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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 340–390°C and 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,sÿ1, Ea, kJ molÿ1): MPSA, logA = 12.41� 0.02,Ea = 158.8� 0.2; MOSA, log
A = 12.91� 0.22,Ea = 159� 3. It is proposed that the elimination of isobutene takes place by unimolecular reaction
mechanisms involving polar, four-center cyclic transition states, formingS-unsubstituted thiohydroxylamines as co-
products. Thermochemical parameters, estimated by semiempirical AM1 calculations, are reported for the latter and
for the parent molecules. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Recent studies1,2on the gas-phase thermolyses of various
alkyl tert-butylsulfenamides suggested that these systems
decompose unimolecularly by mechanisms involving
four-center cyclic transition states, with the formation of
isobutene plus a hydrosulfenamide. Although the magni-
tudes of the Arrhenius frequency factors obtained for
these reactions are within the range expected for such
mechanisms (1013.5� 1.0 sÿ1), they result in entropies of
activation ofÿ20 to�20 J Kÿ1 molÿ1, a range too wide if
these systems have very similar transition states. To
reassess these previous results with new data, and to
investigate further the influence of the amine moiety of
the molecule on the reactivity, the thermolyses ofN-
methyl-N-phenyl-tert-butylsulfenamide (MPSA) and
morpholinyl-tert-butylsulfenamide (MOSA) were stu-
died in the present work.

EXPERIMENTAL

The tert-butylsulfenamides were synthesized by reaction
of a hexane solution of 2-methyl-2-propanesulfenyl
chloride with N-methylaniline or morpholine.3 MPSA

was purified by eluting with hexane through a
50� 2.5 cm o.d. activated alumina column (yield 40%,
99.5% purity). MOSA was obtained in 66% yield, 99.2%
purity, after reduced pressure distillation (b.p. 76–78°C,
0.5 Torr). The mass (70 eV) and1H NMR (300.133 MHz,
CDCl3, external TMS, room temperature) spectra were as
follows: MPSA: [m/z(%)] 195 (M�) (22), 139 (100), 106
(64), 77 (37), 57 (40), 41 (21);1H NMR � 7.23 (m, 2H
arom.) 6.80 (m, 1H arom.) 6.61 (m, 2H arom.) 3.44 (s,
CH3, 3H) 1.28 (3CH3, 9H); MOSA [m/z(%)] 175 (M�)
(14), 119 (94), 91 (16), 75 (34), 57 (100), 41 (44);1H
NMR � 3.64 (t, 3JHH 4.62 Hz, 2CH2, 4H), 2.93 (t,3JHH

4.65 Hz, 2CH2, 4H), 1.20(s, 3CH3, 9H). GLC, MS and
NMR analyses of the reactants and products were carried
out using the same instruments previously reported4. The
thiol-type products were quantified using Volhard’s
method5 by collecting the reactor effluent in excess
0.1M silver nitrate solution. The kinetics were measured
in a 265 ml capacity spherical quartz stirred-flow reactor6

by injecting 0.05–0.1M solutions of the reactants in
toluene by means of a precision peristaltic pump. The
reaction order was examined by logarithmic plots of the
equation4,7 fo-fa = kV(faP/RT�fi)

a, wherefo andfa are the
inflow and outflow of reactant,�fi is the total outflow in
mol sÿ1, V, PandT are the volume, pressure and absolute
temperature of the reactor, respectively,R is the universal
gas constant anda gives the order of the reaction with
respect to the concentration of the reactant. First-order
rate coefficients were calculated using the expression4,7

k = F/�(1ÿF), whereF is the fraction reacted and� the
residence time given by� = PV/RT�fi.
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RESULTS

Fromtheslopesof theplotsshownin Fig.1 thefollowing
initial ordersfor reactantconsumptionwereobtained,at
theindicatedtemperature,percentreactionandvariation

of reactantinflow (Dfo).MPSA,0.95� 0.02(380°C,25%,
Dfo = 2.2-fold); MOSA, 1.05� 0.05 (360°C, 43%,
Dfo = 3.6-fold). Over the temperaturerange340–390°C
MPSAformedagaseousproductmixtureof 98.9� 0.4%
isobutene,0.8� 0.3% isobutaneand 0.3� 0.1% C2–C3

hydrocarbons,while theMOSA gaseousproductmixture
was99.2� 0.7%isobutene,0.4%isobutaneand0.4%C2–
C3 hydrocarbons.In theliquid productfractionsfromboth
MPSA and MOSA, collected at ÿ78°C, a thiol-type
productwas titrated in the amountsshownin Table 1.
These products formed white precipitateswith silver
nitratesolution.Theseanalyses(Table1) indicatedthat,
withinexperimentalerror,MPSAdecomposedmainlyinto
53� 6% isobuteneplus 47� 6% thiol whereasMOSA
decomposedinto 52� 1%isobuteneplus48� 1%thiol.

ForbothMPSAandMOSA,first-orderratecoefficients
werecalculatedassumingastoichiometryof two product
molecules formed from each decomposedreactant
molecule.Theseareshownin Table2 for representative
runs.The Arrheniusparametersfor MPSA andMOSA,
derivedfrom least-squareslinear fits of the rate coeffi-
cients,are shown in Table 3, togetherwith previously
reportedkineticdatafor tert-butylsulfenamides.Theerror
limits correspondto thestandarderror.8

DISCUSSION

The productanalysesfor MPSA andMOSA suggestthe
stoichiometries (1) and (2), respectively, for their
thermolyses,which imply thattheonly sulfur-containing
productsarehydrosulfenamides.

C6H5N�CH3�SC�CH3�3! C6H5N�CH3�SH� i ÿ C4H8

�1�

�2�
The Arrhenius parametersfor these first-order iso-

Table 1. MPSA and MOSA reaction product distributions
(104 mol)

Reactant RunNo. T (°C) iC4H8 RNSHa

MPSA 10 351 2.22 1.83
8 362 1.84 1.45
3 370 2.01 2.72
5 380 3.84 3.22
1 391 3.19 2.22

MOSA 5 341 5.10 4.80
10 350 6.07 5.52
16 360 9.29 8.12
23 371 7.90 7.29
19 380 6.74 6.57

a RNSH meansN-methyl-N-phenylhydrosulfenamideand morpho-
linylhydrosulfenamidefor MPSA andMOSA, respectively.

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

Table 2. Stirred ¯ow pyrolysis results for MPSA and MOSA

Reactant RunNo. T (°C) k (104 sÿ1)a � (s)b %r (C4H8)
c P (Torr) f °A � 108d fc/f °A

e

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

a Ratecoefficientfrom isobutenemeasurement.
b Residencetime.
c Percentagereactionfrom isobutenemeasurement.
d Reactantinflow (mol sÿ1).
e Tolueneto reactantflow ratio.
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buteneeliminationsprobablycorrespondto mechanisms
involving polar, four-center cyclic transition states,
similar to those proposedfor other tert-butylsulfen-
amides.1,2 Their frequency factors, within the range
1012.7� 0.3 sÿ1, suggest such a mechanism.9,10 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�

�4�

�CH3�3C� ! i ÿ C4H8 � i ÿ C4H10 �5�
By usingthe datashownin Table4 (maximumerror

limit about �25 kJ molÿ1), the reaction enthalpies
(DH°298) for reactions(3) and(4) canbeestimatedto be
169 and 250 kJ molÿ1, respectively.Since the experi-
mentalEa for bothMPSAandMOSAis 159kJmolÿ1, the

valuefor reaction(3), unlessaffectedby a considerable
error,appearstobecloseenoughtothisEatomakethisstep
competitivewith reaction(1),whereasthatfor reaction(4)
makesit a very unlikely competitorwith reaction(2). If
tert-butyl radicalshadbeenpresentin significantsteady-
state concentrations,however, the observedyields of
isobutanewouldbeexpectedtobehigher.Forexample,in
thecaseof MPSA, if oneassumesk3 = 1015exp[ÿ169kJ
molÿ1(RT)ÿ1], thenat370°C k3 = 19sÿ1 andtheyield of
isobutanewould have been about 50 times the yield
actuallyobservedfor isobutene.Previouslystudied2 2,6-
dimethylpiperidinyl-tert-butylsulfenamide (PISA) pro-
ducedthehighestyield of isobutaneobserved,about3%,
while its estimatedtert-butyl C—S bond dissociation
energyis 191kJ molÿ1 andEa = 161� 3 kJ molÿ1. The
unimolecular,polar four-centercomplexfissionprocess
then appearsto fit better to reactions(1) and (2), with
reactions(3) and(4) takingplaceto anegligibleextent.In
view of the present results, it seemsappropriateto
reconsiderthe magnitudesof the Arrheniusparameters
for N-dimethyl-tert-butylsulfenamide(DMSA), N-tert-
butyl-tert-butylsulfenamide(TBSA) and 2,6-dimethyl-
piperidinyl-tert-butylsulfenamide(PISA)(Table3).

Table 3. Kinetic parameters for sulfenamides t-C4H9SR

Experimental Corrected

R Ea (kJ molÿ1) Log A Tm
a kTm

(sÿ1)b Ea/kJ molÿ1 Log A DS‡c Ref.

N(CH3)2 175� 5 14.45� 0.46 350 0.58� 0.02 164� 6 13.5� 0.5 ÿ1.5� 9 2
N(C2H5)2 164� 3 13.45� 0.24 330 0.19� 0.01 ÿ2.5 1
N(H)(C4H9-t) 184� 7 14.75� 0.37 370 0.59� 0.01 169� 6 13.5� 0.5 ÿ1.5� 9 2
NC7H14

d 161� 3 14.38� 0.26 290 0.31� 0.01 151� 6 13.5� 0.5 ÿ1.5� 9 2
NC4H8O

e 159� 3 12.91� 0.22 360 0.58� 0.03 ÿ13 This work
N(C6H5)(CH3) 158.8� 0.2 12.41� 0.02 370 0.31� 0.01 ÿ22 This work
N(H)(CH2CHC-
H2)

163� 5 12.52� 0.36 390 0.52� 0.02 ÿ20 1

a Tm = middle of the rangetemperature(°C).
b Measuredratecoefficientat Tm with standarddeviation.
c J molÿ1 Kÿ1 at 400°C.
d C7H14 = 2,6-dimethylpiperidinyl.

Table 4. Thermochemical parameters

Species
DHf°298

(kJ molÿ1)
IPa

(eV)
Total energy

(eV)
S°298

(J Kÿ1 molÿ1)
Cp°298

(J Kÿ1 molÿ1)
Enthalpy

(kJ molÿ1)

C6H5N(CH3)SH 168.0 8.60 ÿ1420.7 396.5 143.2 25.93
C6H5(H)(CH3)N=S 293.0 7.92 ÿ1419.4 256.1 133.8 24.05
OC4H8NSHb ÿ142.5 9.05 ÿ1357.9 354.5 115.6 21.52
OC4H8(H)N=Sb ÿ34.2 8.02 ÿ1356.8 337.9 106.8 19.34
C6H5N(CH3)SC4H9-t 79.6 8.41 ÿ2043.7 536.9 233.8 42.43
OC4H8NSC4H9-t

b ÿ232.0 8.43 ÿ1980.9 490.3 205.9 37.64
C6H5N(CH3)S

. (200)d

OC4H8NS. b (ÿ31)d

t-C4H9
.c 48.6

a Ionizationpotential.
b OC4H8N = morpholinyl.
c Ref. 11.
d Valuesin parenthesiesestimatedby groupadditivity method,Refs9 and12.All othervaluesthiswork, estimatedby AM1 method,Refs13and14.
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A method10 for carrying out activation parameter
reassessmentsconsistsin assigninga higherreliability to
theexperimentalvaluesof theratecoefficientsmeasured
at a temperaturein themiddleof therangeusedfor each
reactant. By using the average value of these rate
coefficients,and the most likely value for the A factor,
onecancalculatethe correspondingEa. In applyingthis
method,A factors in the range 1013.5� 0.5 sÿ1, corre-
spondingto valuesof DS‡ of ÿ1.5� 9 J Kÿ1 molÿ1, are
the most likely for DMSA, TBSA and PISA, so the
calculatedactivationenergiesremainwithin 10% of the
experimentalvalues.In Table 3 are shown the figures
pertainingto thesecalculations.The likely explanation
for thehigh experimentalvaluesof A for DMSA, TBSA
andPISA is somesystematicerror in the measurements
of theratecoefficientat theupperendof thetemperature
ranges.The reactivity sequencefor the tert-butylsulfe-
namidesstudiedsofar is C7H14> (CH3)2� (C2H5)2>
C4H8O> (H)(tert-C4H9)> (CH3)(C6H5)> (H)(CH2-
CH=CH2).

As wasdiscussedin previouswork,1 the presenceof
the moreelectronegativeN atom bondedto the S atom
causesthenetatomicchargesin the(CH3)3CSmoietyof
the sulfenamidesto be different from those in disul-
fides.15 In thelatter,theSatomhasanetnegativecharge
andthetert-butyl C atomapositivecharge,sotheground
stateof the disulfidemoleculehasa chargedistribution
alreadyresemblingthat of the quadrupolar,four-center
cyclic transition state.16 In the case of the tert-
butylsulfenamides,the net groundstatechargeon the S
atom(atomicunits),estimatedin this work by the AM1
method,is 0.164in PISA, 0.271in MPSA and0.286in
MOSA. The chargeon the tert-butyl C atomis ÿ0.164,
ÿ0.214andÿ0.236,respectively.The chargeon the N
atom is ÿ0.42� 0.03 and thoseon the H atomsof the
methylgroupsare0.075� 0.007.A chargeredistribution
must then take place in the transitionstateof the tert-
butylsulfenamidesduring the C—S bond-breakingstep,
so that the S atom receiveselectron density for the
transferof a partially positive H atom from one of the
CH3 groups.The S atomin PISA appearsto be at least
less positive than that in MPSA and MOSA, so the
necessaryshift of electrondensityand the transferof a
partially positive H atom towards this S atom in the
transitionstatewould be moreeasilyachieved.The fact

that PISA is almost20 timesmorereactivethanMOSA
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,1,2 total energiesandDHf°298 suggestthat the
thiol isomershouldbemorestablethanthethioneisomer.
Since C7H14NSH, tert-C4H9NSH and (CH3)2NSH de-
composedrapidly,2 whereas(C2H5)2NSH, allyl-NSH,
(C6H5)(CH3)NSH andOC4H8NSH could be titrated,the
latter appearto be morestable.
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