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ABSTRACT .

s( D ) atoms, gener ted by the gas phase photoly51s of

COS (A>240 nm), react w1th l 2- butadlene to yleld three un-
\ .
saturated thiiranes and two doubly unsaturgted thlols, whlch
-\
have not been prev1ously characterlzed.. The thiiranes,

products of 2,3 and c1s-and trans 1, 2—additidns; constitute

the bulk of the products.‘ ‘The extrapolated zero time thllrane
5 .

:ylelds 1ndlcate that 2 3-addition is sllghtliupreferred

A,

k

2,3/kl,2

(,3, and. that for 1,2~ addltlon. the trans product
is fa%Our d. -

er the c1s by a\factor of q,l 4_

The t idls are minor products One results from direct
1nsertlon 1nto the-methyl C- H bonds, and the other, 1,3-
butadlene 2-thiol, is postulated to arise indirectly from
insertion into the C;H bond of thepalkYI-substituted vinylic .
carbon. | | |

The S( 3py 4+ 1,2-C, reaction affords only.the thiiranes,

6

and a higher select1v1ty(is observed, k v 2. The 1,2-

2,3 %2
addition features a surprisianY*high trans/cis product ratio

-

of v 6.

.~1Rate parameters for the S( P) + 1,2- C 6 reaction were .
dé%é%mined in competition with the S( P) + le4H8 reaction.
vThé former reaction e#hibits a relatively high A. factor. and
activation energy, wﬂth the 2,3 and l,2-additions having
similar E_'s. Accordingly,

23 = (2.96:0.80) x 10" %exp(-(1455¢225)/RT) M7 157}

=
|

(1.4140.38) % lOlOexp[—(14551225)/RT] MtsTL

by
il



R
The reactlons of S D2’ P) with CH3SCH3 and 5H (Cﬂz)zé

yleld the correspondlng dlsulfldes ag the only S addltion

<

products. In,the S( D ) + CH3SCH3 réaction, CH3SSCH3 and

small amounts of C2H6 are produced in low. overall yields,.

. less than 30% in terms of the sulfur atoms consumed and

large quantltles of" elemental sulfur are formed In'contrasf,

the S(lD ) + éH (CH S reaction affords s;mllar amounts of

'

. l,2—d1thlolane 6H (CH Sé and C,H, in high yxelds, up to

274
A85%. With CHBSCH3, the §( P) reactlonuresults rn a substan-

-

" tial decrease in'the,CH3SSCH1\and~C2H6 ylelds, whlle with »

. , .
éHz(CH2)2§/ only the C2H4 yleld is reduced |
Based on the-observed‘products, and the.effects‘ofa
’ - 2 ’ "‘V‘k'&. -
pressure and added gases, it is proposed that for both thio=

ethers, the sole primary reaction is atEack by 8 atoms on
the non-bonding p orbitals of the sulfur 51te to form an un-

X

‘stable excited thﬁg;ulfox1de adduct ThlS adduct -then under*
goes 1somerlzatlon yleldlng the correspondlng dlsulflde, frag—
- mentation leadlng to hydrocarbon products or deactlvatlon to

the ground state. Blmolecular reaction between two ground
M
state thiosulfoxide molecules leads to regeneratlon of the

substrate. Deactivation is the major process for both S0

and Ty dimethylthiosul foxides, but appears to be important

’.only for the T, thietanethiosulfoxide.

The rate parameters for the reactions of S(3P) atoms

with CH§SCH3 and 65;(CH2)2§ have beer measured in competition

3 o
with the S("P) 4 C?Hﬁ reaction:

vi



.
v . -
v

- - , 10 -1 L1
Koy scn. = (3-19:1.21) x 10 s

expl[ (900£237) /RT] M
135CH, R 4

‘k5§“765"7‘§-= (5.23%21.94) x lOloexp[(8101220)/RT]_M_ls_l
. 2 2 ) : : :

-

Both reactléns feature large A factors and negative actlvatlon
energles."Consequently, they proceed at extremely high rates,
having room'tempetature rate constants appxoachipglthe
coilision-frequeecies. _
It has also been shown that S( P) atoms are’ not gfoduced
in the A>240 %m photoly51s of thiirane. Addltrenally,/lt as
been demonstrated that the role of CO2 in effecting a decreaSe
1nAthe co yleld 1n the A>240. nm photoly51s of COS 1s to act

as a chaperon for the recomblnatlon of S( P) atoms.

v

SN
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CHAPTER "1

 INTRODUCTION

\

Over the past fwo decades, the chemistry of divalent
‘aéomsi particularly the Group VI A atoms, has been the
subject of increasing inperest. This trend can be explained
by several factors:

Alr pollution, especially-in industrial regions , has

N L)

become a matter: of 1ncre;sinq concern.’ Oxygen atoms play

an important;rolé in atmospheric chemistry, and thus thei;
reactions, especially those Withacommon pollutants such

as hyérocarbons and organoéuifides, have received considerable
attention. The great simildrity in the chemistry of atomier
sulfur and oxygen haé motivated interest in S atom reiﬁtionsf

Frinry to the discovery of negative activation ené?giec
in the reactions of Group VI A atoms with hranchpd alleneg
in {he 1970's, all addition reactione were thonght teo pro-eed
. ?.
with preitive activation energies or with no temperature
dependence in the hiah pressure reginn. Due to this finding.
th%sp reactinns have attracted additional i%ferest'From the
Finetic and mechanistic point of view.

Finally, divalent atoms éro the simplest divalent
species. Thues, the ryeartinnsg of thece atomg ecan aleo bhe nspé
b~ elucidate the rvreac! ion mechaniaems ~f aothey Aivalent ~hem
ieoa rmaapn's such ae ~arh-nea and vifrogés.

Ref rre Aiciueaing the reacti ns ~f atomir S and ©, let

v fiy ~ Yore o e [ Y et e r-w,.t.(, S N BRI o "h‘,‘ qrong vy b gy e



A. Spectroscopic States of Group VI A Atoms

. Atoms of this group have two unpaired valence electrons.
This allows the possibility of at least two low lying elec~
tronic states with different multiplicities and energies.

Tf the electron spin vectors are antiparallel, the electron}c

]
state is designated a singlet; if the spin vectors are par-

allel, then a triplet state results, with three components

.

lying close in energy. The electronic configuration of these
L 4

. 2 . . e, .
atoms 1s ns p . thus giving rise to five spectroscopic

' 3 1

' 1
statés, which are designated as D, and S.. The

F2,1,0° Dy and 5,
. . L Al

energy spacthg of these states is shown in Table I-1.

3

k] \

P? is the ground m&a}e, and for. O and S atoms, this state

lirs very close in enerqy ﬂ% the otheér triplet ermponents,
; ; ‘ / o
P and 'Pl. These small éneray Aifferences are usually
-
not obhservable hy chemical means, and so for convenience
bl s)

. N ] 3
the around state is gimply designated as P. ﬁ? and 7

are the [first. and second exnited states, respectively.

Both Are metastable, with transjti - ne ta the around gstat e

being forhidden by riagid selecticn rules. C(oncequently,
tHey bath have Jong lifetimee vi 0, vospect A asdiative Aecay .
P Sources of Sulfur Atoms

Since. ' he present c.rn"‘y 16 conrerned with the yvyeact i e

nf 8 atoms, it ig Aegirable to Aive a i e’ vyouview ~f the
methnds nf generntion ~f theae opoc i Yoorey sy e

comp'nd must :



Term_

" TABLE I-1

;.

Energy Levels of the Atoms of the Group VI A Elements1

Energy (kcal/mole)
9) S Se | Te
, —

P, 0 0 0 0
’p, 0.45 1.14 5.69 13.5
’p, 0.65 1.64 7.25 13.6
'p, 45.4 26.4 27.4 30.2

) |
‘s, 96.6 63.4 64.2 66.3




1} absorb in a convemient region of tﬁe spectrum

2) Dbe readily available in a stable form

3) produce sulfur atoms iﬁ clearly defined spectro-

scopic states
Moreover, the remaining rhotofragments should be .inert under
the reac;ion conditions,

The currently available kinetically and dynthetirally
useful sources ~f s atoms wre all based on phorﬁrhpmiHa],
processes. A summary of these is giQéﬁ in Table T 2, and
only the most often employed thrﬁe,“ﬁhe photolysis of parv
honyl sulfide (COSY, « 11 te discussea here in some Hétéjl

70S 14 a aas, readily availabhle in high purity. Tts
Absorrtion spectrum has heen repoarted tn featare three dis

9,76

tinet transitions. The first Japng wa s length 1y ~heorption

hand of 08, whi-h showe cupavimpeee? vitvaljonal et ructuy e

ot ey le oy e ca. ?’f0nm tey the yacoar regqian (100 ey an g
. 1
has A ra'her 1 o ahanr 1o mneffirmiont (¢ RO Y ynen) e
1 ptl ma sy
Y724 m) Ahsnrption incretecs eubmtartially with inp
max .

creasipin temperature Al o the 1opa wa elength end of thie 1oa

The radiativre Tifet ime ~Ff the firet cxcited et ate hae bee:
-7 14 . . .

~ralculated to bhe 1 ¥ 10 sS. M.O. ~alenlationg jnAjecat«

that the Towret Vying electyopnic atot-~ o ' esponds te oA

by ane by

-
. .. -1 ‘
Since D{ OC=% ) + 712.4 Venrl mole Chen Ry e S
metryv-allocwed primavy photaly s @n nEer
SR U . v ceVs ! n/‘r » [
oot Y +oMm : )
bBerrome e LI TN I I Y [ T R N L A g Qa 3
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oT 002> - (vc. ‘“s_.ys + 03
6'8 09T-0¥1 6°0-8"¢ ‘“s.)s + 02 AU - SO°
L | 474 6 (Q,)S + 0D o (d,.) PR + sSCo
AHUQMH Hv-
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mole—l, corresponding to A<290 nm. For S(3P), the wavelquth

threshold is only v 400 nm9, and‘it has been suggesteé~that,  

S(3P) atoms may also be produced in the spin forbiddéh‘prOE. o0
cesg:7,11. ) ) | . 4/
4‘ . - ' . N . . t
cos(’t*y + hv ~  co('tt) + si®p) [2]

The possible.occurrence of step [2] is based upon the fact
that about 25% of the S atoms produced in the photolysis

cannot bhe scavenged by added paraffins (which are inert to-

war ds F(BP)atmms, vide i§£53)14 and also bnﬂk}nétic analysié

of COS-alkene systems.15 The results concordantly suggest ’
>3 - K
that 25-30% ~f +the sulfur atoms are initially produced in

. /.
'he P state,

Tt has been shrwn that the quantum yield (®) of the
primary steps [1] + [2]7 at 229 nm and 283 nm is 0.9 for

. .- . 16 ) . L.
PCOSHISTING “Qrv.7 Y in gsolution. The gsliaght inefficiency

ie propably The tes nan radiative ty anaitionea ‘\1(\ the aground

17

stnate,

Secondnry reactions which may orcnr in the phritalysis
11

of ¥y e OO e

cepgy vena Tty - oty 5,0A) [3)

~ cosiith) + s’ (47
a('ry  oeng(t Yy - 06(;7‘) . S, (X770 ©(8)
s,('r v , S, v7E ) o fa1 &

ey . IS
5, . b



D
”

‘The quantum yield of CO formation for the photolysis is 1.8°,
~however, indicating that step.[7] is"unimportant. From exam-
ina}ion of steps [1] - [5] it is apparent that 'for each S atom

geperated in "the primary steps, two molecules of CO are pro-
. [
duced. Thus, if R2J is the rate of CO formation in' the

absence of substrate, then the rate of-S atom formation is

REOVZ. If a substrate is present, it .will cémpete with COS

for the S atoms,

~ sthp

2 3P) + Substrate — Products ' (8]

o

decreasing the CO yield from abstraction steps [3] and [5].
JThérefore if RCO is the rate of‘CO formation in the presence
of a substrate,.then the total rate of .S atom abstraction,

sfeps [3] and [5], is given by,

% Sk

B = - o, ' ’ B
Rabstraction Rco Rco/2 ‘ ) A [I]M
and the rate of S atom reaction with a substrate is
. e L . 1 |
Rreaction = Rco ~ Reo (111
, I ' '
~ Hence, the total rate of S atom production is,
. + . . = o . ' 'l
Rabstraction Rreaction Rco/2 : frty

_ )
Therefore, it is apparent that the CO produced can serve as

a useful internal actinometer for the amount of sulfur atoms

produced and scavenged in the presence of a reactive sub-

Y

strate.
. Absolute rate constants have been detgrmined for the

4,;&bstt&dtion steps (31 and [5]. Donovan et al., 18 by monitoring
, L
« the growth of the $, (g-lAu + al

°

Ag) spectrum, determined the

-~ B g - - R U

R . ¢ e - - .
o g . “ e v . . . o .



rate constant for step [3] to be ky 2 4 x 1010 —l —;ﬂ,The

comblned(abstractmon + deactivation) rate constant k., + k, =

3 4 .
7 x 10lo M-ls—l has been obtained by monitoring the decay of

S(lDZ) atoms directlys. Using £his-value and the ratio of

k3/k4 ~ 2 estlmated by Sherwood et al19 k, and k, are 4 x 1010

3 4
10 ,~1 -1 _ . . '
and 2 x 10 M s respectively. A more recent direct measure-

ment of kj + k4 is reported to be 2 x 1011 Mﬁls?l This value

was glaimed to be more re;iable.2o For the»abstrahtion,ﬁy
S(3P) , Etep [s1, Klemm and Dav}__s21 obtained k. = 2 x 106

5
M—ls','l and E5 = 3.6. kcal mole‘fl.~ Thus COS- is expected to

compete with a reactive substrate for S(1D2) atoms much more

efficiently than for S(3P) atoms.

In the presence of a large excess of inert. gas suoh as

coz, the S( D, ) atoms will''be collisionally deactivated to

the ground state 18 22-24 CO2, Xe and Ar have been demonstrated

e be efficient guenchers of S(lDz) érnms.?2'23

t M S(?p) + M 19]

The values of

1
sC'p,)

k. Aare ~ 1 % 1010, ~4 % 109, and ~ 6 x 108 M 19_] for CO

9
. . 18,24 _. .
Xe. and Ar, respectively. Since the rate of guenchinn

2 4

of S(]n?) by F02 is comparable to the rate of reddtinn of
1 - . .
S('D?) atoms with hydrocarbons or COS, the introduction of

a large excessg of CO2 will result inyvirtnally compleate

L3
P 3 23 .
deactivation q@fz(lny) atoms to the grvound ("P) state. 3 For = ~.~

example, a CO /COQ ratio * 40 affords 95% deactivation.25

, Thus the COZ—COS System is’a clean source of S( P) atoms

Alternatlvely, S{ P) atoms can also be produced dJrecfly

o 7.
’by the fr1ple+ mercnry photnsengifization of COSst



cos + f{g_(GBP) — c’oj+'s(31r) " nq(elsv ) \ (10]

A recent study of the photoly51s of pure COS at lou : f
pressures (2 5 .- LOwS-torr) repOrted a prlmary quantum yleld'
of 0.7 over the wavelength range 215 - 254 nm. This low value
may reflect a true'dropfoft.in the gvantum yieldlat low
, preesures, or elteruetivelyh under these conditions\S(BP)
atoms may diffuse to the wall andﬁrecombine there;

The second and third abeorption bands 5% COS‘iié'in the
vacuum UV, with maxima at 167 and 153 nm, respzctivelyfrThe
second band ie a centinuumvwith superimposed vibrational

structure and the third one consists of several diffuse ‘P

bands.26 Photolysis of COS in these bands produces S(1F )

o
. . : . S L.9,10,76 )
atoms and vibrationally excited CO. orly S qh’ Atoms
cog 25£180nm cot v eils , oy (o
X ) ?
A=140-160nm_ -t Sflsn) M

Aare pfoduced in the third band, and the rrimary quartum vic']
o
of s(lso) at 153 nﬁ\bas been reported to be 0 R 0 9.

Therefore photolysis of €CAS in thia hand jg a ¢rlenn gource

. . ) 1
of S(lso) atoms. Since transitinng from <{( Sn) e 80 Dy) Aand
s(3r) are forbidden by ‘symméatry and epin rules, reépeﬁrivefy,

10
the S(lSO) state has a relatively long lifetime (100 e

1
L o S L S .
' C. Redctions of Group\ VI A Atoms with Hydrocarhons

11 Reactlons of S and 0 Atnmq

(a) with alkanes . v

(1) 9’1D2, PRy wEee

/



Only S(1D2) atoms are reactive.14 The majnr reaction

with’ alkanes is direct insertive type attacl on the aliph-

: R
atic C-H bonds tn give isomeric thiﬁ]s??’?

.c(1n?\ + RH : - RSH+ 1"

Tn the gas phase the jnsertion reactjon is indiscriminate
r
with reape~t +n band order, but in enlution som~ preference

for weakey r..-nr'r\nﬂ;:\ry and t-prfi:\'rv C H brnds has been nheervv:

f,17 1 .
eﬂ1 ! At 254 nm the S N,) atoms may - antain up ta 6 Feal

mele exce-g tranclational erergyy, thne vrenderinag them
Finetically "hot " Fven at high alblane preassures (PI/00Q
S/%) the yvic1A Af icseweri~ thinle reacheae 4 Timiting vnlne
nf anly 73% ~f the sulfur atoms availahle for reartion. This

3 .
observation indjcates the presence nf S( P) atoms in the

. . ?R .
system which are irecaparle of inserting Thage ave likely

fovrmed I A rny--’.m;y\v cknr\ (vide Supra\ r’i."',‘f‘”fﬂl the . .
Al Pl e A e b rab oy ,...A,-“,‘ []4] Ann- ))C.\ Ve e b
! A
r*( !\7\ ] N - e e nH ' a( ‘—\) [14]
. i 1
"nooonbryaat to the higher alkanes. thae yearmtion of S O

?

atoma with methane i« charncteoriad hy c:;n(r-pnqi"év"(v‘nr_—in'ovn-nf-i« "

. : 14 . .

at presrures lesg than -2 akm This 1~ pbecange the adduat

has an insnfficient number of Aegrecss of freedom to digesipste
. -1, 14,20

the enerqy releage? hy thrs reaction (AP -8 k- al mele ).

The Finn) pr e ek e o Fy the y-p,-aht-i()n aj-e (v.‘”‘géhl "{?g’ C"-QQQCH']

e AR g ooard elem nesl o JFoy Th  fragnint

cp_acu . .
7(’1 2 2 2

v H H LA vy, ' o ‘ LN

I . ' P . .- N fone



1 L
S D2) + C‘H4 ----- e CH.3€H {15]
CH ST ———#= CH, ¢ -SH [16a)
. :CH? ' H2u [16bh]
e S+ 21, [16c]
M
L. CH,EH 11647

The nature of the transiticrn ctate for the insertion

re~ction with alkanes has not heen fully e]nhiﬁated; Howe:":

it hns been enrqagected that the transition state is similar
Fea H-bonded radical pajr (C.o.: H.-..8) in whirh rotatian
~f the HA moiety can lead to 1'nsc=':ri'1'm‘1

The rate nf insertion is ei1tT>r for al1 alkanrs, anaA

/ N
. \
the estimated vyate canctante lic in the jange (0.3 - 1,7
10 .1
v 10 M a - The vprey Timit «f Fhe Aacrtiation enerqy ig
R o .
clisved te be P keal male | N Aivect kipetic mes oy e
.. 1 . .
"y the g ™) 4 alkan~ vk one boan e by ey vyt
- 1 kl
FEE ey h,, M"Y ™+ ovme
/
) 1
o { D)\ At mwe aAlrr ineery! Asrvect'y inta the © n Ve Ae
. . M . . 0 "
Nllanea AT iaa by At Aty cve it e ale el e ’ ) LAREE BE |
3 ’ .
th o f "?) 1 Actimne, the he ' AAdA o nod e Ty ) L
|
' o )\?.7! s g e~ - q YO Ly ' . ( !
. i
' ! opn - RN 17
1
v 1A gme T 198~
B v []Qll

25

fayy !



12.

I
In addition to {nspffion, abstraction of H is also significant

I4
(20 - 30%).29

.] . "1' ¥
O( D2) t Cybe - "C,Hg +-OH AH=-48.9 kcal mole S [19)

@
1 ‘ n :
s(n,) CoHe = “C,Hg +-SH AH=-11.6 kcal mole [20]
The absence of this process in the S(1D2) - alkane dsystems can

he e¥plained by the small exothermicity of reaction [20].
Recently, Lunfz32 suggested that insertion results from
a pprpphdinnlar apprnach of the O(]D2) atom to the C-H bond,
And that abstraction results from a ~ollinear approach.
T general, the producte of the O(lDz) t alkane reacticne
include alr~ohols, carbonyls, Ygﬁer,:co, PH4, higher alkanes
34

and . The small amnunts ~f H2 produced in the reaction

have teen postulated 'o arige from » third Frthway, but the

20
A i eA machaniam o f St e foymal ian ia et 1) oty e yain? :
A few mbined vyatoe ~f incarbtion 4 ahetrartieon for
i
-r»,-/. ) e,
acvme albanrcrae hawv:: Yo orveny b lv l"_PQI‘ (-(\"|r\iﬁr- q }\\ g/7)|nf1o](1 Aand
M LR .
Are in thae voange (1 . 4) & 10 M « o gaivg fr o m Pﬁd to
1 1 . '
nw f L_Il"? The O ( n) b alkvAane vyearti e e o Vormenyy pos [ ST
] .
; . Qa7
vt neayly femperatin e indepe Aent’

2
Tn ehare emntr~gt tn SO TY at - me, whirh Ao At va: !

. Al AR
) lema r T b e gy e st Y =)

\ ' 1 " ' oy [

YT



e, . 13.
Recently, Paraskevopoulos .and CVéﬁahoVib37’§tudied T e
the reaction of O(3P) with iso-C4Hlo using NO, as the source

.of O(BP) as well as a trap for the radicals formed in the
reaction. Based on product analysis thé following overall

mechanism was proposed: : :

,0(3P) + (CH4) 4CH -~ -‘OH.+ (CH3)3C' (vCH3),2'C'--HCH:2. [.2;2‘]
OH + (cn§)3én'=~nzo;+.(bH3)3c> , (cﬁB)zcncHé. (23]
(CHL) O 4 Nb,z- D - (CH3)3C‘N02 [24]
- ((‘.Hg)éco- + NO ' ) [2Sj
(CH)) L0004 NO = (CH,) ;CONO - [26]
+ NO, -(CH3)3coNo2 127)
The ohgervation 2f (CH3)3CN02, (CH3)3CONO and (CH3)3C(‘N(‘2

frrmed in stepes 241, [26] and [27], vespertively, supports
2
H ahastra~tjon asg the primary etep in O( F) - alkane systems
Kinet ic data indicate that this reaction ie qnite slow
- ]1\4 ]()Q M ! ! i from CH to ((wnnl)' (CH) (71 ) ;9
(1(21 - a , on o going from C 4 2) s S (TH YT
This can he attributed to the precen’e nf an aprre~iable
. . 38 . i -~
activarirn en~ray;  which depeands on thae natuye nf thae il
hand (-5 R, 4.5 and +v3.3 keal "m]oq frr 17, 27 and 3° C-H
. 3o .
bends respach"e1y) . Tt hne hnen giygegted 'hat the roaec' ion

e~y a vhen t}"n Nry ryevarty o f L2 TSR A O] S R A I A R e PR N '

o]
the C-H1 hﬂnr]?
(h) with alkenes-

(i) S(]D?) and o<102) Atoms.



L 4
€ . ‘ l S tﬁt
Two processes are operative in the S( D2) <~ alkene
syétems.One'is stereospecific cycloaddition td the double
bond to form a hot thiirane, )
: S . +
! - A
S( D2) + H,C=CH, ~—» (28]
which for the case of EQHAé, has an enéfqy content of "85
kcal~mqle~l. The hot adduct carn be collisienally stahilized
+ | ¢
{i M’ { _\ [293)
. . . L : 19,41
(step [29a]l), or can isomerize to vinylthionl (step [20h]).
"
-
- — ”2,C=C:§H [29b)

-

With higher alkéheS‘(>C4), isomerization does not occur, due
to the présence of morfe internal degrees of freedom to

14

dissipaté the excess énergy of the hot adduct

.
The rther reacfirw~ ie direrr ineertinn into the (K

1 .
handae, hyv analogy with the .Q('D?) - allrane systems, to form

imomeyiv thinsle., The ra nf insertion inte the aliphati-

C 0 hande e nearly vo-nrm--mnll. Vinylthinlae arige bonly if

14

A ‘terminpl wot-hy‘lmin group is pregent in the alkene, Tpo A9

_ ) _ o 11,42
nev altkyl substituted vinylthiols have bheen ohsrrved.

. o 1
Sparse kivnotic datn are arailahla foy the g '~?)

40 _
alkere systoema Farlier wvnrl eg!' imated the tota)l reacti o

4]

. )
yate cnng! ante fAry (‘,,"4, (.7"6 apd .0 1 to he T2 » 10

4 8
10 11 1 1 , .
VA ow ] and 1.5 x 10 M s , respectively. A mnoy» raani!
o 10 ‘ : ' 1
eetimate plares the vate constant for the £( Dz) t O H

24
. 10 -1 -1 . . . -
reaction at 8 x 10 M s , with inserticn and addition

’

14.



proceeding at nearly equal rates (4.2 x 1010 and 3.8 x 10]0

Mﬂls—l, respectively). In general, the rate of reaction
ingreases ‘slightly with' alkyl substitution, and insertion
has a slightly higher activation'énergy than addition. (e.q.

‘ N b v 14
Ea(viny}thinl) ,Ea(thiirane) 05 keal mole for C2H4):

Little work has been done on the reactions of O(lD2)

dtoms with alkenes. Unlike the case of S(lD ) + alkene

2

reactions, these stuaigs are complicatéd by the high exo-

\

. -1
thermicity of the reaction (e.g. AH = -130 kcal mole for

”2H4), which leads to extensive fragmentation. Kajamoto

a4 : ; . . i
et al. studied the reantinn of O(1D2) with C3Hé at high

prassures (ca. 20-150 atm. He),and confirmed that twoe main

_— B o v | L
process weve operative. Analogous to the S D?) - ajkene_l
system, cne ig add ition to the Adonbla hond Fayming o hyof

PO P T . L N4 .
cy T dyenxetin fnly,

1 1 -
' ‘ ARt en ] [

7318 n

vinyl C-H insertion’ ,
. 0 tearmieay " 4

vinylxc—” ihsei*ion} 'u‘

N

15.



16.

and the dther is insertion into vinylic ana al%phatic C-H
bonds yielding Carbonyis_and alcobols,vreépectfbely (reactions
[30b-d]). A minor pathway ( ca. 2% ) involvés~the él&minatioﬁ
of ﬁz (step [30e]). These rqﬁu]ts are consistent wiﬁh an

24

earlie%-study of the reaction of O(1D2) atoms with C_H in -
liguid Ar where a similar distribution of the correspéndinq

products was observéd.43 The additiorn process (step f?Oa])
has been sﬁown to be sterpnsﬁecifin, Rnceﬁt ab iﬂi&iq cal -
culations for the O(lﬁy) - F2H4 system indicate that the
lowest energy reaction pth coryesponds to a symmetric
.cbhcerted"dddition,46thich ig roneistent Qith the nbrevrved

stererspecificity.

There M few kinetic data avrilahle for these systems.
« - . o 4 '
However . A rerent competitive rate «t dy invnluving seveynl

Aalkenes indicated that wat~ ' arstants re extr=mely high

, ’ " 1 )
and Tie in the rvange of (1 Yoy 1N 13 a an gning
fyem 71 ter (CH Y O (1)  Theer ohnevvat jonae Yoo tenaiet o oot
2 4 D 3?2
\ . . R ) '
with —~ar]ier eatimatesn S faell 0 v he ename b ‘
3 in b hee C(lﬁ ) Altkene syetens (7ide infra)

?

. R .. X ) N ©
(i1) §C'P) and 0(’p) Atoms.

. : . . 3 .
The only reactimn ohsexved in the S(°F) -lkene gystems ic

the cycloadditi-n t- the douvhle bonr? yicllinag "he ooy ves an

-4
Phiidy s @ e by o ‘e Y\v,\,'l\,rf.
S €
\ .t / \
o 1o . T v"'~ » n' \"7 I'1‘\ » e T7_‘ [N |



17,

A unigue . feature of this reaction -is its compulsion to follow

. : ¢ .
a stereospecific path,as illustrated by the reattinn of S(BP)

w",S/fj} c1s and _twran's" 2 h‘Jfone,42'48'49

sCey 4 v e iﬁ{fi&’ \ ,//TX/ 2]

-
90% . 10%

] \ .
" [m,/ S //C:X/ . '«(%X/ (23]

-

98% 2%

The R(3P) ! alkene reaction provided the first exanple of a

steracepecifinc cycloaddition invelving a divalent triplet

41 .
state reagent. Subsequent EHMO calrulations indicated that

the 'riplet (71) thiivrane farmed in rea~timn [31) Yies 40

1 .
kecal mole ah-ve the grnund (€ ) state and posscscecs a
o) .

rint dietorted geometry with a rotational eneray harvier of

1 R0O,5v . . ,
2 kAl mele . Thie high energy harrier con evplajn

\ 2

the hFgey ' 1 hiial o AT ol SR VEOSe yr ol b hie Yt 1Y o1 e

ve b sy e

R Ve
'

(r]\ thiivane hae a very long lifetime and has bheen
shavn to bhe an efficisnt reagent for jnducing cis - trans
> 3 . » . - 1 ‘,- ’ ) 3 v
jenreriz tirn iv Alkenes, Thie ohs~rvarjion may accrount
frr enme ~f th- frevme v 3 1l ot ke phigey e Ay vean -t g

YY) and YY)

¢

Pate mnaetartg and Arrheniue prarameters have been

4n, 11

Aatevymined fey » merjes of alloenees, A feow ~f +hem arve



"listed in Table 1I-3 to illustrate the general trend of ther~
;eactions. From this Table, it is apparent that tha ryate
constants intrease with alky]l cubctitutiongbn the vinylic
cgr}'\c)n f the g’lké’ne‘ Fut decreage with halngen eubstitiution.
The A factors do not seem‘tetshow particularly strong trenda,
and consegrently’ the Vafi;tions {h the vate conetante are
mainly due to changes in the actjvatinn'%horqy Increasing
hlll'.y] substitution on the vinylia carbhon has a Aiminishing
ef fect on Ea, wbile substitution n? elantron—wjthdrawing
gfonpé éufh as €]Q0rjnq has an increasing effect. This
hehaviour illustrates the electronhilic character of S(3P‘
\

\ - -
vhich iae fifrther Sl_lbstar\f’;ate(:l by the lineay rnl_at‘j_gngi\ir'

hetweon Ea and ionization potertial ~f the alkene, as

S22,

i1l etrated in Figure ' 1 Nf particnlar interveet arc
the yredjeted negative " tivtation enerqgiec for react jon

wilth all-nee having low (¢9.7 V) jonization potanti-!-

Tn nrdey A a3 cannt fey thie phenamana., it hag boon

rropored Fhst 1 Ve Arpendont opan the Tae tins of L hae
Aa
’Yﬂcqinj’ P ")' i f (SN R Wl IR S C,,,‘,f..v - 3“’ the ot Mye -y
"A

§ + C;H Froduet

4
F_ \ ’
/ L4 TMF Pvf)f‘lu(‘t S + Alkene (Dnn"‘awh\
P 4 /f"_, . e
k] -
s
o/

18,
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The  crossing point may lie above or below the energy of the
‘éeparate reactants. The former case corresponds to a positive
temperature dependence, while the latter corresponds Jo a

negative temperature dependence.

The model proposed by Cvetanovic and co—workers55 to -

~account for similar observations in the”O(3P)‘case assumes

the formation Qf A loose 7 complex:

' 3 T oy ey
O("P) + Alkene ;———— Complex ———— Product [(34])
..., E ' '
. ._,5 a_] - » .
'

This complex can either decompose back to the reactants or
evolve to products. E_ ie regative when Eé > (Ea + E_ ).
‘ i ' -1 1

] S
The two models are net in conflict, and theixr applicat-

P

ion in the interpretation of other systems having a negative
temperature dependence will be discussed in detail (vide

infra).

For the O(3P‘ { alv~ne reactions, the basic_kinetic
features are very similav t~ fhoée for S(3P) atoms. The
reactions proceed at comparab-le rates, as is apparent from
examination of the rate pavametere listed in Table I-3.

The acﬁivation €nergies alen decr--~se with increasing alkyl
substitution and evenrtun~'ly becowe neantive which illuetrates

2
the electrophiliec rature nf O( 1),



o . _ L e o )
As for fhe natupe of the react:on, O( P) also adds to
g, W

. the double bond R e T T A

v -

o’ + A\ ~ L\ (35)

However, the triplet biradical primary adduct caontains a

great deal of excess energy/and in add%txon to ring closure

to form epox1de(step [36a]): I4,36-59 - ;, e
C : . ; s

[} L fwgggﬁﬂ,‘o : | ) '
\*jixf h \ZC:X/ + “'\Z{jﬁ\' w[36a}

26% 25%

can undérgo either intramolecular hydrogen or alkyl migration

to yield carbonyls (step [36b]), or fragmentation (step [3§cj).

. R ‘\_ _{ ' \,__“ [Y41y)
(\
726% 21%
P<50 torr .
— T CO + Low M.W. {364
Hydracarhone
w -

N 3 . S

In contrast™ke S({ F), O( P) addition to the Anubhle
bond is non-stereospecific, as illustrated by the product
distribution of step [36a]l. This observatinn has heen r~ited
as evidenre for the existenre of a freely votating triplet

. . . ' . 45,56 .

birvadical intermediate: Tndeed, a recent thenvetical
confeormaticnal study has shown that the ring-opened triplet

isomers ~f methyloxirane are lower in energy than the ring

~Ynored etrurture. The rotational barriers ahout the CHR-C0O

".



”_thé_q% ﬁhE§efiSEm?rﬁ;Qege:fpuna“to lie in the range 0.8

f

1.2 kcal molerl, indicating freely rotating speciesso.

M.0O. calculations on'the'possible intermediates of the

- . - -

O(BP) ' CHQC”=CH2 reartinn reveal that ondé feamo o i by 3t

. . £
states Aare energrti-allyv arceragible .
: 0
F¥12~(WI~CUI7 s LIS ? T,
. . O
C}{3"C}l—fﬁ12 and ¢, CH_CH

LI A

These biradic=2)ls may evalye ints the ahaerved producte,
methylexivrane, prropirnaldebyde and acetone. The prodon ¢
distribution of this reaction ie® temperature AdArpendent , and
this was explained in *erme of the differences in the theype
Aynamic stabilities of the addn ta invealved.
. . . . '!
The fraagmentation procers, which ie al'eaent in the ©f 1)
Aalbone quvatems, e attrihnted bt the Hhid Ther o A heywicity of
? . ! . R -
the O ' T)Y s3A3tien (25 .30 kcal mole ighey @ 0 1YY The
LR e v
presen-e of carbenyl prodocts in 'hese ayst me cap "o o oplaie !
by the aAve,mater A ffarenca in bend et roanatha hetugeen e .
éy'\ﬂ -0 bands ar compay~ Tt by bhe diffarencs b o tween the
"

~nr eapondina 0 ! v A v T e A 1yl o

foe v )e

N - . [— 8§ B 'u_%‘l""
Ty / S¥e .

) Ty

Yria Arg S

3 L .
indicates that o( P) add~ el minant 1ot the Tecn eobabitot el

: N 5,62
v e carbonﬁ .



(e) with alkynes

(1) S"(JD?) and O(ID?) Atomes.

Only a:limited number of S{ r\?) + nlkyne reactions have

Peen stndied, Tn general the veacti - ne are ~haracterized hy

low product recoverien and extengive polymerigation at room

21.

terpeyaluyre. . The ond predicte are ngualJlyv thionphers, benze -

114 €3,64

ir momes ~g3gec, ©C latile rroduct

'y .
nAY Tl imey anad, .-
/

st'n vov o= e N\ 'Cn bORL T Tyme 1Ay
e -

yiel?s are 1n fey the pavrent acetylene, but inryeaas

3R]
with yeoo~tion temperyature and flucromet hyl ehet itntion
. . o
Tt e oo ,‘-:113‘ a(“("c-rt(sﬂ f{lva}- the veaet =~y o f .
with allkynee - a3dd3ition '~ the tyiple W ud. '
G
' YRR . o 17 [ [ R I ST

There 38 3 1o0eeibility phar a miney rathueny, T Fony Tk
the 11y d 1 "onle v feorm the "“}‘\‘ny]')\ir]l Ay iat e Tl

e My thim gy st e - v il 1ad Aae tey et ) 5 v of vhe 1 o0nAq

Cervrr vl "fh‘;" “S'—. B [ AN Wiy e a 1. ' Lo v, -
- N ey
]I . l~. N , \< . ¢ ey iy \/ L, .
() () . Ay (o) £ (o)

Howe vey, the "ransient ewi-tence nf thijrene '+ sapp rted by

¢ 9 A

Phom (0 vy ahan ey gy Teeny b Y hmer vt e [ NPT R SO
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studies of COS-alkyne systems employing kinetic mass spectron-

metry revealed the presence of

'5ng‘£o‘£ﬁe moléCuiar"Qeight“B}

transient species correspond-

the adduct6 . The lifetimes of

these transients were untsually long ( 0.1 - 7 &), which

militates against excited or radiral

14,65

the intermediate .

end products,

Moreover,

species (k) - (&) ac

thinnphenes are among the

and are postulated to he formed via adlition. - ¢

1-65 '

the »dd ot to a substrate molrrnie STy etarie Ve i ERE
. o ) @ - . . ' .
Yoo st -,,-r‘).
- n (‘F
c,v - 3
(b 46 / K (107
n c P '

Frhyngle)r inl (f) cannat be foymeA i the rrace ~f digsnbstitor

higheet feor the @

Alkynee, vt the thiofher yieldr ay:
E ‘-‘/(‘1 , s s .
r) ( "FQ LI WA S Heﬁr'r\ Tt e intbteyme Yl iaa )y e
Iic EEREAE Thie Teh rco nnly the thicketine (g) and thidiy. o
(a) Ang yen v B )e Alteynat ) oa Foy thie Yeterpne fqg) e )ia
vt 13 bl in Fhe thiry hen fFoawing ve- timn, twe dAntyAam e ‘T
", I'n_‘; or ('F2 ehifte 111 Ve -qq\;i'rfq Theae FY "fegeag
~henld he levat 1ikel)ly foy the rnage nf r},--(.:,‘-prq} PANE Wal R
incencs gtent with the f‘Vh".Cr_‘}'\'cJ b3 h kh*imp'lmno yi_p"lﬂ, On '
Yacia of th s oA yatieae, 3' 'Vae hee' coneclad A 1t hat
) )
the primn'\ ATInec b of fhe &0 1 Y 0 Y e s e ie 't hel \
ar e
v epanAdiny thidtyere

iy ct o ide ¢ for th evietonere of thidyeypere hae bepr

[T [ . Ty, LN N Y ARV 1.‘.<.;.. ( ' 1 ) i IR 1
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which affords thiirene, thioketene and ethynylthiol.67'68

'+vhv ——
. —N2  /

Products.

s . ' | .
=\.  + Rearrangement [41]

The thermodynamic and kinetic proﬁerties of the products

are consistent with the theoretically predicted stabilities
' T 69 | '
of the C2R?S isomers,

ER7N .t

. O v oo e @ o 6%"(‘_‘ o e .. - w e 1 ) -
~. 7 Reoently, Verkoozy has- studied, the FLCCSCH - -COS and

F3CCFCCF3 = CNS systems. Small ammrunts of SrC—PH~0F3 and

r92,31°”q with CF3-substituted henzene and CF,-substitutasd

3

thinphanes, were Ahéerved in the frarmei system. For the

latter, at v conversion, only per fluorotetrametbylthiophene
J 300 ) me g . -

( - 'Y ) wvas ~ktained. "t hiah conversinn, hrwever,
-

1 -

nnique producte arising from S Aatem AddiEion to thre dorhle

bavde of thicphene weve nbhanr - ed,alang with Jimere and ty §rom 4

“~f the initial addnct, P4Fﬁq7 Tevve aepecbks Al bhiie wil) e

A ~-¢~¢-c;r1 Tatey (viyde infral. "y

f
Only Tiitd kinetic dAata are :\";\i]—\b]q. oy o Allyne

3¢CvCCF e ert -

- . 3
1010 1 \:3,70

ynaf"-i(‘ng. ) rte (v(‘\'\quntc foy H(‘:(’H a”d 12

’

IR e be i‘\ the Yanép (1—9)
\\

. : . : —~ o\
T date, only two experimental investia~tinong an TY DZ)

TY,72

Voallyne vyear ti0 g have bhaen vepnarted Dad and Ttryapnaezy

invest igatel the 2 htyne yeartion and found A numbhey of neonp
condeneabhle praducte bt woere unahle t~ characterize the Yy

79 1 A
~ontairing pr dueot- N oyecant atudy of the O D?) [ I G- R

system eh wed that vihratinonall: ewerited N ig produred i the

yYemoet S AR A R TR B R SRR T W APET S BRI AN et f Ve oy comea fryom



P oz

' the process:

- *
o P X

1 e T e
O_,( D,) + HC=CH C,H,0 . ——~ICH, (3 1}.-1‘)'+ CQ | (427" -

«. -
'«

AH = - 86 kcal mole” )

Recent- ab initio calculations suggest that the most
probable primary process is spin and. symmetry allowed addition

L 7
to the triple bhond to form an unstable oxirene. 3,74

v

| o |
1 ] e +
0D, + HescH e VANEN 143

@ . -

Unlike thijrene, oxsrene has never bhran nheerved. HolWwsvar
]

there is compelling evidence for ite trangirnt existence as
an intermediate in some phatechemical Wnlff rearrsvgement o

fry evamrple thoes of g-@jarcfkat nee Ard ogtay e

3 _ i :
i) €0 r) an? 0y ) Ntome

For S(71) + alkyne reartinne, the nature »nd yielde of

A€
the praduncta ave fimilar +n thoge for the rase of < ( 'P7)
Wowever, the primary adduct is +the vibrationally .. -0

% C oy . . BR,R0, 7F
Fround state tyiplet thiovetocarbone:
. i
3 ) :
S(F) ¢+ R=z-P - .= /'7ﬂ< T Prodnatg 141

vr

Pate constants have been meagured for a3 few alkyres,

. a 1 1 7
anid Jie in the range 10 ]O]O ) 6

M = . The a~tivation
enerqgieg are slightly higher than theoge fay the correspondin-
-1
Alkene veactirng (-1 te 2 keal mole Y, Pt fallew the eam-
76 . . .
gencral trend T Ag in the rasa nf alkenes, flucrination of
the rsuhetrate Aractically ryeduras the rate af adlitimon: the

: 2 , ; ] v R3
't a conatant foy & P) r1C”7”0r3 i 7Y v 1IN0 M e .

| | ?
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- e . e - - . .
E ) . ' by v Lo

,“T.*fffhas beeﬁ~pqstuiated_fhatvaﬁa]ogovS“ﬁdfﬁhehs(3Pl~w
alkyne systems,0(°P) adds to the triple bond giving the

trfblét ketocarbene intermediate, -

T

k] ‘ . '
O Py 0"PCE'CCH?4-“——4» Rc?m;? {T.) [45)

0
Tn addition to this process, W ahstraction haé been suqgested
as a minox pathway ( <5%) in the case of aoefylen978

A distinct difference hetween the S(BP) and O(}P) Aatom
reactions with alkynes is the oé¢urrencp of significant amounte
of fragmentation prqdugts in ;he lattey system, reesulting frem

Aecompositine af the rrimayy adda ¢, n oonerai, tha end

- BN

productes are polymer, CO, alkeneese and uneatunrated 1 et oo

<) Reactions of Se Atoms

Although limited in éhﬁpp, the Aata avg?lébJe s the

reactions of Se atoms ~omplement the general trende ~lven 'y
1

egt h)ichaAd fny © and O atome. Thne €~ ﬁ?) inTerts int-.

-1 bende nf alkrres indigtrriminetely, yielding selenn-~

1,87

mercaptang With alkeneas. the only reaction nbgarved

2
fry b th F°’1D7) and Se( T) is n"dditicon ta the doyghle hno!

. , p -
viae b Teaadae bt the faymat 4o of mmstal le A te s ey Tme .
! 2 n 0 ' S? I
[ : ] ) o . - - i I
o I)?, T " C 5 / \\ 1¢]
r n
2
] L. . R | 1
Th~ rate of Se( T) additinn varje~ from 17 M = SR B L
10 o ) 81 i
ter V0 M g fry 1 fdﬂn . The trend in F ( .» - 1.N
~1. NP2
el e ]a ) with Allyl eunbatitutirn payal!t Y- 0 o Ty A

N
L '}‘rv c( ™) A "b( T ) Ty et rmme "\']‘(]Q q‘dr\ra\

-



3) Reactions’of Te Atoms:

PR - - -

a

e A e

. adducts are unstable epitéllufidééBAE ' R

- - ’

Te

're(?b) + R,C-CP o /\

: D02 2 .
") R

re

“only Te("P) + alkene reactions have been . examined. "The :

[

-~
3 [

w

17)

H

and

ith ~Fh

Avrhenius parametere have hern Aetermined far ”704,
(PHj)qpff(Cﬂq)z ;nﬂ tVhe ryonte coraetaante are in the oy day Ff
7 SRRt RS R . . . :

10 10 M g . The trend in Pa is ronej)stent

Group VI A atoms, In fagt, the P1 rhsrryed "oy the

2

~f Te ('Y with (CH,) ,C-C{(CH,) wae he firer singabi-~ T
32 302 a

yor o vred fary an aldd3bian veaet Teon

v Reactions of @ and o ny P 'rlywuﬂnhn'mt”J FUy Ty

"V with arcmatics

] 1
CY 'Y Nt
?
T3 )Y ecer o ]yl t h Anly © 4 aroamnd Ve o vyeact o v et
I S IR wae the ! nwrene ay~tem, n A rn yeob:ico bhle prodncta
g s obhasrvuvad H')x']r‘ver, Ajrect vl Jenece oy the oCccnYren

14

et i

A vy rAacki o hetwe ' ny € atome an' gn Ty omatrin~ r‘iv\-_v was ob-

tainrnd from A aebtndy of ‘;})e f:('r\,j, ’T\ A AN A A AT el | . ny'"Fr\m’ ‘
e of tha pr ~duerte nheerved at high oo ervreion, (1), wne
roctelated o0 ayine from the 1Aty ~f w7 oAt e -
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The hypothetical C8F1292 species (h) was not detectes,but it
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The O atom adds to the aromatic ring to form a triplet bi -
radical which either rearranges to a phennl or undergoes ring.
ropture yielding unstable products which decompose or polv
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25,95

unidentified product of molecular weight 88. The

vinylthiirane yield was found +o increase with decreasing
substrate preecur~s, ard in the presence of CO,. These

"“""""Wtj"T‘g gy - ecarpe e A gy tern e VE O es Byt ".l.l'l\",t'.hi;' e

polymes [~

wWwhich mny e calliainnallsy: etahilizedq, -y unde a0 viciey vy by
tes foorm ;8 hivadieal . Thie Vivyad3ie¢a3) c~an ejither yaart with ‘1

,cl'h"f""'t"’,yiﬁ’ldinq volymery oy yw:arganqa t Frow bhi-prleon

in ”7 ~3 1'1ni7\.-\f'ir\7\‘ Tevme ~f the t~)\i(\r\h:»”p cran oY y - £y
cocedan sy plakalyvgia f “inylt'virane . Untyge- vt oo v
O L B T eyt Toan preAnet o ey e obe v
. ) . .
Dola’ dve v np pR Ame' oy ey 7Y Aaddit 3o v L "‘
ra 7
booro b e L an !t B oeed an b he Aeba ooy 011 ,
2 47
| A )] - 1
' L A N X1 <« , anil F Sy ken] male v thoear
";')Q) i
]
[T R AT SEETIR TS N EPA S Yhesere mf b hie O Y Al anm aeveloma
[ 3 . . .
e “{ 1, 'V b allene »aactio hag been by f1y e
= A Ar i the caaee ) F4WG' onty eyveloaddit ion by mne
6'1
f rhe A k) b« vwda ¢ o \}~¢n’7"'fw". The r\ymr]‘\- 0-' mes b} S] o

"hidyane wn ThH'a A i “Aarly ynactiterice yields



34.

~

3 \ |
' ) wf(-\‘_ e e
S0y R) ¢ H C=CmCH, - /// (571

Wo kineti~ measurementa weke reported. However, based on the

knp vrate ravaretere f v the O(-;P) + CH,)H(’-‘-——('W? T‘?af?’ffi"h, 1t

A taggert A gl at the voom bto i pe gy vat: cenatant oAt L
" 1 ! '
Vo 74 v 10 M ~ T (ST 0 v LI B LY
1 2
I ,.( 1 r») P oovme
A
"nly 1Y 4 Aien~ yearti ng have heen inractigated.
. on . , 3
Cvet ‘e vic and) Do lae stulied the *rAacktanon of O PY atoms

with 1.3 e ANt cleerted the maioy prodacte te he I, 4 epimy
' bPntana Tt zngl o anA a0 Qmall oamraunke ~f fragrentation

preducte and pelymar were nla ahars red. Ramoed nn t'hesge

AL IEEFERERTE 3 SN IPAR TUP wre enggected phigt eimi lay o the ~acs af
v . . I3 }
. . A eyl e DY ‘Mmary el ey 3o ’,? ATy e f OC 1)
. . ) n R Voot AN HERRTE O S IR ! rv Tinte
,.? . . . . - . I ~n
S . - C LT ?] - frnd
)
\

NRIRE . \ [
@_- ~ 'Ii’ [77/7‘]« ("Y') [’;(\}:‘)

This 0t smedjat e can then nndavge either ring cloayyra to
' i .

ferym the DY ey nl‘inq np(sw’r"n, oy ]’7 12 g))jft t@kggr
AldA - hyde Y ~r  thoenaht Yoo ke o fragmentation b :
G § e
: 7 Q <. -3
the 21 dahyde Dolatery pryaiaet analyeie gtnﬂy yapdrt—o‘(ﬁ.__
ewall amannte Af 3 hatant 2 ene and vinyle'hory 35 adq9itian tn

VY, ey L TP T | Aand er Vet Thiae ohea~y o v T, Y-y .Yh,., v rsrvﬂf;n]



4‘ . | ‘ ” ' /
that an additional isomeric biradical intermediate,

Hz—C—CHCH=CH2, was also formed in the primary step.

It is apparent that both S(;P) and 0(3PL atoms reacf
with 1,3-C4H6 by electrorhilic addition to one of the double
bonds. As in the alkene systems, thiocarbonyls are absent
. 3 : . , .
in the S(7P) + 1,3—C4H6 reaction (vide supra). Furthermore,

H, elimination to form furan, the oxygen analogue of
’ .

thiophene, dqes not occur in the O(3P) case,

. ’ . '} .
Absolute rate parameters for the O('P) + 1,3-C, H

4 6 )
. . . . e . 0Q,
reaction have be~n determined in two'separate ]ab@rator1eg% q

101 The results are in excellent agreement,&ith k(2983‘:
10,,-1 ?

1.2 x 10"™™M s"1 and'F‘,a "~ 0. These results Ar~ also comparable

. 3 R
tn those measured for the S{'FP) reaction.

N

-The only other conjugated diene which has been studied w
102

is 9~CSH6. The reaction is characterized by exténsive
fragmentation and the absence of 0O - containing products.
P . :

To date only two product analyses on the O(BP)-4 allene

. 103,104 .
reactions have been reported. At high pressures

. . 103 ' »

(V600 torr) in a static .system, the products observed ¥

. | . . .
for a series of allenes were, ih general, CO, alkenes and

a, B~unsaturated carbonyl EOmpounds. The mechanism proposed to

explain the formation of these products for the specific

case of allene is as shown: : -
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HC=C=CH, + OCP) -3 H,C=CCH,
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H,C CH, - /N .
(a07.
N 0
0 T <
i N\
c 4 H,C~CH,
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H,C—CH, — €O + CH,
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The‘carbonyl product distributions ihdicated that the O(?P)
atom. could attack at‘any of the vinylic carbons at rates
detexmined by the gthtitﬁants. Tt was proposed that CO an?
alkene are farmed by déﬁarboxV1afion of an excited cycln-
propanone (step IGOH?1>,whi1a carbonyls are produced by re-
Aarrangement, either of the excited cyclopropan~cne ([60A] 4
[60e]), cr nf the initially formed biradicals; [AOh]. Feor e 'eor-
allene studied, the CO yield accounted frr more than 50% of

the 0(3P) atoms prnduced  indicating that Hdecarboxylatjon ie

the major step. Fvidence for the transient existence of cyrlo-
propannne was obtained by chemical trapping with methanol to
form a hemiketal. 1In a later gfndyIOAOf the parent allere in

a low precsure flow system, Lin and co-workers failed to b
serve any carbopyls. Instead, significant quantities of

acetylene ard methyl acetylene were found. The inmoneistanc~y

3
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in the products observed in the two studies may be attributed

to the different reaction conditions employed. However Lin
s .

et al's results also éﬁpport the intermediacy of an excited
cyclopropanone; thus the observed CO vibrational distributinn
was consistent with that predicted for the decompnsition ~f

the excited cyclopropanone.

Absolute rate paramefers are avai]able}bn]y for the
108 . .
parent a]leneloo’lol’ . Values from differé&nt co-wnrkers

are in reasonable agreement, with average values k V6 w

1010 M71g7]

(298)

and Ea 1.8 kcai mole~1. Relative rate constant

measnrements for a series of allenes indicate that the rate

) . . 103 .
of O(3P) 2rddition increaces with alkyl qubstitution . Thisg
2 ! .
hehaviour paralleles that «f O('TY and g( DY Albene v et
fvide supra).
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k3 = 4 x 10 M s 1 '19, Fa/ 2 keal mole 1 14 and
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k% =2 x 10 M ]c ! . Ea = 3.6 kcal mele v
1 3

{b) O Dy, P) Atoms.
B
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») Btactions with Cyclik Thicethers (Sulfides)

3
(a)y a( n ") Atoms.

5
Thiiranes are the fmiy ~yclic enlfides which hava haer
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S(3P) + thiirane reactions, were postulated to arise from

O(3P) attack on the S site of thiirane to form an excited
"n// '

sulfoxide intermediate ([66a]), which then decomposes to

C2H4 and SO. The SO was observed ag coj. produred by the

reaction:

- 67
. =0, [67]

T+ is apparent that reactinn [6€] is analegoue to S abe-

. . . 3
stra~tion from thiirane by S(F).
’JJ‘
The rate constant of O(gr) addition to thiirane was

-1 -1
s

Q
determined to bhe k vB x 10 M

66 and, as in the case -f

2
T, ~hawed nm temperature dependence,

J(CRY .S
2 7202
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. . 114
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The sul foxide which may have been formed in step [69c] was

DY

not observed, even at pressures up to 800 torr. A trace

amount of CqH was also found, but it was thought to arise

6

mostly from secondary reactions.

Relative rate measurements with l-butene gave a vonm

: 1.
temparature rate constant of 1 v 101 M Js muash Faake

I3

’

than the corveaponding rea~tion with thiirane

2
The reaction of N( P) atoms with tetraflucre 1,3
. . - : . 110
ﬂ;thletaﬂe (EF2SFF28) has als~ heen studjed. The producte

“hgerved were consistent with a primary reactjion mechanior
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(a) (' N ™Y Atomg,
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2
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nf the O(3P) + CH?SCH3 reaction detected the formation aof

large amournts of CH3SO along with trace quantities of CH.S

3
116 3 i
and FHBO - Tt was proposed that O( FP) attacks the S site

v

of CH3SCH3,forminq An excited dimothylsulfgxido intermediate.

Thie eveited addnet ie formed with 95 89 rad 'n'-"nm]

t
()(3r) 4 CH_orn ~ ‘FPI & r71
T3 Ll 3

of excess enevrgy, exceeding the energy required far -5
1
bond cleavaae hy 2 ¥cal molae . Ther=~fore at 10w presauy e
the exritel adduct dec mpngen rapidly . releoneing o oand
CH._SO.
3

O
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3 . CH,- 4l eo. [77-)
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1

was connected directly to both the gas'€urette and the
digtillation train, thus énabiing the condensable products
to by-pass the Toepler pump and gas burette<ihto the GC

sampler.

B. Phégp;ytic\Assembiy
=

A cylindric;l quartz cqll equipped with a cold finger
(10 cm in length and 5 cm in diameter) and.suprasiliwindows
was uéed as the reaction vessel. A graded quartz—to—nyex
seal at?ached to a high temperature Hoke valve (model
421306y) connected the cell to the high vacuum sysﬁem. The
reaction cell and lamp (~ 5«9@ apart) were held in position
by 3~proﬁged clamps.

The radiation soygce was a Hanovia medium-pressure
mercury arc (modél 30620). For the cases of CH3SCH3 and
1,2-C4Hg, it was operated in conjunction with three 2 mm
'Etﬁick Vycor 7910 cut-off filters, which limited the
‘gﬁfective radiation to > 220 nm. Because of the pre;;nce of
a lohg wavelength absorption band (Apax ~ 265_Pm) in the
.apectrum of 5ﬁ;76§;7;§ (trimethylene sulfide), a 2 mm thick
Vycor 7910 filter coupled with a 240 nm interferenceffilter
was required; This limited the~efﬁective radiation to ~
240-260 nm; with the most intense radiation centered at ~

250 nm. The lamp was allowed to warm up for an hour before
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ifradiation.

For temperature studies, the cell was placed in a
hollowed-out cylindrical alumindm block furnace measuring 16
cm ih 1ength, 12.5 em in exte}nal diameter and 6 cm in
internal diameter. The open ends of thé‘furnace were
covered with 2‘mm{thick quartz plates to prevent cooling of
cell faces by air currents. VSurrouhding the élahinuﬁ hlocrW
Qas a_one “inch thick‘hayer of fibreglass insulation. The
furnace wés heated-£y means ?f four 10 cm long 150 watt
pencil heaters, inserted axially in the two halves of the

block. Desired temperatures were maintained by an APY 2-

K4

mode temperéturé controller. Cell temperatures (* 1°C) were
‘measured by standard iron-constantan thermorouples and a
thermometer placed in an axial hole 1neated at thé frce of

the block furnace.

~
©- Materials and Purificatiop
P
) Carbony! sulfide (Matheson) was purified to remove 702'

and H,S impurities by passage through two washing
bottles of safuratod sodium hydroxidé§solutions in
series with two bottles of saturated lead acetate
solution. The gas was then Jistilled in vacué atl—1395
(ethyl oh]orﬁﬂ; slTush) and degassegl at 1607 (isopentan~

slush),
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Dimethyl sulfide (Terochem) was distilled in vacuo at
—98°é (methanol slush). Prio; to each experiment,
furtherﬂpurifica};on was achieved by GC on a 6 ft x)4 mm
(IT.D.3 glass column packed /with 12% tricresylphosphate
~n chromosarh WAQVDMCS (RO/100 mégh), then ﬂeqassed'aé
=115° (ethanol slush) three times to»rémnve any €0,
which may have condensed Auring trancference and storans
)

in the GC train.

NO (Matheson CP grade) was distilled in vacun a* 419?"
(liguid argon) and degassed at -196°.

5ropylane (Matheson, 99.7%) was distilled in vacun at
-139" and degassed at -160°. .
0o, CO, (Airco assayed roaqents) were used as such.
1,2-Butadiene (Chemjcal Sample Co., 99%) was distilled
at -105° (methanol éTUéh with traces of water) anid
degacssed at 1397 (ethyl chlnride'slgﬂh)-

}-Butene (T.inde. recearch grade) wag Aiat{11~1 ar .11°
(ethannl elush) and degassed at - 196",

Thietane (trimethylene sulfide, API-USBM standard-
cample, 99.95%) was purified prior to.ééch measurement
by GC on a 3 ft » 4 mm (I.D.) column packed with 10%

sqralane ~n chromosorb W, HP (B0/100 mesh) then degassed

at - 1ne’ fimeathinypeal *Tiveh with tynran of waf-or) to remove



53,

Analytical Techniques

Gas chromatography was used for the gquantitative

~analysis of products and for purification of

suhstrates. The unit consisted of a Gow-Mac power

supply medel 24l500 and a home made mjcro volume carll
dptes;or fitted with a pair of Gow-Mac 13-502

thermistors, operated at 30" with a bridae current of 9 *
mA. The temperature of the ﬂnrpcfor was Yept conetant

hy a Colora airculation bath connected to a water

jactet, which hpuSéd the detector block. Signals were
fed into a #ewiett;Packard model} 7101 R strip chart
recnrder. i '

The carrier gas wag \91{&ml(hinde), pu;ified by
passage through a trap of meolecular eieve S5A (1/16"
pellets) at -196°, Fleow contr01awag ~ttained by an NRS
needle control valve (mrdel A-12) and the flow rate was
measured on a bubble flow meter.l

GC rolumns were constructed 6f Pyrex.or quartz
glass or *eflon tubina and were connécted to the
apparatus by means of Berkman teflon ture fittings MNec.
404. Column temperature was maintajned hy a water
bath, Tahles TT-] and 2 summarize the columns used, *“h~

retention times and operating conditions for all the

analyses and pnrifirations repnrted jin this wayk.
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Coated column packings were prepared by the "funnel
coating method" as described by McNair and Bonellil23,
and the % coating was checked after the preparation.
Necrasjonally, commercially coated snpports were used.

GC efflrents could be Airected through a series of
coiled traps at 196" (Figure TI-1) in which the desired
cpmpomndq could be trapped for further »nalygis and *F~’
identification. Product identification was a%hieved
initially by comparing the GC retention times with these
of authentic gsamples, whenever pragihle, f11owed hy
sprectral analysis.

. A direct calibration for the Adetector response wa:
made for nearly all ;hq pr~ducts. Standard aample- o1
methane, ethane, e*hylene, dimethvilsnlfide,
dimethyldigulfide, methylthiirare and thietane
(trimethvlene sulfide) were ?Va"ab1° and ~ntherg were
obtained in v~ceun %9 PO]leCtihq the reaction prnduc's
individually. famplees prurified by GC were meagure' i
the gae hyrette 2and the vreaulting peal areas w~re
measured ;ifh an Ottt planimetrer. The resprnsge wag
always linear over the range of yields obtained from

typical expeyiments and the calibrations were

reproducihle to better than 54, Tn the .case of * 7.

’

AT vrHhy o Yane 4'",’((_"1.))7"-‘1\_ tho ma] sy veapange wnew



estimated irdirectly by assuming that the addition of a
sulfur atom to thietane causes the same mnlar response
change as in the ~ase of dimethylsulfide. Therefare th-

molnr response, ¥ of ]1,2-dithiclanc was alenlabred £y,

the yelationshinc: ‘
- | | .
n - _(dimethyldisulfide) .
(] LY AT h 3o ane Y ;_w“.“”-””_"'_'-“ " i (tl\in’rshn‘
fdimethylenl fFide)

\

18AV28 Mnb, IR and mace epectral analyses were used for
TElitarive identification of products.
For mass spectral analysis, eamples from the GC
pfF]nﬂnt were Airtilled inta 7C 'MQ tuhee, aealed
vacu~ and stared at 197° unril neae. Mar-a gp oty
were abtaived on an ART MS 172 instrument with she
ion ennyee npﬁra?‘nq at 70 oV and ‘Yhe terpayas"' v
~f tha "aonjoearion oharher wage kept a+r - 507
famplac wore »“alyzeﬂ on an appropriate Of I
N
Aadapted t - the NS-12 chrematograph (Uarian
hNerngrarh sgerieg 1400), In the case of <~1ig
samples, anhalyses weye done indi-idually hy *he
Ajroct prohe methnd, <
(b) WMR spectra were generally obtained on a Rruker
400 spectrometeyr aAd occaei "vna1'|y on a WH-200

1o X - A ame Qner' Voevy visntnb 3 )~ Tampe IRIXaAr-] , gppv '-vva]

¥
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grade Chh1§, used as a solvent, wag degassed ih
pyrei médium wall NMR ¥rpbes. The ‘*rare Wnahriry -~
CHC1, pre~ent in 1ol Y alen sevved ~s an internal
etandarAd GC yrrified camplea wore thean canden-- 1
into the tubheccs, whiclh were then eealed 'mde-
vatsnum,  Fovr ~n1iAd cempaunds, thin wall MMP ' ubon
were need ~nd the golutions were prepar~d by <imp!'y
Aigelving the gnliA gampler jn C"Cl3~ Analysee
were generally A~ne at 130 oy at ioom tempérafuro,
depending on the atn}iliry 6 he . ewpanng being
analyzed.
Tnf’rarar:i SPECt'Y" “are cht>»ined in thae gae phaee "
in Ar -mntri.x Oon A Mielat 7109 rTID srectsrmetoy
Ramplee vere purified by Q0 an Aie {11eA inte o |
cm - '.o Mmooy lindyie s gquartr ce'l Fitra with
Kada)» 7na "olycry tal windawe, voinkn A '\'v inmy
Tvrex tvhe (\"70:,/1 vith a grease ~torvoock £ 0
Ja':o‘wi'\'«\n of the, sample intoa an Ar mab i,
1" gpe- tva were obtained in the gare phnree  n
Unieam Sr-1-00 séewkrhme*ﬁf ueint a 10 gy LI B
o
quartez cell fit'ed with suprasil winA- 5., L AR
spectrum of 1,7 dAithi~lane in met'. - o 0

Cent
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r Operating Procedures

Peactant presanree zhevre 50 tory were megguvc on the
{/

manamet v with the aid of » ~thaetometer (Guffin and George
THY ). Calivtrated volumes of varimnea sizes (éeo Figure II
1) "ere naed ta prepare gﬁ%ﬁtrate pr-seurce P*;"]ow "1 torr.
The vyoarbars Tivtrea wo'c.:-ﬂirf"i'l1oﬂ inta the ~oll V‘hyaygh
the 1T tyap at the lnweat teompe-ature allowed by the vapr
Frese ve of the acubgtryater and »]loawe 't ‘"“y Aye niqgtd
rriy to dvradiarion. 'n t'ose age  vhere 'hey 0 oy
e Sub‘:"Y?'o. at 102'?' PP e e D B IEEE B PN
“tuilibratinon.

In 4 reymining REO, ¥he rate of carbon e owi e
F“rwwr;on from pore COS  short conversion ru's 1 veducing
Ve b Aan Y ymalae of were gerirally “ea' bt minjrciza vh-

tof epoegirtion of slerental anlfuay on the ~ell winde:

MYy dyvadiatiy n, the e~ 11 rntanta weve frozen, into
the o1l nld finqor at 19477 and nAan canlenaahle proin -
cuech ag rrvhan w pevide ard methan | woye ’v::v\c.-f'or'}w'i
thyongh a2 evviee nf Vyape at 1Q6" rvin the~ Toepley rump in
conjunction with ‘he single atage mercury Adiffy-ion ruamp Yo

. -
the gas burntte. To “neure ramplete remr~val nf all
~ondensable produc?s, the nmondeanhle materjiale weve
Alternately thawa' ard "efrozen at 1 ack 4o ca Wit the

P . . Voot Mo e Y ey ! [ A "t o +he

4

b
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where NO o CoHy was present, a solid nitrogen trap (-210")

was used, AMNfter heing measyred in the gAas burette, the non-

i

condensable rroducts weve transfertred to tbé GC inlet whern
th? amount of CH,; cculd be determined chrnmatébraphioal{y.
This was then subtracted from the gas burvette meagsuremont
*hus enabling “Yuantivative determinaticn of co.

NO in the anlin pirrogep trap was removed at 187"
(Viqait Ay Y. Nthey light hydrocarhan rr "Anrcte nd the
excess veactants were geparated from the eulfur products by
Ai=tillation 'hraygh three trape at sppropriate leow
te eratures, as jndiceted helow:

' ethylenc, ar ~183° (ligquid Av), enllecred in the aas
burett e a?J Analyzed hy GC.

T ethane, gt 10" (isop~ tore claah), ant meanura?

hhrom:fh:raph’ﬂa]1y. -

) COs, "”7, And proarylene at 1707 (ethyl chleride gloeh)

A ', ' utradiene nd 1 -butene st 1157 foethan~1 alush)

T"e remaining conlaneakle %vaoti”n, vhish contained ‘'h«
"ol fay productie), wa- Aietilled intn the GC aample inder
for analyeis. In *the cacag where dimethylsulfile, orv
FG;EFE;)z. was the eybatrate, the gubstrate was transferred
*agethar with the sulfur produeata Airectly vt the GC

" 'er and separated chraw-tographi-allwv. .

TPy - v ameh PXpPeriment tha cel!) war mleraqg Yy
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admittihg air and heating with an oxydgen flame to remove
elemental sulfur and/or polymer which deposited on twe'néll
windows' during irradiatinn. thereby veducing the ef Fdotiva
iiqh* ‘”*eﬁsétv: < (

! \
F Mig;ownvE_D‘SGharqe Fxperiments ﬁér'the qosfcgiséa3

Sys'em =
L4

Ny was nsed as an oxidant for the so0lid rell residue
remaining after high conversion experiments. Complete
oxidation Wasbachfevqabby microwave ﬂisc;?rcq for 2 hours.
After the discharge. the 0, was saparé*ed from the oxidation
rrodunte by careful diertillation throvgh three traps at
~1837 (Tivai? nr), The ~vidized cell contents werr ;%en
@ o A nec lyeial The microwave dieﬁhargp it war

e oty frovem R i ko O v-‘as Lo ry ™=

w

RESRN



. CHAPTER III

REACTIONS OF SULFUR.ATOMS WITH 1,2-BUTADIENE
W
"l A ) ' . . , )
A. Results : >
~The U.V. absorption spectrum of 1,2-butadiene indicates
~ that it has signifiicant absorption in the region used for

COS_photolysis. The extinction coefficients at 298 K for
le

14

1,2-C,H, at 240 and 254 nm are 9.71 and 0.724 1 mole ‘cm

respectlvely. The correspondlng coeff1c1ents for COS are

31.8 and 13. 6 1 mole lcm;i. A COS/’l~2—C4H6 rat}o of 4:1 was

chosen in'most cases, Which ensured that >93% of the incideng
~radiation was absorbed hy Cos at é40 nm and >99% at 254 nm.
Even at the lowest COs/1 ,2- C4H6 ratlo (2:1). use& >90% and

>97% of the radlatlon was absorbed by COS at 240 and 254 nm, ¢
‘ )

respectlvely.

1. Reaction Products

3

The photolysis of cos in the presence of 1 ,2- C4H6 led

to the formatlon of five chromatographlcally separable sulfur.

~

' addltlon products (1 2 3, 4 and- 5) The mass spectra
1nd1cated that all flve products were of molecular welght 86

correspondlng to the molecular formula C4H65. A GC/MS study

WIth a mass 86 cross- scan.showed the presence of two addl-

'tlonal mass 86, peaks, ﬁ and 7 (Flgure-III—l) Unfortunately,‘
these two products were formed in very minute quantities, so

R ' -
" that further spectral analyses were hot possible. The pos-

.s1b111ty that elther of these compounds 1s v1nylth11rane

s %
_ ,
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(a product of the reaction of S atoms with l@3—butadiene, ‘;
which may be present as an impunity)ZS was ruled out by
comparison of the mass spectra.

The five major products could be collected in éuffi-
cient‘quantities for NMR analysis at 400 MHz. Gas phase
IR and UV analyses wére also performed for products },
4 and 5. Ar matrix IR and gas phase IR apalyses perfofﬁed
on 2 and 3, respectively, were unsuccessful due to their
small yields énd low stability. UV analysis of 2 and’g
was not attempted.

The mass spectra of the seven S préducts are tabulated
in Appendix A-1, ,‘

<

a) Indentifications:
Product 1
The NMR spectrum of product 1 (Figure I1I-2) shows four

resonances of relative intensities 1:1:1:3 (HA:HB:HC:HD).

Two of these (HA and HB) are in the vinylié region, at &=

5.62 and 6=5.21 respectively. Proton H, is a triplet with

A

a splitting of 1.6 Hzand .proton H_ is also a triplet, with

B
a splitting of 1.8 Hz. Proton Hc,at §=3,26, shows a Eriplef

'splitting of 1.7 Hz and a quartet splitting of 5.8 Hz.

This latter splitting is the same as that of brotons Hy r

which is a doublet at 6=1.55 (methyl region).
The relative area and chemicallshifts of protons Hy
correspond to a methyl group. The felatively~1arge coupling

of 5.8 Hz between HD_ahd Ha implies that they are close to



D
A ; 1 N .
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C=C
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2
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" FIGURE III-2: NMR spectrum of 2-meth_y'l-3-n)ethyienethiirane Q).

* Note that the purpose of the expanded resonance Hnes'
o 15 to show the splittings qualitatively.

a
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each other (not more than three bonds apart) as shown:

H
- ‘ ES/’
H—n_ 2~
D 7
1 H, H

The fact that HA and Hélare vinylic means that the other
two carbon atoms (C3 and C4) of the molecule form a vinyl °
group. Consequentiy the fourth bond of the second carbon

atom, C,, must be to the S atom as shown:

.CH\C/s
DHCT if;g::g

According to the molecular formuja,-a ring must be present.
! ' .

' Hence only two structures are possible:

"H S
i S PHE™ e S
H,/.\ H Aor B “ :
¢ . HA or B
’ pH,C .
(1) (11)

\

The cis vinylic protons.(HA and HB) in structure (II)

would have a coupling constant .of at least 5 Hz -(generally

7-10 Hz). However, ffom the spectrum, =1‘6—l.8 Hz,

JAB
which is a typical geminal vinylic coupling constant. This

-~

is consistent with structure (I). Finally, an ;SR'group on

67.
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a substituted ethylene will shift a proton cis to it to

higher field (lower &§) than one trans to it. Since HA is

at §=5.62 and HB is at 6=5.21, HB is assigned to be ¢cis to

the S atom. Thus 1 is 2-méthyl—3-methylenethiirane,with the

structure: B
De=c”" C o
~ - . C \/ _ \
‘ g H
H \ ' A
H,C
/ . :
§ D 5

The IR spectrum of 1 (Figure III—3)'is_¢onsistent with

3

this assignment. Thus the g;rong absorption_aé‘¢840Aém-l_

of a di-

corresponds to the out of plane C-H deformaty
P2

y
“

substituted ethylene of the type R R,C=CH, shifted from its

nqQrmal value of A900 cm"1 to lower frequency due to the pres-

ence, of an adjpacent oxygen or sulfur atom._125 The medium

absorption at 715 cm-l corresponds' to the C=C bond stretch-

ing. The C-H stretching frequencies at ~3008 ‘and 2970 cm >t

probably correépond to those of ring C-H stretch reported
for vinylthiira}le.25 Also, the vinyl C-H stretch region of

. ’ )
this spectrum bears a strong resemblance to ‘that reported

for methylenethiirane.63

¢

As is apparent from the structure derived, 1 possesses

a chiral genter at C2:
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H ,, s s (3 H
"'uc/ \C ! / \ \““
-~ 4
1 2 ISC—H H—GCZ3. 2 %t
HC CH,
H H
1 , 1l

!
!
1
(
{
!
t
(
l
i
{
|

Attempts to separate the optical isomers of 1 by G.C.

using a chiral stationéry phase126'proved unsuccessful.

LY

Product 2

-

.’

The NMR spectrum of product 2 (Figure III-4) shows

five resonances of roughly equal areas in the vinYlic region:
. ¢
proton HA at 6=6.48, which shows doublet splittinq%of 16.8

Hz and 10.4 Hz;kubton ?B’ with a doublet splitting of 16.R8

Hz, at §=5.41; proton H with a doublet splitting of 10.4

c!
Hz at &=5.26; proton HD’ a broad singlet at 8§=5.36; and
proton HE' at 6=5.3l, with a doubletf;plitting of 0.5 Hz.
"Resonances HA’ Hc'and HB show:- additional unresolved splittings.
A siifh resonance, due to proton HF’ occurring in the'viny—
lic ~-SH region, is a singlet at 6=2.96.

Proton HA has common sblittinés with HB (JAB=16T8 ‘Hz)
and with proton Ha (JAC=10‘4 Hz): indicaging that Hp is

JAB?lG.B Rz is

a typical coupling constant for protons trans-across a

coupled to these two protons: Furthermore,

2

double bond, and JAC;10.4 Hz is typical of a cis coupling.

Therefore protons HA, HP and HC all belong to the same

»

-
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FIGURE }11-4: NHR spectrum of 1.3-butadiene-2-thiol (g). - ’
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!

v}nyl group. Protons HD and HE are also vinylic, indic-
ating the presence of a second vinyl group in the molecule.
The molecular formula (C4H65) requires that these two vinyl

groups must be' conjugated to each other as shown:

| . raH\\ ‘/,C"C:: f.
H/ \HA‘ )

Some of the tinresolved splittings were determined by
decoupling expériments. The results show additional coupl ing
_constants: 0<JAD<d.5 ﬁz, O<JDE<0.5 Hz, JAE=O'5 Hz and JCD=
1.2 Hz. The small coupling constant-betweén HD and HE is
consistent only with a g;%inal configuration for these two
protons. Thus fhey are on the terminal end of the second
doubhle bhond. This leaves‘tﬁe =SH group on the substituted

end of the double bond. Finally, the'relation of protons

HD and‘FE to the -SH group (cis or trans) still needs to be
determined. However, additional information can still be

obtained by comparing the coupling constants of product 2

é;};h those of 2—chloro—1,3-—butadiene.127

Ci H
bH’\ >c_< :
T

v

For 2-chloro-1,3 butadiene, the coupling constants are:

a

-
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J4e=0.60 Hz Joqg=1-4 Hz

a

J,3=0.20 Hz Jce=0.5 Hz
For product 2 the corresponding coupling constants are:

JAE=0.5 HZ JCD=1.2 Hz

< :
JAD 0.5 Hz JCE<0.5 Hz

These similarities in the coupling constants (Jae & JAF'

Jag & JAD' ch & JCD’ and Jce & JCE) strongly support the
assignment of HD as the proton cis to the ~SH group. There-

. AY
fore 2 is 1, 3-butadiene-~-2-thiol,with the following structure:

. F D

N o
C=CH H
H” A " F

Product g
The NMR spectrum of product 3 (Figure III-5) shows
only three resonances, with relative intensities 1:2:3

(H

:H :H ). There is only one vinylic proton, H occurring

A°TB'C o _A'
at §=6.05, with a duartet splﬂtting of 6.5 Hz and a triplet

splitting of 1.6 Hz. Protons H " located at 8§=?.77, show

an apparent qu1nte§fplltt1ng of l 5 Hz, The third reson-

By

ahce, located at 6=1 :8% (méthyl reglon) is due to protons

\\
H This shows a doublet spllttlng of 6. 6 Hz and a terlet

C.
splitting of 1. Stgz. #“» J

ﬁ"

e i

A

s hu
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FIGURE ITI-5: NMR spectrum of cis ethylidenethiirane (2).
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The area and location of H_, indicate thét_this signal

C
is due to a ~CH3 group. The relatively large coupling

constant between protons H. and the vinylic proton H, (J

A ‘“AC
= 6.5 Hz) implies that they are éeparated by three bonds at

the moet .

H
c
CH\\C "~
W Ne=e”
HY{ A
A

A

As protons HB »re not vinylic, the molecular formula requires .

that product 3 contain a ring. The only, ring containing
v : ~ '

strugture that is consistent with the partial structure

shown aheos {e either cig or trans ethylidenethiivane.
/‘H,c /s
¢ >c=c_
AH

The question of the isomeric identity of prédunt glwill

~

. \
be discuesed together with that.of product 4.

!
Prednct 4
Similar to i¥oduct 3, the NMR spectrum of product 4

(Figure III-6) shaws three resonances of 5§1ative intensities
ES )
1:2:3 (HA:HB:HC)' The single vimylic protOn'wﬂi} located

) & 7
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AL

at §=5.62, has a quartet splitting of 6.8 Hz,and'a triplet

Splitting of 1'8 Hz." Protons H /appear as a multlplet at-

C
let spllttlng of 6.9 Hz ana a trlplet spllttlng of 1.0 Hz.

A
The relatlve area and chemlcal shift of protons HC in- .

§=2.66. Protons H., at 6=1.82 Q—CH3 reglon), show a doub-

dicate that they form a methyl group, as in the case of

-

product 3. The relatively large cdupliné constant between
: S ' - . :

protons HC and H (J =6 8 Hz) implies that thesé two pro-

tons are at the most three bonds apart as shown:

. L . o \
G:;‘:};\\ - | ;

L
cH f{;);-—c\

-

Since protons Hé are not vinylic, the molecula§\for-

- mula requires that product 4 must contaln a rlng as in the

case of produco 3. Therefore, product 4 must be the geo-

metric isomer of product 3, cis or trans‘ethyl1deneth11rane:

o ' AH S - : "
% | >x=c¢_l ‘
c H:c f\H . {
BH B

The question of the assignment of cis and trans geo-
metry to products 3 and 4'was resolved by examination of

chemical shifts. Additional ev1dence, though not compelling,

v

»

was obtalned from an nOe (nuclear Overhauser effect) exper -~

‘iment on product 4.



Assignment'of cis and trans ge€ometry to products 3 and 4:

a)%vCheqigal.shift,aSSignméﬁt ‘ .‘_ : ~u__zt ):

" Chemical shift tables 23 indicate that in substituted
ethylenes ( g:c;cig ) aﬁ -8R group .shifts a proton cis |,
to'i£ by about 0.24.ppm to higheér field (lower § ) relative

to the upsubstitutedlethylene, and a tfaﬂs profon will be

shifted by only 0.04 ppm to highe:'field as shown*

‘

-g‘ . RS-\C‘__C/H. (cis) -0.24 ip‘p'm." ,

H’/ - “H (tréns) -0.04 épm.

.

- Therefore it should be possible to assign the geometry of

St

"'idomers 3 and 4 by examining the reiatiye-éhemical shifté

of’ protens Hp fﬂr these two compounds. In the trans isomer,

)

f FT’F\ j / !
| \S‘ ——»"/’s . .

‘ cC=C / trans 1somer
Hc” ¢ 7
3 / NH _ J
C . H -

. B

RN - -
proton HA i% cis to the S atom. Therefore iq;this case,

the HA resonance is roughly 0.2 ppm to higher field than the

H, -resonance in the cis isomer (H, is trans to the S atom) .

v
o

8.
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a C
L "‘CL\ / cis isomer
4 H™ C.., L
I A ./ SH . :
. ‘ g H -B
. B A

Since the Hp resonance in product g is 0.43 ppm ;o higher
field than the HA resonance pf'produqt % (6.05 ppm—5.62‘§pm;
ﬁA of 3 at §=6.05, H, 6f 4 at 6=5.62), it is reasonabie to
conclude that g is the EEEEE isomer, and §'is the gig iso-
~mer. The [chemical shift difference obtained experimentally
is lérger than that predictééi(0.43 versus 0.2 ppm);_ How-
ever,this is not surprising since the chemicai shift quoted
from the literature represents an average value éhl'.' More;
over, ;he shift caused by aﬁ's atom in a small ring is not
'necessarily_identical to fhat Caﬁsed by an -SR group. Iﬁ"
fact,this chemicél shift difference for the cis and trans

(to the S atom)'HA protons of 0:43~ppp i§ in éxcellént agree-
ment with that of product 1 (H,,trans at 8=5.62, HB,gig at

s=5.21).

b
3

ﬁ\ _ /HB _(;_}_g §=5.21
_c=C

¢
Mk

b. Nuclear Overhauser effect (nOe) evidence:

A - s.trans §6=5.62

In'an attempt to further confirm the isoméric assign-

ment of- 3 and 4, a nuclear Overhauser effect (nOe) experiment

<



80.

. was performed on product 4 ' (It was not posslble to- collect
0 J
o )

sufficient’ quantltlés of 3 to perférm a 51m11ar study.)

1

Baslcally, the nOe is a change 1n 1nten51ty of one NMR
signal when another one-ls saturated. In 31mple cases;

.the-nOe between two fprotons in a molecule can be calculated
B - T, . ’ o
from the geometry of the molecule. Therefore it should be

T,
°

p0551ble to predlct nle's for the ¢is and trans isomers 3

\\and 4 U51ng ‘literature values ‘of bond lengths and angles e

128 nOe's were calculated for the c1s

‘%or methylenethllrane
and trans isomers (Appendlx B) These values were.compared
w1th the . experlmental ones obtalned for 4 (Table III- 1)

B protons

increased by a factor of 0.013 when‘the resqnance.of<the

As shown ih Table III-1, the signal for the H_
/

-methyl protons H was saturated. The predicted‘enhancements

&
‘are 0.001 for thé cis isomer and 0.069 for the trans isomer.’

Thereforefthe Oobservation of a non-zero nOe (0.013 versus

0. 069 predicted) at the H résonance when_thevﬂc'resonance

was. saturated ‘can be taken ‘as supportlng ev1dence for the

trans a551gnment of 4 However, the observation of such a
"ﬂ'— : -

- .

wsmall noe is not very conv1nc1ng, and\the.strOngest argu—
ments in favour of the g?gmetrlc assrgnments are.based~bn .
chemical shift data. o ‘ . ' -n
The IR spectrum of 4 (Figﬁre III?7) is,  as expected,
51m11ar to that of l Evidence for the presence of a v1nyl

-

group comes from the characterlstlc absorption at %3060

cm—l (=CH), and the out of plane deformatlon at N895 cm 1.“

>
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T TABLE III-1 S
Calculated and Observed Nuclear Overhauser Effect (nQe) |
for the cis and’traﬁs Isomers of Ethyliéenethiiraneﬂ S ./
Proton(s) Proton(s) Calcﬂlated'nOe‘-'_%Obsgrjed;n0e13 \
saturated observed ——— - - - (trans isomer,

o _

“cH, (B) H@)  0.019  0.006 0

CH,4 (C) © H(®) L 0.481 | . 0.488 . 0.42

CH, (€) . CH,(B)" -0.001 0.069° - 0.013

H(A) _ CH,(B) 0.004 . .~ 0.0001  not done

H(A). ~ . CHj(C)  0.023  0.024 ~  rot done .
CH, (B) CHy(C) . ©0.0003 ' 0.047 . 0%

. | . Lo . . V' ﬁ

p {I;
aSpiherotation relaxation of the CH3'group may haé%

décreased‘ﬁhéégge fhat'Wbﬁld.haye‘been_obSerVedlin
129 IR S o

.

B

this case.
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The.C=C absdrption~evidently occﬁrs at Nl700‘cmil. 'As in.
the case of l, the absorptlon at 42990 cm -1: corresponds to

the C H stretchlng frequency .of the thllrane rlng.

ProdUCt 5' o o K
. . ‘ N & .
The NMR spectrum of product 5 (Flgure III -8) shows four
resonances of relatlve areas lc2 2:1° espondlng to pro—
B’ HC and HD' respectlve;y Proton HA located at .
6—5 28 (v1nyllc reglon) shows two trlplet spllttlngs of 7. 4 .

tons H , H

S

and 6.6 Hz. Protons H_, at 6= 4 80 are also.in the v1ny11c

BI
region "They shOw?a_Jrlplet spllttlng of 2.7 Hz and a doub—
let spllttlng of 6.6 #z. nProtons H ‘at 6—3 10," show two

doublet spllttlngs of 7.4 and 7 9 Hz and a trlplet spllttlng

“of 2.7 z. Flnally, proton H_ is a triplet with a spllttlng

D
of 7.9 Hz, occurring at 6=1.58 (aliphatic =-SH region).

From the chemical shift (6=l,58), proton Hy is appar—
"ently an —SH proton : It has a 1arge splitting in. common

w1th the allphatlc protons H

c. U CD=7’9_HZX5 Thls implies

that protons HD and HC are at most;threepbonds apart as -

¢

shown

.

Protons H and HA also have a large common splitting (JAC=

7.4 Hz) . ThlS again lmplles that they are separated by not

(% Y,

more than three bonds.
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FIGURE I11-8: NMR spectrun of 2,3~butadiene-;l—thio1. (5).



p-\§\ He

cH7T ,C=C
A

As mentioned.earlier,|protons HA and HB

are vinylic.

: . ‘ /

I X o .

! However, they cannot be on the same C=C bond, because bro—

tons Hy are equivalent. Conseguently, there must be two -
double bonds in the molecﬁle, in keeping with the require-
ment of the'molécular formula. Furthermore, the equivalence

of two HB pfoténs requires that the rest of the molecule

be symmetric with respect to the =C(HB) plane. This is

2
%nly possible if the second vinyl group is joined ortho-

gonally to that of the'HB

protons, thud putting the other
half of the molecule pérpendicuiar to the =C(H

B)2 plane as
shown:

D C ° “ B :

HSH,C H
comene
: H 7 T e
- A 8

Hence 5 is 2,3-butadiene-l~thiol.
Further confirmation of this proposed structure is seen
in the IR spectrum shown in Figuke III-9. Conclusive evi-

dence for a monosubstituted allene structure comes fro( the

.
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‘characteristic absorptions at 1960 cmfl'(C=C=C). The weak

absorption at 2500 cm-1 is characteristic of an -SH group.
. . 1 "

a

~ ~.

b) .?roperfies of 1, 2, 3, 4 and 5

-

The .gas’ phase oV spettra of 1 and 4, shown in Figures'
III-10 and &II-ll, are qﬁ}te similar in that both show three

absorption maxima. For. product 1, the three:.maxima are
located at x1=200. by =235iand x3=275 nm with corresponding

2

2

extinction coefficients 51=J2x103, €% 7x103 and €4 2x10
1 4 .

1 mole—lcm . The three maxima Qf 4 are chated'at k4=l95,

f.,=230, and A =285 nm with €, 8x10%, e, 3x10> and e = 2x10°

6 4 5 6
1 mole_lCﬁ;l. The UV spectrum of 5 (Figure III-12) is quite

different from that of 1 and 4; the long wavelength transit-

- 3
‘ 7 3x10;
"loys centered at A,=205 nm. A weak shoulder with

. N . .
ion is absent. The first absorption maximum with ¢

1 mole Ytem
.E%=ilx]d3 1 mole—¥¢m_l lies at X8=230 nml It is apparent
that both the thiiranes (1 ;nd 4) and the tﬂiol (§f‘aré
photochemically quite unstabld, due to their large extinction
coefficients in the near UV. By analogy, products 2/ and 3
are also expected to be ;hotocﬁémically unstable; '
In tﬁe present investigatibn; it was noted &hat'théso
compounds aré very sensitive to Pyrex surfaces:’leavinq a
gaseous mixture, of the products ;t room temperature in a
Pyrex trap overnight resulted in > 95% product loss. How-
ever, when the products were left in a quartz cell under the

same conditions, more than 50% was recovered. At -196°,

the products are relatively more stable. The ,products

.
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The gas phase UV spectrum of trans ethylidene-
,thiifane (4) at low and high concentratioens.,
a=hase line of 30 ml, 10 cm path 1ength quartz
cell, b=low concentrat1on, P~0. 6\torr c= h1gh

: .c0ncentrat1on, P~1 torr.
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,exhibit‘greatest stability in dilute CDC1’

2. Effects‘of Exposure Zimei TotalﬁPressure]andbAdded co

91.

3’solution at

-4°aih'sea1ed NMR tubes covered with aluminum foil.

- 3

[P

It was also noted that the S products are extremely
[
sensitive to mercury surfaces- more than 50% of } was lost .
after being transferred to the GC sampler via the T8epler

pump-gas burette system,;where a large surface area of,

mercury is available.

g.

on Product Yields

ha

Due to fluctuations in the intensity output of the lamp
and to sulfur deposition on the cell_window, along with

changes in the COS absorbtivity with témperature, the amount
A . ‘
of conver51on was determlned relatlve to the yield of CO

rather than to exposure’ tlme.-

The variations;in'product yields with exposure time are

',llsted in Table III-2 and 1llustrated in Figure IIT-13. The

product recoverles are low, even at low conversions. In

addltlon to the s‘addition products, a very sméll amount of

vcsz, thch could not be determlned quantltatlvely by GC or

by dlstlllatlonf was formed along with trace quantltles of

CH4;“A5 is apparent from Table III-2, the .rate of CH,
formation increases withztiﬁe, indicating that at least part
of it is formed in a seCOndafy process. The variations in

the'product rates of S products are illustrated in Figure TIIT-

14, Where‘it is seen that-the.rates of the formation of 1 and

.
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?IGURE J11-13: S product yields as a function of CO yield
i —- - © Ng) - :
in the COS l{f.cdHG ystem. P(CN8) - 200
torr, P(1.2.C,H. ] ™ 50 torr,
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FIGURE TTI-14: Rates of S product formation versus CO yield in
the COS - 1,2-C,H¢ system, P(COS) = 200 torr,
P(1,2-C4Hg) = 50 torr; Rate(1);_, ~0.235 umle/
umole CO, Ffﬁev(*ﬂ)ho ~ 0,115 ymole/umole CO.



y oo .

» 4 decrease with time, whereas those.of 2,3, and 5 are appar- -

..ently constant. )

©

The rates of product formation as a;funotion of total
pressure'are“listed'in Table II1-3 and illustrated in

Flgure III-15 (To mlnlmlze the effect of the strong time

‘

dependence of the rates of l and 4 on the pressure study,
g
the same conversion was employed for all runs, and the rates

-in Figure III-15 were corrected to zero time using Figure III

s
- 14.) . There was a dramatlc 1ncrease in product recoverles
] ]

ht high pressures (45%), and thls was entlrely due to the
o .

! ™
i

‘increase in the rates of for@ation‘of the thiiranes: that

of 1 sthed a sharp initial increase, levelling off at high

pressures whlle those of. 3 and 4 showed a moderate steady
rise. On. the other hand the rates of formatlon of. tthlS

2 and 5 were not affected\I . , A

L

The addition of ~1200 torr Co, to a COS/1,2- c4

100/50 mixture suppressed the thiol formatlon and caused a

.concomitant rise in the thiirane yvields. The productidn of .
CH4 was also suppressed.. The total product recovery igoreased
slightly (%~11%)., Table ITI-4 shows the product distributions

in the ahsence and in the prbsenoe of 1200 torx CO,. Values
! Lot
corrarted to zero time are also listed.
’ / 4

i
f

. o
3. Relative Raté Parameters :

i
'

For a COS pressure of ¥00 torr, and a COZ/COS r&tio of

~ 12-13, it was found that >90% of the S atoms produced are

v A
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FIGURE TT1-15:

1, 3, and 4 are 0.290, 0.042 and 0.123 pmole/ymole CO

Rates, of product formation versus total pressure in
the COS - 1,2—C4H6 system; P(COS)/P(],Z-C4H6) = 4.
Rates of 1 and 4 are corrected zero time values.

The extrapolated zero time rates at P = 1200 torr for

’

respectively.

P
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in the triplet groun state. Thus this COZ/COS ratio is
sufficient for the study of S(3P) reactions.

The relative rates of reaction of-S(3P) atoms with two
alkenes, I and 11, may be determined from the relative yields
of the thiiranes (é) produced. The two competing reaétiéns

are:

3 | k1 o é
s(°p) + 1 - — . Eg 1]
5 . X, ; |
S("P) + II ——— ¢ EII [2]
’
' . X o ' £ '
If A = Ef/CO in the presence of TI, and B = EII/CO, then
. . ‘
the 'relative rate expression is _
B _ 1(_2 ) [II] o , ' 3 31
"R ok 1) '

Therefore, a plot of B/A versus [IT%/[I] will give a straight

line with a slope k,/k;. Thus the absolute rate constant,

k.,,of reaction [2] can be obtained if k., is known. In cases

2! 1
;here.the thiirane(s) formed in [2] is/are.unstablée, then
the relative rate can be obtained by monitofing the rate of
dééiease of thiirane (EI? formed in [1]. ‘Hence if_Ao = Ei{so
in the aﬁsehce of (TT), then {3]1 becomes: N

A_-A k
o__ - 2 - T -
A F]_ (1) ‘ ‘

(= ’ r4]

N

and a plot of (AO~A)/A versus [17]/[T] will yield k2/k1.

1_C4H8 was'cBosen as the reference substrate (T) since

.its vapour pfessure is similar to that of 1,2-C,H_ (II), al-

476
lowing low temperature distillation of the reactants. Also,

the S(3P\ + 1-C H, reaction produces 1~04H

478

gS (ethylthiirane)

ae
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.

quantitatively, and the Absolute Arrhenius parameters
have been measurqq; -

Prpduct yiebds for mixtures consisting of iOO torr COS,
>1200 torr'co2 and fixed pressures of l-C4H8 in the presence
of incre§§ing amounts of 1,2-C4H6 ;t five aiffgrent temp;
eratures are summarized in Tables III-5 to III—9. It is
Seen that £he l—C4HSS/CO ratio decreases with increasing’
pressure of l,2—C4H6( owing to the competitive scavénging of
S}3§) atoms by 1,27C4H6. It is apparent that thetrate constant

4H6/kl____C4H8, obtained by monitoring the de-

crease in the 1—C4HBS/CO ratio (A) are consisténtly high-

'

ratios, kl,2~C

‘er than those obtaihed from the C4HgS/1-C,H S ratio, (B/A);

this is not unexpected €ince the prodneat recoverijes from the
S + 1,2—C4H6 reaction are nnt duantit Lve. Conséquently,

the relative rate constants obtained from plots of (AO-A)/A

versus [1'2"C4H6]/[1'C5H8] were used td calculate k

1,2~C4H6"

These plots are illustrated in Figure IIf—l6, and the =slopes
and intercepts obtained hy leaéf mean squares aﬁalysis of
these pfots are tabulated in Table III-]0. The slopes are
plotted in the Arrhenius form in Figuré TIT-17, The weiqhted

least squares fit of the Arrhenius plot gives:

A LN - 5.31 + 0.26, and
l,2mC4H6’ 10 Hy

FJl--CAHR - E1,2—C4H6 - (Y17 + 0.0 keal mole
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FIGURE 111-17- Arrhenius plot for the S(3P) + 1,2-CH; and |

] —C4H8 system.
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B. Discussion

-

The cumulated = bonds of 1,2-butadiene are mutually
perpendicular; and consequently, there is litéfé interaction

between these two bonds. Thus in 1,2-C4H, the T bonds rep-

resent two non-equivalent reaction sites. However, there

is o-m overlap between each T bond and the coplanar C-H bonds

(hyperconjugation), resulting in stronger C=C bo'nds.130

476

. S . ;
cate that the reaction oﬁ/s atoms with this diene conforms

!

The products observed; in the C0S-1,2-C,H. system indi-

with. the general mechanism &lready established for the reaction
with alkenes, i.e. S atoms either add to one of the C=C bonds
or insert into the C-H bonds. Thus the follewind steps may

! :
be" Fonsidered for the & + 1,2-C, H_ system:

46
3 3 b
COS ¢+ hv o e o= CO 4 SOD,, P) 5]
s(ln?) 4008 smeew 0O+ 8, ] 6]
1 | 3 '
S('D,y) + M e Q(TP) 4 M [7)
s(p) + cos o~ me €O 4 s, (81
- ] q\! \ S H
st'n) 4 en cw=c-cp, 22372990 | c=c” e Peaer [91
7 3 2 ’C/ H c/ \\H
H oy H T\
C'H3 C\Hs



1,2-addn.

C-H Tnsertiqﬁ

C-H insertion
vl

s(3p) + CH

3

CH=C=CH

—~
. S 1 6
MaC LS H S
3'\c=cfé M. '1f>C=Ofé :
W e ' el
- : /7NH
Y A :
. . 3 B
R e
_ 1 f'7.’ o
H S- M He .o S
:C=C// ERL ,:Q::Cfé y
H,C E\H H,C (H
H H
4
1 , E s
HSH,C . C/H ___L HSH"_’C\:czc'C:ﬁ
H” ~H H :
5
- 'a) M
HS H
H3C\(‘—C_C/ e Ho :C=Ci
. /‘—' - N C=CH H
HS H - '
2
1 g
: M '
HiCnnooerSH) M _H3Ccoc Y
/ Nt ’ >
H H H
i \ 3
S. S H
~ 7 S - ~ =C/
2 ,3 /C-'——-’C—-C —-—ﬂ.’..._‘ -H/\C’c SH
addn, CH3 H 1SC. EHS
X

[12]

[13]

[14)
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)

H,C s H HaC\cc/z ‘<
" 7,2-addn o B R M, ISC. L
: — / ~ —_— o H [16])
[ < H .
3
\’ )
- n. .- , . =
e @ - \C:b1L-C// : . H,C” ;c\H [17)
\u.c” do
3 “H
-~ AR R ) a * - - -~ " i

.S additioh product récoveries im the present system are
relative;;-low ( ~70% at zero time), in contrast to the alkene

systems where the.yields are quantitétive at low conversions.
The loss can be ascribed in part to the mbéerate]y strong U.V,
absorption of tyé,proddcts at longer wavelengths (A>250 nm).
q The formation of product g presumably cg;ld odcur'via

an eneﬁhidl¥thioketoﬁe—enéthiol.taptOmerization.~ The initial
tautomer, CH3C(SH)=C=CH2’(2,3~butadiéﬁe~2vﬁhiél),couid,be form-
ed from‘direct insertion of 8(102) into the aikyl substituted
vinyl C-H bond (step [lé]) or fromlnniﬁqlecular isomevrization

of the hot thiirane, produced by 2,3-~addition of'S(lDz) (step

[9]) via a bicyclic -activated compliex as shown in scheme (1).
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[9] \C/,/.C=CH2 “«——>
CH '

3
. ) ) H =T
c=c=c_. _H. + s( D ) M /
H H
1L[13b]
HS- S‘c—-c\ }'{/H
L C"C/H H ~ "/: \“

Scheme [I)

4
./

-

The occurrence of a hot thiirane—&hiél rearrangement in
this system is,however, highly unlikely/ since in chemically
activated methyithiifane, which has a smaller number of degrees
of freedom than the C4HGS adducts, this process is of very

. , . SH
‘minor impor€ance.19 Thus the initial tautomer of 2 (CH3C=C=CH2),

k o
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at pressures >2 torr, must result’ from dlrect 1nsertlon 1nto

’"the C H bond of C3 Phis insertion is a. dlStlnCt feature of .

A

R - e

the COS l 2 C4H6 system: the first reported S 1nsertlon into-

the methyl-substituted vinylic C-H bond of an acycllc hydro— L
carbon system. In fact, 2, the ultimate product‘ofvihis

1nsert;on, is only the second alkyl substltuteq enethiol -

(l-ene-2-thiol) after propene-Z—thiol to be reported.131

kSyntheses of enethlols having a termlnal v1ny1 group generally

yield only the 1l-ene- l thl 1. 42,132 oo T

&re ex1stence of enethJol thloketone rearranqements,

hich"are-analogous to*enolaketo tautomerisms, is wéll doc~

umented,l33’134 It should be noted that the possibility that

product 2 can arise from the addition of S(ln75 to any 1,3-

butadienes impurity s
1 A RES
S D?) + n?(‘=(,‘nhnr(‘n7 AR It t! RE:E!

can be ruled out for two reasons:

fj(i) The purlty of the substrate was checked chromatoqraph~
.lcally shortly before use, and no 1,3~ putadiene was detecfed
(ii) The reactlon of 'S atoms with 1, 3~-butadiene has been
studied and the only major primaxy product found was vinyl-

.. 25
thiirane:, .

s
ol e c o=t (‘/H \(‘H 19
. = = ——— =0} ~C
S('D,) + H,C=CHCH=CH, > H,C=0] 5 119

In the present work, no vinylthiirane was observed, even in

thefpresence of high €O, pfessufe (ca. 1200 torr). Thus
V
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1,3-butadiene cannot be responsible for the formation of

vprdduct 2. .
"¢ "~ The thiocketone (CH;=CHCCH,) formed in step [13b] of °
Scheme [I],-has béén_synﬁhesized"by two research groups using

_i%ash.thermo¥ysis‘téchni@ﬁésil35’la6 Tt was rééorted'td be

extremely unstable, dimerizing at ~60° 136 and undéfgoing

135

spontaneous polymevrization at room temperature. Neither

of these groups reported .any observation of the tautomeric

enethiols.

The formation of the enethiol (2) in the COS—l,Z—C4H6

syétem can probably be explained in .terms of the experimental)

conditions employed. 1In the previoqus 1nvest1qatlons,135’l3

the thioketone produced was immediately condensed at -77 K

and allowed to warm up in the condensed state to a temperaturn

. . . . . 136 . 135 .
at which it eithexr Aimerized or polymerized. In the

present work, the products were formed in the gas phase at

-6

. . ) /
axtremely lew econcent¥ations (<10 "M) diluted by high

pfessnres of cos. Undey these COndjtipps, thioketone dimer -
ization or‘pdlyﬁerizé£io% wQuid océgr_much less readily than

in the condensed phégé; tﬁﬁg ﬁrovjdihq a qreafpr ﬂbportunity
for tautomerization to take place. Tndeed, it has Eeéﬂ‘shn%n
that in the gas phase CH2TCHCCH§ dimerizes at higb pressures}36
Furthermore, the higher temperatures ( >»300 ¥) emp]oyed‘jn ghﬁs
work miq%t be expegted to enhan~e the rate of tautomerization.

Additionally, the enethiol ~thioketone-enethiol tautomerization

~nuld have been photochemically induced, since it has been

LA
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demonstrated that enolization of an aliphatic a,B-unsaturated

ketone may pccur phgtochemicallyll37

The“ultﬁmate'fate of ény_remaining th%oketone in this
Syftéhfis,quefpafh,J Itkcbgld have eventually polymerizea in
the reaction cell, decomposed dur}ng\transferral or been
lost oh the G.C. column. On the othef,hand, it may have been
one. of the two unidentified’peaké,_é aﬁd z,seen.in the mass
86'c:dé5ﬁ$bahfifiéﬁ%e:IIi—lilnuB;iiéyvgnd'Is§g$§élés'Edﬁld"”“'x
not detect the thioketone by gas chromatography, even when fhp
products of the pyroiysis were fed directly into the GC,
but this may have been because (their canmn‘was made of cop-
per tubing. A related sulfur |compound, vinylthiol, has been
demonstrated tc be quite reactive with copper snrfaves,lg and
the thioketone may behave in a similar manner.

.IhpaQII.eI'] 34: hAS»';"L“(:'Jir{teﬂﬂi m:v'.".' t‘ha’t" 1':71' 'c'as'aé whara the taut -
omer ization of A ﬁhﬁhkptone/reqnirpﬁ'higrarion of an a-hydre
gen helonging to a methyl qrdup, as in s;ep [13¢) of scheme

(1), the enmethiol has not be%ﬂ bbéervéd. @ince the enethinr]

. : _ . o ) ‘ o .
can apparently be trapped in chemical reactions, such as the

: 133
methylatijon of thiopinacolone,?3
ﬁ ?H methyla- ?CH3
. — [al=-Ta _t..i—rlg._ e » ~ 20
(PH?\}CPCHB (Cn?)gv_ H, agent (PH3)3CC H, ‘[ ]

there is a possibility that the eguilibrium lies far to the
thioketone side. However it bas been pointed out that thie

observation deoes not unambhiguously prove the real existence of
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: 134 ‘ e
the enethiol.: In the case of product g, conjugation of

the two C=C bonds in the l-ene-2-thiol form may enhance its
stability relative to that of the correéﬁhndihc thioketone,
=C-EH3, in which the C=C bond is ~onjugated to the C=S

2
SH
bond. (The initially formed cumulenethiol, CH2=C=C—CH3,'

CH

which has no conjugation, sbould be even less stable.) ' The

N
overall ‘srheme for the proéuctjon of 2 thevafnre wonld appear

to Re:

SH S SH
1 W N SR, N | SN U S
S| D?>' HR(W CCHy - W TR T A P CH L CON-CH T OH ~C-CH=CH
(g)
(73]

2

The fact that no teyrminal cumulenethiol prodvet
P . 4 . . - \ “
(CH3CH=C?CT§H this work ~an also be ex

by a thioketnne-enethiol tautomerization process. In the case

¢

plained

e

) ‘was observed’ in

~

of the terminal vinyl C-H insertioﬁ, the initia1ay formed

-thiol conld tautmomerize to a3 conjugated thicaldehyde:

. o

-

| = : .
CNome=e PR S NeeeOTF - (211
e’ H < H.c” H '
3 | M3 .
1,2 :bhutadiene-1~thinl 2-butene~1-thial

%
However, the only simple conjugated thicaldehyde synthesizeAd

to data, thicarrolein (Cﬂj—hnhﬂ), ia gn nnétable that it

138 . .
deromynages elowly even at 77 ¥, Tf the tantomerization

-

(etep 1211) aquilihriom ie reaconably fast, any terminal



cumulenethiol formed may have beeﬁ lost by rapid reactibﬂ,
ﬁost likely poiymerization,of the thioaldehyde tautomer.
(There i= also a pessibility that the terminal cumulenethin)
may have been one of the unidentified products, § and ?,
shown in Figure TITI-1.) |

Tn t'he-COS—Hz(’?(‘"-(‘H2 system, the corresponding cumu-
lenethiol was also not observed.63 ﬁowever, the high methyl-
enethiirane yield, »90%,0obhtained under 1o§ conversion conditions
indicates that vin&l C-H insertion can only be ~f minor im-.

roobtance in this system, . ) )

The high y*eldé of thiiranes observed jn the present
system indicate that for S(]Dz) atoms, the thijrane Formatioﬁ
pathways (steps I9}~[11]) arm more important than the ineerticn
reactions (steps [12]-[714]).

The S product distribntions listed in fable TIT-2 are
,qujte‘different from those for alken@§?7 thiiranes cohprisp
2 9Ng ~f the total P4H68 prqpnctc. As is aprarent in Table
ITTT-11, the thiirave vield in the & + alkene sy#tems undeér
similar congditions is - 70%. These enhanced thiirane yields
can be explained in part by the presence of twn C=-C addition
sites and FeW@Y C-H insertion sites. However, since product .
ryecoveriew were not quantitative, the lower thiol yields may
vefleact n Tovrsy =tabi]iky A F t“* inmey ticer products in this

~y o



. TABLE III-11 .

Pféduét Distributichs fcf'£he coéfAikene Systems42
} _ .%<Dis£fibution L
. Vinyl»Type ‘Alkenyl Type Thiirane
Alkeme. . ' Thiol(s)  Thiol(s)
¢ ; SRR RN A .
'Ethyléﬁe_' ST . 51
Propylene 19 19 62
Isobutene 12 - 32 "s6
2-Butengs~ 'O 32 68 3
‘1-Butere 12 29 59 -
Tiimé£h§1ethyiene t.dj' 42 58
Tetraméthylethylene 50 50
Vinyl Fluoride 32 | 68
fl,;—Difluoroethyienei g 31 69

118.
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The 1nCrease in: thllrane ylelds w1th total pressure, as
shown 1n Flgure III- 15 and Table III- 3 prov1des strOng'ev1—
B 3, - . Ce- ‘
‘dence that colllslonal stablllzatlon of ex01ted precursors,
R ' & 143 e ARRTR, s . fhn

ﬁprobably hot thllranes,gls 1mportaht at high pre§sures (ca x

,«_._;'% A

- 150 torr) ' Thls pressure enhanC1ng effect cannot 'be explalned

-~

_on the bas1s of suppress1on of 1somerlzatlon to enethlols

.

since, as mentioned above, such effects are of very minor im-
U‘portance for CyHS 'The decreaSe-in“CH4 yield.at high pres-,
sures suggests the suppre551on of fragmentatlon processes

However, the low CH4 yleld 1nd1cates that fragmentatlon leadlng

-tO»formatlon of this product is of mlnor 1mportance. ‘An

+ -

J’alternatlve process which would ‘be suppressed at hlgh pressures

'ﬂ;s fsagmentatlon of the hot thllranes via a cyclopropanethione

1ntermedlate, e.g 128, 139
s i . f [22]
’ ) —_— '
<\L> = <J>s> — C H; + CS
(1) AR

The parent cyClopropanethlone and methylenethllrane are thought
fo ex1st in equlllbrlum at high teqperatures, and 1t has been.

asuggested that cyclopropanethlone can fragment via CS elim-

--1natlon.l 8, 139. CS may then*abstract S from thllraneS'yleldinq

the correspondlng alkene and CS Indeed, small.amounts of
_ . R . _
cs, were observed'lnhthe present_systemfand in the COS-allene -

5 -

‘system;§3' ERE

oy
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At high CO, pressures (Table III-4), formation of the
" insertion products 2;ahd ? is suppressed and the yields of
thiiranes }, 3 and 4 are enhanced, as expected. ‘The large
ﬁ; "‘increasemiﬁ the.totallproauct"yieid is a result of pressure
" stabilization and‘the increase in concentration of S(?P)
atoms: The greater reactivity of S(3P) atoms with the
substrate relative'to COS'(vide Supfa) increases the thiirane
ylelds at the expense of CO formation.
Of the thiiranes, 1 (? 3~ add:flon) is invariably formed
in higher yield than 3 + 4 (1,2-addition) for 5oth s('p)
andrsleQ);Pdditions. This preference may be in'part due to
‘thefelectrophili¢“6§t$¥g"6f S étems: the CH3 substituted

C=C bond is preferred. The intuitive expectation of the

greater nucleophilicity of the 2,3 C~C hond is sipported ky

o a0
CNDO/S calrulationg performed on 1,2~-C4H6,1
H H
\ .02 0.959 0.970//
. C=C=C

. 04 . » . /’; .2 1\
which found that the highest 7 electron density is at 03,
Assumlng that the yields of 1 and 3 + 4 are proportional
to the rates of 2 3 and 1, ? addition respectuvo1y, the qelehf—
1v1ty of S( P) fcr 2,3 and 1,2-additions may be expressod in
s

terms of the rate constant rat10° - ' ‘ Lot

v; . . o o \

A

<!
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| i ’p
(kz’B/k1’2> - (v 1))

Using the experimental vayyes‘f?om,Table.III~4:

.

. ki p
<k7'3/kl,2 | ~ 2.15
P=1200 torr, t=11 min

K °

Alternatively, the values corrected to zero time give:

. , ) ~ 2
(1?_'1/1'1’2 , 2. Nk
/pP=1200 torr. t=0

. N A
Thue the calevlated ratio, (k2 ?/k] ?).P is approximately
), |, 2

2.1 and shows essentially no time dependence. Using the

v
~

zeare time values from Table T177-4 and the zero time extra

polated thiirane rates at 1200 torv from Figure TIT-15 reve=nls
. . 1 A .

that the corresponding selectivity for & D7) ~AdiFione in

the hiah pressure limit (Aprendix C-1) is:

M
(b?,‘/p‘,7> - 1.3 ]

P-1200 tery, t=0

: ? . .
Not unexpectedly, S( P) is sotmewhat more selective as a con-

sequence of its lower energy content.

-

@imilarly, assuming that the cbserved gselectivity (2,7
3 o
and 1,2-addition) for s( P) is pressure independent, the
: 1 o : ~
corresponding S D?) selectivity at zero time and a total

pressure of 250 torr is estimated (Appendix C-1) to be:



- . 1220

1
| D 3
2,3/%1,2) = 1.4

P=250 torr, t=0

'k

o . 2 we P P P
- - « - o o < = - IS . - . e W >

. . - o . et s - PR ‘,, . v .‘” ) r-";n . L T R W e du e

The apparent similarity in the ko 3/k1 5 ratios at 250 and
| ‘ 1 L ' ' e

1200 torxr for k( D2) implies that the observed selectivity of

8(102Y addition is also pressure independent.

¥

Tnspection of the zéfo_time data in Table III-4 reveals

that the trans/cis C,H S ratio for SCPT sadition is\

4

Q

3p -
(££32§ (4)/@;5 (3)> 2 )
T /P=1200 torr, t=0- L .

N

. s ) . 3 c .
The high trans,/cis product ratio for S( F) 1,2-addition is
surprising since éig Additinon does not appear to feature mnch
steric hindrance. However, there is a possibility that .the

appArrent preference for trans addition is a conseaquence of

. . 4 1 L ) -
The trans/cisiproduct vatio for S( DQ) addition may be
calculated (Appendix C-1) using ‘the zero time values from
Tahls 177-4 and the 7zero time extrapnlated thiirane raktes at

1200 torr from Figure TII-15: o

. o
tyanae(4)yeig (3) ’ : w14
r~1200 teoyy, +-0 \

" —

The much higher §§§9$/9i§ product ratio for S(3P) addition
(v6.2) suggests that S(gP) may bé signhificantly more selective

and less reactive than SYlDZ) in 1,2-addition. Alternatively,

14 we



this may reflect a larger difference in stability of the
triplet trans and cis adducts.

By analogy with the S(lD ) + alkene systéms, thefadd4

1t;on of S( DZ) to 1 2- C4H6 most llkely follows a 51ngle step

‘concerted pathw'aty,‘rl 46 50,142 o oot v ale

. o e e et s e
- .9

®

1 ’ S\ _H\1
. S("D.) + CH,CH=C=CHj 2,3-addn. | ”\/Q=C\H . [9]
2 3 3 gl , 2

- CH3

For S(3P) addition, two p0551ble tran51tlon states may

be considered. One is the ring dlstorted trIplet state~th11rane.

hévinq a high rotational barrier (v23 keal mOle'l); analogous

to that formed in the S(BP)—alkene systems (vide supra), e.q.,

. . Lt e

\3

. /. H
Cis 1 2 addn‘ H,C SO
s(ipy 4 CHCH-C=CH,, ~== weevmew woeme |3 Nonpu2 0 7
° /! N
: . H H
R . ot ) LA -
trans 1,2-addn. H\: -8 //HI3
e - C——C
R H4C H

Scheme ([II]

On the other hand, the presence of an unsaturated sub-

stitunent might lower the rotational bharrier predicted for the

-1,51 .
parent thiirane (+23 kcal mole ]) and a freely rotating

triplet bhiradical might be generated, e.g.



. '3 ) 7 B
3 X .trans. | H ? . . H
S(°P) + CH,CH=CACH, ———— \C=C—CH2‘ . \,C#—C'f’CHz' :
1,2-addn. H.C7 H.C ’
S 3 3
: a b
. \ - ) ‘ ;
cis H 4 ; S
| e, Se-cise,
| 1.2-addn. |10 g v |Hy g
c +d

Rk

'Ifjorieﬁéationfof ¢ attack is the major inf}pence on
ghe high 25325/9556;,2—add§ct ratio, then biradicals p and q
canfbe ruled out as intermediates since ring closure woula
ﬁﬂéad to a 1:1 mixture of gig and trans isomgrs. However,
similar to the ring distorted thiirane (scheme [II]ﬁ,biradicéls
a and c woula evolve to the trans and gig adducts, respect-
ively, and c¢is S attack méy be somewhat hindered by the CH3
grouﬁ, reguitiﬁg in & high‘Egggg/gigAadduct ?atio. Thus an
explanation of the observed high Ezggg/gig fatio bésed on
‘érientétion“of attapk does not serve to distinguish between
. the ring distorteélthiirhnes and biradicals % and c a inter;_

0

mediates.



Nonetheiass,.the entropies of actlvatlon for the S( P)
l ,2. and 2,3~ additions . are similar to those of the S ¢( P) +.
alkene reactions (ZEQS‘EEEEE)' suggesting that similar tran=
sition states are involved. Thus, by analogy w1th the latter

systems,»the 1ntermed1ates 1nvolved in the S({ P) + 1,2~ —C,He

‘reaction most likely resemble a ring distorted thiirane as ™

e -

. .shéwn in 'scheme I1. = ° T -

-~ BN N
-y ~

Unlike S(BP) o(" P) reacts w1th l 2~C H to yleld malnly

476
CO and propylene, with only small amounts of O—contalnlnq
products being observed.103 The high CO and propylene yields

are thought to result from decomposition of an excited cyclo-~-
propanone‘intermediate:103

0 +
. o I
+
Q
C
H,CCH-CH,,
CO + C.H {23]



Although an allene oxide may ‘exist  as amfransient_species,

any -which is formed would be expected to isomerize to the more

103’¥28 The pérent cyclopropanone is

128,143

stabie cyclopropanone.

w23 kcal mo]e_1 lower in energy than allene oxide, ,
but polymerizes rapidly at room tempe;ature.lo3 On the other i
- hand, calcuiations'based on bond energies predict the c6;res~b

ponding cyclopropaﬁethione to be 7 kcal mo]ékl less stable than

128,143 This difference in the order of

methylepethiirane.
stability is probably due to the higher bond energy of a C=0
bond, 172 kha]'molew], as nompared to that of a C=S bond
(129 kecal holé'l). Therefdre, a pyc;oppnpa;ethione inter-
medjate 1s not JTikely to be as important in%the SYQP) 1,0
F4H6.reaction. Assuming that the distribution of carbonyl

producte in the ﬁ(qp) i 1,2-Pntadiene reaction corresponds to

..the relative orientatinns of O(QP) addition, O(3P\ adds to the

a11;h3§ carbons in the order- Co” Cl\ Cy ! “l.7,“l.],*ﬂ,3).10?
This order of affinity for ¢ atom attack implies some pref-
erence of O(BP) for the 1,2 0=C bond and is in contrast to’
the marked preference of the S(BP) atom for 2,3-additinn. The

' 3 .
preferenre of attack for O('F) then depends strongly on the

stahility of the rpgn]tjnq biradical.

1 a5 . o .
Franry'44’1 recently studied the additions of a geries

of aryl cavbenes to (CH?\?C=C*CH2 and obszerved that singlet

carhanes, [P]P?Cr1], adAd preferentially tn the 2,3 C=C bond,

3 .
whereas thée triplet carbenhes, [Rln?C:] , reacted to gjve pro-

dﬁc*é corresponding tn 1,2-addition. Tt was postulated that



=y

.the initial'attackjofv[RlR2C:]3 takes place at the C, carbon:

‘ 3 .
[RlRZC:] + (CH3)2C -(.‘.~-CH7

/CRlRZ

g C=C-—CH.
((WB)?.._ C C'H?

- ' o
The initially formed triplet adduects then undexrao a 90
-internal rotation te form a more stable triplet allyl bi-
radical. The allyl bhiradical then undergoes iptersystem ~rnas

ing to the singlet state, whirh leads to the 1,7-addition

product via ring clesure.

-

127.
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Recent kinetic measurements on the reactions of C3(:C*

C=C:) with a series of allenes indicate that although the rate

of reaction is slow (k %107 - 109 M*ls—l),ft increases with

. . . N ' 6
increasing alkyl substitution on the allenic carbons.14

BRased on the observed trend in rate constants, it was postn -

adds electrophilically tn onpe ~f the allenic

lated that C3
hbands t~ form cyclir intermediates:
- -1
, _ AP SN
OOy g Shin 4 cem e\ [ 2nl
P r> -
Ve

N

However, no othey evidence surpoertina the propo=ed intoy -
madiakte was nbtained.
The reartinns of monnradicale with allen~ harve alen

‘bepr\ studied. The reaction of OH with »llene haa been invect

147,148

igated by a numbker of qroups. The trend in vate para-

meters for OH 4 dienes follows similar trends as in the casers

-~

! ) ) )
of O{'F) and S(3P) (vide infra). This implies that OH also
édds electrorhilically to Aienes. Mnlecular heam mass spec

tral studies indicate that the rrimary step involves the for -
’ 180, 1681 148
matinn of an NH addn~t. Mere vecent' work has chown

that ahetrar~tFinn alsn talas plare,but to " very small extent

(- 12%). ifortunately, for the ~Aditinn yea~tion, no inf~r

.

maticon.ie availarhle regnarding the rreferved aite nf ~ttnecl

Frhylthiyl vadi-al (P?Hrq) Aadditinn to a serien nf all-~nes
r
152
hae bhoen gtndied, and thé éhserved product Aiskributions ey
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« : ' “
: ~

the 1,2-butadiene reaction follow a trend similar to that

for O(BP) addition (C2>C1*C3). This product distribution

trend is most easily rationalized in terms of theqsteric

hindrance of the CH; group and polar effects in stabilizingv N

the radicals invo]ved.ls3 , )
, Some reactions of atoms and radicals with allenes are

summarized in Tahle TTT-12. Tt i¢ apparent that those singlet

species such as S(lnz) and [R]RQPr]7 , whirh are expected to

forr cyclic intermediates, prefer addition to the substituted

Gl g;nﬂ. With the exception of S(3P), the other atomic and

ra§inaj‘;bpcips lieted preferentially add to the nnsubstituteA

ﬁfﬂ hond via acyclic ‘ntermediates. These chaervatima alsn

Y
surpmrt the postilate that the intermediate o7 70 1V al3itj.

L ! PR A if‘: A vy ing Alateny ) el t‘hi,:V:””-‘A

AJthouah 1,20 H, possesens two douhle bonds, the rat-

4
" . 3 .

of renrctinn with S(°P) at room temperature, ase ehown in

Tahle TT1.5, jie alower than that with the vreference alkenn,

]‘C4H8' When +he relative A'rhenius parameters chtained

fFy the f"*vy\r‘mt' ity ae 3:':0”/15(\61 wibhy 1 -C4HR (7\' '? -Cdﬂ //’\] -C H

6 4R
]
Lo I N A I N (PR r 1T Y700 0 kes1 mele Yy
! 1 N v,
4
I3
"'r’%]“‘]afff-‘ﬂ Ny [N [ T N R YA R (30 TR} L R A T T I AR Voo

N T RN
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- -1 \
A B 22,37 + 0.38) x 10'°0 m s ©, and S

. -1
~1 - N s ~
Fl,Q P,lHG L83 0+ 01 real mele '

by

. 3.
if the atenlute rate parameters for the S("P) 1~C4H8

. . . 52
rearticon 1 termined by Klemm and DAavis are used. However,
=3
the " Vlven menanryad hy Vnn Reodselaar lead to:
1 -1 -3
A . = (6.3 + 1 11) )f]')okﬁ'cr . and
1,2 .1
4C
-1
Ty T T 38 4+ 0,20 keal mole
’ 1 6

. 52 ; ' '

Klemm and Davis measured rate parameters for a numbher

3 . . :
“f S( F) 4 alkene reactionme using the flash photolysig-

: 53
resenance fluorescance methrnd, whereas Van Roaoriselaar

2

employed the flash photely<is kinetic absorption techniqgne.
'n general, ‘he F_'s meannred ly these two methods are in

~vrellent agreement, but the A factore determined by Van

P«mfiselaar‘2 are consistently abrnut a fagtor - of 2 to 4 higher

) .. 52 .
than thogrs rapnrted hy Klemm and Davis, Since the reason
. oo AL

foar there discrepancies is not clgar)‘average Anes will

oo

) - & e 3
e talen tn obhtain the ~rgolnt~ yate para;gg for S(P) ¢
F iy

i

) C MO
| I 4”6' whiehh gjvegs , ‘5‘%;.
, 10 T
U L e L “yr ¢ 1455 + 225)/RT] M s [26]

°



"This cbfresponds to a room temperature rate constant,
9 = - v ) o .
kK598 =.3.8.x 10" M 1s 1, Since the two C=C bonds' represent

two distinct non-equivalent reaction sites (1,2 and 2,3-
. ? ] .

I3

-addition sites), these observed rate parameters are. apparent.
valyes only. However the rate parameters for tﬁe}ﬁwd indiv-

idual sites can be- determlned ~as will be shown later.

“

The apparent Arrhenlus parameters for the S¢ P) + 1,2-

C4H6 reactions are pompared to those for O(3g)‘and OH ( H)
reéctione in Table iiI—lB. .The.A factor for this reaction

is somewhat larger than those in the’SK3P) + a&kene systems.‘
“This is partly a consequence of'£he.presence.of thexeeeond
(erthogonal) C=C bond. A parallel érend ie ebserved in the
gxygen systems, where the A factor for the parenfaailene re-
action is approximately twice that ﬁpr alkenes. The increase
in A factor on going from a conjugated:to a cumulatedhaiene
may be a consequence of the change from a linear reactant

RO

molecule to a bent activatéd complex on addition of an S

atom in the latter system.

87 |
| 3 H\é' ®
=C= +
GHyCH=G=CHy + sCp) —> |5 o K~E
. 2
"lirnear" "bent"

It is .apparent from the structure of the transition state
that the addition of S results in a large increase in moment
of inertia about the C3-C2 axis. Conseguently, there is a

substant1a1 rotatlonal contrabutlon to the: entropy of activ-

Y
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<~ ation (A8) and a correspondingly high A factor is observed.

v

"bﬁ fhe other hand, “in conjugated sy:fems such as 1,3-buta-

dlene, the reactant molecule possesses a bent structure having

., _

J parailel L bonds, and .addition of S has an insignificant

+

Thus the entropy of activation and A factor are relatively

small.

N similar-ekplauation hag heen inveked to account for
the relatively high A factor for the alkyne addition ;eactioﬁs
as compared to those of alkenes 154 For example, the rot-
ational contribution to AS* in the S¢{ P) + C2H2 qufem is 3.3
times higher than in the corresponding C2H4 case.76

The possibility that the larger A-factor for 1,2- as
compared to 1, 3-butadiene is a conseouence of a difference
in the transition states (a freely rotating biradical rather

than a ring dlstorted‘ﬁ~}1vated complex as quaqesfed for 1 3_

Cc H. ) is unlikely. The differerce in AQ* for the S P) 4

6
* 4 i} s ,
1,2 and 1,3-C,H, is only 1 e.u. (A51,2-C4H6 = -22.1 e.u.,
AST 3-c.H. = +23.1 e.u.), indicating that the transition

4 6

states are similar. "
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The room temperature rate constant measured in this
+ .

<H6 reaction is approximately twice

4
that for the corresponding reaction of O(3P).' This obser-

work for the S(3P) + 1,2-C

vation is consistent with the relative rate constants of S(3P7
to O(BP) in regction Qith other substfates (Table III-13),

and the higher reactivity of S(3P)'atoms is a cgnsequgnée.of
the lower activationfénergies'associated with the addition

reactions.

(4
K}

For the OH reactions, the room,teﬁperature rate constants
also follow a trend similar to thaf observed for S(BP). The
ratg constants are generally greater, due to the negative
activation energies for the OH reactions. If abs%ragtion
actually orcecurs, aé suggested by ﬁoYermann and co~workers,l48
the activation energies for addition wiilwbe even more neg-
ative than those listed in Table ITI-13. . As in the case of
S(3P), the Ea for the OH reactions 1Is highest for the parent
allepe. The A factors are much smaller £han those for the
cnrresponding S(?P) reactgﬁhs and show no definite trend.

Despite thé Largér A facter as compavred to the S(3P)

} ],3*(‘41—{6 rpactiér;, the S(BP) 4 1,2—04}16

at a slower rate. This can be attributed to the higher act-

reaction proceeds

-1 -1
ivation energy ( A?.5 kcal mole versus ~0.4 kcal mole °)
for the latter reaction. Similarly, in the oxygen systems,

R . . 1
the O( P) + ¢97=C=CH reaction is much sloyer than the anv-

2
respopding 1,3-C W, reaction (Table TIT-13) due to its higher E
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The lower activation energies observed for the conjugated

diene reactions may be ascribed -to delocalization of the 7.

electrons.
delocalized w bond_s H H-

This renders the 7 ofbitais more polarizable than tﬁose in
non;cohjugated systems, résulting in a lower energy require-
ment for the ﬁ'complex formation in electrophilic reactions.
In cumnlated dienes, on the other hand, de;ocalization of the
m electrons is absent due to the.orfhoqona]ity of the two
‘bonds. Additi%na1]y, hyperconjugation (g-m overlap) between

the coplanar C-H and 7 bonds in 1l,2-butadiene imprrts partinl

5
triple hond character to the C=C bonds, e.q.rl“0
H S
\ﬁn\ C /\H ' C==C-—CH etc
//-. — . —=C 2¢—-—> / -—“T o -ty ’ 2 -
HBC H3C

This phenmrmenon raises the energy barrier for n complex
formatinon relative to that for the conjugated and isclated

syetems.

. . 3
A plot of E_ versus ionization potential for S('P)
alkenes, alkynes, and dienes is given in Figure III-18. Tt

is apparent that the E_ for the S(3P) + 1{2—C4H6 reaction



3 p—
f?
2+
'T: S(3P)+CH3CH=C~CH, A
Iy “ )
O
E W
®
[8)
x
L(B 4 CHSHG
. 1"04Hao e
0 __S(3P)+CH2-=CHCS-=CH2 '
-] -
(CH3)2C"(CH3)2
L 1 1 |
8 Q@ 10 11
lonization Potential (eV)-
/
FIGURE 111-18: Plots of E, versus jonization potential for the

S(3P) + alkenes, é]kynes and dienes systems, and

0(3p) + alkenes ( ---- ).

- 137.
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lies above the correlation line for the S(3P) + alkene systems.

A smaller deviation in Ea is also seen for the jugated

diene , 1,3—C4H6. Similarly, the Ea for the O(3P) + CH,=

2
100-1,105

C=CH, reaction is at least 0.5 kcal mole”1 above the

2
correlation line for the O(3P) + alkene reactions given by
Slagle et 21_119 Furthéfmore, élthodgh‘only two substrates
have been éxamined; the E_-ionization potentiel correlation
for the S(3P) + alkyne reaction76 appears to be significant- .
ly different from that of the corresponding alkene re;ctions.
Hence, it is 1likely that the activation energiés for the S(3P)
+ allene reactions in geﬁéral lie on a line different from
that of the a]kenes.‘ S

The relative rates of 1,2 and 2,3 S(3P) addition have

been estimated from the isomerie thiiranms yvields (Table III-

4) as
_ o )
k2,3/k1’2 = %/(§v+ ?) ~v 2.1 at 3007K
. ' e 9 -1 -1
and since the overall rate of addition is 3.8 ' x 10" M s ,
) [ fo
9 "'1 "'] hd o . ) - R
k2,3 = 2.6 x 10 T ,S i
~and LI 1.2 x 109 les—l

In principle, k2,3.and kl,2 can have a different témp;
erature déﬁendence. However, thex}atios, }/(g + g), calcuf_
lated from the data in Table III-5 - III-9 and listed in
Table III~14, are constayﬁ,over the temperature'range studied.

Thus,'both the 1,2_5nd 2',3-additions feature equal activation
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TABLE TII-14

Effect of Temperature on the Yields of 2,3

and 1,2 S(3P)~Addition Products.a

Temperature Product Yields (umole) - 1/(3+4)= k2 3/k1 5
(°K) | 1 3+4 o

— - - o . - }
300 E 0.488 0.239 . 2.05
333 0.548 0.244 ‘ 2.24
363 0.562 ° . 0.281 2.00
393 0.620 0.305 2.03
423 0.649 0.267 : 2.43

S R b

Aa . .
“ vValues at each temperature are sum of four competitive runs

where P(COS) = 100 torr, P(Coi)m1250 torr, P(l—C4H8)N7O torry

and P(1,2-C4H6)= 15-40 torr for each temperature; Rgo -
0.349, 0.384, 0.414, 0.432 and 0.502 umole min ' for

temperatures = 300, 333, 363, 393 and 423 °K, respéctive]y,

and the corréspondinq exposure times are SOO, 470, 435, 410

and 350 sgec.
S

b Avegadé value of y/(3+4) = 2.15. Y



energieé (~1.5 kcal moleil) and the difference between the

-

two rate constants is dueqto the differencg?

: - B 5. T
Since (k2»3/k1 5) v 2.L, tﬁg Arrhenidéﬁéipressions for the
two additions are:
; . 10 P S o1
K,z = (1.4120.3% x 107" expl (1455¢2259RT); M.

L MRS It b
s 10, e Y1
5 3=,(2.96£0.80) x 10" expl- (1455+225) /A1) ¥ s

Py
i

y -
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fn the A factors.

(27]

[28]
& 8

The A factors calculated for the two addition reactions

-
correspond to entropies of activation,

Y
Ag ~ =24 .4 e.u.
IS 27,9 e v

. . . 3 .
The values arxe similar to those for the S('P) + alkene

+ ' .
raactions, e.g. Ae for 1-C > -25 4 e.u,, reflecting a

a"a
similarity in the transition states for both systems,

The 2,3 and 1,2 C=C bonds of l,?-C4N6 share structnral
similarities with CHSCH=CH2 and CﬁZFCH;, respectively. The
average of the roomﬂiemperature rate cronstants obtained by

? - 53 3
Klemm and nnviss and Van Roodselaar fry the & 'F) +

CH_MH=CH_ and CH_~CH_. reactions are:
3 > ¢ 27 S

S
kA - 3,7 x 10" M "= |, and
i
o
o] | ] ‘ .
k - &0 x 1IN0 M = . vagpertively.

»e’
b

.5
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Surprisingly, the room temperature rate constants for addition

~2.6 x 10°, ~1.2 x 100 mts ™

to the allenic bonds (k 1.2

2,3

are within a factor of 2 of those frr the corresponding alkenes.



CHAPTER IV
RFACTTANS OF SULFUR ATOMS WITH ACYCLTC AMD

OVCLTO THTIOAPTHRDE

AN, Results d
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1) SK]Q7K?QP)Wf Dimethylsulfide - An Acyclic Thioether
(#) UV _absorption of dimethysulfide
: :

Dimethyleul fide absorbs.signiffcénFly in the spectral

region used for 0S8 phhh”h%sig (Y~ 240-260 nm) ., Indeed, hlan'

~ wwo

experimente with ("‘.“.Q(‘H3 indicate? thot A amall amount «F

. »
Aerampaay b1 e Iint ey C11_QgQen , " anAd oy takeg 1 1nroe ., | P
' P n 3 3* 'oa A

(.‘”1'3(171 and oG Y he vaam bemnaratyvre extinetion coofficiante

] ] .
at “40 rvmo oA e 2.0 ~n?1 27 R 1 ol ~m , reTrecti .,,]y, and At
v
1 i s
2514 nm, they "re ¥ A and 13 . F 1 mnle ‘m Thvuae foy a N
.’"H?.""‘Hu rotio ~f 10 1 Aappravimately 97% of the T i1
L I T SRR TY O PRI RSP B I ' there o Nl T

7" Reaction Products

Thét Tyeie ,F COY jv the presence of C;;_a,c('nq lTed tov the
Form b ion o LH 88CH, As the major contnsabhle product along
N and CY o lena exrorire Fimes
2 6 4

byace amognts rf (‘“}SH were Aotected bt vl d neot Vla meaa s 1

with ~mwall quantities of C

e titacively, owing to incomnlete coravarioe Oyoae coo Ly
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GC or distillation. A1l products were identified by mass

A
*%ﬁﬂetnal analysis and by comparison of their GC retention
fimes with those of avthenti~ samples. C-H insertion prodn-te=
and heavier molecnlar weight § compounds such as THLSCH
1 CH
a?r }384

Product recoveries were low, avermging betwean 20 and

(‘H1 were demonstrahly abeent .

30% (Tahle TV-1) in terms of the taral amount of sulfinr atome

reacting with CHiRPW? In order tm assertajn whether thie

Product J1nes could be amcoHunted for in terms of involatile
- 98
palymer, tw aeta”~f high con ersi n evperimente were perfrmn
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. EJ
ii) Spectroscopic Analysis >\

—

High conversion runs corresponding.to an S product loss
‘va, . . .
of approximately 19-31 ;moles were carried’out. r’()11r5\»7ing

‘each experiment, the cell was evacuated, cut off, and eub-
ije~ted’ to three 1 ml yinsing= with CHC1,. The solvent was

. . =
evaporated frem the ceombined washings, and the yellowish Ary

3

signal frem this selutipn ecduld be detected, even though the

=~1id was rvredissnlved in CNCLl.. .No proton NMR (200 MHz)
minimum detection limit for a single resonance under the ~nn-
ditions nsed was ‘0.1 pmale. Firally, the photolysis wag
vopeated vsing a mixture eondicting of COQ/CHQQ5H3'007 DU A

I 100, in which mainly .‘:(3}"\ atome ware predoeed (0 00y

‘NMR samples prepared as above ga“e no signal. A sawple oh
tAaircd by gnbecquent rinsinge nf the cell vith O014 was alsn
NMR inactivye Thecn ohe-y -ny iane Indg fatrs tha aheaepn-yy Af

I3 » \5"
Hoesentaining comproimnds .

\
. RN
" each MMP gample, the epglvent GH% evap-rated and the
sn1id yeeidue was subiecrtad tr Jirect véobo MS analysis. The
. N . s
maAns spectra ohtained were ve'y simple and consisted of peaks
At multiplas of 32 wp t~ IR7, indicating the prosence oF

clemental enlfur only,

Reanlt e fyrom the abhove nwidation and Spef“”"‘-“’C”Pi“- expey
iments thae A monetvratre the abhgence of hvﬂrohqrhonﬂ in the
cell residne, and indicate that the mass imbalance in the S +

“

CH?QPH? system is due t~ the farmation nf alemental sulfur.



~(c) Effects of Exposure Time, Total freSSure,nand_Added CO..

3

-

2

and NO on Product Yields

146,

The variations in the product yields with time are listed.'

in Table IV-1. The yield of the major product, CH,SSCH,, shows

little variation when the COS/CH3SCH3 ratio decreases from
20:1 to 10:1.° CH4‘ccmprises an increaSingly larger fraction
of the total yleld at longer exposure times. The temporal

behav1our of the product yields from the photoly51s of 300 torr

COS in the presence of 30 torr CH3SCH3 is’ 1llustrated in

Flgure ‘IV-1 and the §%r1atlons in the rates (per umole CO) are

« shown 4in Flgure IV-2. The increasing rate of CH4 format;on

« 3

with increasing’converslon clearly indicates that it is a

seccndary product. . The rates of CHBSSCH3 and C2H6 decrease

‘§li9ht1Y to apparently constant values at longervexposure
.times. f | | -

'“. The effects of total pressure on the ‘product yields are
listed in Table IV—Z and the rates are 1llustrated,1n Flgure

IV-3. At low pressures, tne CH3SSCH3 rate is relatively high

.’but appearS'to decrease to a constant llmltlng value At

high pressures, C2H6 and CH4 exhibit similar behaviour.

‘The effects of added CO

w2

2

.Increa51ng pressures of CO2 resulted in a marked decrease in

the ylelds of CH SSCH3 and CH4 and a smaller but still quixe_

[ . .
significant decrease in that of C2H6; )
RARE ‘ CoE

3

'and NO are 1lsted in Table IV-3.,
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16 F

14

CH,SSCH,

_umoles Product

rmoles CO

ik

FIGURE IV-1: Product vields as a function of CO yield-in the

COS - CH,SCHy system. a2
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L at
=
a A
X 2T . CH :
o , \E\\ 4 C2He
(& ‘ : . = O~ —p |
0 ! {1 S| ]
0 100 200 300 400
Total Pressure, torr (COS/CH3SCHg = 10)
FIGURE 1V-3: Rates of product formation versus total pressure in the

Ccos - CH3SCH3 system. Rate(CH3SSCH3)p=O = 0.151 ymote/
pmole CO; Rate(CZHs)p=0 = Rate(CH4)p=0= 0.024 umq1e/

umole CO. »
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Addition of 2-4 torr NO (Table IV-3) as a radical sca-
venger completely suppressed the yields of CH4 and C2H6'
while a small portion of CH3SSCH3 appears to be unscavenge-

able.

(d) Relative Rate Parameters

In order to determine the ratle parameters of the S(3P)

i

+ CH3SCH3 reaction, competitive e%periments were performed

as oggiined in Chapter III. Propglene was chosen as the
reference substrate since it can- be co-distilled with COS .
from the substrate—prbdﬁct mixture. Competitive studies were
carried out on mixtﬁres of COS/C3H6/C02 ;100/56/1300 in the
presence of 0-10 torr of CH3SCH3. Due to§¥§e low recovery

of CH3SSCH3,the relative rates were measured by monitoring the
decrqase'in methylthiirane (C3HGS) yields ((AO-A)/A, cf. egn:
III;[4]). The suppression of the C3H6S yields as a function

of various concentrations of CH3SCH at five different temp-

3
eratures is shown in Tables IV-4 through IV-8, and _the plots

of (AO—A)/A vefsus [CH3SCH3]/[C3H6] are shown in Figure IV-4.
It is apparent that the plots are lineaf for [CH3SCH3]/fC3H6]
< O.1l‘but*begin to curve down at higher ratios. Slopes and’
}ntercepts Obtainéd by least squares anélysis of the initial
linear portions of these'piots with double weighting of thei
.origingare'listed in Table IV-~-9. The slopes are plotted in

s

the Arrhenius form in Figure IV-5. The weighted least squares
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"FIGURE IV-4 : Plots of -
s 0 (Ao R)/A versus [C£3SCH3]/[C3H6].
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FIGURE IV-5: Arrhenius plot for the S(P) + CH,SCH, and C,H
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'

fit of the Arrhenius plot gives

A /A = 3.83 + 0.17 and ’
CH,SCH, “CyHy , |

7 : : -1
E - E "= 1.34 * 0.06 kcal mole
“Callg . CH3SCH; M '

:, 2) ‘S(lDé, 3P)'_+ Thietane - A Cyclic Thioether .

(a) UV spectrum of thietane

Ps

®

'Thietane (trimethylene‘sulfide) possesses two absorptions
in’the wavelength reglon of interest: one at X <230 nm with
. 2200 1 mole lcm—l, and the other centered at “260 nm w1th

14 1 mole_lcm-l- The UV spectra of COS.and thietane

2

e
max

1

emax
are shown in Figure IV- 6, where it ean be seen that thletane

has a larger extinction coefflclent than Ccos at all wavelengths
except in a wnndow around 240 nm. ‘Photolysis of COS with B
minimal 1nterference from thietane was achieved by u51ng a
comblnatlon of a 240 nm interference ‘filter and a 1 mm Vycor .
..791 cut off filter (Flgure IV—6), and a hlgh COS/thletane
ratio ( >20:1). Under these condltlons the anount of }nc1dent”
light absorbed by COS'at 24@, 245, 250 ana,260 nm is y99%,@99%
v97% and V95% , ﬂrespectively...ln a blank'eXperiment; a'35

’_minute photolysis of 5 torr of thietane yielded a small amount

of C,H, and a trace guantity of cyclopropane.



Abso'rbance

ob—1 1 L I
200 225 250 275

Wavelength (nm)

FIGURE TV-6: ‘Absorption spectra of a: 240 nm intereferéh’ce + Vycor
791 (1 mm) filters, b: 20 torr thietane, c: 23 torr
C0S, d: base line of 30 ml, 10 cm long quartz UV cell.

T
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(b) Reaction Products

i) Identifications

»
Photolysis of COS in the presenée of thietane rgsuléed

in:the‘formation'of two major retrievable prOducés, Cé?4\and

a S-containing prodUcf,'élong with trace quanE}ties of\a C,He L

isomer. IdeQ;{fication of the C3H6 isomer was hindered by‘.

its siﬁilarity iﬁ'vapour‘pressure and éC rétention ﬁime
Qith.£hdse,of cos (C3H6fwas observed oniy as a.m/é==42.pea<

| co-eluting Wwith COS in a GC/MS cross scan). The mass spec-
truﬁ of the S-containing product (Appeﬁdix A-2) indicates '

that it is of molecular weight 106 ,corresponding -to theﬁmol—

ecular formula C3H682£ The NMR spectrum. G#¢€his prodact S
! ’ . " » J_ag " ) [ o -
¥tive intensities

g
&

\}Figure IV-7) shows two resonances of re:
2:@ in the methylene region, shifted to lowef field by sulfur.
- 'The first resonance, due to pnbtdn HA, and centered at
L ‘ C ' o ‘ .
§ = 3.1;.,5 a triplet; and the second resonance, due to proton - [f\
Hy, at § = 2.35 is a quinte{.,'The coupling éonstant between
protons Hp and_HBy JAé' is 7.5 Hz. This relatively larée
coupling constant implies that the four'HA protohs are on the

carbon atoms adjacent to the ﬁB carbon atom as shown.

h )
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'FIGURE IV-7: NMR Spectrum of 1,2-dithiolane.

\
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6 2 in wh;cb ;

the Hy protons are equivaIEnt are the cYclic compounds: |

The only structures of molecular formula C

- B & Bb
s . \/

' \c /\ ¢ and’ ‘ AH\ / AN /HA

AH/\ [ R AH/ Ne” “\Ha

S S . ﬁ
§ S
() giI)

The questieh of which structﬁ;e corresponds to the NMR
~specyrum observed may be determined on the basis of comparison
of. his spectrum with that of thieiane, a 4-membered ring,
jfigure IV-8) reco;ded under the eame‘conditions. The lakter
. spectrum is qﬁite similar to that o% the product, consisting ' =
- of é triplet at ¢ = 3.29 ana aﬂ apparent quintet at § = 2.97
with .a coupling constant of 6.5 Hz. .The upfielélghift of the:

]

resonances of the product spectrum relative to those of thip-
. -

tane is suggestive of ringfexpansion, analogous. to the chemical N

. + ‘ ‘ A S
shiff\beherally observed on going from four to five membéfed A
rings.'155 The proton resonances of structure II'wbuld not
be expected to show an upfield Shift; and in fact might , v

.occur to low field of the thletane peaks due to the effect
'of “the eddltlonal s atom on the rlng '{TherefOre, the ob— : .

serveQ/NMR spectrum strongly suggests that the product is
. , .v,?, . . _ -
the‘five—membered ring', 1,2-dithiolane (sttuctuwe I). d
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In further support of this assignment, the NMR spectrum
of tetramethyléne sulfide, a five membered riné,'oﬁtained urider
identical conditions, shows a éubstantial ring expansion shift,
with resonances centered at § = Z{QO and § = 1‘90', The m#ch
smaller ring éXpansion effect observed:for the product,
C3H682,’is'probably'a result 6fvaAsﬂift to lower field ca;sed
by the second S atom and of the different geometry of the
two five membered rings. X comparisoﬁ of the NMR chemical
éhifts due to ring expansion for thietéhe,‘tetramethylenesulfide
* and l,k—dithio}ane is shown in Figuré IV-S. Although 1,2-

"dithiolane has;been.isolated}56’157-its NMR spectrum has not

been reported. ‘ <::/\
¢ 4 ) : '

ii) Properties of 1,2-dithfolane

Attempts to obtdin gas and solution (CH,OH) phase UV

3
" spectra of 1,2—di£hiolane were unsuccessful. ‘In the gas phaée
experiment; the product was observea to-polymerizeias a brown
film on the cell walls upon warming from —f§6° to room temp-
efature. Insufficient sampie size and,air oxidatiop of the
product prevented the acquisition.of a solution phase spec-
trum. In this connection, it may be noted that 1,2-ditﬁi01ane_
has been sfhthgsized previously by several workers,.and has
béen‘shown ;o_pe extrémely_unstablé with respect to polymer-

156,157

ization, especially in the pure, state. The UV spec-

trum of 1,2-dithiolane in CH3OH has- been shown to feature

-
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%

-

.very strong absorption at wavelengths below 250 nm and to

max N 334_nm)

having an extinction coefficient of ~150 1 mole-lcm—l.154

possess_a.weaker'long wavelength?absorption (A
The Strong short wavei;ngth absorption ekplains the photo-
chemical instability of 1,2-dithiolane: 1less than 50% of
a sample (v 0.7'umole)~ﬁfs recovered aftef a 15'minute photo-
lysis (A v250 nm). It was also oﬁsérvéd thai 1,2-dithiolane
is éxtremely sensitive to mérqury:' the product recovery
declined significantly when vfrcury was alléwed to accummu- .
late in the Aistillatién wrain. Interestingly{ mercury has
\\been shown to add to the S+S bond of the.cyclié disulfide,

oo 158
CF3€—-C (CF3 )SS,

Hg ‘ f11]
— —,HgS——(f =C—S
S—'bL' ~80° CF (|ZE‘
) 373 n

&

thus initiating'polymerization.

2
in the COS$6H2(CH2L28 System. \

(¢) 'Effects*bf'Exposure Time, Total Pressure and Added CO

The variations in product yields with time for a mixture

» consisting .0f 100 torr-COS and 5 torr CH3(CH2)2§ are listed in
¥ P
TaBIe IV-10 and illustrated;in Figure IV-9. . It is seen that

'

similar amounts. of C2H4.and 1,2-dithiolane are produced at

>
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p

short exposure times, with an estimated. total recovery of

n 85% at zero timet However, at longer exposure times, the
1,2-dithiolane yield decreases relative to that of.C2H4,
suggesting photodecomposition and/or polymerization. The™.
.dependence of the product rates (per umole CO) on £ime is
shown in Figure -IV~10. It is apparént that the rate of

CZH; production is constant, but that 6f 1,2-dithiolane for-
mation delreases lineaily with time, indicating that both are
primary products. .

The Yariationé in product rates wffh respect. to total

presere are listed ih Table IV-11l. A plot of ;ﬁ; rates as
a function of total pressuré (Figure IV-11l) reveals the

-

absence of pressure effects for either C2H4 or 1,2-dithiolane.
The yieldslof the pfoducts‘as a function of added CO2
are listed in Table IV-12 and shown in Fi‘g.ure JIv-12. ¢+ It is
seen that inér;asing co} pressure results: in a~slow and
steady rise in the dithiolane yield,\bnE'éAdrastic decrease
in the C2H4 yield, which apparently levelsiﬁff at hign pres-
sures (> GOC torf). The overall product recovery decreases

aWwith increasing CO2 pressure.

L J
(d) Relative Rate Parameters - h& !

As in the case of CHBSCH3, relative rate parameters were

¥determined using C,H, as a referefice substrate. Due to the low
x ¢

stability and poor recovery of 1,2-dithiolane, jhe relative

&

. .-
4. - : . .
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« . . TABLE IV-12
. \ . K
‘ ...Effect of 02 Pressure on Product vield 1n the -
( cos- éHz(CHz)zé System - | n .
\.’ . Ve °
» : . . : L - ) ’ i
N — A SERIEPEEYS —
"Pressure (torr) . : ProdUcts (umoles) _ $ Réccveryb
co, co Hy(CHy) S8 CoH,
o 2,77 0:620  .0.383 '62.5
600 - -~ 2.33 - 0.717  0.064 - 38,2
. ' . " ) - . A
1,200 2.22 0.801 0.107 « . 42.1

-

8p (cos) = 100 torr, P(CH,(CH,),8) = 2.8.% 0.03 torr, exposure

time = 35 min,

by Recovery = R(éﬂz(CHz)zsé + C2H4)/R(CO°-CO), where R°qq =

0. 125umole min l.

l
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© FIGURE IV-12: , Product yields as & funqtion of_CO2 preséure.
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rates were measured by monltorlng the decrease in methyl—
th11rane (C H6S) ylelds (A —A) The suppressions. of the i A
C3 6S yields as a anctlon of. ‘the [5_-———__z]/[C3H6] ratio
at. five different temperatures are- listed in Tables IV- 13 |
to IV-17. The correspéndlng plots are. shown ‘in Frhure V- 13
'The plots are linear over the. range of the fr—jzﬁ—_—gl/
TC ] ratlo’studled. The slopes and 1nteréepts;of’these
'plots obtained from least meéh squares ahalysié'are Present-

ed in Table IV-18. The sloﬁes are plotted in the Arrhenius,

“3£orm in Figure IV-14: The weighted least squares fit gives
. Am— — /A = 1.84%0.04 and _
CH2 (CH2) 28 C3H6 . .
Ecoy - BEH (GH & = 1.250.03 kcal mole .
3 6 2 2727 . . ) .

» B. Discussion

S atoms react with dimethylsulfide and thietane, yield- .
ing in both cases a single S addition product, the corres-
péndlng disulfide. Although the basic mechanism of form-

'ﬂatlon of the dlsulflde is probably the same in both cases,

there appear to be some subtle dlfferences in the reactlons <

v involving the primary adduct, and therefore mechanistic
. v 7

and kinetic details concernipng the two systems will be ° "

% &onsidered'separately. o R
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FIGURE IV-14: Arrhenius plot for the S(3p) + Hy(CH,),S and ¢

system.
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1) S(lDz, 3P) +'CH3SCH3 Reactions -

. The S(lDé, 3P) atoms ﬁroducéd‘by-the ﬁhotolyﬁis of

COS’ . -. R . n . h . ', k ‘ . B :‘,I f’ ,: ) :\V .
. '. . v '_ ] . ) . ’_:‘ . | | ' '- __T.\ ﬁ‘ |
c0s + hv — co + s(lp,, 3py T 111

. oo S . B '
$(Dy) + COS—CO + 5, (7a) . o ,, 2] .
S(, ) Pa —> S(7P) ¥ M . R .31
s(3p) + cos — co +4sz(x32;) LT e lal oy

may react in a number' 6f ways. ‘For S(lD) atoms; the foilow-

ing steps may be consideréd:

L

H abstraction,
S S \ : R
S("Ds) + CH,SCH, —— CH,SCH, + SH- - Y [5]
C-H insertion ‘ ] : | J
L~ . ’ "
s(!p,) + cH,scH, —= .cH.scH.sH(s.)T o [6] °
) 37703 3772 0 - -
J‘. . N
C-S insertdion
s(*p.)  + CH.SCH. —u CH,SSCH, (s.)7 IR [7]
2: 3703 T 377731 et S
or addition to the sulfur site
L . e L E + . : .
S( D, ) + CH3SCH3 ——+ CH,5CH, (s ) _ o [8]
oq /

S("P) atoms, on the other hand belng 1ncapable of 1nsert10n,

Al

can only react w1th the . sulfur m01ety-



. Wmation of CH3SSCH

. .
a ¥t

3

'

‘Step [5] can be dlscounted since thls*process is unknown
in § + hydrocarbon reactlons (vide lﬂfEi) Although C—H
’llnsertlon 1s known to occur in S D2) + alkene and alkane
systems,,the absence of any 1nSertlon products in thls
system 1nd1cates that reaction [6] does not occur:'

| - The exclusmve occurrence of" ‘C-S 1nsertlon (reactlon

,v

[7]) can be ruled out for the folloﬁlng reasons C*H 1n—

Iy

,sertlon reactions are extremely rapld and with the except-;

.

ion of CH4,are essentlally quantltatlve. c-S 1nsertlon.

should be equally eff1c1ent,‘and yet the CHBSSCH3 yields at

“zero. pressure never exceeded 50% (Flgure III- 3) © Further-

.}»

“fmore, ‘the S( P) +, CH3SCH3 reactlon also’ leads' to the for—_«

' 1nd1cat1ng ‘the ex1stence of an alter—

-natlve route for dls ide formatlon. Addltlonally, the

';?electron rlch S ‘non- bon 1ng 3p orbltals of the substrate

E fshould prov1de a more attractrve 51te for electrophrllc

.ﬁ"~, 3

‘fattack than the C S bonds, thus renderrng reactlon {8] more

: favourable. e L ' )
' It is therefore proposed that S( D) and S ( P) atoms

~rngact w1th CH3SCH3 to yleld exc1ted 51nglet and trlplet

state dlmethylthlosulfox1de (DMTSO), respectlvely Although

Seoam L
. [ : . v
oy L . . . . . .. ; -
’ i [ - A oL ; : . A by
. . . : S X - s

187,

3‘ “ . ) . . ) ‘ I . . ', v ) . ' . . .
,..S("P) +.CH,SCH, —> CH3§cH3(T1) . S (9]



R __— .1'88.‘ '

these species were not observed in the present investi-

.gation, there is conv1nc1ng evidence in the llterature to

the effect that thlosulfox1des can exist as trans;ent

1ntermed1ates 159-165 . B 'xl

Before con51der1ng the subsequent mechanlstlc details;,

- L.

1t would be 1nstruct1ve at thlS p01nt to briefly review what

~

has been reported w1th regard to thlosulfox1des. DMTSO hasi
long been thought to be the unstable by-product in the oxid-

ation of S-containing cempounds by (CH3)ZS=O:159

h ) o Q ) ! .
. Rg—SH + (CH3) 2S"—’O .~ RC~-OH + [(CH3) 25=S]
¢ .

(-CH#)&S +1/8 S, [10]

8

The intervention of thiosulfoxide intermediates in the
‘_thermal“racemization and isomerization of allylic disulfides

was postulated by Barnard et al. in 1969,160 and by HGfle

lel

;“5 and Baldwin in . 1971:

111}

Thelﬂatter workers measured the bseudo first order rate
censtants for interception of the thiosulfoxide intermediate
by P(Ph and found as expected that increasing the 51ze
of R3, 4 and R5 decreases the rate as a result of sterlc

hindrance, but that increasing the size of Rl.+ Rz'favours



\h o 7 189,

the formatlon of;the thlosuﬁfox1de intermediate. When Rl
ﬁth;ough,R ="H.a d R5 —‘CHB, the thiosulfoxide 1oses sulfur

spohtaﬁeously at 25 to yield the sulfide.

.~

In 1973 Mislow and coj-wor}cersl62 reported that allylic
sulfides react readily with elemental sulfur'to yiela the
corresponding digulfide, with complete ailylic rearrangement.
These workers demoqstrated the revers1ble nature of the
various elementary processes involving thlosulf xide 1nter—

vmédlates: ' ; '%'
R—S +Sg3+—>R-—8S- Sazzz'R—S=S +—> R—S—§ 12]
163

reported that P4510 is g mild, select-

ive reagent for the reducfion of sulfoxides to sulfides and

. Still et al.

suggested the intervention of a four-centered Vittig-type

intermediate, which decomposes to thiosulfoxide:

R
- +
§---- S o]
N S b0/ % Belansiws 13
—S- 4S10 — —_— —R,S +%S.
',s s
Baechler and co-werker5164’165'pursued these investi-

gations and discovered that milder reducing'agents such as
stj and SiS‘:2 effect the conver51on of sulfoxides into di-

sulfides, as well as monosulfldes ’



[} . ‘ ' S v’
R—g-CHXCH=CH2 (R—§-CHXCH=CH2) _ :

R-S~CHXCH=CH, + S R-5S-CH,CH=CHX [14]

or C_H

X =HorD, R=CH He

ATﬁe'fraction ofﬁthe disulfide formed varied with the choice
of reagents, and its presence constitutes compelling evi-

dence for the intermediacy of thiosulfoxides in these sys-

-

tems. Attempts to detect thiosulfoxide intermediates by
NMR during low temperature deoxygenation experiments weré

unsuccessful.

Stepanov et al 166 studieéd thelthermal‘and chemical

reactivify of a number of substituted diaryldisulfides, and
.showed' that the‘prese%ce of stfongly electron—withdfawing
_substituents apparently stabilizes the thiosulfoxide form.

Accordingly, the only thiosulfoxides which have been iso-
. ,

lated to date are those possessing strongly electronegative

groups éuch as F and O bonded to the S=S moiety:167
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The p0351b1e transient ex1stence of thlosulfox&des in some
systems, then, is no longer in doubt. In the absence of
v’electron w1thdraw1ng substituents however, they.appear to

be klnetlcally unstable species.

In a study of the allyldisulfide-allylthiosulfoxide

isomerization, Hofle an'd ‘Baldwin reported AH'= 20 kcal mole” !
and AS = -9 e.u.l-61 Using these values and assuming that

. i . ) ¢
the trapping reaétion of the thiosulfoxide intermediate by

'P(C6H5)3 has an Ea of 3-4 kcal moIe—l, Benson168 has ijT

estimated that ground state thlosulfox1des are at the most
:10 kcal mole-l higher in energy than the correspondlng dl-

sulfides. This suggests that thlosulfox1des are energeti-

cally accessible specles. However, they aréd thermo—'
dynamlcally unstable .with respect to6 formation of ‘the

corresponding sulfldes and elemental sulfur. .

S

- The electronlc state of the Dﬁhso formed in step [8)
is not known, but is lJikely to be the ground, vibrationally

excited singlet state, (So)f. Its energy content,

|+ 0 0,..1

E = AHf(CH3SCH3) + AHf(S}soz)) - AH (DMTSO) N

can only be estimated, since AHfYDMTSO) is not known. Using

-1 168

1

o} -
Hf(CHBSCH3) - 8.9 kcal mole

AH$<9(1D7)> - 92.0 kcal mole”} 19
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‘and Benson's estlmated value of g kcal mole -1 for

'

] .
'AHf(DMTSO)lss glves a very approx1mate Value of. 79 kcal,

,mole°l for E*. - ‘ o i

DMT$b(SO)T can decay via the following pathways:

fragmentation,

. [ ‘a- . - . .
QHBECH3(SO) . —» 2CH; + 5, ( Ag) ‘ [.:L,Sa}
—» CH + 5, ( Ag) , : [15b]
—> CH,SS: + -'CH3 [ 15¢]

" . , - » ’
—>»  2CH,S- ; 115d]

collisional,deactivation to‘the;thermalized ground state,

CH gcn (sf-')f‘—M——; en, Ben (S,) [ 16]
3 3'700 3 3 3'70
and isomerization tO'a'vibrationally excited dimethyl-
. , o L N
disulfide (DMDS) molecule,.
i + o , I
CH3SCH4 (S)" ——— = CH,SSCH, (54)7 [17]

3
The heats of formation,of the fragment radicals and
molecules formed in reace§oés [ 15a~-d] are, with the except-
ion of CH382, known with ce!rtainty,169 and since the cal-
culated value for AH (CH Sb) = +17. 3168 kcal mole;l is
based on reliable klnetlc data, the total product enthal—

pies can be computed accwnately. The ‘value of ~4 kcal mole-'l
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for AHf(DMTSO) ’ however; is only a very rough approxi-
mation._ Nonetheless, accurate values of the enthalpies of
' reactlons [15a-d] can be calculated beglnn;ng with the two

2 .
1n1t1al reactants, i. e.

AH
{kcal mole_l)
1 [15a] e e Ly
S(7Dy) + CHysCHy 2% ocmy '+ s,(ta ) 283

- - _, . _ | o
! BN 135 1 cgral ;

e CoHg + 5,78 ) 5913

CH,S.: + CH, - -32.1

372 773
A

[15d] . -
> - L oS , T

_éétep [15al can be discouhted on energetic grounds.

[15c]
—_—

Molecular production of C2H6, step“[ISb], is a distinct

possibility in view of the high exothermicity of this re-
w. action. It should be.noted that the suppressionvof the .

C,Hg ylelds in the presence of NO does not necessarily

£

indicate that‘CzH6 comes from radical precursors: it will l
be shown laterrthat NO reacts with DMTSO, resulting in a

flvefold decrease in the rate of isomerization to CH3SSCH3,

and thus fragmentation to C2H6 should be suppressed as well.'

-

Fragmentation to CH,S, + CH

35, 3 is -analgous to the de-



comp051tlon pathway propose for trlplet/;tate dlmethyl—
sulfoxide. 121 In solutlon, CH3S2 radicals are extremely
1nert and thelr sole fate -appears to be recomblnatlon,170
vet CH3 4CH3 was not detected in this-system. On the other ¢
hand, CH3 radicals are definitely present (v1z the for-.
mation of CH ) and these can only be formed from step
[15¢). oOne possible explanatlon for this apparent dls—
crepancy is that CH3S2 can dlsproportlonate in. the gas, but
not in the liquid phase, to yleld a varlety of products.
Although virtually nothing is known concernlng the chemlstry
of CH3S2 radlcals, 1t has been demonstrated that the rate of
dlsproportlonatlon of H82 radicals in the gas phase 1s’ex—
tremely rapld.17 Flnally, dissociation into two CH3S

radicals, step [lSd], while energetically possibleh%is not
. 1y

conceptually 1nv1t1ng It is therefo e,concluded that

DMTSO(S ) fragments in two ways; a molecular route 1ead1ng
to . C2H6 + S2 (step [le]) 'and a“radical one leading to

: i Lo
CH382 + CHy (step [15c])

As mgnf}oned above, the ground state thlosulfox1de .y

formed 1n steps [8] and [9] is unstable w1th respect to de-

sulfurlzatlon, the occurrence o%the deactlvatlon step '

[16] is manifested by- the decrease in the CHBSSCH3[Y1elds

with 1ncreas:ng pressure (Figure IV-3). Ag'
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The propdﬁed'thiosulfoxide-disulfide isomeriiétion, -
- @ . . L '
step [17], is analogous to that involved in the 2,3-sigma-
tropic rearrangements of allyldisulfidee as shown in

23
reduction of sulfoxides, step [14]. Senn‘ing172 has pro-

\ reaction [11], and to the reaction sequence in the B,S

pbeed the invqlvemeﬁt of an equilibrium between the hypo-

A

thetical .dithiirane and thiosulfine molecules in some

interconversions:

C ~ //C (18]

2 ’ 2

}\ /S —_ I\ //
R \\l

Although neither species could be chemically trapped, a

dithiirane intermediate may be envisioned for é!e DMTSO(S )

rearrangement
S ¥
' A9 [ 19a]
//S\\‘ (55)  —> - 8 '
H,C CH, KT H ¢ ‘CH3 !
. »

4

followed by cleavage of the original C~S bond,

<7

+

.S , |
q/ ———» cH_sscH. (s )t [ 19n]
H,c” -ém 3 370 :
3 3

to yield Cﬁﬂ

.i.
3SSCHB(SO) .
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. The vibrationally excited CH;SSCH, molecule formed in

[19b] can fragment to a small extent or be stabilized:

T . : - [20a)

CH3/,S'SCH3 (5,) — 2CHjs : , | 20a]

. : M [ ]
—— CH,SSCH, [20p

Since.CHBS CHjSz,and CH3 radlcals are presept in the

system, the following reactions should be considered:

e 2CH,- —3% C.H _ - [21]

3 276
1 P
5 L ' 13241
: Q. . . 22
CH4S: + CH3 — ‘CH3S?H3 | ¢ a
—> CH, + CH,S (22p]
- 2CH,S.  —P CH3SSC}§3 -~ "[23a]
—>» CH,S + CH,SH [23b]
- ;. ) ! R . [24
CH3 + CHBSCH3-> CH, + CstCH3 . ]
: ) > . . 25
.CHBS + _CHBSCHB——f CH,SH + cmzscr{3 [25)
T ' v
| CH,- + COS —» CH,S' + CO (26 ]
hd u' \ N
. . ) : [?27a
' €H382 + CH3 — CH3S2CH3 . 1
« : A
' 27b
—» CH, + CH,S, [ ]
( . .- ) ~ [28a]
CH S + CH,s- " — CH3SBCHB .
N :
’
~—» CH_SH + CH.S (285 ]

3 272

. ...,.,,. . L o o o A , o . LTl T VAL GRS
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;

2CH. S » - (cu.s cut ' [(29a]
H38  — 35,4CH;

—> (cugsscut s, - . [29b]
o 'CH3SH + CHQS + 52 . [29C]

Thus there are two sources of C2H6, steps [15b] (molecular)
and [21] (radical). 'Radical-radica; reactions are prob- ’ !
ably of minor importance'owing to their low concentraﬁions.

For the self—reactibhs;of CH3S radiqéls; steps fﬁja,_23b],
kg/k . has been estimated to be %6.05,173 and the value for
the crpss—reaction,CH3 + CH3$, steps [22%; 22b], should also
be very low. Hence it is not surprisﬂ; fhaf polymeric
thioformaldehyde, the end product of CH,S fqrméq in the

disproportionation reactions [22b] and[23bl, was not detected

in the cell residues after high conversion experiments. The

hypothetical gas phase disproportionation reactions.of Cﬁqsz )

(steps [29b, 29c¢])) are proposed by analogy with the known
chemistry‘of HS2171 and CH302174 radicals. The disulf}@e

formed in step [29b] is probably "hot" and may constituﬁg

3

~an additional é%urce of CH3S radicals at low pressures.

For steps [24]1 and [26], rate parameters have been

175,176

. reported and the corresponding room temperature rate

.constants are: 4 : ) 7



-

1-1
s

4 M-

. k24 = 7.8 x 10

4 - -
ksg = 1.8 x 103 7172

These are very low indeed, and‘thus reactions [24] and (261

are not likely .to be important;‘
Kinetic data for step [25] have not been reported. How-

ever, for the GH,S + CH,SSCH A4+ CH

3 3 3
E, is 8.5 kcal rr_lole‘l 178 andfﬁa forhreaction'[25fwshould

SH + CstSCHé reaétion,
_ ‘ , ~

be very similar. Although this value is lower than th-Ea'§
associatede;th steps [24] andl26], 9.4 and 11.4 kcal mole *
respectively, its magnitndg ie such that step [25] is prob-
ably not important. ‘

Steps [27]1 and [28] ha;é been inc]ﬁded for completeness.
Nething is known with regard to Fhe bypmthaFiCé1 Aispro:

portionation reactions.

.

\ Abstraction reactions involving CHiSQ have not been

.considered sjince the prodUFf,CHQS?H, is a véry'unspable
‘ . 37277 N

-

species. , : , .
SincevCH4 is a secondary prpduct,. it must be formed as -
a result of f;action between CH, éﬁd one of the Jeaction

products. The most likely candidate i® CH,SH,

CH AL

S ".HQ."-'” --~W CH,_  + €H_S-

4 3

198,



YT N ey g

"7

3
as compared to D(CH3SCH,-H) = 95 kcal

which has a readily abstractable,H atom: D(CH:S—H) = 92

kcal mole 1 168

mol,e—'l.178

Y

In any event, the total.radical reéctions taking place
“in this system are of minor importance, constituting only

a few'percent of the overall reactions.

As has been demthtrated, the mass imBalance<in terms

of the S product yield is due to the formatioh of elemental

sulfur. This indicates that reactions inVolving desul fur-

ization must play a significant role in this system:

AN
‘ - (kcal mole™ %)

3 -
E , 92(1A , T
CHLSCH (5,0 2 g

0 3773 P

“

s(tp.,3p) ;

2

) ]
- CHSCH, + 8, ( /.\g, o

CH3§CH3($O) : 1

199,

o J 8., CH_SCH, 1 S_yetc. -11  [31al

£ ) -73,-60 '11b]

S e 2CH,OCH, 4 8 (TA ) 5tg  [31c]

L CH3S

P et ?

CH

.
A = e e e

CH,SCH, + CH_SS- C 29 [314)

. S § : |
3. CH3SCH, + CH, € 3 el
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Since S(3P} (and presﬁmably S(lDz) as weli)jreacts

with CHySCH; at a rate approaching the collisioﬁ frequency

.

(vide 12££a);-and.[CH3§CH3] >> [(CH3)28=S] aesulfhrlz— e
ation by S(lDQ, 3VP)'(:annot be signifieant; Desulfurlzatlon
of bMTéO(SO) by S.(lA ) 5 fermed in étep IZ] is exothermIc,
by 11 kcal mole—l; aLthough thls reaction is thermodYnam—

ically feasible, the steady state - concentratlons oﬁ SZ( 1) )
are extremely low. Ground state S spec1es have been sh&wn

79

to be unreactlve towards thllrane,l and ﬁlnce D(C -S) of

thllrane is very: 51m11ar to D(S=S) in DMTSO (52 and 55 kcal
mole 1, respectlvely), desulfurization of DMTSO by S ( Z ),
S3 etc. should also be of m1nor 1mportance. Desulfurlzatlon

by chis or CH, radicals (steps 3141 and [3e]) is not like-

P

1y to ke important and moveover, these reactions do not
lead to,khe formation of polymerie sulfur.
Desulfurization via reaction between twd ground state

DMTSO molecnles may be slightly endothermlc ( AH~5 * 8

-1 168
kcal mole ), but it should be noted that AHDMTSO ~4 + 3

kcal mole—l is an estimated value only and thus'step [31lc] -
may belfeasible. :Its impbrtanee would depend on the tran-
sient concentration of the tﬁibeulfoxigegépecies.
Desulfurization could also be enViSidhed as. proceeding
via unimolecular S atom extrusiea: .

CH3§CH3 (so) —» CH

lan) 1 . .
3SCH3 + S DZ)' . g (32]



Due to spln conservatlon, the S atom produced must be in

e P A TN
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C:,the 51nglet state, and thus the energy requlred for the,

'occurrence of reactlon [32] is at least equal to the exo~’

therm1c1ty of the st D,) + CH‘ECH3 reaction.

step [32] may be 1mportant only at .infinitesimally, low

~
pressures.

Moreover,

S product recovery.

Consequently(,

1ts 0ccurrenge wouldlnot affect the

Therefore,clt is concluded that de~

sulfurlzatlon of DMTSO(S ) takes place via the blmolecular¢

reaction [31le].

From the mechanlsm dellneated above, it is apparent

that ‘three, reactron pathways are open to the ex01ted DMTSO

adduct.

mentation Vvia C -S- bond sc1551on, and 1somerlzat10n

former leads to C2H6 j 82 and to CH3S + CH

latter leads to CHySSCH,.

There are two product formatlon pathways‘,

[~

frag- ~°
‘The -
37 ﬁhile the

The other mode of decay,de-

activation followed“bv‘desulfurizatipn, leads to regener—“

ation of the substrate.

the system can thus be summarized as follows:

1, o F
S D2) +‘CH3S.C‘H3 —-} CH3SCH'

)

3

" cH ECH 't
: 3(Sg).

-

+
3(84)

' 1
—->c2u6 + 8,1 Ag)’

f—b CH3SZ- +U¢-CH3-'

—=9 CH,5CH, (S )

The major reactions occurring in

[8]
[15b]

tlSc]

" [16)
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+.2CH3§-:'.“ [20a]
s ) | . ; !
CH,SCH, (5,) —9 CHySSCH, (S ) " —
M
L—=CH4SSCH, (5,) [20Db]
Y o
o
2¢H3 CHy(5,) —» 2CH, SCH, + 8, ( Ag) . [31c]_“_
. o Tn2CHy - _> CoHg ' , 0 [21]

S(3P) atoms also pq@?ﬁAwith‘CH3SCH3 to}yield CH3SSCH3,'

CH, and C2H6 in similar relative propdrtions and in dras-
‘ tically reduced yields, 1less thén 60% of those obtained
from the S(lDz)ﬁreaction (Table IV-3). The exothermicity

of - the proposed primary step,

. s
's(®p) + CH.SCH. —» CHy$CH, (T) [9]

3 3
is approximately 53 kcal‘mole-l,.and accofdiqgly, the DMTSO
le) is-'26 kcal mole_l less enerdetic thah the DMTSO(SO)+
formed in step [8]. |

" If fragﬁentation ‘reactions analogous'to those postu-
lated for DMTSO(SO-)T are considered, i.e. steps [lSa—d];

‘only the follQwing dre.2rergetitally. ?'Qij-fS,i?bil_t-:;{“:f...dr DMTS'O('I‘l)" -

~ R . . -
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o (kcal molefl)
s(3p) + CH.SCH. — CH.&en (T,) —C.H,_ + 5.(357) -46 [33a]
_ 3 3 397310 276 2 g’ .
——CH3SZ- + CH3'_ -6.1 [33Db]
Since the C H6 yields are flvefold less than those of
CH3SSCH3, it is llkely that the bulk of the-CH3SSCH3 arises
from DMTSO(Tl) and not from recombination of the radicals
formed in [33b]. One possibility is, . ‘§
$ 4 :
? M ,
CH3§Ch3(Tl) CH3SSCH3(T1)—I-SC—> CH3SSCH3(SO) [34]
However, CH3SSCH3IT1) has never been observed and is likely
to be antibohding in character, dissociating immediately to
two'CH3S fragments. A more plausible pathway for the for-
mation of CHasSCH3 from DMTSO(Tl) is:’
CH, gcn . cs gcn‘ (s )" o [35al
\k 37732 , 208
CH ECH sy —— . cn sscH, (s )7 £35h)
3 370 _ . .33 dhaad

.

v

Bepause of the iower'energyfoontent,of theADMTSO( 04t.
formed in step [35a], as compared to the S( D ) + CH3SCH3 T
~.radduct thd rates of 1somerrzatlon to- dlsﬁlflde and of de-

& .

actlvatlon to the'ASﬂ0 state are lesser and greater, re-

spectlvely, resultlng'ln a sharp suppression of the CH3SSCH3
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yields (Table~;v—3). .

The increased importance of deactivation in this sys-
tem mey be expressed in a more quantitative manner (App-
endix C-2). Comparison of the CH3SSCH3 vield in‘the pressure
indepeedent region (> 2b0 torr), Table IV-2, with those ob-
tained in the presence of COQ, (Table IV-3) reveals that the
CH3SSCH3 recovery for S(lDz)'addition is NZS?, while that
for.S(BP) addition is only "“7%. Tt follows that the deact-
ivatien/isomerization ratios for the S(lnz) and S(3P) atom
reactions are V3 and V14, respectively, for COS/CHBSCH3 =
.300/30 and at 30 min. exposure time. |

The greater importance of deactivation for the triflet
DMTSO suggests that the sharp drop in CH3SSCH3 yields when
the pressure is increased from 100 to 200 torr (F gure TV-3)
is mainly due to deactivation of this species.

In the presence of 2-4 torr of NO (Table IV-3), the
CH4 and C2H6 vields are completely.suppressed, sUggestiﬁq
radical precursors. Interestingly, the CH3SSFH3 vield is
decreased by only 80%. One p0551ble explanatlon for the
suppr9551on of produor yleldq by NO is. the .scavenging of

- S atoms; However, in the presence of NO the CO yleld

dropped by only N3% 1nd1cat1ng that NO dld not react sig-

- -

\ 3 o
nlchantly wnth S( D ) For S( P) atoms, S( P)+NO+M =

11 -2 -1 53 ‘ PSS IS R
1.9 x 1077 M and kg 3,y CH3SCH3 = 1.3 x 107" M s
(vide infra). Thus for the COS/CH,SCH,/NO - 300/30/4 mixture
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(Table Tv-3), M = [COS] + [CH,;SCHy] + [NO] ~ 0.018,

_and it follows that:

Rate . ,3 .
S(TP) +NO+M = 3.5 x 10"

Rat¢5(3P)+CH3SCH3.

3

Thus NO does not react with S(3P) atoms fast enough to affect
the S(BP) concentration. It may be concluded‘thatlscavenging
of S(lDz) and S(3P) atoms by NO is not responsible for the
decrease, in product yields. - NO présumably reécts with

DMTSO(So)f,(Tl) in competition with the DMTSO(SO)+,(T

1)
CH.SSSCH3 rearrangements (steps [17] and [35]), most likely
K . | PRy _
via abstraction: ‘ ./ N\,
S + N\
NO + cHyScH; ()T — NOS + CH3§0H3 [36]

This reaction is evidently not as efficient as the NO +
radical (CH3 etc.i”séavenging reactions. Howevér, this is
not unexpected since bMTSO(SO)+ is a vibrationally excited
molecule and not a monoradical. Mareover, the reaction of
NO with triplet atate thiirane is very elow and a large
excess 0of 'NO is reguired to effect even a 30% suppresgidn.q
Tn this connection, it is interesting to note .that Rao,
et §£.173 have reported that 50 torr NO were required-to
scavenge ‘all the cﬁ3s radicals in their system, produced a+
a mﬁéh %igher rate than in the present study.

At this point it wonld be interesting to c~ompare the

. 3
rrecent yesylts with the well documented O(°P) 4 CHQSCH?
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reaction. The major products are C2H6 and (CH3) S=0
g

(DMSO) in a ratio "3:1, respectively, and#heir combined

Yields are ~35%, in terms of the d(3P) atoms produced: The

overall mechanism is postulated to be:

o & .
3 - + )
o:( P) + CH3SCH3—-—-——->.CH3$CH3 (T,) [37]
CH gCH (T )T—?—g—q—%—» CH,SO*+ CH._- [38a]
3°-Y3 41 3 3 ,
? i ‘ |
;1 — - CH3S- + CHBO- o [38b]
2CH3' > C,H ’ - [39]
o CH3ECH3 [40a]
CHy- 4 CH,S0- .
) ——+ CH3SOCH, (40b}

-~

In the Presence of C2HSSQ, which has a readily abstractable
hydrogen atom/ (CH3)ZS=O'was completely suppréésed; indic-
ating that it drises solely from radicél recombination and
not from pressure stabilization of the initial adduct.

The structural difference between tN@ final addition

prodncts in the O(3P) and S(lD 3-P) systems (branched

2'

. N i . .
versus linear) is a consequence of the thermodynamic stab-

ilities of the possible producté: (CH3)2S=S:is known to be

unstable and CH3SOCH3 is an unknown entity, hence its



“

possible formation in this system is purely sPéEulative.

" - - .. . . . .~l4
- 2) 'S(lDz,'3P) +'CH2(CH2125 Reactions ,

-~

The methylenlc a C-H bonds ang p0531bly the B C H
Abonds are expepted to be somewhat weaker than the prlmary
C-H bonds in q%3SCH3 and 1nsertlon 1nto these bonds mlght
take place,‘léaaing’to the : formation of;thﬁ CQrFespppdlng v

thiols. ‘SH

.S(lDz) + <i:s a C-H inser%ion _}<f>$ : [41a]

L OF tnsertion L ws—s 4t

Neither thiol was detected however, and the sole retrigvable
products identified were CZHﬁ and l,2—dithidlapé'(2::§> .
Tﬁhs, by analogy to the S(lDz) + CH3SCH3 feaction, the
primary adduct is believed to be vibrationally excited

ground singlet state thietanethiosulfoxide (@&SO):

1 | _ t
S(°D,) + <> <>~s(so) (42

This adduct may theg undergo c-5 bond cleavage to form a

biradical,
= T = -
Q—suso) - -ﬁ_*<\$~-s ———=5-5- (5() [43a]

which may then undergo ring closure,

PR -



<\S-S- —_— Cé(s )_><:é [43b]

fragment via' C-C bond cleavage,

-

| © l43c]
____—.>
<\s -5~ — C2H4 + CH,S, y
or fragment via C S bond cleavage:
. 1, =
_<\s_s ——— C H, + 5, ( 80 ) [434d]

" Alternatively, the*thﬁetanethiosulfoxide may isomerize:

CQ=S"(SO)1-———* (S o) —-»C - (44)

3w ma A T LIS .=

QPaor=be deacttvatéd foiiowed by desulfurlzatlon

+ Sz,etc

In sharp~gontrast to-the S+ CHySCH, reaction, the

combined‘pfoduct covery for this system eitrapolated to
zero time is "85A& ,(Figure 1IV-10), with a l,2-dithiolane/
ZHZ ratio of %l This and the fact that the‘product
yle]de are independent of pressure (Figure IV-11) is prob~ 
ably indicative of the relative‘inefficienc§ of deactivation
step [45] or of a much shorter lifetime for the excited
TTSO aé compared to DMTSO. The recoveries of 1,2-dithiolane
for G( D ) and S(° P) are slmllar, 44 and 36% respectively,
opposed to the case of CH3SSCH3, where the recoveries
Nfor S( D,) and S( P) are 25 and 7% respectlvely (Appendlx.

Cc-2).

.‘ . o o .A . - - S (s ) . '- -v . .A . .
: Oes_.(_sb-)i LI N (so) ______><> 0% 2 <>s 145]

. 208, -
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1,2- Dlthlolane may form from C-S bond cleavage, steps

([43a] + [43bl), and/or 1somerlzatlon of TTSO, step Taq]l,
However, the high yleld of C H4 suggests that fragmentatlon
is a major decay path for TTSO ‘and therefore it is suggest-
‘ed that a largé portion of 1, 2—dithiolane arises from'steps

(l43a] + [43b]) rather than step {44] Unfortunately the

1mportance of fragmentatlon to C.H, + S (ilA'g), step [434],

376 T2

cannot be assessed qqantitatively. . However, the results of

the GC/MS cross scan experiment suggest that this path is 6f~

- e

minor importance, although it is one of the major processes
in. the photoly51s of trlmethylene sulfoxlde‘}go . N
| | The predomlnance of fragmentatlon as the fate of TTSO(S )
as compared to DWTQO(S ) may be attrlbuted to the rellef
of rlng straln which, for the parent thietane, has been cal-
culated to be 19.4 kcal molefl,il69 since the energy contente
for the two adducts are expected to be comparable.

272

may ewist in three isomeric forms:

The CH,S_ species formed in fragmentatinn step 2]

»
L]

e HZC"—'—S. o ' és.:
C=8=S , \/ , “and H-C-SH

S .

The first two isomers have never been'opserved, although

. !
there is some evidence in support of their transient exist-
ence.172 Dithioformic acid, on the other hand, has been
produced by the pyrolysis of HC(SH)3 for microwave spectro-

scopic structural ana]ysis.181 Although its stability‘was
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not examined in detail} it cduld be observed‘at 25Q in a
flow system when the pyrolysus was pérformed between 200
-and.900 " Thus,'whlle H,C=8= -S is loglcally the most probable
structure for the 1n1t1ally formed - CH S spec1es, it ;s .
possible that it might isomerize to form HCSH,. of whiéﬁ the .
ultimate~fate is prObably polymerization.

S( P) atoms also ‘react w1th thletane to yleld 1,2-di-
thlolane an C2H4. The % recovery of l,2—d1thlolane is sim-

24
12) resultlng in a mueh- higher CHZ(CH 7§/C

' 1lar to Z e S( D ) case but that of C.H, is drastlcally reduced
:(Table I
ratio " , versus 1.1 for S( D )) . The follow1ng trlplet

.State ana]ogs of stepQ [42] ‘to [45] may be considered: '

s(3p) 4 (/\q ——--—-‘--—-D'-..<>?--'§(T]“) : [46]

\,

. i iSC. N .
<>f_5~—s(T])., Csiery I < B os(s)pm i [47a)

~ (‘2H4 + CH ('I‘ Y [47Db]

- . . 3— - ..
- ‘ A7
> CyHe +.5, zq) T47}

ISC__'E <>=S(So) <>=S(So? <>s + s, -[474]
.

N,

The energy content of TTSO(T]) is lower than that of

'I"I‘S()(SO)'f by 26 kcal molevl, which explains the much lower
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.observed yield of . the fragmentation product. Moreover, spin -

iﬁonservation requires that the species produced by fragment-
o 2 tw R o
B4 . . . . TN e Y L 3 . - .
" ation and lsomerization-must be-in triplet states, which ‘may
e e o - Y | o
. N . & .
not be energetically accessible. The blSadlcal produced by

C-S bond sc1ss1on (step [47a1) however -shduld have a low

Ps . ~

lying trlplet state and thus should be formed qulte readlly.-
Thls biradical is postulated to undergo eff1c1ent intersystem

crossing to the S state where ring closdre may then take

v

place. The low overall product” recovery { %40%) in the S( P)

+ thletane system - (steps [47a] and [47b]) indicates that

-

intersystem crossing followed by deactlvatlon (step [47d]) is

NS
+ o

one of the major reactions occurrlnq.

O ( P) atoms also react w1th thietane to yield C?H4; in

376
CqHe = 1/0.3). The foMowing mechahism‘has,been pPropdged:

0P <\5 — C:—O(T ) ' (48)
/\: O(T ) —— <\s 0 I L\ + S0 ( zg) [404]

cleavage

add1t1on, small guantities of c-C.H, were detected (C,H,/

| Ny C8 '
[ i <-‘5'-’O_._..‘._.>C2H + CH,S0 {49n]

4
cleavage

J@,,.O;w(so) | -  r49c)
S
\\, .

s
Nt
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LA

Together, C,H, and c-C3H, account for 90% of the overall re-

-~

action. It is noteworthy that the exdiherm1c1t1es of the

4

'b(BP) + &y CH2)2§ and S( D ) ? 6H (CH $ reactlons exceed

2)2
the c- S bond dlSSOCLatlon energles of the addurts by nearly

.

,1aent1ca1 amounts, yet fragmentat:o? in the latter system is

only ‘half as 1mportant as in the former. One possible
explanation is that rearrangement of <i>3=5(s ki steps ([43a]

+ [43b]) and [44]) leads to the ‘formation of a’ relatlvely

bqtab]e product 1,2~ dlthlolane,‘whereas the analogous process

for <i>S~O(T ) would lead to the formatlon of (::ﬁ ’

which has never been isolated.
- A —— .
. Interestingly, although the S(BP) + CHz(CHz)ZS reaction

affords mainly the addition product.and smaller yields of the’

fragmentation.preduet, the correépond%nq three membered ring,

thiirane, reacte wjthus(3 X atods to glve Csz as .the only
retriebéhjefbredﬁ%t.liit Ba&wyrm the arowth of the qz(x3x;)
spectrum and tﬁeyconenm%tant decay of the S('P) abqarptioﬁ
observed by flash photoly51s klnetac abeorptlnn spectroqcopy,
it was propoeed that the overall réaction is dlrect abstrart—<

3
ion of the S atem from thiirane: 4.3

3y e e s e w . 3.7 50
S(P) 4 Ds —> C,H, + 5, (X ):_g) , [50]
By analogy with the present system, the Primary adduct is

pProbably the thiiranethiosulfoxide,

s(3py + DS~‘—--> Dé--é('rl;) (51]
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which may then decay in three ways:

- ’ ‘¢

_Ds'—é('r]) — !\‘S-S-(Tl) EC’I\SES.ISO) — Ei [52a]

( . ~3» :CH. (T.) '+ CH.S [52b)

—» CH, + 8 (757 [52¢]

~
Formation of :CH2, step [52b], has not been reborfed for 3-
membered héterocvclesjlg? The observation of 82(32-) is
accoﬁnted fgr by step [R2¢1.  The thiosul foxide-disulfide
rearrangement wonld lead tn the formation of.the hypotheti-
cal 1,2-dithietane, step [52al. This compoind has vever been
1cnlated and is expected.to. bprun§table dne tﬂ :tfoﬁq repﬁ1~
sion of fho pT7 electrons of the adjoinino atoms. The

Y

transient existence of perfluoro- l 2—d1th1etane has bheen re-

ported in the pyrnlysis of perflunroethylenpdlsu]f:de poly -

- 183 < | :
mer : 7, P : , (
3000 2 . ’
(-CF ,CF,S8-) [ l — * SCF,,CF, ’
o *»
FZ/s{i]FZ %
F F
e’ 2

(53]
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However, the dithietane reconverted bacd to the initial
polymer at lower'temperatures (< 3000).

To date, only one stable 1,2- dlthletane, 3,4-diethyl -

1,2- d1th19tanc 1,1-dioxide, has_been“asolated.184
Et
Y—s o
- A—S0,
Et

This compound possesses an enhanced stabilify due to the re-
placement of the lone pair electrons on one S atom, thus

removing the ﬂpstab11171nq effect  of the prn electron repul -

183 " “
sion. : . ]

It is therefore unlikely that dithietane would bo
formed in the s(° P) + [:S reaction. Moreovor, the reaction

A}

leading to the formatlon of %2( Yg) is extreme]y rap1d k =

2.7 x lOlcyMT s'% and.proaeedg with no observable activation

a

energy.52 O(3P) atoms also desulfurize thiirane, and the

reaction ha's been described in terms of fragmentation nf the

sulfoxide aﬁduct:ll3 ' [ 3
0(3P) + S —» [\s-o‘(T ) ¥ C_H, + SQ(T)) 54
, o . 1 "2 4 * 1

Tt is apparent from the feoregoing discussions that the
reactinns of S(ln 3
featur~ attack at the sulfur non-bonding 3p orbitals leadina

té the formation of thiosul foxides. O(BP) atoms react sim-~-

ilee v e yield the corresponding sulfoxide, and by analogy

214.

5+ "P) atoms with. simple thioether§ generally



the remaining Group VI A atoms, Se and Te, probably form:the
corresponding unstable adducts. “From the few studles report- ‘
ed -in the llterature, 1t appears that the hlgh react1v1ty of
the S non-bonding 3p orbitals toward atom and radlcal attack
is not limited only to divalent spec1es most atoms and
radlcals also preferentlally attack at the sulfur site.

] 185 . .. 186
The reactlons of H atoms w1th CH3SCH3, thllrane,

188

thiolane,187‘and 3-thlolene _have been studled In all

cases, the 1n1t1al attack 1s at the S s1te and the subsequent
fate of the adduct is’ malnly determlned by the relative

Y

‘StablYltleS of the pOSSlble products.

o * .
H # cH3SCH3f—>- H3C---S—CH3 —)»CH3SH + CH3- ajf [55a]
P
. . v_ * ; -
H + = | [sn|»cu, + sH- [55Db]
M Dl B OCH
, . . | |
e O O] e e
" _i_ ’ « . st .
H + | P> 'QS'“-H_J > C4H6 + SH. - . [5541

‘

A brief ~study of the C atom reaction w1th thllrane and

189

-thletane revealed that the 1n1t1al reaction is also add—

.1tlon to the s 51te, followed by ellmlnatlon of CS to yleld

\
the corresponding hydrocarbons, e.g.

qF L
C o+ <>-—>{<\;=C] 'E,A+\=  [56]



: observed

,.u‘; For theﬂcHg + thl{éane react%pn §‘abst;actlon is, the: 

s SN

major process although a small amount of H abstractlon -was

4 -

w - —— BN

Ds — [Ds----cn] —>C2H4 + CHBS- | ; 57

In this system H abstraction features a significantly higher

. o " b

F-3 ok
Ld 2 g
/RH abstraCtlon_ratlo of

¥ L2 e T

adlcals w1th CH3SCH3 have been

s -
1nvestlgated by Arthur and Lee,17,-1 and<H abstractloq(was

EL, resulting in a oS abstraCtlon

N 4O, rThe reactlons of CH3"

cons1dered to be the only process oocurring:

CH.- + CH.SCH. —¥% CH. + -CH.SCH

3 138CH, H H,SCH; [24]
. ) S . ' 4
Attack at the sulfur site is possible but does not generate
any new products: +
' CH3
CHy- + CH,SCH, —b CF3SCH3 > CHySCH; + CHy- (58]

In view of the high reactivity of the sulfur non-bonding p,
orbitals toward atom and radical attack, it is almost certain
that CH; radicals also attack at this site; an investigation
of the reactions of CD, radicals with CH,SCH, would reveal
i 3 . 3 3
Riush .
the mechanistic route.
The t- butoxy radical reacts w1th thietane’ and thiolane
v1a dlfferent mechanisms: addition to the S site of thietane
followed by C-S bond scission, and o-H abstraction from

thiolane: 129 ' .

-~

TRV 2 T
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RO- + <>s — Cf;—OR —->ROS(CH2)26H2 o 4 [59a] -

~ Ly G e . oo . -o- - . ¥
t

wt O“‘* Q—H *+ ROH S [59b)

»

- This difference has been attributed to the relief of ring

iﬁrain in ghe‘thietane ad@uctj(%9}4fkqa1_mq}e—l'175) upon
mation of a linear radical. 1In contrast, C6F5 radicals

attack the sulfur .sites of both thiolane and thietane.

for-

Carbenes and nitrenes have also been shown to add-ex-

clusively to the S atom of cyclic and acyclic tbioethe%s i
solution to yield the corresponding ylides and sulfimié&s,

with the former reagents exhibiting high se{ectivify:
: + - -
S .9'~_CR2 (NRZ)/ '
=CR2K=NR?)Mﬁ — i [
S o e .

. . + - —_
now * CHySCHy; (CH})?_S‘-'CR?(NR?) [

n
191

60al

60h)

3

ctions

3. Rate Parameters for the S(3P) + CHBSCH3/6H2(CH2l2é Rea

\

ratio [CH3SCH3]/[C3H6] show slight downward curvature at
high‘ratios (>0.11). The reason for this is not readily
apparent. However, since for[CH3SCH3]/[C3H6] < 0.11,“éhe

plotsfappegrjto be lineaf; it is'reasoﬁable to assum%‘that

4

As shown in Figure IV-4, plots of (AOfA)/A versus the
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the data in this region may be used for klnetlc evaluation.

As shown in Table iv-4, at room temperature, S( P)
react with CH3SCH3 N 36 times faster than w1th propylen

The weighted least squares fit of the Arrhenius plot K%igure

IV-5) yields, : g B -
A /A = 3.83%0.17 , and
CH3SCH3 C3H6 | | -
_ -1
Ex 5 - CH SCH = 1f3?t0106 kca} pole R L
o386 . V3 . g : .
From the absolute rate parameters for C4yHg measured by Klemm \\
and Dav:s:52 b
. _ ' S 10 -1 -1
Acy sep. = (1.39%0.18) x 1077 M s
3 3 ‘
E e " -1
CH3SCH3 = -0.96%0.11 kcal mole
Alternatively, the data of Van Roodselaars3 lead to-
“enyscry = (4.98+1.20) x 1010 y7lg7)
- 1
ECH3SCH3 -0.84+0.24 kcal wole

The average valnes of these two sets of parameters yield the

1 ,
following Arrhenius expression for the S( P) 4 CHQSCH3 reaction:

K = (2.1941.21) x 107 %exp[(900+237/RT) M 1e] 611 !

This corresponde to a room temperature rate constant,

11 -1 -1
k(298) 1.35 x 10 M‘ S

Thietane is even more reactive with respect to S(3P)

Y

addition than CH3SCH3, having a room temperature rate constant

n-50 times that of C3Hg (Table IV-13). The weighted least
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e e aie e e T e W .

' -1
- P— ., _
EC H ECHZ(CH ) S .1.25%0.03 kcal mole

Using the absolute rate parameters for CyH, measured by ...

‘.
. N L L et e

Klemm and Davis,. . s LA

oL ‘Ar*—~*$———% 2. 28*0 28 1015 M 1 -
(CH2)2
. i -1
E -0. +0. -
5_—TEE—T-§ 0.87%0 09¥kcal mole

<3 |
- and thdse of Van Roodselaar,

A

il

CH, (CH

2

] 8.18:1.90 x 1010 y~lg71- o

2 3
-0.75+0.20 kcal mole_l -~

2

Ech , (CH

2) 28
The average values from theqe two sptq of parameters glve the,

fo]]ow1nq Arrhenius expresqlon for the S( P) + 6H2(CH2)2§

yeaction:

ko= (5.23%1.94) % 10' "exp[(810+220) /pT] M 1g~l (621

s ]

This crrresponds to a room temperature rdate constant,

K op) = 2-0 x 1081 171 . '

Thus, the reactions of S(BP) atoms with CH3SCH3

H21CH2);% are both extremely fast, occurring at rates -

ﬁé\\”

proachinag the corresponding collision frequencies, 2 x 1011

.-] - '
and 2.5 x 1011 M 1, respectively at room temperature, jin-



drcating‘thet at_least“one’of every two collisions»results”
.. 215 ;ééqtion.:_;" s
It is apparent thet at‘room temperature,‘thietane is
almost tw1ce as reactive as CH3SCH3 This is a- consequence
of the larger A factor for the thletane reactlon 51nce thF
, actlvatlon energles are fairly similar ( 0. 90 and -0.81" #cal

;ﬁ»_,,mble J.. .The Alfactors’ for.the WO reactlons cerrespond to, T,

entroples of actlvatlon,
-~ # : ~ -
AS & 22.7 e.u.

F
ASé_‘——..—'é ¥ -21.8 e.u.
Hy (CH,), ‘

_ . . , . . -
The small difference inA-As4 for -the two Leactions.suggestsr,

R
the involvement of similar tran51tlon states, consistent with

%\Eﬂ'

proposed mechanlsms.'

Both reactions exhlblt negatlve actlvatlon eneréles,

o o Ea vy s L

an unusua]lfeature also observed for the S( P) + branched
alkene reactions. A plot of activation energy versus ion- -
ization potential for the reactﬁons of,S%jP) atoms with
CH4SCHjy, CH2(CH2)2 and some selected'alkenes'is iliﬁstrated‘»
in Figﬁre IV-15. It is apparent that, as in the O(3P).rer
actions, the iinear correlation of Ea with ionization pot—
ential for the S(3P).+ alkene reactions also extends to the
above thioethers and this implies that’the é(3P) + organo-

sulfide reactions are basically electrophilic in nature. The

S(3P) + thiocether reactions exhibit slightly higher Ea's than
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that of the S( P) + LCH3)2C—C(CH~)2 reactlon ( l 3 kcal mole. ;)

HOWever, the overall room temperature rate constants are at’

o c v -

least tw1ce as fast, a consequence of the much hlgher A factors.
The larxger A factors for the case of thioethers may be as-
-crlbed to the greater accesSrblllty of the reaction 81te a

C C bond has a van der Waals radius of 1 54 1, whereas that for

a sulfur»atom is 1.85A.

- ~ - - e e e - » - o P

b A
‘

Negatlve actlvatlon energles, such as those observed Jfor
the s(°p) + CH3SCH; and éﬁ_TEﬁ_——g reactions, have been re-
ported for other systems (v1de uEra) A number of explan-
ations for the observatlon of negatlvewtemperature depend-
'ences in bimolecular reactlons have been proposed. 1In some.
cases, the observed negative Ea has been ascribed to a near
zero actual Ba combinedfwith:a temperature dependent A-factor
in the Arrhenfus equation.192 However such an ekp]anation
appears to be inadequate. Transition state theory does not
predict a temperature denendence of the A factor much greater
than T 0> unless some. ‘unrealistic assumptions concerning the
structure of the transition”state'arewmade. Collision theory
predicts a temperature dependence of the A factor as high as

T—'l'5 if the reaction cross section is assumed to be energy

dependent.192

54,55

l.ater models have been more successful in pro-

: « 3 .
viding a rationale for negative activation energies. The
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N e

' ‘model of”Strausz et(al 4”hrasr been proposed to explaln-the trend

's in the 8 P) .+ alkene . :eactions. In the cons .
',text of thls model~»the S P) ‘atom’ and CH SCHB/éH (CH2)2§ in-
itially approach each other on a potentlal energy surface Wlth

to negatlve E

.

a shallow minimum correspondlng to a loose11comp1ex which in- |
tersects the product disulfide surface (on the repulsive part
of this curve) at a point below the level of the separate

reactants, as 111ustrated below:

&

S(3p) + cusscns/(”>

— e ener  w wimn —— o—

CH,SSCH,

A similar model has been proposed by Cvetanovic et al. to ex-
plain the negative E 's observed for the reactions of 0O D)

with some alkenes. 51 121

Applyin§ these models to the present system, the addition
of S(BP) to ansCH3/§H2(CH2);§ results in reversible formation

of a complex which may either dissociate back to €(3P) and
CH SCH /5H (CH k or evolve to the corresponding disulfide

prodicts as shown:

*
s('ry 4 c CH,(CH_)_& ‘1 Q/R
SOTY A CHISCH/CH, (CH,) L8 =i RN [63]
T1 R
+
k
sn,,,.si . 2 Sy Disulfide [64]

R
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. Kssuming éléﬁeédy;Etété\éoﬁﬁéhtration of the complex, the - .

rate expression for-productsformation is:

| X_k o S
Rate = EE"%%E“' - (s (®p)] [RSR] [65]
11t*r11
Hence,
: X_k
_ *rf111
Kobs. = Koo when kypy >> kppq (661

QExpressing kobs in the Arrhenius form:

A
I III
= ————— - -— d
Kobs: AII exp[(E EI III ) /RT] , an f67)

.

assuming no temperature dependence for the initial complex

N
formation (EIm 0),Ea, the activatrinn energy oheerved, corres-
\ ~ ' - - . 2
pﬂ%ds to, ‘
?
"
= E ~F 6R]
Ea FI]T FII [

and will be negative provided "1 Pror

The rénm'temperature rate constants and Arrhenius para-
metérs‘of the S(3P) + CH3SCH and 5—~TF§_*~§ rearfloqi are
compared to‘those of Qther related systems in Table Iv-]9.
For the EH3SCﬁ3 system, the A factor fbrlS(?P) addition is
substantidlly 1aner than that for tﬁe O(3P) additinn,l¥3’llgil?y
although both reactions exhibit negative Ea's and similar temp-
erature dependences. The larger A-factor could he partly a

consequence of the availability of the low-lying 34 orhitalse

on snlfary, which increases the efferctive collision diameter
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(
with respect” to attack. In contrast to the S(3P) and O(3P)

reactions, the H + CH3SCH3 reaction pro?eeds at a much slower
rate. 185,193 This is a result of the rélatlvely hlqh E '
reflectlng the less elecfrophlllc nature of H atoms. The OH
radical is somewhat less reactive than S(3P) and O(3P), which
isféurprising in view of its hiqhéf reactivity with alkenes.
On the basis of the observed trend in rate constants (kCHBQH
kC2HSSH >kCH3éCH3)' it.has been suggested that OH reacts
with'CH3SCH3 via H abstract;’ton.]‘94 However, a negative Ea

is inconsistent with an abstraction mechanism and OH prabably
reacts with the sulfur site. The lnwff reactivity as com-

pared +n O(BP) and S(3P) is probably %céociakeﬁ with the natirre

A~ e handing n the traneityen qfr\lj-cu'
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. CHAPTER V . .
. . |
SUMMARY AND CONCLUSIONS

In the gas phase, S(]Dz) atoms react with 1,2-butadiene

~, (“ .
‘to yield unsaturated& addition products, thiiranes, i;-qm (1),

-

)C\ ,S N\ “C,s . HJ
H,Omrg . (3), and mc}: %\“ (4), and C-H insertion products,
. 2 . -
H HS P X ! R
: H C=C. ) SH,C. s . »
thiols, uiré‘ - (?) and ’WP“”Qﬁ (5). Fven at low

~

'conversjon; the overall yields, relative to those of the S +
alkene reaCtionsl are low (70%'g§£§25 96%). S(BP) atoms, as
expected, afferd only the addi%ion products, in yields compar-
able to those of fherS(1D2) reaction.

Theprates of formation ~f 1 and 4 Adecrease drastically
with *imz, but increase with incrqa;inc prescsure. Thiirane §,
whirh is formed at a much slower rate, alsa requires pressure
stabi]jzation,“althhuqh no time dependence was nbserved.'

These ohservatirns suggest that photodecomposition is important
for thiijiranes 1 and 4} as is apparent from thejr high Uv
absnrption coefficients ( of the order of 103 1 moletlcm-] in
the region of photolysis). However, the pressure depenéence

of the thiirane rates indicates coliisional stabjliiation of
the hot adéncts. One possible decomposition mechanism which is

pressure dependent is isomerization of the hot thiirane adducts

. . 28,11
te unstakble thiones fnlleowed hy €& GIJmlnafwon,l R ge.c

4’. . 1V
_/S —_n . '
<2\ ~ J>s —® C H_ 1 CS 1]
N . ‘ 3 6
- .
> .
Due to the low yields of thiols 2 and 5, no definite trend

. @
227



'
|

\

in their rate behaviour with respect to time and pressure

could be discerned: however, because of the presence of4un—

saturation, these compounds are expected to be qu1te unstable.

Although no product indicating 1nsert10n into the C-H
bond of the alkyl subqt1futed v1ny11c carbon was observed,
the formatlon of thinl 2 indicates that this process may
have taken place, i.e. 2 is postulated to be formed via an

enethlol ~thioketone~-enethinl tauntomerization -of the initially

formed enethiol:

H -
1 e i
S( D.z) 4 CH?f‘N ( (‘H %("H i =C= CH?*_ (‘H3 CH CH2
2

~

In contrakt to the COS-alkene systems, the combined
A

thiirane yields in this system are very high; compriging 90%
nf the total S products observed This is probahly due to the
presence of two addition sites in 1,2- C4H6’ and may also be .

a consequence of lower stabllltles of the 1nsertlon products

in this system. ’ )

EN

The re]at1ve Arrhenius parameters obtalhed f&03§:ompetit»

ive rate studies in the presence nf 1- C4H8 yleiﬁg'K

1
ing rate expression for the S("F) 1,?-CdH

Hollow-

1 ‘ g
k- (4.38+1.14) x 10 09xpf(~1455+255)/RT] M s !

.9
The A factor is somewhat larger (by a factor of n5) than

.

those of similar S(}P) t alkene systems. This can be abscrib-

ed in part to the presence of two distinct reaction sites

228.
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&in 1,2~ C4H6' the’two orthodonal n‘bonds. However the A factor

"is also higher than that assoc1ated w1th the isdmeric congu—-“'

gated diene, 1,3~ C4H6,,by a factor of almost 2. .This is

probably due.to a larger rotational contribution to tne
entropy of activation (AS*)‘as a result of going from a

linear 1, 2- C H6 molecule (C C2 C3 axis) to a bent transition

%

state as shown;e.g.:

Despite its high A factor, the S P) + 1,2- C4H6 reaction

proceeds at a slower rate than the S( P) + 1,3~ C4H6 reaction.

This is due to the higher E associated with the former
reaction, as a consequence of the,aEEEnce of delocalization
of the ﬂelectrons, rendering the molecule 1ess polarizable;

»

and the partlal triple bond character conferred by hypercon—

'%ugatlon between the co-planar C-H and 7 bonds of 1,2- C4H
as shown: '
. + e "
. H i N
H . - | S -
KON A ' SRR
/c:=c=cu2 > C=C—CH, , etc. [4]
H,C e |

3 Cow 3

h

Interestingly, aitﬁougn the two 7 bonds of l 2-butadiene

are non~1nteract1ng, their reactlons w1th S( P) atoms proceed
w1th 51m11ar E (%l 5 kecal mole l)t Consequently, the A factors
for the 2,3 and l 2- addltlons are sxmply proportlonal to the
~rate constants. From the corre5pond1ng product YlBldS



{
a

i

(1 and g) the rate constanrt ratio for S(3P) addition is,

(%237 v2el

k
1, 2)t 0, P 1200 torr

and accordingly, the Arrhenius expressions for the two

additions are:

« P .

i
1

1,2 = (1.4120.38) x 10" %xp(- (1455+255) /RT] mts= ¥
’

~10

(2.960.80) x 10" exp[-(1455:255)/R] M 1gL

\
Il

»

3

At robm temperature, these correspond to:

>
1l
[
N
b
[
o

X 2.6 x 10° M 1s

Surprisingly, these rate constants are within a factor of 2
of those for the S( P) + C2H4 and C3H6 reactions (6.0 x lO8
and 3.7 x lO9 M_ls_l, respectively ). For S( D ). addition,

the rate constant ratio for the two additions has been

estimated to be.

k /k LV O P
( 2,3"71 2)t 0,p= 1200 torr

: |
The hlgher ratlo observed’ for S( P) addltlon 1nd1cates that

the S( p) atom is more selectlve as a consequence of its
lower energy content.. x

l 2= Addltlon leads to the formatlon of thiiranes & and
3, the trans and c1s 1somers, reSpectlvely The trans/cls

~

ratlo observed for'S( P) is:

( rans/c1s) Pt | | N~ 6

t=0,P=1200 torr

230.
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which is surpr1s1ngly high. The lower trans/cis product ratlo
estlmated for S( D ) addition, -
E ey ’

1 , : , ,
(trans/c1s) D ' v 1.4, . N
t=0,P= 1200 torr e

reflects the hlgher reactivity and lower selectivity of

9

The gas phase reactions of S(lD2, P), atoms w1th dlmethyl-

S( D ) atoms.

1

sulfide and thietane have been examined at room and,moderate-
ly elevated temperatures. |

S( D ) atoms react with dlmethylsulflde yleldlng dlmethyl—
dlsulflde as the only S addition product along with a small
amount of C2H6 Atlhlgh conversions, CH4 is observgd as a
secondary product. The-ovérall,product-recovery is low
(<30% in terms of S atoms consumed); ’The yields of CH3'SSCH3
and C2 6 decrease with pressure up to %200 torr, above
which they appear to be constant. Analysis of the cell
residues after’high;conversion runs indicates that the §
product imbalance observed is due to the formation of poly-
meric sulfur. In the presence of NO, C.H, and CH, are not

276 , 4

observed and the yields of CH3SSCH3“are suppressed approx- ..

imately fivefold.

ﬁased'on the observed products, fhe effects of total
pPressure and added NO,.and the well documented high react-
ivity of the S non-bonding 3p orbitals, it is proposed that
the primary “'step, is attack™my the S site of the substrate
ieading to-the formatidn of an unstable diﬁethylthiosul—

-« 3
fgxide(DMTSO) adduct.
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S(lDz) + CH,SCH, —¥ CH

3 3

% +
3SCH3(SO)

Three pathways are open. to the DMTSO(SO)+:

1) fragmentation via C<S bond scission to yield C2H6’

¥ T - 1 | |
CH3ZCH3(SO) —> CyHg + 5, (M) s

—» CH3S,* + CH,- | . [6b]

2) isomerization to form the disulfide,

| y |
; o + |
CHBECH3(SO) —)~CH3SSCH3(SO) —”CH3SSCH3 [71]

3) deactivation followed by des@lfuriZatiOn,

5 + M ch ica (S,) |
CHySCH, (S,) —-}_CHBECH3(SO) . 3773 "0’ cH,SCH;

1

. 1Y :
+8,008) 18]

. ¥
Isomerization is the major product-forming step (R /

) 'CH3SSCH3

RCZHG“% 9)5' Desulfuriza;ion regenerates the "substrate with
the cencomitant. formatiqn of elementaldsﬁlfur. Deactivation,
the .major process (de$ctiyation/isOmerization v 3), is
manifested by a decrgasefiﬁ‘product yi®lds with an increase
in pressuré) “ ~

s(’p) atoms also resct with CH3SCH to yield CH3SSCH

3 3’
CZHG and CH, buttin drastigally reduced yields. The primary
Steins attack at the S.site, yielding triplet state DMTSO,
éH3$CH3(Ti). DMTSO(Tl)‘ﬁnaergoes fragmentation reactions
similar to those of DMTSO(SOﬂ-. It is proposed that the
CHBSSCH3 product arises from.isomerization of DMTSO(SOﬁ

“formed by intersystemlcrossing from the T] state. The smaller
) N
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J? ‘ :
yields of CﬂéSSCH3 and the greater im?ortanée of deactivation
(deactivation/isomerization ~ 14), as compared to'theHS(lDz)
+‘CH3SCH3 syétem, are attributed to the lower energy content
of the DMTSO(SO‘)* formed from the T, state. “

S(lDz) atoms_react Qith thietane,‘5EZTE§;T;§,‘affording
a cyclic disulfidé, 1,2¥dithiolane,as the only retrievable

i

S product. Comparable yields of‘CéH4 were also observed.

In con;rast“to the S(lDz) + CH3SCH3 réaction, the total
product recovery is high (v+85%) and pressure independent,
indicating that deactivation is relatively unimportant.
By analogy with the S(lD2)3+ CH3SCH3 system, tﬁe
primary adduct is postulated to be ghiétanethiosulfoxide
(TTSO), <<:§=S(SO)+.. This adduct undergdes a similaf

series of reactions:

1) fragmentation- via C-S and C-C bond scissions to yield

= t - -
<>—s(so) —> a S —» C,H, + CH,S, (9]

7) fragmentation via two C-S bond scissions to yield C3H6’

_ t <\ _ | 1 .,
<>—SQ(SO) —» . 5-$ -~ CyH + S, ( Ag) [10]
3) isomerization via C~S bond cleavage to form the disulfide,

v<i>S=S(SOﬁ' ;_,.<f\s—§ — I(SO; E’K:jj (11

4) deactivation followed by desulfurization,

<: =5 (S )
<>=s(so>+ 2 <>s=s<so) N 95, <>5

+ S8,, etc. [12]

C2h4,
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Although step [10] could not be measured quantitatively, it

_____3appears that-it is of minor importance.

s(>p) atoms also react with <:>s.to'y;é1d 1,2—dithiolane -
and C2H4;but the yields of the latter are.drasticglly‘reduced.

The primary adduct is postulated to Be triplef state thietané-
thiosﬁlfoxide (TTSo), <i>$-$(Tl)' The\recoverieé of 1,2-
dithiolane for the S(lDz) and S(3P) reactions are comparable,

44 and 36%, respectdvely, in sharp contrast to those of the

S + CH3SCH3 system, where the corresponding recoveries are

25 and 7%: . ' ' &

The ‘relative Arrhﬁn%&§ parameters obtained from compet-
itive rate studies in the presence of C3H6 yield the follow-

,—'—1
and CHZ(CHz)2

ing rate expressions for the S(BP) + CH3SCH3

" reactions,

k = (3.19+1.21) x 10" Cexp[(900:237) /RT] M 1e™L

-1

loexp[(gihizzo)/RT] M‘a§~

kEﬁ;TEﬁ;Tzé = (5.2321.94) x 10

These correspond to room temperature rate constants,

_ 11 =1 -1
kCH scH. = 1.4 x 10 M s~ , and
35CH;
= 2.0 x 10t Mg

which approach the collision frequencies.

Both reactions proceed with negative activation energies,
‘ ‘ .

in agreement with those predicted from the Ea ~ ionization

po#ential correlation established for the S(3P) + alkene

reactions.
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The A factors for the two reactions are larger than
those of the S(3P) + alkene systems by a factor of 4. This
is a consequence of a larger collision cross section result-

ing from the larger van der Waal radius of the S site.
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APPENDIX A-1

»
Mass Spectréi Data of the C4HGS Isomers *
Relati?e Intensity
m/e .
1 2 3 4 5 6 7
86 66.3 100 . 70.3 71.6 83.7 100 61.8
85 19.6 . 12.5  23.4 22.9 . 45.3  18.4 100
71 100 83.1 100 100 100 78.4 19.8
69 5.9 7.6 6.5 6.3 2.7 11.7 7.4
59 14.7 44.6 19.8 15.4 16.1  49.8 . 10.5
58 26.3 16.8 26.4  24.9. 12.4 17.7 6.5 :
53 14;3 22.3  17.2 . 15.4 67.2  48.8 65.9
52 4.1 6.0 6.6 3.6  20.3  13.6 14.1
51 9.3 12.5 14.3 9.0 33.6 23,9 23.1
50 9.0 12.2 12.6 8.8 28.4 19;3 ' 19.5
49 2.6 3.7 3.9 2.6 8.0 5.0 6.3
47 3.9 3.6 5.8 4.8 33.0 6.6 2.8
%6 . 10.0 4.8 15.8 17.4 10.8 9.2 3.8 .
45 33.3 31.5 41.4 37.3  47.6  41.2 33.5
39 12.9 13.0 21.6 15.5 ,26.3 66.0 15.2°
\
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APPENDIX A-2

3565,

Mass Spectral Data for C

m/e Relative m/e Relative
InFensity Intensity
106 100 47 §,7
78 26.2 46 7.0
~53 6.9 45 28.6 .
64 39.9 42 10.8
60 8.2 41 '89.1
59 10.5 g 39 17.3
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APPENDIX B AN

Calculations of the Nuclear Overhauser Effect (nOe)

for cis and trans- Ethylidenethiirane. -

The nuclear Overhauser effect (nOe) is a change in the
nuclear magnetic resonance (NMR) signal intensity of a
nuclear spin wh;n thé‘NMR absorption signal of another spin;
is saturated by irradiation of the sample at the resonant !
fregquency of the second spin. Therelwill\be no effect unless

the two spins contribute to each other's magnetic relaxation.

The nOe of proton d in a molecule when proton(s) s in the

same molecule are saturated is given by [1]129:

fd(S)

(Zogg) /2Ry = [Tog,f, (911,28, ()

U]

whrre n All spins other than s and d in the same molecule

’
including those which are magnetically equivilent

to 4. .

Pas ~ the directkaipole - dipnle ‘vrelaxation between
spins s and 4.

Pan = the direct dipo}e - dipole relaxation between
spins n and d. ~g

“R3.7 the direct relaxation rate for d.

For cis and trans Ethylidenethiirane:

¢ HC( ~ _S bH- S
/o=cfl /C=C\/é .
H C. . H.C : )
b { H ‘ 3 -/ NH
H H
a @ ¢ a a
* cis . trans

252 '



) _ | 253.

equation [1] may be used to derive six equations relating

the six possible nOe's, which can be rearranged to give:

£.(b) = (1/2)eapRio = (3/4)0, 0 [2]
( RiaRee ~ (3/2)bcapac
’
p . (3/2)OacRb - (3/4)Dabpbc .
a(C) = . [3]
RaaRp = (1/2)p ppp, -
PR - (1/2)p, _p
fc(a).= gg ? ba"cb . [4]
‘chxb_~ (3/4)°bcpcb '
(/2)p ,R__ - (1/2)p_, p .
f (b) = ——_cb aa ab_ca 5]
chgaa = (3/2) 0 P,
J o
Py R - (3/4)p_ 0
fb(a) - ba cc ac bc 6]
"oRec = (W/4)pyo0qy
(3/2)p,_ R__ - (3/2)p_ p
fle) - - bc aa ac”"ba [71

RaaRﬁ‘- (l/z)éabpba

. ' P
Raa’ Rband Rcc are the rates of relaxation of the a, b, and

¢ protons. Assuming intramolecular dipolar relaxation is the

only relaxation mechanism, -

. Raa = Ra + naa/2 = 3°a¢ + (3/2)033 + pab [8]
Rb = 20ba ¥ 3pbc-. X (9]
Rcc = Rc + pcc = 2pca + pcb + 3‘:'cc (10]



254 .

t

For dipolar re}axation;b;tween two protons,i ané i, pij =pji,
" and ' .

Psy = (Y“ﬁzTc)/(rij)° | . | [11]
where rij = proFon—protan.distance;

TC = correlation time'for the i - j interaction.

Tf TC is indentical for aldl protons in the molecule, then

6 . .
@ (1/r, ) o . 112)

Thus, if the geometry of the molecule is known, the relative

Piy

p's may be calculated. The p's can then be used to predict the

nde's. . ’

Proton - proton distances in cis and trans ethylidene-

thiirane were calculated using the structural parameters for

128

methylenethiirane and literiture values for the parameters

of the CH, gvoup. For the methyl group, which is free to rotate,
Alstances of closest approach were calculated. '

The interproton distances for the two isomers are tabulated
-

kelow, Aleng with the calculated relative p's, normalized tco phc;

~

N o
Interproton Distance (A p/ob
Protongs e e — : m e 2L
cis trans cis trans
c,c 1.79 1.79 6.24 6.24
a,a l1.84 1.84 5.25 5.25
a,b 3.88 4.27 "0.060 0.034
1%
a,c 4.83 2.80 ﬂhq%G 0.43
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-

Using'thé calculated relative p's and equations [2] - 101,
the expected nOe's ﬁay be calculated for both isomers. -
| Proton (s) Proton (s) Calculated nOe values

. nOe saturated observed cis trans

. £, (b) "~ CH CH, 0.004 0.0001
fa(c) CH, CH, 0.001 0.069
fb(a) : CH2 CH 0.019 0.006
£y (o) CH3 CH 0.481 0.488
f.(a) CH, CHy . 0.00Q3 0.047 ,
fcﬂb) CH CH3 0.023 0.024

Tt should be emphasized that several assumptions have
been made in the abnve calculations, and so the observed nOe's
may differ from the calculated ones. Several factors may

affect the observed n0917°,

a) Apy relaxation caused by species\outside the molecule will
will increase the total relaxation rate of each proton and so

decrease the n0Oe's ohserved,
b) The —CH3 group of ethylidenethiirane may spin relativly

fast, resulting in shorter Tc's (correlation time) for inter-

actions involving the methyl protons.

~

c) The rapid spinning of the methyl group may also cause spin
rotation relaxation of the -CH3 protons, decreasing thevnOe's

observed for these protons.

S



APPENDIX C-1

Bstlmatlon of the Ratlos,"k2;31£l'20a§;t=0,Pf1200 tqrr and

250 torr, and trans (4)/cis (3) at t=0,P=1200 torr for S(lDZ)
— ~ = X7 " -

Addition to l'Z—SAEG—

In the photoleis of the Cos—l,2~C4H6 system, the priﬁéiﬁal,
N > B

reactions %re as follows:

b

b

COS + hv —» CO + s(lDZ,?P)' e ® 1]
s('p,) + cos —» co + s, . [2]
5(192) +M  —  s(3p) +M | [3]
s(®p) + COS —3p O + S, « [4)
s(lDZ,3P)+1,2~c4H€> Products o (5]
. lp : ST I'p
(A) (k VAL ) and: (trans/cis) at P =_.1200 -torr.
2,3/"1,2 trans/cis =
t=0 : t=0
(i) Amount of S(QT) reacted with 1;2;C4H6:
At 750 torr (Tahle III-3), the total S atoms (lD? and 3P)
produced is:
(Rgo x 8.3)/2 = 4.2% umoles
Assume equal cdonversions at P = 1200 and 750 torr, i.e.

4.25 umoles S(lDz, 3P) atoms and 5.4 umoles CQO are produced.o’ |

Since the S(1D2) to S(3P) ratio is ~ 67:33 in the:
primary steplg, at P = 1200 torr, the primary yields of S(lDz)
and S(3P) atoms are: ' ‘

S’ﬂD)

s(®p) = 0.33 x 4.25 = 1.40 umoles

54

2.85 umoles . A

||

0.67 x 4.25

o

S(3P)+1,2-C4H6/ks(3P)+COS

Thus at- the COS/l,Z-C4H6 ratio of 4/1 used in the pressure

3

In the present system, (k Yy > 107,

256
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p
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study (Table III 3), the reactlon of S( P) w1th COS is 1n51g~

nlflcant Therefore, the amount of S( D ) atoms whlch reacted
o A , A
. with COS is: ‘ %

- ¥ ko - co%/2 = 1.15 umoles - - o -,:f,

»
For the S( D )+ COSs reactlon, 2/k vo2. 19. It follows that
.dgj‘ the amount of S( D )Qcolllslonally deaptlvated to S( P) is:

1 15 umoles/2 = 0 575uumoles.~

L Therefore, the’ total amount of S( P) atoms which reacted W1th,
‘11m2 C4H6 as- . _
- 0.575 + 1. 4o =1, 975 moles. .
e , , o
) (11) S( P) products (E 3,.and 4)‘recoyered at t=0: . -, * .
: o ) '..BP. . - .
-fLet (P) = amounts of S( P) products recovEred~and
e o %p ‘D P g
o AR T, (F) . L= fractlon of S¢( P)-and S(-Dz, P) . o d
" | ‘productsarecovered,‘respectively. y
- Then, ) ) | - | -
.JP), 5= 1.975 x (F) : :
ct=0 - =0 , L . 16]
-~ . ‘-'. .‘ . i 4 ' v . i sQ N ‘
essumlng (F) I A(F) D,”P o
_ t=0, P 1200 torr t=0,p=l2oq_torr
T e e T ‘ _R (1+2+3+4+5) .
e AR )
SRS T . R;D P(s+1,2-C H,) - .
T gy AP e , ~ p 1200 torr -
~"where R rate . .
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.

- Extrapolation of the zero time thiirané rates in Figure III-15

to P = 1200 torr yielas: S 4

e Mo

R D’»‘P(I)ti_o = 0.290 umole/umole CO C . 1

o l . . V

D, (3)t _o = 0.042 ® "

Yy 3 . ‘ ' \

-»E, P, : — " ' "

R (il)t=o = 0.123 !

'From Table ITI-3: °

e

) ) 1A . ' .
R "(2) ¥ 0.014, and R P (s) 0.015 umole/iimole CO are

time and pressure independeﬁt (Figs.III-14 and I1I1-15). Thus,

lpq -3 ' '
gD P(1+2+3+4+5)t 0 0.290+0.01440.043+0.12340. 015
4+5 ,

pP= 1200_torr

I

-0.485 umole/umole CcO 18]

Express1ng egqn. [8] in unlts of pmole/m1n°

1 3 .
RD’ (l+2+3+4+5)t 0, = 2,485‘umole _
| "~ 7 p=1200 torr “mole COx(min/umole CO)

. -

= 0.485 R, [9)

‘f Slnce all s atoms produced react. w1th elther COS or 1,2-C,H,
the rate of S atom reactlon with 1, 2 C4H6 is:

ﬁD "Ps 4+ 1,2- CyHg) = RS, - Ry - o RN ETY

co. CO

In order to express eQn; [lO]-in,terms of RCO ‘ R°O/R-

is obtalned by averaglng R /RCO values from Table III 3,wh1ch

glves, o /

o o= ) = 1 ol |
Reo/Reo = 1- 60 or Rgo TL60Ro - (]

s
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Subst%tute:fll] into [10] to obtain: ’ » &

lD 3P ,. A ! ) S )
’ - = !
R V(S + 1,2-C4Hg) = 0.60 R, ‘ | [12]

Substitute [9] and [12] into [7] to obtain:

3 ' o
(F) F = 9-%85 R = 0.81 or sls

th,p%IZOO torr 0.60 RCO

Substitute this,value into {61 to obtain:

3 _ . :
(p) © = 1.975 x 0.81 = 1.60 wmoles.  [13]

t=0,P=1200 torr

(1ii) Amounts of 1 and (3+4) formed at P = 1200 torr, t = 0:

D,? !p,3%p p,3p

, o1 ,
Using extrapolated R P(l), R™’ " (3) 'and R

1200 torr (Figure III-15),

7

(ﬁ) values at

(1) D°P _ R'D, P(l)t=0 x CO = 0.290 x 5.4
t=0 =.1.566 umoles ' [14]_
| ID 3P iD 3P . [y
(344) Dr- =R 2 (1)t_0 x CO = (0,042 +°0.123) x 5.4
Y =0 T | | .

= 0.891 qmoles ‘ [15]

~

(iv) Amounts'of l, 3 énd 4 forﬁed from S(1D2) at P = 1200 -

torr and t = 0:

1 3
(1) 'D: P

0
—
=
S

+
—_
-
e

. 1 3 o 3
(3+4) PP = (344) D 4 (344) F
Usinq [13] and corrected time Zgrovvalues from Table I11I-4,.

P

.3 . 3 » 3 E
DT = e Fx/eean®t o

. ‘umoles. .

(161

" 117]

'1.60 x 1.041/(1.041+0.07+0.436) = 14077 [18]
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Substitute [14] and [18] into [16] to obtain:

A(l)'D = 1.566 - 1.077 = 0.489 pmole. . ' [19}~
~ t=0I -
+ Similarly, ) \
t . ~
|' 3P‘ QP .-
(3+4) = (P) X u3+4)/(1+3+4»

1.60 x. (0 07+0. 436)/(1 041+0 07+0. 436) 0.523

umole [20]
Substitute [15] and [20] into [17] to obtain: '
'y | . _
(3+4) . = 0.891 - 0.523 = 0.368 umole. . [21]
Therefore, ‘ ' .
ID, . i
g{ ! ‘" t=0,P=1200 torr - T Tt=0, P 1200 torr.

0.489/0.368 = 1.33

—

’

U51ng similar procedures; the amounts. of 3 and. 4 may be determlned

and the trans/01s product ratlo at t = 0, aéd E

is calculated to be,

3 \ 'p=1.4

{trans/ci$) ~ —_—

~

B. Evaluation of (k2 3/k ‘D

t= O‘P 250 torr.

1,2
f

Using zero time data from Tables III-2 and I1I-4, Figure III-l@

~and the followinq'assumptionss_this value may be calcula?gd.

b *
v 3¢ 1 1 3 ,3 ) :
(1) (7)) © 2 P = (g PP, where (F)t 25 ¥ =0.62 (62 %)
o 0 £=0

is.obpa#ned frdm\ektrapoiation of a recovery versus time‘plof.
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’p
(ii) the time dependence of (F) is pressure independent.
(iii) the ratio, (1/63+4)) is pressure independent.

' Calculations,similar to those laid out in Section A give,

1 ‘ . '

(ky 3/ky ) .D =1.39 ~ 1.4 . | »
t 0,P=250 torr L —
, _ _ D

In order to calculate the (trans/cis) ; ' - ratio,

t=0,P=250 torr
: ’p . ’p ' 3P
it is neccessary to assume R(1)" : R(3) : R(4) " is pressure
-4
.1ndependent However, examlnatlon of Flgure III 15~ reveals

P p, 3p

that R(3) ‘D, and R(4é exhibit different pressure-

- dependences. Therefore, the requtred assumptlon appears

“to be invalid, and no attempt was made to calculate the

_ ! o
(trans/cis) D . ratio.
: t=0,P=250 torr



APPENDIX C-2

Estlmatlon of the % Recovery of Dlsulfldes and the Deactlva-

tlon/Isomerlzatlon Ratio for S( D ) and S( P) Addition to

o é“‘“—‘—ﬁ
CH.SCH, and| H, (CH,) 5§

3 3 i

(1) The;S(lDz, 3p)_+'casscn3 | System. ‘ !

» o1 e, 1 . .
A) Determination of F = Radd./Rabst.’ the ratio of addition
and abstraction for'S(lD ) atdms.: ’
"/
When COS is photolyzed in the presence of CH3 37
£
only species reactlng with COS is S(.Dz),;hence'the"measured

SCH the

CO yield:

CO = total S atoms produced (CO /2) + Rl [1]

abst.

Lwhere Ribst. is the CO produced by abstraction (CO - COQ/Z).
since the ratio of abstraction ro‘deactivation for the S(1D2)'
COS reaction is %'2 19 the amount of s (1 D,) ,atoms -
deactivated by COS is (CO —CO°/2)/2,

Aesumihg that 67% of the S atoﬁs produced in the prim-
ary step are in-che 1D2 state,19 the amaunt of S( D g atoms
reacting with CH:;SCH3 is given by.'

R} = 0?&4 x total S atoﬁs produced - RY JER; '

add. , abst. deact.
) = 0.67 x CO°/2 - (CO ~C0°/2) 4’(c0'co°/2)/z (2]

in order to effect the ﬁ@lculatlons, data from three
mlxtures having a constant COS/CH SCH3 ratlo (10/1) are used.
Thus F in the pressure 1ndependent region (P>3¢0 torr) ;hould’
be the same fof’these mlxtures. Using the deta from the 30
, L _ \ >

B 262
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minufe photolysis of the mixture COS/CH3SCH3 = 300/30
. . FrI

" (Table IV—2),4i/fiz/be/§etermined as follows:
- CO = 13. umole o ‘ ‘

CO° = 30°x RQ, = 30 x 0.771

co 21.33 umoles

2 x total S atoms produced

-

Substltutlon of thls value into equatlons (1} and [2] gives:

1 L oan = ooy o ) -
Ropst.= CO = C0°/2 = 13.4 121.33/2 = 2.74 umoles.
[
RL.. = 0.67 x 21.33/2 - 2.74 - 2.74/2 = 3.04 umoles.
There, (F)l = Rl /51 = 3 03/2 74 = 1.108 | | [3]
. ! add.’ “abst. ) o 2 .

!

4

B) Recoveries of @H3SSCH3 from S lDZY and S(3P) atom reactions.

) N S
‘

Assumlng that theJ% recoverles of CHJSCH from the S( D )
and S ( P) reactlons arenpressure independent 'above 300 torr ;

(Figure IV-3 and Table IVv-3), these'values can be calculgted
I ! ‘s

as follows for the threeﬁmixtures‘chosen: N

~ (1) for the 30 minute photGly51s of the COS/CH SCH3/CO =

100/10/ 00 ®torr mixture, ) o
‘@ v ~ - . ‘ . ’

~— -
- " ° - ° = =
,CO = 8.94 umole:?ﬁd CO! 30 x RCO 30 x 0.58 17.4

] ' . umoles
N .

Since for CO,/COS < 13, S(lD ) atoms are not completely

~

,Quenchedf:the extent of part1c1patlon of S({( DZ) atoms in

abstraction and addition mustvbe-determined.-Using egn. (1],

[

Sy | | S
» = - = . - =
| ‘ Fabst.- CoO ’/CO°(2 8.?4 17.4/2 0.24 umole.
Y . o
. Using egn.[3],~ &
_ | S . ’ | ‘
1.7 2 .1 08 = a = o mele
Raiggf- Ropet. X 1.;03 = 0.24 x 1.108 = (°.266 umole. [4]
:(’ A . o . Y

# N e @ e



1 1
abst. Radd.
(CO°/2 - 0.24 - 0.266) = 8.20 umoles (5]

Thus Ra = total S atéms_produced.— R

=
Hh
el
It

recovery of*CHBSSCH3‘from S(lDz) atom addition, and

] P3 = . " w . " : \' " S(3P) : " " ,

and assuming that Pl and P3 are preésﬂrg indepen@ent above
30Q torr:

1 1 3. 3

CH SSCH3 observed = Radd,x P+ Radd.

3
Using Table IV-3 and egns. [4] and [5], i6] becomes:

0.596 = 0.263pY + 8.20p3 | (7]

(ii) for the 30 minutgﬁphotolysis of the mixtures COS/CHjSCH3=

300/30 and COS/CHBSCH3/C02 =100/10/770. ‘

Using similar pkoéedureé as above and data from Table Iv-1
and IvV-3, two equation§ anaiogous to‘[7] can be written for

each mixture, respectively:

D

1.09 1
Iy
0.667

+ 4.89p3 F i (8]

+ 7.60p° | | (9]

'3.05P

0.576p1

Solving equations [7] and [8] yields,

3l = §.255 and P3 = 0.064

and from equaﬁiens [8) and [9], it follows that,i

' pl - 0.248 and;P3

0.069

Averaging these -values gives,
: \
pl = £252 ana 23 = 0.067

Hence the_:ecoverieé*of’CH3SSéH3_erm S(1D2) and S(3P) atom
additions at pféssufes above 300 torr are: .

-

e L . o PR S s e ey YD AT
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v_25% and v_7%, respectively.
{

€C) Recoveries of C2H6 from S(lDz) and S(3P)'atom reactions.

-

Similarly, assuming that each DMTSO produces 1 molecule

- : 1. 3 .
of CZHG’ the recoveries of C,He from S(»Dzé and S(°P) additions

are calculated to be 1.0% and 1.4%, respectively, for the

mixture COS/CHBSCH3 = 300/30.

D) Deactivétiop/isomerization ratio for (SO)T and T, DMTSO.

’

1

The data from the COS/CH3SCH3 = 300/30 mixture (Table
Iv—l)are used for this calculation and it is assumed that all

the CH3SSCH3 observed comes from $he isomerization of DMTSO.:

It was shown (see section A above) hat:

1 \\ . . .
Radd.= 3é04 Hmoles.
Since Pl ~v 0.25 and P1 ~ 01010 the isomerization
CH,SSCH, - C,H, !

yield is 3.04 x 0.25 = 0.759 ymole,

and the fragmentation yield is /

3.04 x 0.010' = 0.030 umole.

S.

&
Hence the yield of deactivated DMTSO is

x

= 3.04 - 0.759 - 0.030 = 2.25 umoles.

Therefore, (deactivation/isomeriza.tion)1 =/2.24/0.759 N3,
'and.for'S(3P) addition, similar procedures yield:

(deacti\}ation/iso_merization)3 v 14,




System.

1, 35, B
(II) The S(°D,, “p) + CH, (CH,) 58

Using the data‘from‘Table 1

described above, threelgquétions

., -

V-12 and the procedures

cah be written for the

; : CH. (CH.) .S = : :
three mixtures: COS/CH, (CH 100/2.8, COS/cqg(cnzyzs/cQZ

2)2

= 100/2.8/600; 1200. Since the S + En,TCH,) 8 reaction is

pressﬁre independent, the product recoVeries‘froh S(1D2) and

s (3p) precursors “should also be

3

Thus, .let P

Pl = " . "

the three equations are:y

0.620 = 0.600p% + 1.01p>
0.717 = 0.145pL + 1.91p3
0.801 = 0.031p + 2.33p3

Solving [11] and [12] gives.pl =

" [11] and [13] gives P!

Averaging theseﬂtwo sets of valu
éf;? = 0.356. Thus the recoveries
S(1D2) and S(3P) additions are:

Vv 44% and v 36%, respective

3

pressure independent.

" . n S(3P)
3

0.459, P> = 0.342

0.411, P> = 0.369

es yields pl - 0.435 and

of 1,2-dithiolane from

ly.

Similarly, let E- = recovery of C2H4 from S(IDZ)-addition,

.

3 €
LL] : L] S(3P) . ” }

the thtee equations for C,H, recoveries are:

”

recovery of 1,2-dithiolane from S(LDz) addition,

[11)
[12]

(13]
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0.383 = 0.600EX + 1.01E3 . ‘ [14]

0.064 = 0.145EF + 1.91E3 . [15]

0.107 = 0.031ET + 2.13E3 . . “ [16]
Solving [14) and [15] gives E> = 0.667, E3 = -0.019

As E3 < 0 is clearly unrealistic, these values of El_and'

E3 are discarded. However, solving [14] and [16] gives:-

EY =0.566, E3 = 0.043

<

Thus the recoveries of C2H4 from S(lDz) and S(3P) additions are:
? .

"~ 57% and ~ 4%, respectively. g -

Assuming thdt all the l,2—dithioiane observed comes from

. . .S
isomerization, and that C2H4 comes from fragmentation of the

TTSO, the deactivation/isomerization ratios are calculated

to be(see Section D above):

¥
(deactivation/isomerization)1 o0

(deactivation/isomerization)3 n 1.7

It should be emphasized that the above calculations may .
be subject to considgrable uncertainty due to errors in
mgasurement and S product instabilities, and hehce the values

obtained are approximations only.

e,




APPENDIX D

The Role of CO2 in the COS—CO2 System,

It has been observed that when COS is photolyzed in the

presence of coz, the rate of CO formation (RCO) decreases

. ' »
with increasing C02 pressure. The following steps can be '
postulated:

I
COS + hv ——————» COS [Ia]
* 1 3 '
C0S ——————= CO + S('D,, ~P) [lal

* , ) , .
coes + CO2 —————+» COS + CO2 ‘ [1b]
~ W ‘N

1 3 .
S D2) + CO— sp P) + co2 : [2]
s(3p) + cos- — CO + s, [3]

3 3., 9 . ¥
S(7P) + 5( P)————>5, + cog [4]

From this scheme, it is clear that there are two possible

a

wayg that Co, can decredse the CO‘yield.° It can quench the

¥ ° .
excited COS formed in the primary step ([lb]), thus decreas-
ing the amount of S atoms formed in step [la]. Alternativeiy,-

CO2 can act as a third body chaperon for the recombination

of S(3P) atoms as shown in step [4].

*

The relative importance of these two reagtions (steps
[Ib] and [4]) can be determined by measuring tgé

CO yield in
the presence of CO2 and a reactive alkene. The possible
occhrfence of step [4] does not affect the S atoms produced
in the\primary step, [la].'Thus, if it takes place, then in

‘ »
the presence oﬁ.sufficibnt guaritities of (CH3)2C=CH2;to-

ﬂ.éeie_l. |
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/

scavenge the S(3P) atoms, RCO should drop to exactly half

the rate obtained when pure COS is photolyzed. On the other
hand, if step [1b) 1s 1mportant the CO yield ehould drop to
.half the value when COS 'is photolyged in the presence of CO
The CO yields (in umoles) obtalned from 4 minute
photolyses of COS (100 torr),“COS/CO = 100/1300 and COS/CO /
(CH

3)2C CH2 1100/1300/20 and 50 torr mlxtures are shown

below,,The values in brackets represent the half yields of CO.

cos COS/CO,  * COS/CO,/ (CH,) ,C=Ch,
2:55 (1.28)  2.38 (1.19) ; 1.36°2
*  2.55 (1.28) 2.49 (1.25) - 137 @ O

2.56 (1.28) 2.46 (1.23) 1.37 @
2.59 (1.30) 2.49 (1.25) 1.30 P
2.58 (1.29) 2.48 (1.24) 1.6 P

" 2.49 (1.25) . 2.50 (1.2d) J*i.20 B
2.58 (1.29)  2.42 (1.2I) 1.25 P
2.57 (1.29) 2.41 (1.21) 1.32 P
2.49 (1.25) - 2@38 (1.19) : 1.24 P

P(lso—C H ) 20 torr.

50 torr. 7\

Y

P(iso-C HB)

It is\aagarent that 50 torr (¢H3)2C=CH are requ1red
in order to completely scavenge the S{ P) atoms. Although
there is some scatter in the data, the/&O-ylelds from the..
COS&;OZ/C mlxtures in geneﬁal , are closer to the half co

values of the pure COS photolyses than to those from the

~
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COS/CO2 experiments. Thus, it is concluded that the rble of

R
'

Coz in'decregsing the CO yields from the photolysis of pure
'COS is to-act as a third body eneigy sing'for the recombina-

tion of S(3P) atoms.



APPENDIX E

+ .
©

The Intermediacy of S(sP)’Atoms in the Photolysis of Thiirane.
. - ‘)\ B ! l" . . l- ' . . . ’ ‘»
In preliminarYjstodies,.it.was observed that pbbtolysis’

of thiirane in' its first long wavelength absorptlon band (A =
)

240 'nm) led to the formatlon of C. H4 (~90%) along w1th small
3

' ~amounts of th CH and C.H S ( z ) was detected in flash

272°
photoly51s experlments. Scavenglng experlments with added

~

alkenes showed that S( ) atoms*were‘not fOrmed, The follow-

ing steps for the photo ysig wete:considered:

o A>240nm N S S
A e WA CH I )

v (8)) —————=CH, + H,S + K, + CH, 12a)
- ] . . ,> ‘ g . . . y
_L.s:C. LT‘(Tl) {2b]
B \\\‘ -
v , L 3p) . ‘
| S (1)) ———— C,H, + 5 P 4 [3a]
/ (84) Hw s 0gmy
:7' 0°, 2C,H, + 5,01 -« [3p)
N\ (8,) \/ ‘ |
_:_7+_L.2 y (sg) : - [3¢]
- (89) + s( P)————» Sy ( zg.) + CHy \ ['41 ,

In the presence of alkenes however, the'CZH4 yieldS'were

.
suppressed and very small quantltles of the thiirane analogue

\

of the alkene, along W1th a terminfl dlkene corresponding to
a Cé‘H4 + alkane adduct were detected.These observatlons:can

be rationalized;in terms of the-following reactions, with

: N e
. . ¢ 3

271
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" the example of l-butene:

qu

[5]

+ S [6] o

; —>
+ 4”\/ —
s3p)y + 4%*/<.__).

The secondary thllrane ylelds were several orders of magnltude
‘

less than the amount of C2H4 suppressed and slowﬁy 1ndreaSed

with increasing alkene pressure, up to ~1000 torr. Although

kinetic and mechanistic arguments could be presented to the '
¢ , o . .
effect that the bulk of the secondary thiirane was formed in a

sulfur atom transfer reactionQ Step [81, and not from S(3P)

. a

precursors via step [3a], more dlrect ev1dence was required to

. prove conclu51vely that S(

atoms are not- produced in the

hd . ¢

‘photolysis.

e e The technique of fla; photolysis - vacuum UV absorption

fspectroscopy‘has been used to studygthe kinetics of{S(?P)

atom reactions; by monitoring the decay of the S(3P2 + 3Sl)
resonance .line at 180.7 nm.53 Thus this technique allows the
unamblguousnﬁetectlon of any S P) atoms present 1n the oo T
photolysis of thiirane..

The flash apparatus has beén described previously.53 It '

consisted of guartz reaction cell (20 cm long«and 2.0 cm I.D.)
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w1th LiF and supra51l windows, positioned parallel to the
llmbs of a U shaped flash lamp 1n51de a thermOStated aluminum
1ined oven housing. An aperture at each end of the housing
allowed passage of: llght from the - flash _spectrpscopic lamp.

at one‘:nd to the vacuum UV spectrograph at the other . The °
flash: andspectroscoplc lamps - were op%(ated gt 13.5 and’ 9 5
kv,‘respectlvely. 0.7 Torr thiirane was flash photol?zed in

the presence of 200 torr CO2 diluent. Spectra were taken

using a spectroscopic slit w1dth of 10. u.

- -

Wlth a 2mm Vycor 791 fllteriaround the cell body (A>230

2

nm), the spectra showed no trace of the S({( P) absorétion line.

However, 1n the absence of the filter (A>180 nm) , the S( P)
.resogance llne was observed, indicating-that S( P) ato&s(are

T ‘ fr-

produced in the short wavelength photolysis of thllrane.

Based on this observatlon and the results from conven-
tlonal.studles, it can be concluded that the maih process in
. .Photolysis of thiirane at long wavelength (AZZBO nm) is in-~
tersystem cross1ng of the initially formed (ol) state thiirane
to the lowest exc1ted triplet (Tl) state' followed by bi-
.molecular‘reactions with dround state molecules leading either.
to deactivation or to the formation of 92H4 +‘82k3f;),‘that

is,steps [1] - [2] and [3b] - [3c¢].

The absence of S(°P) atoms in the long wavelength photo-
lysis may be ascribed to the endothermicity of step [3a] (AH
20 kcal mole—l). Shorter wavelength (l>180-nm) photolysis

confers an extra 40 kcal mole internal energy to the

molecule, thus overcoming the energy requirement of reaction
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(3a). o B s
Mechanistic details of the long wavelength photoly51s

of thllrane are given in the accompanylng reprlnt Wthh . . N

Ay

follows: S j?



Pages 275-6( a repripf ti‘t’:léd Detection and
Prope.fties ofmTri:pllet; State Thi\irané@) have been
r.émoved due to l_ack‘of. ci):pyri_.ght pelr'mission'. .Howe\‘rer
the matéfial. can be fourd in’ J. Am. .Chem.wSOt':.; 85,

1089 (1981). ° S Co
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