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A--The rcac1ron bcwccn thiohenroyI chlortdc .S.ondc 4. tR C.H.) and 1hc ardc ton al -W lead\ 10 lhc 
labdc rhmbcnrcql arlde S-oxtdc 5. IR. (‘.H,b. Kawnp the lempcraturc IO W uwialc\ decompwuon of the laller 
IO twvom~rdc. mrrogcn. wlfur and sulfur dmxlde ‘The thermall) Induced pr%es\ *as monitored by differenrral 
lhcrmal a&G\ ID’T.AI u-htch ywldcd a maximum heat ctlcct at - I I’ The derived reaclmn cnrhalp) is AH - 

45.6 kinI mok ’ .tnd ~hc ac1t\a1ion paramc1er\ arc AH’ 20 2 kcal mol ‘, ASS’ : b 3 cu la1 I I’) ‘The DT.4 \hapc 
Index (S) and ~hc rcacrion I)YC Index (511 UC found IO lx in excellent agreement wth a ralc controllmg lir\[ order 
rcacllon Apart from 1hc main peak at II’. lack of a rcmpcralurc dlffcrcncc s~gnsl rhrougtwut rhc range of 
mcasuremcn1 rule\ OUI an cnrhalpy~clgnificanr azidc tromcrira1ion and further W~RCSIS that dccomporiGon takes 
place from a rmpk isomer Scmttmplrlcal cncrp) harrxr calculation\ provdc a rarlonalc for ~hc Gngk conformer 
mlcrpreta1mn. 1%~ da1a arc conAen1 either wlh a reacllon m u hlch Si, and SO are eqxllcd ~lmulrancou\ly or 
with the formatton of a shorl-hvcd mrcrmcdlak Jrtrmp from Y, 10~5 uhlch rapidl) chminalcc wlfur monoxldc. 
lntcrmcdlarc formation of rhlatriazok S-oxide cannot. howcbcr. be rukd OUI unamhlguousl! 

Since thloaAc\ cychze readily IO th~alrwolc\. u hercas thioalidc .S~oxldes arc not ohscrvcd IO qcl~zc. MO 
calculafwn\ have hxn csrrted OUI for Ox ring clowrc\ 2 43 and 5 +6 (R - H) Orbtral correlatlon diagram\ for 
each polcntlal energ) wfacc \how that ring formation I\ “~llowcd” m holh sax\. 11 is suggclttcd that UK \arlablc 
chemical hchabwr of thioalldc\ and [heir S-oxide\ IS due IO di\ruptron of aromatic character m the h)polhctical 
thlalrwolc S-oxide product 

We previously investigated the reaction between 

rhioknzoyl chloride S-oxide and the azide ion in an 
aIIcmpI IO ohlain Ihc unknown 5phenyl-1.!.3,4-IhiaIrl- 
arolc S-oxide. AI -MY in ethanol a thermally unstable 
)ellow precipiratc is formed. The IR spectrum of the 
IaIIer in mcthylcne chloride at the same IcmperaIurc 
indicaIes (hat suh\IIIuIion of chloride by adde has taken 
place. buI (hat Ihe resulting Ihiobcnzoyl azide S-oxide 
has not cyclized IO IhiaIriazolc S-oxide. The presence of 
a7idc was inferred from [he InIense absorpIion aI 
Zl?Ocm ‘. Hy conIrasI ordinary thiatriaroler cnhibir no 
a7idc band in the IR and exist only as the ring closed 

compounds.’ On heating of thiobcnzoyl alidc S-oxide to 
room IcmpcraIurc dccomposirion takes place with for- 

mation of nitrogen. sulfur dioxide, sulfur and ben- 

~onilrlle according IO Scheme I.’ 

ep C,L(,CI-XrC. l N; - - C,H,C(-WIN, ’ *C&C). l N, l SC 

The aim of Ihc present paper is IO invesIigaIc the 
kinctlcs and thermodynamics of the decomposition of 
Ihiobenzoyl a7idc S-oxide. In parIicular the question of 
possible intcrmcdiates m the step from aTide IO bcn- 
zonirrilc is considered. For example Ihiatriazolc S-oxide 
or rhiobenzoyl nitrcnc S-oxide species are conceivable 
although characterisrlc nitrenc reactions were not ob- 

scrvcd in Ihc previous investigalion.’ FurIhcrmorc 
question of an open versus a closed structure 

thioacyl aride S-oxides and thioacyl azidcs will 
discussed from an MO viewpoint.’ 

IIlscI.ls 

IXfftrential thermal analysis 

the 

for 

be 

For relatively rapid reactions in solution al low rem- 
pcrarurcs. Differential Thermal Analysis (DTA) was 

introduced as a promising analytic method.” since 

thermochemical as well as kinetic information may be 

ohraincd. In the present case rerrabutyl ammonium addc 
was combined with a solution of thiobenzoyl chloride 
S-oxide thermostatled at X0” to give 5 (R - C,H,-). No 

temperature difference signal could be detected. indi- 

cating the absence of a significant cnthalpy for the spon- 
taneous aridc forming process. However when the mix- 

ture was heated :I sinplc peak with an initial temperature 
of --,U and a maximum tcmpcraturc of - I I” was 
obscrvcd. ‘The reaction enthalpy of the corresponding 
process IS calculaled IO be 45.6 * I 7 kcal mol ‘_ Kmeric 
evaluation of the signals by direct application of the 

formula of Horchardt and DameIs.” leads IO an activation 
energy of 20.2 f 0.5 kcal mol ’ and a log A of 16 3 + 0 .( 
LW(-I I”) - 6.3c.u.; standard errors. A in set ‘; (*j. 
‘Table I) which approximately agrees with values from 
direct digital computer regression. (See F.xperimental 
sectionl. 

In order IO specify the type of reactlon, a deter- 
mination of rhc shape index S‘ and the reaction rypc 
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I able I Kmcric and mcchanwtc Dada from DT.4 cnpcrlmcnls under differcnl condrlions 
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index M” is neccssarv. WiIh a kinetic cell cowant of 
c = 0. I7 min . . a specific rempcrature difference’ of S - 
6.73 (‘l’ahlc I) and maximum tcmperaIurc differences of 
0, - 0.7-1.4 K. Ihcce mcchanisIic indices were taken 
direcrIb from the curve and extrapolated IO ~hc ideal 
conditions of a non-iwIhcrmal raIe curve. c = and 0, - 
0. The mean values from five experiments are. S = 
0.56 + 0.0.34 and M = 0.0048 2 O.ooO2 while the Ihcoretical 
talucs for an) first-order reacrion are S = 0.55 and 
%4 - 0.0047.‘” Exccllcnt agreemen with a rare- 
controlling first-order reaction is ohrained. 

WC have carried OUI potential energy surface cal- 
culaIions for the Iwo ring closures 2 + 3 and 5 -+ 6 with 
the CSDO-H paramerenzation.‘” The problem has been 
reduced IO manageabIliIy by considering expliciIly onl! 
Ihc parcnI sysrcms (K = HI 

‘I’w iwmeric sIrucIures habe been found for each of 
Ihe open species 2 and 5 by opIimizaIion of Ihc gcomctr) 
as a fun&on of energy. Bond lengths and angles arc 
given in Fig. I. I.ikewise the structures of rhiarriazole 1 
(K = HJ and the corresponding S-oxide were geomelrj- 
energy optimized. ‘I’hc calculation leads IO an ouI+f- 
plane SO hond tS6). The poieniial energy surface for ring 
closure u-as mapped by a step-wise Iransformation of 2 
and 5 IO 3 and 6 respccIivcly. For GmpliciIy Ihc Ihia- 
Iria7olc reacIion (2 -3) was assumed IO bc planar 
IhroughouI. In the caw of the S-oxide. IWO closure 
paIhway\ were explored. The first involved mainlainance 
of all aIoms in a common plane wiIh the SO bond 
graduall) assuming an oul-of-plane posirion. The second 
closure began with Ihe plane of the CSO atoms per- 
wndicular IO Ihc N,CS plane. The inirial 90” disjx,siIion 
of Ihc SO bond uas proprcAvely reduced IO Ihc S-oxide 
value of CF. OrhA corrclaIion diagrams for each ring- 
closure have been constructed. Figures ? and 3 cor- 
respond IO Ihc in-plane closures. The orthogonal 
pcomeIr) S-oxide calculaIion produced a qualiIaIivcl) 
similar diagram. 

TreaImenI of Ihwbcnzoyl chloride I wiIh azidc 31 

Icmpcratures as low as loo” leads IO Ihiafriarole (K - 
C,H,) in exccllcnt yield.” The ring-closure reaclion 
clearly involves a IOU- acIlvaIion banicr since Ihe Ihio- 
carhonbl aride 2 cannoI he dcIecIcd at loo” when Ihe 

Fig I. CSDDIB’” oprrmlzed geomeirie\ for 1.2.3.4lhiatrwolc. 
planar Ihroform)lazidc conformers and Ihc corwpondmg S- 
oxides Only IUO of the four planar a&e S-oxide ionformalions 
wrc cons&red erplictrl) (bond lengths. .i: bond angles. dcp) 

FIB ? Orh~tal corrclabon diagram for the planar cycltzalron of 
thioformglazide IO thtarrwole ((‘SDWR) Only ~hc IUO lowcs~ 

wrtual orb~fal\ And rhe four h@c\I filled MOs arc 4wun mixing of Ihe rc:lct;Ints. thiotwnroyl chloride and tctra- 
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hutylammonium aridc. and tk formation of the thia- 
triazttle ic monitored with CV spcctroscopg.” 

By contrast the anzlogous reaction sequence of the 
S-oxide (O-+0. leads only to thiobenzoyl axidc S-oxide 5 
as confirmed hy IR. Azidc 5 fragments on heating 
without giving evidence for the intermediacy of rhe 

cyclic S-oxide 6.’ 

Azide 5 can. in principle. exist in four distincr 

stereoisomeric forms, if non-planar conformers are ig- 
nored: i.e. 50-d (Scheme 3). 

However rherc are VW oh-rvations which require 

clarification. Roth Z and E isomers of thiobenzoyl 
chloride S-oxide (i.e. 7 and 8) lead to the same producr 

composition when treated with ammonium azidc.’ Se- 

condly the absence of a temperature difference signal 

apart from the main peak at - 11” would seem to rule OUI 

hoth an azidc isomerization with a cipmficant enthalpy 

and the simultaneous de~~)m~~siti~)n of more than one 
aridc conformer. The occurrence of two or more in- 

dependent azide reactions can be expected to result m a 
clearcut dissc&on of the main peak in contra\t IO ohm 

scrvation. For a common frequency factor. peak differ- 

cntiation holds esen if the various activation ener@es 
differ by only a few tenth\ of a kcal moi ‘.” .’ 

A reconciliation of the formation of aridc inter. 

mediates from stcreoisomcric startmg materials and the 
apparent decomposition of only a ~mplc isomer I\ 

evident from Scheme !. Slibslituti(~n of the chloride 

S-oxides 7 and 8 require\ the intermcdlacy of the 

tetrahedral species 9 and IO. ‘Ihc\e may equilibrats h) 
rotation around the C-S bond and thu\ Icad IO the same 

isomeric mixture of azidc\. C)ncc formed the four sulfinc 

8 Noa- 5’ 
O- O< 

'S S ot I). 

C6H:, A -!x.-+ “,- 

Cl A cgi, 6, Ci cs% A- ;, C’ k C&J u 

Cl 

50’ 50 5b 

a-O 
\“sa. 

A 
-,- - 

Cd+5 N+ + 
NyI _ 

5e N 



!!%I 1. ('UCISF~ Cl u/. 

azide\ 5a4 are capable of interconversion hy rotation 
about the C-S and C-N bonds;. In general thioketone 
S-oxides which do nor hear electron donaIinp suh- 
sliluents on carbn (e.g. 7 and 8) can be isolaIed as 
non-intcrconvertihle Isomer\ al room Iemperarurc.” The 
energy harrier for Isomeriration amount\ IO I% 
23 kcal mol I.“ ElecIron donating subsIiIuenIs. howebcr. 
can lower Ihc harrier slgnifisanIl) as erprccscd hy sIruc- 
lure 5~‘. Accordingly Ihc C-N and C-S (‘KIXLH bond 
orders for 5 (R = H) arc I.4 and I9 respectively. The 
calculaIed energy harriers for roIaIion around Ihc same 
bonds are .S and IH kcal mol ! respccIi\cl). This is IO be 

compared wifh the corresponding valuc~ for the parent 

species. CH,x-t); C-S (bond order) = 2.0. X,,, - 
24 kcal mol ‘.lb 

ConsequcnIly WC conclude IhaI Ihc various slide 
isomers are rapldl) inlerconvcrling under the condition\ 
of our experimenls (~-80”) and IhaI the corresponding 
equilibria have no deIecIahlc energ& influence on the 
tuhsequenl decomposIIion reaclion. l-‘urthcrmorc Ihe 
DTA signal reveals no mechanisric evidence for a con- 
secutive reaction. Thus Ihc raIe of decomposiIion of an) 
inlermediate musI be considerably fa\Icr Ihan iIs raIc of 
formarion. If formed Ihe IhiaIrIa7ole S-oxide 6 would 
Ihercforc appear IO he a rclaIively high energ) species. 
In addiIion Ihc moderaIely postlive activation entropy of 
6.3 eu (- 1 I”) is suggeslive of fragmentalion ralher than 
ring closure. Since. however. Ihc IaIIer mcasuremenI has 
been made on a solution. inIerpreIaIlon of AS’ musI be 
made wiIh caution.“ Ring closure generally leads IO 

moderately negaIive value\. huI examples of small posi- 
Iive activation enIropies hate been recorded.” 

The reasons for the apparenr lack of a IhiaIriazole 
S-oxide inIcrmcdiaIe are not altogether ohvious. Al- 
though Ihiophene S-orldc\ are highl) reactive. dimerir- 
ing in a Dicls-Alder fashion.” Ihiadiazole S-oxides are 
sIable monomers..‘O Thus while 6 may bc expected IO bc 
energy rich. its exisrcncc is not inconc&ahlc. A pos\ible 
cxplanafion for Ihe diffcrcnces in behavior of 2 and 5 lies 
in the recognition IhaI ring formarion rcprcscnIs a [ype 
of elcctrocyclic reaslion. II has rcccnrl) been suggested 
IhcoreIically IhaI elccIrocycli7aIion bcrueen Iermini 
bearing lone elecrron pairs can lead IO uncxpccted pal- 

terns with regard IO the “allowednes\” or “forhlddeness” 
of the reaction.” The variable suhsriturion at sulfur for 2 
and 5 motivafcd a IheorcIical invcsIigaIion of Ihe ring 
closures for these sysIcms in order IO learn whether Ihc 
IWO reactions might fall into differen calegories. Molc- 
cular orbital correlation diagram\ for the Iwo processes 
are given in Fig\. 2 and 3. II is immcdiarely evldcnr IhaI 
both Ihiocurbonyl aride and sulfine aTide ring formaIlon 
reactions are “alloued” All bonding molecular orhiIal\ 
of Ihc sIarIinp suh\IraIc corrclale \mooIhl! wiIh bonding 
levels in the producl. 

Fig 1. ortN~al corrclaIron dugram for fhc planar ~)~l~r:ttwn of 
Ihioform)lazlde S4dc IO thlalriarolc .S.oudc tCStX)!H) Onl) 
~hc IWO IOWC~I \trrual orlwd~ and rhe four hiphe\! filled MI)\ arc 

\hown 

A plausible explanarion for the variahlc rmg clo\urc 
khavior of 2 and 5 (R 7 C,H,) is found in Ihe rclalive 
Ihcrmochcmical sIahiliIy of acycle and the corrctpmdinp 
ring. The Ihioaridc closure IS rapid and exothermic. 
OxidaIion of the Ihioaridc 2 IO iIs S-oxide 5 is energ! 
lowering both by the inIroducIion of a new S-O bond 
and by an aIIendanI gain in rctonance energy due IO 
conjugation of the cxIended n-sysIem with S-0 In- 
IroducIion of oxygen on Ihc producI Gde creaIe\ a ncu 
.SC) bond. ;I slahilizing influence. huI disruprs the 
aromaIic characler of Ihc thiarriazole rmg. The ncI efTccI 
rclaIl\c IO the IhioaKdelIhiaIrialole couple is IhaI Ihe 
S-oxide is srahilired on [he acyclic Gdc and desrahilired 
on [he ring side. ‘The changes may be enough IO convcrI 
an cxothermic Ihioaride closure mIo an endorhcrmic 
procc\s for the oxidized spec~cs. Rcgardles\ of Ihc 
quanIiIaIive feaIurc\ of Ihe comparison. Hammond’\ 
posIulaIe allow\ IhaI a greaIer acIivaIion energy can 
Ihcrcforc bc expected for Ihe formation of .S.oxidc 6 
The crecIion of a kineIic barrier hy displacemenr of Ihc 
equilibrium (2 ~3. 5#6) In principle pcrmiI\ other 
decomposition parhways IO become compcririve. In par- 
Iicular the unimolecular fragmcnIaIion dcpicred by Iran- 
GIion slates 7 or 8 may be operaring. %iIrogcn and SO 
can bc expelled simulIancously or ;I shorr-lived inrer- 
mediaIc arising from ?J: lots could rapidl) climinaIe SO 
IO gitc ~hc oh\crved producls. 

The slightly po\iIive cnIropy for Ihc decompotirion of 
S-oxide 5 favors such ;I mechanism. In spite of Ihc\e 
conslderaIion\. Ihe formalion of cycle 6 followed h) 
rapid lo\\ of 5: md so CiInnO~ k ruled Out mlm- 

higuousl). 
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F!uipmnf A modified version of lhc soklion DTA ap- 
paralu? developed in MilhcimlRuhr” was employed. The 
ins1rumcn1 has Teflon sruring disks, coppcrlconslantan her- 

mocouples and 5 ml ICSI ~ubcs for sample and reference solurions 
installed tn a alumma block. Temperature differences and ab- 
solulc kmpcrarures were observed by usmg a rwo-chanml 
recorder (RD 6 of (‘amp Kipp and Zonen. Dclfl. The Serhcr- 
lands: mcasurmg ranges 0.02-5 mV). 

Pn~tdvn A solution of thiobcnzoyl chloride S+xide” and 
lhc pure \olvcnl (ethanol or CH,CI,. reference glass) were K- 
paralcly 1hcrmos1a111ed a1 *. I93 K and Ireared wi1h a solution of 
1e1rabu1ylammonium azidc in the cold solvcnr (0.75 ml) Hearing 
dunng he IX.4 was accomplished by rcmpcrarure conrrol of rhe 
block a1 a ra1c of I 5 or 0.55 K min ’ 

Ewluof~on. Enthalpics were dcrcrmined from ~hc area k-l- 

wccn measured curves and base hncs by mean\ of ~hc cquauon 

AH-C;‘j-Bdl (1) 
0 

AH reaction enrhalpy 
c kinc1ic cell consIan 

C, heal capaclly 
n, amounl of rcaclanl 
1 umc (min) 
B 1empcra1urc difference sample/reference 

The kineuc evalua1lon was based on he cqua1ion of Rorchardt 
and CZamcls;’ hcncc. 1he rate consIan for a firsborder reacrion is 

ce + !P 
L;= _ dr 

C 8d1 8 

(2) 

For complex reacuons 1hn cquafion canno be used. However. 
apphcauon IO 1hc S-cjxide rendered srraigh1 liner in ht Ar- 

rhenius diagram for pomls from lhc hrs1 pars of 1hc DTA curve 
(positive slope). Considering ttw 1cmpera1urcdepcndence of c. 
for he S-oxldc cxpcnmcnrs we ob1amed srraip.h1 lines for ~hc 

points before 1he maximum. U~~~gces of Cp. in general. were 
<I% in 1hls range and wcrc ncglecied The formal acuvarion 
energies of Table I may con*qucnfly bc conclalcd IO a first- 

order rcacllon. 
The validity of a firslarder rcacllon over rhc loti rcmpcrarure 

range was confirmed by an addirtonal mcchamsric analysis based 
on he curve half wd1hs h and 1hc shape indices S. For 1his 
cvalua1ion both value% have IO be conccled IO 1he &al tmc~c 
condlrions appropriate for an infiniicly h@ cell consIan (c +t) 
and a negkgibk kmpcraiurc dlffcrcncc (0, -0). The ideal values 
arc:* 

h = h+ (b-~ln2)(0.36+002ln~ucl~~ 
U 

. 
I AS (3) 

1 *z- 
lu+ llluc 

and 

S= (UC)’ 2’-01’- 

[(UC)’ ” + O.cc][l + (0.18 + O.O6%lc)] 2 

.s (4) 

8, = maximum 1cmpcralure difference 
m = heating rare R = gas constan 

rhc kmerlc paramelcr u (duncnsion:rirnc) IS available from rhc 
acrlva1ion data of he overall reaction by numerical regression. 

If a cell constant of 0. I7 and rhe u values presented in Table I 
are used. the corrected S values are 0.5s indicating a rare- 
conlrolling firs1-order reacrion over the IOUI range sludied.‘.’ 
Independent proof IS given by 1hc de1ermmarion of the rcacfion- 
rypc index’ which IS also available from ~hc half width h and fhc 
parameter II.* 

M Rmu(ln IO)’ =- (5) 
h 

As Tabk I dcmonstralcs. lhe M values as a funclmn of solvenl 
and heating ra~c reveal no considerable de&lion from the quan- 
1i1y M = 0.0047 kcal mol ’ K in accord wi1h an unditroned firsI- 
order reaction 

Smulorion 01 the DTA cunvs. The lhird experimenr of Tabk 
I was moni1orcd by generalin the lhcorerkal DTA curve by 
numerical regression using the HP65” pockcr cakulalor. The 
bcsr.firtcd data are: 

F. = I8 R kcal mol ‘, log Ir, = 15.7. c = 0.19 (u = 4.~ mm) 

(ncgkclmp 1empcra1urcdepcndertcc of ~hc thcrmopowcr) 

As Fig. 4 shows. there is a salisfylng conespondencc of 1hc 
compuler curve wi1h lhc exptrimenral curve rhough the proposed 
ac1lva1ion energy and frequency factor slightly differ from ~hox 
evaluated via eqn 12) One reason for IIUS IS rhar rhc simple 
cornpurer program used is based on a fixed cell conslant whale 
rhc real cell conslant increases from 0.14 IO 0.22 during 1hc run. 
However. since rhc mflwnce of rbe cell consran on rhc curve 
shape IS poor in the ini1ial range. but srrong m ~hc final range. the 
curve can be approxlmakd by 1aking a cons1an1 c which mus1 be 
somcwha1 higher 1han the value a1 the curve maximum, c = 0.17. 

Aclmowle&emnfr-We 1hank Mr. Lindncr for his assistance In 
I!K measuremen1s. and ~hc Danish Natural Science Research 
Council for hnanclal support. 
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