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ABSTRACT

The rate constants and activation parameters for the reaction of tosyl chloride with p- substituted phenol(s) -
triethylamine in methanol have been determined conductometrically by following the increase in conductance due to
the formation of HN"Et; Cl",during the course of the reaction. The reaction is second order overall and first order
with respect to both substrate and nucleophile. The rate constants are greater for electron donating substituents and
lower for electron withdrawing groups in the nucleophile. The substituent effects are correlated by Hammett (p = -
0.777) and Bronsted (8 = -0.667) equations respectively. The results are compared with the corresponding data for
the reaction of tosyl chloride with p- substituted benzoic acid(s)- triethylamine reaction, reported in the literature.
The kinetic results are interpreted as a synchronous direct bimolecular nucleophilic substitution reaction. A linear
relationship exists between AH* and 4S* which isindicative of a single mechanism.

Keywords: Kinetics, nucleophilic substitutions at sulfigubstituent effects, sulfonyl transfer reactions.

INTRODUCTION

The study of bimolecular nucleophilic substitutives received considerable attention [1]. Rongef2]deported the
kinetics of benzenesulfonyl chloride (BSC) with stituted anilines in methanol at different tempera@s. Ryan and
Humffray[3], have interpreted the kinetics of réanss of picryl chloride with substituted phenoxiams and
anilines, respectively, while Mohanty and Nayak[#fve studied the kinetics of the same compoundh wit
substituted benzoate ions, thus providing a coraparpf this compound with oxygen and nitrogen noiféles.
Banjoko and Okwuiwe [5] have reported the reactidnbenzenesulfonyl chloride with a large excessthaf
substituted benzoate ions in methanol which is gadinst order with respect to benzenesulfonyl ddie. Krishna
Pillay and co-workers investigated the kineticsrections of phenacyl bromide with carboxylic acidsthe
presence of tertiary amines and concluded thatHH®nded ion-pair is the active nucleophile [6,ALUE the
interaction of weak acids such as aliphatic andnatiec carboxylic acids or phenol(s) with tertianpiaes would
result suitable nucleophile for the reaction.Kiogtis concerned with the rate reaction,the infleent various
conditions on these rates and mechanism by whielaction occurs.The subject of chemical kinetiogecmot only
reaction rate but also covers a wide range of efydhich includes empirical studies of the effeofs
concentration,temperature,pH, solvent etc., onti@aof various types[8-11].

The nature of active species of the nucleophilelved between weak acids and tertiary amines ilahy one or
many of the following structures.
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RAH + NR R-AH... .NR, R-é‘....HN+R3
Non proton-transferred Proton-transférspecies
R-A" || HN'R;

\Y

Solvent separated

We report here similar study involving the reactwfnanother activated halide, at a tetra co-ordirsatifur in the
side chain of an aromatic ring, with substituted phenol(s)-Ng&in methanol with a view to comparing its reaction
with benzoic acid(s)- NEitn methanol reported in the literature [12].

The reaction of tosyl chloride withrsubstituted phenol(s) and triethylamine in methavere studied under second
order conditions, according to the following eqoati
O — p—

@ﬁd +| OH —— X + NEts
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X  +HN'Ets CI

(6]
X = p-NO;, p-CN, p-Cl, p-Br, p-F, p-I, p-OCH;
Rate = K[CHaCsH4SO,CIJ[ p-XCsH4OH -NEt]

MATERIALS AND METHODS

Materials

Tosyl chloride(TsCl),p-substituted phenolg{XC¢H,OH), triethylamine(NE)), methanol (analytical grade) were
purified before use by either recrystallisation) (distillation until their physical constants (mel point/ boiling
point) agreed with the literature values[13-14].

Kinetic measurements

The solutions of tosyl chloride(25mL,0.025 mol dnand the mixture op-nitrophenol and triethylamine (25 mL,
0.025 mol dri?) were prepared in methanol, thermostated and miXée conductivity is due t¢dN'Et;Cl"
(liberated from tosyl chloride by the attack pkubstituted phenol(s) - Nt In every case, the kinetic run was
followed to almost 70% completion and the secondeprrate constants, kvere determined at three different
temperatures from conductivity data by least-squaralysis (LSA) method using the following equafti] which
was derived from Guggenhejminciple[16].

XZ-X 1= kgCo[t 1X 1-t2X2]-k2Cwa[t l—tz]

where

X, = Conductance at time t

X,= Conductance at time t

X, = Conductance at timg t

k, = Second order rate constant
Co=Initial concentration of the reactants
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It was observed from control experiments thategitihe conductance of the solution of tosyl ddkor with p-
substituted phenol(s) or NEHid not increase with time in methanol. It indigatthat ions responsible for
conductance are not liberated from the above swiuthll rates were run in duplicate. The rate cantst were
reproducible to within £3%.

The activation parameters were calculated fronaatiesquares treatment of In(k2/T) against 1/Tndpéinear in all
cases[17].

The Bronsted and Hammett slopes, their correlataefficients were calculated by least- squaredrireat of log k
versus pk or o[5].

Product analyses

Equal volumes of equimolar solutions of tosyl chder(0.238g,0.05 mol difj25mL) and a mixture gi-nitrophenol
and triethylamine(0.087-0.063g,0.05 mol d&6mL) in methanol were mixed under kinetic comdis and kept
overnight at about 303K. The crystalline solid fednwas filtered and evaporated. This solid prodied washed
well with acetone [yield 61% (0.076g) Mp:252-2549@[18] mp 254-256°C)].Thin layer chromatograptests on
this solid, using chloroform as an eluent showsthgle spot. The solid product was identified asthylammonium
chloride. The filtrate was completely evaporatedacuum to get residue, which was dissolved inhgietther and
dried over anhydrous N&O,. The light yellow solid was thrown out .It wastdired off and tested by TLC using
chloroform as eluent and a single spot was obtaiiég solid product was recrystallized from toluepgeld
70%(0.1859), Mp:103°C]. The product was identifaed(4-nitrophenyl) 4-methylbenzenesulfonate (Figliydrom
IR(FT) and'H and**C NMR(DMSO-d6) spectral data. IR: 29&1-H(aromatic), 1171 S-O(sym), 1308 S-O(asy),
1405 O-N-O(sym), 966 C-N(aromatic), 657-595C-S, 728 S-O-C cm; *H NMR(300MHz, DMSO-d6):&
2.38(s, 3H), 7.33(d, J=9.0Hz, 2H), 7.47(d, J=8.4PH), 7.78(d, J=8.4Hz), 8.25(d, J=9.0Hz, 2H)pprt NMR
(75MHz, DMSO-d6)6 153.2, 146.3, 145.9, 130.8, 130.4, 128.2, 1223,2, 21.1ppm.

O S//O
/J

(4-nitrophenyl) 4-methylbenzenesulfonate
Figure. 1

Similar procedures were followed for oth@substituted phenol(s)- NE( p-CN, p-Cl, p-Br, p-F, p-l, p-OCHs) on
tosyl chlorideand identified the products by TLC and IR(FiH, and *C NMR(DMSO-d6) spectral data as (4-
cyanophenyl) 4-methylbenzenesulfonate, (4-chloraphe 4-methylbenzenesulfonate, (4-bromophenyl) 4-
methylbenzenesulfonate, (4-fluorophenyl) 4-methgihzenesulfonate, (4-iodophenyl) 4-methylbenzenesaté
and (4-methoxyphenyl) 4-methyl benzenesulfonateeaets/ely.

RESULTS AND DISCUSSION

The rate constant for the reaction of equimolarceotrations of tosyl chloride angsubstituted phenol(s) —
triethylamine in methanol have been determined daydoctometric method at three different temperatur&he

second order overall rate constanjsaMere obtained, which was derived from the Guggenhgiinciple[16] as

explained elsewhere. It was found that the readdaverall a second order kinetics and first oroleing one with

respect to substrate(TsCl) and nucleophijes<C¢H,OH -NEL).

Effect of substituents

The rate constants for the reaction of tosyl chienrvith p-substituted phenol(s)- NE(Table 1) show that electron
donating substituents in thp- XCsH,OH -NE% increase the rate, while electron withdrawingssitibents decrease
the rate. The direction of the influence shows thatrate of the reaction depends on the electemsity on the
oxygen atom of the-substituted phenol(s)- NEt Since the basicity also depends on the eleaensity, one
should expect a correlation between rate and Itsiéi the nucleophilic reagents. The observed catrform
following order of reactivity:p-OCHs> p-F> p-CI> p-Br> p-l > p-CN >p- NO,.
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Table — 1 Second order rate constants for the reaon of tosyl chloride with p-substituted phenol(s) - NEtin methanol at three different

temperatures
] kz (dn? mol* min?)
No. | Substituent X| 303K | 313K | 323K
1. p-NO, 3.30 7.75 16.50
2. p-CN 555 | 11.79] 24.75
3. p-Cl 11.78| 23.69| 47.85
4. p-Br 10.78 | 21.69| 44.84
5. p-F 12.95| 25.30] 51.1%
6. p-1 8.79 17.50| 35.0§
7. p—OCH; 17.96 | 36.75| 75.90

[p-CH3CsH4SOLCI| = [p-XCgH4,OH-NE] =0.025M ©-NO,, p-CN, p-Cl, p-Br, p-F, p-1,p-OCHy)

A comparison of our results with those of the rigacof benzenesulfonyl chloride with benzoate ifBisand tosyl

chloride with triethylammonium benzoates[12]shovksittp-substituted phenol(s)- NEtreact faster with the
substrate(TsCI) than the other series of compouingls. phenoxide ions are stronger nucleophiles thenzoate
ions. This may be due to the less nucleophilicitthe triethylammonium benzoates and metal beezoat

Activation Parameters

The activation parameters were noted in Table 2ttmy with the linear correlation coefficients(Activation

parameters have been evaluated by the usual mefh®d&0]. The rate of the reactions were determiaethree
different temperatures (303,313 and 323K) in methaand it was observed that the rate increased waith

increasing temperature (Table 1). From the slopeshese linear plots oﬁn(ﬁj against the reciprocal of
T

temperature (Figure. 2), the enthalpy of activatieii”) was calculated. The activation energy (Ea), thteopy of
activation €S"), and the free energy of activation@’) were calculated using the Eyring’s equation retpely
[21-22].

k=kgT/h * e*C*RT

4
35 | —e—p-NO2
3 - ——p-CN
2.5 - —A—p-Cl
5+In(%) 2 p-Br
1.5 N —e—p-F
1 —o—p-l
0.5 -
0 —%— p-OCH3

3.096 3.1949 3.3003
Lokt
=

1

k
Figure. 2. Eyring’s plot of In (?2 versus? in methanol

Table — 2 Activation parameters for the reaction otosyl chloride with p-substituted phenol(s)-NE§ in methanol

No Substituent E. r AH? -AS AG

: X KJmor* KJmof* | Jmoi*K? | KImof*
1. p-NO, 65.52 0.9998| 62.92 27.46 71.51
2. p-CN 60.82 0.9998 58.22 38.75 70.35
3. | p-Cl 57.02 0.9997| 54.42 45.06 68.52
4, p-Br 57.99 0.9996] 55.39 42.63 68.73
5. | pF 55.87 0.9994 53.27 48.11 68.33
6. | pl 56.27 0.9998| 53.67 49.98 69.31
7. | p-OCH 58.63 0.9997| 56.03 36.23 67.37
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The trends in variation of the activation paranmetme the same as with benzoate ions. The valuthe afctivation
energies show a regular variation with substituémgs-XC¢H,OH-NEt, electron- donating substituents decrease
and electron — withdrawing groups increasge Ehis may be due to the electromeric effect conte to the
nucleophiles. The activation energies are smalléhé phenoxide ion series than in benzoate iaesehis can be
accounted for, in part at least, by differenceshim energy required for rehybridisation of the oxydphenoxide
ions) and by differences in stabilisation by sdiwaft3].

The entropies of activations are negative as erpedor the bimolecular reactions. The average vasue
41.17ImofK™. whereas -64.25Jmt " and -64.47IJmdK ™ had been reported for the reaction of benzeneasylifo
chloride with substituted sodium benzoates[5] andylt chloride with p-substituted benzoic acid-NEt in
methanol[12].This difference could be attributedatggreater solvent participation in the transitgiate of the
reaction of tosyl chloride witlp- substituted phenol(s)-NEthan with benzoate ion(s) in methanol. In the aafse
benzoate ion , there is already a formal chargtheroxygen atom and the change from reactantatsition state
(TS) results only in the spreading out of an alyeasrlisting charge. The solvation contribution te thctivation
entropy would then be expected to operate in thposite sense to that in the phenoxide ion sergesthere will
thus be less loss of freedom of solvent in bermaat than in the phenoxide ion series , leading temaller
decrease of entropy[4].

The values ofAH" are seen to decrease with increasing electrontidgnability of the substituents. At the same
time, AS" becomes more negative, reflecting a more heawilyased TS. The fact that structural variationsegiv
quite precise free-energy relationships although effects omAH* and AS’ are irregular, can be explained by
assuming that the variations in activation parametecur from the interplay of two structure —stwsifactors.
These factors are thought to be: first, polar ¢ffeie., the electronic influence of substituemtsich are considered
to affect onlyAH” but notAS" and secondly ,solute-solvent interactions whittiuenceAH” andAS’ in a
compensating manner so that there is little ef@ctG". Thus a slight variation inG”" arises mainly from variation
in the polar contribution tdaH* ,which may reasonably be taken as a measuresgidtential energy change. It is
thus possible that the observed variations in vetd the p-XCgH;OH-NEL substituents reflect differences in
repulsion energy between the reactants. Since f@temergy changes are usually considered to lleeabasis of
free energy relations, the Hammett and Bronstets jgice accounted for[23].

Isokinetic relationship

A linear relationship between the entropy of adtvAS’ ) and the enthalpy of activatiok” ) has been observed
in a series of related reaction is called isokmeglationship (Figure 3).The data can be fittedha Leffler's
equation AH” = AH® + BAS?[24]. The value of AH has been found to be 69.36 KJhdThe slope of the plot is the
isokinetic temperaturef* and it has a physical meaning . It representsnaperature at which all reactions of the
series should proceed at the same rate and thiioreaonstant attains the value of zero at thisperature . The
value of B’ is 318 K for the reaction of TsCl withr XCgH,OH -NEt (r =0.999). The further plot of Brersus
AS' was also made as per the Leffler's modified équafThe value of § is 316 K (r = 0.999) was determined
from the slope of such plot (Figure 4). It was fduhat this ' value is in agreement with th@’* value obtained
from Leffler’s plot already discussed .This suppditat the reactions of all thesubstituted phenol(s)- NEbn
TsCl used to proceed through a similar mechanism.

40 \-‘-!"*-\.__\_ r :Ogsg B r =0999
200 .“‘_\‘-‘ i
. ™~ = i ™
o - t.,._\‘
h 0 -‘-."\_ © : g |
I . w h
< e : N
~
%0 . .,
. -
o T T T T T
5 0045 0040 08 00 a0 atis e i3 :
AS AS
Figure. 3 Leffler plot of AH* versusAS' in Figure. 4 Mdied Lertler plot of Ea versus
matiol AS"in methanol
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The validity of isokinetic plot is questionable bese the quantitieAS" and AH* are mutually depende both
being derived frm the experimental rate data ].An alternative graphical method for finding out ikekinetic
temperature was suggested by E’s. A plot of rate constants measured at two défifertemperatures log,(T»)
versus log KTy) is known as Exner plcFrom the slope b, of the Exndop, the isokinetic temperatur'p’ can
be evaluated using the equation.

— Tl Tz(b_l)

B
b T2 _Tl
The plot of log k (313 K) against log , (303 K) gave a linearity with slope 0.907 ( r = 0.9¢
B =462 K for the reaction of eacp-substituted phenol- NEtnucleophile on TsCI (Figu. 5). The value of the
slope ‘b’ for this system is less than unity . Timndicates thatthe present reaction series is neither isoentnopit
isoenthalpic .The value ¢ from the Exner plot calculated, was higher tham ¢lkperimental temperature (313
indicating enthalpy as controlling factThe linear correlation and the almost constaf AG" values indicate that
all these systems undergo substitution via samehaméem. The linear relationship shown by the majoof the
substituents indicates that oneahanism prevails in all cases].

18
16 r=0.9<8
14
12

1
08
06
04
02

0

log k» (313K)

0 02 04 06 03 1 11 14

log kx(303K)

Figure. 5 Exner plot of log kx(313K) versus log k(303K) in methanol

Linear free energy relationships

Hammett relationship

Figure. 6 in which the Hammett plot is reported, shows tihat reaction constampt for the reaction i-0.777 (r
=0.999).The negative value indicates that the i@achte is sensitive to the substituents and ased with electro
donating power of the subsitituer27].

Log ko/ko = -0.77%, +1.1938
(r=0.999,n=7)

The valueof p is an indication of the extent of charge developia the -atom of the substrate in passing fr
grourd state to transition state[5].The experimentap value —0.777 is relatively a higher value than that of
reportedp value (-0.35) for sddm benzoates and (- 0.1)9or triethylammonium benzoal with ArSO,CI in
methanol.

The more negativp (-0.777) indicates that TsCl makes bond breakinc-Cl faster than -O bond making wittp-
substituted phenol(s)- Nfteaction.

Bronsted relationship

The Bronsted plot of the reaction is obtained byttplg the log , versus the pKvalues of the correspondirp-
substituted phenol(s) with = 0.667, r = 0.999 (Figure. 7).The linear line indésathat the reaction rate m
depend on thedsicity of the nucleophilic reagents. The slopeclated to the degree 0-O bond formation in the
TS[28-30]. It is found that the correlation is fi

Log k(methanol) = -0.667 pi+ 6.003¢
(r=0.999,n=7)
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r=0.999

log ka

44 &3 e 6 ba P4

Figure. 6 Hammett plot of log k versusep in methanol at 303 K

The kinetics, products,stoichiometry and activatiamameters of the reactions of tosyl chloride witbubstituted
phenol(s)-triethylamine are consistent with the hagism of a bimolecular direct nucleophilic sulsiitn at
sulfonyl sulfur as reported in the reaction of fosyhloride with p-substituted benzoic acid(s)-NEin

methanol[12].0ne would , however, expect TsCI tonfme susceptible to nucleophilic attack, owinghe good
leaving ability of the chloride ion and the higheetonegativity of the sulfonyl group [31]. A nuefghilic

substitution on sulfur can conceivably take pldnea synchronous direct displacement mechanispsafbstituted
phenol(s)-NEf at the S atom of tosyl chloride has been propfsethe reaction studied.

198 r=0.999

log ka

T T T
To T.5 &0 &5 a0 a5 100 10.5

Figure. 7 Bronsted plot of log k versus pKa in methanol at 303 K
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CONCLUSION

Rate constants for the reaction of equimolar coma@an of tosyl chloride andp-substituted phenol(s)- N&in
methanol at three different temperatures, have lktarmined conductometrically by following the ri@ase in
conductance due to the formation of triethylammaonithloride, during the course of the reaction .Té®ction is
found to follow second order kinetics in overalddirst order with respect to both substrate(Ts@i) nucleophile

( p- XCgH4OH -NEg ).The rate constants are greater for electron dumatubstituents and lower for electron
withdrawing substituents in the nucleophile. Expemts are conducted at varying temperatures(308r®iL323K)
and corresponding second order rate constagnigekobtained, which was derived from the Guggentminciple
and the values of activation parameters (BH*, AS" and AG") are calculated based on Eyring equation. The
negative values of AS" indicates the formation of rigid TS. The valuesisifkinetic temperaturel* (318K and
316K) are determined from the slope of isokinetatp(AH” versus AS" and E versusAS®). It is found that these

* B’ values are almost constant. This supports thatréactions of all thep-substituted phenol(s)- NEbn TsCl
used to proceed through a similar mechanism. Tdiénetic temperature evaluated from the Exner j{gdbund to
be 462K. This g’ value is higher than the experimental temperat{@®3K) indicating enthalpy as a controlling
factor. The almost constant AG" values indicates that all these systems underigstisution via same mechanism.
The Hammettd = — 0.777) and the Bronste@ & -0.667) correlations have been found to be wibkiling linear
relationships. Thus the rate constants and aativggarameters in Table 1 and 2 may reasonablydwereesi to refer
to a synchronous direct bimolecular nucleophilibsfitution reaction op-substituted phenol(s)-NEbn TsCI at
tetra co-ordinated sulfur. The trigonal bipyramidalicture may be postulated for th3'S. We proposed the3
mechanism based on the kinetic data and produbtsisa
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