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Second-order rate constants have been determined spectrophotometrically for reactions of 2,4-dinitrophenyl 2-
thiophenecarboxylate (2) with aseries of aicyclic secondary aminesin 80 mol % H>0/20 mol % DM SO at 25.0
1 0.1 °C. The Brensted-type plot exhibits adownward curvature, i.e., the slope decreases from 0.74 t0 0.34 as
the amine basicity increases. The pK, a the center of the Brensted curvature, defined as pK.’, has been
determined to be 9.1. Comparison of the Brgnsted-type plot for the reactions of 2 with that for the
corresponding reactions of 2,4-dinitrophenyl 2-furoate (1) suggests that reactions of 1 and 2 proceed through a
common mechanism, although 2 islessreactive than 1. The curved Brgnsted-type plot has been interpreted as
achangein RDS of a stepwise mechanism. The replacement of the O atom in the furoyl ring by an S atom (1
— 2) does not dter the reaction mechanism but causes a decrease in reactivity. Dissection of the apparent
second-order rate constantsinto the microscopic rate constants has reveal ed that the ko/k 4 ratio isnot influenced
upon changing the nonleaving group from furoyl to thiophenecarbonyl. However, k; has been calculated to be
smaller for the reactions of 2 than for the corresponding reactions of 1, indicating that the C=0 bond in the
thiophenecarboxylate 2 is less electrophilic than that in the furoate 1. The smaller k; for the reactions of 2 is
fully responsible for the fact that 2 is less reactive than 1.
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Introduction

Aminolysis of carboxylic esters with aweakly basic leav-
ing group often resultsin a curved Bragnsted-type plot, which
has been taken as evidence for a stepwise mechanism.>® The
rate-determining step (RDS) has been reported to be
dependent on the basicity of the attacking amine and the
leaving group, i.e., the RDS changes from breakdown of a
zwitterionic tetrahedral intermediate (T*) to its formation as
the attacking amine becomes more basic than the leaving
group or the leaving group becomes less basic than the
amine by 4 to 5 pK, units.*®

The pKa, at the center of the Brensted curvature has been
defined as pKz, where a change in the RDS occurs.®’ An
intriguing question is that whether pK.® is dependent on the
nature of the nonleaving group or not. Gresser and Jencks
have found that the pKy® for reactions of diaryl carbonates
with a series of quinuclidines increases as the substituent in
the nonleaving group changes from an electron-donating
group (EDG) to an eectron-withdrawing group (EWG).’
This has been rationalized on the basis that departure of the
amine from T* is favored, over that of the leaving group, as
the substituent in the nonleaving group becomes a stronger
EWG. " A similar result has been reported for pyridinolysis
of 2,4-dinitrophenyl X-substituted benzoates, i.e., pKa’ = 9.5
when X = H but pK® > 9.5 when X = 4-Cl, 4-CN, or 4-NO,
and for aminolysis of S-24-dinitrophenyl X-substituted
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thiobenzoates, pK.’ increasesfrom 8.5t089and 9.9 as X is
changed from 4-CHz to H and 4-NOy, in turn.®® Thus, pKz°
has been suggested to increase upon changing the sub-
stituent in the nonleaving group from an EDG to an EWG. *°

However, we have shown that the pK®’ value is indepen-
dent of the electronic nature of the substituent X in the
nonleaving group for aminolysis of 24-dinitrophenyl X-
substituted benzoates™ and benzenesulfonates™ A similar
result has been found for reactions of Y-substituted phenyl
X-subgtituted benzoates with piperidine and pyridines, i.e,
the pK2 remains nearly constant as the substituent X in the
benzoyl moiety is progressively modified from an EWG to
an EDG >

We have recently performed reactions of 2,4-dinitrophenyl
2-furoate (1) with a series of aicyclic secondary amines and
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concluded that the reactions proceed through a stepwise
mechanism with a change in the RDS as the amine becomes
more basic than the leaving aryloxide or the leaving
aryloxide becomes less basic than the amine by ca. 5 pKa
units. ™ We have extended our study to aminolysis of 2,4-
dinitrophenyl 2-thiophenecarboxylate (2) to investigate the
effect of modification of the nonleaving group from 2-furoy!
to 2-thiophenecarbonyl on reactivity and mechanism, parti-
cularly on the ko/k_; ratio (see Scheme 1).

Results and Discussion

Resactions of 2 with dicyclic secondary amines proceeded
with quantitative liberation of 2,4-dinitrophenoxide. The
kinetic study was performed spectrophotometrically under
pseudo-firgt-order conditions, e.g., the amine concentration
was at least 20 times greater than the substrate concen-
tration. All reactions obeyed first-order kinetics. Pseudo-
first-order rate constants (koss) Were caculated from the
equation, In (A.— A)) = —Kosat + C. The plot of kowss Versus
amine concentration was linear and passed through the
origin, indicating that general base cataysis by a second
amine moleculeis absent and the contribution of H»O and/or
HO™ from hydrolysis of amine to Ko iS negligible. Thus,
the rate equation can be given as eq. (1). The apparent
second-order rate constants (ky) were determined from the
slope of the linear plots of Kowsy VErsus amine concentration
and are summarized in Table 1. It is estimated from the
replicate runs that the uncertainty in the rate constantsisless
than +3%.

Rate = Kopsd[ 2], Where kopss = kn[amine] Q

Effect of Modification of Nonleaving Group from
Furoyl to Thiophenecarbonyl on Reactivity and Mech-
anism. As shown in Table 1, the second-order rate constant
kn for the reactions of 2 decreases as the basicity of amines
decreases, e.g., from 145 M~s? to 15.3 and 0.397 M*s? as
the pKaof the conjugate acid of amines decreases from 11.02
to 8.65 and 5.95, in turn. A similar result is shown for the
corresponding reactions of 2,4-dinitrophenyl 2-furoate (1)
although the furoate 1 is ca. 3 times more reactive than the
thiophenecarboxylate 2.

Table 1. Summary of Second-Order Rate Constants (ky, M~2s™) for
the Reactions of 2,4-Dinitrophenyl 2-Furoate (1) and 2-Thiophene-
carboxylate (2) with Alicyclic Secondary Aminesin 80 mol % H,O
/20 mol % DMSO at 25.0+ 0.1 °C

kn/Ms?
Entry pKa T >
1 piperidine 11.02 427 145
2 3-methylpiperidine 10.80 402 139
3 piperazine 9.85 224 68.2
4 morpholine 8.65 435 15.3
5  1-formylpiperazine 7.98 12.3 4.04
6  piperaziniumion 5.95 147 0.397

aDatataken from ref. 10d.
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Figure 1. Bransted-type plots for the reactions of 2,4-dinitrophen-
yl 2-Furoate (1, ®) and 2,4-dinitrophenyl 2-thiophenecarboxylate
(2, ©) with alicyclic secondary aminesin 80 mol % H>0/20 mol %
DMSO at 25.0 + 0.1 °C. Theidentity of pointsis givenin Table 1.
The plots are statistically corrected using p and g.1

The effect of amine basicity on reactivity is illustrated in
Figure 1 for the reactions of 1 and 2. The Bransted-type
plots are curved downwardly, i.e., as the amine basicity
increases, the dope decreases from 0.74 to 0.34 for the
reactions of 2 and from 0.73 to 0.33 for those of 1. The
curved Bransted-type plot obtained for the reactions of the
furoate 1 has recently been interpreted as evidence for a
change in the RDS of a stepwise mechanism, i.e., from
breskdown of T* to its formation as the amine basicity
increases.!® The stepwise mechanism has been further
supported from the contrasting Brensted-type plots obtained
for aminolysis of Y-substituted phenyl 2-furoates, i.e., the
plot was linear with a fig value of 1.19 for the reactions with
weakly basic morpholine but curved with decreasing fig
from 1.25 to 0.28 for the reactions with strongly basic
piperidine.’?

The pKa @t the center of the Bransted curvature, defined as
pKa> where k; = kp, is 9.1 for the reactions of 2, whichisca.
5 pKa units higher than the pKj of the conjugate acid of the
leaving 2,4-dinitrophenoxide. The current result is consistent
with the report that a change in RDS occurs when the amine
becomes more basic than the leaving group by 4 to 5 pKa
units.*® Thus, one can suggest that the current aminolysis of
2 adso proceeds through a stepwise mechanism with a
change in the RDS.

To examine the above argument that the reactions of 1 and
2 proceed through the same mechanism (i.e., a stepwise
mechanism with a change in the RDS), a plot of log ky for
the reaction of 2 versuslog ky for the reaction of 1 has been
constructed in Figure 2. One might expect alinear plot if the
reactions of 1 and 2 proceed through a common mechanism.



Aminolysis of 2,4-Dinitrophenyl 2-Thiophenecarboxylate

254

2.0

1.5

1.04

logk(2)/M's"

0.5

0.0

054 slope = 1.03

R’=0.9995

404+
07 00 07 14 21 28 35
-1 -1

logk (1)/M's

Figure 2. Plot of log ky for reactions of 1 versus log ky for the
reactions of 2in 80 mol % H>0/20 mol % DMSO at 25.0+ 0.1 °C.
The identity of pointsisgivenin Table 1.

In fact, Figure 2 exhibits an excellent linearity, indicating
that their mechanism is the same. The dope of 1.03 for the
linear plot is consistent with the fact that the reactions of 2
exhibit dightly larger dope in the Bransted-type plot than
those of 1. Thus, one can conclude that the current reactions
proceed through a stepwise mechanism with a change in the
RDS. Accordingly, the apparent second-order rate constant
kn can be expressed as eq. (2).

kn = Kike/(k-1+ ko) @)

Dissection of ky into Microscopic Rate Constants. The
nonlinear Bransted-type plot in Figure 1 has been analyzed
using a semiempirica equation (eg. 3),"* where £; and S
represent the sope of the Brensted-type plot in Figure 1 for
the reaction with strongly and weakly basic amines, respec-
tively. The kn® refers to the ky at pKz® in which ky= ko, The
parameters determined for the reactions of 2 are as follows:
log kn® = 1.20, pK® = 9.1, 1 = 0.34 and > = 0.74. There-
fore, one can suggest that the RDS for the reaction of 2
changes from the k. step to the ki process as the amine
basicity increases on the basis of the magnitude of £ and 5.
values.

log (kn/kn®) = Bo(pKa—pKa®) —log (1 + a)/2
wherelog @ = (2 — 1) (pKa— pKz°) ©)
The kn values for the reactions of 2 have been dissected
into their microscopic rate constants to shed more light on
the reaction mechanism. The ko/k_; ratios associated with the
reactions of 2 have been determined using egs. (4)-(9). Eq.
(2) can be smplified to eg. (4) or (5). Then, 1 and S, can be

expressed as egs. (6) and (7), respectively.

kn = kikz/ ks, when ke << kg ()
or  ky = ki, when kz>>k, (5)
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Table 2. Summary Microscopic Rate Constants k; and ko/k; Ratios
for the Reactions of 1 and 2 with Alicyclic Secondary Aminesin 80
mol % H20/20 mol % DMSO at 25.0+ 0.1 °C

Ent K ki/Ms? ka/k 1
n
i T 2 12 2
1 piperidine 11.02 482 164 773 173
2 3-methylpiperidine 10.80 466 161 632 632
3 piperazine 9.85 336 102 200 200
4 morpholine 865 934 329 0872 0872
5 1-formylpiperazine 798 385 126 0470 0470
6 piperaziniumion 505 168 455 0.09 0.096
2Datafor the reactions of 1 taken from ref. 10d.
B = d(log ki) / d(pKa) (6)
B2 = d(log kikz/K_1) / d(pKa)
= fr+d(log ko/k-1) / d(pKa) ()

Eqg. (7) can be rearranged as eg. (8). Integra of eq. (8)
from pK2 resultsin eg. (9). Since k; = k; at pKs®, the term
(log kao/k_1)pka’ is zero. Therefore, one can calculate the ko/k 4
ratios for the reactions of 2 from eq. (9) using pK." = 9.1, /1
=0.34and 5, = 0.74.

B2— 1 = d(log ko/k-1) / d(pKz) 8)
(log kolk 1) pra = (B2~ B1)(pKa—pKa’) )

The ki values have been determined from eg. (10) using
the ky values in Table 1 and the kx/k, ratios determined
above. The ko/k; ratios and k; values determined are sum-
marized in Table 2.

k = kike/ (ko1 + k) = Ko/ (K.a/ke + 1) (10)

Effect of Nonleaving Group on Microscopic Rate Con-
gtants. It has been reported that the basicity of amines does
not influence kz since the push provided by aminium moiety
of T* is absent.”** On the other hand, k_; would increase
with decreasing the amine basicity. Thus, one can expect that
the ko/k 4 ratio decreases as the amine basicity decreases. In
fact, as shown in Table 2, the ko/k; ratio decreases as the
amine basicity decreases for the reactions of 1 and 2.

Thiophene-2-carboxylic acid is known to be aweaker acid
than 2-furoic acid.™ Accordingly, one might expect the ko/k 1
ratio would be larger for the reaction of 2 than for the
corresponding reaction of 1, if an acid strengthening sub-
gtituent in the nonleaving group decreases the kz /k 4 ratio as
suggested by Gresser and Jencks’ and by Castro et al.®®
However, as shown in Table 2, the ko/k; ratio for the reac-
tion of 2 is exactly the same as that for the corresponding
reaction of 1, indicating that modification of the nonleaving
group from furoyl to thiophenecarbonyl does not affect the
ko/k 4 ratio. The current result is consistent with our previous
proposal that the ko/k 4 ratio is independent of the electronic
nature of the subgtituent in the nonleaving group of 2,4-
dinitrophenyl X-substituted benzoates (X-CgH4CO-OCgHs-
(NO2)2) and benzenesulfonates (X-CgHsSO2-OCsH3-
(NO,),).2% We have proposed that an EWG in the non-
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Figure 3. Bransted-type plots for k; for the reactions of 1 (@) and
2 (0) with alicyclic secondary aminesin 80 mol % H>0/20 mol %
DMSO at 25.0+ 0.1 °C. Theidentity of pointsisgivenin Table 2.

leaving group decreases both k; and k4, while an EDG
increases them, since the leaving aryloxide and amine depart
from T* with the bonding electron pair. This argument can
account for the result that the reactions of 1 and 2 result in
the same ko/k 4 ratio.’> &

As mentioned in the previous section, ky for the reaction
of 2 is smdler than that of 1 for a given amine. Since as
shownineg. (10), i.e., kn = kika/(k_1 + ko) or kn = ka/(k-a/kz +
1) in the current aminolysis, the magnitude of ky for the
reactions of 1 and 2 should be dependent on k; and/or the
ko/k 1 ratio. Table 2 shows that the ko/k_; ratio is the same for
thereactions of 1 and 2, whilek; islarger for the reactions of
1 than for the corresponding reactions of 2. One might
expect that the replacement of the O atom in the furoyl ring
by aless electronegative S atom causes a decrease in the k;
value by decreasing the electrophilicity of 2. Thus, one can
suggest that the smaller k; for the reactions of 2 is fully
responsible for the fact that 2 is less reactive than 1 toward
all the amines studied.

The effect of amine basicity on k; isillustrated in Figure 3.
It is shown that k; increases linearly as the amine basicity
increases for both reactions of 1 and 2. The dope of the
linear plotsisdightly larger for the reactions of 2 (51 = 0.34)
than for those of 1 (61 = 0.32), but the differencein S value
iswithin the error range.

Conclusions

The current study has alowed us to conclude the follow-
ing: (1) Aminolysis of 2 proceeds through a stepwise mech-
anism with a change in the RDS at pK, = 9.1. (2) Repla-
cement of the O atom in the furoyl ring of 1 by an Satom (1
— 2) causes a decrease in reactivity but does not influence
the reaction mechanism. (3) The reactions of 1 and 2 result
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in the same ko/k; ratio, indicating that modification of the
nonleaving group from furoyl to thiophenecarbony! does not
affect the ko/k 4 ratio. (4) Reactions of 2 result in smaller k;
than the corresponding reactions of 1, which is fully
responsible for the fact that 2 islessreactive than 1.

Experimental Section

Materials. Compound 2 was easily prepared from the
reaction of 24-dinitrophenol with 2-thiophenecarbonyl
chloride under presence of triethylamine in anhydrous ether.
The purity of 2 was checked by means of the melting point
(110-112 °C), *"H NMR §9.05 (d, J = 2.5 Hz, 1H), 8.58 (dd.
J =10.0, 2.5 Hz, 1H), 8.06 (dd, J = 5.0, 1.3 Hz, 1H), 7.80
(dd, J=5.0, 1.3 Hz, 1H), 7.67 (d, J= 10.0 Hz, 1H), 7.25 ( t,
J=5.0Hz, 1H), and anal. calcd for C11HsN2Os: C, 44.90; H,
2.06. Found: C, 44.07; H, 2.10. Other chemicals includ-
ing the amines used were of the highest quality available.
The reaction medium was H,O containing 20 mol % DM SO
due to low solubility of the substrate 2 in pure H>O. Doubly
glass digtilled water was further boiled and cooled under
nitrogen just before use.

Kinetics. The kinetic study was performed with a UV-vis
spectrophotometer for dow reactions (tiz > 10 s) or with a
stopped-flow spectrophotometer for fast reactions (ti, < 10
s) equipped with a constant temperature circulating bath to
keep the temperature in the reaction cdll at 25.0 £ 0.1 °C.
The reaction was followed by monitoring the appearance of
the leaving 2,4-dinitophenoxide ion. All the reactions were
carried out under pseudo-first-order conditions in which the
amine concentrations were at least 20 times greater than the
substrate concentration. The amine stock solution of ca. 0.2
M was prepared by dissolving two equiv of free amine and
one equiv of standardized HCI solution to keep the pH
constant by making a sdlf buffered solution. Five different
amine concentrations were employed to determine second-
order rate constants. All the solutions were prepared freshly
just before use under nitrogen and transferred by gas-tight
syringes.

Product Analysis. 2,4-dinitrophenoxide was liberated
quantitatively and identified as one of the products by
comparison of the UV-vis spectrum at the end of reaction
with the authentic sample under the experimental condition.
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