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ABSTRACT

The kinetics of the reactions of 1-chloro-2,4,&itrobenzene]l, with aniline and N-ethylaniline respectively and
that of phenyl-2,4,6-trinitrophenyl eth&, with aniline in toluene and toluene-methanol mnigs were studied at
different temperatures. The reactionlofvith the amines are not base-catalysed in tolwemthe addition of small
amounts of methanol to toluene medium for the i@aaif aniline produced a slight diminution in rate to 0.1%
methanol, while methanol contents above 0.1% predglight rate increase. Continuous moderate ratFdase
was displayed by N-ethylaniline reaction under g@me reaction condition. The rates of both readtiovere
enhanced by increase in temperature. The reactiophenyl-2,4,6-trinitrophenyl ethe2, with aniline was base-
catalysed and added methanol produced remarkable nmacrease as previously observed for the reaction
benzene-methanol mixtures at’G0 The reaction displayed negative temperaturecefte reverse of the effect of
temperature on the former reactions. The conflgtaifects of added methanol and temperature inethesctions
were reasonably accommodated by previously propogelit transition state mechanism.

Keywords. Zwitterionic intermediate, Aggregate formatiorgd®-catalysis, aprotic solvent.

INTRODUCTION

Aromatic nucleophilic substitution plays a dominamie in the synthesis of aromatic derivatives lob&pnaceutical
and general purpose importance, hence the contiintedest of chemists in these reactionsThe general
mechanism for nucleophilic substitution involvingtigated aromatic compounds and amines is depiot&theme
1.

| X +NHR
Q +RNH,
\/‘i
EW EWG ksB EWG

EWG = electron withdrawing
group
Scheme 1

Application of steady state hypothesis to Schergevéds Eq. 1, wherexkis the second-order rate constant and B is
either a second molecule of nucleophile or an addese acting as catalyst.
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) K, (K, + k, [B]

- ®
k, +k, +Kk;[B]

Equation (1) allows three kinetic forms. If k< k; +ks[B], then ky, = k;, and reaction is not base catalysed. |tk
ko +ks[B], then the equation has the form in equationd@)l a linear plot of kagainst amine concentration is
observed.

K _ K.k, . k,k, [B] @)
A K, k,

If no simplification of the equation is possibldotpof k, against base concentration are curvilinear downsvard

The significant role of solvents in these reactidas long been recognized in chemical systemst[ ivell
established that the mode of nucleophilic arormsdlastitution in low-polar aprotic solvent followdifferent kinetic
pattern compared with that in dipolar aprotic ootjr solvents due to the inability of aprotic solt®to stabilize
ionic species such as intermedidté Scheme 1.[3-6] It is common, in low polar apratolvent to observe third-
order dependence of lon amine concentration and this is reflected leydisplay of upward curvature in the plot of
ka against amine concentration.[7-11] We attributbés anomalous kinetics to the decomposition of the
zwitterionic intermediate]), via a cyclic transition state involving two amimeolecules as catalysts (Scheme
2).[8,11]

_-H
H RHE l}\IHR
X_ *NHR P
X__*NHR
Q + 2RNH, Q
EWG
| EWG
Scheme 2

Nudelman and Palleros on the other hand, propdsadthe dimer of the amine which is considered tebe
nucleophile, attacks the substrate in the firgh stfiethe reaction to give an intermediate complleg&,decomposition
of which may be spontaneous or catalyed by an amiolecule.[9,10] These workers adduced supportiorer
mechanism from the fact that addition of small aniswf methanol to toluene medium produced ratardition
in the reaction of 2,6-dinitroanisole with cyclolygamine. This observation was attributed to contjmetibetween
the self association of amine and the methanol-araggregation which decrease the amine dimer ctiatiem and
lowers the nucleophilicity of the same.[12]

It is worthy of note that somey&r reactions in aprotic solvents are not base gse¢al**® indicating first order
kinetics in amine. It is also instructive to nokat some $Ar reactions, though, very few occur with contingo
rate increase on addition of small amounts of nrethto aprotic solvent.[16,17The rate of the reaction of phenyl-
2,4,6-trinitrophenyl ether?, with aniline in benzene was accelerated in the gmes of small amounts of
methanol.[16]

We rationalized, using Scheme 2 the contrastingease and diminution in rates of somgA6 reactions in the
presence of small amounts of methanol in low- pafaotic solvent§?!

’

S+ B --- HOMe
T

-1
[ SB
K
\ + MeOH Products
k
S + B + HOMe %
Scheme 2

In Scheme 2, S stands for the substrate, B fontloéeophilic base, B---HOMe for the amine — metHaggregate,
SB for the zwtterionic intermediate;°kand k" for the catalytic rate coefficients for conversiohintermediate
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into products by the base and methanol respecti@adtalysis by methanol to produce rate increase aggumed
reasonably possible in reactions with high catalgffectiveness and susceptibility to strong hyérodponding.
Methanol molecule can catalyse via cyclic tranaititate in the second step as depicted in Figure 1.

s
/O
H o H
+ |
PhO_ _NH,R Pho. *NHR
N
+ CH,OH
WG EWG
| Figure 1.

In order to have a more general view of the efédahethanol on $Ar reactions in low-polar aprotic solvents, we
decided to investigate the reaction of aniline wattsubstrate that is not prone base catalysise siiline as
nucleophile is involved in one of the few reactiovisere added methanol to low polar aprotic solypeatiuced rate
increase for base catalysed reaction.[16] In tlomtext, we investigated the reaction of 1- chloj@
trinitrobenzene,1, with aniline andN-methylaniline respectively in toluene and toluenethanol mixtures at
different temperatures. We thought that it woulsloabe of interest to investigate the effect of terafure on the
reaction of phenyl-2,4,6- trinitrophenyl eth&r,with aniline in toluene and toluene-methanol migs, a reaction
we earlier studied in benzene and benzene-metinairaires at 36C.

MATERIALSAND METHODS

The preparation of compoundsand2 and their amine substitution products as well @dfipation of toluene and
aniline were previously described.[21,22] Methawak the purest available commercial grade. Theticees were

monitored in the thermostated cell of Cecil spagtaometer at temperatures in the range of 25 2G55or

reactions in mixed solvents, the methanol contérntg, refers to its final volume in the reactiorixtare. Optical

densities were recorded at the absorption maximwawelgngth of each product. The reactions were ezhrout

under conditions of excess of nucleophile over sates and in all cases excellent first-order pletse obtained.
The second-order rate constants, kvere obtained by dividing the first-order ratenstant by the amine
concentration. All rate determinations were carrbed at least in duplicate and the rate constargsaaecurate to
with £2%.

RESULTSAND DISCUSSION

The reactions ol, and2, with either aniline oiN-ethylaniline studied in toluene and toluene-metthanixtures
gave the expected substitution products in >95%dyithe second-order rate constantg, for the reactions are
presented in Tables 1 and 2. It can be seen frenTalbles that the second-order rate constantaemsitive to
amine concentration in both toluene and toluenexaredl mixtures. This corresponds to the conditibk,or ks[B]
>> k;, in equation 1 and the equation reducedjte ;. Previous studies have shown that lack of bassdysé in
SVAr reactions may be due to leaving group capaljili®} nature of nucleophile and solvent.[20] Thaat&on ofN-
ethylaniline, a secondary amine is of several ardémagnitude slower than that of aniline withn water the g
of aniline andN-ethylaniline are 4.60 and 5.09 respectively. Tge differential in the reactivity of aniline ahd
ethyaniline can be attributed to the dominanceterfis crowding due to thBl- ethyl group over amine basicity in
the reactions.

The reaction ol with aniline and\-ethylaniline in toluene-methanol mixtures can fiteripreted by Scheme 2. The
expression for second order rate constaptusing the Scheme was exhaustively derived as iequéd) in our
previous study.[18]

K KIMeOH] k ) ” >
) <1+1K[MeOH] * iy K[l\;IeOHD Q(Z *Tvkeor T IMeOH]

8]
k. +k,MeOH] + K +%l khgef)H[MeOH] >

®

For an uncatalysed reaction in which the first stepeaction is rate limiting, the condition,
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B
, o el
1 + K[MeOH]

+ ky*MeOH] >> k; + k,[MeOH]

holds and on the assumption that hydrogen bonditig methanol reduces the nucleophilicity of the ik >>
K1, Eq. 3 then reduces to Eq. 4

Table 1: Second-order rate constants, ka for thereaction of 1-Chloro-2,4,6-Trinitrobenzene with anilinein both toluene and toluene-
methanol mixtures at different temperatures

[AN] %Me Ka dn? mor*s?

M (viv) 25°C 30°C 35°C 45°C 55°C , E, kJ/mol f
0.01 0 0.127

0.02 0 0.103 0.127 0.149 0.21 0.274 26.48 0.996
0.005 0 0.113

0.00¢ 0 0.117

0.008 0 0.1 0.159 0.215 0.304 29.32 0.978

0.02 0.05 0.088
0.005 0.05 0.085

0.008 0.05 0.086 0.149 0.205 0.293 33.19 0.989
0.008 0.1 0.083 0.134 0.163 0.263 29.39 0.979
0.008 0.2 0.092 0.14 0.19 0.27 29.62 0.998
0.008 0.3 0.109 0.189 0.293 0.364 32.69 0.974
0.008 0.5 0.138 0.214 0.321  0.399 29.032 0.985

[substrate] = 5x10° mol dn, 2 Linear correlation coefficient.
[AN] = [Aniline], M = mol dn?®, Me = Methanol

Table 2: Second-order rate constants, ka for thereaction of 1-Chloro-2,4,6-Trinitrobenzene with N-ethyl aniline (NEA) in both toluene
and toluene-methanol mixturesat different temperatures

[NEA] 10° ks dnfmol’s? Ea a

Mo PMEOHIVV) oo Tamc amc komol "
0 091 147 24¢ 380. 099
0.1 092 162 250 37.82 0.998

0.1 05 098 1.69 383 51.32 0.979
1. 1.0C 1.82 3.9C 541 0.98
2.0 1.02 196 408 5400 0.993
0 093 152 272 4022 0.994
0.1 0.9¢ 15: 275 382¢ 0.98¢

0.2 0.5 1.01 159 287 3942 0.990
1.0 1.03 174 316 4479 0922
2. 1.0¢ 1.8t 38( 509: 0.99
0 092 131 286 4132 0.942
0.1 094 136 317 4621 0.938

0.3 05 099 138 - -
1.0 0.97 144 326 47.99 0.945
2.0 1.02 155 347 4736 0.946
0 098 146 276 3892 0.975
0.1 098 149 289 4043 0.976

0.4 0.5 099 1.61 298 4093 0.992
1.0 101 175 226 3143 0.969
2.0 - - 351 -

[substrate] = 5x10° mol dn, 2 Linear correlation coefficient.
[AN] = [Aniline], M = mol dn®, Me = Methanol
. W—
AT 1 + K[MeOH] *)

The results in Table 1 show that small additionsnethanol to toluene solvent produced slight raterdition for
the reaction ol with aniline giving credence to Eq. 4. This isleeted in the lower value of,kin toluene-methanol
mixture compared with that obtained in pure toluewe had earlier proposed in our investigation led base
catalysed reaction ¢ ether with piperidine[18] that added methanol ¢ém4polar aprotic solvent can produce two
effects: rate diminution in the first step of reantdue amine-methanol aggregate formation andimatease in the
second step involving the catalysis of the decoiitiposof the zwitterionic intermediate by methamablecule
through cyclic transition state as depicted in Fédu In a reaction that is not base-catalysed catly diminution
comes into play in the first step and this has laéibuted to the reduced nucleophilicity of amohee to amine-
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methanol aggregate formation. It is worthy of niitat in the uncatalysed reaction of aniline witkwvhich is first
order with respect to amine, the phenomenon of diorenation is most unlikely. The extent of ratenéiution in
the said reaction due to added methanol is rembyrlsballer than that observed in the uncatalysedtien of2
with cyclohexylamine in the same solvent systémWhile the rate of the latter decreased remarkablyhe
presence of small amounts of mehanol and lesslyapichigher methanol contents to attain a minimatmi00%
methanol, that of the former decreased only shgtiitlabout 0.1% methanol followed by small incseaThe small
depression in rate due to added methanol for thetiom of 1 with aniline can be reasonably attributed to poor
hydrogen bond interaction of methanol with anilmelecule, being weakly basic. The wide differentehie Ka
value of aniline (4.60) compared with that of cy@aylamine (10.49) attests to this assumption. iflceease in
reaction rate at methanol contents of 0.2 % andalfor the reaction can be attributed to increasenedium
polarity as methanol concentration increases.

The results in Table 2 show that addition of metth@aa toluene medium for the reaction bfvith N-ethylaniline
produced gradual rate increase. To a first appration, we would expect a slight decrease in rate @uN-
ethylaniline-methanol aggregate formation consitdgthe fact that thapKa of N-ethylaniline and that of aniline is
only 0.5. The slight increase rather than diminutio rate can be attributed to increase in polasityreaction
medium as steric requirement at the nitrogen aténN-ethylaniline would prevent amine-methanol aggregat
formation that could have lowered the amine nudhdgity.

Comparisons of the effect of methanol

Added methanol to the reaction bfwith N-ethylaniline in toluene medium produced sligheratcrease with no
diminution as expected for a reaction that is raseicatalysed. It is, therefore, necessary to creriba extent of
rate increase caused by methanol in this reactidhdt in a base-catalysed reaction where methzawlproduce
rate increase by catalysis through cyclic statesitin.

Table 3: Second-order rate constants, ka for the reaction of phenyl-2,4,6-trinitrophenyl ether with anilinein both toluene and toluene-
methanol mixturesat different temperatures

[AN] % Me 10%ka dnPmol’s’? Ea o
M (viv) 25C  35C  45C 58C  kJ/mol
0.2 0 9.00 7.89 728 679 -7.16 0.979

0.2 0.05 9.88 9.34 8.08 7.83 -6.69 0.943
0.2 0.1 11.48 9.74 9.20 8.27 -8.51 0.972
0.2 0.2 1293 12.00 10.64 10.30 -6.56 0.968
0.2 0.3 1435 13.00 12.04 11.25 -6.47 0.995
0.2 0.t 17.9¢ 16.7¢ 15.6f 145t -58¢  0.99¢

0.15 0 5.54 4.56 4.04 341 -12.84  0.994
0.1f 0.0t 6.21 54t 4.1€ 356 -1545¢ 0.97i
0.15 0.1 773 660 586 540 -9.63 0.984
0.15 0.2 1045 985 886 822 -6.60  0.987
0.1f 0.2  13.0f 124« 1187 113t -45€  0.99¢
[substrate] = 5x10° mol dn?, 2 Linear correlation coefficient.
[AN] = [Aniline], M = mol dn?®, Me = Methanol

In the previous study of the base-catalysed reactf@ with aniline in benzene,[16] the presence of Oragthanol
content produced 250% rate increase while the sastbanol content for the uncatalysed reactiod e@fith N-
ethylaniline in toluene (Table 2) produced just @hb0% rate increase. The wide difference in thgreke of rate
increase is clearly indicative of a difference lir teffect of methanol on the rates of the two feast The rate
increase in the former is attributable to catalysisnethanol molecules while that in the lattedig to increase in
the polarity of the medium. It was earlier pointaat that only poor amine-methanol hydrogen bondradtion is
possible for a weak amine like aniline leading éoyslight rate diminution while such interactionsimilarly weak
N-ethylanilne is made almost impossible by steriedbrance at the nitrogen atom. In the absence d@fieam
methanol aggregates of reduced nucleophilicity,eddehethanol to low-polar aprotic solvent would oirlgrease
the polarity of the medium, hence a moderately robd reaction rate.

For the base-catalysed reaction in toluene-methadlires Eq. 3 which can also be re-written asEfolds. At
constant amine concentration in the presence isitrganethanol concentration Eg. 5 reduces to eguéti
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MeOH
kk KEJBF 4 ki [MeOH )

N \CL.5 S —
Ka= K@+ KIMeOH]) k(T + KIMeOH]) K (1 + KIMeOH])

k, =k + K [MeOH] (6)
Broy2
K o= ki k,K3[B] o

k(1 + K[MeOH]) K ,(1 + K[MeOHT?)

v K Il(\/IeOH
k = . MRy (8)
k(1 + K[MeOH])

The plot of kg against [MeOH] for the reacticof 2 with 0.2 M aniline concentration gave a straight line@atstan
temperature (Figure 2yiving credence to Eq.

0.002
30°C
0.0018
35°C
0.0016 15eC
0.0014 55°C
7, |0.0012 . n
S
g 0.001
£ | 0.0008
I
X 0.0006
0.0004
0.0002
0 -
0 002 004 006 008 0.1 012 014

[Methanol]/mol dm-3

Figuure 2. Plot of k, against [Methanol] for the reaction of 2 with aniline in the absence and
presence of added methanol at 25, 35, 45 and 55 °C.

Effect of Temperature

The seconarder rate constants for the reactiorl with aniline and\N-ethylaniline respectively in pure toluene
well as toluenenethanol mixtures increase with increasetemperature, thus resulting in positive activa
energies (Tables 1 and 2). Similar results werainbd for the uncatalysed reaction of ph-2,4,6-trinitrophenyl
ether with cyclohexylamine in benzemethanol mixtures.[18]n a contrary manner, thate of base catalysed
reaction of2 with aniline in toluen-methanol mixtures decreased with increase in teatper as shown in Table
and it has been previously shown that temperatasestmilar effect on the reaction in pure benzdi¢

It is instructive to note thatdded methanol to toluene medium produced rateaser (though to different exten
for the basedatalysed reaction c2 with aniline and the uncatalysed reactionlofvith N-ethylaniline while
temperature increase produdederse effects for the two reactionsdisplayedn Figure 3 In the reaction of with
N-ethylaniline, the first stejs rate dterminingand an increase in temperature should producdnatease in th
presence of methanol whether there is strorgregate formation between thanol and amine (not. On the other
hand, negative temperature effect is feasible énfthmer reaction if methanol molecules catalyserdaction an
that, through hydrogen bonding as made possiltfeeircyclic transitiorstate mechanisnirigure .

The effect of temperature on the individual ratastants in Eq. 6 is quite instructive. The sloped iatercepts fo
the plots of k against [MeOH] for the reaction 2 with aniline at constant temperatures (Figure 2)fresented in
Table 4.
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0 I ! I I ! ! I 1
0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034

%Methnol (v/v)

540 20 Reaction of 1 with N-ethyl anililne
1.0
0.0

In k,/dm3mol-lst

0.5
03

0.0

Reaction of 2 with aniline

1/T /Kt

Figuure 3. Plot of Ink, against 1/T for the reaction of 1 with N-ethyl aniline and the reaction of 2 with aniline in the
absence and presence of added methanol at 25, 35, 45 and 55 °C .

Table 4: Values of intercepts and slopes of the plot of Second-or der rate constants, ka ver sus[M ethanol] at constant aniline concentration
for thereaction of 2 with aniline in toluene and toluene-methanol mixtures at different temperatures

[Aniline]  Temp. 10° 10° a
moldn®  °C K/ dmfmols! Kk dnfmor?st "
25 9.0 7.2 0.992
03 35 8.0 7.0 0.991
: 45 7.0 6.7 0.998
55 7.0 6.2 0.994

The intercepts and slopes decrease slightly withesse in temperatt. It should be noted that the interci
represented in Eq. 7 is influencedrate constants;kk,, ks® (hydrogen bond aided in cyclic transition, Schem
as well as the equilibrium constant Temperature increase should ordinarily enhancevéhge ol k,(attack of
amine on substratehut depresshe association constant, K for amine-methaaggregatt The spontaneous
decomposition of the zwitterionic intermedial has been agreed to take placgmolecularl in low-polar aprotic
solvent via the hydran bonded complex represenin Figure 4.[16, 11] Temprature increase wol, therefore,
decrease the rate of formation of hydrogen bonded complex which may reflect as redi,.

Hy
/ +
PhO. HR

EWG
Figure 4.

In the same vein, 3R for the basesatalysed rate constars® (hydrogen bond aided in cyclic transition, Schemis
retarded by temperature increase. The decreaseeivalues of , and k® may more than compensate for
possible increase in rate due to elev temperature for & hence theeasultant decrease in interct Moreover, the
absence of activatioenergy has been suggested t indicative of a reaction occurring stepw[16,23] the rate-
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determining step being preceded by at least ories€aslibrium whereby the expected increase in fateslow step
with increasing temperature would be neutralizedakshift process of the preceding equilibrium.I#oandicates
that the rate-determining step is not just thelfinansfer of a proton from the zwitterionic intezthate to the
catalyzing amine, but that this is preceded by ecgss controlled by some geometric factors, preblynthe
formation of a hydrogen-bonded or a somewhat pigpeiented complex.

The slope of the graph in Eq. 8 is influenced hyakd k"*°". The catalytic rate constant"k°" for methanol
would decrease with increase in temperature iflggisaby methanol is through hydrogen bonding gsialed in
Figure 1. The effect will be decrease in slopecaggerature increases.

CONCLUSION

The formation of amine-methanol aggregates j#rSreactions on addition of methanol to low-polgratic
medium depends strongly on the basicity and stgimand of the amine. Strongly basic amine wouldiyce
amine-methanol aggregates with reduced nucleofifiilieading to rate diminution in the first step tbe reaction.
On the other hand, weak amines would have poordggir-bond interaction with methanol, hence littleno effect
on amine nucleophilicity and the presence of sraalbunt of methanol may lead to rate increase irfiteestep
especially if the weak amine is also stericallyd@red at the amino nitrogen.

For reactions that are not base-catalysed in nder-@grotic solvent, increase in temperature wqulduce rate
increase in the presence of small amounts of methaaspective of whether added methanol prodate increase
or rate diminution. In contrast, a based catalysedtion in which methanol molecule catalyse theodgosition of
zwitterionic intermediate through cyclic transitietate would exhibit negative temperature effedhasstrength of
hydrogen bonding decrease with increasing temperatu
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