
Kinetic Study on Nucleophilic Substitution Reactions of O-Phenyl
O-Y-substituted-Phenyl Thionocarbonates with 1,8-Diazabicyclo[5.4.0]

undec-7-ene in Acetonitrile

Ik-Hwan Um†,* and Kyoung-Ho Park‡

†Department of Chemistry, Ewha Womans University, Seoul 03760, Korea. *E-mail: ihum@ewha.ac.kr
‡Department of Chemical and Molecular Engineering, Hanyang University, Ansan, Gyeonggi-do, 15588,

Korea
Received June 24, 2017, Accepted August 4, 2017

Second-order rate constants (kN) for nucleophilic substitution reactions of O-phenyl O-Y-substituted-
phenyl thionocarbonates (4a–4k) with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in MeCN at
25.0 � 0.1�C are reported. The reactivity of 4a–4k decreases as basicity of the leaving group increases
except O-2,4-dinitrophenyl O-phenyl thionocarbonate (4a), which is less reactive than O-3,4-dinitrophenyl
O-phenyl thionocarbonate (4b) although the former possesses 2 pKa units less basic nucleofuge than the
latter. The Brønsted-type plot for the reactions of 4b–4k is linear with βlg = −0.50, a typical βlg value for
reactions reported to proceed through a concerted mechanism. The Hammett plot correlated with σY− con-
stants for the reactions of 4b–4k results in a better linear correlation than that correlated with σYo con-
stants. Besides, the Yukawa-Tsuno plot exhibits an excellent linear correlation with ρY = 2.12, r = 0.68
and R2 = 0.990, indicating that a negative charge develops partially on the O atom of the leaving group in
the rate-determining step (RDS). Thus, the reactions have been concluded to proceed through a forced
concerted mechanism. Effects of steric hindrance on reactivity and reaction mechanism are also discussed
in detail.

Keywords: O-Phenyl O-Y-substituted-phenyl thionocarbonates, 1,8-Diazabicyclo[5.4.0]undec-7-ene,
Steric hindrance, Forced concerted mechanism, Brønsted-type plot

Introduction

Nucleophilic substitution reaction of esters with amines is
one the most important reactions not only in organic synth-
eses but also in biological processes (e.g., acyl-group trans-
fer from esters to amines in enzyme reactions and peptide
biosynthesis).1–3 Aminolysis of esters has been reported to
proceed either through a concerted mechanism or via a
stepwise pathway depending on reaction conditions (e.g.,
nature of the electrophilic center, basicity of the leaving
group, electronic nature of the nonleaving-group substitu-
ents, type of amines, nature of the reaction medium,
etc.).1–10 Reactions of 4-nitrophenyl benzoate (1) with a
series of alicyclic secondary amines in 80 mol % H2O/
20 mol % DMSO have been reported to proceed through a
stepwise mechanism with a zwitterionic tetrahedral interme-
diate (T�) on the basis of a linear Brønsted-type plot with
βnuc = 0.81.5a In contrast, the corresponding reactions of
O-4-nitrophenyl thionobenzoate (2) have been concluded to
proceed through a stepwise mechanism with two intermedi-
ates (T� and its deprotonated form T−) on the basis of the
kinetic result that the plots of kobsd vs. amine concentration
curved upward.5b,c This indicates that the reaction mechan-
ism is dependent on the nature of the electrophilic center
(e.g., C O vs. C S). On the other hand, reactions of

2,4-dinitrophenyl benzoate (a derivative of 1) with alicyclic
secondary amines in 80 mol % H2O/20 mol % DMSO have
been reported to proceed through a stepwise mechanism, in
which the rate-determining step (RDS) changes from break-
down of T� to its formation as the incoming amine
becomes more basic than the leaving group by 4 ~ 5 pKa

units, on the basis of a curved Brønsted-type plot.5d How-
ever, the same reactions carried out in MeCN have been
concluded to proceed through a concerted mechanism on
the basis of a linear Brønsted-type plot with βnuc = 0.4,
implying that nature of the reaction medium (e.g., protic
vs. aprotic solvent) controls the reaction mechanism.5e

Reactions of phenyl Y-substituted-phenyl carbonates (3a–
3k) with primary and secondary amines in 80 mol % H2O/
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20 mol % DMSO were reported to proceed through a step-
wise mechanism with one intermediate (T�) when the leaving
group is weakly basic (e.g., pKa ≤ 9.02) but with two inter-
mediates (e.g., T� and T−) when the leaving group becomes
more basic (e.g., pKa > 9.02).6a,b A similar result was reported
for the corresponding reactions of O-phenyl O-Y-substituted-
phenyl thionocarbonates (4a–4k),7a,b indicating that leaving-
group basicity also affects the reaction mechanism.
Reactions of esters with tertiary amines (e.g., pyridine,

quinuclidine and 1,8-diazabicyclo[5.4.0]undec-7-ene
[DBU]) have also been investigated.8–10 Pyridinolysis of
1 in aqueous medium has been reported to proceed through
a stepwise mechanism, in which expulsion of the leaving
group from T� occurs in the RDS on the basis of a linear
Brønsted-type plot with βnuc = 1.06.8 In contrast, a curved
Brønsted-type plot has been observed for the corresponding
reactions of 2, indicating that the RDS changes from break-
down of T� to its formation as the pyridine basicity
increases.8 Similarly, Gresser and Jencks concluded that
reactions of 3a with quinuclidine and its derivatives proceed
through a stepwise mechanism with a change in the RDS
based on a curved Brønsted-type plot.9 However, Castro
et al. reported that quinuclidinolysis of methyl 2,4-
dinitrophenyl carbonate (a derivative of 3a) proceed through
a concerted mechanism on the basis of a linear Brønsted-
type plot with βnuc = 0.51, while the corresponding reac-
tions of methyl 4-nitrophenyl carbonate (a derivative of 3c)
proceed through a stepwise mechanism on the basis of a lin-
ear Brønsted-type plot with βnuc = 0.86.10

It is well known that DBU is highly basic (pKa = 13.5
and 24.34 in H2O and MeCN, respectively) but is a poor
nucleophile due to its bulkiness.11–15 Accordingly, DBU has
often been used as a strong base in E2 reactions but rarely
been used as a nucleophile.12–15 We have recently shown
that DBU is much less nucleophilic than piperidine in the
reactions of 3a–3g carried out in 80 mol % H2O/20 mol %
DMSO although the former is ca. 2.5 pKa units more basic
than the latter.15 Strong steric hindrance has been suggested
to be responsible for the low reactivity shown by DBU.15

However, one cannot exclude a possibility that DBU
behaves as a general-base catalyst for the reactions carried
out in the aqueous medium, since DBU can generate OH−

ion through deprotonation of H2O molecule.
To investigate the role of DBU and the effect of steric hin-

drance exerted by DBU, our study has been extended to the
reactions of 4a–4k with DBU in MeCN (Scheme 1). It is
noted that generation of OH− ion by DBU is not possible for
reactions in the aprotic solvent (MeCN). Besides, one might
expect that steric hindrance is more significant for the reac-
tions of 4a–4k than those of 3a–3k since the S atom in the
C S bond is much larger than the O atom in the C O bond.

Results and Discussion

Pseudo-first-order conditions (e.g., [DBU] > > [substrate])
were employed for the current reactions. The reactions

obeyed pseudo-first-order kinetics in all cases. Pseudo-first-
order rate constants (kobsd) were calculated using the well
known equation, ln (A∞ − At) = −kobsd � t + c. The second-
order rate constants (kN) were calculated from the slope of
the linear plots of kobsd vs. [DBU]. Table 1 summarized the
kN values for the reactions of 4a–4k with DBU together
with the pKa values of the conjugate acid of the leaving
Y-substituted-phenoxide ions in MeCN.
Deduction of Reaction Mechanism. As shown in Table 1,
the second-order rate constant (kN) decreases as the leaving-
group basicity increases except for the reaction of O-phenyl
O-2,4-dinitrophenyl thionocarbonate (4a), e.g., kN decreases
from 109 M−1s−1 to 0.495 and 0.0155 M−1s−1 as the pKa of
the leaving group (i.e., Y-substituted-phenoxide) increases
from 18.7 to 23.1 and 26.2, in turn. It is noted that 4a is less
reactive than O-phenyl O-3,4-dinitrophenyl thionocarbonate
(4b), although the former possesses 2 pKa units less basic
leaving group than the latter. The decreased reactivity of 4a
will be discussed in the subsequent section.
The effect of leaving-group basicity on reactivity is illus-

trated in Figure 1. The Brønsted-type plot is linear with
βlg = −0.50 when the point for the reaction of 4a is
excluded from the correlation (the negative deviation
shown by 4a will be discussed in the following section). It
is well known that the RDS for reactions of esters with

Scheme 1. Nucleophilic substitution reactions of 4a–4k
with DBU.

Table 1. Summary of kinetic data for the reactions of O-phenyl
O-Y-substituted-phenyl thionocarbonates (4a–4k) with DBU in
MeCN at 25.0 � 0.1�C.

Y pKa kN M−1s−1

4a 2,4-(NO2)2 16.7a 47.4
4b 3,4-(NO2)2 18.7a 109
4c 4-NO2 20.9a 9.67
4d 4-CHO 22.4b 1.63
4e 4-CN 22.8a 2.13
4f 4-COMe 23.1b 0.495
4g 4-COOEt 23.8b 0.380
4h 3-CHO 24.6b 0.137
4i 3-Cl 24.7b 0.172
4j 3-COMe 25.0b 0.0876
4k H 26.2b 0.0155
a The pKa values of Y-substituted phenols in MeCN were taken from
ref. 11a.

b The pKa values were calculated from the equation, pKa

(in MeCN) = 1.65 pKa (in H2O) + 9.8, which was derived from the
pKa data in ref. 11a.
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amines, which proceed through a stepwise mechanism,
changes from breakdown of a tetrahdral intermediate (T�)
to its formation as the leaving group becomes 3 ~ 5 pKa

units less basic than the incoming amine.5–10 It is noted that
DBU (pKa = 24.34 in MeCN)11b is 3.4 ~ 5.6 pKa units
more basic than the leaving 4-nitrophenoxide and 3,4-
dinitrophenoxide ions in MeCN. Thus, one might expect a
curved Brønsted-type plot with a curvature center at pKa

between 19.34 and 21.34, if the current reaction proceeds
through a stepwise mechanism. However, the Brønsted-
type plot shown in Figure 1 is linear, indicating clearly that
no RDS change occurs in the current reactions. Further-
more, a βlg value of −0.6 � 0.1 has been reported for reac-
tions proceeding through a concerted mechanism.5–10 In
fact, the reactions of 3b–3k (C O analogs of 4b–4k) with
DBU in 80 mol % H2O/20 mol % DMSO have been
reported to proceed through a forced concerted mechanism
on the basis of a linear Brønsted-type plot with
βlg = −0.48.15

More conclusive information on the transition state
(TS) structures can be obtained from Hammett plots corre-
lated with σY− and σYo constants. If the current reaction
proceeds through a concerted mechanism, a negative charge
would develop partially on the O atom of the leaving Y-
substituted-phenoxide.5–8 Since such negative charge could
be delocalized on the substituent Y through resonance inter-
action, σY− constants should result in a better correlation
than σYo constants. On the contrary, if the reactions pro-
ceed through a stepwise mechanism with expulsion of the
leaving group occurring after the RDS, no negative charge
would develop on the O atom of the leaving aryloxide.5–8

In this case, σYo constants should exhibit a better linear cor-
relation than σY− constants.
Thus, Hammett plots are constructed using σY− and σYo

constants. As shown in Figure 2, the Hammett plot

correlated with σY− constants result in a better correlation
coefficient (R2 = 0.986) than that correlated with σYo con-
stants (R2 = 0.946). This implies that a partial negative
charge develops on the O atom of the leaving group in
the TS.
To get further information on the TS structure, Yukawa-

Tsuno plot has been constructed. Although the Yukawa-
Tsuno Eq. (1) was derived to account for kinetic data
obtained from solvolysis of various benzylic systems,16

Eq. (1) has been reported to be highly useful in analyzing
resonance effects for SN reactions of various esters.5–8 As
shown in Figure 3, the Yukawa-Tsuno plot exhibits an
excellent linear correlation with ρY = 2.12, r = 0.68 and
R2 = 0.990. Note that the r value in Eq. (1) represents reso-
nance demand of the reaction center or extent of resonance
contribution.16,17 Thus, an r value of 0.68 obtained for the

16 18 20 22 24 26
-4

-3

-2

-1

0

1

2

3

4

βlg  = –0.50

R2 = 0.992

4a

lo
gk

N
 / 

M
–1

s–1

4b

pKa  in MeCN

4c

4d4e

4f 4g

4h
4i
4j

4k

Figure 1. Brønsted-type plot for the reactions of O-phenyl O-Y-
substituted-phenyl thionocarbonates (4a–4k) with DBU in MeCN
at 25.0 � 0.1�C.

0.0 0.5 1.0 1.5 2.0
-3

-2

-1

0

1

2

3
(a) (b)

Y
 = 1.89

R2= 0.986

4k

4j
4h

4ilo
g 

k N
 / 

M
–1

s–1

lo
g 

k N
 / 

M
–1

s–1

4g 4f

4e
4d

4c

4b

0 1 2
-3

-2

-1

0

1

2

3

ρρ
Y
 = 2.57

R2= 0.946

4k

4j

4h
4i
4g

4f

4e 4d

4c

4b

σ
Y
– σ

Y
°

Figure 2. Hammett plots correlated with σ− constants (a) and σo

constants (b) for the reactions of O-phenyl O-Y-substituted-phenyl
thionocarbonates (4b–4k) with DBU in MeCN at 25.0 � 0.1�C.
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Figure 3. Yukawa-Tsuno plot for the reactions of O-phenyl O-Y-
substituted-phenyl thionocarbonates (4b–4k) with DBU in MeCN
at 25.0 � 0.1�C.

Article Aminolysis of O-Phenyl O-Y-substituted-phenyl Thionocarbonates

BULLETIN OF THE

KOREAN CHEMICAL SOCIETY

Bull. Korean Chem. Soc. 2017 © 2017 Korean Chemical Society, Seoul & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.bkcs.wiley-vch.de 3



current reactions clearly indicates that a negative charge,
which can be delocalized on the substituent Y through reso-
nance interactions, develops partially on the O atom of the
nucleofuge. This is not possible for reactions which pro-
ceed through a stepwise mechanism with expulsion of the
leaving group occurring after the RDS. Thus, one can con-
clude that the current reactions proceed through a concerted
mechanism.

logkYN=k
H
N = ρY σo

Y + r σ−
Y – σo

Y

� �� � ð1Þ

Role of DBU. It is well known that DBU is highly basic
but is not a good nucleophile due to its bulkiness.12 Besides,
DBU can generate OH− ion in aqueous medium through
deprotonation of H2O molecule. Since OH− ion is a strong
nucleophile, DBU might behave as a general-base catalyst
for reactions carried out in the aqueous medium. However,
generation of OH− ion by DBU is not possible for the reac-
tions carried out in aprotic solvents. It is noted that the reac-
tions of 4a–4k with DBU in MeCN proceed with
quantitative liberation of Y-substituted-phenoxide ion as
one of the reaction products. Thus, the current study demon-
strates that DBU behaves as a nucleophile in this study.
Nucleophilic substitution reactions of 3a–3k with OH−

ion have been reported to proceed through a forced con-
certed mechanism with a highly unstable intermediate (e.g.,
I) on the basis of the kinetic result that the Yukawa-Tsuno
plot exhibits an excellent linear correlation with ρY = 1.21
and r = 0.33.18 In contrast, the corresponding reactions of
4a–4k have been suggested to proceed via a stepwise mech-
anism with an addition intermediate (e.g., II), because the
Hammett plot correlated with σo constants results in a much
better linear correlation than that correlated with σ− con-
stants.18b One might expect that II would be less unstable
than I, since the ability of the C–S− moiety in II to form a
C S bond is weaker than that of the C O− moiety in I to
form a C O bond.19 This idea is consistent with the fact that
the overlap between the 2p and 3p orbitals in a C S bond is
weaker than that between the 2p orbitals in a C O bond.19

One might suggest that the intermediate formed from the
reactions of C S compounds would be less unstable than
that formed from the corresponding reactions of C O com-
pounds when steric hindrance is not significant (e.g., reac-
tions with OH− ion). However, the reactions with DBU
would experience strong steric hindrance due to the bulki-
ness of DBU. Furthermore, the intermediate formed from
the reactions of C S centered esters (e.g., 4a–4k) with
DBU would experience much stronger steric hindrance than
that formed from the corresponding reactions of C O cen-
tered esters (e.g., 3a–3k) since the S atom in the C S bond

is much larger than the O atom in the C O bond. Such
strong steric hindrance could be relieved as the leaving
group departs from the sp3-hybridized intermediate to form
an sp2-hybridized product. This is because the bond angle
increases from 109� to 120� upon expulsion of the leaving
group from the intermediate. In fact, the reactions of 3a–3k
with DBU in 80 mol % H2O/20 mol % DMSO were
reported to proceed through a forced concerted mechanism
to decrease the steric hindrance.15 Thus, one can conclude
that the current reactions of 4a–4k proceed also through a
forced concerted mechanism to reduce the strong steric
hindrance.
As mentioned earlier, 4a is less reactive than 4b although

the former possesses 2 pKa units less basic nucleofuge than
the latter. Consequently, 4a deviates negatively from the
linear Brønsted-type plot (Figure 1). It is apparent that the
negative deviation is not due to a change in the RDS, since
the current reactions proceed through a concerted mechan-
ism. Note that steric hindrance is an important factor that
affects reactivity. Furthermore, presence of a NO2 group at
the 2-position of the leaving group (e.g., 2,4-dinitrophenox-
ide) would increase steric hindrance significantly as the
reaction progresses from the sp2-hybridized ground state
(GS) to the sp3-hybridized TS (or T�). Thus, one can attrib-
ute the negative deviation shown by 4a from the linear
Brønsted-type plot to the enhanced steric hindrance caused
by the NO2 group at the 2-position of the leaving group.

Conclusion

We have shown that DBU behaves as a nucleophile in the
current reactions and have drawn the following conclu-
sions: (1) The Brønsted-type plot for the reactions of 4b–
4k with DBU is linear with βlg = −0.50, a typical βlg value
for reactions proceeding through a concerted mechanism.
(2) The σY− constants result in a better Hammett correlation
than σYo constants. Besides, the Yukawa-Tsuno plot exhi-
bits an excellent linear correlation with ρY = 2.12, r = 0.68
and R2 = 0.990. These indicate that a partial negative
charge develops on the O atom of the leaving group in the
TS and are consistent with a concerted mechanism. (3) Pres-
ence of a NO2 group at the 2-position of the leaving group
destabilizes the TS (or a plausible intermediate) by increas-
ing steric hindrance. The enhanced steric hindrance is
responsible for the decreased reactivity of 4a toward DBU.
(4) Strong steric hindrance exerted by DBU in the plausible
intermediate forces the reaction to proceed through a con-
certed mechanism.

Experimental

Materials. O-Phenyl O-Y-substituted-phenyl thionocarbo-
nates (4a–4k) were prepared from reactions of O-phenyl
chlorothionoformate with the respective Y-substituted
phenol as reported previously.18b The crude products
were purified by a column chromatography method. DBU
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and other chemicals used were of the highest quality
available.

Kinetics. The kinetic study was performed using a UV–
vis spectrophotometer equipped with a constant tempera-
ture circulating bath to maintain the reaction mixture at
25.0 � 0.1�C. The reactions were followed by monitor-
ing appearance of the leaving Y-substituted phenoxide
ion. All the reactions were carried out under pseudo-
first-order conditions in which the DBU concentration
was at least 20 times greater than the substrate concen-
tration. Detailed kinetic methods are as reported
previously.5–8

Product Analysis. Y-Substituted phenoxide ion was liber-
ated quantitatively and identified as one of the products by
comparison of the UV–vis spectra after completion of the
reaction with the authentic sample under the same reaction
conditions.
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