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ABSTRACT: Pseudo-first-order rate constaritg,{ for the reaction of piperidine with phthalimide vary linearly with
the total concentration of piperidine ([Pip]at a constant content of GBN in H,O—CH;CN solvents within the
CHzCN content range 2—80 % (v/v). The changekips with the change in [Pig] at 100% (v/v) CHCN obeys the
relationshipkops= ¥ [Pip]+?/(1 + ® [Pip]7). Copyright 1999 John Wiley & Sons, Ltd.

KEYWORDS: phthalimide; piperidine; aminolysis; kinetics; acetonitrile—water solvent; acetonitrile solvent; general
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INTRODUCTION important for understanding the complexity of micellar-
and membrane-mediated organic reactions. This paper
Aminolyses of esters in aqueous solution have beendescribes the effects of GBN-H,O and CHCN
extensively studied partly because of the importance of solvents on the rates of reaction of piperidine with
such reactions in understanding the complexity of many phthalimide.
in vivo enzyme-catalyzed reactioh$iowever, the belief
that actual enzyme-catalyzed reactions occur in a
microscopic medium which does not totally resemble
pure water solvent led a few investigators to study the
mechanistic aspects of aminolyses of esters in aprotic
solvents® Systematic kinetic studies on the effects of
mixed agqueous—organic solvents on rates of aminolysis
of esters and related compounds are fafthe most
obvious reason for the limited attempts at such studies is
the requirement for the use of amine buffers. The

complex effects of mixed aqueous—organic solvents on . .. .
X 9 9 Kinetic measurements. The reaction rates for the

the K, values of acids complicate the kinetic treatment ineridinolvsis of bhthalimide were studied by monitor-
of rate data obtained in the presence of buffers. If the rateP'P Y P > y
. L " ..~ ._"ing the disappearance of phthalimide spectrophotome-
of hydrolysis of a substrate is insensitive to hydroxide ion . :
. . trically at 300 nm. The details of the procedure are as
concentration within the rang= 0.001-0.05v, then the described elsewhefe
rate of aminolysis of such a substrate can be easily The reactions Weré enerally followed up to 70-99%
studied without the use of amine buffers. Such reaction completion. Al the kingtic rungwere carriepd out undero
characteristics led a few workers to study the effects of ex epriment.al conditions where the reaction rates obeyed
ionic micelles on the aminolysis of organic substratés a pseudo-first—order rate law. Pseudo-first-order r)allte
and the effects of KHO-CH;CN solvents on the P ’

aminolysis of ionized phenyl salicyldtsvithout the use constantskops Were calculated with the equation
of amine buffers.

Apart from some significance of such studies to
enzyme-catalyzed reactions,

EXPERIMENTAL

Materials. All the reagents used were supplied by Fluka
or Aldrich and were of the highest commercially
available purity. Stock solutions of phthalimide were
prepared in acetonitrile.

Aobs = 6app[x}0 exq—kobst) + Aoo (1)

these studies are aISq.Jsing a non-linear least-squares technique considering
Oapp (apparent. mollar absorptivity) an8l,, (the absor-

*Correspondence toM. N. Khan, Department of Chemistry, Faculty bance at regctlon timee= 00) as unknown pgrameters. In

of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia.  EQn. 1,AqpsiS the absorbance at any reaction timend

(E:-m?ili DiyaZ?kimia-un&edU-m¥ Malava: Contracyarant ) [X] o is the initial concentration of phthalimide (PTH.g.
ontract/grant sponsoruniversit Malaya;Contract/grant number: H —
F408/96. the concentration of PTH &t 0, 6app= éptH — Op (Where

Contract/grant sponsoffRPA; Contract/grant number99-02-03-003. dptHandop represent the molar absorptivities of PTH and
Copyright( 1999 John Wiley & Sons, Ltd. CCC 0894-3230/99/030187-07 $17.50



188 M. N. KHAN
RESULTS AND DISCUSSION

The rate of reaction of phthalimide with piperidine was
studied within the CHCN concentration range 2—-100%
(v/v) in mixed aqueous solvents at 35. Pseudo-first-
order rate constantkd,9 at a constant content of GAN

2 but <80% (v/v) obeyed the equation

Kobs = Ko + kn[Pip]T (2)
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& o whereky andk, are the pseudo-first-order rate constant

- & , for hydrolysis and the nucleophilic second-order rate
a b constant for the reaction of phthalimide with piperidine,
respectively, and [Pig]is the total concentration of
- piperidine. The linear least-squares calculated values of
7 ko andk, [from Eqgn. 2] are summarized in Table 1. The
% B calculated values 0Ok, are either negative or positive
6 | - 4 associated with considerably high standard deviations
(Table 1). Hence these&, values are statistically
7 unreliable. It should be noted that the maximum
O contributions ofky compared withk,[Pip]+ in Egn. 2,
¥ obtained at the lowest values of [Riphre<40% (Table
3 1). The significantly low contribution ok, compared
/ with k,[Pip]r at different contents of CKCN in mixed
0 i : agueous solvents is a consequence of the unreligpble
0 0.4 0.8 values calculated from Eqgn. 2. The valuekgivere also
Oo0n L 1 4 calculated from Eqn. 2 considering, as a known
0 0.08 0.16 parameter. The values d§, at different contents of
CHsCN were obtained from the literatufeThesek,
(Piply/ M values are not appreciably different from the correspond-
ing k, values obtained from Eqn. 2 (Table 1). The fitting
Figure 1. Plots of ko™ (= Kops — ko) versus [Piply for of the observed data to the equatiQs— Ko = kn[Pip]+

piperidinolysis of phthalimide at (¢) 2, (O) 10, (A) 20, (@) is evident from the plots in Fig. 1, where solid lines are
30, {) 40, (L) =0, (A) 50 and (&) 80% (i) CHCN In drawn through the cpalculatedg.oiﬁts

mixed aqueous solvents. The solid lines were drawn through : ghtn : P . i

the calculated points using the equation keps — ko = kn[Piplt The increase in [Pig]at constant [HO] in CHzCN-

and parameters listed in Table 1 H,O solvent is expected to increaseJH] owing to the
reaction HO + Pip = PipH" + "OH, where Pip and
PipH' represent free and protonated forms of piperidine,
productsN-piperidinylphthalamide and phthalamic acid, respectively. However, such an equilibrium reaction did
respectively). not increase TOH] sufficiently to cause a deviation from
linearity in the plot ofkyss versus [Pip} (Fig. 1). The
Product analysis. The expected products of the cleavage linearity of the plots in Fig. 1 indicates that the ratio [Pip]/
of PTH, in the presence of piperidine in mixed aqueous— [Pip]y remains nearly unchanged with change in [P g
acetonitrile and pure acetonitrile solvents, &kgiper- constant [HO]. It can easily be shown that an increase in
idinylphthalamide and non-ionized and ionized [Pip]+ from 0.02 to 0.1v at 2% (v/v) CHCN causes an
phthalamic acid. The molar absorptivities NEpiper- increase inTOH] or [PipH'] from 0.0058 to 0.01438. If
idinylphthalamide and non-ionized and ionized we apply such a correction in the calculationkgfwith
phthalamic acid at 300 nm are nearly zero. Therefore, Eqn. 2, then the corrected value kf turns out to be
dapp~ Opth @t 300 nm. The calculated values 6f, 0.333+ 0.019 | mol* s™*, which is comparable witk,
turned out to be almost independent of the total (=0.290 | mol'*s %) obtained in the presence of 0.0@5
concentration of piperidine ([Pip] in mixed aqueous— NaOH (unpublished observations).
acetonitrile and pure acetonitrile solvents. These results The rate of hydrolysis, under the present experimental
show that the products of the reaction of piperidine with conditions, is independent of DH] and also negligible
PTH are chemical species which do not absorb to acompared with that of aminolysis. The rate of hydrolysis
detectable level at 300 nm and these products are mosbf phthalimide was found to be almost independent of
likely N-piperidinylphthalamide and non-ionized and [~OH] within the range 0.0025-0.05.2%** The value of
ionized phthalamic acid. the second-order rate constakg,() for the reaction of

>
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Table 1. Effects of content of CH3CN on rate constants, ky and k,, calculated from Egn. 2°

CHZCN (%, VIV) 10%o° (s7) 10%, (I mol™*s™) [Pip]y rangé (m) v we
2 -15+140 306+ 21f 0.02-0.10 - 12.4
2 (14.4) 268+ 31 0.02-0.10 21
10 7.9+7.2 150+ 9 0.04-0.12 12 2.7
10 (10.5) 146+ 6 0.04-0.12 15
20 5.62+0.76 63.4+ 0.6 0.04-0.20 18 2.7
20 (7.00) 61.72-1.6 0.04-0.20 22
30 13.5+ 3.9 235+1.2 0.10-0.50 36 16.2
30 (4.46) 27.3t1.9 0.10-0.50 14
40 8.92+ 2.22 12,5+ 0.5 0.20-0.60 26 13.6
40 (3.17) 14.2+ 0.6 0.20-0.60 10
50 9.28+ 3.43 6.66+ 0.52 0.20-1.00 41 21.3
50 (2.40) 8.08t 0.77 0.20-1.00 13
60 4.05+ 2.02 4.71+0.30 0.20-1.00 30 10.8
60 (1.43) 5.22+ 0.30 0.20-1.00 12
80 ~1.8+1.7 3.654+0.25 0.20-1.00 - 15.3
80 (0.642) 3.09- 0.46 0.20-1.00 9

@ [Phthalimide} = 2 x 1074 m; temperature = 3%C, A = 300 nm; co-solvent is water.

b parenthesizel, values as determined at 0.01NaOH were obtained from Ref. 9.

¢ The range of total concentration of piperidine.

4y =100/ (ko + ka[Pip]t), Where [Pip} is the minimum concentration of piperidine attained in the study.

€ W=100(k, — (kn)|)/kn, Wwherek, is calculated from Eqn. 2 and) is calculated from the relationshigps— ko = ka[Pip]+ with ko from Ref. 9.
f Error limits are standard deviations.

ionized phthalimide (S) with "OH turned out to be and K,, in mixed aqueous solvents may produce
3.5x 10 3 I mol t st at 30°C.*** The (K, of PipH" [TOH] < 0.05M owing to the reaction Pip- H,O =
decreased from 11.37 to 10.99 with increase in the PipH" + “OH, under the experimental conditions im-
content of CHCN from 2 to 60% (v/v) and became 11.36 posed.
at 70% (v/v) CHCN in mixed aqueous solvent$ pK,, The experimentally observed value kf,s at 0.01m
increased from 14.00 to 15.43 with increase in the contentNaOH and 80% (v/v) CECN is 6.42x 10 ° s * (Table
of ethanol from 0 to 70% (w/w) at Z& in water—ethanol  1). If we assume that under such conditions the reactants
solvent!® An increase in the CECN content in mixed are only non-ionized phthalimide (SH) an®H, then the
aqueous solvent is also expected to decrégsdt can value ofkoy is 6.42x 1031 mol~tst. Now, evenifitis
easily be shown that the effects of gEN content orK, assumed that [OH] = 0.021 and 0.048 at 0.2 and 1.
Pip and 80% (v/v) CHCN (which is not correct as it can
be shown that under such conditionsQH] <« 0.021 and
0.048v at 0.2 and 1.0 M Pip, respectively), then the
values ofkops turn out to be 1.3« 10 # and 3.1x 10 #
s tat 0.2 and 1.0 Pip, respectively. These,s values
) (6} are more than 4- and 10-fold smaller than the respective
- 16 } o kobs Values obtained at 0.2 and 0Pip and 80% (v/v)
o ‘ CHsCN (Table 1). Similarlyksps(due to hydrolysis only)
o may be shown to be 1.44 102 s~* within the [Pip}r
o : range 0.02-0.1@ at 2% (v/v) CHCN, which is more
o than 4- and 20-fold smaller thdqgys values obtained at
< 8 F 0.02 and 0.1™ Pip, respectively (Table 1). This shows
vg - that the hydrolysis is negligible compared with amino-
lysis of phthalimide under the experimental conditions of
the present study.
The values okg,s at 100% (v/v) CHCN obeyed the

0 1 L . o o
0 0.4 0.8 following empirical equation:
(Piplp/ M K 20P — - ‘Il[giS-T 3)
Figure 2. Plot of k,°®® ( = kops/I[Piply) versus [Pipl; for + @[Pipl;
piperidinolysis of phthalimide in acetonitrile solvent. The ) o
solid line was drawn through the calculated points using where k,?PP=k,,d[Pip]r and ¥ and ® are empirical
Eagn. 3 and parameters mentioned in the text parameters. The non-linear least-squares calculated

Copyrightd 1999 John Wiley & Sons, Ltd. J. Phys. Org. Cheni2, 187-193 (1999)
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values ofl and® are (4.3% 0.72)x 10 31 mol2s !
and 1.32+0.47 | mol™*, respectively. A Reasonably

M. N. KHAN

nucleophile (i.e. the 9, of a protonated nucleophile)
and on the leaving ability of the leaving group (i.e. the

good fit of the experimental data to Eqn. 3 can be seenpK, of a protonated leaving group). TheKp of

from the plot in Fig. 2, where a solid line is drawn
through the calculated points.

An increase in the content of GBN from 2 to 80%
(viv) decreasedk, 87-fold (Table 1) andk, 22-fold®
Nearly a 26-fold decrease ik, for the reaction of
p-nitrophenyl acetate with piperidine was observed with
increase in the CECN content from 0 to 80 mol% in
mixed aqueous solventsThe pH-independent hydro-
lysis of phthalimide in aqueous solution containing 1.6%
(v/v) CH:CN involves™ OH and non-ionized phthalimide
(SH) as the reactantswhereas with such a solvent and
within the pH range 10.8-11.5 the reaction of phthal-
imide with piperidine involves Sand free piperidine as
the reactants? Based on the Bransted plot, piperidine
(Pip) reacts with SH onlga four times faster compared
with S™. The significantly high reactivity of Pip with'S
is attributed to the occurrence of intramolecular general
acid—base catalysté. The absence of reaction between
Pip and SH in aqueous solution containing 1.6% (v/v)
CHsCN was concluded to be due to the extremely low
concentration of SH at pkt 10.8. As mentioned earlier,
an increase in CECN content in mixed aqueous solvents
has little effect on thelg, of PipH". However, the K, of
phenol increased continuously from 9.95 to 18.03 with
the increase in DMSO content from 0 to 100 mol% in
mixed aqueous solvent8 The ionization of both phenol
and SH constitutes non-isoelectric ionization reactions.
Hence the ionization constant of SH is expected to
decrease continuously with increase in4Cl content in

piperidinium ion (PipH) decreases from 11.37 to
10.98 with increase in C¥CN content from 2 to 50%
(v/v) whereas it increases from 10.98 to 11.36 with the
increase in CHCN content from 50 to 70% (VA
Similar observations have been obtained for several
protonated amine® *®The K, value of PipH becomes
18.92 at 100% (v/v) CECN.=2 Unlike the equilibrium
constant of an isoelectric reaction (BH= B 4+ H"), the
equilibrium constant of a non-isoelectric reaction (A#
A~ 4+ H") decreases continuously with increase in the
content of organic co-solvent in a mixed aqueous
solvent**1>19The K, value of phenol increased from
10.17 to 13.38 with increase in GAN content from 2 to
70% (v/v) (unpublished observations). Thiépvalue of
phenol is 27.2 at 100% (v/v) GJEN.2 The ionization of
the conjugate acid of the leaving group in the aminolysis
of phthalimide (CONH or CONH’) also con-
stitutes a non-isoelectric reaction. Therefore, an increase
in CH;CN content is expected to increase continuously
the K, of the leaving group in mixed aqueous solvents.
An increase in the 9, of the conjugate acid of the
leaving group should decrease whereas an increase in the
pK, of the conjugate acid of the nucleophile should
increase the rate of reaction. Thus, the sharp decrease in
k, with increase in the content of GBN in water-rich
mixed acetonitrile—water solvents may be attributed to
the increase and decrease in tlifg pf the leaving group
and nucleophile, respectively. The moderately slow
decrease ink, with increase in CHCN content at

mixed aqueous solvents. These inferences indicate that>50% (v/v) CHCN is due to the increase in th&pof
an increase in acetonitrile content in mixed aqueousthe conjugate acid of both the leaving group and the

solvents should increase the concentration of SH.
The effects of mixed aqueous—organic solvents on

nucleophile.
The significantly large decreasekgfor the reaction of

reaction rates may be attributed to several factors, such aTH with piperidine (87-fold) compared witk, for

permittivity, polarizability, polarity, basicity, preferential
solvation, hydrogen bonding and hydrophobicity. These
factors are not equally influential and some of them

hydrolysis of PTH (22-fold) may be explained in terms of
the solvent effect on theKy of PipH" and HO. The
slope of the plot of K, versus CHCN content should be

oppose each other towards a particular reaction rate. Thdarger for HO (K, for a non-isoelectric ionization

transition state involved in the reaction of Pip with either

reaction) than for PipH (K, for an isoelectric ionization

S~ or SH is more polar than the reactant state and hencereaction) and consequently the decreasing effect of the

the decrease ik, with increase in CHCN content may
be ascribed to greater destabilization of the transition
state than the ground state. However, if this is the only
source for the effect of C¥CN—-H,O solvent ork,, then it

is difficult to explain the extremely slow decreasekin
with increase in CHCN content at>50% (v/v) CHCN
(Table 1). Similarly, the [CHCN]-independenk, for the
reactions of Pip withp-nitrophenyl acetafeand ionized
phenyl salicylaté? at >60% (v/v) CHCN in mixed

mixed CHCN-H,O solvents should be larger for
piperidinolysis than for hydrolysis of phthalimide.

The mechanism of aminolysis of phthalimide in an
agueous solvent containing2% (v/v) CHCN has been
studied in some detatf*?° Although the present data
obtained in mixed aqueous—acetonitrile solvents are not
sufficient to discuss any detailed mechanism, it appears
that there is no change in mechanism with change in the
composition of CHCN-H,O solvent. The mechanism

aqueous solvents cannot be explained in terms of thefor the reaction of Pip with PTH in mixed GEN-H,O

relatively larger destabilization of transition state.

Perhaps it is more appropriate to discuss the effect of highly reactive transient intermediate.

solvent on the rate of an addition—elimination reaction in
terms of solvent effect on the nucleophilicity of a

Copyright0 1999 John Wiley & Sons, Ltd.

solvents may be as shown in Scheme 1, whiteis a

It has been
concluded elsewhet? that k_;* > k,* and hence the
k! step, which involves the cleavage of the C—N bond

J. Phys. Org. Cheni?2, 187-193 (1999)
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Scheme 1

coupled with proton transfer from the cationic amino
group to the leaving group through a proton switch solvents’ the mechanism for the reaction of Pip with SH
mechanism, is the rate-determining step. in pure CHCN solvent may be as shown in Scheme 2.
The observed rate law (rateg,dPTH]y, where The existence of a highly reactive zwitterionic tetrahedral
[PTH]; is the total concentration of PTH) and Scheme intermediate T*) and monoanionic tetrahedral inter-
1 lead to the equation mediate T ) was supported by the break in the Brgnsted
plot.>® The non-linear feature of the plot in Fig. 2 may be
explained by the mechanism shown in Scheme 2 where
thek,” step is the rate-determining step at low [Riphd
at high [Pip} the k? step becomes the rate-determining
where K ™> a, with KS™=[S] a4/[SH] and  step.
fa= K Pl(ay + K with KPP =[Pip] aw/[PipH™]. The other possibilities for the non-linear nature of the
Equation 4 is similar to Eqn. 2 witk, = k;* kp* f/k_,*. plot in Fig. 2 are (1) self-association of only SH
The plots in Figs 1 and 2 show that the mechanisms for molecules, (2) association of Pip and SH or (3) self-
the reaction of phthalimide with piperidine in mixed association of Pip molecules. The first possibility may be
CH3CN-H,O and CHCN solvents are different. It has ruled out because self-association of SH molecules may
been concluded that the negative deviations in the lead to a rate law which does not agree with the observed
relationship between rate constant and catalyst concen+ate law (rate &,,{PTH]y, where [PTH} is the total
tration which are not caused by complexing of reactants concentration of phthalimide).
or catalyst are caused by the change in the rate- The second possibility involves the formation of a
determining step® The change in the rate-determining complex (SHPip) between SH and Pip where the
step with change in catalyst concentration implies the electrophilic reactivity towards Pip of SH is negligible
existence of a transient intermediate on the reaction path.compared with that of SHPip. Such a complexQ;)
Thus, the plot in Fig. 2 supports the occurrence of a should involve hydrogen bonding between the amine
stepwise mechanism for the reaction of phthalimide with hydrogen of Pip and the carbonyl oxygen of SH. If the
piperidine in pure acetonitrile solvent. In terms of hydrogen of the imide group of SH is hydrogen bonded
proposed and kinetically supported mechanisms for thewith the nitrogen of Pip in SHPip (C,), then such an
aminolysis of esters in acetonitrffeand other organic interaction must cause SHip to be less reactive than SH

Kobs = ko -+ ki ko fa[Piply /k 1% (4)

Copyrightd 1999 John Wiley & Sons, Ltd. J. Phys. Org. Cheni2, 187-193 (1999)
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toward Pip, and this is against the observed results. The
second possibility which involves hydrogen-bonded

AN

koKa [Pipl+2[PTH;

rate= -
1+ 3KA[P|p]T

(7)

In Egn. 7, the assumption involved is th&t[Pip] <« 1,
where K, represents the association constant for
dimerization of Pip. The observed rate law and Eqn. 7

Oi \NH can yield
|C| koKa[Pip]+2
2I\A T
© Kobs = 771 3K [Pipl; ®)
Cl
Equation 8 is similar to Egn. 3 withl =k,K, and
@ =3K,. Hence the observed data in Fig. 2 may be
o explained in terms of Eqn. 8. However, the fitting of
(u H observed data to Egn. 8 may be considered to be
Oi NH o }q: > inconceivable because such dimerization of amine
molecules (primary and secondary amines) was not
ﬁ detected in several related studfes*??Furthermore, a
o tertiary amine was found to act as a general base catalyst

complex (SHPip) formation between SH and Pip
molecules could lead to the following rate law:

keKc[Piplr*[PTH

rate= .
1+ Kc[Piplt

()

where K¢ represents the equlibrium constant for the
complex formation between SH and Pip akgdis the
second-order rate constant for the reaction of Pip
with SH'Pip. Equation 5 is derived based on the assump-
tion that [Pip} =[Pip] + [SH Pip] =~ [Pip] for [Pip] >
[SH’Pip] [the lowest concentration of Pip (OM) is
500-fold larger than the initial concentration of PTH
(2 x 10~*Mm)]. Equation 5 and the observed rate law may
give

. szc[Pip]TZ

o0 =14 KelPiply

(6)

Equation 6 is similar to Eqn. 3 withl =k,Ke and
@ =K. Although the observed data appear to fit Eqn. 6
reasonably well, such fitting may be regarded as
fortuitous because the complex formation between SH
and Pip is inconceivable because similar complex
formation between phenyl salicylate andutylaminé?
and between catechol monoacetate arslitylamineé*
could not be detected in aprotic solvents. Similarly, no
such complex formation was detected in other related
reactions’

The third possibility that Pip molecules associate

themselves may lead to the rate law as expressed by Eqgn.

7 provided the associated complex (Fjp) is reactive
and the free piperidine molecule is non-reactive.

CopyrightO 1999 John Wiley & Sons, Ltd.

in related studies whereas Eqn. 8 indicates that a
tertiary amine should not be reactive.

The observed rate law (rateg,{PTH]t) and Scheme
2 can lead to Eqn. 9 provided thiat,2 > k,2[Pip] and
[SH] = [PTH};.

koK1 22 [Pip+2

Fobs = 7 + fan(k—2?/ks?)[Piply

(9)

The feasibility of the inequalityk ;%> k,7[Pip] is
discussed in detail elsewhefeln Eqgn. 9, K;2=k;%/
k,l2 andfyy =1 — f,. Equation 9 is similar to Egn. 3 with
U= k22K12fa2 andd = (k_22/k32)fa|_|.

It is interesting that general base (GB) catalysis is
negligible compared with the uncatalyzed cleavage of
PTH in CH;CN-H,O solvents with CHCN content
<80% (v/v) whereas the rate of uncatalyzed cleavage of
PTH becomes negligible compared with GB-catalyzed
cleavage in 100% (v/v) CECN solvent. It should be
noted that the reason for the occurrence of a stepwise
mechanism in 100% acetonitrile solvent is the conclusion
that the change in the slopelgfversus [Pipj plot is due
to the change in the rate-determining step with change in
[Pip]r. The change in the rate-determining step with
change in the reaction conditions implies that the reaction
involves reactive intermediate(s) on the reaction path.
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