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ABSTRACT: N-Methyl-N-phenyl-tert-butylsulfenamide (MPSA) and morpholinyl-tert-butylsulfenamide (MOSA)
were thermolyzed in a stirred-flow reactor at temperatures of 34(:c380d pressures of 7—-13 Torr, using toluene as
carrier gas, at residence times of 0.3—1.3 s. Isobutene was formed in 99% yield through first-order reactions having the
following Arrhenius parameters (A,S, E,, kJ mol™Y): MPSA, logA=12.41+ 0.02,E, = 158.8+ 0.2; MOSA, log
A=12.91+0.22,E,= 159+ 3. It is proposed that the elimination of isobutene takes place by unimolecular reaction
mechanisms involving polar, four-center cyclic transition states, fori@ingsubstituted thiohydroxylamines as co-
products. Thermochemical parameters, estimated by semiempirical AM1 calculations, are reported for the latter and
for the parent molecule&] 1998 John Wiley & Sons, Ltd.

KEYWORDS: gas-phase thermolysisN-methylN-phenyltert-butylsulfenamide; morpholinyert-butylsulf-
enamide

INTRODUCTION was purified by eluting with hexane through a
50 x 2.5 cm o.d. activated alumina column (yield 40%,
Recent studi€’s’ on the gas-phase thermolyses of various 99.5% purity). MOSA was obtained in 66% yield, 99.2%
alkyl tert-butylsulfenamides suggested that these systemspurity, after reduced pressure distillation (b.p. 76228
decompose unimolecularly by mechanisms involving 0.5 Torr). The mass (70 eV) arfiti NMR (300.133 MHz,
four-center cyclic transition states, with the formation of CDCls, external TMS, room temperature) spectra were as
isobutene plus a hydrosulfenamide. Although the magni- follows: MPSA: [m/z(%)] 195 (M) (22), 139 (100), 106
tudes of the Arrhenius frequency factors obtained for (64), 77 (37), 57 (40), 41 (21}H NMR 6 7.23 (m, 2H
these reactions are within the range expected for sucharom.) 6.80 (m, 1H arom.) 6.61 (m, 2H arom.) 3.44 (s,
mechanisms (1§°*1%s™), they result in entropies of  CHj,, 3H) 1.28 (3CH, 9H); MOSA [m/z(%)] 175 (M*)
activation of—20t0+20 JK *mol™*, arange too wide if ~ (14), 119 (94), 91 (16), 75 (34), 57 (100), 41 (42H
these systems have very similar transition states. TONMR § 3.64 (t,3Juy 4.62 Hz, 2CH, 4H), 2.93 (t,*Juy
reassess these previous results with new data, and tel.65Hz, 2CH, 4H), 1.20(s, 3CH, 9H). GLC, MS and
investigate further the influence of the amine moiety of NMR analyses of the reactants and products were carried
the molecule on the reactivity, the thermolysesNof out using the same instruments previously repdrt€te
methylN-phenyl-tert-butylsulfenamide (MPSA) and thiol-type products were quantified using Volhard's
morpholinyltert-butylsulfenamide (MOSA) were stu- method by collecting the reactor effluent in excess
died in the present work. 0.1m silver nitrate solution. The kinetics were measured
in a 265 ml capacity spherical quartz stirred-flow reattor
by injecting 0.05-0. solutions of the reactants in
toluene by means of a precision peristaltic pump. The
reaction order was examined by logarithmic plots of the
equatiort’ f-f, = kV(fP/RTEF)? wheref, andf, are the
inflow and outflow of reactant.f; is the total outflow in
mol s, V, PandT are the volume, pressure and absolute
temperature of the reactor, respectivéys the universal
*Correspondence to:G. Martin, Centro de Quimica, Instituto gas constant and gives the order of the react|qn with
Venezolano de Investigaciones Cientificas (IVIC), Apartado 21827, respect to the concentration of the reactant. First-order
Caracas 1020A, Venezuela. E-mail: gmartin@quimica.ivic.ve rate coefficients were calculated using the expreésion
Contract/grant sponsor:Venezuelan Council for Scientific and k= F/0(1—F), whereF is the fraction reacted anfithe

Technological Investigators (CONICITgpntract grant numberS1- . : -
2721. residence time given b§= PV/RTf;.

EXPERIMENTAL
Thetert-butylsulfenamides were synthesized by reaction

of a hexane solution of 2-methyl-2-propanesulfenyl
chloride with N-methylaniline or morpholiné. MPSA
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ST A of reactaninflow (Af,). MPSA,0.95+ 0.02(380°C, 25%,
s.0b = ] Af,=2.2-fold); MOSA, 1.05+0.05 (360°C, 43%,
r e ] Af, = 3.6-fold). Over the temperaturaange340-390C
61fF £ . MPSAformedagaseougroductmixtureof 98.9+ 0.4%
-4 ] isobutene 0.8+ 0.3% isobutaneand 0.3+ 0.1% C—C;
6.2 - ] hydrocarbonswhile the MOSA gaseougroductmixture
6.3 5 E was99.2+ 0.7%isobutene.4%isobutane&nd0.4%C—
F ] Cshydrocarbondn theliquid productfractionsfrom both
6.4} . MPSA and MOSA, collected at —78°C, a thiol-type
; ] productwas titrated in the amountsshownin Table 1.
-6.5F ] These products formed white precipitateswith silver
6.6 F 3 nitrate solution. TheseanalyseqTable 1) indicatedthat,
. within experimenta¢rror, MPSAdecomposerhainlyinto
-6.7F log(fa/RTZfi) 53+ 6% isqbuteneplus 47i 6% thiol whereasl\/lQSA
P SR T decomposehto 52 + 1%isobutenglus48 4+ 1%thiol.

ForbothMPSAandMOSA, first-orderratecoefficients
werecalculatedassuminga stoichiometryof two product
molecules formed from each decomposedreactant
molecule.Theseareshownin Table 2 for representative
runs. The Arrheniusparametergsor MPSA and MOSA,

-8.8 -8.7 -8.6 -8.5 -8.4 -8.3 -8.2

Figure 1. Reaction order plots: (A) MPSA; (B) MOSA

Table 1. MPSA and MOSA reaction product distributions

A
(107 mob derivedfrom least-squaretinear fits of the rate coeffi-
Reactant RunNo. T(°C) iC4Hg RNSH? cients,are shownin Table 3, togetherwith previously

reportedkinetic datafor tert-butylsulfenamidesTheerror
MPSA 13 gg% %‘éi i'gg limits correspondo the standarcerror®
3 370 201 2.72
5 380 3.84 3.22
1 391 3.19 2.22
MOSA 5 341 5.10 4.80 DISCUSSION
10 350 6.07 5.52
%g gg(l) ?'Sg g %g The productanalysegor MPSA and MOSA suggesthe
19 380 6.74 6.57 stoichiometries (1) and (2), respectively, for their

thermolyseswhich imply thatthe only sulfur-containing
productsare hydrosulfenamides.

C6H5N(CH3)SC(CH3>3 — C6H5N(CH3)SH +i— C4Hsg
RESULTS (1)

& RNSH means N-methylN-phenylhydrosulfenamidend morpho-
linylhydrosulfenamiddor MPSA and MOSA, respectively.

Fromtheslopesof the plotsshownin Fig. 1 thefollowing
initial ordersfor reactantconsumptionvere obtained at
theindicatedtemperaturepercentreactionandvariation

N. N A
o//\\// S—C (CHg)s — %N S—H +iCHs  (2)

The Arrhenius parametersfor these first-order iso-

Table 2. Stirred flow pyrolysis results for MPSA and MOSA

Reactant Run No. T(°C) k(10 s b2 O (sf %r (C4Hg)® P (Torr)  fon x 10%¢ fo/f°ns
MPSA 10 351.1 1430 1.28 15.43 11.35 100.2 50
8 361.8 2146 1.27 21.48 11.80 58.79 104
3 369.8 3051 0.653 16.61 8.68 117.3 74
5 380.2 5038 0.649 24.65 8.62 147.3 57
1 391.3 9421 0.642 37.68 8.81 82.11 106
MOSA 5 340.8 2344 1.19 21.79 10.6 156.1 38
10 349.6 3892 1.25 32.77 11.8 130.3 48
16 359.5 5969 1.30 43.71 12.1 143.9 42
23 370.8 9913 0.60 37.33 8.47 213.3 42
19 379.6 15877 0.54 46.17 8.93 171.9 61

8 Ratecoefficientfrom isobutenemeasurement.
Residencdime.

¢ Percentageeactionfrom isobutenemeasurement.

4 Reactaninflow (mol s™3).

¢ Tolueneto reactantflow ratio.
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Table 3. Kinetic parameters for sulfenamides +C4HoSR

Experimental Corrected
R Ea(kJmol™)  LogA T®  kr (s EJkIJmol™*  LogA AS*© Ref.
N(CHs)» 175+£5 14.45+0.46 350 0.58+0.02 164+ 6 13.5+£0.5 —-15+9 2
N(C,Hs)» 164+3 13.45+0.24 330 0.19+0.01 -2.5 1
N(H)(CsHg-t) 184+7 14.75+0.37 370 0.59+0.01 169+ 6 13.5+£ 0.5 —-15+9 2
NC7H14°' 161+3 14.38+0.26 290 0.31+0.01 151+ 6 13.5+£ 0.5 -15+49 2
NC,HgO® 15943 12.91+0.22 360 0.58+0.03 -13 This work
N(CgHs)(CHa) 158.8+40.2 12.41+0.02 370 0.31+0.01 -22 This work
N(H)(CH,CHC- 163+5 12.52+0.36 390 0.52+0.02 -20 1
Hz)

& T,» = middle of the rangetemperature °C).

b Measuredate coefficientat T, with standarcdeviation.
€ Jmol~* Kt at400°C.

4 C;H14 = 2,6-dimethylpiperidinyl.

buteneeliminationsprobablycorrespondo mechanisms
involving polar, four-center cyclic transition states,
similar to those proposedfor other tert-butylsulfen-
amides™? Their frequency factors, within the range
10*%7+ 93 71 suggest such a mechanisn?:*® An
alternativepathfor isobuteneformationwhich hasto be
evaluated,however, would be via tert-butyl radicals
generatedfrom the parent moleculesby S—C bond
cleavage,accordingto steps(3) and (4), togetherwith

step(5).
C6H5N(CH3)SC(CH3)3 — C6H5N(CH3)S. + .C(CH3)3
(3)

N Neeo .
o//\\// ~S—C (CHa)s _.o//\\// ~S" + ‘C(CHs)s (4)

(CH3)3C' —i— C4Hg + i — C4Hqo (5)

By usingthe datashownin Table 4 (maximumerror
limit about +£25 kJ mol™Y), the reaction enthalpies
(AH°,gg) for reactionq3) and(4) canbe estimatedo be
169 and 250 kJ mol~%, respectively.Since the experi-
mentalE, for bothMPSAandMOSA s 159kJmol %, the

Table 4. Thermochemical parameters

valuefor reaction(3), unlessaffectedby a considerable
error,appearso becloseenoughothisE;to makethisstep
competitivewith reaction(1), whereashatfor reaction(4)
makesit a very unlikely competitorwith reaction(2). If
tert-butyl radicalshadbeenpresenin significantsteady-
state concentrationshowever, the observedyields of
isobutanavouldbeexpectedo behigher.Forexamplejn
the caseof MPSA, if oneassumes; = 10"°exp[-169kJ
mol~Y(RT) Y], thenat370°C k; = 19s * andtheyield of
isobutanewould have been about 50 times the yield
actuallyobservedor isobutenePreviouslystudied 2,6-
dimethylpiperidinyltert-butylsulfenamide (PISA) pro-
ducedthe highestyield of isobutaneobservedabout3%,
while its estimatedtert-butyl C—S bond dissociation
energyis 191kJ mol~* andE,= 161+ 3 kJmol™*. The
unimolecular,polar four-centercomplexfission process
then appeardo fit betterto reactions(1) and (2), with
reactionq3) and(4) takingplaceto anegligibleextent.In
view of the presentresults, it seemsappropriateto
reconsiderthe magnitudesof the Arrhenius parameters
for N-dimethyltert-butylsulfenamide(DMSA), N-tert-
butyl-tert-butylsulfenamide(TBSA) and 2,6-dimethyl-
piperidinyltert-butylsulfenamidgPISA) (Table3).

AH;%59g P2 Total energy So08 Cpl"298 Enthalp}/
Species (kdmol™) (eV) (eV) (Kt mol™? (JK T mol™}) (kImol™ 1
CesHsN(CH3)SH 168.0 8.60 —1420.7 396.5 143.2 25.93
CeHs(H)(CHz)N=S 293.0 7.92 ~1419.4 256.1 133.8 24.05
OC4HgNS —142.5 9.05 —1357.9 354.5 115.6 21.52
OC,Hg(H)N=8 —34.2 8.02 —1356.8 337.9 106.8 19.34
CeHsN(CH3)SCGHg-t 79.6 841 —2043.7 536.9 233.8 42.43
OC,HgNSCHg-t° ~232.0 8.43 ~1980.9 490.3 205.9 37.64
CoHsN(CHy)S® (200¥!
OC,HgNS® (-31)°
t-C4Hg*° 48.6

& lonization potential.
® OC,4HgN = morpholinyl.
¢ Ref. 11.

dValuesin parenthesiesstimatecy groupadditivity method Refs9 and12. All othervaluesthis work, estimatecy AM1 method,Refs13and14.
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A method® for carrying out activation parameter
reassessment®nsistdn assigninga higherreliability to
the experimentalaluesof theratecoefficientsmeasured
atatemperaturen the middle of therangeusedfor each
reactant. By using the averagevalue of these rate
coefficients,and the mostlikely value for the A factor,
onecancalculatethe correspondind=,. In applyingthis
method, A factorsin the range 103>+ 25 57 corre-
spondingto valuesof AS' of —1.5+9JK 1 mol™?, are
the most likely for DMSA, TBSA and PISA, so the
calculatedactivationenergiesemainwithin 10% of the
experimentalvalues.In Table 3 are shownthe figures
pertainingto thesecalculations.The likely explanation
for the high experimentalvaluesof A for DMSA, TBSA
andPISA is somesystematicerrorin the measurements
of theratecoefficientatthe upperendof thetemperature
ranges.The reactivity sequencdor the tert-butylsulfe-
namidesstudiedsofar is C;H14 > (CHz)s =~ (CoHs), >
C4HgO > (H)(tert-C4Hg) > (CH3)(CgHs) > (H)(CH.-
CH=CH,).

As was discussedn previouswork," the presenceof
the more electronegativeN atom bondedto the S atom
causeghe netatomicchargesn the (CHs)sCSmoiety of
the sulfenamidesto be different from thosein disul-
fides!® In thelatter, the Satomhasa netnegativecharge
andthetert-butyl C atoma positivecharge sotheground
stateof the disulfide moleculehasa chargedistribution
alreadyresemblingthat of the quadrupolarfour-center
cyclic transition state'® In the case of the tert-
butylsulfenamidesthe net groundstatechargeon the S
atom (atomic units), estimatedn this work by the AM1
method,is 0.164in PISA, 0.271in MPSA and0.286in
MOSA. The chargeon the tert-butyl C atomis —0.164,
—0.214and —0.236,respectively.The chargeon the N
atomis —0.42+ 0.03 and thoseon the H atomsof the
methylgroupsare0.075+ 0.007.A chargeredistribution
must then take placein the transition stateof the tert-
butylsulfenamidesluring the C—S bond-breakingstep,
so that the S atom receiveselectron density for the
transferof a partially positive H atom from one of the
CHs groups.The S atomin PISA appeardo be at least
less positive than that in MPSA and MOSA, so the
necessanghift of electrondensityandthe transferof a
partially positive H atom towardsthis S atom in the
transitionstatewould be more easily achieved.The fact

0 1998JohnWiley & Sons,Ltd.

that PISA is almost20 times morereactivethan MOSA
and 50 times more reactive than MPSA supportsthis
argument.

In connectionwith the stability of the hydrosulfena-
mides, the present (Table 4), like the previously
computed.? total energiesand AH-,95 Suggesthat the
thiol isomershouldbemorestablethanthethioneisomer.
Since C;H14,NSH, tert-C4HoNSH and (CH3),NSH de-
composedrapidly? whereas(C,Hs),NSH, allyl-NSH,
(CeHs)(CH3)NSH and OC4HgNSH could be titrated, the
latter appearto be morestable.
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