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Second-order rate constants for the reactions of phenyl Y-substituted-phenyl carbonates Sa-g with Z-
substituted-phenoxides (kzpno-) have been measured spectrophotometrically in 80 mol % H>O/20 mol %
DMSO at 25.0 = 0.1 °C. 4-Nitrophenyl phenyl carbonate (Se) is up to 235 times more reactive than 4-
nitrophenyl benzoate (4e). The Bronsted-type plot for the reactions of Se with Z-substituted-phenoxides is
linear with Bn. = 0.54, which is typical for reactions reported previously to proceed through a concerted
mechanism. Hammett plots correlated with 6° and o~ constants for the reactions of 5a-f with 4-chlorophenoxide
exhibit highly scattered points. In contrast, the Yukawa-Tsuno plot results in an excellent linear correlation with
py = 1.51 and = 0.52, indicating that the leaving-group departure occurs at the rate-determining step (RDS).
A stepwise mechanism, in which leaving-group departure occurs at RDS, has been excluded since the incoming
4-CIPhO™ is more basic and a poorer nucleofuge than the leaving Y-substituted-phenoxides. Thus, the reaction
has been concluded to proceed through a concerted mechanism. Our study has shown that the modification of
the nonleaving group from benzoyl to phenyloxycarbonyl causes a change in the reaction mechanism (i.e., from
a stepwise mechanism to a concerted pathway) as well as an increase in the reactivity.
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Introduction

Acyl-group transfer reactions have been intensively investi-
gated due to their importance in biological processes as well
as in synthetic applications."”> As shown in Scheme 1,
aminolysis of esters is generally known to proceed through a
stepwise pathway with a zwitterionic tetrahedral inter-
mediate T%, in which the rate-determining step (RDS) is
dependent on the basicity of the incoming amine and the
leaving group, or through a concerted mechanism depending
on the reaction conditions (e.g., the nature of electrophilic
center and reaction medium).'"®

However, the mechanisms for reactions with anionic nucleo-
philes (e.g., aryloxides and OH™ ions) are controversial.”!>
We have suggested that acyl-group transfer reactions of 4-
nitrophenyl acetate (1) with aryloxides proceed through a
stepwise mechanism on the basis of the kinetic result that ¢°
constants exhibit a better Hammett correlation than o~
constants.” In contrast, Williams ez al. have concluded the
reactions proceed through a concerted mechanism on the
basis of a linear Bronsted-type plot for the reactions of 1
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Scheme 1

with a series of aryloxides whose pK, values straddle the
basicity of the leaving 4-nitrophenoxide."” On the other
hand, Haake et al. have concluded that alkaline hydrolysis
of Y-substituted-phenyl diphenylphosphinates 2 proceeds
through a stepwise mechanism since c° constants exhibited
a better Hammett correlation than o~ constants.!! However,
we have proposed that alkaline hydrolysis of 2 proceeds
through a concerted mechanism on the basis of a linear
Bronsted-type plot with B, = 0.49 and a linear Yukawa-
Tsuno plot with py = 1.42 and » = 0.35.12

0 _ o =
CHs-C-0 NO,  Ph-P-0— Ph—§-0@
Ph 7Y 7Y
1 2 3

Alkaline hydrolysis of Y-susbtituted-phenyl benzene-
sulfonates 3 was reported to proceed through a stepwise
mechanism, in which formation of an intermediate is the
RDS, because c° constants resulted in a better Hammett
correlation than o~ constants.”® In contrast, Williams et al.
concluded that the reaction of 4-nitrophenyl 4-nitrobenzene-
sulfonate with aryloxides proceeds through a concerted
mechanism.'* The evidence provided for a concerted mech-
anism was a linear Bronsted-type plot for the reactions with
a series of aryloxides whose pK, values straddle the basicity
of the leaving 4-nitrophenoxide.'*
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Y= 3-CHO (5a), 4-COCHj (5b), 4-CHO (5¢), 3-NO, (5d), 4-NO, (5e),
3,4-(NO.); (5f), 2,4-(NO,), (59).
Z=4-Me, H, 4-Cl, 3-Cl, 4-COMe, 4-CN.

Scheme 2

We have previously reported that Y-substituted-phenyl
benzoates 4 with aryloxides proceed through a stepwise
mechanism, in which leaving-group departure occurs after
the rate-determining step (RDS) on the basis of a linear
Bronsted-type plot with i = 0.72 and a good Hammett
correlation with 6° constants.'”> We have now extended our
study to the reactions of phenyl Y-substituted-phenyl carbo-
nates 5 with a series of Z-substituted-phenoxides to investi-
gate the effect of changing the nonleaving group from
benzoyl to phenyloxycarbonyl on reactivity and reaction
mechanism (Scheme 2).

Results and Discussion

All reactions in this study obeyed pseudo-first-order
kinetics. Pseudo-first-order rate constants (kobsq) Were deter-
mined from the equation In (4w — 4;) = — kobsat + C. The
correlation coefficient for the linear regression was usually
higher than 0.9995. The plots of kesa vs. concentration of
aryloxides were linear and passed through the origin,
indicating that the contribution of H»O and/or OH™ from
hydrolysis of aryloxides to kopsa 1S negligible. Thus, the rate
low can be expressed as Eq. (1) and the second-order rate
constants (kz.pno-) were calculated from the slope of the
linear plots of kobsa vs. aryloxides concentration. The un-
certainty in kz.pho- values is estimated to be less than 3%
from replicate runs. The kz.pho- values for the reactions of 4-
nitrophenyl phenyl carbonate (5e) with Z-substituted-phen-
oxides are summarized in Table 1 together with those
reported previously for the corresponding reactions of 4-
nitrophenyl benzoate (4e) for comparison purpose. In Table
2 are summarized the ks.creno- values for the reactions of
phenyl Y-substituted-phenyl carbonates 5a-f with 4-chloro-
phenoxide (4-CIPhO").

Rate = kobsa[ Substrate], where kobsa = kz-pho-[aryloxide] (1)

Effect of Modification of Nonleaving Group on Reac-
tivity. As shown in Table 1, the kz.pno- value for the
reactions of Se decreases as the incoming aryloxide becomes
less basic, e.g., it decreases from 52.0 M's™! to 18.6 and
1.20 M's™ as the pK, of the conjugate acid of the aryloxide
decreases from 11.7 to 10.2 and 8.60, in turn. A similar
result is shown for the corresponding reactions of 4e,
although the kz.pho- value is much larger for the reactions of
5e than for those of 4e. This appears to be consistent with the
previous reports that aryl benzoates are less reactive than the
corresponding aryl phenyl carbonates toward OH™ and
pyridine nucleophiles.'®
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Table 1. Summary of Second-Order Rate Constants (kz-pno-) for the
Reactions of 4-Nitrophenyl Benzoate (4e) and 4-Nitrophenyl Phenyl
Carbonate (5e) with Z-Substituted-Phenoxides in 80 mol % H>0/20
mol % DMSO at 25.0 + 0.1 °C

E . i kzpho-/M s
nt a
v P 4e Se
1 4-Me 11.7 0.925¢ 52.0
2 H 114 0.452¢ 36.5
3 4-C1 10.5 0.185¢ 259
4 3-Cl 10.2 0.0903 18.6
5 4-COMe 8.94 0.00888 1.80
6 4-CN 8.60 0.00510¢ 1.20

“The kinetic data for the reactions of 4e were taken from ref. 15.

Many factors can influence the reactivity of 4e and Se,
e.g., steric, resonance and inductive effects. It is well known
that rates of nucleophilic substitution reactions are strongly
influenced by steric effect. The steric constant (Es) of PhO is
not available but is expected to be similar to that of PhCH,
(Es =-0.38)." Since Es =—2.55 for Ph,'” one can expect that
PhO would exert much less steric hindrance than Ph. Thus,
one might suggest that the reduced steric hindrance is
responsible for the fact that 5e is more reactive than 4e.
However, 1 has been reported to be less reactive than Se
toward a series of primary amines,'® although the CHs in 1 is
much smaller than the PhO in Se. Accordingly, one can
suggest that the steric effect is not solely responsible for the
reactivity order shown by 4e and Se.

The ground state (GS) of 4e and Se can be stabilized
through resonance interactions as modeled by [ <> II and III
< 1V, respectively. Since PhO is expected to be a stronger
EDG than Ph on the basis of their or values (i.e., or = —0.34
for PhO and —0.11 for Ph),'” the resonance structure IV
would be more favorable than the resonance structure II. It is
evident that stabilization of the GS through such resonance
interactions would cause a decrease in reactivity. Thus, one
might expect that 5e would be less reactive than 4e, if
resonance effect is an important factor to govern the reac-
tivity of 4e and Se. However, Table 1 shows that 5e is up to
235 times more reactive than 4e toward 4-cyanophenoxide,
indicating that stabilization of the GS through resonance
interactions is not an important factor to determine the
reactivity of 4e and Se.

It is well known that PhO is also a stronger EWG than Ph
in an inductive sense, since o; = 0.38 for PhO and 61 =0.10
for Ph."” Thus, one can suggest that the PhO in the carbonate
5e would increase the electrophilicity of the reaction center
more strongly than the Ph in the benzoate 4e through an
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inductive manner. This is consistent with the fact that Se is
more reactive than 4e. Thus, one can conclude that the
inductive effect is a more important factor than the reson-
ance effect in the current reaction. A similar conclusion has
been drawn for pyridinolysis of 2,4-dinitrophenyl phenyl
carbonate and benzoate.'® Dissection of the macroscopic
rate constants (kn) for the reactions with pyridines into the
microscopic rate constants (ki and k»/k-; ratio) has revealed
that the carbonate ester exhibits much larger k; values than
the corresponding benzoate ester regardless of the pyridine
basicity.'®® Accordingly, it has been concluded that the PhO
in the carbonate ester increases the electrophilicity of the
reaction site more strongly than the Ph in the benzoate ester
by acting as a stronger EWG.!®®

Reaction Mechanism Deduced from Bronsted-type plots.
Useful information on reaction mechanisms can be obtained
from the shape and slope of Bransted-type plots. A curved
Bronsted-type plot often reported for nucleophilic sub-
stitution reactions of esters possessing a weakly basic leav-
ing group (e.g., 2,4-dinitrophenoxide) has been interpreted
as a change in rate-determining step (RDS)."* It is now
firmly understood that a change in RDS occurs at the center
of the Bronsted curvature, defined as pK,°."* The magnitude
of PBnuc values has also been used as a criterion of reaction
mechanisms, e.g., Bnuc = 0.5 £ 0.1 for a concerted mechanism
while Bne = 0.2 + 0.1 or 0.8 = 0.1 for a stepwise reaction
depending on RDS.'®

To investigate the reaction mechanism for the current
reactions, Bronsted-type plots have been constructed in
Figure 1. The Bronsted-type plots are linear with By values
of 0.54 and 0.72 for the reactions of Se and 4e, respectively.
It is noted that the Bnyc value is much smaller for the reac-
tions of 5e than for the corresponding reactions of 4e, which
were suggested to proceed through a stepwise mechanism
with formation of an intermediate being the RDS.!> How-
ever, the Bnuc value of 0.54 obtained for the current reactions
performed in 80 mol % H>0/20 mol % DMSO is similar to
that reported for the reactions of asymmetric diaryl carbo-
nates with a series of aryloxides in pure H>O, which were
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Figure 1. Bronsted-type plot for the reactions of 4-nitrophenyl
phenyl carbonate 5a (@) and 4-nitrophenyl benzoate 4e (O) with

Z-substituted-phenoxides in 80 mol % H>0/20 mol % DMSO at
25.0 £ 0.1 °C. The identity of points is given in Table 1.
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concluded to proceed through a concerted mechanism, (e.g.,
Bruc = 0.48 and 0.61 for the reactions of 4-nitrophenyl 4-
methylphenyl carbonate and 4-nitrophenyl phenyl carbonate
with aryloxides, respectively).!” Thus, one can suggest that
the current reactions of 5e proceed also through a concerted
mechanism on the basis of a linear Bronsted-type plot with
Brue = 0.54.

Reaction Mechanism Deduced from Hammett and
Yukawa-Tsuno Plots. To get further information on the
reaction mechanism, nucleophilic substitution reactions of
phenyl Y-substituted-phenyl carbonates 5a-g with 4-chloro-
phenoxide (4-CIPhO") have been performed. The kinetic
results for the reactions of 5a-g are summarized in Table 2. It
is noted that 5¢g is less reactive than 5f although the former
possesses a less basic leaving group than the latter. This is
consistent with the previous reports that 5g is less reactive
than 5f toward quinuclidine and piperidine.”’ The steric
hindrance exerted by the 2-NO; group has been suggested to
be responsible for the decreased reactivity shown by 5g.2°

If the reactions of 5a-g proceed through a concerted
mechanism as discussed in the preceding section, the C-OAr
bond rupture occurs at the RDS. On the contrary, if the
reactions proceed through a stepwise mechanism, the C-OAr
bond rupture should occur after the RDS, since the incoming
4-CIPhO" is more basic and a poorer nucleofuge than the
leaving aryloxides in this study. Accordingly, if the reactions
proceed through a concerted mechanism, a partial negative
charge would develop on the O atom of the leaving aryl-
oxide in the transition state (TS). Since such a negative
charge can be delocalized on the substituent Y through
resonance interactions, one can expect that ¢~ constants
would result in a better Hammett correlation than ¢° con-
stants. In contrast, if the reactions proceed through a step-
wise mechanism, in which the C-OAr bond rupture occurs
after the RDS, no negative charge would develop on the
leaving aryloxide in the TS. Thus, 6° constants should show
a better Hammett correlation than ¢~ constants if the reac-
tions proceed through a stepwise mechanism.

To explore the reaction mechanism, Hammett plots have
been constructed using the kinetic data in Table 2 for reac-
tions of phenyl Y-substituted-phenyl carbonates 5a-f with 4-
CIPhO™. As shown in Figures 2(a) and (b), the Hammett
plots correlated with ¢° and o~ constants exhibit highly
scattered points with py = 1.61 and 1.27, respectively. Thus,

Table 2. Summary of Second-Order Rate Constants for the
Reactions of Phenyl Y-Substituted-Phenyl Carbonates Sa-g with 4-
CIPhO™ in 80 mol % H>0/20 mol % DMSO at 25.0 + 0.1 °C

Entry Y ka-cirho/M's™!
S5a 3-CHO 2.00
5b 4-COCH3 5.43
Sc 4-CHO 9.35
5d 3-NO» 9.47
Se 4-NO, 25.9
5f 3,4-(NO2)» 276
5g 2,4-(NO2) 131
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Figure 2. Hammett plots correlated with ¢° (a) and 6~ (b) con-
stants for the reactions of phenyl Y-substituted-phenyl carbonates
5a-f with 4-CIPhO™ in 80 mol % H>0/20 mol % DMSO at 25.0 +
0.1 °C. The identity of points is given in Table 2.

the Hammett plots in the current study cannot provide any
reliable information on the reaction mechanism.

We have recently shown that the dual-parameter Yukawa-
Tsuno equation, Eq. (2) is highly effective in elucidating
ambiguities in reaction mechanisms for various acyl-group
transfer reactions, e.g., benzoyl-, thionobenzoyl-, benzene-
sulfonyl-, and phosphinyl-transfer reactions.® Accordingly,
the Yukawa-Tsuno plot for the reactions of 5a-f with 4-
CIPhO™ has been constructed using the kinetic data in Table
2. As shown in Figure 3, the Yukawa-Tsuno plot exhibits an
excellent linear correlation with py = 1.51 and » = 0.52.

log kylkii=p (c°+ 7 (6~ — ) ©)

The r value in Eq. (2) represents the resonance demand of
the reaction center or the extent of resonance contribution
between the reaction site and the substituent.?"** The r value
of 0.52 obtained for the reactions of Sa-f with 4-CIPhO~
clearly indicates that a partial negative charge develops on
the O atom of the leaving aryloxide in the TS, which can be
delocalized on the substituent Y through resonance inter-
actions. One can exclude a stepwise mechanism, in which

20 25

00 05 10 15
c°%+r (07—c°)

Figure 3. Yukawa-Tsuno plot for the reactions of phenyl Y-sub-
stituted-phenyl carbonates 5a-f with 4-CIPhO™ in 80 mol % H,O/
20 mol % DMSO at 25.0 + 0.1 °C. The identity of points is given in
Table 2.
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breakdown of the C-OAr bond occurs at the RDS, because
4-CIPhO" is more basic and a poorer nucleofuge than the
leaving aryloxides employed in this study. Thus, the linear
Yukawa-Tsuno plot with py = 1.51 and » = 0.52 supports the
preceding conclusion that the reactions of 5e with Z-PhO~
proceed through a concerted mechanism.

Conclusions

The current study has allowed us to conclude the follow-
ing: (1) 4-Nitrophenyl phenyl carbonate (5e) is more
reactive than 4-nitrophenyl benzoate (4e). Reduced steric
hindrance and/or an inductive effect are responsible for the
high reactivity of 5e. (2) The linear Bronsted-type plot with
Brue = 0.54 for the reactions of 5e with Z-substituted-
phenoxides suggests that the reactions proceed through a
concerted mechanism. (3) Hammett plots correlated with ¢°
and o constants for the reactions of Sa-f with 4-CIPhO~
exhibit highly scattered points. In contrast, the Yukawa-
Tsuno plot for the reactions of Sa-f with 4-CIPhO™ results in
an excellent linear correlation with py = 1.51 and » = 0.52,
implying that the C-OAr bond rupture occurs in the RDS and
that the reactions proceed through a concerted mechanism.

Overall, our study has shown that modification of the
nonleaving group from benzoyl to phenyloxycarbonyl causes
a change in reaction mechanism from a stepwise mechanism
to a concerted pathway as well as an increase in reactivity.

Experimental Section

Materials. Phenyl Y-substituted-phenyl carbonates (5a-g)
were readily prepared from the reaction of phenyl chloro-
formate with Y-substituted phenol in anhydrous ether under
the presence of triethylamine. DMSO 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 5a-g in pure water,
aqueous DMSO (80 mol % H,0/20 ml % DMSO) was used
as the reaction medium.

Kinetics. The kinetic study was performed using a UV-vis
spectrophotometer equipped with a constant temperature
circulating bath to maintain the reaction mixture at 25.0 +
0.1 °C. The reactions were followed by monitoring the ap-
pearance of Y-substituted phenoxide ion. All the reactions
were carried out under pseudo-first-order conditions.

Typically, the reaction was initiated by adding 5 uL of a
0.02 M solution of 5a-g in acetonitrile to a 10-mm quartz
UV cell containing 2.50 mL of the thermostated reaction
mixture made up of solvent and aliquot of aryloxide stock
solution. All solutions were transferred by gas-tight syringes.
Generally, the aryloxide concentration in the reaction
mixtures was varied over the range (5-100) x 10> M, while
the substrate concentration was ca. 4 x 10 M. Pseudo-first-
order rate constants (kqsa) Were calculated from the equa-
tion, In (4w— A;) = — kobsat + C. The plots of In (4w — A4;) vs.
time were linear over 90% of the total reaction. Usually, five
different aryloxide concentrations were employed and repli-
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cate values of kopsa Were determined to obtain the second-
order rate constants (kz-pno-) from the slope of linear plots of
kobsa vs. aryloxide concentrations.

Products Analysis. Y-Substituted phenoxide was liberated
quantitatively and identified as one of the products by
comparison of the UV-vis spectrum after completion of the
reaction with that of authentic sample under the same
reaction condition.

Acknowledgments. This research was supported by Basic
Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (KRF-2012-001637). S.
W. Min and M. Y. Kim are also grateful for the BK 21
Scholarship.

References

1. (a) Page, M. I; Williams, A. Organic and Bio-organic Mechanisms;
Longman: Singapore, 1997; Chapter 7. (b) Castro, E. A. Chem.
Rev. 1999, 99, 3505. (c) Jencks, W. P. Chem. Rev. 1985, 85, 511.
(d) Jencks, W. P. Chem. Soc. Rev. 1981, 10, 345. (e) Jencks, W. P.
Acc. Chem. Res. 1980, 13, 161.

2. (a) Castro, E. A.; Aliaga, M.; Campodonico, P. R.; Cepeda, M.;
Contreras, R.; Santos, J. G. J. Org. Chem. 2009, 74, 9173. (b)
Castro, E. A.; Ramos, M.; Santos, J. G. J. Org. Chem. 2009, 74,
6374. (c) Castro, E. A. Pure Appl. Chem. 2009, 81, 685. (d)
Castro, E. A.; Aliaga, M.; Santos, J. G. J. Org. Chem. 2005, 70,
2679. (e) Castro, E. A.; Gazitua, M.; Santos, J. G. J. Org. Chem.
2005, 70, 8088.

3. (a) Sung, D. D.; Koo, I. S.; Yang, K.; Lee, 1. Chem. Phys. Lett.
2006, 432, 426. (b) Sung, D. D.; Koo, I. S.; Yang, K.; Lee, 1.
Chem. Phys. Lett. 2006, 426, 280. (c) Oh, H. K.; Oh, J. Y.; Sung,
D.D,; Lee, 1. J. Org. Chem. 2005, 70, 5624. (d) Oh, H. K.; Jin, Y.
C.; Sung, D. D.; Lee, 1. Org. Biomol. Chem. 2005, 3, 1240. (e)
Lee, L.; Sung, D. D. Curr. Org. Chem. 2004, 8, 557.

4. (a) Menger, F. M.; Smith, J. H. J. Am. Chem. Soc. 1972, 94, 3824.
(b) Maude, A. B.; Williams, A. J. Chem. Soc., Perkin Trans. 2
1997, 179. (¢c) Maude, A. B.; Williams, A. J. Chem. Soc., Perkin
Trans. 2 1995, 691. (d) Menger, F. M.; Brian, J.; Azov, V. A.
Angew. Chem. Int. Ed. 2002, 41, 2581. (e) Perreux, L.; Loupy, A.;
Delmotte, M. Tetrahedron 2003, 59, 2185. (f) Fife, T. H.; Chauffe,
L. J. Org. Chem. 2000, 65, 3579. (g) Spillane, W. J.; Brack, C. J.
Chem. Soc. Perkin Trans. 2 1998, 2381. (h) Linas, A.; Page, M. L.
Org. Biomol. Chem. 2004, 2, 651.

5. (a) Oh, H. K.; Ku, M. H.; Lee, H. W,; Lee, 1. J. Org. Chem. 2002,
67, 8995. (b) Oh, H. K.; Ku, M. H.; Lee, H. W.; Lee, 1. J. Org.
Chem. 2002, 67, 3874. (c) Oh, H. K.; Kim, S. K.; Lee, H. W,; Lee,
1. New J. Chem. 2001, 25, 313. (d) Oh, H. K.; Kim, S. K.; Cho, I.
H.; Lee, H. W.; Lee, L. J. Chem. Soc., Perkin Trans. 2 2000, 2306.
(e) Lim, W. M.; Kim, W. K.; Jung, H. J.; Lee, 1. Bull. Korean
Chem. Soc. 1995, 16, 252.

6. (a) Um, L. H.; Bae, A. R. J. Org. Chem. 2011, 76, 7510. (b) Um, L.
H.; Im, L. R.; Kim, E. H.; Shin, J. H. Org. Biomol. Chem. 2010, 8,
3801. (¢) Um, I. H.; Hwang, S. J.; Yoon, S. R.; Jeon, S. E.; Bae, S.

10.

16.

17.

19.

20.

21.

22.

Bull. Korean Chem. Soc. 2012, Vol. 33, No. 10 3257

K. J. Org. Chem. 2008, 73, 7671. (d) Um, 1. H.; Lee, J. Y.; Ko, S.
H.; Bae, S. K. J. Org. Chem. 2006, 71, 5800. (¢) Um, I. H.; Kim,
K. H.; Park, H. R.; Fujio, M.; Tsuno, Y. J. Org. Chem. 2004, 69,
3937. (f) Um, 1. H.; Lee, S. E.; Kwon, H. J. J. Org. Chem. 2002,
67,8999. (g) Um, I. H.; Kim, E. H.; Lee, J. Y. J. Org. Chem. 2009,
74, 1212.

. (@) Um, I. H.; Han, J. Y.; Shin, Y. H. J. Org. Chem. 2009, 74,

3073. (b) Um, 1. H.; Akhtar, K.; Shin, Y. H.; Han, J. Y. J. Org.
Chem. 2007, 72, 3823. (¢c) Um, I. H.; Park, J. E.; Shin, Y. H. Org.
Biomol. Chem. 2007, 5, 3539. (d) Um, 1. H.; Shin, Y. H.; Han, J.
Y.; Mishima, M. J. Org. Chem. 2006, 71, 7715.

. (@) Um, I. H.; Hong, J. Y.; Seok, J. A. J. Org. Chem. 2005, 70,

1438. (b) Um, 1. H.; Chun, S. M.; Chae, O. M.; Fujio, M.; Tsuno,
Y. J. Org. Chem. 2004, 69, 3166. (c) Um, 1. H.; Hong, J. Y.; Kim,
J.J.; Chae, O. M.; Bae, S. K. J. Org. Chem. 2003, 68, 5180.

. (@) Buncel, E.; Um, 1. H.; Hoz, S. J. Am. Chem. Soc. 1989, 111,

971. (b) Um, L. H.; Buncel, E. J. Org. Chem. 2000, 65, 577.

(a) Williams, A. Acc. Chem. Res. 1989, 22, 387. (b) Ba-Saif, S.;
Luthra, A. K.; Williams, A. J. Am. Chem. Soc. 1987, 109, 6362.
(c) Bourne, N.; Chrystiuk, E.; Davis, A. M.; Williams, A. J. Am.
Chem. Soc. 1988, 110, 1890.

. Haake, P.; McCoy, D. R.; Okamura, W.; Alpha, S. R.; Wong, S. Y.;

Tyssee, D. A.; McNeal, J. P.; Cook, R. D. Tetrahedron 1968, 9,
5243,

. Um, I. H.; Han, J. Y.; Hwang, S. J. Chem. Eur. J. 2008, 14, 7324.
. Pregel, M. J.; Dunn, E. J.; Bencel, E. J. Am. Chem. Soc. 1991, 113,

3545.

. (a) D’Rozario, P.; Smyth, R. L.; Williams, A. J. Am. Chem. Soc.

1984, 106, 5027. (b) Deacon, T.; Farrar, C. R.; Sikkel, B. J.;
Williams, A. J. Am. Chem. Soc. 1978, 100, 2525.

. Um, I. H.; Jeon, J. S.; Kwon, D. S. Bull. Korean Chem. Soc. 1991,

12, 406.

(a) Kim, S. I.; Hwang, S. J.; Jung, E. M.; Um, 1. H. Bull. Korean
Chem. Soc. 2010, 37, 2015. (b) Um, I. H.; Son, M. J.; Kim, S. L.;
Akhtar, K. Bull. Korean Chem. Soc. 2010, 31, 1915.

(a) Isaacs, N. S. Physical Organic Chemistry; Longman: England,
1995; p 153. (b) Lowry, T. H.; Richardson, K. S. Mechanism and
Theory in Organic Chemistry; Harper Collins: New York, 1987; p
153.

. Um, I. H.; Park, H. R.; Kim, E. Y. Bull. Korean Chem. Soc. 2003,

24, 1251.

Castro, E. A.; Pavez, P.; Santos, J. G. J. Org. Chem. 2002, 67,
4494,

(a) Gresser, M. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 6963.
(b) Gresser, M. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 6970.
(a) Tsuno, Y.; Fujio, M. Adv. Phys. Org. Chem. 1999, 32, 267. (b)
Tsuno, Y.; Fujio, M. Chem. Soc. Rev. 1996, 25, 129. (c) Yukawa,
Y.; Tsuno, Y. Bull. Chem. Soc. Jpn. 1959, 32, 965.

(a) Than, S.; Badal, M.; Itoh, S.; Mishima, M. J. Phys. Org. Chem.
2010, 23, 411. (b) Itoh, S.; Badal, M.; Mishima, M. J. Phys. Org.
Chem. 2009, 113, 10075. (¢) Than, S.; Maeda, H.; Irie, M.;
Kikukawa, K.; Mishima, M. Int. J. Mass. Spect. 2007, 263, 205.
(d) Maeda, H.; Irie, M.; Than, S.; Kikukawa, K.; Mishima, M.
Bull. Chem. Soc. Jpn. 2007, 80, 195. (e) Fujio, M.; Alam, M. A.;
Umezaki, Y.; Kikukawa, K.; Fujiyama, R.; Tsuno, Y. Bull. Chem.
Soc. Jpn. 2007, 80, 2378. (f) Mishima, M.; Maeda, H.; Than, S.;
Irie, M.; Kikukawa, K. J. Phys. Org. Chem. 2006, 19, 616.




