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ABSTRACT: Kinetic and equilibrium results are reported for the reactions of sulphite with the ethyl and phenyl
ethers of 2,4,6-trinitrophenol and 2,4,6-trinitrothiophenol in 80/20 (v/v) water/DMSO. In each case 1:1 and 1:2
adducts are observed by reaction of sulphite at one or two unsubstituted ring positions respectively. In the case of the
ethyl derivatives these adducts are long-lived; however, the phenyl derivatives rapidly yield 2,4,6-trinitrobenzene-
sulphonate, the substitution product. This difference is attributed to a change in the nature of the rate-determining
step, from nucleophilic attack with the phenyl derivatives to leaving group departure with the alkyl derivatives.
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INTRODUCTION respectively. Hence we were interested in the possibility
of observing nucleophilic substitution in these systems.

It is known that sulphite readily formg-adducts by

reaction with electron-deficient aromatic substratés.

Thus reaction at unsubstituted ring positions of 1-X-

2,4,6-trinitrobenzened, has been found to yield adducts RESULTS AND DISCUSSION

2 with 1:1 stoichiometry o8 with 1:2 stoichiometry>

Reports of attack at substituted ring positions leading to

nucleophilic displacement are relatively scarce, although

it is known that substitution of halide ions leads to the

formation of derivatives of benzene sulphonic atid,

and there is one early report of the formation of an adduct

by attack at the 1-position of 2,4,6-trinitrobenzalde-

Kinetic and equilibrium measurements were made with
four substratesla—1d The phenyl ether and thioether
were relatively insoluble in water, so all measurements
were made in water/dimethyl sulphoxide (80/20, v/v).
The ionic strength was maintained lat 0.3 mol dnm
using sodium sulphate as compensating electrolyte.
The results of UV/visible andH NMR spectroscopy

11
hyde: provide evidence that reaction with sulphite involves the
< processes shown in Scheme 1. The UV/visible spectra of
X the ethyl ethefla and ethyl thioethellb in the presence
O,N NO, ON NO, of low (ca 102 mol dm3) concentrations of sulphite are
@ H H g H typical of 1:1 adducts® with A\max 450 and 550 nm
SO;~ 058 SO;” (shoulder). At higher sulphite concentrations the spectra
NG, NO,~ show single absorption maxima, at 430 nm in the case of
5 3 la and 450 nm forlb. The latter spectra are consistent

with formation of adducts with 1:2 stoichiometry.

H h . ith sulohi f th Confirmation that sulphite addition is occurring at
ere we compare the reactions with sulphite of the . \hqtituted ring positions comes frodH NMR

ethyl and phenyl ethers of 2,4 6-rinitrophenol and 2,4,6- 1,054 ,rements in deuterium oxide/dimethy! sulphoxide
trinitrothiophenol. It is knowf?*® that phenoxide and [2He 80/20 (v/v). Thus the spectrum ofb in the

thiophen_oxide are considerably be.tter 'ea""?g groups presence of a fourfold excess of sulphite shows a singlet
than their aliphatic analogues, ethoxide and thioethoxide at§ 6.01 representing the two ring hydrogens3of The

side chain ethyl group gives a triplet 7.4 Hz) at6 1.06
*Correspondence to:M. R. Crampton, Chemistry Department, for the methyl hydrogens and two multlpletséa.ooland
Durham University, Durham DH1 3LE, UK. 3.13 for the methylene hydrogens. The non-equivalence
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a, X=0Et
b, X = SEt
¢, X=0Ph
d, X=SPh
Scheme 1

of thesehydrogensndicatesrestrictedrotationaboutthe
S-CH, bondin theadduct.Therewasno evidencdor cis—
trans isomerismin 3b as hasbeenobservedn the 2:1
adductfrom 1,3,5-trinitrobenzee****The NMR spec-
trum was unchangedafter 1 h, indicating that nucleo-
philic displacementbf the ethylthio group was a very
slow process. NMR evidence has been presented
previously showing that the 1:2 adductfrom methyl
2,4,6-trinitropheml etherresultsfrom sulphite attackat
two unsubstitutedring positions; the ethyl ether is
expectedo behaveanalogouslyto give 3a

The UV/visible spectraof the phenyl derivativeslc
and1d producedon initial mixing with sulphiteindicate
formation of the adducts2c (A\nax 450 and 530nm

Table 1. Kinetic data for reaction of 1a with sulphite in 80/
20 (v/v) water/DMSO at 25°C

[NaZSOS]é Iyb 1 1yd 1
(mOIdm_ )a kfast/(s_ ) kcalt/(s_ )C kslow/(s_ ) kcalt‘/(s_ )e
0.001 16 16 0.23 0.22
0.002 21 22 0.27 0.26
0.004 30 34 0.29 0.35
0.007 52 52 0.51 0.51
0.010 70 70 0.65 0.67
0.020 130 130 1.20 1.2
0.040 - - 2.35 2.3
0.060 - - 34 34
0.100 - - 6.2 5.6

(shoulder))and 2d (Amax 450 and 550nm (shoulder))at
low sulphite concentrationsand adducts3c (Amax 490
nm) and 3d (475 nm) at higher sulphiteconcentrations.
However, in contrastwith the behaviourof the ethyl
derivatives,the visible absorptionfadedrapidly andthe
final spectrawere identical to thoseof the substitution
product 4 in the reaction medium. Confirmation that
substitutionoccursrapidly in thesesystemscomesfrom
NMR measurementsThe spectrumof 1c (0.05 mol
dm~3) in the presencef sulphite(0.15mol dm3) gavea
bandat § 8.73,the positionexpectedor the substitution
product4, togethemwith multipletsat 6 6.50and7.00due
to the displacedohenoxygroup.In addition,smallbands

Table 2. Kinetic data for reaction of 1b with sulphite in 80/
20 (v/v) water/DMSO at 25°C

[NaZSCb]é 1\b 1 1\d 1
(mOI dm* )a kfast/(57 ) kcalc/(37 )C kslow/(57 ) kcalc/(37 )e
0.001 4.7 4.9 0.106 0.098
0.002 7.7 7.5 0.145 0.153
0.003 10 10 0.19 0.21
0.004 12 13 0.23 0.26
0.007 20 20 0.44 0.44
0.010 28 28 0.60 0.62
0.020 54 54 1.20 1.2
0.040 105 105 2.5 24
0.060 155 157 3.6 3.6
0.100 260 260 6.1 6.0

& Constantionic strength [Na,S0y] + [Na,S0Oy] = 0.1 mol dm 3,

b Colour-formirg reactionat 550 nm.

c Calculatedfrom eqn (1) with k, =6000 dm® mol™* st andk_; =
10s .

9 Fadingreactionat 550 nm.

© Calculatedfrom eqn(2) with k, =55dm® mol *s™*, k_,=0.20s*
andK; =600dm® mol~*.

0 1998JohnWiley & Sons,Ltd.

@ Constantionic strength [Na,SOy] + [Na,;SOy] = 0.1 mol dm 3,
Colour-formingreactionat 550 nm.

c Calculatedfrom eqn (1) with k, = 2600 dm® mol™* st andk_; =

2.3s .

9 Fadingreactionat 550 nm.

° Calculatedirom eqn (2) with ko = 60 dm®*mol ™t s, k,=0.07s*

andK; = 1120dm°® mol™*.
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REACTIONSOF SULPHITEIONS WITH ETHERSAND THIOETHERS 789
Table 3. Kinetic data for reaction of 1c with sulphite in 80/20 (v/v) water/DMSO at 25°C
[Nast3l/3 a —1\b —1\c —1\d —1\e — I f —1\g
(mol dm™) Krast/ (5™ Keale/ (57%) Ksiow/(S™") Kealc/ (5™ Ksut/ (5™Y) Keale/ (57
0.001 22 24 - - 0.0147 0.0152
0.002 46 43 - - 0.0168 0.0168
0.004 78 81 - - 0.0180 0.0173
0.007 135 138 - - 0.0168 0.0171
0.010 196 195 2.1 2.2 0.0160 0.0170
0.020 - - 24 2.5 0.0148 0.0149
0.040 - - 3.1 3.0 0.0121 0.0122
0.060 - - 3.6 3.6 0.0109 0.0103
0.100 - - 4.6 4.7 - -
& Constanionic strength [Na,SO3]+[Na,SOy] = 0.10mol dm 3,
Colour-formirg reactionat 550 nm.
¢ Calculatedfrom eqn (1) with k; = 19000dm® mol™* st andk_, =5s*.
Fadingreactionat 550 nm.
© Calculatedfrom eqn(2) with k=28 dm® mol * s7%, k_,=1.9s5* andK,[SO;*]1.
Fadingreactionat 550 nm.
9 Calculatedfrom eqn(3) with ks = 74 dm® mol~* s7%, K; = 3800dm® mol~* andK, = 14.7dm® mol 2.
Table 4. Kinetic data for reaction of 1d with sulphite in 80/20 (v/v) water/DMSO at 25°C
[NaZSOS]—/S a —1\b —1\c —1\d —1ye —1\f —1\g
(mOI dm ) kfast/(s ) kcal(‘/(s ) kslow/(S ) kcalc/(s ) ksub/(s ) kcalc/(s )
0.001 6.7 6.7 - - 0.050 0.049
0.002 9.6 10.4 - - 0.070 0.064
0.004 16 18 - - - -
0.007 25 28 0.41 0.41 0.082 0.076
0.010 42 40 0.40 0.42 0.078 0.076
0.020 78 77 0.48 0.46 0.075 0.070
0.040 150 150 0.55 0.55 0.053 0.059
0.060 225 225 0.67 0.64 0.044 0.051
0.080 - - 0.73 0.74 0.041 0.045
0.100 - - 0.91 0.83 - -
@ Constaniionic strength[Na,SO;]+[Na,S0,] = 0.10mol dm>,
b Colour-formirg reactionat 550 nm.
¢ Calculatedfrom eqn (1) with k; =3700dm® mol s~ * andk_, =3 s %,
9 Fadingreactionat 550 nm.
© Calculatedfrom eqn(2) with k, =4.5dm® mol ™%, k_, =0.38s * andK, = 1230dm® mol .
f Fadingreactionmeasuredat 550 and/or480 nm.
9 Calculatedfrom eqn(3) with ks = 110dm® mol~* s7%, K; = 1230dm® mol~* andK, = 12 dm® mol~*.
were observedat § 5.88 and 8.34 attributablé to the individual rateconstantsvereobtainedusinganiterative
adductformed by attackof sulphiteat the 3-positionof procedureminimizing the sumsof the squaresof the
the substitutionproduct4. differencesbetweenobservedand calculatedvalues.
Kinetic measurementsvere made by stopped-flow For the phenyl derivatives 1c and 1d, three rate
spectrophotontey with sulphite concentrationsn large processesvere observableThe first two correspondo
excessof the substrateconcentrations(2 x 10~°> mol equilibration of the substratewith adducts2 and 3

dm™). With the ethyl derivativesla and 1b, two rate respectivelyTheslowestprocesdeadsto thesubstitution
processesyell separatedn time, wereobservedThese product4, and measuredate constantgor this process

are attributed to equilibration of the substratewith are designatedks,, The assumptionthat substitution
adducts2 and 3 respectivelyso that the appropriaterate involvesattackby sulphiteon the substratétself andnot
equation8 are on the adducts2 or 3 leadsto

kfast = kfl + kl[S(%i] (1) K kB[Sqi] (3)

_ b=
_ koK1[SCG5 ] " L4 Ke[STE ] + KiKo[SCE T
Ksiow = k-2 + <o (2>
1+ K4[SCGE]

Dataarein Table3 andTable4 andgive excellentfits

The experimentaldata in Tables1 and 2 give an with egns(1)—(3). It is interestingthat, as predictedby
excellent fit with these equations. Best values of egn (3), valuesof kg, increasewith increasingsulphite
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Table 5. Summary of rate and equilibrium data® in 80/20 (v/v) water/DMSO at 25°C

la 1b 1c 1d

ky/(dm* mol~* s 6000+ 100 26004+ 100 19000+ 1000 37004+ 100
kK 1/(sh 10+ 0.6 2.3+0.2 5+1 3+1
Ky/(dm® mol~ )P 600+ 30 1100+ 100 38004+ 500 1200+ 400
ko/(dm® mol~* s7%) 55+5 60+ 5 28+2 45+05
K o/(sY 0.20+ 0.02 0.07+0.01 1.9+0.1 0.38+0.03
Ko/ (dm® mol™) 280+ 40 860+ 200 15+ 2 12+ 2
ks/(dm* mol~* s7%) Not observed Not observed 74+5 110+ 10

%) =} > °¢z%=0.3mol dm >,
P Ky =ke/K 1 andK, =ko/K .

concentration,reaching a maximum when [SO;*] ~
0.005 mol dm™3, and then decreaseas the sulphite
concentrations increasedurther.It is worth nothingthat
aplotfor 1cof keag VS [8032] hadasmallinterceptwhich
did notallow anaccuratedeterminatiorof k_;. However,
anacceptabldit of the datafor eqn(3) couldbe obtained
only with a valuefor K; of 3800+ 500dm® mol~. This
leadsto avaluefor k_; (=kq/K,) of 5+ 1s~*. Forbothlc
and 1d the amplitude of the processKsow l€adingto
adduct 3 was small at low sulphite concentrations,
<0.007mol dm~3, sothatvaluesof kg0, Wereunreliable.

RELATIVE STABILITIES OF s-ADDUCTS

Rateandequilibrium constantsare collectedin Table5.
The valuesof K4, the equilibrium constantrelating to
sulphiteattackattheunsubstitute@®-position,decreas@n
the order of 1-substituent OPh> SPh~ SEt> OEt.
Steric as well as electronic effects are expectedto be
important™? It is known that the presenceof a bulky
substituentat the 1-positionmay resultin rotationfrom
thering planeof thenitro groupsatthe 2- and6-positions,
reducing their electron-withdrawingcapacity. The in-
ductive effect of the 1-substituentat the 3-positionmay
be judgedby ometa Values.The valuesfor OPhand OEt
groupsare reportedas 0.25 and 0.10 respectively:®1’
Valuesfor SPhand SEtgroupsarenot available,but the
value for the SMe group is 0.15. A similar value is
expectedor the SEtgroup,with alargervaluefor SPh.It
seemsthat the K; valueslargely reflect the inductive
effectsof the 1-substituentsFor comparisonyaluesof
K, for sulphiteattackin 100%waterare290dm® mol~*
for 1,3,5-trinitrobenzerfeand 140dm?® mol~ for methy!
2,4,6-trinitrophegl ether® The presencef 20% DMSO
in our systemsis expected? to result in increased
stabilitiesof the 1:1 adducts.

Our results, kinetic and spectroscopic,provide no
evidencefor cis—transisomerismin the 1:2 adductslt is
likely that, asin relatedsystems, the trans isomersare
favoured Herethe addedsulphitegroupsareon opposite
facesof thering, minimizing unfavourablenteractionslt

0 1998JohnWiley & Sons,Ltd.

is interestingthat the values of K, for formation of

adducts3 are considerablyhigher for the alkyl deriva-
tives3aand3b thanfor thephenylderivatives3cand3d.

The K; values provide no evidencethat the phenyl

derivativesare sterically disadvantagedelative to the

ethyl derivatives. It has been argued that in related
systemssolvationis of primeimportancein determining
adductstability® In the 1:2 adducts3 which carry four

negative charges, solvation by the largely aqueous
medium will be very important. The presence of

hydrophobicgroupswill reducesuchsolvation.Thusit

is likely thatthelower stabilitiesof the phenylderivatives
than of their alkyl counterpartsnay resultfrom greater
inhibition of hydrationof theionic groups.

NUCLEOPHILIC SUBSTITUTION

A maijor differencebetweenthe phenyl, 1c and 1d, and
alkyl, laandlb, derivativess in therateof displacement
of the 1-substituentWith the former, substitutionwas
foundto occurrelatively rapidly, whereaswith the latter
there was no observablereactionafter 1 h. One factor
contributing to this difference will be the higher
stabilities of the 1:2 adducts3 formed from the alkyl
derivativesresultingin lower equilibriumconcentrations
of the substrates.However, the major factor is the
enhancedeavinggroupability of phenoxideandphenyl

sulphidecomparedvith ethoxideandethyl sulphide*3
MeO_ OPh
02N NOZ
SR
NO,

Thusit is known'? that phenoxidedeparturds 10° times
fasterthan methoxidedeparturefrom the adduct5. The
likely effect of this differenceis shownin a schematic
energyleveldiagramin Fig. 1. Althoughsubstitutiorwill

involve the intermediates, thereis no evidence either
spectroscopi@r kinetic, for the accumulationof such
intermediatesandthe inferenceis that they havelower
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2 .50

Adduct Formation

ab

44 SOy

Substitution

Figure 1. Suggested schematic potential energy profile for reaction of 1 with sulphite

thermodynamistabilitiesthantheirisomers2 formedby
additionattheunsubstitute@-position.Thedatain Table
5 allow the comparisonof valuesof rate constantsfor
attack at unsubstituted(k;) and substituted(ks) ring
positions.Theratiosare250in the caseof 1¢c and34 for
1d. Theslowerattackatthe substitutegositionsis likely
to derivefrom F-strairt® associateavith the proximity of
two bulky groups.Inhibition of hydrationof the adding
sulphiteion by the presencef the 1-substituentnayalso
be a factor. The kinetic and thermodynamigoreference
for attackat the 3-positionmay be describedasK3T3 in
Buncel’'snomenclaturg?®2°

X SOz~

OQN NO2
o

NO,

In view of the excellentleaving group abilities of
phenoxide and phenyl sulphide, it is likely that
nucleophilic attack by sulphite will be rate-limiting in
the overall substitutionprocessHenceintermediatec
and 6d, onceformed,will rapidly yield the substitution
product.The contrastinglyslow substitutionin the ethyl
derivativesis likely to derivefrom a changein the rate-
determiningstep so that cleavageof the leaving group
becomesrate-limiting. It is worth noting that in the
substitutionreactionsof 1a—1dwith hydroxide ions to
producepicric acid, where nucelophilic attack is rate-
limiting, the alkyl and phenyl derivativesreactat very
similar rates’ Henceit is to be expectedhatthe values
of ks for attackof sulphiteat the 1-positionof 1aand1b
will besimilarto thoseobservedor 1candld. Theslow
substitutionin the ethyl derivativesderivesfrom the poor
leaving group abilities of ethoxide and ethyl sulphide
coupledwith the low thermodynamicstabilities of the

0 1998JohnWiley & Sons,Ltd.

adducts6c and 6d. The resultssuggesta leaving group
orderin thesesystemsof PhO™, PhS™ > SO,* > EtO ™,
EtS.

EXPERIMENTAL

Compounddla, 1c and 1d wereavailablefrom previous
work.}” Compound 1b was preparedby reaction in

ethanolof picryl chloride with one equivalentof ethane
thiol in the presencef sodiumethanoateRecrystalliza-
tion from methanolyielded yellow crystals,m.p. 44°C

(lit. 45°C?Y. Sodium sulphite, sodium sulphate and
DMSO were the purestgradescommerciallyavailable.
Distilled waterwasboiledto removecarbondioxide and
subsequentlyprotected from the atmosphere.NMR

spectrawererecordedusinga Varian VXR-400 spectro-
meter with D,O and [°H¢] DMSO as solvent. UV/vis

spectraand kinetic measurementsvere made with a

Perkin-Elmer Lambda 12 spectrometeror with an

Applied PhotophysicssX-17 MV stopped-flowspectro-
meter.Reportedrate constantsare the meansof several
determinationgndarepreciseto +5%. To checkthatno

depletionof sulphiteconcentratioroccurredby reaction
with acidicimpuritiesin the solvent,measurementsere

madebothin the presenceandabsencef boraxbuffers
(pH 9); no differencesin rate constantswvere observed
betweerbufferedandunbufferedsolutions.
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