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Second-order rate constants (ky) have been measured spectrophotometrically for reactions of 2,4-dinitrophenyl
X-substituted benzoates (X =4-MeO, H and 4-NO,) with a series of Z-substituted pyridines in 80 mol % H>0/20 mol
% DMSO at 25.0 + 0.1 °C. The Bronsted-type plots exhibit downward curvature (e.g., B2 = 0.89 ~ 0.96 when pK, <
9.5 while 81 =0.38 ~ 0.46 when pK, > 9.5), indicating that the reaction proceeds through a stepwise mechanism with
a change in rate-determining step (RDS). The pK.’, defined as the pK at the center of Bronsted curvature, has been
analyzed to be 9.5 regardless of the electronic nature of the substituent X in the benzoyl moiety. Dissection of kx into
the microscopic rate constants k; and k»/k | ratio has revealed that &; is governed by the electronic nature of the
substituent X but the k»/k; ratio is not. Theoretical calculations also support the argument that the electronic nature
of the substituent X in the benzoyl moiety does not influence the k»/k ; ratio.
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Introduction

Aminolyses of carboxylic esters have been reported to pro-
ceed either through a concerted mechanism or through a step-
wise mechanism depending on reaction conditions (e.g., nature
of amines, structure of esters, solvents, etc.).l'15 Curved Bron-
sted-type plots reported for aminolyses of esters possessing a
weakly basic leaving-group (e.g., 2,4-dinitrophenoxide) have
been taken to be diagnostic of a change in rate-determining
step (RDS)."” It has been proposed that RDS changes at pK.’,
defined as the pK, at the center of Brensted curvature.” It is now
firmly understood that RDS is dependent on the basicity of the
incoming amine and the leaving group, i.e., it changes from
breakdown of a zwitterionic tetrahedral intermediate T~ to its
formation as the amine becomes more basic than the leaving
group by 4 to 5 pK, units.

However, the effect of substituents in the nonleaving group
on reaction mechanism is not clearly understood. It has been
reported that pK,’ increases as the substituent in the nonleaving
group changes from an electron donating group (EDG) to an
electron withdrawing group (EWG) for reactions of diaryl car-
bonates with quinuclidines in H,0.' A comparable result has
been reported for pyridinolysis of 2,4-dinitrophenyl X-substi-
tuted benzoates in 44% aqueous ethanol (i.e., pK." = 9.5 when
X = H but pK,” > 9.5 when X = 4-Cl and 4-NO,).” Besides,
pK.’ for aminolysis of S-2,4-dinitrophenyl X-substituted thio-
benzoates has been reported to increase from 8.5 to 8.9 and 9.9
as X changes from 4-Me to H and 4-NO,, respectively.6 This has
been explained through the argument that an EWG in the non-
leaving group retards expulsion of the leaving group from T
(the k, process) but accelerates departure of the amine (the &,
process) as the substituent in the nonleaving group becomes a
stronger EWG.** Accordingly, it has been concluded that the
ko/k_ ratio decreases as the substituent in the nonleaving group
changes from an EDG to an EWG, and the decreased k»/k i ratio
is responsible for the increase in pK,’.

In contrast, we have shown that pK,’ and k»/k_; ratio are not
influenced by the electronic nature of substituent X in the non-
leaving group for pyridinolysis of O-4-nitrophenyl X-substituted
thionobenzoates® and aminolysis of 2,4-dinitrophenyl X-sub-
stituted benzenesulfonates in 80 mol % H,0/20 mol % DMSO."
It has been found that the Hammett plots for these reactions
are not linear, e.g., the p value decreases as the substituent
changes from EDGs to EWGs. Such curved Hammett plots have
traditionally been interpreted as a change in RDS. However, it
has been concluded that the nonlinear Hammett plots are not
due to a change in RDS since the corresponding Yukawa-
Tsuno plots exhibit excellent linear correlations with large »
values.”™

We have recently reported that pyridinolysis of 2,4-dinitro-
phenyl benzoate (1b) proceeds through a stepwise mechanism
with a change in RDS." Our study has been extended to nucleo-
philic substitution reactions of 2,4-dinitrophenyl X-substituted
benzoates 1a (X =4-MeO) and 1¢ (X = 4-NO,) with a series of
Z-substituted pyridines whose basicity varies over 6 pK, units
(Scheme 1). The kinetic results for the reactions of 1aand 1c
have been compared with those reported previously for the
corresponding reactions of 1b to investigate the effect of non-
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leaving-group substituents on mechanism including pK,’ and
the k»/k_; ratio. To give more credence to the kinetic study, theo-
retical calculations have also been carried out.

Results and Discussion

All reactions obeyed pseudo-first-order kinetics. Pseudo-first-
order rate constants (kopsq) Were determined from the equation
In(4oo — A;) = —kopsat + C. The plots of kopsa vs. pyridine con-
centration were linear passing through the origin, indicating
that the contribution of H,O and/or OH from hydrolysis of
pyridines to kqpsa is negligible. Thus, the rate law is given by
eq. (1), in which [S] and [Pyr] represent the concentration of
the substrate and pyridine, respectively. The second-order rate
constants (kn) were determined from the slope of linear plots of
kobsa vs. [Pyr] and are summarized in Table 1. From replicate
runs, it was estimated that the uncertainty in the &y values is
less than + 3%.

Rate = kqpsa[S], where kqpsa = An[Pyr] (1)

Effect of pyridine basicity on reactivity and mechanism. As
shown in Table 1, the second-order rate constant (kn) for re-
actions of 1a-c increases as the basicity of the incoming pyridine
increases, e.g., the & value for the reactions of 1a (X = 4-MeO)
increases from 2.31 x 10° M 's ' t05.97 and 154 M 's ' as the
pK. of the conjugate acid of pyridines increases from 4.73 to
8.93 and 11.30, in turn. Similar results are shown for the corres-
ponding reactions of 1b (X = H) and 1¢ (X =4-NO,) although
these substrates are more reactive than 1a toward all the pyri-
dines studied.

The effect of pyridine basicity on reactivity is illustrated in
Figure 1. The Brensted-type plots exhibit downward curvature
in all cases. Such curved Brensted-type plots are typical for
reactions reported to proceed through a stepwise mechanism
with a change in RDS. In fact, the nonlinear Brensted-type plot
for the reaction of 1b has been reported as evidence for a change
in RDS. Thus, one can suggest that pyridinolysis of 1a and 1¢
proceeds also through a stepwise mechanism with a change in
RDS.

Table 1. Summary of second-order rate constant iy for reactions of
2,4-dinitrophenyl X-substituted benzoates (1a-¢) with Z-substituted
pyridines in 80 mol % H>0/20 mol % DMSO at 25.0 +0.1 °C*

M s
Z  pK™™ 1b 1c
(X=4-MeO) (X=H) (X=4-NO,)

I.H 473  231x10° 861x10° 6.14x107
2.3-Me 509  3.65x10° 1.67x10° 130x10"
3. 4-Me 553 9.99x10° 4.69x107 3.36x10"
4.34-Me;, 578  177x107 725x107° 7.13x10"
5. 4-NH, 8.93 5.97 32.0 446
6.4-NMe,  9.12 9.57 43.0 715
7.4-0° 1130 154 822 13600

“The pKa of conjugate acids of pyridines and kx values for reactions of 1b
were taken from ref. 15.
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The nonlinear Bronsted-type plots shown in Figure 1 have
been analyzed on the basis of the mechanism proposed in
Scheme 1 using a semiempirical equation eq. (2).*' The para-
meters 5 and /5 represent the slope of the Brensted-type plots
in Figure 1 for the reactions with strongly basic and weakly basic
pyridines, respectively, and kx° refers to the &y value at pK,’,
where ko/k 1= 1.

log (kn/kn) = Pa(pKa — pKa") — log (1 + a)/2
where log o = (82 — 1)(pKa — pK.) 2

The parameters f1, > and pK,° values are shown in Figure 1.
It is noted that ) and f, increase as the substituent X in the
benzoyl moiety changes from an EDG to an EWG, i.e., as X
changes from 4-MeO to H and 4-NO,, f; increases from 0.38
to 0.40 and 0.46, respectively while > increases from 0.89 to
0.90 and 0.96, in turn. However, the pK,’ value has been de-
termined to be 9.5 regardless of the electronic nature of sub-
stituent X in the benzoyl moiety. This contrasts to the findings
by Gresser and Jencks" and by Castro et al.” that changing the
substituent in the nonleaving group from an EDG to an EWG
increases pK,’ by decreasing the k»/k_; ratio for aminolysis of
esters. However, the current result is consistent with our pre-
vious conclusion that the pK,’ and k»/k_; ratio are not influenced
by the electronic nature of the substituent X in the nonleaving
group'3,7a

Dissection of &~ into microscopic rate constants. To examine
the above argument that the substituent X does not influence the
ko/k ) ratio, the kx values have been dissected into the micro-
scopic rate constants (i.e., k1 and k»/k_ ratio) associated with
the reactions of 1a-c. The k»/k_; ratio has been calculated from
eq. (3)'°using the 3, /> and pK,° values determined above. The
ki values have been calculated from eq. (4) using the &y values
in Table 1 and the k»/k_ ratios calculated above. The £ and

O :1c, p,=0.46 f,=0.96
4 O :1b, 5, =0.40 §,=0.90
® :1a, 5 =038 4,=0.89

-5 T T T T T T T

4 5 6 7 8 9 10 11 12

pyrH+
pKa

Figure 1. Bronsted-type plots for reactions of 2,4-dinitrophenyl X-sub-
stituted benzoates 1a (X = 4-MeO), 1b (X =H), and 1¢ (X =4-NO»)
with Z-substituted pyridines in 80 mol % H,0/20 mol % DMSO at
25.0 +0.1 °C. The identity of numbers is given in Table 1.
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Table 2. Summary of microscopic rate constants for reactions of 2,4-dinitrophenyl X-substituted benzoates 1a-c¢ with Z-substituted pyridines

in 80 mol % H,0/20 mol % DMSO at 25.0 + 0.1 °C

. p 1a (X = 4-MeO) 1b (X = H)" 1c (X =4-NO,)
PKa
/M s Jolky /M s Jolk_y /M s Jolk_y
I.H 473 0.628 3.69%10° 2.10 412%x10° 15.0 412%x10°
2.3-Me 5.09 0.651 5.64%10° 2.69 624 %10 21.0 624 %10
3.4-Me 5.53 1.07 945 %107 4.58 1.04 x 1072 32.8 1.04 x 1072
4.3.4-Me, 5.78 1.41 127%x10° 5.32 1.38x 102 52.4 138 x 102
5. 4-NH; 8.93 17.6 5.12x 10" 93.7 519% 10" 1310 519% 10"
6. 4-NMe, 9.12 24.6 6.40 x 10" 110 6.46 x 10" 1820 6.46 x 10"
7.4-0° 11.30 173 8.28 925 7.94 15300 7.94
“Data for the reactions of 1b were taken from ref. 15.
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Figure 2. Plots of log k»/k_; vs. pK, of conjugate acids of pyridines for
reactions of 2,4-dinitrophenyl X-substituted benzoates 1a (X =4-MeO),
1b (X =H), and 1¢ (X = 4-NO») with Z-substituted pyridines in 80
mol % H>0/20 mol % DMSO at 25.0 = 0.1 °C. The identity of num-
bers is given in Table 2.

ko/k_ ratios calculated in this way are summarized in Table 2.
(log ka/k-1) = (B2 — B1)(PKa — PKL') 3)
kn=kiko /(k1 + ko) = ko [(koi/ka + 1) 4)

As shown in Table 2, k; increases as the pyridine becomes
more basic or as the substituent X changes from an EDG to an
EWG. The ky/k_ ratio also increases as the basicity of pyridines
increases. However, it is noted that the k»/k | ratio for a given
pyridine remains nearly constant upon changing the substituent
X from 4-MeO to H and 4-NO,.

The effect of substituent X and pyridine basicity on the k»/k
ratio is illustrated in Figure 2. One can see that the k»/k_; ratio
increases linearly with increasing pyridine basicity. However,
the k»/k_; ratios for the reactions of substrates 1a-c¢ are almost
identical for a given pyridine. This is consistent with our pre-
vious report that the electronic nature of the substituent X in the

log (ki/M's™)

© :1c p, =0.46=0.01
27 0 :1b 5, =0.40+0.00

1 ® :1a § =0.38=0.01
BT T T T T T T
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Figure 3. Plots of log & vs. pKaPy'H+ for reactions of 2,4-dinitro-
phenyl X-substituted benzoates 1a (X =4-MeO), 1b (X =H), and 1¢
(X =4-NO,) with Z-substituted pyridines in 80 mol % H,0/20 mol %
DMSO at 25.0 0.1 °C. The identity of numbers is given in Table 2.

nonleaving group does not influence the k»/k | ratio for pyri-
dinolysis of O-4-dinitrophenyl X-substituted thionobenzoates’
and aminolysis of 2,4-dinitrophenyl X-substituted benzene-
sulfonates.”™

The effect of pyridine basicity on 4; is illustrated in Figure 3.
The Bronsted-type plots are linear with increasing £ as the sub-
stituent X changes from an EDG to an EWG, i.e., fi = 0.38,
0.40 and 0.46 for the reactions of 1a, 1band 1c¢, in turn. The &
value also increases as the substituent X changes from 4-MeO
to H and 4-NO,, which is in contrast to the result showing that
the k»/k_; ratio is independent of the nature of substituent X
(Figure 2).

Calculations of bond lengths at MPW1K/6-31+G* level. To
support the experimental results, we have theoretically calcul-
ated the bond lengths ¢ and b in intermediate 2 for reactions of
1a-c with dimethylamine in H,O. Here @ and b represent the
bond lengths between the central carbon and the oxygen in the
leaving phenoxide, and between the central carbon and the
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Table 3. Summary of calculated bond lengths @ and b in intermediate
2 for reactions of 2,4-dinitrophenyl X-substituted benzoates with
dimethylamine in H,O

X alA b/A alb
1la, 4-MeO 1.505 1.616 0.931
1b, H 1.503 1.611 0.933
1c, 4-NO, 1.493 1.604 0.931
1.0
slope = -6.79
R?=0.982
0.8
0.6
S8 1c
0.41 3 la
0.2
0.0 T T T
1.600 1.605 1.610 1.615 1.620
bIA

Figure 4. Plot showing a linear relationship between f; and the C-N
bond length b for pyridinolysis of 2,4-dinitrophenyl X-substituted
benzoates 1a-c.

nitrogen in the aminium moiety of 2, respectively.

The results of our theoretical calculations at MPW1K/6-31+
G* level are summarized in Table 4. It is seen that the C-O bond
length a decreases as substituent X changes from 4-MeO to H
or 4-NO», which appears to be consistent with the conclusion
drawn by Gresser and Jencks," and by Castro er al.>® that an
EWG decreases the rate of leaving-group departure (i.e., k2).
However, the C-N bond length b also decreases as the substi-
tuent X changes from an EDG to an EWG. Consequently, the
a/b ratio is not influenced by the electronic nature of the sub-
stituent X (Table 3).

Since the transition state for the current reactions would be
similar to intermediate 2 on the basis of the Hammond pos-
tulate,'” one might expect that the a/b ratio corresponds to the
ko/ky ratio. Thus, the fact that the a/b ratio remains nearly con-
stant upon changing the substituent X from 4-MeO to H or
4-NO:; is consistent with the preceding kinetic result that the
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ko/k 1 ratio is independent of the electronic nature of substi-
tuent X.

It is well known that the magnitude of /51 represents the degree
of bond formation between the nucleophile and the electrophile
in transition state. Since a larger i corresponds to a shorter
C-N bond length b, one might expect an inverse relationship
between £ and b. In fact, Figure 4 shows good correlation
between £ and b with a negative slope.

Conclusions

The current study has allowed us to conclude the following:
(1) Pyridinolysis of 2,4-dinitrophenyl X-substituted benzoates
1a-c proceeds through a stepwise mechanism with a change in
RDS at pK, =9.5. (2) The electronic nature of the substituent
X influences ki but does not affect the k»/k  ratio. (3) The cal-
culated bond lengths @ and b decrease as the substituent X
changes from an EDG to an EWG. Consequently, the a/b ratio
remains nearly constant upon changing the substituent X from
4-MeO to H or 4-NO,, which is consistent with the experi-
mental result that the k»/k ; ratio is not affected by the nature
of the substituent X.

Experimental Section

Materials. Compounds 1aand 1¢ were readily prepared from
the reaction of X-substituted benzoyl chloride with 2,4-dinitro-
phenol in the presence of triethylamine in anhydrous ether as
reported previously. " Their purity was confirmed from melting
point and spectral data such as '"H NMR. Pyridines and other
chemicals were of the highest quality available. Doubly glass
distilled water was further boiled and cooled under nitrogen
just before use.

Kinetics. The kinetic study was performed using a UV-vis
spectrophotometer for slow reactions (#12 > 10 s) or a stopped-
flow spectrophotometer for fast reactions (¢, < 10 s) equipped
with a constant temperature circulating bath to keep the reaction
temperature at 25.0 0.1 °C. All the reactions were carried out
under pseudo-first-order conditions in which the pyridine con-
centration was at least 20 times greater than the substrate con-
centration. Due to low solubility of substrates 1aand 1¢ in pure
water, reactions were carried out in 80 mol % H>0/20 mol %
DMSO. Typically, the reaction was initiated by adding 5 uL of
a0.01 M of substrate stock solution in MeCN by a 10 pL syringe
toa 10 mm UV cell containing 2.50 mL of the reaction medium
and pyridine. The reactions were followed by monitoring the
leaving 2,4-dinitrophenoxide at 410 nm.

Product analysis. 2,4-Dinitrophenoxide was liberated quan-
titatively and identified as one of the reaction products by com-
parison of the UV-vis spectra after completing the reactions with
those of authentic samples under the same kinetic conditions.

Calculations. The theoretical calculations were conducted at
the Gaussian 03 program.'® The geometries of the intermediates
in water were fully optimized at the MPW 1K functional theory
(6-31G and 6-31+G*)"” using the Polarizable Continuum Model
(SCRF-PCM)™ in which the molecular cavity used is the united
atom topological model applied to radii optimized for the HF/
6-31G(d) level theory. The stable structures were not observed
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in vacuum. Vibrational normal mode analyses were performed
at the same level to ensure that each optimized structure was a
true minimum on the potential energy surface, not an imaginary
frequency. The geometries and energies of the optimized inter-
mediates are given in Tables S1 and S2 in the Supporting
Information.

Supporting Information. The optimized geometries and ener-
gies of the intermediates are available.
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