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Abstract: The thermal reaction of sulfenates (RSR), yielding their corresponding sulfoxides (RSD)R),

was studied experimentally. The first step of the reaction was found to be the formation a radical pair by
homolytic cleavage of the carbeimxygen bond of the sulfenate. The two transient radicals formed then
recombine to form the carbersulfur bond of the sulfoxide. The thermolysis of cinnamyl-4-nitrobenzenesulfenate
has a positive entropy of activation§ = 6.4 + 2.0 eu in toluene), characteristic of a dissociative pathway.

A normal secondary kinetic isotope effekfifko = 1.19+ 0.04) was also measured with this substrate. Finally,

a trapping experiment allowed the isolation and characterization of a product coming from the coupling of the
cinnamyl radical and TEMPO. These studies confirm a mechanism that was proposed earlier based on
computational studies. The experimentally determined bond dissociation energy of the-capgen bond

of ~28 kcatmol! is in good agreement with the computed value~@6 kcatmol=1. These studies confirm

a unique structural feature of the sulfenate moiety, where the weakest bond of the molecule in the ground state
is not the heteroatomheteroatom bond intuitively considered to be the weakest based on the analogy to
peroxides or disulfides. Radical stabilizing substituents are expected to have a large effect on the thermal
reactivity of sulfenates. Evidence for a competing acid-catalyzed mechanism has also been observed.

Introduction Scheme 1: Sulfenates as Precursors of Alkyl and Alkoxy

. Radicals by Photolysis
Alkyl-4-nitrobenzenesulfenatesare useful reagents for the

generation of both alkoxy and alkyl radical3Their structure X s ™ X ‘s

is related to the one of peroxide, where an oxygen atom would RO A Ro. & A
have been replaced by the next higher homologous element: 1 o
sulfur. Thep-nitrobenzene group confers to the sulfenate both l -scission

. . ; : . . = 02C6H
stability, owing to its electrowithdrawing properties, and UV Ar= paraNO2CeHa

absorbance in the 350 nm region. Light of that wavelength 0 + R*T—~

cleaves the oxygensulfur bond homolytically, forming an

alkoxy radical as well as a sulfenyl radical as shown in Scheme Scheme 2: The Thermolysis of Sulfenates Is the Reverse
1. When the alkoxy radical is tertiary, it will undergo a Reaction of the Photolysis of Sulfoxides

p-scission, losing a molecule of acetone, and give an alkyl _A o

radical. This versatile method for the generation of both alkoxy PO g AT Ph Sy

and alkyl radicals have been used to study the mode of ring Ty '
opening of substituted oxiranyl methyl radicals.

Observations in our laboratories suggested that these com-y, light induces anu-cleavage of the carbersulfur bond of

pounds are also sensitive to heat. Cinnamyl-4-nitrobenzene-,y| penzyl sulfoxides, and the two transient radicals formed
sulfenate2 in refluxed benzene overnight yielded the corre- ocombine in the solvent cage to form the corresponding
sponding sulfoxide as the only product according tol NMR sulfenate in the first two steps of the reactfomihis product

analysis, as shown in Scheme 2. This reactivity was observed ap, then undergo further reactions under photolysis conditions.

before, but the mechanism is still uncléaRecently, this Computational studies performed by?und other® pre-
sulfenate-sulfoxide chemistry has attracted interest because the dicted a diradical pathway, shown in Scheme 3, to be favored

re\I/ferse rehactltc))n, thatt) 1S, thz rez(ajrran%emegt of alsulfoc;[[?g 10 pver a concerted [1,2]-sigmatropic shift mechanism for the
sulfenate has been observed under photochemical CONCitioNs. 1 molysis of sulfenates. Here, we present experimental results

2 hv 3
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Scheme 3: Possible Mechanisms for the Thermolysis of T
Cinnamyl-4-nitrobenzenesulfenate 1
Phax
+
A O—S—Ar 0
Pho O AT 2 ‘{{
h\/\/ S/ Ph\/\/s\ o/
Ar P
% (23] ?/
sigmatropic -1 F- t t 1 + i
rearrangement 0 100000 200000
Ph\(ﬁjj . Phj/\ (1.3 P% Figure 1. Plot of In(1/[2]) vs time (s), in toluene at 4€C.
i ArS%0 | arSo Table 1. Kinetic Studies in Toluene
A
' temperature°C) rate (s?) r?

. 40.0 8.2x 1078 0.996
substrate was chosen for the study because the cinnamyl group 40.0 8.3x 1076 0.997
stabilizes a possible radical intermediate, making the reaction 65.6 2.7x 10 0.997
faster at lower temperatures and therefore easier to perform in 76.5 1.0x 1Uj 0.999
the laboratory. Moreover, the cinnamyl group is not prone to 76.5 9.1x 107 0.999

undergo the [2,3]-sigmatropic rearrangement (also called Evans

Mislow rearrangement) that is usually observed with allyl recorded and is congruous with the formation of a radicalair.
sulfenates?~** The equilibrium between the sulfenate and the T tackle this question, we performed kinetic studies in toluene
sulfoxide corresponding to a [2,3]-sigmatropic rearrangement anq acetonitrile, and the activation parameters of the reaction
shown in Scheme 3 was not observed in our early studies of were determined. A normal secondary kinetic isotope effect (i.e.,
the thermolysis o2 when monitoring the reaction by NMR. ka/ko > 1) was measured when the methylene groug ofas
Even though such a rearrangement involves lowering the energygeyterated. Finally, trapping experiments were carried out with
by ~5 kcatmol™ by going from a sulfenate to a sulfoxide 4 radical scavenger. Our experimental results strongly support

moiety, as estimated by G2 galculations on @BC"h and the mechanism that was proposed earlier with our computational
DMSO it also involves breaking the conjugation between the gt gies.

allyl and the phenyl groups as well as going from a disubstituted
to monosubstituted alkene, which would increase the energy Results
by ~6 kcakmol=1.14 Therefore this rearrangement is likely to
be energetically unfavorable. The possibility of a [2,3]-sigma-
tropic rearrangement as the first step of the mechanism o
thermolysis of cinnamyl-4-nitrobenzensulfenate, followed by a
[1,3]-shift to form the observed product has also been evaluated.
However, the results presented in this paper refute this
hypothesis. In addition, the thermolysis of benpyteluene-
sulfenate reported earlier cannot undergo such a reattion.
This thermal sulfenatesulfoxide rearrangement is of con-
siderable importance because of its possible involvement in the
synthetically useful [2,3]-sigmatropic rearrangement of allylic
sulfoxides!® An allylic sulfenate is generated as an intermediate
and is prone to homolytic cleavage and the formation of the
corresponding sulfoxide. The net result would correspond to a
[1,3]-shift of the sulfoxide moiety. Another interest resides in
the fact that one can choose which bond to cleave homolytically
in the sulfenate moiety, either-$ or O—C, by applying either
light or heat. To our knowledge, this kind of versatile reactivity
is unprecedented. The nature of the mechanism correspondin
to the thermal sulfenatesulfoxide rearrangement shown in
Scheme 2 remains unclear as contradictory observations hav
been reported on this thermoly$isA negative entropy of
activation as well as a partial retention of configuration on the
carbona. to the oxygen were reported and are consistent with
a concerted pathway. However, a strong ESR signal was

Kinetic Studies. Cinnamyl-4-nitrobenzenesulfenate was pre-
f pared from commercially available cinnamyl alcohol by reaction
with 4-nitrobenzenesulfenyl chloride in the presence of triethyl-
amine in methylene chloride at dry ice temperature. After
purification, this product was subjected to thermolysis in toluene,
and the reaction was monitored by HPLC analysis. The reaction
was performed at 40, 66, and 76. In all cases, the reaction
was found to be first order in disappearance of the starting
material with good correlation coefficients. Details on the
method are presented in the experimental part. Figure 1 shows
the plot of In(1/R]) vs time at 40°C in toluene, and is a typical
example of the kind of graph that was obtained with these
studies. The determined rates and the corresponding correlation
coefficients are displayed in Table 1.

Determination of the activation parameters for the reaction
was done accordingly to the Eyring transition state theory.
Details on the estimation of the errors made on the values of
the activation parameters are presented in the Supporting
Ynformation. The activation enthalpy was estimated to be 27.6
+ 0.6 kcatmol™1, the activation entropy is 6.4 2.0 eu. This
epositive value for activation entropy is congruous with a
dissociative mechanism where the order within the molecule
would decrease going from the reactant to the transition state.
This observation, as well as the fact that the reaction follows a
first-order rate law, agrees well with a mechanism where the

(11) Bickart, P.; Carson, F. W.; Jacobus, J.; Miller, E. G.; Mislow,JK. sulfenate would undergo a cleavage of a bond, forming two
Am. Chem. Sod 968 90, 4869-4876. molecules in the rate-determining step. To investigate the

8%; Egg'st? ’\Ai-sf\rlmvdr};\fvéA(r;n'éggmériﬁggggggzif%oiﬁggé potential role of the solvent polarity on the reaction, the

(14) McMurry, J.Organic Chemistry4th ed.; Brooks/Cole Publishing therm0_|y§i5 was then p.erformed in @ much more polar solvent,
Company: Pacific Grove, 1996; pp 49800. acetonitrile, as shown in Table 2.




Thermal SulfenateSulfoxide Rearrangement J. Am. Chem. Soc., Vol. 122, No. 14, ZEED

Table 2. Kinetic Studies in Acetonitrile Table 4. Kinetic Studies in Acetonitrile with Base
temperature°C) rate (s1) r2 temperature®C) rate (s1) r2

40.0¢ 8.5x 106 0.990 40.0 9.2x 10°® 0.997
40.0 7.7x 107 0.993 40.0 9.0x 1076 0.996
40.06 7.3x 10°® 0.994 66.3 4.2x 104 0.999
55.8 1.2x 10 0.979 66.3 4.0x 104 0.998
66.4 9.0x 104 0.989 76.5 1.2x 1073 0.994
65.7 6.5x 10 0.995 76.5 1.1x 10°3 0.997
66.0 1.1x 10°3 0.994

75.4 6.8x 1073 0.981

Table 5. Summary of the Activation Parameters of the

76.0¢ 55x 108 0.992 - : .
772 8.0x 10°3 0.998 Thermolysis of Cinnamyl-4-nitrobenzenesulfenate
76.8 5.5x 102 0.998 conditions AH* (kcalFmol™) AS (eu)
3
7669 59107 0.999 In toluene 27.6£ 0.6 6.44 2.0
aMeasurements performed on a different solution of sulfenate. In acetonitrile, with base 284 0.6 79+1.8
bValues used for the calculation of the activation parameters. In acetonitrile, without base 38.6+0.8 41.3+24
Table 3. Kinetic Studies by 1H NMR with/without Base/Acid ® These values have to be considered with caution since evidence of
a competing acidic catalysis has been found.
solvent time added % completion
CD:CN 20 min 0.17% base 22 7+19 Scheme 4: Preparation of a Deuterium-Labeled Sulfenate
CD,.CN 20 min _ 60.7+ 3.9 and Measurement of a Kinetic Isotope Effect
CDsCN 15 min 0.44% acitl 60.4+ 0.8 LiAID, Phe -~ _OH
CD:CN 15min - 52.060.3 P Coget Y
tolueneds 1 hour 16% base 549 1.0 THF DD
tolueneds 1 hour - 57.1+ 1.3 l EtN
aBase is 2,6-Diert-butylpyridine.? Acid is p-Toluenesulfonic acid ArSCl
monohydrate® Measured on the average of three experiments. WS\ A P oL _Ar
A L PNy

D D DD

Determination of the activation parameters according to the ko = 1,19 £.0.04

Eyring transition state theory for the reaction in acetonitrile gave
an entropy of activation of 41.3 2.4 eu. Even though the
reaction is still clearly first order and the linear Eyring plot have
excellent correlation coefficients, this value is unusually large
and is difficult to explain even when solvent reorganization is
taken into consideration. Rather, we considered the possibility
of a competing pathway that could be catalyzed by traces of
acid. To test this hypothesis, the reaction was repeated in the
presence of the non-nucleophilic base 2,@edt-butylpyridine.

This sterically crowded weak base is not likely to intervene in
the reaction in any other way than trapping acid traces in the
solvent. The result of those studies is shown in Table 3. The
presence of base decreased the rate of reaction by about a fact(%[1
of 2, while adding a small amount gftoluenesulfonic acid
monohydrate to the reaction mixture increased the rate of the
reaction by about 10%. Clearly, the traces of acid contained in
the solvent as impurities were sufficient to promote a competing
reaction pathway when the reaction was performed in acetoni-

trile. Addition of base to the reaction mixture when the reaction This normal (i.e.kuko > 1) isotope effect indicates a lowering
was performed in toluene did not change the rate significantly. of the force éoﬁstants of the normal modes in the transition

These resultg can pe explained by considering thg SolVentyiatels This is consistent with the dgo s rehybridization
e;‘:‘ects (;)n. a radm(z;l pair atl)nd. prgtokr; Cat;;ﬂed mechanism. Thheduring the formation of the radical pair of a homolytic cleavage
charged intermediate obtained by adding a proton 1o the 54\ e a5 the formation of an allyl cation in a heterolytic
sulfenate is expected to be stabilized by the polar acetonitrile, cleavage reaction. An inverse (i.&/ko < 1) isotope effect
while the apolar toluene would destabilize it. The kinetic studies would have been éxpected in the.case of a concerted reaétion
in acetonitrile were therefore repeated wit25% base added Trapping Experiment. The thermolysis of cinnamyl-4- '
to sulgzpresst th_? %?mi)etlng acid-catalyzed pathway. The resultsyohenzenesulfenate was performed in the presence of a high
are shown in fable 4. concentration{1.9 motL 1) of tetramethylpiperidineN-oxyl

The activation parameters were calculated, and the entropy(TEMPO). The trapping of a radical intermediate with TEMPO
of activation of 7.9+ 1.8 eu in the presence of base was found is a well-established procedure for the detection of radical
to be very similar to the value of 6.4 2.0 eu obtained in  mechanisma718 Separation of the products by flash chroma-
toluene. The rates themselves are similar for both solvents, andiography allowed the isolation of cinnamyloxy-2,2,6,6-tetra-
no dramatic effect was observed. Therefore, no large chargemethyipiperidine, as shown in Scheme 5. This compound is
separation in the transition state is expected. This is consistent - :
with the formation of a radical pair. If the rate-determining step Peﬁfr‘]) %r:rf'sanﬁ'g’\é'é L 45553222?0”3' R. A.W.; Price, P].Chem. Soc.,
would be the formation of an ion pair, an increase in the rate = (1) streitwieser, A., Jr.; Jagow, R. H.: Fahey, R. C.; Suzuki, 2m.
would be expected when going from toluene to acetonitrile as Chem. Soc1958 80, 2326-2332.

the solvent. Our results for the activation parameters in toluene
and acetonitrile with and without base are summarized in Table
5. The positive values of the entropy of activation determined
in each case is in contrast to the valu§ = —2 eu determined
earlier for the thermolysis of benzpHoluenesulfenate in
benzené.However this study was performed over the relatively
small temperature range of 12@30°C. This and the fact that
the reaction deviates from a first-order behavior, indicating a
slow competing pathway for the decomposition of the sulfenate,
could explain the difference in the values obtained.

Kinetic Isotope Effects. To obtain further information on

e reaction mechanism, we determined the secondary kinetic
isotope effect of the reaction. Deuterium-labeled sulfe@ade

was prepared by reduction dfansethyl cinnamate using
lithium aluminum deuterid€ as shown in Scheme 4. The kinetic
isotope effect was then determined tokpgkp = 1.19+ 0.04

via an intermolecular competition experiment at low conversion.
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Scheme 5: Trapping of an Intermediate Using a Radical ASFis —13.84+ 1 el?” and~ —8 eu28respectively. The entropy
Scavenger of activation of the sigmatropic [1,5]-hydrogen shift was
PO AT & estimated at-—8 eu2?3%while the one of the [1,3]-shift of the
s~ NN sulfides varies from—1.3 + 0.4 eu to—11.4 + 0.5 eu,
\A / depending on the solvefitThe possibility of a [2,3]-sigmatropic
2 . 3 rearrangement as the rate-determining step of this reaction is
O=S—Ar very unlikely since such a reaction was shown to have an
+ entropy of activation between0.7 and—10 eu? If the reaction
Ph would be initiated with such a rearrangement as a fast step
) followed by a slower, rate-determining step with a positive
TEMPO in toluene entropy of activation, a build-up of the sulfoxide formed by a
| [1.9 mol.L™"] f:acewnm"e’ [2,3]-sigmatropic rearrangement of cinnamyl-4-nitrobenzene-
% with base sulfenate would be expected. The presence of a terminal alkene
in this compound would make it easily recognizabléHrNMR,
PhA~Oy but no peak corresponding to this moiety was detected during
the runs. Therefore, it appears that cinnamyl-4-nitrobenzene-

sulfenate does not undergo a [2,3]-sigmatropic rearrangement
under thermolysis. Isolation of a product coming from the

presumably formed by the coupling of TEMPO and the trapping of an intermediate with TEMPO also strongly suggests

cinnamyl radica_l along the rea_ction pathvyay_. The experiment that a homolytic cleavage of the carbeoxygen bond occurs
was performed in toluene and in acetonitrile in the presence of ; - the rate-determining step

base. In both cases the amount of radical scavenger used was - . .
o - . The Recombination Step.The trapping experiment does not
similar and the yield of the trapping product was20%. - 2
N duct originating f th lina th ifinv radical allow the estimate of the rate of recombination between the two
0 product oniginating from the coupling the sullinyl radical 5 gjent radicals to form the sulfoxide. The cinnamyl radical

f.?s?) a?r? :FQAMPF?OhaS ?een fobsetrvid. I.:h's kgown mt thed has to escape from the solvent cage before coupling to TEMPO.
eraiure a reacts preterentially with carbon Centered rperefore, knowledge of the rate of cage escape is necessary

radicals. W'ET a_lfyllgr%dlcals the coupling is very fast1.0 to calculate the rate constant for recombination from the amount
X 1.09 L-mol '5’1 ). >but TEMPQ is inert tpward aIkyIperpxy of coupling product observed. Our studies do not allow the
radlcr?lls (R@) .and reacts only SI.OWIY with alkqu radicals prediction of the ratio between “cage” and “out-of-cage”

(RO): the reaction ofert-butoxy with nitroxyl radicals has a products and only an approximation can be formulated. It is a

i . —1l.x—122 i
b:(molelcuII?r r?te gpnsltant_t?]flcf It_)l mol_t K. d : Tg.e r:aa_cuor; reasonable assumption that the coupling reaction of the cinnamyl
ol arylsullinyl radicals with stable nitroxide radicals 1S also 5 yica| with TEMPO is faster than the escape of the cinnamyl

M lg1
refport(re]d to ha\{_e a Late co?sk,)tant QP | a%éﬂ?h ’ bu}f’_[hel pr(()j(_juclt radical from the solvent cage. TEMPO is in high concentration
of such a reacltion has not been 1So € sulfiny! radica (~1.9 motL 1), and the rate of coupling with alkyl radical is

is also expected to dimerize to form the corresponding thiosul- k=1.0x 10° L-mol-1-s~%. Under these conditions, a cinnamy
fonate (ArSQSAr) as the fjnal product. It is sugge§ted that it raaical leaving the solvent cage would recomk;ine instanta-
forms first a sulfenyl sulfinate (ArSt0)OSAr) which then neously with TEMPO. The ratio between the amounts of

rearranges to the th|osu|for_1£t‘1§.26 However, no product . trapping product and sulfoxide then represents the ratio between
|nd|cat|ng the fate of the sulfinyl radical could be detected in the number of radicals breaking loose of the solvent cage over
our studies. the ones recombining inside the cage. Since the yield of trapped
product was determined to be20%, approximately one-fourth
of the generated radicals pairs escaped the cage before recom-
The Radical Pair Formation. The observations of a positive  bining to the sulfoxide. Numerous factors are known to influence
SKIE and a positive entropy of activation associated with the the so-called “cage effect”, a non-exhaustive list includes the
rate-determining step strongly support a dissociative mechanism.viscosity of the medium, the size of the radicals, and the
A concerted pathway is expected to have a negative entropy ofinteractions with the solverit=34 Further experiments would
activation. Concerted mechanisms such as pericyclic reactionshave to be performed to estimate this rate of recombination.
have typically a negative entropy of activation that is due to a  Comparison with Theoretical Results.Our computational
necessary pre-orientation of the functional groups prior to studieg investigated the homolytic cleavage of cinnamyl
reaction. For example, for the Cope and Claisen rearrangementsphenylsulfenate at the B3LYP/6-31G* le\i&838 This substrate
differs from the one studied experimentally only by f#aitro
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(19) Chateauneuf, J.; Lusztyk, J.; Ingold, K.U.Org. Chem1988 53,
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Table 6. Comparison between Theoretical and Experimental Scheme 6: Energy Levels in the Sulfinyl Radical
Activation Parameters
gas phase toluene + "
B3LYP 6-31G* experimental
AG* (kcakmol) at rt 13.9 25.7 @ ‘J% + @
AH* (kcakmol) 25.9 27.6 R—s o
AS (eu) 40.2 6.4 \ ; -

expected to have a relatively small effect on the thermolysis

reaction. The agreement between the computational and ex-

perimental enthalpies of activatiokH*, shown in Table 6, is R—2R
good, both values are within 1 keedol~! from each other. In
comparison, the theoretical entropy of activatiagf is sig-

nificantly higher than the experimental one with a difference Scheme 7: Mesomeric Forms of the Sulfinyl Radical
of 33.8 eu. This accounts for the large difference between

calculated and observediG*, asAG* = AH* — TAS". R_cf)—g
There are several reasons for the large discrepancy between R—S§—0 =

the experimental and computed entropy of activation that can .

be traced back to the effects of the solvent cage, which are not R—Ss=0

included in our gas phase calculation. First, the computed N ) )
entropy is the one of two radicals infinitely separated, and is Stability of the formed radicals RS@nd R. In the sulfinyl
larger than for a pair radical still close together in a solvent radical (RSC), the unpaired electron previously involved in the
cage. Second, while the two radicals are forming, the cage size? Orbital of the G-C bond, now in ar orbital, overlaps one of
increases, more solvent molecules become involved in the the sulfur lone pait®2¢Overall, the three-electram system is
ordered first solvent layer and the entropy of the solvent Stabilized: two electrons occupy theorbital, and only one,

decreases, making the observed entropy lower than the calcutn€ 7 orbital, as shown in Scheme 6. )
lated one. Third, the tight environment in the solvent cage The extend of this stabilization relies on the difference of

shortens the amplitude of the vibrations inside the radicals, eleéctronegativity between sulfur and oxygen. This can be
decreases the number of vibrational levels available at a givenrationalized considering the mesomeric structures where the
temperature and therefore lowers their intrinsic entropy com- charge ends up on the most electronegative atom, oxygen, and
pared to the gas phase where the vibrations stand no externai€ Spin density on sulfur, as shown in Scheme 7.
constraints. These factors can reasonably explain the large More quantitative theoretical studies have been published by

difference observed in the theoretical and experimental entropiesCegory and Jenkdand the order of stability for related radicals
of activation. is: RSO > RSS > ROO > ROS. Our estimates of the

To conclude, B3LYP/6-31G* is a reliable method for the '€Spective BDEs of Cs8O-CHs, CH;OO—CHz and CHSS-
prediction of the enthalpy of activation. This method’s precision CHs are 48+ 4 kcatmol™, 66 + 5 kcatmol™, and 57+ 4
for this kind of system has been established previously by kcakmol™.4° The stability of the sulfinyl radical compared to
comparison with the highly accurdfeG2(MP2§8 and CBS- the peroxyl and perthiyl radicals lowers the BDE of the carbon-
Q3 computational methods. Experimental data confirms the Neteroatom bond of sulfenates by20 kcal compared to
adequacy of the B3LYP method. Its predicted bond dissociation Pe€roxides and-10 kcal compared to disulfides.
energy falls within 2 kcamol™?! of the experimental value. Interestingly, both SO and O-C bonds are relatively weak

The S—0 and O—C Bond Dissociation EnergiesSulfenates ~ @nd their BDEs are relatively close in GBOCH,. This
are structurally similar to peroxides but behave differeftly. ~ Peculiarity makes the bond-cleaving of sulfenates a versatile
In peroxides, the repulsion between the lone pairs of the oxygen Process. By varying its substituents in their ability to stabilize
atoms is believed to be the cause of the relative weakness of2 radical and to confer UV absorbance, one can induce the
the RO-OR bond. In disulfides, these lone pairs are more cleéavage of the SO bond by photolysis while the cleavage of
diffuse and therefore the repulsion is smaller and the bond the O-C bond can be induced by thermolysis. The flipside of
stronger. In a sulfenate, the lone pair repulsion is approximately this two-faced reactivity is that special care has to be taken to
halfway between the value for peroxides and disulfides. Our exclude Ilght and/or heat while manipulating sulfenates to avoid
estimaté? from experimental values of the bond dissociation Side reactions.

energy (BDE) of CHS—OCH; is 53 + 10 kcatmol-, while The Acid Catalysis of the Reaction.A competing mecha-
the respective DBES for G¥—OCH; and CHS—SCH; are nism is observed when the thermolysis of cinnamyl-4-nitroben-
384+ 2 kcatmol-! 4 and 65+ 1 keatmol1.42 Unlike the RS- zene sulfenate is performed in acetonitrile where traces of acid

OR bond. the relative weakness of the RS® relies on the present in the solvent can protonate the sulfenate. The charged
intermediate is stabilized in the polar solvent and therefore plays

(37) Foresman, J. B.; Frisch, Z&.Exploring Chemistry with Electronic n important role in th mpetin hw Analvsi NMR
Structure Methods Second EditjioBaussian, Inc.: Pittsburgh, 1996; pp a portant role in the competing pathway. alysis by

141-162. showed that cinnamyl alcohol is formed in small amounts when
(38) Curtiss, L. H.; Raghavachari, K.; Pople, J.JAChem. Phys1993 the reaction is performed in the presence of acid in acetonitrile.
98, 1293-1298. This product, which is not detected when base is present, is

Phgﬂ%%htfézkiz'gég_végl‘gérsson' G. A.; Montgomery, J. AJ.Jthem. proposed to be formed during the hydrolysis of the protonated

{40) Details on the calculations and approximations we made in this study Sulfenate intermediate, along with the corresponding sulfenic

are available in the Supporting Information. acid as shown in Scheme 8. The sulfenic acid is then expected
49é4_15)3'\2"CM'”e”' D. F.; Golden, D. MAnnu. Re. Phys. Cheml982 33, to undergo further reactions, including the formation of the
(42) Nicovich, J. M.; Kreuter, K. D.; van Dijk, C. A.; Wine, P. H. corresponding thiosulfinic ester. However, we did not identify

Phys. Chem1992 96, 2518-2528. any product to provide us information on the further fate of the
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Scheme 8: Thermolysis of
Cinnamyl-4-nitrobenzenesulfenate in Acetonitrile, Two
Competing Mechanisms
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sulfur derivatives after hydrolysis. This is presumably due to
the large number of possible follow-up reactions leading to a
complex mixture rather than a single prodtitt.

Amaudrut and Wiest

at the B3LYP/6-31G* level. The weakness of this bond is due
to the stability of the cinnamyl and sulfinyl radicals. Estimates
of BDE for simpler sulfenates based on known experimental
data give~48 kcatmol* for the CHSO—CH; bond and~53
kcakmol™! for the CHS—OCH; bond. These BDEs are
consistent with the observed reactivity of sulfenates to light,
which cleaves the-SO bond. In the excited state, the sulfenate’s
weakest bond becomes the sutfxygen one instead of the
carbon-oxygen one.

Considering the relative BDEs of{R—OR; and RSO—R,
substitution of the Rand R group has a large effect on the
reactivity of sulfenates. Radical stabilizing group such as cyano
or tert-butyl will lower the energy of R compared to that of
R»O, as well as the BDE of the ©©C bond compared to that
of the S-O bond, and the overall effect will be an increased
sensitivity to thermolysis of the sulfenate.

Experimental Section

General. All final *H and*3C NMR (300 and 600 MHz) spectra
were obtained on either a General Electric GN 300 connected to a
General Electric 1280 station, a Varian Unity Plus 300, or a Varian
Unity Plus 600. Deuterochloroform (99.98% in CQ)CHeuterotoluene
(99+% in C;Dg) and deuteroacetonitrile (99.6% in @CN) were used
as solvents and the chemical shifts were assigned using tetramethyl-
silane, CHC4, CsDsCD;H, or CD,HCN as internal references.

The mass spectral analyses were carried out on a Finningan-Mat
8430 mass spectrometer equipped with a Varian 3400 gas chromato-
graph. TLC analyses were carried out on a commercially available 0.2
mm thick silica gel 60 P4 containing gypsum as a binder. Column
chromatographic separations were carried out using-280 mesh

The details of the mechanism of the rearrangement of the silica gel purchased from Aldrich company.

protonated intermediate to form the sulfoxide remain unclear.
Our kinetic experiments do not allow us to elaborate on the

High Performance Liquid Chromatography was performed on a
Waters 600 pump connected to a Waters Photodiode Array Detector

activation parameters of this step. After making a steady-state 960. HPLC_ grade solvents were ysed and were dega_ssed prior to use.
approximation on the protonated sulfenate, an equation of the Synthesis. General Synthesis of Alkyl of 4-Nitrobenzene-

rate constant involves the concentration in acid in its denomina-
tor. Since the reaction was observed in solvents where only

sulfenates.To a 50 mL three-neck flask containing the alcohol (5 mmol)
and 15 mL of anhydrous methylene chloride under an argon atmosphere
in a darkened hood was added-&80°C 1.6 mL (11.5 mmol) of freshly

traces of acid are present, the error made in th_e calculus of thedistilled triethylamine. After the addition, the mixture was stirred for
rate constant would be enormous. Further studies are necessaryp min. 10 mL of a methylene chloride solution of 4-nitrobenzene-

to be able to propose a mechanism for this competing pathway.

Conclusions

The sulfenate-sulfoxide rearrangement of cinnamyl-4-ni-

sulfenyl chloride was then added slowly via a dropping funnel. After

the reaction, the mixture was stirred for 15 min and was then allowed
to warm to room temperature for 30 min. The reaction mixture was
washed with cold 5% hydrochloric acid (2 10 mL) and cold water

(3 x 10 mL), and the extract was dried over magnesium sulfate, keeping

trobenzenesulfenate occurs via the homolytic cleavage of thethe light exposure to a minimum. The solvent was removed under

carbon-oxygen bond (RSOR) followed by the recombination

of the two transient radicals. The activation parameters for the
radical-forming rate-limiting step are measured toAld* =
27.6+ 0.6 kcatmol~1, AS"= 6.4+ 2.0 eu in toluene andH*

= 28.0+ 0.6 kcatmol!, AS* = 7.9+ 1.8 eu in acetonitrile.

A normal secondary kinetic isotope effectlofflkp = 1.19+

reduced pressure in an aluminum-wrapped flask giving the sulfenates
in a crude form. Analysis of the crude products ¥ NMR showed

the presence of unreacted alcohol, 4-nitrobenzene disulfide and the
corresponding sulfinate, presumably formed by air/light oxidation of
the sulfenate during the workup, as the major side products. The
sulfenates were purified by flash chromatography with silica gel using
a eluent system composed of hexanes and methylene chloride in a 3:1

0.04 was measured in toluene. The cinnamyl radical formed by ratio.

the dissociation was trapped with TEMPO. The rate of
recombination of the two radicals could not be determined but

Cinnamyl-4-nitrobenzenesulfenate The compound was prepared
in 28% yield after purification from cinnamyl alcohol. This compound

is shown to be in the same order of magnitude as the rate ofwas found to be sensitive to air oxidation in the presence of light. Pale

escape from the solvent cage. When the reaction was performe
in the very polar solvent acetonitrile, a competing acid-catalyzed
mechanism was detected. This pathway also yields the sulfoxide
and is accompanied by hydrolysis of the sulfenate.

The BDE of the carbornoxygen bond of cinnamyl-4-
nitrobenzenesulfenate is found 6f28 kcatmol=1, in good
agreement with the theoretical value26 kcatmol=* calculated

(43) Hogg, D. R. InThe chemistry of sulphenic acids and their
derivatives Patai, S., Ed.; John Wiley & Sons Ltd.: New York, 1990; pp
361—-402.

ellow solid, forming flakes: mp (uncorrected) 686 °C. *H NMR
CDCl) 6 8.22 (d,J =9 Hz, 2 H), 7.34 (m, 5 H), 7.3 (d] = 9.2 Hz,
2 H), 6.7 (d,J = 15.9 Hz, 1H), 6.33 (dt) = 15.9, 6.8 Hz, 1 H), 4.54

'(d, 6.9 Hz, 2 H)*3C NMR (CDCk) ¢ 79.6, 120.4, 123.5, 124.5, 127.0

(2 CH), 128.8, 128.9, 136.0, 136.4, 151.7. IR (neat): 1577, 1509, 1333,
1084, 921, 837, 740. MS (ClI, [M- H]") calcd: 288.0694, obsd:
288.0714.

Cinnamyl-4-nitrobenzenesulfenated,. The compound was prepared
in 12% vyield after purification from cinnamyl alcohdy This
compound was found to be sensitive to air oxidation in the presence
of light. Pale yellow solid, forming flakes: mp (uncorrected)-@&b
°C.H NMR (CDCl) ¢ 8.22 (d,J = 9 Hz, 2 H), 7.3-7.5 (m, 5 H),
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7.31 (d,J=9.1Hz, 2 H), 6.69 (dJ = 15.8 Hz, 1H), 6.33 (dJ = 15.9 conditions, retention times werell min for the sulfoxide,~15 min

Hz, 1 H).13C NMR (CDCk) ¢ 78.5, 120.1, 123.1, 124.3, 126.8, 128.5, for naphthalene, an¢17 min for the sulfenate.

128.7, 135.7, 136.2, 151.6. IR (neat): 1577, 1509, 1335, 1085, 1052, The separation and quantification of the sulfenate and its products
966 (C-D bend), 910, 836, 740. MS (ClI, [M- H]*) calcd: 290.8020, of thermolysis in toluene was performed by HPLC with a normal phase

obsd: 290.8020. column (LiChrosphere, 100 A silica Bm, 4.6 x 250 mm). The
Kinetic Studies, Monitoring of the Reaction, Determination of injection volume was 2(iL; the eluent is a gradient of hexanes and
the Activation Parameters. Preparation of the Stock SolutionsFour ethyl acetate. First 5 min: isocratic mixture of 8% ethyl acetate/92%

stock solutions of sulfenate were prepared with about the same hexanes, then a linear gradient for 3 min to reach 90% ethyl acetate/
concentration:c = 10-3 mol/L. In acetonitrile without base, 24.8 mg ~ 10% hexanes, and finally an isocratic mixture of 90% ethyl acetate/

of cinnamyl-4-nitrobenzenesulfenate and 6 mg of naphthalene were 10% hexanes for 2 min. Under these conditions, retention times were

dissolved in 89 mL of acetonitrile. Another stock solution was prepared ~~11:5 min for the sulfoxide;-2.2 min for anthracene an€3.6 min

with 71 mg of cinnamyl-4-nitrobenzenesulfenate, 21 mg of naphthalene 0" the sulfenate. The amounts of sulfenates and sulfoxide were
and 250 mL of acetonitrile. In acetonitrile with base, 100 mg of calculated as the ratio between the area of their respective absorption
cinnamyl-4-nitrobenzenesulfenate, 63 mg of naphthalene and.20 ~ Peaks at 340 nm and the area of the anthracene peak.

of 2,6-Diert-butylpyridine were dissolved in 250 mL of acetonitrile. ~__<inetic Studies with/without Base. Thermolysis of Cinnamyl-4-

In toluene, 78 mg of cinnamyl-4-nitrobenzene sulfenate and 50 mg of Mit'obenzene Sulfenate in Acetonitrileds, with ~0.17% of Base
anthracene were dissolved in 250 mL of toluene. All solutions were ~dded: Cinnamyl-4-nitrobenzene sulfenate (74 mg) and 2-naphthyl

degassed upon preparation by sonication/vacuum to remove any;ieefqﬁzfs(igc?gc)ovr\:gﬁ iglssglger?ﬂ_mo?'&il:l‘sglfuggﬁtwe'trgﬁeﬁ:gdare d
potential oxygen from the solution and avoid an oxidation of the 9° prep '

sulfenate into sulfinate during storage (C_:oncentration_ c_)f sulfenate~6.44 10_2 moI-L*l)_. A solution of 2,6-
- o o di-tert-butylpyridine (20uL, ~0.12 M) in acetonitriled; was added to

Experimental Procedure for Thermolysis. The solution is placed the remaining solution and mixed, and three other NMR tubes were
in 2 13 x 100 mm test tube containing a small magnetic stirrer. The fjjled with 0.6 mL of the basic solutiontH NMR was taken before
tube is closed with a septum (fits in the inner ring of the septum). The and after thermolysis for each tube. The thermolysis itself was realized
solution is degassed with ultrasounds/vacuum for 10 min then the testpy putting the NMR tube at 66C (the tip of the tube containing the
tube is placed under nitrogen. A 500 mL three necks round-bottom sample is placed in refluxing THF, in these conditions, it is assumed
flask is filled almost to the top with solvent (depending on the desired that the sample is placed at constant temperature) for 20 min. Special
temperature, the nature of the solvent varies) and a thermometer iscare was taken to ensure that tubes were stored at a dry ice temperature
placed on one neck with an adapter. A condenser is placed on the seconénd away from light during the course of the experiment.
neck of the flask. The third neck of the flask is closed with a glass Thermolysis of Cinnamyl-4-nitrobenzene Sulfenate in Acetoni-
stopper hat can be easily removed and replaced by the 180 mL trile-ds, with ~0.44% of Acid Added. Cinnamyl-4-nitrobenzene
test tube with the septum. The 19/32 glass neck fits tightly with the sulfenate (70 mg) and 2-naphthyl acetonitrile (25 mg) were dissolved
outer ring of the septum. The liquid is refluxed in the round-bottom in 4.0 mL of acetonitrileds, and three tubes each containing 0.6 mL of
flask and is stirred with a large magnetic stirrer at a fast speed to ensurethis solution were prepared. A solution pftoluenesulfonic acid in
homogeneity of the temperature in the liquid. When the temperature is acetonitrileels (50 uL, ~0.12 M) was added to the remaining solution
stable, the glass stopper is removed and the solution of sulfenate inand mixed, and three other NMR tubes were filled with 0.6 mL of the
the test tube is placed in the refluxing liquid. The stirring plate is moved acidic solution.*H NMR was taken before and after thermolysis for
in a way that the small magnetic stirrer in the test tube can rotate and each tube. The thermolysis itself was realized by putting the NMR
maintain homogeneity of the temperature inside the test tube. Sometube at 66°C (the tip of the tube containing the sample is placed in
solution of sulfenate is taken out of the test tube via a syringe@5 refluxing THF; in these conditions, it is assumed that the sample is
mL) regularly and is immediately cooled to dry ice temperature in a placed at constant temperature) for 15 min. Special care was taken to
small vial. The vial is then placed and stored in dry ice until the solution ensure that tubes were stored at dry ice temperature and away from
can be used for injection in HPLC. Typically, the first collection via a light during the course of the experiment.
syringe was performed at least one minute after the test tube was placed Thermolysis of Cinnamyl-4-nitrobenzene Sulfenate in Toluene-
in the refluxing solvent to allow the contents to reach a constant and ds, with ~0.16 Equiv of Base Added.Cinnamyl-4-nitrobenzene
homogeneous temperature. The liquids used in the round-bottom flasksulfenate (77 mg) and 2-naphthyl acetonitrile ( 23 mg) were dissolved
were chosen for their boiling points and were: methylene chloride (bp in 3.0 mL of tolueneds and three tubes each containing 0.5 mL of this
40°C), acetone (bp 56C), tetrahydrofuran (bp 68C) and ethyl acetate ~ solution were prepared. (Concentration of sulfenate8.9 102
(bp 77.1°C). mol-L™Y). 2,6-Ditert-butylpyridine (5uL) was added to the remaining
solution and mixed, and three other NMR tubes were filled with 0.6
mL of the basic solutionH NMR was taken before and after
thermolysis for each tube. The thermolysis itself was realized by putting
the NMR tube at 66C (the tip of the tube containing the sample is
placed in refluxing THF, in these conditions, it is assumed that the
sample is placed at constant temperature) for 1 h. Special care was
taken to ensure that tubes were stored at dry ice temperature and away
from light during the course of the experiment.

Kinetic Isotope Effect Measurement.The measurement d§/kp
was realized in deuterotoluene. NMR was used to determine the ratio

wgr?%;.]? m'ﬂ fortthedSLtJIfox_ldegg.Z min for naph@tr;]alert\s, iﬁdg'ﬂ' | of cinnamyl-4-nitrobenzenesulfenate and cinnamyl-4-nitrobenzene-
min for the suftenate, determined by comparison with auth€ntic Samples. ¢ it nated, before the reaction and at $@0% completion. Five

The amounts of sulfenates and sulfoxide were calculated as the ratio; yoticq| samples were prepared by dissolving 78 mg of cinnamyl-4-

between the area of their respective absorption peaks at 254 nm an‘JnitrobenzenesuIfenatz#[, 63 mg of cinnamyl-4-nitrobenzenesulfenate,
the area of the naphthaler_le peak. Th_ls ratio is then considered as a,,4 41 mg of 2-naphthylacetonitrile in 3.5 mL of toluete2-Naph-
measure of the concentration of the different products. thylacetonitrile was used as reference. The solution was degassed using
For the study of the thermolysis in acetonitrile in the presence of vacuum/sonication for-10 min and was transferred in five different
base a LiChrospher C18,8n, 4.6 x 250 mm column was used with  NMR tubes (5 mm). ThéH NMR spectrum was obtained for each
a gradient of water and acetonitrile. First minute: isocratic mixture of tube. The solution in the NMR tube was then transferred to a small
30% acetonitrile/70% water, then a linear gradient for 1 min to reach test tube containing a small stirring bar and was placed for 4 min at
50% acetonitrile/50% water, then a linear gradient for 16 min to reach ~76 °C (in a refluxing ethyl acetate bath). The solution in the test
100% acetonitrile, and finally 5 min of 100% acetonitrile. Under these tube was then cooled by putting the test tube in an ice bath. The cold

Separation and Quantification with HPLC and Photodiode Array
Detector. The separation and quantification of the sulfenate and the
products of thermolysis in acetonitrile was performed by HPLC with
a reversed phase column (Nova Pak C18, 60 Amd 39 x 150 mm).

The injection volume was 20L; the eluent is a gradient of water and
acetonitrile. First minute: isocratic mixture of 30% acetonitrile/70%
water, then a linear gradient for 1 min to reach 60% acetonitrile/40%
water, then a linear gradient for 8 min to reach 100% acetonitrile, then
2 min of 100% acetonitrile. Under these conditions, retention times
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solution was then transferred to a clean NMR tube, and#hBIMR Acknowledgment. We wish to dedicate this publication to
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solved in~1 mL of toluene. The solution was degassed by sonication University of Notre Dame and the donors of the Petroleum

/vacuum for~10 min. The test tube was flushed with argon, sealed . . . .
with a septum, and placed at 76 under stirring for 90 min. The tube Research Fund, administered by the American Chemical Society

was then cooled to room temperature in a water bath. The crude product(Grant 27724-AC4).

was deposited on silica gel and a flash chromatography was performed . . . .
using a mixture of 92% hexanes/8% diethyl ether as the eluent. This SUPPorting Information Available: Complete graphs and

allowed the separation of the product from the unreacted TEMPO, details of the calculations concerning the monitoring of the

which prevents any characterization attempts by NMR. A second flash thermolysis of sulfenates, the measurement of the kinetic isotope
chromatography was performed to further purify the isolated product effect, and estimations of the bond dissociation energies from
using an eluent composed of hexanes and methylene chloride in a 1:1experimental data are reported. Cartesian coordinates and
ratio. Cinnamyloxy-2,2,6,6-tetramethylpiperinide (10 mg, 23% yield) energies of structures discussed in the comparison with experi-
was isolated as a colorless dii NMR (CDCL) ¢ 7.2-7.4 (m, 5H),  mental results are reported. NMR and IR spectra are included
6.6 (d.J = 16 Hz, 1H), 6.3 (dtJ = 16 Hz, 5.9 Hz, 1 H),4.45 (dd] as well as the description of an independent synthesis of

= 5.9 Hz, 1.5 Hz, 2H), 1.47 (m, 4H), 1.22 (s, 6H), 1.14 (s, 6KX¢ : A : : .
NMR (CDCh) 6 17.4, 20.4, 33.2, 39.9, 60.0, 78.3, 125.8, 126.6, 127.7, cinnamyl-4-nitrobenzenesulfoxide. Preparation of cinnamyl

128.7, 131.6. IR (neat) 1469, 1449, 1374, 1359, 1133, 1030, 963, 742 alcohold, is also reported (PDF). This material is available free

691. MS (CI, [M+ H]*) calcd: 274.2171, obsd: 274.2184. MS (FAB, ©Of charge via the Internet at http://pubs.acs.org.
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