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High boiling solvent, T = 523 K

Thermolysis of 4-aminophenyl benzyl sulfide at 523 K in the hydrogen donor solvent (HDS), 9,10-
dihydroanthracene (Anfji gave 4-aminothiophenol and toluene as the predominant products of the
homolytic S-C bond cleavage. Under these conditions, a portion of the 4-aminothiophenol was
desulfurized to aniline with first-order kinetics and with a rate constant estimated by kinetic modeling to
be 7.0x 1076 s Starting with 4-NHCH,SH at 523 K, it was found that sulfur loss was more efficient

in the non-HDSs, anthracene and hexadecane, than in,.Adrder similar (competitive) reaction
conditions, YGH,SHs with Y = H, 4-CN, and 3-Ckwere completely inert; with Y= 4-CH;O, there

was some very minor desulfurization, whereas witl¥-N(CHs), and 4-N(CH)(H), the sulfur extrusions
were as fast as that for ¥ 4-NH,. We tentatively suggest that this apparently novel reaction is a chain
process initiated by the bimolecular formation of diatomic sulfur,f@8lowed by a reversible addition

of ground state, tripletS, to the thiol sulfur atom, 4-NkCeH,SH(SS)H, and insertion into the SH

bond, 4-NHCH,SSSH. In a cascade of reactions, aniline agda® formed with the chains being
terminated by reaction of 4-Ni€sH,SN(SF)H with 4-NH.CeHsSH. Such a reaction mechanism is
consistent with the first-order kinetics. That this reaction is primarily observed with dHY3H having

Y = N(CHzs)2, N(CHg)(H), and NH is attributed to the fact that these compounds can exist as zwitterions.

Introduction (630 K) 2 tetrahydroquinoline/mesitylene (66830 K)2 Tetralin
(661 K)* Tetralin (573-659 K)> water (573-659 K)? and
methanol (573-659 K)>2 These studies have shown that in the
presence of a HDS the main route for decomposition involves
the cleavage of the-Sbenzylic bond with the resultant radicals
then reacting with the HDS to form thiophenol and toluene (in
a 1:1 ratio) as the main products (reaction 1):

Sulfur-containing organic compounds are among the many
ingredients present in fossil fuels, particularly, cbarhe
selective removal of sulfur from these fuels, desulfurization,
has been, and still is, a challenge that must be met in order to
comply with current and future emission standards for power
plants, etc. To mimic the thermal processing of coal and gain
insights into the mechanisms of desulfurization, the reactivities . .,
of sulfur-containing model compounds have been examined atC6|_|5SC|_|ZC‘5|_|5 CoHS + CeHCH,
high temperatures, frequently in the presence of hydrogen atom CeHsSH + CeHsCH; (1)
donor solvents (HDS). Phenyl benzyl sulfidesHsSCH,CsHs,
can be regarded as a prototypical sulfur compound with its
S—aryl and S-benzyl bonds. The thermolysis of this compound
has been investigated in a number of solvents and at various ) ] i - oL
temperatures: cyclohexane (523¥yater (523 K) mesitylene Fuézlg fg;gtilfyé?é_%ﬁépmha’ A-R.; Greenhill, 3. V.; Siskin, @nergy
(3) Panvelker, S. V.; Shah, Y. T.; Cronauer, D. I@&d. Eng. Chem.

The major byproducts have been reported to be diphenyldisulfide
and diphenylmethant® The formation of diphenylmethane has

T Leiden University. Fundam.1982 21, 236—-242.

* National Research Council of Canada. (4) Ignasiak, T. M.; Strausz, O. Fuel 1978 57, 617-621.

(1) Yan, J.; Yang, J.; Liu, ZEnwiron. Sci. Technol2005 39, 5043- (5) Abraham, M. A.; Klein, M. T Fuel Sci. Technol. IntL988 6, 633~
5051 and references cited therein. 662.
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FIGURE 1. Product distributions obtained during thermolysis of 448kH,SCH.CsHs, 1, in AnH,, 2, at 523 K as a function of time. Yields

defined as 100« 0.5 x [3)/{0.5 x ([3] + [4] + [5] + [8]) + [1] + [6] + [7]}. All products are defined as, for example, &X[3] + [4] + [5]
+ [8]) + [6] + [7]. Drawn lines are calculated yields based on kinetic modeling; see Scheme 1.

been rationalized as involving the abstraction of a benzylic 4-NH,CsH4SH, with the formation of @gHsNH,. The other 4-Y-

hydrogen atom from gHsSCH,CgHs with the resulting GHs- substituted thiophenols were inert under the same reaction
CH()SGsHs radical then undergoing a neophyl-like rearrange- conditions, and even at 548 K, only one of them=YCH30,
ment (1,2-migration of the phenyl group) to yieldfGCH(S)- underwent desulfurization, but to a very small extent. Herein,
CeHs.% Hydrogen atom transfer then yields the thigHgCH(SH)- we report on the thermolysis of 4-NBgH,SCHCsHs and
CgHs, which has a weak-SC bond? and is converted into ¢Els- related compounds with the emphasis being on the products

CH,CgHs and HS under high-temperature conditions. Alter- and possible mechanisms of desulfurization of 4,8§H,SH.
natively, it has been suggested that the presumed spiro-We believe this work may improve understanding of the
cyclohexadienyl radical intermediate in thgHsCH(*)SCGsHs mechanisms by which sulfur could be extruded from other
rearrangement may directly eliminate elemental s#fdr.  organic compounds.

Hence, diphenylmethane formation constitutes the only des-
ulfurization pathway for @HsSCH,CsHs because the main
sulfur-containing product, thiophenol, appears to be thermally

stable under the usual experimental conditithns. 4-Aminophenyl Benzy! Sulfide. The product yields for the
We have recently reported on the kinetics of theCSbond thermolysis of 4-NHCsH4sSCH,CeHs (1), ca. 0.17 M, dissolved
homolysis in several 4-Y-substituted phenyl benzyl sulfides (Y in 9,10-dihydroanthracene (Ani2) at 523 K are presented in
= NH,, CHzO, H, CN, the first at 523 K, the remaining three Figure 1. After homolytic SC bond cleavage (reaction 2, see
at 548 K) using 9,10-dihydroanthracene as the HDS in order to Scheme 1), the caged thiophenoxyl and benzyl radical pair either
establish the effect of substitution on the S bond dissociation ~ escape the solvent cage (reaction 2a) and are scaveng2d by
enthalpies? We noted that, for Y= NH;, at 523 K, there was  to form 4-NH.CsH4SH (3) and toluene4), respectively, or they
a unexpected desulfurization of the thiyl radical product, undergo an in-cage radicatadical combination to form the
diphenylmethane derivative, 2-SH,5-MNEsH3CH,CsHs (6)
(6) (a) Alnajiar, M. S.; Franz, J. AL Am. Chem. S04992 114 1052 (reaction 2b). The initial sulfur-containing producisand 6
1058. (b) Ismall, K.; Mitchel, S. C.; Brown, S. D.; Snape, C. E.; Buchanan, undergo further reaction (desulfurization) during the course of

?égcs‘; £I;II;7IE>)r7itt,7Fl’-t_)F-; Franco, D. V.; Maes, I. I.; Yperman, Bnergy Fuels the thermolysis. Thus3 is converted into aniline5( reaction
(7) The S-C BDE in CsHsCH(SH)GHs can be estimated to be 57 kcal 3), and6 is converted into 3-NECsHsCHCeHs (7, reaction

mol-189 4). The ratio of p]/[3] increases with the reaction time, but the
(8) Auxiliary thermodynamic data from http://webbook.nist.gov. fraction, 100x ([3] + [5])/[4], remains close to 100%. The

88(95)0';?_5283"3' J.; McMillen, D. F.; Golden, D. M. Phys. Cheml 984 [7)/[6] ratio also increases with time, while the fraction, 100

(10) The reaction enthalpy for sulfur elimination from the spiro- ([6] +[7])/([4] + [6] + [7]), remains constant at 108 0-80/9-
cyclohexadienyl radical intermediate- CeHsCH()CeHs + S can be A very minor product, HsCH,SH (8), is also formed (reaction
estimated to be 35 kcal mdi89 5), and the fraction, 10& ([8])/([4] + [8]), remains constant at

(11) However, one study does claim that benzene and toluene were the - -
products of GHsSCH.CsHs thermolysis and that no thiophenol was 1.7+ 0.5% during the course of the thermolysis.

detected® The in situ desulfurization of compound@sand 6 and the

(12) Mulder, P.; Mozenson, O.; Lin, S.; Bernardes, C. E. S.; Minas da ; i i
Piedade. M. E.: Santos. A. F. L. O. M.. Ribeiro da Silva, M. A. V.- DiLabio, overall conversion of are summarized in Table 1. These results

G. A.: Korth, H-.G.: Ingold, K. U J. Phys. Chem. /200§ 110, 9949 show that the rates of reactions 3 and 4 (Scheme 1) are (almost)
9958. identical, as would be expected. An additional experiment was

Results
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SCHEME 1. Reaction Mechanism for the Thermolysis of
4-NH,CgH4SCH,CgHs, 1, in AnH,, 2, at 523 K (reaction
numbers are indicated by the subscripts on theks)

S ks=5.2x10% s HS,
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conducted withl ([1] = 0.17 M) in the presence of an excess
of one of the products, 4-Nd&sH,SH (3) ([3] = 0.3 M), in
AnH, at 523 K. After 1.7x 1P s, the overall conversion df

was 42.0% (based on the formation4f6, 7, and8), and the
fractions, 100x ([6] + [7])/([4] + [6] + [7]) and 100x [8]/([4]

+ [8]), were 12.1 and 5.4%, respectively. The in situ desulfu-
rization of 6 was 43.5% (see above). These results show that
the decomposition ofl, as presented in Scheme 1, is only

marginally affected by the presence of a large excess of product SH 3

3. However,3 did accelerate the formation of benzyl sulfide
(8), the yield of which increased from 1.7 to 5.4%. The
formation of8 will be acid-catalyzed (see below), and the excess
of 3 may be the source of acid.

In our earlier study, we reported that the overall rate constant
for disappearance dfwas 3.05x 1076 s™1 at 523 K12 With a
parallel/consecutive kinetic model, as outlined in Scheme 1, the
following additional rate constants have now been calculated
on the basis of the product distribution: “effectiveé (— k-»)
=30x 1065 kpa=27x 1085 kb =3.2x 107s71,
ks = 5.2 x 10 8 s~1. By fitting the calculated yields from kinetic
modeling with the experimental yields (Figure 1, drawn lines),
the experimental first-order rate constants for desulfurization
of 3 (ks) and of6 (k4) at 523 K were both found to be 70
106s2

The thermolysis ofl yields a very different product distribu-
tion from the product distributions obtained with the other
4-YCeH4SCHCeHs (Y = OCHs, H, CN) under the same
reaction conditions. A careful re-examination of the products
obtained from the 548 K thermolyses ofHzSCHCgHs and
4-CNGH4SCH,CsHs showed absolutely no traces ot and
CsHsCN, respectively, for conversions (within brackets are the
corresponding reaction times) of the starting material of 69%
(1.3 x 1P s) and 46.6% (1.1x 1P s), respectively. Because
CeHsOCHs had been used as an external standard for the GC
analyses, the 548 K thermolysis of 4-@BCsHsSCHCeHs
(about 0.17 M in 9,10-dihydroanthracene) was repeated without
adding anisole. By using an internal mass balance, an overall
conversion of 56.3% was calculated after %x71C° s. This
yields an overall first-order rate constant forS homolysis

JOC Article

TABLE 1. In situ Desulfurization (in %, 100 x [Product]/
{[Product] + [Reactant]}) of 4-NH,CgH4SH (3), to Give GHsNH
(5), and of 2-SH,5-NHCgH3CH2CgHs (6) to Give
3-NH,CeH4CH2CgH5 (7), Together With the Overall Conversion (in
%) of 4-NH ,CgH4SCH,C¢Hs (1) Into Products at 523 K2

7/1075s 3 6 1
0.29 3.0 8.5 9.4
0.68 17.9 17.7 19.8
1.08 254 22.4 27.3
141 33.6 37.0 36.2
1.52 49.4 43.3 37.0
2.09 56.7 59.0 49.3
2.74 57.6 64.7 55.2

2n situ desulfurization defined as 100 [5)/([3] + [5]) and as 100x
[7)/([6] + [7]). The overall conversion of was defined as 10& {0.5 x
([3] + [4] + [5] +[8]) + [6] +[7]}0.5 x ([3] +[4] +[5] +[8]) +[1]
+[6] +[7]}. T = reaction time.

SCHEME 22
(A)
NH, NH
=
-—
g © op Cl
NH, NH,
AHgpy = 25.1 3
op + 2 MRS Q‘ Aol —= OO + An(10) + HCI
cl cage
(B)
NH, NH
AG,=273
_—
SH 3b
NH, NH,

AHppp =243
—

3b + 2

@Anﬂ' _.© + An+ H,S

SH cage

a(A) Dechlorination of 4-chloro-1-naphthylamin®, according to a
tautomerization/RRD mechanism in Agt2. The thermodynamic data (in
kcal mol-tand at 298 K) are obtained by computational chemistry: B3LYP/
6-31G(d,p)//B3LYP/6-31G(d,p)¥? (B) Desulfurization in AnH, 2, of
4-aminothiophenol3, according to a potential tautomerization/RRD mech-
anism. The thermodynamic data (in kcal moand at 298 K) are obtained
by computational chemistry: B3LYP/6-31G(d,p)//B3LYP/6-31G(d}).

of 4.8 x 1076 s71, in full agreement with our earlier reported
value of 5.1x 1076 s7! (obtained from a series of experi-
ments)!2 The in situ 548 K desulfurization for 4-GCeHy-
SH to GHsOCH; in the above experiment was found to be
2.2%, indicating that this is only a minor reaction pathway in
comparison with the desulfurization of 4-MNEH4SH during
the 523 K thermolysis of 4-NkCsH4sSCH,CgHs (see Table 1).
The formation of GHsCH,SH, 8, during the thermolyses of
4-YCgH4SCH,CgHs was observed only for ¥= NHa, not for
Y = CH3O, H, and CN.

The facile desulfurization of the thiophenol, 4-NE§H,SH,
has not, apparently, been previously reported. The mechanism
of this desulfurization was, at first, thought to be similar to that
suggested for the dechlorination of phenols and anilines under
the same reaction conditioA% A key observation for the

(13) (a) Mulder, P.; Arends, I. W. C. E.; Santoro, D.; Korth, H.d5.
Org. Chem2003 68, 4247-4257. (b) Korth, H.-G. Private communication.
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SCHEME 3. Formation of Benzyl Sulfide, 8
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proposed dechlorination mechanism was that phenols with a(Scheme 3) and as outlined above is acid catalyzdthe AG;
chlorine atom at C-3 were thermally stable, whereas those with values for tautomerization ot and 3 are probably almost

a chlorine atom at C-2 or C-4 lost their chlorine at appreciable identical. With [AnH] equal to 4 M, the bimolecular rate
rates. The mechanism of the 523 K dechlorination of 4-chloro- constant for the conversion dfinto 8 can be calculated from
1-naphthylamine9, into 1-naphthylamine and hydrochloric acid the experimental first-order rate constant to be6.2078/4 =

in AnH, was investigated in detaif2 The rate of dechlorination ~ 1.3 x 108 M~1s7%, which is reasonably close to the predicted
increased with the initial concentration@feventually reaching  value of 6.0x 1079 M~! s~! based on the analogy with(see

a constant (plateau) value. At high concentration®,01,1- above).

dinaphthylamine emerged as a product with a concomitant ~4-Aminothiophenol. The reactivity (desulfurization) of
increase in the overall conversion @fwhereas at lowd], the 4-NH,CeH,SH, 3 (ca. 0.3 M), at 523 K was investigated in more
dechlorination reaction was catalyzed by an added organic acid.detail using various high-boiling HDSs and non-HDSs: hexa-
These features led to the mechanistic rationale presented indecane, 9,10-dihydroanthracene, 9,10-dihydroanthracene mixed
Scheme 2A. The first step is the establishment of an equilibrium With anthracene (w/w= 1:1), and anthracene. The results are

betweer and its tautomeric imine. Subsequently, a hydrogen
atom is transferred from Angto the imine by a reverse radical
disproportionation (RRD) reaction, and this ultimately leads to
1-naphthylamine, hydrochloric acid, and anthracette, Tau-
tomerization is an acid/base-catalyzed reaction, and at9%w [
the rate of equilibration becomes rate limiting. At high
concentrations 09, this compound combines with its tautomer
to form an intermediate that is more reactive in the RRD reaction
and yields the observed 1;dinaphthylamine. In biphenyl, a
non-hydrogen donor solvenf), was thermally stabl&?2 A
similar mechanism for desulfurization of 4-NEsHsSH is
shown in Scheme 2B.

At 523 K, the bimolecular rate constant for dechlorination

of 9 was calculated from the pseudo-first-order rate constants

using an average Argtoncentration b4 M and gavekc =
5.11x 10°5M~1s113aA similar calculation of the bimolecular
rate constant for desulfurization 8fat 523 K gaveks = (ka/
[AnH])) = 1.75x 105 M-1sL,

summarized in Table 2.

In hexadecane, the desulfurization®Was about 66%, and
two additional products were found: (2-MNEkH4)(4-NH.CsH4)S
and (4-NHCsH,).S (mass spectra are presented in the Sup-
porting Information). These two byproducts are probably formed
by radicat-radical combination reactions between the 4-ami-
nothiophenoxyl radical and the anilinyl radical. The equilibrium
shown in eq 6 is estimated to hawdds = 14.5 kcal mot?1.16

4-NH,CH,S + CHNH, =
4-NH,CH,SH + CHNH" (6)

This means that the concentration 4-§}dgH,S will be much
higher thanthe concentration oftdsNH* even when [4-NBCeH -
SH] << [CgHsNH3]. Consequently, the coupling of twosBs-
NH-* radicals will be very unlikely, a conclusion that is consistent
with the fact that (GHsNH), products were not observed. The
coupling between two 4-NysH,S radicals would presumably
yield the disulfide, (4-NHCgH4S—),, but the estimated -SS

In Scheme 2, the DFT-calculated free energy changes for gog in this compound is only 44.3 kcal md} hence, there

tautomerizationAG;, and the RRD reaction enthalpi@sirrp,

are presented f@'32and330. The rather small difference (0.8
kcal mol?) in the AHgrrp values for these two reactions implies
that their RRD rate constants will not be dramatically different.
However, the large difference in theiG; values (9.4 kcal
mol~1), which determine the amine/imine equilibrium ratios for
3 and9, would lead to the expectation thagwould be smaller
than ke by about a factor of about 8.5 10% that is, the
“expected’ks =5.1x 10%8.5x 1®*=6.0x 10°M1s]

a value very much lower than the experimenkgl= 1.75 x
106 M~ s71, This suggests that tautomerization followed by
RRD cannot be the dominant mechanism for desulfurization of
3. On the other hand, the formation of minor amounts of benzyl
sulfide @)'* during the thermolysis ofl indicates that a

would be no build up of this product during the thermolysis of
4-NH,CeH4SH 18

In AnH,, the conversion oB into 5 (ca. 33%) is a clean
reaction, with no detectable byproducts. The (pseudo-)first-order
rate constant for desulfurization 8f ks, was calculated to be
2.4 x 107%s71 (using an internal mass balance), a value that is

(15) An induced decomposition df by means of a hydrogen atom
addition to sulfur followed by elimination 08 can be ruled out (see
Supporting Information).

(16) The S-H BDE in 4-NH,CgH4SH is 76.5 kcal mol?; that is, it is
3.6 kcal mot* weaker than the SH BDE in CgHsSH (80.1 kcal mot?);12
the N—H BDE in GsHsNH; is 91.0 kcal mott.1?

(17) Colussi, A. J.; Benson, S. Wat. J. Chem. Kinet1978 10, 1139~

(1é) The S-S BDE in (GHsS—)2 is 51.5 kcal mot! (based on a heat

tautomerization/RDD mechanism does occur to a small extent of formation for the phenylthiyl radical of 54.9 kcal md).812With twice

(14) The S-C BDE in GHsCH.SH, 8, can be estimated to be 61.2 kcal
mol~18 which means that the thermolysis &faccording to GHsCH,SH
— CgHsCHy* + *SH does not take place under the reaction conditions.

2382 J. Org. Chem.Vol. 72, No. 7, 2007

the bond weakening effect by the 4-Nidubstitutent £3.6'9), the S-S
BDE in (4-NH,CgH4S—); is calculated to be 51.5 2 x 3.6 = 44.3 kcal
mol~t. This implies that the rate constant for—S homolysis of (4-
NH,CsH4S—)2 would be & 104 st at 523 K (logA/s™t = 15.2?), which
is about 240 times higher than the rate constant feCSleavage irl.
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TABLE 2. Desulfurization of 4-NH,CgH4SH in Various Solvents at TABLE 3. Thermolysis of 4-N(CHg)>CeHsSCH(CH3)CgHs, 11, in
523 K& 9,10-Dihydroanthracene at 523 K: Product Distribution (in %) after
AnHo/AN 1 and 48 i
solvent hexadecane AnH (1:1) An 1h 48 h

4-NHzceH4SH (initial) 156 177 162 158 C6H5C2H5b 20.8 48.9
4-NH,CgH4SH (remaining) 22.9 124.3 14.7 8.4 CgHsCoH3 0.4 nd
CsHsNH; 66.6 61.7  169.0 94.3 CesHsN(CHs)(H) nd 3.2
others 24.0 3.7 37.4 CeHsN(CHs) tr 14.1
mass balance (%) 88 105 113 78 4-N(CHg)(H)CeHaSH® 0.8 43
desulfurization (%) 66 33 90 97 4-N(CHg)2CeH4SH® 17.1 20.1

an umol, the reaction timeg, was 48 h {1.7 x 1(° s), and with ca. imggi;gggﬁiggg% sz %g
500 mg of solvent, the initial [4-NkCsH4sSH] was ca. 0.3 M. Mass spectra 11 60.0 0.02
of tentatively identified products are presented in the Supporting Information.
b Additional products: 3.4mol (2-NHCeHa)(4-NH,CsH4)S and 20.Gimol atr = trace, identified but less than 0.1%, rdnot detected less than
(4-NH,CgHg),S. ¢ Additional product: 3.7umol dibenzothiophene! Ad- 0.01%. Compound.1 contained 10% of 4-N(CkJoCeHaSCH(CHg)CeHs
ditional products: three isomers of NEH4-An (4.2, 8.8, and 0.4mol); as an impurity (see Experimental Section). The product distributions
4.9 umol Cy4HgS,; 14.6 umol Ci4HgSH (two isomers, ratio 6/1); 3.4Amol presented in this table have been corrected for the thermolysis products
dibenzothiophene; 1.&mol (2-NH;CgH4)(4-NH2CsH4)S; 1.6 umol (4- arising from this impurity by utilizing the quantities okB8sCsH11 that were
NH2CsHa4),S. ¢ Nitrogen mass balance, defined as 100 [N-containing formed. Product distributions have been calculated using the internal mass
compoundsl./[4-NH,CgHsSHl=o, the [N-containing compounds} in- balance: 11]i—o = [11=, + 0.5y [products].? Including 2.2% (1 h) and
cludes a stoichiometric factor of 2 for (2-N8sH4)(4-NH,CsH4)S and (4- 8.0% (48 h) of 9,10-dihydro-9-(1-phenylethyl)-anthracetiehe desulfu-
NH>CsHa),S. f Desulfurization is defined as 109 (1 — Y[S-containing rizations of 4-YGHsSH with Y = N(CHz)2 and N(CH)(H), defined as
compoundsl./(3 [N-containing compoundsl,); see also footnote; the 100 x [CeHsY]/([4-YCeHaSH] + [CeHsY] + [4-YCeH4SCHy)), are 33.8%
[S-containing compounds] do not includes89SH and G4HsS,. (Y = N(CHs)2) and 34.0% (Y= N(CH3)(H)).

tion products (e.g., 5= 4S), an altogether incredible mixture
about one-third of th&s value of 7.0x 1076 s71 obtained from of reactive species that has been aptly referred to as “the sulfur
the kinetic modeling of the decomposition b{see above). In z00" 2!
the AnH/An solvent mixture, the conversion & into 5 4-Dimethylaminophenyl-1-phenylethyl Sulfide and 4-Di-
increased to ca. 90%, with only dibenzothiophene as a minor methylaminothiophenol. The thermolysis of 4-N(Ckj.CeHa-
byproduct. Finally, in anthracene, the overall conversioBof ~SCH(CH)CeHs (11) in 9,10-dihydroanthracene was employed
increased even further, but in additionGpthere was also an  for the in situ generation of 4-N(C§CsH,SH at 523 K. After
array of byproducts. The main fraction consisted of condensation eaction times of 1 and 48 h, the overall conversioti bfusing
products between aniline and anthracene (three isomers, mas@n internal mass balance) reached 40.0 and 99.98%, respec-
spectra are presented in the Supporting Information). Interest-tively,22 which indicates that reaction is essentially complete in
ingly, three sulfur-derived compounds were also formed which 3~4 h. The product distribution (Table 3) was markedly
are identified, on the basis of their recorded mass spectradifferent from that obtained during the thermolysis f
(Supporting Information), as condensation products between !S0merization did not occur, and the analogue8pCsHsCH-
sulfur species and anthracenei @S (two isomers, ratio 6/1,  (CHs)SH, was not formed. After 48 h, the desulfurization of
with identical mass spectra) with = 210 (100)M— 32 (73),  he 4-N(CH);CeH.SH formed in the reaction to¢BisN(CHs)
M~ 45 (40), and GHsS; (dithioanthraguinondf with M = Was about 34%%100 x [CeHgN(CHg)al/([4-N(CH3)2CeHaSH]
240 (100)M— 45 (11),M —77 (11): + [CeHsN(CH)z] + [4-N(CHg)2CeHsSCHy))). That is, the rate

(and extent) of desulfurization of 4-N(GHCsH,SH and
4-NH,CgH4SH (see Table 2) were equal under identical reaction

i conditions. When calculated in the same way, the in situ
Ol‘o desulfurization of 4-N(Ch)(H)CsH4SH under these conditions
is also 34%.
S The desulfurization of 4-N(CE),CsHsSCH(CH;)CegHs was

accompanied by the formation of methylation/demethylation
roducts. Interestingly, the ratiogtdsN(CHz)(H)/CsHsN(CHs)o,
The Anthracene+ Sulfur Reaction. Thermolysis of &mol Z-N(CI—l;)(H)C6H4SH£/J4¥N(Cl-i;)zcsﬂng( an2(4-)l\l(élg;(l-$)csaj-
Sg in 500 mg of anthracene under standard conditions (523 K SCHy/4-N(CHs),CsHaSCH; were aImo’st identical: 0.23. 0.21

and 48 h reaction time) gave the same three sulfur/anthracene,nq g 25, respectively; see Table 3. Because the sum of all the
condensation products mentioned above in yields of.2:@l nitrogen-containing products was almost equal to the yield of

Ci4H10S (two isomers, ratio 2.5/1) and 9u8nol CiHsS,. We ethylbenzene, there was no loss of methyl groups. This means
prefer not to speculate about the mechanism(s) by which theseinat methylation/demethylation did not involve free methyl
compounds are formed because cyclichfas an SS bond radicals because most of the methyl radicals would have been
dissociation enthalpy of only 32.8 kcal méF® and, at the  scavenged by the HDS to produce methane.

reaction temperature, not only will variougiSomers be present, The methylating agent is presumably 4-N(§3€eHsSH

but also there will be linear species including the linear S since this compound is highest in concentration and methylation/
biradical, its polymers (e.g.,sS- Ss — Sie...€tc.) and dissocia-

(21) Wong, M. W.; Steudel, Y.; Steudel, &hem. Phys. Let2002

364, 387-392.

(19) (a) Heilbron, I. M.; Heaton, J. 9. Chem. SacTrans.1923 123 (22) For the S-C bond cleavage, 4-N(GHpCsHsSCH(CH)CeHs (11)
173-185. (b) Yousif, N. M.; Shabana, R.; Lawesson, SBOl. Soc. Chim. — 4-N(CHg)2CsH4S + CeHsC(*)(H)(CHs), these results lead to an average
Fr. 1986 283-287. (c) Lakshmikantham, M. V.; Levinson, M.; Menachery, first-order rate constant of 9.3 1075 s! at 523 K, indicating that this
M.; Cava, M. P.J. Org. Chem1986 51, 411-412. reaction is some 30 times faster than theCSbond cleavage in 4-Ni&sHa-

(20) Benson, S. WChem. Re. 1978 78, 23—35. SCHCeHs (1).
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TABLE 4. Desulfurization (in %) after 48 h of Mixtures of
4-YCgH4SH in 9,10-Dihydroanthracene at 523 R

4-CH;OCeH4SH 3-CRCgHsSH 4-NH,CeH4SH
mix 1P 0.92 nd
mix 2¢ 0.13 nd 32.8

Mulder et al.

low vyield. (i) Sulfur is extruded from 4-N(CkJo,CeHsSH,
although tautomerization cannot occur.

Surprisingly, desulfurization does not require an external
source of hydrogen (atoms) because the reaction decreased in
efficiency along the solvent series: anthracene, hexadecane, 9,-

aResults are the average of two runs using toluene as an external standard‘l'o'd'hydroamhracene (see Table 2). Since the loss of sulfur from

for the GC analyses; ne not detected (less than 0.01%). Desulfurization
defined as 100x [CeHsY]i=/{[YCeH4SH]=; + [CeHs5Y]i=:}. ° Mix 1:
4-CH;OCsH4SH (146umol) and 3-CECsH4SH (29umol) dissolved in ca.
500 mg of 9,10-dihydroanthracerfeMix 2: 4-CHz;OCsH4SH (149umol),
3-CRCeHaSH (30umol), and 4-NHCgH4SH (162umol) dissolved in ca.
500 mg of 9,10-dihydroanthracene.

4-NH,CeH,4SH follows first-order kinetics, the desulfurization
of this compound could, most simply, be represented by reaction
9. However, a unimolecular elimination of atomic suléannot

4-NH,CgH,SH— C;HsNH, + S )

be the mechanism of desulfurization because reaction 9 has an

demethylation can be represented by eqgs 7 and 8. If, as wouldenthalpy, AHs, of about 60 kcal mof-#23 If the activation

be expected, the rate constants for methylation of the two

4-N(CH;),C4H,SH + 4-N(CH,),CH,SH—
4-N(CHy)(H)CeH,SH + 4-N(CH,),C,H,SCH; (7)

4-N(CH;),C;H,SH + 4-N(CH,)(H)CH,SH—
4-N(CH,)(H)CgH,SH + 4-N(CH,)(H)C,H,SCH; (8)

thiols are approximately equal (i.ek; ~ kg), the ratio
[4-N(CHg)(H)CeH4SCH;)/[4-N(CH3)2,CeH4SCH;] should be simi-
lar to the product rati§([CeHsN(CHs)(H)] + [4-N(CHs3)(H)CsH4-
SH])/([CeHsN(CH3)] + [4-N(CHs).CsHaSH])}, and this is
indeed the case (0.25 versus 0.22).

Mixtures of 4-YCgH4SH. Because desulfurization might be

enthalpy is assumed to have its minimum value of 60 kcalfol
andAg is assumed to have the very high value ot*1€?, then
ko will be 10710 571 at 523 K, a value that is 5 orders of
magnitude smaller than the experimental rate constant for this
desulfurization at this temperature (i.kg,= 7.0 x 1078 s71;
see Scheme 1). To fit the experimental rate constant using the
sameA factor would require an activation enthalpy of about 48
kcal moll, which is at least 12 kcal mot lower than the
minimum value ofEg.

A similar problem exists for the thermal elimination of sulfur
from thiirane, reaction 10.

S

A — CH, + SCP) (10)

That is,AH1o = 59.1 kcal mot?,820put if the sulfur atom was

due to the formation of some specific reactive species from the formed in its excited singlet state for reasons of spin conserva-

4-aminothiophenols that would desulfurize other thiophenols,

tion, the required enthalpy would be even higher. However, the

two experiments were conducted using mixtures of thiophenols easured activation enthalpy in the gas phase is4@kcal
in 9,10-dihydroanthracene at 523 K. The results are compiled yq-124 ruling out desulfurization by a simple unimolecular

in Table 4.
In both mixtures, there was no desulfurization of 33C§H4-
SH (just as there was no desulfurization of 4-GMNGSH and

extrusion of atomic sulfur, despite the fact that the reaction is
first order in thiiran€*27 Attempts to explain this anomaly
have been inconsistent with experimental data. For example,

CsHsSH used alone under these COﬂditiOﬂS). The conversion of Bensonr? Suggested a Comp|ex chain reaction initiated by

4-CH;OCgH4SH to GH40OCH; was very slow, but it could be
detected in both mixtures. The desulfurization of 4-40kH4-
SH in the presence of 4-GBCH,SH and 3-CECegH4SH

reaction 10, the atomic sulfur produced then attacks the thiirane
to form S which is the chain carrier and reacts with thiirane in
the rate-determining step (rds), eq 11. ThesS

(32.8%) occurred to the same extent as in the absence of these

two thiophenols (33%, see Table 2). From Table 4, it can be
estimated that the rate of desulfurization of 4-XlgH4SH is

at least 300 times greater than the rate for 4;06;H,SH,
while the rate for 3-CECsH4SH must be at least 3 orders of
magnitude smaller.

Discussion

There is a remarkable difference in the thermal stability of
ring-substituted thiophenols, ¥84SH. For Y = 4-H, 4-CN,
and 3-CR, the thiophenols are inert under the standard condi-
tions of 523 K in 9,10-dihydroanthracene and a reaction time
of 48 h. In contrast, for Y= 4-NH,, 4-N(CHs)(H), and
4-N(CH),, desulfurization to the responding anilines takes place
at appreciablend identicalrates. Desulfurization also occurs
with 4-CHsOCsH4SH, albeit at a rate which is at least 300 times
slower than the rate for 4-Ni€sH,SH. The possibility that the
desulfurization of 4-NKHCsH,SH follows a tautomerization/RRD

CH,S
S+CH,S—CH,+ SZF CH,+S——
S§=45S, (11)

in equilibrium with §. Such a mechanism can be ruled out on
several grounds, most tellingly by the fact that Gunning and

(23) The heat of formatiom\Hs, of 4-NH,C¢H4SH can be calculated to
be 26.95 kcal moi! using the isodesmic reaction: glsNH, + CsHsSH
— 4-NH,CeH4SH + CeHg (computed reaction enthalpy0.91 kcal mot1)12
in conjunction with auxiliary thermodynamic data, &H;(CeHsSH) = 26.9
kcal mol1.8 With a 4-NH.CgH4S—H BDE of 76.5 kcal mot?, the AH;-
(4-NHCgH4S') = 51.4 kcal mot?.

(24) There have been three reports on the thermolysis of thiirane in the
gas phasé® 28 All are agreed that this reaction follows first-order kinetics,
and the following Arrhenius parameters have been reported:Alsdt,
Eskcal mol?; 13.2, 40.2%5 15.8, 42.4% and 13.2, 40.97

(25) Lown, E. M.; Sandhu, H. S.; Gunning, H. E.; Strausz, Ql.;Am.
Chem. Socl968 90, 7164-7165. The reported activation entropy-62.5
eu is in error. Recalculation using the rate constant of X7I0°> st at
498 K andE, = 40.2 leads to a reaction entropy-ef..1 eu. In subsequent
studied-28 on the thermolysis of thiirane, the erroneous valt€.6 eu)

mechanism (Scheme 2B) can be excluded for two simple has been quoted without comment.

reasons: (i) The thermolysis of 4-NBsH.SCHCgsHs (1)
actually does yield the product of a tautomerization/RRD
mechanism, benzyl sulfidg (Scheme 3), but only in a very

2384 J. Org. Chem.Vol. 72, No. 7, 2007

(26) Amano, A.; Yamada, M.; Mizuuchi, K.; Kamo, TKenkyu
Hokoku: Asahi Garasu Kogyo Gijutsu Shoreik#82 41, 151-157.

(27) Yamada, M.; Kamo, T.; Tang, J.; Amano, Mippon Kagaku Kaishi
1987 60, 1377-1384.
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co-worker$® demonstrated experimentally that atomic sulfur was 4-NH,CsH,SH — CH;NH, + S, X=3-6 (15)
not produced during the desulfurization of thiirane. Most
recently, Steudel and co-workétgarried out a very thorough S, + 4-NH,C¢H,SH— 4-NH,C;H,SH

theoretical study of this reaction and concluded that the y=3-5:x=y+1 (16)
thermochemical requirements could be met by a bimolecular
elimination of S in its excited singlet state, reaction 12 (and S3—~S,+ S, a7)

even more favorably if the Svere eliminated from the
S,+S,— S; (and all the species;§jives rise to at
rds

2 CH,S—=—C,H, + CH,S=S—C,H,+ 'S, (12) these temperatures) (18)
intermediate thiirane-1-sulfide,,H,S=S, in its triplet ground Chain Termination
state 3S;). Of course, this would mean that the reaction would K
be second order in thiirane, a fact that forced these adfrtors ~ 4-NH,CH,SH(SS)H + 4-NH,CH,SH—

conclude that “the reported first-order rate Fave unlikely” to 2 CH:NH, + S, (19)
be correct. However, Gunning and co-workénsere highly 52 4
experienced gas kineticists, and they would have been very
unlikely to make an error of this magnitude. Moreover, later
work (not cited by Steudel and co-work&shas confirmed
that the desulfurization of thiirane in the gas phase follows first- —~d[4-NH,CoH,SH)/dt = ky g [4-NH,CeH,SHIK, (20)
order kinetic£627 Fortunately, as we show below in dealing 2764 13 2764

with a possible mechanism of desulfurization of 4-aminothiophe-
nols, a bimolecular formation of,$an still lead to overall first-
order kinetics.

The bimolecular formation of Sreaction 13) hag\Hi3 =

Analysis of this reaction scheme yields the overall first-order
kinetic rate law, eq 20:

Zwitterionic structures are a characteristic, and probably
unique, feature of 4-aminothiophendfs®3 It therefore appears
logical to attribute the extremely facile desulfurization of
4-aminothiophenols (relative to other thiophenols) to reactions
involving their zwitterions. For example, the formal initiation
2 4-NH,CeH,SH— 2 GHsNH, + S, (13) reaction (13) could be presented as the reaction sequence 13a

_ o o ) _ to 13d. In favor of such a mechanism is the well-known fact
32.7 kcal mot?, if the S is eliminated in its excited singlet

state (18.4 kcal mot if spin conservation is not obeyed and _ — ANT —

elimination yields $in its triplet ground state}232°We now ANHCoHSH=4-N HLCH,S (133)
assume that the ground std® initiates a chain reaction with " _

chain termination being proportional to [thiopheRdiecause 4-N"HzCH,S" + 4-NH,C¢H,SH=

this leads to overall first-order kinetics. There are many 4-N*H,C.H,SS (H)CgH,(4-)NH, (13b)
possibilities3! One of the simplest is presented below, solely
for illustrative purposes (reactions 149):

Chain Propagation 4'N+H3C6H4SS_(H)C6H4(4')NHz_’
4-N"H,CH,SS + CHNH, (13c)
ks ks
3
+ 4-NH,C¢H,SH= 4-NH,C,H,S}(SSH —
> BT e TR rds 4-N"H,CH,SS — CHNH,+S,  (13d)
4-NH,CH,SSSH (14)

that thiolates are good nucleophiles and readily substitute

(28) Steudel, Y.; Steudel, R.; Wong, M. V&hem—Eur. J. 2002 8, divalent sulfu# (i.e., reaction 21).
217-228.
(29) From experimental studies, the energy difference betw@eand — , -
3S, has been estimated as #32 kcal mol %30 according to G3(MP2) RS + R'SX— RSSR+ X (21)
level computations the energy difference is 15.5 kcalthdl We useAH;-
(1Sz|) = AHi(*S;) + 14.3 (average valuey 30.7° + 14.3 = 45.0 kcal The rate-determining step in the above initiation sequence would
mol~1,

(30) Carleer, M.: Colin, RJ. Phys. B1970 3, 1715-1723 probably be the (formal) proton shift from sulfur to the aromatic
(31) Calculated reaction enthalpies for some of the possible reactions Carbon in reaction ]_-30 with ‘}‘N*SCGHA«_SS being the Ieavmg_
follow. The S-C BDE in GHsSS is given as 60 kcal mok,?° which, group, X". For the first step in the chain propagation, reaction

combined with a SH BDE in CgHsSSH of 70 kcal mol',” leads to 14, the presence of zwitterions may again provide a rationale
AHi(CeHsSSH) ~  AH¢(4-NH,CeH4SSH) = 32.5 kcal motl823 ’ P yag P

Insertion of S in HS, — HSs or HySs — HaSs increases théHy(HaSs) by for the u_ngxpectedly faC|I_e desquL_Jrlzatlon_of 4-am|noth|oph_e_-
3.6 andAH;(H2Ss) by 3.2 kcal mot?, respectively. With this increment  nols. This is because the intermediate obtained after the addition
for S insertion, theAHy(4-NHCeHsSSSH) is estimated as 32:6 3.4 of 3S, will be in equilibrium with its zwitterionic counterpart

(average)= 35.9 kcal mott. The overall enthalpy change fé6, +
4-NH,CgH4SH — 4-NH,CsH4SSSH (reaction 14) is calculated to be 35.9
— 30.7° — 26.953% = —21.8 kcal mof™. The reaction enthalpy for-SS
cleavage, 4-NbCeH4SSSH— 4-NH,CeHsS + HSy', is 51.423 4 22,120 (32) We thank an anonymous reviewer for pointing out the presence of
— 35.9= 37.6 kcal mot?; this means that under our thermal conditions  zwitterions.

the homolysis reaction is fast. However, the reaction enthalpy for the S (33) 4-Aminothiophenol exists in the solid state and in the liquid state

(reaction 14a) which will provide additional stabilization to

extrusion, 4-NHCgH4sSSSH— CgHsNH; + Sg, reaction 15x = 3, is only as the zwitterion: Jetti, R. K. R.; Boese, R.; Thakur, T. S.; Vangala, V. R.;
20.8 + 32.%° — 35.9= 17.4 kcal mot™. In view of the large difference Desiraju, G. RChem. Commur2004 2526-2527.

in the reaction enthalpies for-S5 cleavage in and forzSextrusion from (34) (a) Pryor, W. A.Mechanisms of Sulfur ReactigrnglcGraw-Hill:
4-NH,CgH4SSSH, ca. 20 kcal mol, it seems most likely that thezS New York, 1962 (b) Peach, M. E. IrnThe Chemistry of the Thiol Group
extrusion reaction prevails. Patai, S., Ed.; Wiley: New York, 1974; Chapter 16.
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4-NH,CeH,SHS)H (and its singlet) and make the addition of

Mulder et al.

(according to GC/MS) 4-N(ChlCsHsSCHs, 4-N(CHs),CsHsSCeH4-

33, less reversible. It is also possible that the 4-aminothiophenols CHs, 4-N(CGsHsCHz)(CH3)CeHaSCHCeHs, and 4-N(GHsCH,)2CeHa-

4-NH,CcH,SNSS)H = 4-N"H,CH,S1(SS) (14a)

SCH,CsHs, with only minor amounts of 4-N(CL,CeH4SCHCeHs
and 4-N(CH),C¢H,SCH(CH;)CgHs. It appeared impossible to
isolate a sufficient quantity of the desired compound from this
mixture by standard preparative chromatographic methods.

show unique desulfurizartion properties because the zwitterions  The second attempt involved the additiomebutyllithium (2.0

both eliminate polysulfur (reaction 15a) and add polysulfur
(reaction 16a) more readily than non-zwitterionic thiophefols.

4-N"H,CH,S,” — CHNH, + S, (15a)

S, + 4-N"H,CH,S — 4-N"H,CH,S,  (16a)
This could explain why, in a reaction mixture containing
4-NH,C¢H4sSH and two other thiophenols, only the ami-
nothiophenol underwent desulfurization (see Table 4).

The foregoing “illustrative” desulfurization of 4-aminothiophe-
nol by a chain reaction would be subject to autocatalysis by
the generated elemental sulfur (see the equilibrium in eq 11,
ie., $ = 4 ). However, Bensaol! has pointed out in his
discussion of the mechanism of desulfurization of thiirane that
such a rate acceleration would be proportional {Sso that
a 4-fold change in [§ would produce only a 40% change in
[S2]. If such autocatalysis occurs during the thermal desulfur-
ization of 4-aminothiophenols, it was not detected possibly
because sulfur quickly reaches its solubility limit.

Experimental Section

Materials. The synthesis of 4-NpCsH4sSCH,CeHs, 1, has been
reportedt?

Synthesis of 4-Dimethylaminophenyl-1-Phenylethyl Sulfide,
11: Originally we tried to synthesize 4-N(GHCsH4sSCHCeHs
from NH,CsH4SCH,CsHs. Two attempts were made, but the final
product contained an additional methyl group at the benzylic carbon.
The first followed a literature proced@eand used (CkD)sPO as
the methylating reagent. It gave a complex mixture containing

(35) In previous work, we have demonstrated that the reduction of a
carbonyl group to a Ckigroup at high temperatures in nonpolar hydrogen
atom donor solvents follows an ionic mechani¥m.
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M in hexanes, 5.2 mL, 10.32 mmol) dropwise via syringe to a
colorless solution of 4-aminophenyl benzyl sulfide (1.11 g, 5.16
mmol) in anhydrous THF (20 mL) at €. The reaction mixture,
which turned dark green when the addition was complete, was
stirred at 0°C for 2 h. Methyl iodide (0.64 mL, 10.32 mmol) was
then added dropwise via syringe, and the resulting dark-brown
solution was stirred at OC for 2 h then at room temperature
overnight. The reaction mixture was poured onto ice water and
extracted with ethyl acetate (8 30 mL), and the combined organics
were washed with brine, dried with anhydrous magnesium sulfate,
and concentrated by rotary evaporation to give 1.30 g of crude
product as a liquid. GC/MS showed that the crude product consisted
mainly of 4-N(CH),CeH4SCH(CH;)CeHs (60%) and that the
desired 4-N(CH),CsH4SCH,CsHs was not present. Further purifica-
tion by preparative TLC (hexanes/EtOAc3:1) afforded a mixture

of 4-N(CH)2CsH4SCH(CH)CgHs (90%) and 4-N(CH),CsH4SCH-
(C4Hg)CeHs (10%) according to'H and 13C NMR and GC/MS
analysis (see Supporting Information).
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