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Second-order rate constants (kOx−) have been measured spectrophotometrically for nucleophilic substitution
reactions of 4-nitrophenyl X-substituted-cinnamates (7a-7e) and Y-substituted-phenyl cinnamates (8a-8e) with
butane-2,3-dione monoximate (Ox–) in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1 oC. The Hammett plot
for the reactions of 7a-7e consists of two intersecting straight lines while the Yukawa-Tsuno plot exhibits an
excellent linearity with ρX = 0.85 and r = 0.58, indicating that the nonlinear Hammett plot is not due to a change
in the rate-determining step but is caused by resonance stabilization of the ground state (GS) of the substrate
possessing an electron-donating group (EDG). The Brønsted-type plot for the reactions of Y-substituted-phenyl
cinnamates (8a-8e) is linear with βlg = – 0.64, which is typical of reactions reported previously to proceed
through a concerted mechanism. The α-nucleophile (Ox–) is more reactive than the reference normalnucleophile (4-ClPhO–). The magnitude of the α-effect (i.e., the kOx− /k4-ClPhO− ratio) is independent of the
electronic nature of the substituent X in the nonleaving group but increases linearly as the substituent Y in the
leaving group becomes a weaker electron-withdrawing group (EWG). It has been concluded that the difference
in solvation energy between Ox– and 4-ClPhO– (i.e., GS effect) is not solely responsible for the α-effect but
stabilization of transition state (TS) through a cyclic TS structure contributes also to the Y-dependent α-effect
trend (i.e., TS effect).
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Introduction
Nucleophiles possessing one or more nonbonding electron
pairs at the atom α to the nucleophilic center were termed αnucleophiles.1 Since such nucleophiles often exhibited
higher reactivity than would be expected from their basicity,
the term α-effect was given to their enhanced nucleophilic
reactivity.1 Numerous studies have been performed to
investigate the origin of the α-effect.2-15 Important theories
suggested as the origin of the α-effect are: (1) destabilization
of the GS due to the electronic repulsion between the
nonbonding electron pairs, (2) stabilization of the TS since
the electronic repulsion can be diminished upon formation
of a TS, (3) thermodynamic stability of reaction products,
and (4) solvent effects.2-15
However, none of these theories alone can fully account
for the α-effect phenomenon. Particularly, solvent effects on
the α-effect is controversial. DePuy et al. carried out
nucleophilic substitution reactions of methyl formate with
HOO– and OH– in gas phase and found that HOO– does not
exhibit the α-effect.3e Thus, solvent effect was suggested to
be responsible for the α-effect shown by HOO– in aqueous
medium,3 since HOO– was reported to be 12 kcal/mol less
strongly solvated in H2O than OH–.4 On the contrary, recent
advances of computational methods and developments of
new instruments for gas-phase reactions have shown that
solvent effect is unimportant for the α-effect, since αnucleophiles (e.g., HOO–, FO–, etc.) exhibit lower activation
energies than normal nucleophiles of similar basicity in gas-

phase reactions.5-7
We have reported that the α-effect is strongly dependent
on the solvent composition for the reactions of 4-nitrophenyl
acetate (1) with butane-2,3-dione monoximate (Ox–, αnucleophile) and 4-chlorophenoxide (4-ClPhO–, normalnucleophile) in H2O/DMSO mixtures and in H2O/MeCN
mixtures of varying compositions, e.g., the magnitude of the
α-effect (i.e., kOx−/k4-ClPhO−) increases as the mol % DMSO in
the medium increases up to ca. 50 mol % and then decreases
beyond that point (a bell-shaped α-effect profile),11 while the
α-effect for the reactions performed in aqueous MeCN
increases with increasing mol % MeCN in the medium.12
These results indicate that solvent effect on the α-effect is
indeed important. Similar bell-shaped α-effect profiles have
been reported for the reactions of 4-nitrophenyl benzenesulfonate (2) and 4-nitrophenyl diphenylphosphinate (3) with
Ox– and 4-ClPhO– in H2O/DMSO mixtures, although the
magnitude of the α-effect decreases as the electrophilic
center changes from C=O to SO2 and P=O.13,14

Stabilization of TS has also been examined as an origin of
the α-effect for nucleophilic substitution reactions of 4nitrophenyl X-substituted-benzoates (4) and Y-substitutedphenyl benzoates (5) with NH2NH2 (an α-nucleophile) and
glycylglycine (a normal-nucleophile).15 We have shown that
the α-effect (i.e., kNH2NH2/kglycylglycine) increases as the sub-
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stituents X and Y become a weaker electron-withdrawing
group (EWG).15 Accordingly, stabilization of the TS through
intramolecular H-bonding interaction (e.g., 6) has been
suggested to be responsible for the substituent-dependent αeffect.15

Our study has been extended to the nucleophilic substitution reactions of 4-nitrophenyl X-substituted-cinnamates (7a-7e) and Y-substituted-phenyl cinnamates (8a-8e)
with Ox– in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1
o
C (Scheme 1). The kinetic data have been analyzed through
LFERs (e.g., Brønsted, Hammett, and Yukawa-Tsuno plots)
to deduce the reaction mechanism. The kinetic data in this
study have also been compared with those reported previously for the corresponding reactions with 4-ClPhO– to
investigate the origin of the α-effect.

Scheme 1

Results and Discussion
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were linear and passed through the origin. Thus, the secondorder rate constants (kOx−) were calculated from the slope of
the linear plots. Based on replicate runs, it is estimated that
the uncertainty in the kOx− values is less than ± 3%. The kOx−
values calculated in this way are summarized in Table 1 for
the reactions of 4-nitrophenyl X-substituted-cinnamates (7a7e) with Ox– together with the k4-ClPhO− values reported
previously for the corresponding reactions with 4-ClPhO– to
calculate the magnitude of the α-effect (i.e., the kOx−/k4-ClPhO−
ratio). In Table 2 are summarized the kOx− and k4-ClPhO− values
for the reactions of Y-substituted-phenyl cinnamates (8a-8e)
together with the kOx−/k4-ClPhO− ratios.
Effect of Substituent X on Reactivity and Reaction
Mechanism. As shown in Table 1, the second-order rate
constant for the reactions of 7a-7e with Ox– is dependent on
the electronic nature of the substituent X in the cinnamoyl
moiety, e.g., kOx− decreases from 134 M−1s−1 to 28.9 and 10.8
M−1s−1 as the substituent X changes from 4-NO2 to H and 4MeO, respectively. A similar result is shown for the corresponding reactions with 4-ClPhO– although Ox– is much
more reactive than 4-ClPhO–, indicating that the α-effect is
operative in the current reactions.
The effect of the substituent X on the reactivity of 4nitrophenyl X-substituted-cinnamates (7a-7e) is illustrated
in Figure 1. The Hammett plot consists of two intersecting
straight lines. Traditionally, such nonlinear Hammett plot
has been taken as evidence for a change in the rate-determining step (RDS) of a stepwise reaction.17 Thus, one might
suggest that the reactions proceed through a stepwise mechanism with a change in the RDS upon changing the substituent X in the cinnamoyl moiety, e.g., from breakdown of
an addition intermediate to its formation as the substituent X
changes from EWGs to EDGs.
The above idea appears to be reasonable since an EWG in
the cinnamoyl moiety could accelerate the rate of nucleophilic attack (i.e., k1) by increasing the electrophilicity of the

The kinetic study was performed under pseudo-first-order
conditions in which the concentration of Ox– was kept in
excess over the substrate concentration. All of the reactions
in this study obeyed first-order kinetics and pseudo-firstorder rate constants (kobsd) were calculated from the
equation, ln (A – At) = –kobsd t + C. The plots of kobsd vs. [Ox–]
Table 1. Summary of Second-Order Rate Constants for the Reactions of 4-Nitrophenyl X-Substituted-Cinnamates (7a-7e) with
Butane-2,3-dione Monoximate (Ox–) and 4-Chlorophenoxide (4ClPhO–) in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1 ºCa
X
7a
7b
7c
7d
7e

4-NO2
4-Cl
H
4-Me
4-MeO

kOx−/M−1s−1

k4-ClPhO−/M−1s−1

kOx−/k4-ClPhO−

134
38.7
28.9
17.4
10.8

0.844
0.224
0.177
0.0958
0.0614

159
173
163
182
176

a
The pKa values and kinetic data for the reactions with 4-ClPhO– were
taken from ref. 16.

Figure 1. Hammett plot for the reactions of 4-nitrophenyl Xsubstituted-cinnamates (7a-7e) with Ox– in 80 mol % H2O/20
mol % DMSO at 25.0 ± 0.1 ºC. The identity of points is given in
Table 1.
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reaction center but would retard the rate of leaving-group
departure (i.e., k2), while an EDG would decrease k1 but
would increase k2. However, we propose that the nonlinear
Hammett plot shown in Figure 1 is not due to a change in the
RDS since the RDS is not determined by the magnitude of
the k1 and k2 values. Moreover, the k1 and k2 values cannot be
compared directly due to the difference in their units (i.e.,
M−1s−1 for k1 and s−1 for k2).
We propose that the nonlinear Hammett plot shown in
Figure 1 is caused by stabilization of the GS of the substrate
possessing an EDG in the cinnamoyl moiety through resonance interactions as modeled by resonance structures I and
II. This is because such resonance interaction could stabilize
the GS of the substrate and would cause a decrease in
reactivity. This argument can be supported by the fact that
the substrates possessing an EDG (e.g., 7b, 7d and 7e)
exhibit negative deviation from the linear line composed of
the substrates bearing no EDG (e.g., 7a and 7c). Furthermore the deviation is more significant for the substrate
possessing a stronger EDG.

To examine the above argument, the Yukawa-Tsuno equation
has been employed. Eq. (1) has originally been derived to
account for the kinetic data obtained from solvolysis of
benzylic systems, in which a partial positive charge develops
in the TS.18 The magnitude of the r value in the YukawaTsuno equation represents the resonance demand of the
reaction center or the extent of resonance contribution, while
the term (σX+ – σXo) is the resonance substituent constant
that measures the capacity for π-delocalization of the πelectron donor substituent.18,19
log kX/kH = ρX[σXo + r(σX+ – σXo)]

(1)
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As shown in Figure 2, the Yukawa-Tsuno plot exhibits an
excellent linear correlation with ρX = 0.85 and r = 0.58. The
ρX value of 0.85 is almost identical to the ρX value of 0.89
reported for the corresponding reactions with 4-ClPhO– but
is much smaller than that reported previously for the reactions of 2,4-dinitrophenyl X-substituted-benzoates with
anions (e.g., ρX = 1.93, 1.72 and 1.75 for the reactions with
OH–, CN– and N3–, respectively).20 The small ρX value found
in this study is consistent with the report that insertion of one
–CH2– or –CH=CH– group between the reaction site and the
phenyl ring causes a decrease in ρX by a half.21 Accordingly,
the linear Yukawa-Tsuno plot with ρX = 0.85 and r = 0.58
supports our preceding proposal that the nonlinear Hammett
plot is not due to a change in the RDS but is caused by GS
stabilization through resonance interactions.
The reactions of 7a-7e with 4-ClPhO– have recently been
reported to proceed through a concerted mechanism.16
Accordingly, one might suggest that the reactions with Ox–
proceed through the same mechanism on the basis of the fact
that the ρX values for the two series of reactions are almost
identical. However, the ρX value of 0.85 alone does not give
any conclusive information on the reaction mechanism.
Effect of Substituent Y on Reactivity and Reaction
Mechanism. To get further information on the reaction
mechanism, second-order rate constants for the reactions of
Y-substituted-phenyl cinnamates (8a-8e) with Ox– have
been measured. As shown in Table 2, kOx− increases as the
basicity of the leaving group decreases except for the
reaction of 8e (e.g., from 4.19 M−1s−1 to 28.9 and 577 M−1s−1
as the pKa of the conjugate acid of the leaving aryloxide
decreases from 8.94 to 7.79 and 5.60, in turn). It is noted that
2,4-dinitrophenyl cinnamate (8e) is less reactive than 3,4dinitrophenyl cinnamate (8d), although the former possesses
a less basic leaving group than the latter. However, this is
consistent with the report by Gresser et al. that the steric
hindrance exerted by the 2-NO2 in the leaving aryloxide is
responsible for the decreased reactivity shown by esters
possessing a 2,4-dinitrophenoxy group.22
The effect of leaving-group basicity on reactivity is illustrated
in Figure 3. It is shown that the Brønsted-type plot exhibits
an excellent linear correlation with βlg = – 0.64 when the
point for 2,4-dinitrophenyl cinnamate is excluded. The βlg
value found in this study is a little smaller than that reported

Table 2. Summary of Second-Order Rate Constants for Reactions
of Y-Substituted-phenyl Cinnamates (8a-8e) with Butane-2,3-dione
Monoximate (Ox–) and 4-Chlorophenoxide (4-ClPhO–) in 80 mol
% H2O/20 mol % DMSO at 25.0 ± 0.1 ºCa

Figure 2. Yukawa-Tsuno plot for the reactions of 4-nitrophenyl Xsubstituted cinnamates (7a-7e) with Ox– in 80 mol % H2O/20
mol % DMSO at 25.0 ± 0.1 oC. The identity of points is given in
Table 1.

8a
8b
8c
8d
8e

Y

pKa kOx−/ M−1s−1 k4-ClPhO−/M−1s−1 kOx−/k4-ClPhO−

4-COMe
4-CHO
4-NO2
3,4-(NO2)2
2,4-(NO2)2

8.94
8.45
7.79
5.60
3.94

4.19
8.99
28.9
577
434

0.0188
0.0446
0.177
5.52
5.45

223
202
163
105
79.6

a
The pKa values and kinetic data for the reactions with 4-ClPhO– were
taken from ref. 16.
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Figure 3. Brønsted-type plot for reactions of Y-substituted-phenyl
cinnamates (8a-8e) with Ox– in 80 mol % H2O/20 mol % DMSO at
25.0 ± 0.1 ºC. The identity of points is given in Table 2.

for the corresponding reactions with 4-ClPhO– (i.e., βlg =
–0.74)16 but is typical of reactions reported previously to
proceed through a concerted mechanism.23-25 Thus, one can
suggest that the reactions of 8a-8e with Ox– proceed through
a concerted mechanism.
If the reactions in this study proceed through a concerted
mechanism as proposed above, a partial negative charge
would develop on the O atom of the leaving aryloxide. Since
such negative charge can be delocalized to the substituent Y
through resonance interactions, σY– constants should result
in a better Hammett correlation than σYo constants. On the
contrary, if the reactions proceed through a stepwise mechanism, departure of the leaving group would occur after the
RDS. This is because Ox– is more basic and a poorer nucleofuge than the leaving-aryloxides employed in this study.
Thus, no negative charge would develop on the O atom of
the leaving group if the reactions proceed through a stepwise
mechanism. In this case, σYo constants should result in a
better Hammett correlation than σY– constants.

Figure 4. Hammett plots correlated with σY– and σYo constants for
the reactions of Y-substituted-phenyl cinnamates 8a-8d with Ox–
in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1 ºC.
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To examine whether a partial negative charge develops on
the O atom of the leaving group, Hammett plots have been
constructed using σY– and σYo constants. As shown in Figure
4, the Hammett plot correlated with σY– constants exhibits
much better linearity than that correlated with σYo constants.
This is only possible when a partial negative charge develops
on the O atom of the leaving group. Thus, one can conclude
that the current reactions proceed through a concerted
mechanism.
Origin of the α-Effect. Our calorimetric study has previously shown that Ox– is 6.70 kcal/mol less strongly
solvated than 4-ClPhO– in 80 mol % H2O/20 mol % DMSO
(i.e., the reaction medium used in this study).11b Thus, if the
difference in the solvation energy between Ox– and 4ClPhO– (e.g., the GS effect) is responsible for the α-effect
observed in the current reactions, the magnitude of the αeffect (i.e., the kOx−/k4-ClPhO− ratio) should be independent of
the electronic nature of the substituents X and Y. This is
because the two nucleophiles (i.e., Ox– and 4-ClPhO–) were
used throughout the reactions. In fact, Table 1 shows that the
kOx−/k4-ClPhO− ratio is independent of the electronic nature of
the substituent X for the reactions of 4-nitrophenyl Xsubstituted-cinnamates. However, Table 2 shows that the
kOx−/k4-ClPhO− ratio for the reactions of Y-substituted-phenyl
cinnamates decreases as the substituent Y becomes a weaker
EWG. Furthermore, the plot of log kOx−/k4-ClPhO− vs. pKa of
the conjugate acid of the leaving aryloxides exhibits an
excellent linear correlation (Figure 5), indicating that the GS
effect is not solely responsible for the α-effect observed in
this study.
Accordingly, one can suggest that TS stabilization is also
responsible for the α-effect in this study. One can suggest
two plausible TS structures as illustrated by TSI and TSII.
The former would increase the electrophilicity of the reaction center while the latter would enhance the nucleofugality
of the leaving aryloxide. Since such cyclic TS structures are

Figure 5. Plot showing dependence of the α-effect on the leavinggroup basicity for the reactions of Y-substituted-phenyl cinnamates
(8a-8e) with Ox– and 4-ClPhO– in 80 mol % H2O/20 mol %
DMSO at 25.0 ± 0.1 ºC. The identity of points is given in Table 2.
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not possible for the reactions with 4-ClPhO–, TS stabilization through an increase in the electrophilicity (i.e., TSI) or
nucleofugality (i.e., TSII) is considered to be responsible for
the α-effect shown by Ox–.

If the reactions with Ox– proceed through TSI, the magnitude of the α-effect would be similarly dependent on the
electronic nature of the substituents X and Y. This is because
the substituents X and Y are similarly away from the
reaction center. The fact that the magnitude of the α-effect is
independent of the substituent X but is dependent on the
substituent Y indicates that the reactions do not proceed
through TSI. In contrast, if the reactions with Ox– proceed
through TSII, the magnitude of α-effect would be more
influenced by the substituent Y in the leaving group than by
the substituent X in the cinnamoyl moiety. This is because
the substituent Y is much closer (e.g., proximal) to the C=O
bond in the Ox– nucleophile than the substituent X (e.g.,
distal). The fact that the magnitude of the α-effect is linearly
dependent on the substituent Y but is independent of the
substituent X suggests that the reactions with Ox– would
proceed through TSII.
Conclusions
The current study has allowed us to conclude the following: (1) The Hammett plot for the reactions of 7a-7e with
Ox– consists of two intersecting straight lines, while the
Yukawa-Tsuno plot is linear with ρX = 0.85 and r = 0.58.
This indicates that the nonlinear Hammett plot is not due to a
change in the RDS but is caused by GS stabilization of the
substrates possessing an EDG in the cinnamoyl moiety. (2)
The Brønsted-type plot for the reactions of Y-substitutedphenyl cinnamates (8a-8d) with Ox– is linear with βlg =
– 0.64, a typical βlg value for reactions reported previously to
proceed through a concerted mechanism. (3) The fact that
σY– constants result in a much better Hammett correlation
than σYo constants supports also a concerted mechanism. (4)
The difference in solvation energies between Ox– and 4ClPhO– is not solely responsible for the σ-effect. (5) The
enhanced nucleofugality through TSII is considered to be
responsible for the dependence of the σ-effect on the
electronic nature of the substituent Y.
Experimental Section
Materials. Y-Substituted-phenyl X-substituted-cinnamates
were prepared from the reactions of Y-substituted-phenol
and X-substituted-cinnamoyl chloride in anhydrous ether in
the presence of triethylamine as reported previously.21 The

Bull. Korean Chem. Soc. 2013, Vol. 34, No. 10

2881

crude product was purified by column chromatography (silica
gel, methylene chloride/n-hexane 50/50). The purity was
checked by the melting point and 1H NMR spectrum. Butane2,3-dione monoxime and other chemicals were of the
highest quality available. Doubly glass distilled water was
further boiled and cooled under nitrogen just before use. Due
to low solubility of the substrates in pure water, aqueous
DMSO (80 mol % H2O/20 mol % DMSO) was used as the
reaction medium.
Kinetics. The kinetic study was performed using a UV-vis
spectrophotometer for slow reactions (e.g., t1/2 > 10 s) or a
stopped-flow spectrophotometer for fast reactions (e.g., t1/2 ≤
10 s) equipped with a constant temperature circulating bath.
The reactions were followed by monitoring the appearance
of the leaving Y-substituted-phenoxide ion. All reactions
were carried out under pseudo-first-order conditions in which
the Ox– concentration was at least 20 times greater than the
substrate concentration. The Ox– stock solution was prepared
by dissolving 2 equiv. of butane-2,3-dione monoxime and 1
equiv. of standardized NaOH solution to make a selfbuffered solution in a 25.0 mL volumetric flask.
Products Analysis. Y-Substituted-phenoxide ion was
identified as one of the products in the reaction by comparison of the UV-vis spectra after completion of the
reaction with the authentic sample under the same reaction
conditions.
Acknowledgments. This work was supported by Basic
Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education (2012-R1A1B-3001637).
References
1. Edward, J. O.; Pearson, R. G. J. Am. Chem. Soc. 1962, 84, 16-24.
2. Reviews; (a) Buncel, E.; Um, I. H.; Terrier, F. The Chemistry of
Hydroxylamines, Oximes and Hydroxamic Acids; Wiley Press:
West Sussex, 2009, Chapter 17. (b) Buncel, E.; Um, I. H.
Tetrahedron 2004, 60, 7801-7825. (c) Hoz, S.; Buncel, E. Israel J.
Chem. 1985, 26, 313-319. (d) Grekov, A. P.; Beselov, V. Ya. Russ.
Chem. Rev. 1978, 47, 631-648. (e) Fina, N. J.; Edwards, J. O. Int.
J. Chem. Kinet. 1973, 5, 1-26.
3. (a) Garver, J. M.; Yang, Z.; Wehres, N.; Nichols, C. M.; Worker,
B. B.; Bierbaum, V. M. Int. J. Mass Spectrom. 2012, 330-332,
182-190. (b) Garver, J. M.; Yang, Z.; Nichols, C. M.; Worker, B.
B.; Gronert, S.; Bierbaum, V. M. Int. J. Mass Spectrom. 2012,
316-318, 244-250. (c) Garver, J. M.; Gronert, S.; Bierbaum, V. M.
J. Am. Chem. Soc. 2011, 133, 13894-13897. (d) Villano, S. M.;
Eyet, N.; Lineberger, W. C.; Bierbaum, V. M. J. Am. Chem. Soc.
2009, 131, 8227-8233. (e) Depuy, C. H.; Della, E. W.; Filley, J.;
Grabowski, J. J.; Bierbaum, V. M. J. Am. Chem. Soc. 1983, 105,
2481-2482.
4. Ritchie, J. F. J. Am. Chem. Soc. 1983, 105, 7313-7318.
5. (a) Wei, X. G.; Sun, X. M.; Wu, W. P.; Ren, Y.; Wong, N. B.; Li,
W. K. J. Org. Chem. 2010, 75, 4212-4217. (b) Ren, Y.; Yamataka,
H. J. Comput. Chem. 2009, 30, 358-365. (c) Ren, Y.; Yamataka,
H. J. Org. Chem. 2007, 72, 5660-5667. (d) Ren, Y.; Yamataka, H.
Chem. Eur. J. 2007, 13, 677-682. (e) Ren, Y.; Yamataka, H. Org.
Lett. 2006, 8, 119-121.
6. McAnoy, A. M.; Paine, M. R.; Blanksby, S. J. Org. Biomol. Chem.
2008, 6, 2316-2326.

2882

Bull. Korean Chem. Soc. 2013, Vol. 34, No. 10

7. Patterson, E. V.; Fountain, K. R. J. Org. Chem. 2006, 71, 81218125.
8. (a) Kirby, A. J.; Davies, J. E.; Fox, D. J.; Hodgson, D. R.; Goeta,
A. E.; Lima, M. F.; Priebe, J. P.; Santaballa, J. A.; Nome, F. Chem.
Commun. 2010, 1302-1304. (b) Kirby, A. J.; Tondo, D. W.;
Medeiros, M.; Souza, B. S.; Priebe, J. P.; Lima, M. F.; Nome, F. J.
Am. Chem. Soc. 2009, 131, 2023-2028. (c) Kirby, A. J.; Souza, B.
S.; Medeiros, M.; Priebe, J. P.; Manfredi, A. M.; Nome, F. Chem.
Commun. 2008, 4428-4429. (d) Kirby, A. J.; Lima, M. F.; da
Silva, D.; Roussev, C. D.; Nome, F. J. Am. Chem. Soc. 2006, 128,
16944-16952. (e) Terrier, F.; Rodriguez-Dafonte, P.; Le Guevel,
E.; Moutiers, G. Org. Biomol. Chem. 2006, 4, 4352-4363. (f)
Terrier, F.; Le Guevel, E.; Chatrousse, A. P.; Moutiers, G.; Buncel,
E. Chem. Commun. 2003, 600-601. (g) Buncel, E.; Cannes, C.;
Chatrousse, A. P.; Terrier, F. J. Am. Chem. Soc. 2002, 124, 87668767. (h) Fountain, K. R. J. Phys. Org. Chem. 2005, 18, 481-485.
(i) Fountain, K. R.; Felkerson, C. J.; Driskell, J. D.; Lamp, B. D. J.
Org. Chem. 2003, 68, 1810-1814.
9. (a) Domingos, J. B.; Longhinotti, E.; Brandao, T. A. S.; Santos, L.
S.; Eberlin, M. N.; Bunton, C. A.; Nome, F. J. Org. Chem. 2004,
69, 7898-7905. (b) Bunton, C. A.; Nome, F.; Quina, F. H.; Romsted,
L. S. Acc. Chem. Res. 1991, 24, 357-364.
10. (a) Ghosh, K. K.; Tiwari, S.; Marek, J.; Kuca, K. Lett. Drug
Design & Discov. 2010, 7, 194-199. (b) Ghosh, K. K.; Tiwari, S.;
Marek, J.; Kuca, K. J. Chem. & Engin. Data 2010, 55, 1153-1157.
(c) Ghosh, K. K.; Sinha, D.; Satnami, M. L.; Dubey, D. K.;
Rodriguez-Dafonte, P.; Mundhara, G. L. Langmuir 2005, 21,
8664-8669. (d) Shrivastava, A.; Ghosh, K. K. J. Mol. Liq. 2008,
141, 99-101. (e) Bernasconi, C. F.; Leyes, A. E.; Eventova, I.;
Rappoport, Z. J. Am. Chem. Soc. 1995, 117, 1703-1711.
11. (a) Buncel, E.; Um, I. H. Chem. Commun. 1986, 595. (b) Um, I.
H.; Buncel, E. J. Org. Chem. 2000, 65, 577-582.
12. Um, I. H.; Lee, E. J.; Buncel, E. J. Org. Chem. 2001, 66, 48594864.
13. Um, I. H.; Hong, J. Y.; Buncel, E. Chem. Commun. 2001, 27-28.
14. (a) Um, I. H.; Buncel, E. J. Am. Chem. Soc. 2001, 123, 1111111112. (b) Um, I. H.; Shin, Y. H.; Han, J. Y.; Buncel, E. Can. J.
Chem. 2006, 84, 1550-1556. (c) Um, I. H.; Han, J. Y.; Buncel, E.
Chem. Eur. J. 2009, 15, 1011-1017 (d) Um, I. H.; Im, L. R.;
Buncel, E. J. Org. Chem. 2010, 75, 8571-8577. (e) Um, I. H.; Han,

Min-Young Kim et al.

15.
16.
17.

18.

19.

20.
21.
22.
23.

24.

25.

H. J.; Ahn, J. A.; Kang, S.; Buncel, E. J. Org. Chem. 2002, 67,
8475-8480.
Um, I. H.; Chung, E. K.; Lee, S. M. Can. J. Chem. 1998, 76, 729737.
Son, Y. J.; Kim, E. H.; Kang, J. S.; Um, I. H. Bull. Korean Chem.
Soc. 2013, 34, 2455-2460.
(a) Carroll, F. A. Perspectives on Structure and Mechanism in
Organic Chemistry; Brooks/Cole: New York, 1988; pp 371-386.
(b) Lowry, T. H.; Richardson, K. S. Mechanism and Theory in
Organic Chemistry, 3rd ed.; Harper Collins Publishers: New York,
1987; pp 143-151.
(a) Tsuno, Y.; Fujio, M. Adv. Phys. Org. Chem. 1999, 32, 267-385.
(b) Tsuno, Y.; Fujio, M. Chem. Soc. Rev. 1996, 25, 129-139. (c)
Yukawa, Y.; Tsuno, Y. Bull. Chem. Soc. Jpn. 1959, 32, 965-970.
(a) Than, S.; Badal, M.; Itoh, S.; Mishima, M. J. Phys. Org. Chem.
2010, 23, 411-417. (b) Itoh, S.; Badal, M.; Mishima, M. J. Phys.
Org. Chem. 2009, 113, 10075-10080. (c) Than, S.; Maeda, H.;
Irie, M.; Kikukawa, K.; Mishima, M. Int. J. Mass Spectrom. 2007,
267, 205-214. (d) Maeda, H.; Irie, M.; Than, S.; Kikukawa, K.;
Mishima, M. Bull. Chem. Soc. Jpn. 2007, 80, 195-203. (e) Fujio,
M.; Alam, M. A.; Umezaki, Y.; Kikukawa, K.; Fujiyama, R.;
Tsuno, Y. Bull. Chem. Soc. Jpn. 2007, 80, 2378-2383.
Um, I. H.; Han, H. J.; Ahn, J. A.; Kang, S.; Buncel, E. J. Org.
Chem. 2002, 67, 8475-8480.
Um, I. H.; Park, Y. M.; Fujio, M.; Mishima, M.; Tsuno, Y. J. Org.
Chem. 2007, 72, 4816-4821.
Gresser, M. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 69706980.
(a) Castro, E. A.; Campodonico, P. R.; Contreras, R.; Fuentealba,
P.; Santos, J. G.; Leis, J. R.; Garcia-Rio, L.; Saez, J. A.; Domingo,
L. R. Tetrahedron 2006, 62, 2555-2562. (b) Castro, E. A.; Gazitua,
M.; Santos, J. G. J. Org. Chem. 2005, 70, 8088-8092.
(a) Hoque, M. E. U.; Dey, S.; Guha, A. K.; Kim, C. K.; Lee, B. S.;
Lee, H. W. J. Org. Chem. 2007, 72, 5493-5499. (b) Oh, H. K.; Oh,
J. Y.; Sung, D. D.; Lee, I. J. Org. Chem. 2005, 70, 5624-5629.
(a) Um, I. H.; Hwang, S. J.; Baek, M. H.; Park, E. J. J. Org. Chem.
2006, 71, 9191-9197. (b) Um, I. H.; Ko, S. H.; Bae, S. K. J. Org.
Chem. 2006, 71, 5800-5803. (c) Um, I. H.; Lee, H. W.; Nagano,
Y.; Fujio, M.; Tsuno, Y. J. Org. Chem. 2005, 70, 4980-4987.

