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KINETIC STUDIES OF THE REACTIONS OF PHTHALIMIDE
WITH AMMONIA AND PYRROLIDINE

M. NIYAZ KHAN" AND J. E. OHAYAGHA
Department of Chemistry, Bayero University, P.M.B. 3011, Kano, Nigeria

The kinetics of the nucleophilic cleavage of phthalimide (PTH) in buffer solutions of ammonia and pyrrolidine were
determined. The reaction rates for ammonolysis of PTH revealed a buffer-catalysed second-order term in the rate law,
but the reaction rates for pyrrolidinolysis of PTH showed buffer-catalysed second- and third-order terms in the rate
law. Both ammonia and pyrrolidine revealed nucleophilic reactivity towards ionized PTH (S~) only within the pH
range of the present study. This is attributed to the occurrence of intramolecular general base—acid catalysis. General
base catalysis is detected in the reactions of pyrrolidine with both non-ionized PTH (SH) and S~. The general base-
catalysed third-order rate constant for pyrrolidinolysis of SH is nearly 28 times larger than that of S-.

INTRODUCTION

Kinetic studies on the reactions of amines (primary, sec-
ondary and tertiary) with esters, aldehydes, ketones and
amides have been carried out in great detail.' The fine
details of the mechanisms of most of these reactions
have been also worked out, but why in a particular
reaction certain amines display either general base (GB)
or general acid (GA) catalysis while other amines of the
same class do not show such catalysis still remains a
great puzzle. We observed GA catalysis in the reactions
of maleimide with a few tertiary amines? but the same
amines did not reveal such catalysis with phthalimide.?
Several secondary amines including piperidine and pyr-
rolidine* showed GA-GB catalysis whereas several
primary amines® did not snow such catalysis in their
reactions with maleimide. Bunett and co-workers have
demonstrated a spectacular difference between the
behaviour of pyrrolidine and piperidine towards the
reaction with 2,4-dinitro-1-naphthyl ethyl ether® and
2,4-dinitro-6-methylphenyl pheny! ether.” They also
observed the presence and absence of specific base cata-
lysis in the reactions of 2,4-dinitrophenyl phenyl ether
with piperidine® and pyrrolidine,® respectively. These
two cyclic amines are very similar in structure, pKa
values'® and electron delocalization between pyrroli-
dino or piperidino groups and unsaturated systems to
which they are attached,!' so why they should behave
so differently is curious. The differing behaviour of

pyrrolidine and piperidine as nucleophiles in these
addition—elimination reactions prompted us to study
the reaction of pyrrolidine with phthalimide.

Ammonia does not belong to the general class of
primary amines and hence it may be expected to show
different reactivity compared with primary amines
toward a substrate. However, in many addi-
tion—elimination reactions at carbonyl carbon,!?™ "
sulphonic acid sultone sulphur'® and phosphonate
phosphorus,'® the reactivity of ammonia did not
display any significant deviation from Brensted plots
derived from the reactivity of primary and secondary
amines. Significant negative deviations from Brensted
plots of primary amines were obtained for ammonia in
its reactions with ionized and non-ionized maleimide®
and ionized phenyl salicylate. ?® In order to see whether
or not ammonia shows unusual reactivity toward
phthalimide, we carried out a few kinetic runs on the
ammonolysis of phthalimide. The results are described
and discussed in this paper.

EXPERIMENTAL

Materials. Reagent-grade ammonia and pyrrolidine
were obtained from BDH and Aldrich, respectively. All
other chemicals were also of reagent grade. Glass-
distilled water was used throughout and the stock sol-
utions of buffers were freshly prepared just before the
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start of the kinetic runs. Stock solutions of PTH were
prepared in acetonitrile.

Kinetic measurements. The rates of reactions of
PTH with ammonia and pyrrolidine were studied spec-
trophotometrically by monitoring the disappearance of
PTH as a function of time at 300 nm and 30 °C. The
details of the kinetic procedure and data analysis are
described elsewhere. 2°
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RESULTS
Ammonolysis of phthalimide (PTH)

The rates of ammonolysis of PTH were studied at dif-
ferent pH in buffer solutions of ammonia where
ammonia acted both as the reactant and the buffer con-
currently. The observed pseudo-first-order rate con-
stants (kops) Obtained at a constant pH were found to
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Figure 1. Effects of the total buffer concentration of ammonia ([Buf]t) on the observed pseudo-first-order rate constants (kobs) for
the cleavage of PTH at pH (8 ) 10-41, (©) 10-33, (© ) 10-02, (A ) 9-89, (®*)9:70 and (¥ ) 9-53
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Table 1. Apparent first-, second- and third-order rate constants for the reactions of PTH with ammonia and pyrrolidine®

103k 10%k, 10%k, [Bufl%
Amine pH s™hH (dm*mol~'s™1) (dm®mol~2s71) C (M) (moldm™?)
Ammonia 9-53 + 0-01¢ 0-35 + 0-05%¢ 2-55 + 0-08%° — 0-1-0-9
9-70 * 0-00 0-52 + 0-04 2-68 * 0-07 - 0-1-0-9
9:89 + 0-01 0-61 + 0-05 4-56 + 0-09 — 0-1-0-9
10:02 * 0-01 0-66 + 0-09 5-10 + 0-15 — 0-1-0-9
10-33 + 0-01 0-52 £ 0-20 7-54 £ 0-31 - 0-1-0-9
10-41 + 0-01 069 + 0-08 9:02 + 0-13 — 0-1-0-9
Pyrrolidine 10-94 % 0-06 a-2nf 188 * 20 251 + 230 21-57 0-02-0-1
11-10 + 0-08 (1-23) 280 + 62 284 £ 73 17-50 0-02-0-1
11:27 £ 0-06 (1-23) 349 * 31 465 + 37 21-57 0-02—0-1
11-62 + 0-05 (1-25) 522+ 92 766 + 211 23-54 0-02—0-08

2 Conditions: [PTH]o=3-2x 10"* moldm 3, 30 QC, ionic strength 1-0 moldm ™3, A =300 nm, 1-6% (v/v) acetonitrile added to aqueous reaction
mixture for each kinetic run.

°C (%) = 100k, [Buf] §/(k[Buf )1 + kv [Buf1$)

¢Total amine buffer concentration range.

9 Error limits are standard deviations.

€ Calculated from equation (1) as described in the text.

Calculated from the relationship ko = konKw/(au + K3) as described in the text.

£Calculated from equation (2) as described in the text.
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Figure 2. Plots showing the dependence of kobs — ko on the total buffer concentration of pyrrolidine ([Buf]t) at 30 °C and at pH
(@©)11:62, (A )11:20, (A) 11-0and ( V ) 10-94
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fit the equation
kobs = ko + kn[Buf]r 1)

where [Buf]t represents the total ammonia buffer con-
centration, i.e. [Buf]t= [Am]+ [AmH*] with {Am]
and [AmH7*] representing the concentrations of free
and protonated amine, respectively. The linear least-
squares technique was used to calculate buffer-
independent first-order and  buffer-dependent
second-order rate constants, ko and k., respectively.
These results, at different pH, are summarized in
Table 1. The fitting of the observed data to equation (1)
is evident from the plots in Figure 1, where the solid
lines are drawn through the least-squares calculated
points.

Pyrrolidinolysis of PTH

The cleavage of PTH was studied at different total pyr-
rolidine buffer concentrations, [Buf]t, (where pyrroli-
dine acted both as the reactant and the buffer
concurrently) at a constant pH and temperature
30 °C). The observed pseudo-first-order rate constants,
kobs, Were treated with the equation

Kobs = ko + ka[Buf11 + kb [Buf]4’ @

where ko, kn and kp represent buffer-independent first-
order, buffer-dependent second- and third-order rate
constants, respectively. The calculated values of ko, kn
and kp revealed an insignificant contribution of the ko
term compared with k,[Buf]t+ ku[Buf]f® terms in
equation (2) under the experimental conditions
imposed. Hence a relatively more appropriate treatment
of the kinetic data with equation (2) was considered
with kn and kp as the only unknown parameters. The
values of ko at different pH were calculated from the
relationship ko = kouKu/(au + KJ)*  where  the

* The equation
ko= kouKuf(au + K3) ()

may be derived as follows. The observed pseudo-first-order rate
constant, k., for water-catalysed cleavage of PTH has been
reported to be 9-0x 107%™ " at 100 °C.%" Similarly, the value
of k. for the hydrolysis of p-nitrophenyl acetate is
5-5%x 1077 s™! at 25°C.'® The buffer-independent observed
pseudo-first-order rate constants, ko, obtained within the pH
range 7-29—11-03 showed a good fit to the equation (i). This
shows that k. [SH] is negligible compared with kon [OH ] [SH]}
even at pH 7-29 and 30°C where ko=7-6x107%s7"
(ko =0-0208 s~ " at 100 °C). Hence, within the pH range 9-12,
the buffer-independent rate of cleavage of PTH may be given as

rate = kou [OH "] [SH]
= kouK. [Sub]1f(au + Ka") (ii)

where [Subjr = [SH] + [S™]. Comparison of the observed rate
law, rate = ko[Sub]r, with equation (ii) gives equation (i).

hydroxide ion-catalysed second-order rate constant for
hydrolysis of non-ionized phthalimide (SH), kou, the
ionization constant of SH, K, and the ionic product of
water, K., were taken as 26-3dm’*mol 's™!,
3:05x 107" moldm™* and 1-449 x 10~'* mol?>dm ™5,
respectively.?? The observed rate constants, kous, With
known values of ko were used to calculate &, and ky
from equation (2) using the least-squares method.
These calculated values of k, and kp at different pH
values are summarized in Tablc . The fitting of the
observed data to equation (2) is evident from the plots
in Figure 2 and the standard deviations associated with
the calculated parameters, k, and k,, as shown in
Table 1.

DISCUSSION

Cleavage of PTH in buffer solutions of ammonia

Both non-ionized (SH) and ionized (S7) foims of PTH
are known to be reactive towards amine nucleophiles
with hydrogen attached to nitrogen. Thus, the general
reaction scheme for the cleavage of PTH in the buffer
solutions of ammonia may be given as shown in
Scheme 1.

Based on Scheme 1, the rate law for the cleavage of
PTH may be given as

rate = kou[OH "] [SH] + &, {Am] [SH]

+k2[{Am] [S7] 3
where [Am] is the concentration of free amine
nucleophile. The observed rate law (rate = kobs [Sub]t
where [Sub]t = [SH] + [S7]) and equation (3) yield

kKoK 4 + k\Kaaw
(au+ K)(au + K3)

where K, represents the ionization constant of proton-

ated amine, AmH", and ko= kouKu/(au + K3).
Equation (4) is similar to equation (1) with

knQau = k2KaK {au + kiKaah (5)

where Q= (au + Ki)(au + K,). The plot of k.Qau
versus ay turned out to be linear within the pH range
of the study (9:53—10-41) and the linearity of such a
plot indicates the insignificant contribution of the
ki [SH] [Am] term compared with the k2[S7][Am]
term in equation (3). It is essential to note that

kobs = k() +

(Buf]r 1G]

SH K 5-
kowOH™
k[Am szm

Product (P)

Scheme 1
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k2[ST]1 [Am] term is kinetically indistinguishable from
k3[SH] {Am] [OH™]. However, the presence of
k3{SH]I [Am]}[OH™] may be ruled out because in
several related reactions if a term similar to
k3[SH] [Am] [OH] appeared in the rate law, then
another term similar to & [SH] [Am] also appeared in
the same rate law 22725 and the latter term could not
be detected in the observed rate law.

The least-squares method was used to calculate
k:K.K} from equation (5) by neglecting kK a} com-
pared with k;K.Kiau and the calculated value of
k2KaKj of (1-54 + 0-31) x 1072 moldm 357 yielded
k2 as summarized in Table 2 with pK,=9-21. An
attempt to fit the observed data to the equation
knQay = o+ Bau resulted in values of « and @ of
(1-65 £ 1-99) x 10732 mol*dm ~%s~' and (1:26 £ 0-12)
x 107 moldm 3s™!, respectively. The calculated
value of o with a relative standard deviation of more
than 100% indicates that it is not statistically different
from zero.

The reactivity of ammonia is expected to show a
negative deviation from the Bronsted plot of the reac-
tivities of primary amines. This is merely due to the
larger solvation shell for ammonia than for primary
amines. However, in many addition—elimination
reactions at carbonyl carbon,!?~!" sultone sulphur'®
and phosphonate phosphorus,'® ammonia did not
reveal an unusually low reactivity compared with
primary amines of similar pK,. However, in most of
these reactions, the nucleophilic reactivity of both
primary and secondary amines constituted a single
Brensted plot. In the aminolysis of both non-ionized
and ionized maleimide® and ionized phenyl salicylate, 2°
primary and secondary amines were found to form
Bronsted plots of different slopes. In these reactions,
the nucleophilic reactivity of ammonia showed signifi-
cant negative deviations from the Brensted plots of
nucleophilic reactivity of primary amines.

The value of k> (8:08 X 10~ 3 dm*mol~'s~!) may be

Table 2. Rate constants for the cleavage of PTH in buffer sol-
utions of ammonia and pyrrolidine

Buffer-catalysed and uncatalysed

Nucleophile  pK,* rate constants®

Ammonia 9-21 ki€
10%k2=8-08 = 1:65 dm*mol~'s~!
Pyrrolidine  11-32 k(€

k2 < 0742 + 0-055 dm3mol ~'s~!
k3 =393 + 122 dm®mol 25"
ks=13-6 + 3-:0dm®mol 25!

*pK, values of the conjugate acids of amines were obtained from
Refs 4 and 5.

b Error limits are standard deviations.

“This term did not reveal a detectable contribution to the rate within
the limits of the experimental conditions imposed.

compared with the corresponding value of k;
(6-7 x 1073 dm’mol~'s™!) for ammonolysis of ionized
maleimide.® Although the rate constant, ki, could not
be detected in the ammonolysis of PTH under the
experimental conditions imposed, the value of k; for
ammonolysis of maleimide turned out to be
1-4x10"*dm’*mol~!s™!, which is nearly 50 times
smaller than k. If we assume that the ratio kfk; is
nearly 50 for the reaction of ammonia with PTH, then
the value of kK.ah/k:K.Kiau ranges from 0-02 to
0-003 because the ratio au/K4 varies from 1 to 0-13
within the pH range 9-53—10-43. This shows that
k2K {K,an > 50kiKaah within the limits of the exper-
imental conditions imposed. It appears from earlier and
the present studies on addition—elimination reactions
that a significantly low nucleophilic reactivity of
ammonia compared with other primary amines occurs
in those reactions where primary and secondary amines
constitute Bronsted plots of different slopes.

Cleavage of PTH in buffer solutions of pyrrolidine

The cleavage of PTH in buffer solutions of pyrrolidine
revealed the occurrence of both uncatalysed and general
base-catalysed terms in the rate law. Hence the general
reaction scheme for such reactions may be given as
shown in Scheme 2.

Based on Scheme 2, the rate law for the reaction may
be given as

rate = kou [OH ] [SH] + (k1 [SH] + 42 [S7]) [Am]
+ (k3 [SH] + k4 [S71) [Am)? 6

The additional terms, k3[S™j[Am][AmH*] and
k4[ST)[Am] [AmH"] [OH™], which are Kinetically
indistinguishable from the k3;[SH][Am]*> and
k4[S™1 [Am]? terms, respectively, may be ignored for
the qualitative reasons described elsewhere for related
reactions. 2

The observed rate law (rate = kobs[Sub]t) and
equation (6) give

kKoK, K
ops = ko + —2KaKa t o Rattn iy
(au + K3)(au + K2)
kaKiK2 :
4 a+ kK3 aH2 [Buf]% (7)
((IH + K;{)(aH + Ka)
SH K S-
*ay
kOHOH- szm
kKiAm k4(Am)2

k3(Am)?

Product (P)

Scheme 2
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Comparison of equations (2) and (7) gives
kaQay = kaKaKian + kiKaah ®)
koQi = kaKiK2 + ksKian ©)

where Q) = (au + K){(au + K3).

The plot of knQau versus ay was found to be linear,
which implies that kK.ah < k>K.Kiau. A similar
observation was made in the cleavage of PTH in buffer
solutions of piperidine.?? The observed nucleophilic
second-order rate constants, k,, were used to calculate
k>K.K{ from equation (8) by neglecting k1K.a$ com-
pared with k>K,K,au. The least-squares calculated value
of k2K.K . is (10-83 = 0-80) x 10~2* moldm~3s™'. This
value of k2K.Ki was used to calculate k» with known
values of K, (pKa = 11-32) and K and such a caicu-
lated value of k> is shown in Table 2. A crude value of
ki can be estimated from the extrapolation of the
Bronsted plot for k; derived for only four data points
as shown in Ref.22. Such a value of k; is nearly
1 dm*mol~'s™'. Thus, the ratio k1/k> is nearly 1-5 for
the reaction of pyrrolidine with PTH. If we consider the
value of kifkz =15, the values of kiKaahfk2K.Kjau
vary from 0-06 to 0-012 within the pH range
10-94—11-62 (the values of au/K{ vary from 0-04 to
0-008 within this pH range). This analysis shows that
kKoK law > 16k K.al within the experimental con-
ditions of the present study.

The observed buffer-catalysed third-order rate con-
stants, kw, at different pH were found to obey equation
(9). The least-squares calculated values of ksKiK 2 and
kK2 are (9-50£2-12)x 107*? moldm™3s™! and
(9-00 + 2-81) x 107 2's™!, respectively. The rate con-
stants k3 and ks were calculated from the values of
k3K 2 and k4K {K? and are summarized in Table 2. The
value of k3 (393 dm®mol=2s~!) is nearly 20% smaller
than the corresponding rate constant?” obtained for
dimethylaminolysis of PTH under essentially similar
experimental conditions.

The absence of k;[SH][Am] term in the rate law
[equation (6)] shows that k3 [SH] [Am] [OH™] may be
neglected compared with £2[S”] [Am]. However, the
presence of the k3 [SH] [Am]? term implies the probable
occurrence of the k3[SH][Am][OH™] term. If we
assume that k>[S™] [Am] is negligible compared with
k3[SH] [Am] [OH "], then the calculated value of the
slope (10-83 + 0-80) x 1072> moldm s~ ") of the plot
of knQau versus au [equation (8) where k2K.Kjay is
replaced with  k3K,Kuwau] will give ki=
1-5% 10* dm®mol~2s™!, which is nearly 38 times
larger than ki;. Thus, it is apparent that kjijk; < 38
because the k2 [S~] [Am] term cannot be considered to
be negligible in the pH range of the study. The ratio
k3/k; was found to be 88 for propylaminolysis of
benzylpenicillin. #* Similarly, the reported values of
k$} ks for the aminolysis of pheny! acetate are 32, 60*°
for methylamine and 180" and 91%° for ethylamine.

These results reveal that the anticipated value of
kilks <38 is probably not an unreasonable one
because pyrrolidine is a stronger base than methylamine
by nearly 0-5 pK unit. This shows that the value of k>
is less than 0-742 dm®mol~'s™ ',

The respective absence and presence of nucleophilic
reactivity of both ammonia and pyrrolidine towards
non-ionized PTH (SH) and ionized PTH (S7) indicate
the occurrence of either intramolecular general
base—acid catalysis® involving intermediate T, or
solvent-mediated intramolecular general base—acid
catalysis involving intermediate T, in a preassociation
stepwise mechanism (a mechanism suggested and sup-
ported for the reactions of S~ with a few secondary
amines??). The values of the second-order rate constant
(k) for the reactions of S~ with pyrrolidine
(ks < 0-742 dm*mol ~'s '), dimethylamine (k2 = 0-316
dm’mol~'s™!) and piperidine (k2=0-173 dm*mol "
s~ 1) indicate that these reactions probably follow the
same reaction mechanism.

It is interesting that the rate constant k4 could not be
detected in the reaction of PTH with dimethylamine.?
However, the rate constants, k4, obtained in the
reactions of PTH with morpholine, piperazine and N-
methylpiperazine appeared to be weakly dependent on
the basicity of the general base catalysts. > The value of
k4 (136 dm® mol=2s™!) obtained in the pyrrolidinolysis
of PTH is nearly 75 and 50-times larger than k4 for the
reactions of PTH with monoprotonated piperazine and
morpholine, respectively.?” These results are consistent
with the occurrence of a preassociation stepwise
mechanism where the association complex is Ts.

Pyrrolidine and piperidine have very similar pK,
values. ' The occurrence of general base catalysis in the
reaction of PTH with pyrrolidine and the absence of
such catalysis in the piperidinolysis of PTH is therefore
difficult to explain in terms of polar effects. Such a
differing behaviour of pyrrolidine and piperidine as
nucleophiles toward maleimide was not observed.* How-
ever, Bunnett and co-workers®’ observed a differing
behaviour of these alicyclic amines as nucleophiles
toward a few aromatic nucleophilic substitution
reactions. Pyrrolidine and piperidine showed almost
similar reactivity towards amine-catalysed elimination
from a B-acetoxy ketone, 26 nucleophilic displacement on
the arene oxides of phenanthrene?’ and the reactions of
amines with cyanic acid.!” A nearly 100 times larger
reactivity of pyrrolidine compared with piperidine

*The usage of intramolecular general base—acid catalysis in the

present system (T,, T, or T3) is peculiar in the sense that the
leaving group (anionic nitrogen of S7) acts as the intramole-
cular general base catalyst to facilitate the nucleophilic attack by
the amine nucleophile and in the process the attacking amine
nucleophile acts as the intramolecular general acid catalyst to
increase the leaving ability of the leaving group (anionic
nitrogen of S7).
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towards amine catalysis of (§-ketol dehydration has been
reported by Hupe et al.®® It is interesting that the
nucleophilic ~ second-order  rate  constant, Kk,
for the reaction of ionized PTH with piperidine
(k2=0-173 dm*mol ~'s~")*? is not unusually different
from that with pyrrolidine (k> < 0-742 dm®*mol s~ 1).
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