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In the gas-phase reactions of methyl radicals with ethylene episulfide, propylene episulfide, and cis-2-bu-

tene episulfide, the major step is concerted sulfur atom transfer accompanied by less efficient hydrogen atom ab-

stractions.

Arrhenius parameters of both reactions were measured for ethylene episulfide and propylene episulfide.

Methyl radicals as well as sulfur atoms abstract sulfur from carbonyl sulfide and the rate parameters of these reac-
tions have also been determined. Potential energies of activation and lower limits to the frequency factors have
been computed from EHMO and transition state theories and compared with experimentally measured values.

Metathetical reactions of methyl radicals involving
the transfer of an atom of hydrogen or the
halogens have been widely investigated.!=5 In addition
to these ‘““normal’ reactions, group transfer reactions of
methyl radicals such as

CH; + CH;COCOCH; —>» CO(CHj;). + CH;CO
CH; + CH;ONO —» CH;NO + CH,0

CH; + CD;SH —> CH;SH + CD;

are also known.®=® The present study reports a unique
type of reaction in which the monovalent methyl
radical abstracts a divalent sulfur atom from bridged
sulfur-containing molecules (episulfides) and carbonyl
sulfide.

In an earlier study of the rert-butyl peroxide initiated
free-radical reaction of propylene episulfide, abstrac-
tion of hydrogen both « and 8 to the sulfur atom was
observed® but sulfur atom abstraction resulting in the
production of propylene was not detected. Nucleo-
philic attack upon episulfides by organolithium com-
pounds,!!! triethyl phosphite,!!=!% and triphenyl-!214
or tributylphosphine!4 has been shown to occur readily
with the production of the aryllithium mercaptide,
triethyl thiophosphonate, triphenyl- or tributylphos-
phine sulfide, and the corresponding olefin. Using
cis- and trans-2-butene, the reactions were shown to
follow a stereospecific pathway suggesting a concerted,
single-step attack upon the sulfur atom via a symmetrical
transition state
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mediate
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was considered less probable.

The present article reports the results of detailed
kinetic studies on the CH; + ethylene episulfide (EES),
CH; + propylene episulfide (PES), CH; + COS, and
S(3P) + COS systems, along with those of preliminary
studies on the stereochemical aspect of the CH; + cis-
2-butene episulfide reaction. The experimental reac-
tion rate parameters are also compared with those
estimated by the modified bond-energy-bond-order
(BEBO) method!® and Benson’s method!¢ of obtaining
lower limits of the A4 factor.

Experimental Section

The reactors used for the study of the temperature dependence of
the methyl radical reactions consisted of 5 X 6 and 5 X 10cmcylin-
drical quartz cells enclosed in aluminum block furnaces connected to
a conventional high vacuum system via Hoke valves. Temperature
readings were made with standardized iron—constantan thermo-
couples. Hanovia medium-pressure mercury arcs were used in
conjunction with Kodak Wratten No. 18A filters (A > 3150 A).
At each temperature, control experiments with episulfides were
made in order to correct for thermal decomposition.

A circulating system (700 cc vol) was used in the relative rate mea-
surements of S(3P) atoms with ethylene and carbonyl sulfide using
a Hanovia medium-pressure mercury arc equipped with a Vycor
7910 filter (A > 2250 A).

Low-temperature distillations, gas chromatography, and mass
spectrometry were employed to separate and analyze the prodpcts.
Nitrogen, CO, and CH, were analyzed on an 8-ft molecular sieves
column operated at 25°, In experiments using azomethane-d; and
EES the isotopic composition of the methane fraction was deter-
mined by mass spectrometry using an AEI-MS10 instrument_. Eth-
ane, ethylene, and propylene were analyzed on a 15-ft medium ac-
tivity silica gel column at 25° and heavier molecular weight .product.s
were separated on silicone gum rubber SE-30, TCP, and mineral oil
columns.
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Table I. Reactions of Methyl Radicals with EES®
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Temp, °C [EESP [(CH;N).P Rxy Resmed Romo* ksiks'/2 X 101
31 5.02 0.37 12.80 103.80 3.67 2.71
60 4.86 0.40 7.58 24.95 4.45 6.03
89 6.26 0.39 10.12 18.36 11.44 13.49
120 6.30 0.40 11.42 4.61 17.51 40.89
145 3.76 0.38 14.33 15.40 17.74 37.99
165 3.83 0.40 14.48 4.41 22.25 87.45
205 3.93 0.38 15.37 1.59 21.19 133.89
Temp, °C [EESP [(CDsN)J° Ry Re,py? Repgr? Rom,o* kefks'/» X 10 kyfka'/2 X 101
30 5.29 1.55 5.37 56.50 0.71 2.75 0.06 2.19
50 7.78 1.31 6.95 42 .85 2.17 6.84 0.14 4.25
84 9.36 1.15 17.28 29.10 14.74 37.45 0.92 23.46
105 6.50 1.22 12.88 12.03 8.52 17.80 1.19 25.02
130 8.20 1.07 21.70 10.36 37.90 30.34 4,53 36.35
178 6.67 1.01 21.50 3.51 33.30 30.98 8.34 77.51
204 6.48 1.32 29.66 3.12 74.04 44,25 20.44 122.22

@ Photolysis times between 7 and 30 min,
for excess C,H, at higher temperatures.

b Values X 10® mol/cc.

Carbonyl sulfide (Matheson) was purified by a previously de-
scribed procedure.’” Carbon monoxide and nitrogen were Airco
reagent grades and were used without further purification. Phillips
research grade hydrocarbons were the calibration standards. Meth-
ane-ds, methane-d,, azomethane, and azomethane-ds were from
Merck. The azo compounds were purified before each experiment
by trap-to-trap vacuum distillation from —112° and collected at
—139°, Methanethiol, dimethyl sulfide, dimethyl disulfide, and
dimethylmercury (Eastman) were purified by vacuum distillation.
Episulfides were prepared by warming mixtures of potassium thio-
cyanate with the appropriate carbonate®.19 and isolating them from
the distillate by glc.

Results

The photolytic decomposition of azomethane has
been shown to take place via the following processes, 2021

% = 0.993

CH;N==NCH; + h» —> 2CH; + N, (1a)
@ = 0.007

—> C:Hs + N (1)

Secondary free-radical processes are those of combina-
tion, addition, and abstraction

2CH3 e CgHs (2)
CH;N==NCH; + CH; —» (CH;);NNCH, 3)

for which elementary rate constants have been deter-
mined. In the presence of a substance containing a
labile species, rate constants for the competing reaction

CH; + RX — CH;X + ‘R

can be measured from comparative product yields.
Reactions of Methyl Radicals with Episulfides. Pho-
tolysis of azomethane in the presence of EES gave rise to
N2, C2H4, CHgsCHg, and CHasSCHa along with
smaller amounts of CH,, C,H;, and methylethyldi-
imide. Data concerning the principal reaction products
obtained at different temperatures are given in Table I.
It was also observed that small amounts of NO had a
suppressing effect on the yields of C;H, and the sulfides,
indicating that these products originate from free-
radical precursors. Thus the overall reaction can be

(17) H. A. Wiebe, A. R, Knight, O. P. Strausz, and H. E. Gunning,
J. Amer. Chem. Soc., 84, 4080 (1962).

(18) 8. Searles and E. F. Lutz, ibid., 80, 3168 (1958).

(19) F. G.Bordwell and H. M. Anderson, ibid., 75, 4959 (1953).

(20) R.E.Rebbert and P. Ausloos, J, Phys. Chem., 67,1925 (1963).

(21) 8. Toby and J. Nimoy, ibid., 70, 867 (1966).

¢ Values X 1012 mol/(cc sec).

4 Values X 1013 mol/(ccsec). ¢ Corrected

adequately described in terms of the elementary pro-
cesses 1-10.22

CH; + EES —> CH;S + C:H, AH = —12.4 kcal/mol (5)
—> CH, + C.H;S (6)

CH; + CH;S —> CH, + CH.S AH = —56.9 kcal/mol (7)
—> (CH;),S AH = —72 kcal/mol (8)

2CH;3;S —» CH;3;SH + CH,S AH = —39.5 kcal/mol (9)
—> (CH;S): AH = —63.7 kcal/mol (10)

As the temperature is increased the C,H,/2N, ratio
increases and that of the total CH;S to C,H, decreases.
These trends suggest that at elevated temperatures
ethylene is produced by additional reactions, the most
probable of which is abstraction of sulfur atom from
EES by the methyl thiyl radical

CHgS + EES —> CHsSz + C2H4 AH = —12.6 kcal/mol (11)

The principal reaction product was ethylene in a
temperature-dependent yield. Further evidence in
favor of reaction 11 comes from auxiliary studies in
which dimethyl disulfide was photolyzed in the vapor
phase in the presence of EES. The major reaction
product was ethylene, the yields being temperature de-
pendent. The data in Table I were therefore corrected
with the assumption that the C,H, produced in (11) is
given by 2C,H, + CH, + (CH,).S + C:H, + C,H;N=
NCH; — 2N,.
Using the relation

ks/ks'* = [Rea/Rom,JEES]™!

and taking the value log &, (cc mol~! sec™1)23 = 13.34,
least-mean-squares treatment of the data yields

log ks = 10.85 = 0.48 —

(6700 = 800/RT) (cc mol~?! sec™?)
and
log ks = 10.77 = 0.64 —

(6500 £ 1000/RT) (cc mol—! sec™?)

(22) For thermochemical data see ref 16, pp 195-202, and also A.
Jones and F. P. Lossing, J. Phys. Chem., 71, 4111 (1967); J. A, Kerr,
Chem. Rev., 66,465(1966); H. Mackle and P. A, G, O'Hare, Tetrahedron,
19, 961 (1963); D, H. Fine and J. B. Westmore, Can. J. Chem., 48, 395
(1970).
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Table II. Reaction of Methyl Radicals with PES®

Temp, °C [PES} [(CHN),} Ry Remy Rery Regmy kufka'/s X 101 kufke'/? X 101

66 1.83 0.35 42.71 19,81 3.14 19.88 7.80 0.94
87 1.67 0.52 73.69 19.55 g.11 26.72 11.42 2.47
110 1.61 0.45 71.43 11.15 14.23 54,81 32.11

129 1.75 0.51 82.58 5.57 14.21 60.55 46.48 7.83
135 1.80 0.35 59.15 3.55 11.49 53.97 50.18 8.42
138 1.76 0.47 66.89 4.08 14.72 37.14 33.03 9.75
153 1.74 0.41 42.52 2.79 13.55 54.05 58.88 10.68
162 5.77 1.18 32.48 7.00 100.72 522.41 108 .40 16.18

s Photolysis time, 45 min.

for the reaction of the CH; and CD; radical, respec-
tively.

Similarly the rate equation for hydrogen abstraction
from EES, reaction 6, log ks = 11.34 = 0,60 — (9540 =
1000/RT) (cc mol—1! sec™!), was derived by the relation
[ks/ks'/* = Rcpa/Rem,”J[EES]! from experiments
using azomethane-d; as a source of CDj; radicals.

Finally, Arrhenius parameters for reaction 11 could
be estimated by the relation

kll/klol/z = [RCzHc(excess)/R(CHaS)zl/z][EES_1]

using log ki = 13.40 (cc mol-! sec™').2¢ The data
show considerable scatter and yield approximate
values for log A4;; (cc mol-1sec~!) ~ 11.5 and E;; ~ 8.8
kcal mol~1!,

The reactions of methyl radicals with PES were
studied less extensively. The major products were
nitrogen, methane, ethane, propylene, dimethyl sul-
fide, methylethyldiimide, and dimethyl disulfide. The
overall reaction can be interpreted by the mechanism
considered for the EES reaction except that steps 5 and
6 are replaced by

CH; + PES —> CH;S + C;Hs AH = —11.1 kcal/mol (12)
—> CH, + C;H:S (13)

The PES reactions were carried out using lower epi-
sulfide concentrations and under these conditions the
excess olefin was less readily estimated, and corrections
in the kinetic treatment for reactions such as

CH;S + PES — CH;S; + C:H;

could not be applied. Product yields are listed in
Table II. The reaction parameters for (12) and (13)
were calculated by

ks/ks/* = [Rogs/ Re,[PES]!
and
kis/ks"* = {Ron/Rea,”* — ka/ks'/{(CH;3N),]}[PES]-!

from which log ki, = 11.33 £ 0.92 — (7450 = 1660/
RT) (cc mol~! sec™!) and log k3 = 11.00 = 0.48 —
(8260 =+ 870/RT) (cc mol—! sec—!). It should be noted
that the parameters for reaction 5, uncorrected for C,H,
produced in (11), log A = 11.35 (cc mol~! sec™!) and E,
= 7.4 kcal mol—1, are identical with those for (12) and
therefore the corrected values should be similar as well;
also, we have ignored the possibility of the additional
CH, producing reaction (7), in computing the rate
parameters for reaction 13.

An attempt was also made to measure the approxi-
mate kinetic parameters for the reactions of CF;

(24) D. M. Graham, R. L. Mieville, R, H. Pallen, and C. Sivertz, Can.
J. Chem., 42,2250 (1964).

b Values X 108 mol/cc. © Values X 1012 mol/(cc sec).

radicals with EES. However, when hexafluoroazo-
methane (HFA) was irradiated at A > 3100 A in a
system containing added EES, C;H,/2N, ratios as high
as 6 were obtained, leading us to suspect the possibility
of a sensitized decomposition reaction of the type?5:2

HFA + iy —> HFA*
HFA* + EES —> HFA + EES*
EES* —> S + CH,

Reactions of CD; Radicals with COS. Product yields
for the reaction

CD; + COS —» CD;S + CO AH = 1.4 kcal/mol (14)

as a function of temperature are presented in Table III.

Table III. Reactions of CD; Radicals with COS@

Temp, kys/ks'/2
°C [COS}P [(CDsN):P Rx<  Rops Roo® X 107
81 30.28 2.41 40.60 28.56 1.16 0.715
105 37.74 3,22 52.51  23.02 4.45 2.457
125 22.15 1.99 36.09 11.54 3.86 5.131
146 40.13 4.32  69.52 10.25 1.23 9.566
171 10.59 0.84 15.86 2.64 3.65 21.171
203 11.22 1.11 22.27 1.27 6.50 51.336
217 20.96 1.85 37.70 1.39 16.19 65.554
s Photolysis times between 30 and 40 min. °Values X108

mol/cc; 6 X Scmcell. ¢ Values X 1012 mol/(cc sec); 6 X 5¢cm

cell.

The rate parameters for (14) can be calculated by the
relation

kys/ks'* = [Reo/Reym, 7JJCOS] !
which leads to the expression

log k1s = 11.58 = 0.25 —
(11350 = 350/RT) (cc mol~! sec™?)

Reactions of S(°P) Atoms with COS. The photolysis
of COS in the presence of a large excess of CO; is a
convenient source of S(°P) atoms.?” When ethylene is
present the ratio' of rate constants for the two com-
peting reactions

S(3P) + COS —> CO + S: AH = —29.3 kcal/mol (15)

and
S(*P) + C:H, —>» EES AH = —58.6 kcal/mol (16)

(25) ®x, ~ 0.25(2537 &, 25°, 280-500 Torr): J.R.Daceyand D. M,
Young, J. Chem. Phys., 2°3, 1302 (1955).

(26) ®x, = 1.0 (3660 A) at low pressures and decreases to ~0.25 at
1atm: E.C.Wuand O.K.Rice, J.Phys. Chem., 72, 542 (19683},

(27) O. P. Strausz and H. E. Gunning, Advan. Photochem., 4, 143
(1966),
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can be determined using the kinetic expression

k_lﬁ - PCOS< RC00/2 _ 1>
kis  Pew\Rco — Rco®/2

where Roo and Rgo? are therates of formation of CO with
and without added C,H,, respectively. In order to ob-
tain precise data, correction must be made for the sec-
ondary reaction (eq 17) which may occur to a minor

S(°P) + EES —> S; + C:H, (17)

extent. Table IV lists the product yields and kys/kss

Table IV. Reactions of S(*P) Atoms with C:H, and COS*

Pc,r,, Torr Rco, X 107% mol/min kiolkrs?

0.00 0.24

0.29 0.18 100

0.48 0.17 74

0.73 0.16 78

0.96 0.16 71

1.16 0.15 94
Av = 83

@ Poos = 51 Torr, Pco, = 1243 Torr; radiation time = 10 min
at 25°, P Corrected for reaction 17, taking ki = 5 X 1013 cc
mol 1 sec—1;2%-% each value is the average of two determinations.

ratios from which, taking k;; = 8.9 X 101! cc mol-!
sec”,%® ky; = 1.1 X 10 ¢¢ mol~! sec—!. This value is
probably correct to within a factor of 2,

Discussion

The CH; + episulfide system provides a unique ex-
ample of an abstraction reaction wherein a divalent
atom is abstracted by a monovalent radical. This is in
striking contrast to the analogous systems CH;, H, or
CF; + epoxide, where only H-atom transfer has been
observed.?'=* The dissimilarity in the chemical reac-
tivity of these molecules is not restricted to their reac-
tions with free radicals; they exhibit characteristic
differences in their thermal and photochemical decom-
positions as well. Ethylene episulfide decomposes
thermally?® or photochemically?® to yield ethylene and
sulfur, whereas the principal mode of decomposition of
ethylene epoxide involves a unimolecular rearrangement
to acetaldehyde which subsequently decomposes via a
free-radical route, 339

Among the factors influencing reactivities, enthalpy
changes associated with the reactions appear to have a
greater influence on the thermal and photochemical
decompositions than on the reactions with free radicals.
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(29) J. Connor, A. van Roodselaar, R. W. Fair, and O. P. Strausz, J.
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The difference in the enthalpy change of the two
reactions

CH; + 8 — CH:8 + C;H, aH =-124keal/mol (5)
and
CH; + 0] —> CH + C;H, AH =—73kcal/mol (18)

is only 5 kcal/mol, unlikely to be sufficient to account
for the difference in reactivities. It will be shown
below, on the other hand, that BEBO calculations pre-
dict a significantly larger value for the potential energy
of activation of the epoxide than episulfide reaction
which would explain satisfactorily why reaction 18 has
not been observed.

An additional, important factor influencing the
chemistry of these molecules is the intrinsic reactivity
of the nonbonding p orbitals of the heteroatom.
The nonbonding 3p orbital of sulfur is more nucleo-
philic than the nonbonding 2p orbital of oxygen and
has a higher aptitude for valence shell expansion. This
tends to stabilize the activated complex and thereby
decreases the activation energy of the episulfide reac-
tions.

In the CH; + EES system we propose a reaction
path where the initial interaction involves the = orbital
of the CH; radical with the nonbonding 3p orbital of the
S atom

which then leads to a symmetrical transition state,
The complex may be further stabilized by back donation
of charge from the carbon to the sulfur d orbital. De-
composition of this complex occurs preferentially via
a single-step concerted process resulting in the transfer
of the S atom to the methyl radical without the inter-
mediacy of the - CH,CH,SCH; radical. This conclu-
sion is based on a number of kinetic and stereochemical
observations on the CH; + episulfide and related
systems.

The photoinitiated addition of thiols to olefins is
nonstereospecific and the intermediacy of thioalkyl
radicals is well documented.*~4¢ For example, Skell
and Allen* have shown that the reaction of CH;SD
with c¢is- or trans-butene at —70° produces a mixture
of erythro- and threo-3-deuterio-2-methylthiobutane
starting with either olefin (Scheme I). In the presence
of added DBr, the overall reaction was found to be
stereospecific with the cis- and zrans-butenes yielding
the threo- and erythro-3-deuterio-2-methylthiobutanes,

(40) F. G. Bordwell and W. A, Hewett, J. Amer. Chem Soc., 79, 3493
(IQ(ZZ;'H. L. Goering, D. L. Relyea, and D. W. Larsen, ibid., 78, 348
(19(223 S. J. Cristol and R. P, Arganbright, ibid., 79, 6039 (1957).

(43) C.Sivertz, J. Phys. Chem., 63,34(1959).

(44) P.S. Skelland R. G. Allen, J. Amer. Chem. Soc., 82,1511 (1960).

(45) C. Sivertz, W. Andrews, W, Elsdon, and K, Graham, J. Polym.
Sci., 19, 587 (1956).

(46) D. M., Graham, R, L. Mieville, and C. Sivertz, Can.J. Chem., 42,
2239 (1964).
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Figurel. Schematic potential energy diagram: A, CH; + EES —

CH:S + C.H,; B, CH:S + CH, — CH,;SCH;-CH,.

respectively. Steric control of mercaptan addition in
this instance was suggested to occur by the rapid
reaction of diastereomerically related 3-methylthio-2-
butyl radicals with DBr, which was faster than the
radical isomerization process. For unconjugated ole-

Scheme I

s T\ H| oms By O

s s\ = T ¥

H” CH, H”  "CH,

u CHSD threo

CH CH, H

CH,S + ;\ = CH, >23/ CH;S>23(D

CH, CH,;

erythro

fins, the overall addition process required an activation
energy of about 3 kcal mol—! when carried out in solu-
tion. In the gas phase, however,?* it was observed
to have a negative activation energy requirement of
—5.3 to —11.7 kcal mol~!. Cis &2 trans isomeriza-
tion of 2-butene and 1,2-ethylene-d, was also detected,
suggesting that the thiyl radical attack on the double
bonds of these molecules was reversible and probably
responsible for the negative temperature coefficient of
the overall reaction.

Preliminary experiments in which azomethane was
photolyzed in the presence of cis-2-butene episulfide
yielded 80°7 cis-butene indicating that the desulfuriza-
tion reaction is largely stereospecific, as is the case in
the nucleophilic attack on episulfides by organolithium
or trisubstituted organophosphine or phosphite com-
pounds.!!¢ Therefore, the activated complex in the
CH; 4 episulfide system as in the above nucleophilic
reactions must decompose predominantly via a single-
step concerted abstraction of the sulfur atom,

Figure 1 is a potential energy diagram for the forward
and reverse processes of the CH; + EES system. The
potential energy profile for the CH; + cis-2-butene epi-
sulfide system should not be appre01ably different. Now
if the CH;SCH(CH;)CHCHj; radical is an intermediate,
its rate constant with respect to the unimolecular de-

composition to 2-butene + CH,S can be estimated
to be ka ~ 1013[(29 — 15)/29]** ~ 5 X 10® sec—* and
therefore owing to the long lifetime of the radical the
stereospecificity of the reaction should be lost. This
low value of kyq would also lead to efficient collisional
stabilization of the intermediate radical altering the
course of the reaction altogether, contrary to experi-
mental observations. We are therefore forced to con-
clude that the abstraction of sulfur atom from episul-
fides by alkyl radicals predominantly follows a reaction
path which corresponds to a single-step concerted reac-
tion without the intermediacy of the thioalkyl radical.

Potential Energies of Activation. We have carried
out calculations for the activation energies of the pro-
cesses reported in this paper within the framework of
the extended BEBO method.® Calculations have
also been performed on some of the analogous reactions
of the ethylene oxide molecule.

The potential energy, V, of transition-state formation
of a bimolecular multivalent transfer reaction

AX+B—>A--1-X---B—>A + XB

n2
is given by

V = (Deax — Draxm?) — Dryxpn® + Ve (A)

where D, ,x is the bond dissociation energy of A-X, D,
and D, are the single bond dissociation energies, n; and
n, are the bond orders, V: is the triplet repulsion term,
and ¢’ and ¢’ are given by

g’ = [log (De,ax/Dy)]/log nax
g’’ = [log (De.ax/D2))log nxs

for n > 1. The bond orders n, and #n, are related by

ny = (nXB/nAX)(nAX — ny)

where nux and nxp are the initial bond orders of the
reactant and product, respectively. Expression A was
evaluated as a function of n and the value of n, which
corresponds to the maximum in V was determined.
Whenever n, or n, was less than unity, g in expression A
was replaced by p calculated for the bond-order region
below 1 by Johnston’s method.# Input data em-
ployed in the computations are given in Table V.

It was reported by Mayer!® that good agreement
between the calculated and observed activation energies
for the abstraction of O atoms from molecules such as
COy(*Z) and N,O(!Z) by O(®P), H(?S), or OH(I)
could only be obtained if the O atom abstracted was
considered to be in its lowest excited 1D, state, This
was attributed to the requirement of maintaining spin
angular momentum throughout the reaction and was
formally accomplished by adding 45.4 kcal, the excita-
tion energy of the !D, state of the O atom, to the bond
dissociation energy of the bond being formed and
broken in the process.

The results of these calculations are presented in
Table VI, and for convenience a summary of all the
rate parameters obtained in the present study along
with the relevant literature data is given in Table VIIL.

It is seen that the computed value of ¥ for the attack
of the S(?P) atom on COS('Z) is in fair agreement with
the observed E, when correction for spin conservation

(47) H. S. Johnston, “Gas Phase Reaction Rate Theory,” Ronald
Press, New York, N. Y., 1966, p 339.
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Table V. Input Data to the Potential Energy Calculations®
0C=S lks lfo S—CH,  O—CH, 5=S 0=0

Dissociation energy, D., kcal/mol 74 60 85 70 90 103 120
Bond energy, B., kcal/mol 166 118 144b 70 90 103 120
Bond order 2 2 2 1 1 2 2
Ground state 12 A ‘A I I 38 e
Single bond values used

D, c keal/mol 32 37 47 70 90 65 35

nA 1.81 1.81 1.43 1.81 1.43 2.04 1.47

B, kcal/mol 73 73 80 70 90 65 35

@ The main sources of data are ref 16 and B. deB. Darwent, *“Bond Dissociation Energies in Simple Molecules,” Nar. Bur. Stand. (U. §.),
NSRDS-NBS 31 (1970). * Estimated using the C-C bond energy of 106 kcal/mol in H:C-CH:; seeref 16, p 51. < For polyatomic molecules

Dl/Bl = De/BEA

Table VI. Activation Energies

E.-
(exptl),
kcal/ ¥, kcal/mole
Reaction mol x y
S¢P) + COX'zZ) -— S$(Zg7) + CO('z) ~5 4 0
CH,
s¢P) + s{CA) — sz + | ca) 0 0o 0
CH,
CH,
oP) + 0CA) — 04z + I CA) 8 3
CH,
CHm) + COS¢Z) -— CHSeM) + 0z 1 B 7
CH,
cHem + 8J¢Ar —  CHSem) 4+ (||: (A6 4 0
2
CH,
cHem + 0J¢A) — CHOem) + g A 0 o
2

¢ Columns x and y give the values computed with and without
the addition of 26.4 and 45.4 kcal/mol, the difference in singlet and
triplet state S atom and O atom, respectively, to D..

in the transition state is applied.** It is to be noted that
the rate constant of this reaction at 25° is identical
with that for the reaction of O(®P) with COS, Table
VIL. Intuitively, one would expect the latter reaction
to be faster in view of its considerably higher exothermic-
ity (S(®P) + COS, AH = —29.3 kcal/mol; O(*P) +
COS, AH = —51.4 kcal/mol).

For the S(°P) + EES('A) system the calculation
predicts V' ~ 0 regardless of spin state and, indeed,
the measured rate constant is within a few tenths of the
collision frequency and the activation energy has been
estimated from experiment to have a value of 0.3 kcal.*®

For the reaction of CH; with COS and EES the mea-
sured values of the activation energies lie between the
computed ¥’s with and without applying correction for
spin conservation in the transition state. This (if a
physical rationalization is permissible) can be ascribed
to a partial relaxation of the spin angular momentum
selection rule owing to heavy atom perturbation.
The selection rule is more stringent in the case of
oxygen and for this reason the actual values of activa-

(48) Computed V’s do not include the contribution from triplet term
V:. Ithas been shown!s that in O-atom transfer reactions its magnitude
is only about 2 kcal/mol and is usually counterbalanced by the zero-
point energy corrections. Since the S atom has low-lying vacant d
orbitals, these will modify ¥.. The magnitude of this effect, however,
cannot be assessed at present.

(49) O.P. Strausz, W. B. O’Callaghan, E. M. Lown, and H. E. Gun-
ning, J. Amer. Chem. Soc., 93, 559 (1971).

tion energies for the
0 + 0] — 0, + CH,, CH, + 0 — CH,0 + CH, (19)

reactions should be close to the higher limit of the
computed V’s, 48 and 40 kcal/mol, respectively, Table
VI, which explains the nonoccurrence of these reac-
tions. In conclusion it would appear that within the
context of the BEBO method for the calculation of
potential energies of activation, the high activation
energy and the consequent nonoccurrence of the reac-
tions (19) are due to their somewhat lower exothermicity
and more stringent adherence to the spin conservation
rule than of the episulfides and also to the considerably
higher excitation energy of the !D, state of the oxygen
than sulfur atoms.

Arrhenius 4 Factors. The method! used here to
compute the lower limits to 4 factors is based on the
assumption that in a reaction such as CH; + COS,
we can consider the transition state to be a rigid complex
thus allowing its entropy to be calculated by comparison
with analogous molecules. Since there are no close
analogs of the activated complexes for the reactions of
present interest, we will use the entropy of COS and
EES corrected for the extra S atom or CH, radical.
The entropy contribution due to an extra CH; group is
taken to be 4.3 gibbs/mol (S°((CH;).S) — S°(CH,S))
and that of an S atom to be 6.5 gibbs/mol (S°(CS,) —
S°(CS)). Spin will contribute R In 2 and R 1n 3 terms
to the entropy of the [CH; + substrate]* and [S +
substrate]* complexes. A contribution of about 2
gibbs/mol has been estimated for the increased principal
moments of inertia of the activated complex from bond
length considerations. At 300°K, tentative assignment
of degenerate bending modes C-S-C at 200 cm~! and
C-S-S at 150 cm—! in the transition state gives

S°FH(COSS) > S°(COS) + 7.5+ 22+ 22+ 5.4
and

S°*(COSCH;) > S%(COS) + 4.3 + 1.4 + 2.0 + 4.4

in units of gibbs/mol with reference to a standard state
of 1 atm. Thus
ASF(COSS) > S°(COS) + 16.1 —
S°(COS) — S°(S) 2 —24.1
and
ASF(COSCH;) > S°(COS) + 11.3 —
S°(COS) — S°(CH;) > —34.0
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Table VII. Arrhenius Parameters for Some Atom Transfer Reactions

Log 4 E.,
Reaction (cc mol~! sec™Y) kcal mol~! Ref
H + (CH:).0 — H: + CH;0 8.5 34
CH; + (CH:):0 — CH, + CH;0 9.0 31
CH; + (CH:),0 — CH, + CH;0 9.6 32
CF; + (CH:),0 — CF;H + CH;0 12.50 11.0 34
O(3P) + (CH:).0 — ? 10.20 1.8 d
O(3P) + COS — CO + SO 14.08 5.8 e
O(3P) 4+ COS — CO + SO 13.81 5.5 f
O(3P) + COS — CO + SO 13.28 4.5 g
S(°P) + EES — S:(3Z;7) + CH,
~14 ~0 28,29
S(3P) + PES — Sx(3Z;") + C:Hs
This Work®
CH; + EES — CH,;S + CH, 10.85 & 0.48 6.7 0.8
(11.35 + 0.51) (7.4 = 0.9) (uncorrected)
CD; + EES — CD;S + CH;, 10.77 &= 0.64 6.5+ 1.1
(11.10 = 0.70) (7.1 = 1.2) (uncorrected)
CD; + EES — CD;H + C.H,S* 11.34 &= 0.60 9.54 £ 1.00
CH,; + PES — CH;S + C;H; 11.33 £ 0.92 7.45 £ 1.66
CH; + PES — CH, + CH;S* 11.00 & 0.48 8.26 &= 0.87
CD; + COS — CD;S + CO? 11.58 £ 0.25 11.35 £ 0.35
CH,S + EES — CH,S: + CH, ~11.5 ~8.8
S(3P) + COS — CO + S ~13.7 (assumed) ~35

@ Arrhenius parameters were obtained from a least-mean-squares treatment of the data in Tables I, II, and III. ? Errors quoted are statisti-

cal with activation energy errors based on a 907, confidence limit.

¢ E, estimated assuming 4 factor similar to O(*P) + COS reaction.

4 G. Marsh and J. Heicklen, J. Pays. Chem., 71, 250 (1967). ¢ K. Hoyermann, H. G, Wagner, and J. Wolfrum, Ber. Bunsenges. Phys. Chem.,
71, 603 (1967). 7 K. H.Homann, G. Krome, and H. G. Wagner, ibid., 72, 998 (1968). ¢ A. A, Westenberg and N. de Haas, J. Chem. Phys.,

50, 707 (1969).

Transformation to molarity units gives AS,7(COSS) >
—15.8 and AST(COSCH;) > — 257. Using the
expression

A = (ekT[h)e*>FIR

to calculate the preexponential factor of the bimolecular
transfer reactions we obtain 4(COS + S) 2 6 X 1012
and A(COS + CH;) 2 4 X 10 ¢cc mol-!sec™!. The
observed A factor for the reaction of CH; with COS is
larger than the computed value indicating that there is
more looseness in the transition state. Inclusion
of the low rocking modes of the CH; group in the cal-
culation of AS¥ would probably improve the agree-
ment. The A factor of the CH; + EES reaction is
lower than that of the CH; + COS reaction because
the bending and rocking modes in the latter will
presumably have lower frequencies than the former.
It should be pointed out that generally the frequency
factors for the abstraction reactions of atoms are
larger than for the analogous reactions of alkyl radicals
since the entropy contributions to AS* by the atomic
species are usually smaller than the radicals; for ex-
ample, the preexponential factors reported for hydrogen
abstractions by. H atoms are larger than those by alkyl
radicals.'® Further studies are in progress and will be
reported at a later date.

Addendum

After submission of our original manuscript, a semi-
empirical MO calculation was carried out on the reac-
tion paths of the S + EES and CH; 4+ EES systems.
Potential energies were computed by the EHMO
method?® for the approach of the radical along with X,

(50) R.Hoffmann,J. Chem. Phys., 39,1397 (1963).

Y, and Z axes using Slater-type atomic orbitals! as in
previous studies®? and literature values for the molecular
geometries.’® The calculated potential energy curves
are presented in Figures 2 and 3 for the S 4+ EES and
CH, + EES system, respectively.

The lowest energy path for the S 4+ EES reaction
lies in the Z direction, that is, when the attack occurs
from above the ring plane. This has a calculated
activation energy of ~1 kcal/mol, which is in agreement
with the experimental estimate.*® Attack along the
Y and X axes has computed activation energies of 7.5
and 10 kcal/mol, respectively. The computed value of
enthalpy change, —44.5 kcal/mol, also agrees with the
thermochemical datum, —43.4 kcal/mol.

For the CH; + EES system the situation is more
complex. The initial approach is along attractive sur-
faces from the Z and Y directions. The depth of the
potential wells representing loose

CH,** -Sﬂ

complexes is quite sizable, 7-11 kcal/mol, with the Z
conformation lying lowest. As the reaction pro-
gresses the order of stability changes and in the acti-
vated complex the lowest energy barrier obtains for the
Y complex with an activation energy of zero. The
activation energy for the Z and X complexes are higher
having values of 3.5 and 14.5 kcal/mol, respectively.
This shift in stability is probably due to the increase in
steric repulsion between the methyl and ring hydrogens

(51) E.Clementi and D, L, Raimondi, ibid., 38, 2626 (1963).

(52) K. S. Sidhu, I. G. Csizmadia, O. P. Strausz, and H. E. Gunning,
J. Amer, Chem. Soc., 88,2412 (1966).

(53) “Tables of Interatomic Distances and Configurations in Mole-
cules and Ions,” Chem. Soc., Spec. Publ., No, 11 (1958); Suppl., No. 18
(1965).
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Figure 2. EHMO potential energy curves for the reaction of sulfur
atom with EES. The curves labeled Y, Z, and X indicate potential
energy variations with respect to the progress parameter S-S dis-
tance, for the approach of the sulfur atom along the Y, Z, and X
axes, respectively.

as the structure tightens in the activated complex.
There appears to be two possible ways to reconcile the
computational results with the experimental activation
energy, 6.7 kcal/mol. Thus, the reaction may follow
the lowest energy path and the computations system-
atically underestimate the heights of energy barriers
or, owing to the orienting effect of the loose complex,
the reaction does not follow the lowest energy path.
It should be noted in this regard that the calculated
enthalpy change of the reaction, —16.7 kcal/mol, com-
pares favorably with the thermochemical value of
—12.4 kcal/mol.
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Figure 3. EHMO potential energy curves for the reaction of methyl
radical with EES. The curves labeled Y, Z, and X indicate poten-
tial energy variations with respect to the progress parameter H;C-S
distance, for the approach of the methyl radical along the Y, Z, and
X axes, respectively.

It should also be mentioned that in a recent communi-
cation Klabunde and Skell** reported the analogous
desulfurization reaction of cis-frans-butene-2 episul-
fides by carbon atoms to yield CS and cis- and trans-
butene-2 in a ratio of 4.5,
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