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Mechanism of formation of benzothiazole-2-thiol
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ABSTRACT: The formation of benzothiazole-2-thiol from aniline, carbon disulphide and sulphur &€ 288s

shown to occur by a sequence of three principal steps. Labelling experiments confirmed that both sulphur atoms
originate from carbon disulphide. An initial polar reaction to form thiocarbanilide via phenylcarbamic acid and a
tetrahedral intermediate is followed by radical cyclization of these to benzothiazole-2-thiol and 2-phenylamino-
benzothiazole; the latter is converted into the desired product by a polar displacement of anilz® Meldhanisms

for the formation of minor byproducts are also considefed.998 John Wiley & Sons, Ltd.
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Benzothiazole-2-thiol (mercaptobenzthiazole; MAT% its reactionwith sulphurleadsto MBT, the presentvork
an important bulk chemical used as an accelerator in thedoesnot substantiatehis. No reactionappearsto take
vulcanization of rubberS.It is prepared by a process place between phenyl isothiocyanateand sulphur at
originating in 1927 in which aniline, carbon disulphide 230°C.

and sulphur in equimolar amounts are heated togetherina Thiocarbanilideforms readily andquantitativelyfrom
closed autoclave at 220-2%Dover a period of about 4 h  the reactionbetweenaniline and carbondisulphideand
(the Kelly Processj.The stoichiometry of the reactionis  the presentwork has shown that MBT results from

as follows:
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The yield of the desiredproductcan reach90% but
thereare many minor byproducts;more than 50 canbe
separatedby liquid chromatographyandmosthavebeen
identified (seeFigure1).

Severamechanistischemesavebeenput forwardto
explainthe formation of the principal product,someof
which are indicated below and all of which are now
shownto beincorrect.

1. The formation and sulphurization of phenyl
isothiocyanate(Scheme1):® Phenyl isothiocyanateis
formedin only very minor amountswhereasaccording
to this hypothesisit shouldbe obtainedasa majorinitial
product.Furthermorealthoughthe authorsclaimedthat
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heating this substancewith sulphur (Scheme2). The
earlierworkersassumedherole of sulphurwasto supply
the ring sulphuratom, now shownto be incorrect,and
couldnotaccountor specificortho attackif thiswerethe
mechanism.

2. The thiolation of phenylcarbamic acid (3*7°
(Schemed): the initial product,3, formed from aniline
andcarbondisulphidewasproposedo reactwith sulphur
to form the 2-thiol, which then cyclizes.An alternative
version proposessulphurizationof diphenyldithiobiuret
(4), followed by cyclization.

3. The sulphurization of aniline and cyclization®
aniline andsulphurdo indeedreacttogetherat tempera-
tureswell belowthoseof the procesgo form amixture of
thiols and bis(anilino)polysulphidesThe productsare
discussedbelow (seeFigure 3). The presentwork can
eliminatethis asa major pathwayalthoughit is shownto
accountfor 3—4% of the product. The argumentagainst
this reactionas a major route to MBT s that it would
requirespecificattackin the ortho position,an unlikely
situationandonewhich is demonstrablyuntrue.Thiola-
tion of aniline by sulphuris shownby the presenstudyto
be randomin its orientation.

Two key observationsvhich mustfind an explanation
in any mechanisticschemeare first, the formation of a
carbon—sulphubondexclusivelyin the ortho positionof
the aniline unit, for which an intramolecularattack of
sulphuron carbonseemgheonly possibility,andsecond,
the sudden incursion of reaction at 180°C. Other
uncertaintiedbeforethe presentwork werethe origin of
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Scheme 2

eachsulphurin MBT andtheactualrole of the sulphurin
the reaction.Thesequestionsare answeredelow.
EXPERIMENTAL

Sealed tube experiments

Reactionswere conductedin tubular vesselsmade of

stainlessteel(100 x 4 mmi.d. and1 mmwall thickness)
which could be filled to at leastthree quartersof their
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volumewith reagentandsealecby meanf a Swagelok
cap.Thesetubeswereableto withstandthe considerable
pressureof hydrogen sulphide developedduring the
reaction(about30 bar) while at the sametime the head-
spacewaskeptto a minimum. Heatingwascommenced
very rapidly (final temperaturereachedin <1 min) by
placinga seriesof suchtubesinto holesin analuminium
block in athermostateaven,removingthe tubessingly
at suitabletime intervalsand quenchingthe reactionby
cooling. The contentswere removedand madeup to a
fixed volume with acetonitrile and the solution was
analysedby liquid chromatographyVarian Star system
fitted with multi-diode array detector, monitoring the
eluentat254nm). In this way, kinetic informationon the
disappearancef startingmaterialsandthe build-up and
decayof intermediatesnd productswasobtained What
is referredto belowasthe‘standard’reactionusedaniline
(0.0500g, 537mmol), carbon disulphide (0.0409g,
537mmol) and sulphur(0.0173g, 540mmol) at 230°C.
The chromatogranof the mixture of productss givenin
Figure 1 and curvesfor the progressof the reactionfor
severalproductsin Figure?2.
Theanalyticalconditionswereasfollows: Ultrasphere
OD 5 um columnat 35°C; solventA, acetonitrile—water
(20:80) bufferedwith aceticacid (0.3g |1™%); solventB,
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Figure 1. Liquid chromatogram of products from the standard reaction between aniline, carbon disulphide and sulphur at
230°C. Peaks: 1, aniline; 3, benzothiazole; 4, benzothiazole-2-thiol (MBT); 6, thiocarbanilide; 18, 2-N-anilinobenzothiazole
(AnBTh); 21, phenyl isothiocyanate; 29, 3-(2-benzothiazolyl)-2-benzothiazolinethione; 30, 2,2’-dibenzothiazolyl sulphide; 32,
2,2'-dibenzothiazole; 37, 2,2'-dibenzothiazolyl disulphide; 55, sulphur. Compounds 5, 8, 11, 17, 20, 24, 28, 33, 35, 39, 41, 43,
44, 47 and 51 are products of the reaction between aniline and sulphur (see Figure 3). Note: the peaks were numbered for
convenience and not all are referred to specifically in the text

Moles per 100 moles acetonitrile;gradientelutionfrom A—B (95:5) at the start
of aniline charged . D1 .
1000 @ Aniline to pureB at60min ataflow rateof 1.6 ml min~—; multi-
L] gul}g\:hur diodearray detectormonitoringwavelength254 nm.
0 (o]
¢+ AnBTh
0 MBT
100 - m BTh
Sulphur labelling experiments
Preparation of C3S. To a solutionof sodiumsulphide,
10 Na,S-9H,0 (59, 20mmol) in water (25ml) was added
labelledsodiumsulphide Na;*S-9H,0 (1.2mg, 1 mCi)
(Amersham).The solutionwasplacedin a tubularglass
; vessel fitted with stopcocks at either end. Carbon
disulphide(5.0g, 65mmol) was addedand the mixture
shakerfor 15min, duringwhichit developedanorange—
red colour due to the formation of trithiocarbonate an
1 intermediatein the sulphurinterchangereaction. After
S L L L L L L L L BN B . ! . .
standingfor a few minutes,the lower carbondisulphide
0 100 200 300 400 500 600 700 800 800 1000 . .
layer was separatedand dried over anhydrouscalcium
Time / min chloride. The radioactivity was determinedby scintilla-
Figure 2. Reaction progress curves for reagents and tion counting. 35 .
products in the standard reaction between aniline, carbon Elementalsulphur,”Sg (1 mCi), waspurchasedrom
disulphide and sulphur at 230°C Amersham.
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Table 1. Results of labelling reactions

Specificactivity (countsmin~* mmol™?)

Active material From3°s From C°S,
35S reagent 2239x 10°
C*s, reagent 6059x 10°
MBT product 184x 10° 5538x 10°
BABT product 100x 10° 2780x 10°
Incorporationof label (%):
Into ring 4.5 46
Into thiol 3.5 45

Degradation of MBT. In order to separatethe two
sulphuratomspresenin MBT, thefollowing conversion
was made.A sampleof MBT (2.43g, 15mmol) was
dissolvedin benzylamine(15g, 140mmol) in a closed
stainless-steelessel(a Whitey cylinder) at 200°C for
1h. The cylinder was cooled and the contentswere
removed, dissolved in 20% hydrochloric acid and
extractedwith chloroform (2 x 25ml). The chloroform
layerswere separatedgombinedanddried. On evapora-
tion of the solvent, 2-N-benzylaminobenzothiate
(BABT) was obtainedas a white crystalline solid of
99% purity (by HPLC).

Usingthe sealedubemethodfor the standardeaction
describedabove, samplesof MBT were pregaredby
reaction of equimolar mixtures of aniline, C**S, and
sulphur(Ss) and of aniline, CS, and *°Sg, that is, with
eachof the two sourcesof sulphurseparatelylabelled.
The determinationof the extentof incorporationof the
radiolabel into each of the two sulphur positions in
benzothiazole-2-thiolvas carried out as follows. From
eachexperimenta pure sampleof MBT wasisolatedby
extraction of the crude product into aqueoussodium
hydroxide,precipitationby acid andsublimation,andits
specificactivity wasdeterminedy scintillationcounting.
A sampleof the labelledMBT was convertedinto 2-N-
benzylaminobenzbiazole and its specific activity de-
termined.Eachexperimentwas performedin duplicate.
The resultsgivenin Table 1 wereobtained.

DISCUSSION

Origin of sulphur in MBT

The ratiolabelling experimentsshow conclusively that
both sulphur atoms of MBT originate from carbon
disulphide.The very small amountof incorporationof

labelled sulphurand the small loss of activity from the

carbon disulphide can be accountedfor by a small

amountof exchangef MBT with H,Sin minorpathways
discussedelow.

0 1998JohnWiley & Sons,Ltd.

Formation of the benzothiazole ring

When the reaction betweenaniline, carbon disulphide
and sulphur is carried out in a sealedtube at 230°
conditionssimilar to thoseusedcommercially,around50
productscanbedetectecandseparatedy HPLC (Figure
1), MBT being in greatest abundanceand which
eventuallyreaches>90% conversion.The identification
of the majority of these products has been made by
comparisorwith the characteristic®f authenticsamples
both by retentiontimesandby UV spectraBy carrying
outreactionoverperiodsof time upto 960min, progress
of reactioncurvesweredrawnfor the productsof major
interest(Figure 2).

Clearly, thefirst-formedproductis thiocarbanilide(2),
which peakswithin a few minutesand is undetectable
after 3 h. However,separatexperimentn the reaction
betweenaniline and carbon disulphide show that an
equilibrium is setup; at 50°C this is reachedafter 3h
with 58%conversiorto thiocarbanilidelt is thereforenot
a requirementthat thiocarbanilidelies on the reaction
pathwayto MBT. This reactionmustbe a normal polar
procesf nucleophilicadditionto carbondisulphide,in
supportof which it is notedthat p-toluidine reactsvery
muchfasterthandoesaniline;ayellow precipitateof p,p-
dimethylthiocarbanilie formsatroomtemperaturevith-
in 30 s of mixing. This mechanismwould require the
intermediatgformationof phenylcarbamiacid (3) anda
tetrahedralntermediatg(5) (Schemed).

Attemptsweremadeto observehesespeciedy NMR
spectroscopyAniline andcarbondisulphideweresealed
into a thick-walled NMR tube and allowed to cometo
equilibrium. A seriesof weak additional carbonreso-
nancesn the aromaticregion but not attributableto the
principal ingredientswas observed,which might have
been due to low concentrationsof 3 and 5. An
observationwhich doesnot apparentlyaccordwith the
polar formation of thiocarbanilidewasthat the reaction
appearedo beacceleratedby the presencef sulphur.At
50°C, for example,conversionto thiocarbanilidehad
reachedl1% after 30min in the absenceof sulphurbut
30%in its presence.
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While the aniline and thiocarbanilideconcentrations
diminish with time, the major initial productappeardo
be 2-anilinobenzothiazol@AnBTh, 6), which peaksafter
about2 h andthendiminishes;MBT steadilyincreases,
reaching its final concentrationafter about 480min.
However, it shouldbe notedthat MBT beginsto form
from the very start of the reactionand is not delayed
while the AnBTh concentratiorbuilds up.

We proposethat the formation of both MBT and of
AnBTh occursby theradicalcyclizationof 3 and5 under

theactionof sulphurradicalsproducedoy the homolysis
of Sg (Schemeb). It is no coincidencethat both this
processand the formation of benzothiazoledeginsat
around180°C andthat, at 230°C, thereis an abundance
of sulphurradicalsof the types-S—(S)—S and -S—
(S,)—SH present, continually forming, dimerizing,
fragmentingand abstractinghydrogenandin a stateof
flux.

The reactionis a radical substitution(SzAr) by the
radicalsproducedfrom 3 and 5, followed by hydrogen

Scheme 6
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abstractiorby elementakulphurfree radicalsof varying approximately thermoneutraland evidently the intra-
chain lengths. The hydrogen exchange would be molecular route via a five-memberedcyclic transition
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stateis greatlyfavouredoverdirectintermoleculaattack
on thering, which shouldbe feasiblebut far slower.
This route accountsfor the specific attachmentof
sulphur ortho to the aniline nitrogen and also for the
origin of both sulphur atoms of MBT from carbon
disulphideandfor the role of sulphur.Cyclization of 3
would lead directly to MBT whereas5 would initially

Abacrbance 8l 254 nm

form AnBTh, eachby an aromaticradical substitution
mechanism(Scheme3). The role of the sulphur is
thereforepredominantlyasa dynamicsourceof radicals
which primarily abstracthydrogenfrom SH groupsand
from the C—H bondsin tetrahedraintermediates.

Attemptsto useotherradical sourcessuchasbenzoyl
peroxide or azobisisobutyronitrile (AIBN) were not
successfulin promoting more than a few percent of
reactionproductswhich mustbe dueto thefactthat,asa
sourceof radicals,thesecompoundsiecomposérrever-
sibly andovertoo shorta periodwhereasulphurremains
aradicalsourcethroughoutthe reactionuntil it is finally
reducedto hydrogensulphide.Hydrogenabstractedoy
sulphur radicals must becomeattachedto a chain of
sulphur atoms which progressivelyshortensby S—S
bond cleavageuntil eventually hydrogen sulphide is
formed.

Conversion of AnBTh to MBT

In the standardeaction AnBTh peaksandthendecaygo
bereplacedy MBT, the proces$eingcompletein about
3 h. This reactionwas studiedby allowing AnBTh and

16 2122 2627

Ta T

Figure 3. Liquid chromatogram of products from aniline and sulphur at 180°C. Peaks: 1, aniline; 2, bis(4-aminophenyl) sulphide;
5, bis(4-aminophenyl) disulphide; 7, bis(2-aminophenyl) disulphide; 28, sulphur; 3, 9-16, 18-20, 22, 24 and 27 are
bis(aminophenyl) polysulphides and are observed as minor products in the standard reaction; 4, 6, 8, 17, 21, 23, 25 and 26 are
also bis(@aminophenyl) polysulphides but do not appear as products in the standard reaction, from which it is inferred that they
contain at least one ortho sulphur group and are convertible to MBT
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hydrogersulphide(10bar)to reacttogetherat230°C in a
sealedtube, when MBT was formed. This is a polar
reaction,a nucleophilicdisplacemenpresumablyof the
addition—eliminéion type (Scheme6). The reactionis
reversible but in the presenceof excess hydrogen
sulphidelies heavily in favour of MBT.

TheendproductMBT is evidentlythermodynamically
a very stable molecule. Measurementof its heat of
formation by combustioncalorimetry gave AH¢ = 96 +
5kJ mol~*. Furtherevidencefor this mechanisncomes
from the observationthat the reactioncanbe conducted
in the oppositedirectionandthe ratesof displacemenof
sulphidefrom MBT by aminesincreasewith increasing
nucleophilicpowerof the amine,benzylamine> aniline.
The principal route leadingto the formationof MBT is
summarizedn Schemey.

Byproducts and minor pathways

Benzothiazoleoccurs as a byproduct of the standard
reactionto the extentof about8%. It is formedby thermal
degradatiorof MBT andin the presencef sulphurby a
route possibly as shownin Scheme8. This is also a
reversibleprocess.

Reaction between aniline and sulphur

This reactionhasbeenstudiedpreviously® but hitherto
not well elucidated Whenequimolaramountsof aniline
and sulphur react together at the reflux temperature
(around 180°C), there is formed within about4h a
greenishoily productwhich by HPLC (Figure 3) was
shownto containover 25 productsall showingmore or
lessidentical UV spectraeachwith a weakmaximumat
330nm. By injecting authenticsamplesof bis(2-amino-
phenyl)sulphideanddisulphideandthecorresponding-
aminoderivativesgachof thesecompoundsvasfoundto
be presentby comparisonof retentiontimes and UV

0 1998JohnWiley & Sons,Ltd.

spectraNeither2- nor 4-aminobenzenethiakasamong
the products We concludethat theseproductsare of the
generalstructure,NH,CgH(S,)CeH4NH,, in which con-
nections between sulphur and the aniline ring are
randomizedat ortho, metaand para positionsandn is
up to perhapsb, This would allow for 30 suchproducts
which are formed by radical substitutionson aniline by
sulphurchains(Scheme9).

Furthermore,many but not all of thesespeciesare
found asminor byproductsn the standardeaction.The
missing productsare those which disappearwhen the
mixture of compoundsbtainedfrom reactionof aniline
with sulphur is heatedwith carbon disulphide above
180°C when MBT forms. Evidently, the missing
compoundsnustbe thosewhich havean aniline residue
thiolatedatanortho positionandareconvertibleto MBT.
In a separateexperimentpis(2-aminopheyl) disulphide
was allowed to reactwith carbondisulphideat 230°C
whena goodyield of MBT was obtainedtogetherwith
small amountsof someof the other products.Evidently
undertheseconditionsa certainamountof reorganization
occursin additionto cyclization.

We concludethat any of the compoundgormedfrom
the action of sulphuron aniline which hasat leastone
sulphurin an ortho position of an aniline ring will be
convertedin MBT during the courseof the standard
reactionwhereaghosehavingno suchortho connection
remain as byproducts, and this contributesa minor
pathwayto MBT amountingto perhap2% of the total.

Role of phenyl isothiocyanate

Very small amountsof phenylisothiocyanateare found

in the productsof the standardeactionandthis hasbeen
seenas an intermediateimplicated in the formation of

MBT. It arises from the thermal decompositionof

thiocarbanilidewith whichit is in equilibrium.However,
whenPhNCSandsulphurwereheatedogetherat230°C,

no MBT was formed; indeed, no reaction at all was
observed.If 10 mol% of water was added, however,
thiocarbanilidewasformedwith a smallyield of AnBTh

togetherwith somediphenylureaThe latter is observed
asa minor productin the MBT reactionandis relatedto

adventitiouswater. It may be concludedthat phenyl

isothiocyanateis not directly involved in any process
leadingto MBT or AnBTh.

Formation of 2-methylbenzothiazole

Very smallamountsof this compoundaredetectedn the
standardreactionunderconditionssuchthat their origin
from methyl-containing impurities can be excluded.
When pure benzothiazolewas heatedwith hydrogen
sulphideand carbondisulphideat 230°C for 2 h, a very
small yield of 2-methylbenzothiazolewas observed,

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 1-9(1998)
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confirmedby retentiontime and UV spectrumin com-
parisonwith an authenticspecimenlt appearghat the
reducingconditionsareableto convertCS; into amethyl
groupto a very small degree.

Dibenzothiazolykulphideanddisulphideareobserved
andtheir presencés readily rationalizedby dimerization
of intermediateradicalsdescribedabove.
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