDSz ¼ 18.3 Jmol�1 K�1s�1, Table 3, No. 18, Fig. 7)
because the negative charge of bromine and therefore the
solvation decrease at the formation of the TS in the given series of
compounds (Fig. 3). On the other hand, in the reactions of
phenacyl bromide (1a) with substituted pyridines (2), the
negative charge of bromine (Fig. 2) and the solvation increases,
the experimentally derived DSz data decrease (dDSz ¼
�13.6 Jmol�1 K�1s�1

Py , Table 3, No. 6, Figure S10) with the
increase of the e-w effect of the Y substituents. The values of
experimentally derived DHz parameters are also influenced by
the change of DSz, that is by the solvation.[32–34] The
rearrangements of the solvent molecules, which occur during
the reactions, are not included in our calculations, therefore the
computed DSz data depend only slightly on the substituents of
the pyridine or phenacyl bromide reactants (Table 3, Nos. 3, 6, 9,
12, 15 and 18, Fig. 7 and Figure S10), and the slope of the
computed DGz versus s and DHz versus s plots are very similar.
(For the calculated data, dDGz � dDHz.) Though, the deviation of
the calculated and experimentally derived DHz and DSz values
can be considerable, the corresponding DGz data agree with each
other, owing to the compensation effect of the solvent
rearrangement.[32–34]
CONCLUSIONS

DFT calculations do not support the addition of pyridine on the
carbonyl group of phenacyl bromides, that is the formation of the
tetrahedral intermediate 3 (Scheme 1), because the total energy
and the free energy of the reacting species increase continuously
with the decrease in the distance between the N and C7 atoms, if
they are closer than 2.7 Å (Fig. 1). However, the attraction
between the positively polarized C7 atom of the carbonyl group
of phenacyl bromides and the negatively polarized N atom of the
pyridine nucleophiles promote the formation of complex 5 at
distances greater than 2.7 Å. The formation of complex 5 opens a
pathway of smaller energy for the SN2-type TS 6, and decreases
the free energy of activation for the nucleophilic substitution on
the CH2Br group. This may be the reason why nucleophilic
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2008, 21 988–996
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substitutions on phenacyl substrates proceed faster than the
analogous reactions of alkyl halides of similar structure. The
enolate form 7 seems also to make a significant contribution to
the stability of TS 6. All the reactions pass through the SN2 type TS
6, the structure of which changes with the substituents. The
reaction coordinate of the TS increases with the increase in the
e-w effect of the substituents of pyridine, while these groups on
phenacyl bromide reactants increase the tightness of the TS.
Owing to the restricted resonance effects, the subtituent effect in
the reaction of 4-substituted pyridine derivatives can be
evaluated properly only by using the sPy substituent constants,
derived from dissociation constants of pyridinium ions.
When discussions of experimental data of mechanistic studies

lead to controversial conclusions, quantum chemical compu-
tations may efficiently contribute to more reliable decisions.
9

COMPUTATIONAL METHODS

The geometry of the compounds was fully optimized without
symmetry constraints by use of the Gaussian 03 software
package[72] at DFT(B3LYP)/6-31G(d) level in acetonitrile, methanol
and water solvents, at 318, 310 and 305 K, respectively.
Temperatures are the same as used in the corresponding kinetic
measurements. Optimizations and SPEC were also carried out at
DFT(B3LYP)/6-311þþG(d,p) level in methanol. The chosen B3LYP
functional was found to perform well in investigation of trends in
nucleophilic substitution reactions.[73,74] The solvent effect was
incorporated by applying the PCM[75] in the integral equation
formalism[76,77] (IEF-PCM) of the corresponding solvent. Relaxed
potential energy curve scans weremade by changing the N���C——
O and N���CH2Br distances stepwise, to calculate the pathways
for the attacks of the pyridine nucleophile (2a) on C——O
and CH2Br groups of 4-nitrophenacyl bromide (1b) and on
the CH2Br group of 2(4-nitrophenyl)ethyl bromide (12b).
Structures were characterized as energy minima or TSs by
calculating the harmonic vibrational frequencies, with the use of
analytical second derivatives. No or one imaginary frequency was
obtained for reactants and TSs, respectively. Selected data for the
optimized structures obtained by means of DFT calculations are
listed in Tables S1–S3, in the Supplementary Material.
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,[78,79] and are listed
together with the calculated total energies (E) and numbers of
imaginary frequencies in Tables S4–S7 in the Supplementary
Material. The computed entropy values, obtained in solutions,
agree with the data calculated by application of Benson’s
rule[80,81] in the gas phase. As an example, the S value of
411.3 Jmol�1 K�1 was obtained for C6H5COCH2Br (1a) by DFT
calculations in solution. In comparison, a values of S¼
425 Jmol�1 K�1 was calculated on application of Benson’s rule.
The DEz DGz, DHz, DSz activation parameters of the reactions

were calculated from the differences in the E, G, H and S values of
the TSs or scan points and reactants, respectively (Eqn 2, P¼ E, G,
H or S).

DPz ¼ PTS �
X

PR (2)

The generated DEz, DGz and DHz values were multiplied by
2625.5 in order to convert them from atomic into kJmol�1 units.
J. Phys. Org. Chem. 2008, 21 988–996 Copyright � 2008 John W
Experimentally derived activation parameters for the reactions
were calculated from the second order rate constants (k2¼ k1/
[Nuc]). The activation parameters, obtained through DFT
computations and from kinetic measurements, were correlated
with the substituent constants (Eqn 3, P¼G, H, or S), as described
previously.[32–34]

DPz ¼ dDPzs þ DP
z
o (3)

The dDPz reaction constants characterize the effect of
substituents on activation parameters, DPz and DP

z
0 are the

activation parameters of substituted and unsubstituted com-
pounds, respectively. The Hammett s constants[82] were used in
the correlations of the reactions of substituted phenacyl
bromides with pyridine. For the reactions of phenacyl bromide
with substituted pyridines, the sPy substituent constants were
calculated by Eqn (4) using the method of Fischer et al.[53,54] (In
Reference [53,54], sPy is referred to as ‘effective substituent
constant’, and denoted by s.)

sPy ¼ ðpKo
a � pKaÞ=r (4)

The pK0
a and pKa data of pyridine and its substituted

derivatives, respectively, were determined[53] in water, at 25 8C.
r¼ 6.01 was calculated from the slope of the linear plot of the pKa
values of 3-substituted pyridine derivatives against the Hammett
sm constants. The sPy substituent constants for 4-substituted
derivatives were calculated with this r reaction constant and
their pKa values. The sPy constants may also depend on the
reaction, and in some cases slightly larger values for 4-MeO and
4-Me groups (�0.12 and �0.09 instead of �0.23 and �0.14,
respectively) and a smaller one for 3-MeO group (0.04 instead of
0.07) were found to be more appropriate.[54,62] The s and sPy
constants, used in the correlations are listed in Table S8 in the
Supplementary Material.
SUPPORTING INFORMATION

Plots of calculated structural data against the substituent
constants, selected atomic charges, bond distances and angles
as well as calculated total energies, sums electronic and thermal
free energies and enthalpies, entropies of formation and number
of imaginary frequencies are listed in the supporting information,
which can be found in the online version of this article.
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The authors thank Professor Árpád Kucsman for fruitful discus-
sions. This work was supported by the Hungarian Scientific
Research Foundation and GVOP (OTKA No. K 60889 and
GVOP-3.1.1-2004-05-0451/3.0).
REFERENCES

[1] M. J. S. Dewar, The Electronic Theory of Organic Chemistry. Oxford
University Press, Oxford, 1949, p. 73.

[2] E. L. Eliel, Steric Effect in Organic Chemistry, (Ed.: M. S. Newman). Wiley,
New York, 1956, p. 103.

[3] J. Hine, Physical Organic Chemistry (2nd edn), McGraw-Hill, New York,
1962. p. 176.

[4] C. A. Bunton, Nucleophilic Substitution at a Saturated Carbon Atom,
Elsevier, London, 1963, p. 35.
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc

9
5
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