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The Reaction of Dibutyl Disulfide with Hydrogen Atom
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The title reaction was investigated at room temperature and under pressures ranging from 133 to 2660 Pa.
1-Butanethiol, butane, and 1-butene were the main products. In the reaction with deuterium atom, dibutyl
disulfide and 1-butanethiol were not deuterated, while butane was monodeuterated. The following mechanism
was proposed to account for the product composition and its pressure dependency as well as the deuterium
labeling of the products. C;HgSSC4Hg+D - — n-C4H¢SD +n-C,HoS:, n-CyHgS- +D: — n-C,HySD*,
n-C4HySD*+M — n-C4H¢SD, n-C4HoSD* — 4’-C,Hg+HDS, n-C,HeSD* —n-C4Hy- +DS-, n-C;Hy- +D- —

n-C4H9D, n-C4H9 ++D: — A"C4H8+HD.

In our continuing effort to work out the mechanism
of the reactions between thiols with H atom,!® in-
volvement of chemically activated thiols and meta-
stable intermediate containing trivalent sulfur has been
pointed out as its characteristic feature. The overall
reaction is the hydrodesulfurization of thiols, which is
initiated by

RSH+H- —»RS- +H, 1)
and
RSH+H- »R- +H,S @)

taking place simultaneously. Thiyl radical, produced
in reaction (1), subsequently forms chemically acti-
vated thiol, RSH*, which in turn becomes a source of
the unique hydrodesulfurization. Reaction (2), a novel
metathesis characteristic to the reactions of sulfur con-
taining compounds with H atom, is considered to take
place via the formation of metastable intermediate,
RSH;-. Product composition of the overall reaction is
governed by the relative importance between reactions
(1) and (2).

In the present work, the study is extended to the
reactions of disulfide with H and D atoms. Dibutyl
disulfide is chosen as the substrate. The present exper-
imental results can thus be compared conveniently
with those of 1-butanethiol already accumulated in
our laboratory.) As a result of the present study,
mechanistic interpretation of reaction pathway turns
out to be much less equivocal with this particular sub-
strate, since it does not directly produce R - as in reac-
tion (2).

Experimental

A conventional discharge flow apparatus was adopted.
Details were described elsewhere.!) Dibutyl disulfide and H,
(or D), both diluted with excess He, were introduced into a
Pyrex reactor tube of 400 mm in length and 27 mm in inside
diameter. Flow rates of dibutyl disulfide, H; (or D,), and He
were 0.001 mI(NTP)s™?, 0.0l ml(NTP)s~!, and 0.72—14.4 ml-
(NTP)s™1respectively. H atom (or D atom) was generated by
passing H; (or D) through a microwave discharge cavity
placed at the upstream side of the reactor. The reactor sur-
face was coated with boric acid to prevent H atom (or D
atom) from recombination.

The reaction was carried out at room temperature and
under pressures ranging from 133 to 2660 Pa. Reacting gas
mixture was intermittently withdrawn through a nozzle and
was isolated into a side arm chilled by liquid N,. The iso-
lated sample was then analyzed by GC and GC-MS, using
VZ-10 column (2 m, 328 K) for hydrocarbons and polyethyl-
ene glycol column (1 m, 363 K) for organosulfur com-
pounds.

Commercially available purest grade dibutyl disulfide was
purified by trap-to-trap distillation, and the fraction of better
than 99% purity was used. Cylindered gases of H,, D,, and
He were dried by passing through a train of liquid N, traps.

Results

1-Butanethiol, butane, and 1-butene were the main
products of the reaction with H atom. Small amounts
of cis-2-butene, trans-2-butene, and fragmental pro-
ducts such as propane, propylene, ethane, and ethy-
lene were also formed. No sulfide was detected in the
product. Based on the mass balance, methane, if any,
was formed only in a limited amount.

Product composition vs. conversion relations observed
with the three major products under 133, 530, and 2660
Pa are shown in Figs. 1, 2, and 3, respectively.
Although 1-butanethiol was by far the most impor-
tant, all the three major components were clearly the
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Fig. 1. Composition vs. conversion relation under

133 Pa. [O: 1-Butanethiol, O: butane, A: 1-butene.
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Fig. 2. Composition vs. conversion relation under
530 Pa. [O: 1-Butanethiol, O: butane, A: 1-butene.
Filled symbols indicate the reaction with D atom.
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Fig. 3. Composition vs. conversion relation under
2660 Pa. [J: 1-Butanethiol, O: butane, A: 1-butene.

initial products. And, up to 90% conversion, these
three together accounted practically for all the sub-
strate consumed. As can be seen with filled symbols in
Fig. 2, the product composition remained unchanged
when D atom was used instead of H atom. The
decreasing trend in l-butanethiol compensated the
increasing trend in butane and 1-butene. Thus, the
reaction can be described by the following stoichio-
metry:

(C4H95)2 +H-> (2—a—b) C4HQSH +a C4H10 +b C4H8

where a and b are stoichiometric coefficients. Irrespec-
tive of the pressure used, the ratio a/b of about 0.5 was
deduced from the figures. The ratio (a+b)/(2—a—b),
however, decreased as the pressure increased. The lat-
ter ratios were 0.08 at 133 Pa, 0.05 at 530 Pa, and 0.03 at
2660 Pa.

Practically no isotopic mixing was observed with
dibutyl disulfide left unreacted. Deuterium distribu-
tions observed with butane and 1-butene are listed in
Table 1 for a few different conversions. Approxi-
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Table 1. Relative Abundance of
Deuterium Labeled Products
. Butane 1-Butene
Conversion/%
Do D, D. Do D D:
16.8 9 100 1 100 27 1
46.6 2 100 100 71 1
68.1 100 100 116
89.1 3 100 2 100 103 2

mately one D atom was introduced into each butane
molecule produced. Both 1-butene[Dg] and 1-butene-
[D,] were formed, and the latter became progressively
important as conversion increased.

The conventional GC-MS analysis showed no D-
labeled 1-butanethiol. But, with a quadrapole mass
spectrometer connected directly to the reactor tube, 1-
butanethiol[D,] was found to be an exclusive constitu-
ent. It may therefore be concluded that 1-butanethiol
was monodeuterated in the course of the reaction, and
that the result as observed with GC-MS was due to the
retro H-D exchange between residual water in the ion-
ization chamber and mercapto-D of 1-butanethiol[D,].

Discussion

Heat of Formation of the Species in Relevance with
the Present System. The values of the heat of forma-
tion of the species involved in the present study are
estimated using a conventional additivity rule,¥ and
are listed in Table 2. Error limits of the listed values
are £1.0 kcal mol~1 (1 kcal;x=4.184 kJ) for stable mole-
cules, and £2.0 kcal mol~ for radicals. The reliability
level of the additivity rule used here may be seen by
comparing the tabulated data with literature values
of AH%(C,HoSH)=—21.06 kcalmol™1,% and 4HY%-
(C4H¢SSC4Hg)=—37.63 kcal mol~1.9

Initial Step. In analogy with the reactions of thiols
and sulfides with H atom, and based on the fact that
fragmentation of alkyl group was only trivial, the
initial act of H atom is presumably its addition to one
of the S atoms of the substrate molecule. Therefore,
the following reactions are plausible.

C,HoSSC,Hy + D - — n-C,HoSD + C,HoS - 3)
C4HQSSC4H9 +D-— n-C4H958D + C4Hg . (4’)

For the sake of clarity, we hereafter write D standing
for both hydrogen and deuterium atoms. Based on the

Table 2. Standard Heat of Formation

of the Related Species®

. AH%

Species
kcal mol—?
n-C4HQSH —21.1
n-CsHoSSH —16.8
C4sHeSSC4Hy —37.3
n-CsHog- 15.8
n-CsHoS- 17.8
a) Ref. 4.
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values listed in Table 2, reactions (3) and (4) are exo-
thermic by 18.1 and 15.8 kcal mol~!, respectively.
Therefore, reaction (3) is thermochemically more
favorable.

We may also reject reaction (4) as a reaction of
importance on the ground of the following argument.
If reaction (4) takes place significantly, butyl radical
should subsequently form butane and butenes through
the intermolecular H transfer or else should form sul-
fide through the following reaction:

C4H9 M + C4HQSSC4H9 b C4HQSC4H9 + C4Hgs . (5)

The results observed, however, turned out to be con-
trary to the above presumption. As will be described
later, small amount of hydrocarbons observed in the
product can be simply accounted for by the secondary
reactions of C4HgS: produced in reaction (3). And,
dibutyl sulfide, expected product of reaction (5), was
not detected in the product.

The initiation quite analogous to reaction (3) was
also suggested in the reactions of dimethyl and diethyl
disulfides with H atom.” The reaction is considered to
take place via the intermediary formation of the novel
adduct C;HSS(H)C,Hq.? However, to date, no men-
tion has been made on the structure and stability of
such adduct. Recently, it was proposed that S-S bond
in RSS(R)SR -, formed in the reaction between RS-
and RSSR, was weakened by at least one quarter of a
normal S-S sigma-bond.?

Secondary Reactions. In their study on the reac-
tions of dimethyl and diethyl disulfides with H atom,
Strausz et al. reported the formation of a considerable
amount of polymers.” The formation of polymers in
the above instance, being due to the low concentration
of H atom used in their work, made it difficult for
them to elucidate the fate of thiyl radical produced by
reaction (3). In the present work, H atom concentra-
tion was maintained at the level not less than the con-
centration of the substrate. Consequently, practically
no polymer was formed, and the amount of 1-
butanethiol in the product accounted for more than
90% of dibutyl disulfide consumed over the wide con-
version range. This indicates that reaction (3) is fol-
lowed by

C4HgS +D:-— n-C4H9$D* (6)

Table 3.

Reaction of Disulfide with H Atom 2021

and
n-C,HoSD* +M — n-C;H,oSD, (7

and that dibutyl disulfide is considerably more reactive
than 1-butanethiol in the reaction with H atom. The
latter statement is in accord with some existing rate
data listed in Table 3. Further reactions of 1-
butanethiol may therefore be ignored in formulating a
group of secondary reactions. It should be noted here
that the asterisk denotes chemically activated species
and M the bath molecule.

Conceivable reactions of the chemically activated 1-
butanethiol, other than reaction (7), are

n-C4HQSD* -— A,-C4H8 + HDS (8)
and

n-C4HQSD* g n-C4H9 -+DS-. (9)
Reactions subsequent to reaction (9) are the following:

n-C4H9 ++D-— n-C4H9D (10)
and

n-C4H9-+D°—>A’-C4H8+HD. (ll)

According to the scheme, consisting of reactions (7)—
(11), [hydrocarbon]/[1-butanethiol] ratio should de-
crease as pressure increases. This is quite in accord
with the result mentioned earlier that the ratio
(a+b)/(2—a—b) decreased from 0.08 at 133 Pa to 0.03 at
2660 Pa. One D atom is introduced into butane
through reaction (10), while no channel exists to pro-
duce D-labeled 1-butene. During a later stage, how-
ever, D-labeled 1-butene may be formed through the
sequence comprising D-addition and H-abstraction.
These are also quite in accord with the present result.

It should be noted that the sequence of elementary
reactions, from reaction (6) through reaction (11), is
identical with the one proposed for the reaction of
1-butanethiol with H atom, and was, therefore, tho-
roughly discussed already. -3

1-Butene/Butane Ratio. According to the pro-
posed mechanism, the following formula can be
obtained to relate the ratio of 1-butene to butane.

[l-butene]/[butane] = ks/kg + ku/klo(l + ks/kg)
The ratio [1-butene]/[butane] was observed to be 0.5 in
the present study. The ratio k;;/k;;=0.05 was esti-

mated in the reactions of ethyl radical with H atom!%
and propyl radical with methyl radical.!? Based on

Rate Constant and Activation Energy of the

Reaction of Sulfur Compounds with H Atom

Rate constant

Activation energy

Compound Reference
Imol-1s-1 kcal mol—!
Dimethyl disulfide 4.80X10° 0.1 7
Diethyl disulfide 2.74X10° 1.7 7
Dimethyl sulfide 2.10X108 2.6 9
Diethyl sulfide 0.80X108 3.8 9
Thiolane 2.92X108 . 3
Methanethiol 7.80X 108 1.79, 2.6” 2
1-Butanethiol 1.01 X108 2.2%, 3.2% 1

a) Assigned for reaction (1). b) Assigned for reaction (2).
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these values, the value of 0.43 can be deduced for the
ratio kg/kg. On the other hand, kg/ky=0.18 was
reported in the very low pressure pyrolysis of 1-
butanethiol.!? There is, therefore, a considerable dif-
ference between the chemically activated 1-butanethiol
and the thermo-energized 1-butanethiol in their H-
addition and H-abstraction rate ratios.

References

1) O. Horie, J. Nishino, and A. Amano, Int. J. Chem.
Kinet., 10, 1043 (1978); T. Kamo, J. Tang, M. Yamada, and
A. Amano, Nippon Kagaku Kaishi, in press.

2) K. Hashimoto and M. Yamada, Nippon Kagaku Kai-
shi, 1983, 678; A. Amano, M. Yamada, K. Hashimoto, and K.
Sugiura, ibid., 1983, 385.

3) O. Horie, K. Onuki, and A. Amano, J. Phys. Chem.,
81, 1706 (1977).

4) S. W. Benson, “Thermochemical Kinetics,” 2nd ed,
John Wiley & Sons, New York (1976); S. W. Benson, Chem.
Rev., 78, 23 (1978).

[Vol. 60, No. 6

5) D. W. Scott and J. M. McCullough, U. S. Bureau of
Mines Bulletin 595, U. S. Government Printing Office,
Washington, D. C., 1961.

6) S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R.
Haugen, H. E. O’Neal, A. S. Rodgers, R. Shaw, and R.
Walsh, Chem. Rev., 1968, 279.

7) M. M. Ekwenchi, A. Jodhan, and O. P. Strausz, Int. J.
Chem. Kinet., 12, 431 (1980); M. M. Ekwenchi, I. Safarik, and
O. P. Strausz, ibid., 13, 799 (1981).

8) M. Bonifacic and K-D. Asmus, J. Phys. Chem., 88,
6286 (1984).

9) T. Yokota and O. P. Strausz, J. Phys. Chem., 83, 3196
(1979); M. M. Ekwenchi, I. Safarik, and O. P. Strausz, Can. J.
Chem., 59, 3226 (1981).

10) J. O. Terry and J. H. Futrell, Can. J. Chem., 45, 2327
(1967).

11) J. W. Kraus and J. G. Calvert, J. Am. Chem. Soc., 79,
5921 (1957).

12) M. Yamada, Y. Takahashi, T. Kamo, Y. Ohshima,
and A. Amano, Nippon Kagaku Kaishi, 1985, 1560; M.
Yamada, T. Kamo, J. Tang, Y. Ohshima, and A. Amano,
ibid., 1985, 2283.






