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AN

- ABSTRACT

5(1D2) atoms, generated by the gas phase photolysis
(A > 240 nm) of COS, react with C,H, to yield,vinylthiol
(VT) and thiirane (Th). From ﬁhe dependence of the VT/Th

concentrations and

m
H
y]
-
"]
[
<
m

ratio upon total pressur
wavelength of irradiation, it is concluded that VT forms
by a dual mechanism, direct insertion of the S(lDz) atom

into the C-H bond, and unimolecular isomerization of the

initially formed "hot" thiirane. The rate constant for
the latter reaction, derived from the experimental

data is in good agreement with that calculated from RﬁKH

méihgds by I. safarik. s
Both (EP) anéi(lﬁz) sulfur atoms react with allene

to yield methylenethiirane in quantitative yields and the

5+ cummulene reactions in general constitute an exception-

ally ccnvéniént method for th§ synthesis of the novel

family of unsaturated thiiranes. The non-occurrence of

the insertion reaction is attributed to hyperconjugative

effects.
The reactions with CEHE; HCECCFB and CFBCEECFB are

polymerizations at room temperature. For the case of
5(132) atoms the primary adduct is likely the céfrespgnéing

thiirene and for (EP) atoms, the thibketécafbeng_ Both

adducts undergo further reactions with the alkyne to

iv

'



produce thiophenes and, in the cases cf CEHE and HC: CCFg:

benzenes. The product yields increase markedly along the

series CEHE' CB 37 C4F6 and in all cases app roach 100%
at elevated temperath . The S*C4F6 and S+C4F6+CEH2

systems hgwe béESEEiamined in detail under varying condi-
tions of pgéssure, concentration and temperature, from

which rate parameters for the addition of 5(1D2) and

(- P) atoms to égFE could be estimated. The latter re Eétlgng\;g
is extremely slow, in.keeping with the elec trophilic

character of ground state sulfur atoms.

¢
*Thiirene, formed from the 5 ¢( DE) + CEHE reaction, is
highly reactive in the gas phase and uggergaes rapid
isomerization in preferefice to addition to an alkyne. The
s LY

Antroduction of CFB groups however confers an enhanced

degree of. stab;l;ty on the molecule and the bis(trifluoro-

methyl)thllrene + C4F6 reaction is quantitative under

gptimal conditions. The reactivity of c4 GS toward
)

CoHy, CBHF3 and C4F6 is about the same, in agreement with

the predicted nucleophilic character of this speciesé
Of the many complex secondary reactions dccurring in

-

the § + Céié system, the most im p rtant are photoinduced
Eisameri;aticn of the thiophene to Dewar structure and

addition of S atoms to thiophene. The latter adduct 'is

the precursor of a variety of hithertosunknown products.
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CHAPTER I
INTRODUCTION

The chemistry of bivalent radicals hés been the
subject of extensive investigations. The best known
examp;e is methylene, the history of which dates fram;
forty years ago. 7 The group VI A elements, oxygen,

sulfur, selenium and tellurium are the simplest divalent

Vreagents and hence knowledge of their chemistry is v1tal
to our understanding of the perigdic ‘system of the

elements. This was not realized for gquite some time
however, mainly because suitable precursor m@lé ules
were not recognized.

In 1955 Cvetangvicg'é showed that nitrous oxide
was a good gaurcé for the generation of ground and |

excited state oxygen atgms;E and soon afterwards sources

for sulfur, selenium and tellurium atoms were
reported. 6-12 Within theg two subsequent decades a large

number of mechanistic and kinetic’ data were generated

and numerous theoretical studies concerning mechanistic

details of oxygen and sulfur atom reactions with organic
molecules have been published. 1In spite of these

achievements, however, -some aspects of the chemistry of
these species remain uncertain.
The spectroscopic states, sources, and the general.

chemistry of group VI A atoms will now be reviewed.



>

A. Spectroscopic states and phat@:hemlcal _sources

for group VISA atoms. 3

In the ﬁ§2P4 ground electron configuration of

. these atoms the outer four electrons are distributed
over the three p orbitals and, acecording to strict

election rules, this gives rise to five spectroscopic

states designated as BPﬂrlrzf 192 and lSDi The energies

af these states are given in Table I-1. Radiative

st

atransitions from the metastable *Dz and lSD states to

the 3? ground ;Fates are forbidden by spin selection

-‘%a!m.

J =

Erulgs} Consequertly, the excited singlet states have
L . .
:long natural lifetimes with respect to radiative decay

EE S bl B0 s S

“to the triplet state, and they can undergo chemical

¥
E Y
‘reactions as well as collisinnal relaxation to the

ground state. The large amount of data available
concerning the reactions of these atoms sh@é that both
the reactivity and the types of chemical reactions are
markedly affected by their spin states which, in many
cases, have been well characterized. For all the
ground state group VI A atom reactions investigated to
date the reactive entity is the 3P2 speciéé.(he ceforth
déﬁéteﬂ as 3P) which is rapidl§ produced via thgrmal
equilibration. To date, no data are available on the

reactivities of 391 and‘st atoms glthauéh Gnly for
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spin-orbit splitting is relatively large, are some o
differences p;ssiblei

A good source compound must satisfy the following
criteria:

a) absorb in an accessible and suitable range of

the electromagnetic spectrum;

b) be readily available in stable form at various

!
€

témpéra§u:255

c) be usable in the gas phase;

d) produce atoms in clearly defined sSpectroscopic
states; and

e) produce inert photofragment (s).

The most commonly used gas phase photochemical )

sources of 0, §, ﬁe and Te atoms are summarized in

Table I-2.

B. Oxygen a#om reactions.

1. Reactions of D(lﬂz) atoms

i) Reactions with alkanes

The reactions of Q(IDE) atoms, generated from the
A = 214 -nm ‘photolysis of N,O, with a series of
répresentative alkanes have been investigated by

Cvetanovic and coworkers, 12”20 by Lin and De More,

De More and Bipe:,gz and recently by Kajimoto et a1.23

21
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were studied in detail by Lin and DeMore,

the 185 nm photolysis of N

in the condensed and gas phases. It was concluded that

the interaction of O(lnz) atoms with alkanes can

proceed in three distinct ways:

a) insertion into C-H bonds to form vibrationally

excited alcohols

o(p) + RH ——= ROH* | (1]
_ which can undergo fragmen£ati@n:

ROH* —» R + OH i [2]

or collisional stabilization (this is readily

achieved in an argon matrix):
ROH* 4+ M —«—— ROH (1]

b) Abstraction of H atoms to form OH and alkyl

‘radicals:
b(lD) + RH——» R + OH and [4]

c) a third, as yet unidentified pri&a:y process,
5-21

which leads to molecular elimination of Hzg’
I3

The gas phase reactions«®f 0(1D) with CH, and C

~H,
21

6

[ %]

employing

ZD as-'a source of Q(lD) atoms.

On the basis of pressure effects and the results of

chemical scavenging experiments the following primary

steps were proposed:



N,O + hv —= N, + 0("D) _ (5]

o(lpy + CH, ——= CH,OH* (6]

— CHB + OH [7]

2 ¥ CH,O [8]

— (CH4D)* —= H
estimated rate constant for insertion is ké =1 x 10 L

171 671 and the measured value for hydrogen abstraction

1 1 -1 '

3
o
o
m

=

[»]

[

L]
[

is k7 = 1.3 x 10 £ mol ~ s T, By assuming unit
collision efficiency for the deactivation step {9]

(2 x 101 ¢ mo1”t 71y,

CHyOH* + M ———s CH,OH . | (o]

and from kinetic analysis of the data, the lifetime of

CHggﬂf was estimated to be about 8 x 10 12 s. In the

~Tase of ethane the lifetime of the adduct was at least
N -
five times longer, but nevertheless stabilization was

Y

b

not complete even in the presence of 100 atm He. In

the presence of 33 atm SFE‘ however, a far more efficient

ncreased stabilization was observed by .
3 : WL
Kajimoto et al.,%’ and an extrapolated value of 0.67 12

™

moderating gas,

%]

was reported for the bfan:hing ratio, 1i.e.,
kE/(k6 + k7 + ka). 7
Yamasaki and Cvetancvicls have established that

the lifetimes of the "hot" alcohols produced from



insertion increase with Amber of carbon atoms in

the alkane substrates, for example, ~10ﬁll

propyl alcohol and 4 x lO-9 s for hot neopentyl alcohol.

The mode of molecular H, éormation is uncertain
since H2 constitutes only about 2-9% of the total
'products formed. However, it is generally recognized
that not all of the reaction paths can be described in
terms of the unimolecular decomposition of a chemically
activated ROH* intermediate. Thus, the contribution
of step [8] is essentially the same both in thg gas
phase and in liquid argon,21 which is inconsistent with
a CH3OH* intermediate having an appreciable lifetime.
Furthermore, Cvetanovic and cowbrkersl7'l§'ig have
shown that the abstraction of H atoms by D(lD) atoms
does not proceed via ROH* intermediates.

Further insights into the O(1D) + alkane reactions
can be deduced from the recent elegant study of Luntzzg
who employed laser photoiysis in combination with
laser induced fluorescence to measure the nascgntréﬂ
internal state distributions from the O(lD) + CH,,
C,oHe C3H8 and (CH3)4C reactions. The overall results
can be summarized as follows:

l. The OH rotational states are bimodal, hence OH is
produced by two mechanisms:

a) insertion, characterized by a broad distribution

of high rotational states, and



b) Abstraction, leading to low rotational OH states,

he ipsertion complex undergoes rapid decay to OH + R

M
"

and a slower, RRKM-type decay via C-C cleavage.

3. Insertion predominates for the cases of Cﬂi and CEHS
but is less competitive with regard to abstraction
for C.H, and (CH,),cC.%}

ST oF3tg T 374+

4. The rotational state distribution for the abstrac-
tion component is very similar to that observed for
D(BP) + alkane reactions (vide infra) but does not
lead to any marked selectivity in the OH spin
doublets as was observed for the case of Q(BP) atoms.

On this basis, and because physical quenching of O(lD)

atoms by alkanes does not appear to take pldce, 9 it

—

was concluded that the abstraction component arises
from a singlet-triplet surface crossing in the entrance

channel of the insertion surface.

ii) Reactions with alkenes

In spite of their importance very few results are’

available on these reaction in the gas phase.
Sato and Cvetaﬁéviczs’zs’and later, Preston and
Cvetanavi:27 studied the photolysis of NO, in the

presence of Mbutene and examined the effects of

photolysis waveleﬁgth, pressure (SFS or CD2 up to 300
torr), and inert gases. Below -230 nm production of



10.

D(lﬂ) atoms becomes energetically feasible but even in
this region it appears that G(BP) atoms are still
produced. The major addition products were ethyloxirane,
l-butanal and methyl ethyl ketone and a large number of
fragmentation products were also observed. Overall,
however, the data were inconclusive and it was suggested
that all the observed géﬂitiéﬁ products arise from

o(3p) atom precursors, the D(lb) reactions proceeding
entirely to fragmentation. The initial adduct for the
l-putene reaction, for example, was postulated to be a

hot oxirane:

, 0
P o . .
0("D) + CHyCH,CH=CH, —* [czasélt [(10]

which then fragments immediately:

O
JAND

~ fragmentation [11)

[C255

The above observations indicate that G(lD) atoms are
extremely reactive with alkenes.

The reactions of O(ID) atoms with pr

opylene have
been recently studied by Kajimoto et aZi.EE who employed

the 2@@;2 nm photolysis of NED as a source of D(lD)
atoms and up to 150 atm He pressure to stabilize the
hgt adducts. The major addition reactions, along witﬁ
their high pressure extrapolated fractional yields, can

be :ummafized as follows:



o} , 0
‘1 /E oM N

O('D) + CHyCH=CH, —— [CH,CH- H,]* —s CH;CH-CH, [12]

22%

— [CH3CH=CHOH] M CHBC‘HECHD [13]

22%
OH ,
! M )
——= [CH;C=CH,]* —— CH3COCH; [14]

11

—— [HOCH,CH=CH, ] * <~ HOCH,CH=CH,,

20% [15]

Minor amounts of fragmentation products (acrolein, 2%,
and acetaldehyde, 6%) were also observed. The detection
of allylalcohol as a major product, together with the
observation that the overall product distribution is
different from that obtained from the 0(3P) + CBHS
reaction, strongly suggest that the reactive species
are O(lD) atoms.

The abové results show that O(lD) atoms marnifest
little discrimination, not only in their insertion
reactions but also with regard to the relative rates
of insertion and addition, viz., addition constitutes
22% of the product-forming reactions, as compared to
48% for S(lD) afoms (vide infra). This was ascribed
to the higher energy content of O(lD) atoms.

Ab&ut 25% of the overall reaction with propylene

proceeds viag abstraction,

11.



\

) < . . ; .
O("D) + CBHEi—!!sk OH + Cj3H : [16]

or collisional deactivation,

o(’p) + C.H, ——= O(°p) + C

36

BEE [17]

but it was n@tgpassible to reach any conclusion regarding

the occurrence of either of these steps. {
Recently Kajimoto and Fuemo, -~ employing the

direct photolysis of N,O at ) = 214 nm for the genera-

tion of Q(lD) atoms, have examined the reactivity of

O(lD) atoms with a number of representative alkenes in

the gas phase, and reported rate constant measurements,

relative to the G(lD) + N,0 reaction. 1In absolute (is*
terms the values range from 1.3 x loll ) m@l-l ,‘l

for ethylene to 6.4 x 10t mol™! g71 for 2-methyl-2- .
butene, confirming Cvetanovic's earlier suggestion

that D(lD) atoms are extremely reactive toward alkenes
and consequently relatively indiscriminate with regard

to the nature of the substrate.

iii) Reactions with alkynes

The gas phase reactions of G(ID) atoms with

2-butyne have been briefly investigated in a static

systemiBD A large variety of non-condensable products

. were formed but the axyqén—centaininq products could

not be characterized. Significantly, no methyl vinyl ketone

s
X



was detected, indicatingAthat the primary adﬂu:é formed
must have a very short lifetime with respect to frag-
mentation.

The possible primary steps in the D(lD) + alkyne
reaction, postulated by analogy with the alkane and

alkene systems are given bel®w for the case of acetylene.

0
olp) + : —a A\ (Sg)* 18]
— :- 4+ OH T {20)

where * designates vibrational excitation.

Oxirenes have been postulated as intermediates in

the peroxyacid oxidations of alkynes31

32,33

and according
to (ab initic) MO calculations step [l1l8] is a

spin, and energetically allowed process. To date, all
attempts to isolate antiaromatic oxirene, even under

low temperature matrix conditions, have been unsuccessful,
but indirect and compelling evidence for its transient
existence as an intermediate in the photochemical Wolff
rearrangement of a-diazoketones and esters for example,

34-38

has been reported. Theé reactions of interest in

the present context are:

O N 0o
"2 hv n -
R-C-C-—R ——= N, + R-C-C-R' (S.) ' ' (21]

2 2

13@



C 0o ,
- hn- . - .
R-C-C-R' (§,) = R-C-C-R' (5,)* [22)

T

—= R R'C=C=0 [23]

124 /N s R
) 128 = ore (250 RC-CR' (5,)

o | |
, M-
LM o RCCR' (S,) ———= RR'C=C=0
[26] B [27)

0
|
R—C-C-R' (8

1

Ab initio MO calculations on the relative stabilities
of five CEHEG isamersvand the activation energies for
some of their interconversions are illustrated in
'Figure I-1 where it is seen that although oxirene is
Fhermadynamically unstable it is relatively kinetically
stable with respect to ring opening for which an
activation energy of -7.3 kcal mQIE; is predicteg.32/33

Reaction [19], C-H insertion to form ethynol, is
pﬂstulatedrby analogy with the G(lD) + alkene reaction.
Ethynélihas not been synthesized to dagé but theoretical '.
'‘calculations (Figure I-1) indicate that it is an
energetically accessible species. g

H-atom abstraction, reaction [20] ;éailsa
postulated by analogy with the C(lD) + alkane reaction.
The exothermicity of this reaction is -136.2 kcal mélll
and hence energetically feasible.

It should be noted that the energy };vels shown
in Figure I-1 refer to groundstate species: it is

prcbable‘éhat the initial D(ln) + alkyne adduct contains
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sufficient excess energy to fragment within the period

2. Re ctions of O P) atoms

n most of the studies to be considered in this

L]

section, triplet oxygen atoms were generated in the gas

phase by the mercury sensitization of Nzgs
.3 ) 1 , 3. .
N,0 + Hg("P;) —= Ny + Hg("545) + o("P) (28]

This is a particularly convenient source, since N,
serves as an internal actinometer for the amount of

o3

F) atoms f@fmed.4’5

i) Reactions with alkanes

The reactions of Q(BP) atoms with alkanes have been
investigated by Cvetanovic and é@ﬁﬁfkéfﬁzg who proposed
that the sole primary process is hydrogen abstraction,

i.e.,

D(SP) + RH=——» OH + R [29]

The chemical dynamics of reaction [29) for a number
of saturated hydrocarbons have been examined by

Anderson and Luﬂt;,ja émplaying the molecular beam—laser‘!
induéed fluorescence technique to meésure the nascent
internal state distributions and excitation functions

of the OH radicals formed in step [29]). It was found



[
-...]\
L]

4

that the vibrational state distribution of OH depended
markedly on the type of hydrogen abstracted, with
?ibfatignal excitation incréasing{dramatically along
the series primary, secondaty, andxtértiary bonds.
Furthermore, it was found that the dynamic thresholds
for OH formation were in good agreement with experi-
mentally derived activatiqp energies. These results
thus confirm the identitj of OH as the pPrimary product.

3p) 4

Absolute rate constants for a number of 0O({
alkane systems have been measured by a variety of
N § | . i 42
techniques. For example, Atkinson and Pitts,

mploying the modulation phase shift technique, measured

the rate value for the reaction:

A o ) o '
e )| E) + Cqﬂla-———eﬁ-céHg + OH [30)

kBD = 1.88 x 10’ £ m@lél séland E, - 5.8 kcal mélil,
In general the rate constants for the D(BP) + highef

alkane reactions range from 10° to 10% / mo1~! s 1,

For methane%! and ethane?! however, k =~ 1 x 104 and

1 sél, refpectively, as

\m\

consequence
of the high activation energies for these reactions,
9 and™6.4 kcal mol~ 1, respectively.

The effect af-élkyl sibstitution on the rate of
hydrogen atom abstraction may be seen for the case of

substituted butanes. Thus, the rate constant valﬁes

e : 1



obtained for 2,2,3,3—tetramethylbuéane4l (8 x 106 L

mo1 1 s—l), 2-methylbutane?! (8 x 107 ¢ mo1~! gil) and

£ !
2,3-dimethylbutane®l (1.2 x 10% ¢ mo1~} s°1) clearly
indicate a marked trend in the order 1° < 2° < 3° C=H,
as would be expected on the basis of the known bond

strengths,43 i.e., \1od, ~95, and .92 kcal mcl_l,

respectively.

1i) Reactions with alkenes

O(BP) atom reacfions with alkenes are characterized
by extensive rearrangement and fragmentation of the
primary adduct. The O atom preferentially adds to the
least substituted carbon atom and the end products are
oxiranes, aldehydes and ketones, the yields of which
strongly depend on the experimental conditions as well
as on the nature of the alkene.

The nature of the transition state of these
reactions remains the subject of some Eantrévers§g44§46
On the basis of the observation that the room tempera-
ture reaction of O(3P) atoms with either cis- or trans-
2-butene affords equal amounts of cis and trans
diméthyloxiranes, and from spin conservation principles,
Cvetapovic4 proposed that the initial ;daueﬁ is a triplet

biradical intermediate in which there is no barrier

_ to rotation and which can either cyclize to oxirana



or undergo jntramolecular H-atom alkyl radical shift

to form carbonyl compounds, for example,

o(3p) L -/ — \;/ [31]
3 v O ¢

o]

— [32]

F

o)
—_— /L;/ (33]
_ \ < E [(34]

0

The driving force behind carbonyl formation is attributed

to the high strength of the C=0 bond.

45,47,48

However, Klein and Scheer later showed that

the rélative isomer yields were temperature dependent

- in the range 77-300°K, and proposed a hydrogen bridged

intermediate in which hydrogen bonding restricts rotation
about the C-C bond, giving rise to a pPlanar structure

-
as shown below:

RO s e and oo~ (71) etc.

The reaction then presumably follows a concerted path
without the participation of a triplet biradical. The
temperature dependence of the stereoselectivity would
then be a consequence of decreaseé,hydragen bonding

)



with increasing temperature.
Neither of the above discussed mechanisms aréz
however, fully satisfactory and in fact ab initio MO-

calculations‘ig-51

on the 0(3P) + C2H4 reaction path and
on the ground and lowest triplet excited states of
oxirane indicate that in the first excited triplet
state oxirane, the rotational barrier is prohibitively
high. Hence isomerization and H and/or alkyl shifts
are more likely to take place on a lower lying surface
reached by intersystem crossing, which could be the
ground singlet (vibrationally excited) or, alternatively,
a low-lying excited singlet state, having ioniec character.
A great deal of absolute rate data are now
available for O(3P) + alkenr reactions and some of
these are summarized in Tabie f=3g In general the
activation energy decreases with increasing alkyl
substitution on the double bond, eventually becoming '
negative, and varies linearly with the ionization

potential of the alkene, clearly pointing to the

electrophilic character of O(3P) atoms.

1ii) Reactions with alkynes

Triplet oxygen atom reactions with alkynes also
lead to extensive fragmentation of the primary adduct.

The products in eral are polymer, CO, alkenes and

20.
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unsaturated ketones, and the distribution strongly

depends on experimental conditions such as temperature,

phase, pressure and nmatire of the alkyne. P o
The/6k3p) + C,H, reaction has been investigated

in considerable detail under a variety of experimental

61,62 In the gas phase the major products

éonditions.
are CO, HZ' pPropadiene, propyne and polymer but under

solid hatrix conditions (20°K) ketene was detected.

This observation prompted Haller and PimentelEB to ;

propose that the primary adduct,
00°R) + C H, —= (C,H,0)* [35]
2 ‘ » i
has a lifetime sufficiently long under matrix isolation

conditions to allow isomerization to excited triplet

state ketene:
(C2H20)* -———ii*(CHEZC%G)* ‘0 [36]

Attempts to detect ketene in gas phase experiments have
- been unsuccessful and it has been E:DWh that the hot

adduct fragments in several differ&nt ways, e.g.,

(C2H20)* —_— EHZ" + CO (37]
—— H + C,HO S 38
—H,+C0 (39



Reactions [37] - [39] were estimated to account for 25,

0.3 and 42 (10)%, respectively, of the oxygen atoms

64,65

formed. The remaining fraction of. oxygen atoms

presumably ends up as polymer.

Reaction [35] is.extremely efficient, and the rate

parameters are:®® kyjg = 1.7 x 1010 exp(—iggg)i mo1~1 s71,

Haller and Pimentel proposed the following structu}es
. .
for the C,H,0 adduct:

272
0- o)
I /\
HC=CH and HC—CH
A B

Structure B would correspond to triplet state oxirene
and structuge A may be identical to the formylmethylene
structure Hé-éﬂ. With regard to the former possibility,
as yet unpublished ab initio MO calculations from this
laboratory67 indicate that triplet state oxirene lies

68 kcal mol"1 above the triplet state ketocarbene,

and thus is probably not energetically accessible. Even
if the C,H,0 adduct possesses a diradical structure

as in A, any possible change in this energy separation
should be minimal. 1In general, theoretical calcélations
on the reaction paths involved in the addition of
divalent species to uns§§urated bonds concordantly
predict an unsymmetri€al approach to one of the cgrbon

atoms. For these readsons it is suggested that the
L ]
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diradical A (or its formylmethylene isomer) is the
primary adduct formed in the 9(31:) + C,H, reaction.
The O(3P) + propyne reaction at low pressure was
investiéated by Brown and Thrusﬁsz in a discharge flow
system, in which oxygen atoms were monitored using ESR
spectroscopy. Since no propyne-oxygen complex was
detected, theyxcéncludeé that the overall initial step

of the reaction is

o3p) + CH,C=CH — = CH.CH + CO [(40]

3

_ 5 - 1
and reported k,; = (3.2 + 0.4) x10% ¢ mo17! &7 at 298°k.

The propyne system was later reinvestigated under
static conditions and at moderate pr,séures by Ogi and
Strausz.68 The major products were éa, H,, CZHE’ C2H4
and acrolein (CH2§CHCHG)! On this basis and:from the
pressure dependence of the relative product yields,

the following reaction mechdnism was proposed (where

* signifies vibrational excitation):
?
0(3P) + CHyCZCH ——= (CH,C-CH)* (41}

\

The vibrationally excited ketocarbenes may then isomerize

to ketene,

(o) _
IO |} CH3
CH,C-CH* — ~C=C=0* (42]
H o



be thermalized
0 0
T - ]
CHBC‘ECHi + M SECHBC-CH 3 [43]
or undergo 1,2 hydrogen shift to yield acrolein:

o

, 0
- ] .
C-CH* ——— CH.=CH-CH [44]

CHy 2

The major products observed arise from the decomposition

of the methyl ketene formed in [42]

CH, _H
. hv . . ' - .
_C=C=0* ﬁ—‘"s- co + :cl_ * - l4s5)

. or A _
H' 7 CHB

:C ié—ﬁi*CHEECHE* ! : [46)

{47a]
= CHZECH + H

Steady state treatment of the above mechanism

5 [47b)

predicts the following relation:

ReH, =CHCHO K, . [M]

Reo. k42

from which k,, was estimated to be ca. 4.4 x 1010 71,

25!
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The dimethylacetylene reaction was investigated by

Ogi and Straus;sa and by Avery and Heath,

69 who

reported basically the same results but differed sli

in some mechanistic aspects. The principal products

ghtly

of the reaction are CO and C.H. in nearly equal yields,

“376

and methyl vinyl ketone (MVK). Ogi and Strausz noted

that while the MVK yield is enhanced and

the CO yield

is suppressed by in¢reasing pressure, the sum of the

and MVK yields is pressure independent.

were explained in terms of the following

These trends

i , 68
mechanism,

o)
3 - - 7 o _H,H—;f B 7
O("P) + CH 3C=CC”3 —_— CHB C*CCHB(TD)*
-y
CHBCC (T ) * —‘i—ﬁ‘(CHB)2C§C=G(T1)
?
_*M S
E—ii—ﬁeCHBCCCHB(TD)
Q 0
Y , o L
CHBCCCHB(TO) ‘?5=§-CH22CH‘CCH3
(CHB)2€=E§G(T1) —= (O + (CHB)ZC )

(CHB)ZC R CHBCH*CHZ '

co

(48]
[49]
[50]
[51]
tSE]

(53]

which predicts that at very high pressures the only major

product should be MVK. Avery and Heathsg

MVK is formed via a carbene-enol-ketone rearrangement

.9 DH
CH4CCCH, ——— CH, c' C=CH2

proposed that

(54]

'L ]



OH ?H

I, I
Cl =C=CH. = CH_~C=C=CH_* [55]
CHBG}' C==(ZI“!2§'§!‘s CHB C=C CHZ [55])

CH, -C=C=CH..* 37— CH.-C-CH=CH_* [56]

but there is no experimental evidence for the intermediacy
1

of an enol and inclusion of this complicated sequence in

the mechanism appears to be unwarranted.
chah os 7 10 . o N
Recently Shaub et al. studied the gas phase

-reactions of @(BP) atoms with a series of l-alkynes,

he flash photolysis-CO laser resonance

r

employing
technique, and used the vibrational energy distribution
of the CO préd&ct to elucidate the mechanism of G(BP) +
alkyne reactions. Their results are entirely consistent
with the mechanism proposed earlier by Ogi and Straus:iéa

Some selected rate parameters for the reactions
3

of O("P) atoms with selected alkynes, determined by a

m

variety of techniques, are given in Table I-4. Th .
"obgserved trends in the rate constants and activation

milar to those observed for the case of

m
L]
g

nergi

[y ]

g are

lkenes.

]
m

C. Reactiong of Sulfus Atoms

1. Sources of sulfur atoms

The photodissociation of Cs, has been shawn74 to

yield S(BP) atoms in the 190-210 nm region,
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CS, + hv —— S + 5(3p) [57]

and this source has been employed in some flash photolysis

studies, For continuous photolysis experiments, however,

CS5, is not suitable because reaction [57} is a spin
bidden process and leéds to a low S(BP) yield as
well as to polymerization of the CsS radicals.

The photochemical decomposition of SPFB was studied
briefly '~ in the wavelength region 190-210 nm, and

apparently produces S(lDz) atoms:

SPF., + hy —= S(lDE) + PFB ? tsaj

However, PFB almaost certainly undergoes reaction with

substrates and no.further studies using this source

have been attempted.

The most useful source of sulfur atoms to date is

the photolysis of carbonyl suifidegs It is a gas,

()]

readily available and soluble in most organic solvents. .

The spin allowed photodiésociation process
cos(1z*) + hv — co(lz*) + s('p,) | (59]

requires 98.8 kcal mc:lil,77 corresponding to A < 290
nm. According to MO calculatians7 the lowest lying
electronic state corresponds to a n ~+ n# transgition

(3m + 37*), with an energy requirement AE = 4.8 eV or



30.
=1
110.7 kcal mol .
The first UV absorption band of COS, which shows
vibrational structure, extends from ca. 260 nm to the

vacuum Uvi7'7E

The shorter wavelength region of the
band is independent of temperature but the longer wave-
length portion has a positive temperature coefficient.
The mean radiative lifetime of the excited state of

cos is -3 x 10°’ s. The guantum yield (¢) of CO

formation in the gas phase photolysis is 1.8 at 240 nm7
for PCOS > 100 torr, and therefore the primary step §59]
Sj
must be followed by an abstraction reaction:
R [ 1+ .

s(tpy) + cos(lrt) —= colzt) 4 s, (1’3;’ (60)
The quantum yield efficiency of primary step [59] is
0.9 in the gas’ and solution? phases.

The earlier 5uggestian46 that S(BE) atoms may also

be produced in the spin forbidden primary process,

1

cos(1z*) + hv ——= co('s*) + s(3p) (61]

has recently been confirmed exgerimentally7g from the
kinetics of the 240 nm photolysis of 300 torr COS in

the presence of very low pressures (1-30 torr) Prag?leneg
Thus the observed variations in the CO and CBHES yields

with increasing propylene pressure can best be explained

if it is assumed gﬁat only 67-74% of the sulfur atoms -

S



produced initially are in the 102 state.

The complete mechanism should comprise the following

additional reactions:

5(102> + cos 1ty —— cos(!z*) + s(3p) (62]

2 -
s(®p) + cos(ls*) ——= co(ttt) + sz(3zg) (63]
s.(1a ) + Mm— o s (317 (64]
.2 g 2 g _ SR
S(3P) + S (32-) S etec : ! [65]
2 g _— 3 e 5]

To date there is no direct evidence for the deactiwation

step [62] although kinetic analysis of COS-alkane and

' 80,108

COS-alkene systems strongly suggests that this

step is operative.

Absolute rate constants for two of the above
reactions have been measured. Using the flash photolysis-
kinetic speetrocopy technique. Donovan et azé81 monitored

the growth’and decay of the Sz(lAg) state and reported

10 1 -1

a lower limit of 4 x 10 L mol ~ s for the rate of

abstraction by S(lDZ) atoms, i.e., step 460}. More

82

recently, Donovan and coworkers.“ were able to monitor’

the S(1D2) atom concentration direétly by time resolved

atomic absorption photometry of the 167 nm resonance

3 4sl (lDz) + 3p4

transition (3p (102)) and reported a

value of 7.23 x 1010 ¢ mo17?! 571 for the total rate of
.

decay of S(IDZ) atoms, i.e., steps [60] and [Gé];
[



83

Klemm and Davis, employing the flash photolysis-

resonance fluorescence kinetic technique to monitor
s(°p) atoms, reported a value of 2 x 10° ¢ mo1~! g~}
for the abstraction reaction [63] and measured an
activation energy of 3.63 * 0.12 kcal mol 1.

In the presence of a reactive substrate, additional

reactions such as

5(122) + substrate ———s product [66]
- 3 o
—— 5(°P) : [67]
S(BP) + substrate -——s product [68]
]

must be considered in competition with steps [60], [62]
and [63]. This mechanism may be evaluated in the

: e 7
following manner. 1If the rate of CO formation in the

0
o VD’
of total 5 atom formation is RgD/Z. Where the rate of

absence of substrate is defined as R then the rate

o
)

CO formation in the presence of substrates R.,, the

total rate of sulfur abstraction, step [60] and [63]),

i8 given by .
R, = (R.. - R? /2) (1]
“abst. - CO coO

and the rate of sulfur atom reactions other thgn

abstraction is



(R - R_) [IT)

R . =
reaction (o]0 CO

Thus, the total rate of sulfur atoms produéeé is

—
Bl

[

il

—

_ o0
Rabst. * Rreaction = RCO/Z

These relations therefore allow product yield analysis
-in, terms of sulfur atoms'produced in the photolysis,
provided that complete product recovery is possible.
Mofeover, the availability of the absolute rate constants
for steps [60] and ([63] permits thé evaluation of the
rate constants for reaction with the substrate, i,é.g
steps [66] and [68].

For the study of S(3P) atom reactions the mercury

sensitization of COS has been employed,7

Hg(3P1-) + cos — Hg('s,) + s(®p) + co (69]
with ¢(CO) = 1.8 and ¢[69] = 0.9. Alternatively, it has
84,85 1

been demonstrated that Coz deactivates 5( Dz) atoms

to the ground state very effectively:

—_— S(3P) +V CO,* : {70]

> 1
8( DZ) + CO 2

2

Since the presence of a large excess of co, (co,/cos ~ 6)
has no detectable effect on the CO yields'e“'BE the

following reaction

COs* + COS — 2CO + 82 , [71]




SR .
can be’ ruled out.
The production of sclso) atoms
cos (11*) +mhy — co(lz?t) 4 S(lso) [72]
¥ )
requires a minimum enerqgy of 136 kcal mﬁlﬁl, corresponding

to A < 210.5 nm. This step is p:eaicted7 to originate

v

from a n-n* transition (90 - 4n*), with a calculated

et

5.9 eV or 136 kcal mol

energy requirement of AE

The reactivities of S(lSD) atoms have only been
studied recently.?7789 gince product analysis has not

been performed, only absolute rates of gquenching and/or
reaction with various substrate are available. Because
of the forbidden nature of the transition to the ground
state the 5(150) state is relatively long lived and
decays over 100 us, and can be monitored either by

absorption at 178.2 nm (lPl + lSD) or by the emissions

at 772.5 nm (lso + lDE) and at 458.9 nm (lSD + SPl);

The absolute rate constants for the decay this
species, as reported by D@ncvanga7 strongly vary with
the nature of the substrate and the type of interaction.
For example, in the cases of Ar, Hi' CDZ' CO, the decay
values are low, in the range 104 to 4 x 10° £ mol™} sélg
corresponding to quenching, while for H,S, CS,, NO, and
NGZ

the measured rate values are (2-5) x lDll L mal—l sél;
suggesting a chemical reaction. \



i) Reactions with alkanes

S(lDE) atgms react with ethane, propane, etc., via
concerted C-H bond insertion té_yield the corresponding
isomeric thiols in. approximately statistical ratiDS:EQ‘SE’SD
in terms of sulfur atoms produced, approximately 74% are
scavenged by the alkane. With increasing alkane pressure
the thiol yields increase but never reach 100% in terms
of‘sulfur atoms produced, and the limiting CO yield
remains about 20% higher than Egafzi These results are
illustrated for the S(lDz) + ethane reaction in Figure
I-2 and clearly indicate that the inf fate of the S(BP)
atoms present in this system is abstraction from COS,
i.e., step [63].

As mentioned above, the reactions with high€y

1]

alkanes afforded only the corresponding thiols in good

yields and since products that could have been formed
from radical prerursors were demonstrably absent it was
concluded that thiols are formed by concerted S(lDz)

atom insertion into the C-H bené;46?84?85'90

s('D,) + RH ——= RSH (73]
Kinetic analysis of the COS-alkane system584*35‘90

indicates that deactivation also takes place in parallel

»~



., mx@m_: TTT f93RI 10143 Sueyls ‘g :ajex 0D ‘0O
,hH,HQH ,Q:Eﬁ - mg,u_&

,mm,.geiﬁEuag 3onpoad jo sajex ayz uo sinsssid 3o 399338 oyl -Z-T FWASIZ




37.

with insertion,

s('p,) + RE ——=5(3p) + Ru* . ' [74]

and the rate constant for stép [74] lies in the range
(1.2-0.3) x 1020 ¢ mo1™! 71,
The statistical distribution of the thiol products
indicates that the rate of insertion in the gas phase
is indiscriminate with respect to bond @rder!84'85’9q
The estimated gas phase rate constants for insertion
are all close to the collision frequency values and lie
in the range (1.2-0.7) x 10ID [} mal—l s—l. The activa-
tion energy is estimated to have an upper value of .3

1

kcal ‘mol™ . The nature of the transition state of the

fal

.insertion reaction has not been elucidated at the
present time. 3
The reaction with methane leads to extensive
fragmentation owing to the short lifetime of the adduct

as a consequence of the small number of intergg}’
degrees of freedom in the_molecule. The final products

CH,SCH,, 252, C,H and H

3’ 3 3 276"

and the fragméntation process is envisaged by the

2?

are CH3SH, HZS' CHBSSCH

following mechanism:

1 A
S( D2) + CH4-—-—> CH3SH* @[75]

—— CH, + SH [(76]

~—— CH.S + H [77]

3



CH3SH* —_— CHE + His (78]
- ) N

—= S + 2H2 : [79]

+ .M ——— CH,SH + M* [80]

only at extremely high pressures (beyond 2 atm) is the
hot thiol formed in reaction [75]) expected to -be
stabilized.

With the exception of CHQ. the reactions of S(IDE)
atoms with alkanes afford the corresponding thiols in

-nearly quantitative yields. This is in sharp contrast

with the 0(152) + alkane systems (section I-1, i) where
fragmentation cannot be suppressed even by several
atmospheres of a moderator gas. This is undoubtedly

a consequence of the high exothermicity of step [1],

€.9., for the reaction D(lﬂ) + C,H, + C,HLOH(g) *
AH = -140 kecal malil, whereas the ,(1D) + CEHE * CEHS—SH*

reaction the exothermicity is only -82.8 kcal mgl_l.

A similar argument may be used for the reaction of

285 + OH", AH = —38,9 kcal m@l-l; as

compared to S(1p) + CyHg ¥~ C,H.' + "SH with AH =

6 2
-11.6 kcal malél; Thus, the small exothermicity of the

o('p) + c,H, -+ C

last reaction offers a satisfacta:y explanation for the
absence of H atom abstraction by the s(1p) atom from

alkanes.



ii) Reactions with alkenes

S(lﬁz) atoms react with ethylene to yield two

products, thiirane (Th) and vinyl thiol (VT), in about

equal amounts’ 1 for C,H,/COS > 3. With higher

alkenes all the possible alkenyl thiols are produced,

but only for the case of propylene was vinylic thiél
detected. Alkenyl thiols are presumablyifcrmea via
insertion into the C-H bond, by analogy with the S(lDE)

+ alkane reaction (vide supra), in competition with
cycloaddition to the double bond to yield the correspond-
ing thiiranes.. The rate of insertion into the primary,
secondary and tertiary C-H bonds of alkenes is also

77,92

For examhple, the following

nearly statistical.
steps are involved in the reaction with l-butene:
’ S

AN
)~ CH;~CH,CH-CH

2 (708)  (81]

1oy . i CH=
5( DE) + CHBCHECH=CH 2
SH

\
=—— (CH,CHCH=CH

> 2 (20%) [82]

—_—— CH2=CHCH CH,~-SH [83)]

272

In general, the S(lni) cycloaddition and insertion

reactions proceed with rates close to 1/20 of the gas
kinetic collision frequency, i.e., ﬁlolo £ m@lil ail.
and upper values of the activation energies are estimated

to be 1-2 kcal mol~l.

39.



The product yields in the 5(132) + alkene reac-

86,91 are close to 100% in terms of sulfur atoms

tions
produced and as the alkene pressure increases the CO
Yield decreases and becomes very close to the Rgcfz
value, suggeﬁfing that all the sulfur atoms can be
scavenged by the alkene. The above results are best
illustrated by Figure I-3 for the case of ethylene.

The effect of halogen substitution on the reactions
of S(ID) atoms with alkenes was investigated by Wiebegl
who observed that vinylic type thiols were formed only
for the case of those alkenes where a terminal =CH,
group was present, i.e.,

R H R, SH

siloy + N/ —— N (84)

R2 X ) X

where X = F, Cl. C(ycloaddition and insertion into the

R

C-H bonds of the R groups were not affected but product
recoveries were not quantitative.

To summarize, the S(lDZ) + alkene reactions lead
to the vibrationally excited addition or insertion
1

tive yield. This is in sharp contrast to the O("D) +

{
alkene reactions (section I-1, ii), where fragmentation
predominates in the gas phase and H abstraction takes

place in coﬁ%etition with addition. The reason for the

40.
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apparent difference in the chemistry of Q(lD) andKS(lD)

atoms with alkenes is again related to the large

difference in exothermicities of the corresponding

_ [
reactions. For example, AH = =144 kcal mol 1 for the
1
CoH,C

4
for the S(°D) + CEH4 -+ 22545 reaction.

O('D) + C,H, » C,H,0* reaction but only -91.2 kcal mol~
1

iii) Reactions with alkynes

1

(

[¥y]

reactions of

DE) atoms with alkynes have
only been briefly examined and are characterized by low
product recoveries and extensive polymerizatidn.

COSs mixturesgB

e photolysis of acetylene

o]
o
L
w

The gas ph

afforded cCoO, Cs,, benzene and thiophene in a combined
vyield of 5% and large amounts of solid polymer. Unlike
) + alkane or alkene systems, where the product

ned

=

yield increased with substrate pressure then rema
constant, some unusual pressure variations, illustrated
in Figure I-4, were reported.

It was suggested that the initial C,H,5 adduct

could be thiirene and/or a biradical isomer which could

be formed either in the primary process or by ring

0
Lo
m
]
<
1]
1]
]
b
o |
rt
o g
e
[ N
]
m
o]
1

5 ®
, S + C,H. A . (85]

<é . ; S (86]
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——= C,H,s (87)

C,H,5 + C2H2 — C4H45 - [88]

CQH!S + CZH — QEHéS . ; [89]

2

CSHES i‘iﬁ*CEHS + 5 [90]

It was proposed that thiophene forms via cyclization

of the C4

H,S species formed in step [88]:

é4ﬂ4é — Y (91]

No detailed mechanistic interpretation was offered” for

CS, formation.

2
The gas phdse photolysis of methylacetylene-COS

93

mixtures”"~ led to the formation of CO, dimethyl thiophene

(3%) and trimethylbenzene(-.2%); the balance was solid

L
polymer. CS, was not formed.

In the dimethylacetylene-COSs reacti@ﬁigz studied
under similar experimental conditions, the only
condensable product of the gh@tclysis was tetramethyl-

thiophene(.5%). Hexamethylbenzene and .CS, were demon-

strably absent.

L]

The photolysis o perfluoro-2-butyne-COS mixtures
has been examined?’ at ) = 228.8 nm. The only condensable



product observed was perfluorotetr amethylthi@phene {PFTMT) ,
the yield of which increased with C'FE pres sure to .50%
while the CO yield decreased very gradually and did not
reach its half value even at butyne pressures greater
tﬁaﬁ 1000 torr.

The initial S( 2) + CZHE adduct ld be antiaromatic

s ‘
thiirene, /=\ , or a biradical species HE=éH which ha

been shcwnzz 33 to be isoenergetic with thioformyl-

methylene, Hé*CH. Other possible intermediates are,

s .
z/gx , HC=C-SH, Hzc‘%czss

but the following results militate against their
intervention.
In flash photolysis-kinetic mass spectrometric

s_tudies94 of cos- C2 2 mixtures a

"

ransi

W

nt specias

corresponding to mass CEHES’ was

@

etected, of mean

\m

lifetime .ls. Similar experiments with other alkynes
led to the detection and lifetime measurements of the
corresponding sulfur adducts, e.g., with methylacetylene,
58; dimethylacetylene, 7s; and perfluoro-2-butyne, 0.1s.
These long lifetimes negate the possibility of “elec-

tronically excited or radic ,l like carriers. Also
thioketenes were ruled out as alternative structures
because their formation would require an intramolecular

hydrogen, methyl or trifluoromethyl group migration, a

Ta



shift which must somehow be reversed to form the thio-
Phenes observed in the static photolysis experiments.
Moreover, this migration should be least likely for the
case  of perfluér@=2ibuty§e and yet the thiophene yield
in this system was the highestggz

On the basis of these chnsiderations it was
eancludéﬁ that the primary pdduct of the S(lnz) + alkyne

reaction is the corresponding thiirene. 4

In order to obtain more subséaﬁtiative evidence
for the transient existence of thiirene, alternifive

»CZHES precursors were considered. It was anticipated,

for example, that the photodecomposition of 1,2, 3-
thiadiazoles would proceed vig N, extrusion and genera-

tion of a CQHES biradical species which could then

rearrange to thiirene:

R. 7 . .
Z—-N . S
R. / )}4 + hy —— RC’=éR + Nz [92]

S -

S 5
— I -
RC=CR —+ R iﬁ;é—asa {93]

The gas phase photolysis (A = 250 nm) of a number of

94.95 .hd the

*\Fhiadia;ales (R =H, CHB) was examined
ﬂ%jar products were found to be N, and polymers; small
amounts of ESI and the corresponding afkyne were also

produced. In the presence of hexafluoro-2-butyne,

however, 2gzébig(triflucramethyl)thicphenes were formed

46.



in pressure dependent yields, as in the 5(152) + EECJFE
system. Moreover, photolysis of either 4-methyl or
5-methyl-1,2,3-thiadiazole in the presence of
perfluoro-2-butyne led té the formation of 5-methyl-2,3-
big(trifluoromethyl)thiophene as the sole product,
indicating tgat both thiadiazoles generate the same
indistinguishable intermediate. Of all the possible
C;H,S isomers only thiirém® and methylthioketene can

be considered as viable structures. However, if methyl-
thioketene were the reacting intermediate, two
rearrangements would be required: one for the thio-
formylmethylene - thioketene transformation and the other,
in the (C3H4S + C4F6) adduct. Moreover, the expected
product would be the 4-methyl isomer on account of the
different migratory aptitudes of H and CH,. Hence, it
was concluded that the reactive intermediate in the

thiophene-forming reaction is thiirene,

CN N
M \ o
-~ o (94)
o H;,Cv CFyCECCFy =g 3] __cr,
s/ — H3c-<5| _éj Jﬁ 'Clcp
. ) Cfy %f * 73
N
H:C s/



and that the same mechanism applies to the thiophene-
j,*DEL + alkyne systems.
Subsequently, a rumber of thiirenes were isolated

and Eharacteri;ed97iloz from the low temperature photoly-
sis of matrix isolated 1,2,3-thiadiazoles and vinylene

thiocagbonates and their chemical properties were
102

shown to be consistent with the results of ab initio
MO calcula tanSBZ 33 on the relative thermodynamic

stabilities of the lowest singlet and triplet states

I-5.

"
M

of the six possible CE 25 isomer

Of all the possible isomers only thioformylmethylene

s, Figur

is predicted to have a triplet ground state, although

the T,-S, energy separation is small (-8 kcal mol 1).
The thioformylmethylene-thiirene rea rangem jé"t- step
[93] (R = H), would appear to regquire viEratiénal
excitation, in agreement with the observation that the ,
thiirene yields from matrix isolated 1,2,3—thiadiagg;§s

increase with increasing photonic energy.

The shorter C=C bond aistanEEBZ in thiirene as
compared to ethylene and cyclopropene, suggests a more
efficient C=C overlap and the chemical properties of
thiirenes, by analogy to those of allenes, should be
intermediate between those of d@ublé and triple bonds.
At the same time the weaker C-S5 bonds become more

reactive, 1eadihg to rearrangement, self and cross

48.
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L
(¥, ]
[

dimerization vig ring opening.

(]

n general the reactivities of thiirenes depend

experimental conditions. It has been shown, for example,
that electron-withdrawing substituents markedly enhance

the stability of thiirenéige

The most predominant photolytic reaction of

thi%rénes is rearrangement to thioketenes. This -

[ oad

probably takes place vig the Wolff Reagfaﬁgement of §

thioketocarbene formed as a result of C-5 cleavage,

5 S

|
R%és-f\! + hv EERCCR(S:L) —_— RECSC_';S {95]

although the occurrence of the following minor pathway

cannot be excluded:

* S

i

Rel\ R+ by e : /L \® —e RyC=C=5 [96]

For the particular case of bis(trifluoromethyl)thiirene

where CF, group migraftion cannot take place, it appears

3
that § atoms and 4F6 are the photodecomposition

Pfééﬂéts H S/; /s—

4 N\ L
FyCC===CCF; + hv ———=C,F  + § [97]



For thiirene and trifluoromethylthiirene a second

competing decomposition pathway leads to ethynylthiols:

.

H
S s’

The intervention of the zwitter ion in the rearrangement

is plausible in view of the predictedgz'lgz basic¢ity of

thiirenes, as manifested by the fact that only the
asymmetrical 2,3-bis(trifluoromethyl)thiophene was
93

. 1 , ; , - .
formed in the S({( Dz) + CEHZ + C4FS system.

3. Reactions of S(3Pl_§§§g§

. 3 .
Unlike 0(3P) atoms, S("P) atoms are inert towards
alkanes, as expected, since H atom abstraction by the

latter is an endothermic reaction.

v

/ﬂ i) Reactions with alkenes

s(3P) atom reactions with alkenes afford a single
product, the corresponding thiirane, in nearly gquantita-

tive yields46

s
s(3p) + - /\ [99]

The unique feature of the S(zP) atom cycloaddition

reaction with alkenes is its high stereospecificity,

which has been demonstrated for the following

84,86,91

alkenes: cie and trang-2-butene, ecis and



traneg-1,2-difluorcethylene, and cis and trans-1,2-di-
chloroethylene. 1In each case the predominant geometrical

mer of the thiirane product is that which corresponds

to the parent alkene, e.qg.,

s3p) + o/ — \4;/ ,Q/ [100]

10%
s(’p) + /—/ / ;/ \4 y [101]
98%
This was the first known case of a triplet state reagent \\

undergoing a stereospecific reaction with a substrate
and in order to shed light on the mechanism involved,

EHMO calculations were carried Dut1D4‘105 on the

reaction path of the S(BP) + C2H4 reaction and on the
ground singlet and excited triplet and singlet states

f thiirane. The calculations predict that the lowest

o

lying triplet (T,) state of thiirane lies .40 kcal mol "L

bove the ground state, has a ring distorted equilibrium

‘N

geometry, and features a rotational energy barrier of
23 kcal mol™!. This high value provides an adequate
rationale for the observed high stereospecificity of
the S(BP) + alkene reactions. Tl thiirane is thus the
primary adduct in zeacti?n [99] and has been shown to

be extremely resistant towards collisional deactlvatlgn.loﬁg



Selected rate parameters determined by flash
photolysis kinetic spectroscopy in the gas phase for
S(3P) atom reactions with representative alkenes are
given in Table I-3. The activation energies decrease
as the number of alkyl substituents on the double bonded
carbons increase, and decrease with halogen substitution,
a clear manifestation of the electrophilic nature of

46

S(3P) atoms. These variations in Ea can be correlated

with moleculaw properties such as ionization potentials,

excitation energies and bond»ordersigsi59 As witg the
case of 0(3P) atoms, the reactions with highly substituted

alkenes feature negative activation energies.

ii) Reaction with alkynes

Very little work has been done on the reactions

93

of S(3P) atoms with alkynes. With acetylene the

products are unchanged quantities of benzene and thio-
phene but a drastically reduced'cs2 yield as compared

to the S(IDZ) + C2H2 reaction.

In the S(3P) + CH3CECH and S(BP) + CFBiCECECFS

syst:emsg3 the nature and yields of the pr@éucis were

the same as for the case of S(IDZ) atom reactions (vide

3?) atom t

supra). Thus, it appears that unlike S(lng
reactions with alkanes and alkenes, the nature of the

products with alkynes is not affected by the spin state



of the S atom.

On the basig of s?ﬁn conservation and the results

532.3,

of MO calculatién (Figure I-5),32 the primary

;

product of the S(EP) + CQH2 reaction should be ground

triplet state thioformylmethylene:
s(3P) + HC2CH ——e HC-CH (T,) (102)

A - ) o -
This 1s analogous to the é(jP) atom + alkyne ease.36'53'70

Absolute rate constants have been measured for a
numbér of S(3P) + alkyne reactions, some of which are
listed in Table I-4. Unfortunately, Arrhenius parameters
have only'been measured for acetylene and methyl acetylene,
where it is seen that the activation energies and A
factorg.are considerably higher than for the S(BP) +
ethylene and propylene reactions. As in the S(BP) +
Alkene series, the rate constants iﬁcrease with increas-

ing alkyl substitution.

\

D. Reaction

of Selenium Atoms

14 determined the absolute

3

Recently, Shaw et al.

e

gquantum yields of Se 15—,' Dz and "P atom produc-

0,1,2 :
tion {fom atomic absorption measurements following the

photodissociation of COSe with an ArF laser at 193 nm.

The measured lifetimes of 150 and lDD

show that they

rapidly react with the parent molecule. The quenching

‘ 4



rates of 3P1 atoms by CO2 and CO gases were also

determined.
The measured guantum yields for the formation,
monitored at the indicated transition wavelengths, are

as follows:

LY

C

10 (185.5 nm);

[ -]
.
-

¢(1so) = 0.25 (199.5 mm); ¢(102) =

N
j=]
L]
[~
(Wy]

¢(PPy) = 0.05 (206.3 nm); ¢ (3p)) (204.0 nm);

and ¢(3P2) = 0.35 (196.0 nm).

o |
[+ 1

Rate constants for the abstraction reaction

se(ls;) + cose ——=Se,* + CO [103]
se('D,) + COSe —— Se,* + CO (104]
are k = (9.0 + 0.2) x 10lO and k = (9.0 + 0.5 x 1010
103 : - * ! - 1013 T ot
¢ mo1”t 71, respectively, in good agreement with earlier
reported values.107 .

For the quenching reactions,

Se(3po) + co-————a»Se(3pz) + co* [105]
3 3 . o
Se ( Pl) + CO ——— Se( Pz) + CO* [106]
the following rate constants were reported: klOS =
(6.0 + 0.5) x 10, and k... = (9.6e¢ 0.5) x 10° ¢ mo1~! s~1.

106



The gas-phage photolysis of COSe has been fcundlG

to be a good source of Se(lDz),,tcms;

CoSe + hv () = 230-270"nm) ——= CO + S*E(lbz) [(107)

Unfortunately, conventional photolysis of COSe
the Pfesenée of either alkanes or alkenes, leads td
extensive polymerization and no lower molecular weight
products could be detected. However, in experiments
employing flash-photolysis kinetic absorption spect
techniquesglo the photolysis of COSe in the presence
of various alkenes led to the 6§tectiéﬁ of transient
intermediates which were identified as unstable
episelenides:

Se

1 VAN
Se( DZ) + RC=CR =—= RC CR [108]

S(*Dz) and D(lnz) atoms, do not insert into the C-H
bonds of alkenes.

reactions of Se( Dz) atams with CSHE' gyal@C‘BHS,

Y

eyglaﬁc4 ig C, HS' 1sa-C4HlD In each case, mass frag-
mentation patterns consistent with selenomercaptans.

were observed, indicating that 52(132) atoms insert
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into the C-H bonds of alkanes:
se(p,) + RE —= RseH [109]
The insertion reaction, as expected, is indiscriminate.

2. Reactions of Se(3P)A§§§m§

Absolute rate constants for the addition reactions

1
.

of Se(3P) atoms to alkenes have been measured using
flash-photolysis kinetic absorption spectroscopy and

are listed in Table I-3..In these studies, CSEE was
used as a sourcell of SE(BP) atoms:

[

CSe2 + hv (X < 230 nm) ——=! CSe + Se(7/P)

The activation energies for cycloaddition are somewhat
larger than for the case of S(BP) atoms but neverthe-

less follow the same trend.

E. Reactions of Tellurium Atoms

The reactions of TE(EP) atoms, produced from the

flash-photolysis of dimethyltelluride,

, ! r
CHyTeCHy + hv (A < 270 nm) —= 2CH,

+ Te(3p)  [111)

12,57 with a limited number of alkenes.

have been examined
The unstable epitelluride products were detected by

kinetic absorption spectroscopy and kinetic mass
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spectrometry. The rate constants, listed in Table I-3,
are the lowest in the series 0, S, Se, Te and it would
appear that the reason for this is the very small A

factors. \

F. Aim of the Present Investigation

It was decided to examine three different aspects

of sulfur atom chemistry.

1
1. The thiirane-vinylthiol isomerization

As noted above, S(lﬂz) atoms react with ethylene

to yvield thiirane and vinylthiol in approximately equal

amounts under the following canditiéﬁszs’ P(CDS)

> 200 torr, X = 240 nm. Yet under

P >
(C2H4)
similar conditions the reaction with pngylene afforded

100 torr,

68.3% methylthiirane, 15% methylvinylthiéL! and 16.7%
allylthiol.84 On the basis of these observations it was

suggested84 that vinyl thiol forms via a dual mechanism,

direct insertion, i ) .
1 , e e .
.S("D,) + H,C CH, — H,C=CHSH [llg&

and unimolecular isomerization of "hot" thiirane:

‘ s *
1 /7 \ o
S(°D) + H2C=CH2 —— !-Iz‘i'i-——(“.:}i2 ’a\ [113]
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Sq _
CH;'ECH ———= H,C=CHSH [114]
Chemically activated thiirane formed in step [113] has

L
an energy content of .85 kcal m@lél, which should be
sufficient to promote this isomerization.
Subsequently, it was shown that the vinylthiol/
thiirane ratio from the S(lDz) + C,H, reaction éeéreases
77

respectively. On the other hand, under the same condi-

tions, the relative thiol yields from the 5(132) + CBHE
reaction were only slightly suppressed,77‘loa suggesting
that in this case thiols are ﬁaqud almost exclusively

via the insertive route.

=

It was, therefore, decided to carry out a more

detailed investigation of the S(lDz) + CyH, reaction

in order to elucidate the mechanistic details of the

L

novel, hypothetical thiirane-vinyl thiol isomerization.

2. Reactions of S atoms with allene

At the time this project was initiated the only
multifunctional alkene substrate investigated was

l,4-butadiene. Both 5(132) and S(BP) atoms react with

this molecule to yield viﬁylthiifaneg2
S
1 35y 4w oy o 4N .



o

and no insertion products were observed when §( Dz)
atoms were the regctiv? species.

: It was, theréfafe; decided to examine the reactions
of S atoms with cummulenes, beglnnlﬁg with the parent
compound allene. Moreover, the expected mainr product,
methylene thiirane, had not been synthesized and it was
therefore of interest to characterize the properties and

-chemical reactivity of this novel compound.

&

3. Reactions of § atoms with alkynes

The expla:atdry work carried out many years ago on
the S + alkyne systemsgg showed that thiophenes, benzenes
and CSE are fo¥med in very small yie (-5% total),
regardless of the spin state of theE::qur atom. The
lifetimes of the initial adducts were shown ;S increase
with increasing substitution, and this effect is
particularly pro unced upon perfluoroalkyl subﬁt;tutlgn
Hechanistic details however could net be dedficed from
the data and it was therefore decided to reinvestigate .
the reactions of S(lbz, 3P) atoms with alkynes in more

ail. 3.3.3—Tr;%lucrapr@pyne and perfluoro-2-butyne were

wr-

tially chosen as substrates in the hope that higher
Product yields could be achieved. In order to shed
light on the mechanistic details of the reaction and

the nature of the inggrmediates involved, the effects

60.
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of total pressure, COS concentration, temperature and
added gases.would be studied. 1In the light of these
results it was subsequently decided to reexamine some
aspects of the S + C2H2 reaction and to carry out

competetive experiments with C2H2 and C‘F6 to assess

N

the relative reactivities of the transient intermediates.



CHAPTER II ' e
EXPERIMENTAL

1) The high vacuum system

The static high vacuum apparatus employed (Figures
II-1 and 2) was constructed of Pyrex glass and the system
was evacuated to 10~ ° torr pressure with the aid of a
two stage mercury diffusion pump, backed by a Welch
Duo-Seal Model 1405 oil rotary pump. Hoke teflon seated
valves (TY 440), glass stopcocks, lubricated with high
vacuum N and L grease, Delmar ﬁe:cury float valves, ace
teflon valves, and spriﬁqham valves were used, depending
on the operation. When ethylene and allene were the
substrates the valves leading to the photeolytic cell
were made of teflon, while in the case of alkynes,
stainless steel high temperature Hoke valves (number
421 306Y-316-SS) were employed. A McLeod gauge was used
to measure pressures less than 0.5 torr, and to check the
Pirasi gauges (Consolidated Electrodynamics Cat. No. GP-001),
which were used to monitor distillations and gas transfers.

With the aid of a one stagg mercury diffusion pump
and a Toepler pump, non-condensable gases such as carbon
monoxide were collected and measured in a calibrated gas
burét. Using a mercury manometer (for pressures greater
than 1 torr) or a Baratron gauge (for pressures less than

1l torr).

62
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2) Photolysis assembly

Photolyses were performed in cylindrical quartz cells,
(2 xdiam.) 10.0 x 5.0 cm, connected through ace teflon valves
or Hoke valves to a conventional grease—;;ee vacuum
system. The light sources employed were a) a Hanovia
medium pressure mercury arc gquipped with a 6 mm Vycor
7910 filter to 1imitwthe effective radiation to > 220 nm.
b) An Osram cadmium lamp (unfiltered) emitting resonance
lines at 288.8 and 326.1 nm. «c¢) A Philips zipc lamp
(83106 E) with an effective emission resonance line at
213.9 nm. The output of the lamps was reproducible to
ca 3% except for the zinc lamp whose intensity was
extremely variable and thus could not be used for
quantitative work. One of the quartz cells was placed
in an aluminum block furnace (2.5 cm thick) equipped
with four 500 watt pencil heaters, powered and regulated
by aﬁ API 2-Mode proportional electronic controller,
for temperature studieé. Temperatures, accurate to
+0.5°C, were measured with an iron-constant thermocouple.
For high pressure studies a cylindrical stainless steel'
cell (2 xdiameter) 7.5x 3.5cmdirectly attached to a high
temperature Hoke vafbe was employed. The windows were
constructed of 0.8 cm thick quartz and secured onto the

cell body by screw actions on a pair of external steel

rings. . _
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3) Analytical methods

a) Gas chromatography was used for gqualitative
identification and analysis, and for checking the purity
of materials. Components of the system consisted of the
sample loop, column, sample trapping system (locations
are shown on Figure II-2), microthermistor cell fitted
with Gow-Mac 13-502 thermistors and placed in a constant
temperature bath kept at 26°C for the ethylene and allene
systems, and 30°C for the alkynes. The bridge current
was monitored at 8.0 mA. Helium was used as the carrier
gas at a flow rate‘of 25.0 cm3 min-l. The helium
(Matheson) was dried by passage through a 100 x 2 cm
column of molecular sieve and checked on a 30 x 2 cm
drierite column. An Eéwards needle valve was emploved
{0 control the flow rate, which was measured on an
Octoil~-s manometer cal?%rated by a bubble flow mete:g‘
All parts of the chromatographic assembly through which
products passed were constructed of glass or Teflénj
ex;ept for the detector block itself, in order to minimize
décomposition of unstable sulfur products.

The sample unit consisted of a U shaped sample loop
into which the products were frozen at ;196°C. The
helium flow through the by-p;ss and the sample loop was
controlled by three Ace teflon valves. Other inlets

to the sampler unit were sealed by raising the mercury
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level fully to eliminate all dead space. The products
were allowed to thaw and, by closing the by-pass and
opening the through flow valves, were swept onto the g.c.
column. Product elution times, column packings, lengths,

and operating conditions are given in Tables II-1

and 1I1-2. Adequate resolution was obtained in all
cases.

The detector (molar) response was calibrated for
each compound either using the calibrated gas buret for
gaseous materials or by injecting known quantities of
ligquids with a micro-syringe. Linear responses were °
observed for 0.1 - 10.0 umole sample amounts, within the
range of experimental product yields. Chromatographic
peak areas were measured with an Ott planimeter. The
overall reproducibility was ca 5%. ggges/

Product samples were collected downstre amQEer
the g.c. effluent for spectroscopic identification. The
sample holders were made of quartz in order to reduce »

surface decomposition.

b) Mass spectra were obtained on an 5=12

E

instrument with the ion source operating at 70 eV and
the ionization chamber kept at ca 50°C. Samples were
analyzed either individually via a "probe" or a g.c.
column adapted to the MS-12 chro ograph, Varian

- Aerograph series 1400. The resulting data were interpreted
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using a computer model Data General Nova 3, employing a

DS-50 programme.

¢) U.V. spectra were recc’rdedi»n a Unicam 1800

spectrometer employing a 10.0 x 1.6 cm quartz cell equipped

with cold finger. ' - .

d) Infrared spectra were obtained in the gas phase
on either a Perkin Elmer Infracord instrument in a 7.5 cm
mic:aégas ;ell or a Nicolet 7199 FTIR instrument employ-
ing arlQ.O X 1.9 cm cylindrical quartz cell to eliminate
all metal surfaces. The windows of this cell were made
of Kodak ZnS polycrystals and were attached to the
quartz cylinder with epoxy glue. In each case the

spectrum of the empty cell was recorded and the final

and other extraneous contributions.

e) Three N.M.R. spectrometers were emplcged for
structural determinations; Bruker WP-60, Bruker 200 and
400 MHz instruments, equipped with pratan-(lﬁ) or ~ | -
fluorine (lgF) probes. Gas samples were condensed inéc l
medium walled NMR sample tubes containing degassed, ~
solidified CC13D as solvent and as an internal standard. <
In case of 19? NMR, trifluorocacetic acid was emn%gyed
as an external standard. All NMR samples were purified
by repeated passes through the g.c. system. NMR samples |



were.run either at room temperature (24°C) or =-30°C

depending on the stability of the material.

'
In the preparation of reaction #xtures, components

partial pressures were determined either by the mercury
manom;ter crﬁthé Baratron pressure gauge and the mixtures
‘transferredlt@ storage bulbs located close to each cell.
When required, the mixture was distilled into the cell
through a vertica\‘gmtrap at tHe lowest temperature
pos;ible dictated by the vapour pressures of the sub-
strates. This procedure ensured a merzufz free environ- y
ment, thus preventing the occurrence of ‘photosensitization
reactions or the f@rmati;n of solid HgS. The purified
mixture was equilibrated at a éredétérminéd temperature
for at least one hour before ;rfadiaﬁiani The  medium
preé%ure MEercury arc was equilibrated one hour before
irradition and the cadmium and zinc resonance lamps, .
for 30 minutes. i

| For each series of experiments éétinémétry was
per formed ffequently to check the stability of the
radiation source and the transmittance of the cell.

Actinémet:ic measurements were done using 50-150

torr COS, for which ¢(CG) = l_87 at A = 240 nﬁi



/.

theriphatalysis carbon monoxide was qu”ntitaéively
coliecteé and measured in a gas buret with the aid of a
Toepler pump backed up by a one stage mercury diffusion
pump. To ensure complete CO recévery‘thé reactants ané‘

products were warmed and frozen several times to free -+

any CO trapped in solid matrix. Substrates and products

»

were then separated by trap to trap distillations at
1-3 torr pressure. 1Inathe presence of ethylene product
separation was achieved by passing the ph;t@lyzed
;mixture through three traps at -196°C and a solid N,

(-210°C), then, through threé traps at -139°C (chloro-

ethane). A similar technique was employed for the allene
and alkyne systems except for the last three traps which

[}

werg k.pt at -132°C (ﬁ=pentahé) for allene and -98°
(methanol) for theialkynesi Répea£ed checks for qarry-
over were performed by redistiliing the reaction mixtures.
- The separated products then were trarsferred quanti€a=

tively to the g.c. sample loop for analysis.
After each experiment, air was allowed into the
cell and' subsequent heating to ca 500°C with an oxygen

flame oxidized and volatilized any sulfur or polymer

.which deposited on the-cell walls.

ﬂsﬁ\fizjfialsandpurificatian (Table 2-5)

a) Helium (Canadian Ligquid Air, Linde) was passed

‘through a 100 x 2 cm molecular sieve.



b) Ethylene (Matheson research grade) was degassed
at -186°C and distilled through two steps at -160°C?
-
(iscpentane).

c) Carbonyl sulfide (Matheson) was purified to
remove HZS and co, by passage through f@gr washing
‘bﬁtties éantaiﬁing Qénéenérated=saéium hydroxide and
saturated iéad aee@aée solutions in an alternating
fashion, collected in a cold trap at -196°C, distilled
in vacuc at —1329C and éegassgd %; =161°C. éig_ analysis
of the purified sample ccnfi&dthe aésem:e of any

foreign material. ' ’ ' .

d) Carbondioxide (Airco >99.9% pure) was used as
L 3
4 E
such. : “x
e) Allene (Matheson, teaching grade, 99%) was
degassed at +186°C and distilled at ;132°C. The pﬂrifieé»

sample contained less thanQD.S%_Ergpylene s impurity.

f) Acetylene (Matheson, purjty ca 99%) was degassed

=

at -186°C. .

q) 3,3,3*Trif1uarcprééyne {Columbia Organic Chemicals,

purity 99.0%) was distilled repeatedly at —115‘: and the
purity checked on a 6 £t g.t. écfapak N column, and by
g.c.-MS, | '

-



h) Perfluoro-2-butyne (Coltmbia Organic Chemicals
Co., 99.0% purity) was distilled at -=98°¢C several ﬁimesi
The remaining impuri;ies, as analyzed by giég were less
than 0/2%.

i) Periiucratetramethylthiaghene ({PFTMT) was

prepared according to K;espanlag for calibration purposes.

Sulfur (6.4 qg), hexafluaféiiebutyne (30 g) and

iodine (12.7 g) were heated inﬁa sealed vessel at 200°C

for 6-10 hours and the liquid product consisted of some
unreacted iodine 3,4-(bistrifluoromethyl)-1,2+dithietene

and PFTMT. The iodine was removed by shaking with

mercury and deéaﬁting the liquid. The djthietene b.p.

93-94°C was distilled out of thé mixture and the frac-
. s i ,
tion collected at 134°C was 99.4% PFTMT. This fraction

was reheated to about 509C and then allcwedvts’caal to ,
;EDﬂc aﬁélképt there for 24 hou?s. The supérnatant
iiquid wvas thenidecanted and the large transparent
crystals were heated again campletély melted. The
cooling was then repeated and the resultlﬁg crystals,

" when melted at room temperature, beca%e a clear liquid.
_G.c. analysis of 0.1 yt of this liquid did not reveal

ny trace lmpufltlés and hence thi s sample was used

to calibrate the g.c. for quantitative work.

78.



CHAPTER III

- : i

THE UNIMOLECULAR ISOMERIZATION OF CHEMICALLY ACEIVATgD

THIIRANE TO VINYL THIOL
A. Results

A detailed kinetic-mechanistic study of the S(lDz)‘+
ethylefie reaction was performed under statié¢ conditions.
The effects of exposure time, relative concentratibns

and total pressures on the products distribution were

¥
examined in order to deterimine whether viny]l thiol (VT)
fan be formed via two independent reaction paths, diréét

insertion of S(lDz) atoms into the C-H bond, and
structural isomerization of chemically activated

thiirane (Th).

1. Reaction products and their properties

Pho%olysis (x = 240 nﬁ) of COS-ethylene mixture%

=

led to th® formation of CO, VT, Th, and, at longer

=%

exposure times, elemental sulfur aq?ﬂa solid organosulfur

polymer.

In the initial stages of this work it was observed
) .
that the yields of Th and VT were nc

r

very reproducible

and were quite sensitive to exposure time. For this
! . . e , .

reason it was decided to investigate the thermal

stabilities and surface properties of these compounds as

79



well as their spectral characteristics.

gas phase. .The high pressure extinction coefficients

for the two maxima at A = 259.2 and 243 nm are 1.2. x 10"

torr™! cm™! and 1.80 x 1073 torr! Gmil; r;é%éctively
/

and are in excellent agreement with the values reported

by Davis110 in

[

9

(%))

7.

For the "low" concentration Th spectrum the
extinction coefficient fon the most intense maximum at

A = 218 nm calculated to be 2.1 x ngz tcrril

-1
cm .

The vapor phase infra red spectrum of Th and some

"thermodynamic properties are described in reference 111.
h N s

At room temperature and in the gas phase Th is very
stable and undergoes thermal decomposition only above

85,90,112

o
o

150°cC. In contact with fresh pyrex surfaces,
however, it undergoes slow polymérization even at room
témperature. Hence, the entire vacuum system was -

"treated" with gaseous Th (1 torr) for 48 hours, after

which good reprgducibility was achieved. \
ii) Properties of vinylthiol .

Prior to the discovery that VT is a major product

of the’S(lDz) + C2H4 reaction “ it was believed that

v

2=

3

[
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I

VT, like vinyl al;g@cl, was non-existent. .Sybsequently,
VT ard a number of substituted vinyl thi@ls were
synthesized by the photochemically induced.chain
aﬁdifi@n of st to the corresponding acetylene.
AlthaughiﬁT is a moderately reactive molecule -it is
sufficiently stable, under controlled conditions, to
allow spectral :héFagterizati@ns_

In the present étudy it was observed that VT
readily reacts with metal surfaces. Thus a 3.0 mm i.d
b4 %p cm‘l@ng glass column packed with clean copper
iilings and placed between the sample loop and the
chromatographic column, quantitatively reméved§VT from
a sample containing VT, Th and CSE‘ Stainlesk steel
was less reactive and could be significantly deactivated
by repeated passes of VT over the surface. In neither
case :éuld any volatile products be observed, which
suggests that p@lymeric‘p:éducts are formed. '

The reactivity of VT on quartz and Pyrex surfaceé
was also investigated. Experimentally significant 7
amﬂungs of VT werellasﬁ from a sample exposed to cléan
Pyrex surfaces for less than one hour. The rate of
loss decreased if the surface was cooled to liquid
nitrogen temperature. "Curing” of the surfaces greatly

reduced the surface activity. . -

113,114. -

s



Qpartz surfaces, freshly flamed in the presence of
air, caused only slight losses in the VT samples.
"Cured” or unflamed quaftz exhibited negligible activity.
The U.V. spectrum obtained in the gas phase‘is

shown in Fiqure III-2. VT begins to absorb at 300 nm

and the absorption intensity gradually increases to a
-1 -1

maximum at 218 nm, with € = 0.253 torr cm ~, then

1dually.

1]

again decreases gr

=

nd pressure on the

1]

L ]
e time

[ 1a]

2. The effects of exposu

product yields

The extinction gééfficiEﬁts aﬁdggpti:al densities
for VT (0.020 torr), lih (0.018 torr) and COS (41.20
torr) are summarized in Table III-1 for X = 253.7,
228.8 and 213.9 nm. It is seen that absorption by vr
and Th can effectively compete with that by COS and

thus, secondary photolysis tan be expected.

Preliminary experiments indeed showed that the

H
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rates of formation of both VI and Th tended to decrease
[ 4 -

with increasing exposure time, the former more rapidly

than the latter. Therefore, in order to obtain kinetically
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product yields, a series of exposure time studies were
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x

performed at
The resu

0.

N
O,
Ly
~
')
o
1]

to III-5 and

Tables III-6
Y

VT/Th versus

éxtent but each plot could bg fitted by the standard

e

B86.

various CGS/C2H4 ratios and total pressures. ,
ts, using A = 254 nm radiation and
2 mixtures, are summarized in Tables-IIT-2

those for CGS/C2H4.= 0.7 mixtures, in
- =

to IIL-14. Some representative plots of

exposure time are ;llusérated in Figure

11I-3. In all cases curvature was obtained to varying

least square method to a 'second degree polynomial. *

The calculated polynomials are liéted in Appendix A.

The zero time

ffcﬁ these ca

In some:

extrapolated values of VT/Th obtained

lculations are list'%ed in Table III-15.

2Xperiments the CO yields were also
_ &

-
measured in addition to those of VT and Th, and these

=

data are listed in Tables III-8, -10, and -12. From

these results

it can be seen that at low conversions

the scavenging“of sulfur atoms by COS and CoH, is

complete and the tombined yield of VT, Th and CO is

100% within experimental error.

From the

results summarized in Table III-15, it

is seen that the JVT/Th)D ratio for CQS/2254 = 0.20 is

considerably higher than for COS/C,H, = 0.70 at

4

comparable pressures. The (VT/Th) , ratios for both R 5!

CQS/C2H4

increafes.

mixture ratios decrease as the total pﬂéssure



- TABLE III-2

/

Time deéendence of the product yieids at 253 torr total

pressure and i.‘i‘(i)S,«"(:zl-l‘S = 0.2.2

-

VT Th,
Time, T _
min ,arbitrary units

1.347+0.12

. ,E!'\ .
8 265:0.05
N

b : , , L
~Average of three determinations.

EAverage of two determinations.

87.
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TABLE III-3

Time dependence of the product yields at 852 torr total

pressure and CGS/CEH4 = Q_zia;

vT Th .

Time, VT/Th

_ — _ —

min. arbitrary units

2.5 142 106 1.34
s , 294 237 1.24
19 501 -~ 447 1.12 .
15 | 595 573 - 1.042:0. 02
22.5 . 870 " 900 . 0.97
30 o . 905 1280 0.71

as | 1047 1680 - 0.64

. — — —— — \
4\ = 254 nm. N
bAverage of two deéterminations. . o ) ~ {gg
v ¥ . gl |



' o \
< 5 .
, TABLE II1-4
*  Time dependence of the product yields at 1196 torr total
#ressure and CGS/CEH4 = 0.2.2 .
vT Th
Time, + i - o VT/Th
min, - arbitrary units -
5 . 210 176 1.19
10 ' 387 351 1.10
20 606 669 0.91
430 765 1000 0.77
40 905 1320 0.69
a . M
A = 254 nm



Time dependence of the product yields at 1680 torr total

pressure and CQS/C2H4 = 0.2.2
%y -
VT Th
Time, ) . VT/Th
min. arbitragy units
— - _ -~ I

5 v 347 311 . 1.12
10 - : 693 729 0.95
20 1100 1320 1 0.83
30 1440 1940 0.74 -
40 . 1510 - 2550 0,59




I1-6

TABLE

i

Time dependence of the product yields at 100 torr

pressure and CDS/C2H4 = 0.7.2

VT/Th

L]
j=]
[=)
N

bJ
[

3.0 0.30

10.0 0.79
11.0 ‘0.88
12.0 ; 0.91

16.0 0.91

1.04P:0.10°

1.02P:0.02

1.04b+0.04

A = 254 nm.
bAverage of three determinations.

91.



TABLE III-7

w
(-

Time dependence of the product yields at 162 torr tot

pressure and COS/C,H, = 0.7.2

10 263 . 258 1.02
20 432 471 . 0.92
30 525 - 648 0.81

60 615 1025 ; 0.66

254 nm.

:__.‘
]
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TABLE 111-9

Time dependence of the product yields at 336 torr total

»* pressure and COS/C,H, = 0.7.2

VT Th
Time, ’ _ _ VT/Th

min. arbitrary dnits
1.0 36, LI 1.00
2.5 122 . 119 1.03
5 , 203 206 0.99
10 372 | 396 0.94
20 621 : 732 0.85
30 795 | 999 0.80
60 . . 1035 1635 0.63
120 1030 2080 0.50
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95?

4 TABLE ITI-11

Time dependence of the product yields at 600 torr total

pressures and COS/C2H4 = 0.7.2
Time, vT Th
— — —_— —_— : VvT/Th
min. arbitrary units
S 182 181 1.00
. ]
10 327 351 0.93
20 588 696 0.85
30 ‘ 723 963 0.75
40 939 -~ 1350 0.70
a LY

A = 254 nm.
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TABLE III-13

Time dependence of the product yields at 880 torr total

pressure and COS/C2H4 = 0.7.2

Time, VT Th ,
: VT/Th

min. Yield, umoles

2.0 1.15 1.30 0.88P:0.02
4.0 2.33 2.53 0.92P+0.01
6.0 3.15 3.71 0.85
8.0 | 3.83 4.82 " 0.80 )
12.0 4.91 6.37 0.77
14.5 . 5.10 7.34 0.70
20.0 5.79 9.04 0.64

q\= 254 nm.

]

bAverage of two determinations.



pressure and COS/C

TABLE III-14

2Hg =

h

‘/m—]

arbitrary units

e

"

VT/Th

10
20
30
40

339

723
1190
1645

1875

906
1600
2290

2905




Figur

m

VT/Th

(-

I

[
]

‘ Toad

@® : 336 torr; (4 :

10 15 20 25 30

dependence of VT/Th on exposure time

' CCS/C2H4 = 0.2 at total pressures of

253 torr; (O: 852 torr; Ej: 1680 torr;
for CGS/Csz = 0.7, at total pressures
660 torr; MA: 1272

100.
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| e

TABLE III-15 i

Variation in the Zero ‘exposure time extrapolated value

of VT/Th' as a function of total pressure and COS/2234

ratio.?
' e
Pressure, COS/C,H, (VT/Th) ., %\%\\
torr 7 ,
253 0.20 1.46
- 852 0.20 ) 1.36
1196 | 0.20 _ 1.32. )
1680 0.20 g 1.18
100 0.7 ' 1.14
162 , 0.7 1.13
220 | 0.7 1.04
336 \ g 0.7 o 1.03
440 0.7 1.02
600 0.7 ' 1.06 _
660 0.7 0.99
880 0.7 0.94
1272 0.7 . 0.84
-
8\ =<254 nm. ' -
L 4
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"

A

()]

ew experiments were performed employing shorter
J
wavelength radiation. The results using the cadmium

229 nm) are listed in Table III-16,

resonance lamp (X
andéthase using the zinc lamp () = 214 nm), in Tables @
III-17 to 111-20.

The experiments at A 214 and 229 nm were not very
reproducible and the zero time extrapolation became
quite troublesome. This was particularly difficult for
low COS concentrations, where smaller quantities of VT
were produced and thus surface effects were more
pronounced. Nevertheless, the results show that the

from eitfyge the 229 or 214 nm

<

alues of (VT/Th)tgg

photolyses are higher than those in the 254 nm photolysis.

The X = 254 nm photolytic decomposition of COS

roceeds via two pathways: spin allowed dissociation -

o

to ¢O and sclpz) atoms in 67% yield,

!

€os + hv —— co + s(!p,) . [1a]

= N . a,i‘
and a spin forbidden process : e
!i:

COS + hy =——s CO + S(BP) , ’ :i=[1b]

to give CO and S(BP) atoms in 33% yield.



103.

TABLE III-16

Time dependence of the product yields at 843 torr total

pressure and CDS/CZH4 = 0.2.2

Time, vT Th 7
—————— — VT/Th
min. arbitrary units
2.5 243 158 1.55
3 565 369 1.53
10 940 650 1.45
20 % 1480 1140 1.30
30 1835 1565 ‘ 1.17
60 2280 2635 0.87
a _

>
]
[ %]
[\
o
N,



TABLE III-17

Time dependence of the product yields at 100 torr total

_pressure and CGS/C254 = 0.67.2

Time, VT Th._ N
) —_— R VT/Th
min. Yield, umoles .
- _ F _ . . _ I _ —_
2 0.45 0.40 1.09%:0.05
3 | 0.61 0.56 1.09
4 0.70 0.68 1.03%:0.03
5 0.85 0.81 1.05
6 0.88 1 0.87 1.01%:+0.01
8 0.92 0.93 0.99
10 1.02 "1.10 0.93
12 1.03 1.25 0.82%0.02
15 0.95 1.21 0.79
a

A = 214 nm.

b . e s
Average of four measurements.
EAYEEEQE‘Qf three measurements.

Average of two measurements.
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TABLE III-18

Time dependence of the product yields at 200 torr total

pressure and COS/C,H, = 0.67.2 ’

Time, VT Th
— — — VT/Th
min. Yield, umoles '

2.5 0.81 0.69 1.17
6 1.36 '1.32 1.03
8 - 1.56 1.58 . 0.99

10 1.68 1.84 0.91

12 : 1.79 2.03 0.88




TABLE III-19

Time dependence of the product yields at 400 torr total

pressure and COS/C,H, = 0.67.2

Time, vT Th
) ) VT/Th

min 7¥ielé; umoles )
1.5 0.82 0.69 l.18
2 1.06 0.87 1.21
2.5 1.20 1.02 1.18
3.5 1.51 1.31 1.15
5 1.89 1.72 1.10
7 2.36 2.22 1.06
8.5 2.44 2.29 1.06
. 10 2.54 2.50 1.01
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TABLE III-20

Time dependence of the product yields at 800 torr total

pressure and COS/C2H4 = 0.67.2

Time¢ VT Th -
L i VT/Th
min. - Yield. uméiés
4 1.90 1.71 1.11
5 2.14 1.87 1.15
6 2.36 2.18 1.08
8 3.15 2.96 1.07
11.1 3.59 3.39 ~1.06
14 3.74 3.70 1.01

®).= 214 nm.
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S(lDZ) atoms may abstract a sulfur atom from COS,

cos + s('D,) —= o0 + s, [2a)
or be quenched to the triplet sta;e;

cos + s(1p,) ——= cos* + s(°p) : [2b)
In competition with reactions [2a] and [2b], the singlet

sulfur atom may insert directly into the vinylie C-H

bonds of C.H

oHy to yield VT,

'17 | ) o |
C2H4 + S DE) — CHECHSH [3a)

or add to the double bond to yield a vibrationally
an excess vibrational energy content of 91.2 kcal mélilz

cotly + sttpy) —= (L) (3]

This energy corresponds to the enthalpy change of the
reaction (85.2 kcal mol™}) plus the excess trafnslational
energy of the S(lDz) atom (6 kcal m@l%l) produced in

the mercury lamp ph@talysis.f The hot thiirane molecule
then may undergo unimolecular rearrangement to VT,

(A ' —— CH.,CHSH (4]

or suffer collisional deactivation to the thermalized

\



109.

ground state,

S

S
(./__\)'+M-—.A + Mt (5]

where M stands for the quenching gases* COS and C2
The only other reaction of consequence in this
system is the stereospecific115 cycloaddition reaction

involving S(3P) atoms to form triplet state thiirane,

t 4
c,H, + s(’p) —= /Z\ (1)) (6]

which is slowly deactivated to the ground singlet
state.112

If the chemically activated thiirane molecule trulyl
undergoes isomerization in this system, as postulated

from earlier experimenta184'91'112 and theoretical

studies104,105,116

then the product yield ratio VT/Th
should be dependent on total pressure for a given ratio
of reactant concentrations. The values of (V‘I‘/Th)t=0
(Tables III-15, -21 and Figure I1I1-3) for the two
,COS/C2H4 ratios examined, 0.2 and 0.7, are plotted as

a function of total pressure in Figure III-4 where it
is seen that (V'r/'rh)t=0 is indeed pressure dependent
and gradually decreases with increasing pressure. The

COS/C2H4 ratio also affects the magnitude of (VT/Th)

the higher the ratio, -the higher the value of (VT/Th)
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at a given total ?ressure.

the pressure dependence of

It will now be sBhown that

(VT/Th) can be used to

calculate the rate constant for the Th + VT rearrangement.

Steady-state treatment o6f steps

* gk

{11 - [Ej (derived

C05]

8) kSIH]

where k3 = k3a + ka‘

and [M] = [COS] + [CEHQJ*

:7 7] + (D

3
= 7%2a * 2¥2p’

— =+
CEH;T

B = I

At [M] = 0 equation [I) reduces to

and, for [M] = =, to

Rvr .k

Ren| p=e @ TC,)

In addition to equations I-I1II,

relationship should also hold:

(€11]

the following

VT(from rearrangement) + VT(from insertion) _ [55]
p=0

Th
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Since at zero pressure all the hot Th molecules

undergo isomerization to VT.

Similarly, at infinite pressure,
L J

VT (from insertion) ) l vT (V]
VT (from rearrangement) + Th Th b Ly

since under this condition all the hot Th* molecules
are stabilf;ed to Th.
The experimental values of equations [IV] and [V]

for ([cos]/Ic,H,] = 0.20 are 1.62 and 0.48, and for
274

[EDS]/[22H4] = 0.70, 1.10 and 0.38, respectively. The

last value is in agreement with VT/Th 0.44 obtained
in a liquid phase mixture of ethylene and carbonyl

ulfide at room temperature.gﬁ

The rate constant kZa has been estimated by Donovan
et 32;117 as having a minimum value of 4.0 x lﬂlo L

mclil 5!15 Accepting this value and recalling that the

pPrimary step [lb] produces S(BP) atoms in 33% yield,
it is possible ﬁc evaluate the rate constant values
k;b' k33' k! from the present data.

With the aid of the equations below and the data
from Table III-12 it is péssible to calculate the
fraction of S(lpz) atoms consumed in reactions [2a] and

[2b), and that consumed in reactions [3a] and [3b]:

Thusp,
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(1.22-1.04) x 100
T.04

= 17%, step 2a (V1]

From Figure III-5 the zero pressure extrapolated

4’= 0.7 is 1.10, i.e.,

value of VT/Th for EGS/CEH

- Btep [3a] + step [3b] _ 1.1
o step [6] - T 1.0

Taking IVT]psD

5(132) atoms reacting, excluding abstraction, will be

+ [Th]p=0 = 2.10, the fraction of

given by
S0 2
[VTJPSQ+[Th]p§o 2.10

[VIIQ¥

To qﬁtaiﬁ the percentage of S(lDZ) atoms used up

in step [3], equation ([VII] is multiplied by the factor

(VTlpmg + (701,

'Q),x lD?
-0 ~

Thus, from the data in Table III-12,

(VT]
Step [3] = ggqﬁ

Reoy2 [VIII)

x 100

1.10 (0.84+0.86)x 1/2 x 100

210~ 2.08/7 = 43%




Now since

step [2b] = step [la] - (step [2a] + step [3]) (IX]

= 67 - (17 + 43) = 7%
the relative rate constants are

kza/kz = 17/7 = 2.4 and

b (

kga/kz = (17/43)4[C2H4]/[CDS]) = 0.4 x 1.43
= 0.5%57

assuming a gas collision frequency for the deactivation

of hot thiirane, step [5], and the falléwin%icéllisianal
' °

4.13 A, o(C,H,) = 4.23 A, and

S) = 5.2 i, ks = 2.3 x 1014 cmB ol * 5_1-

diameters, o (COS)

o(cC

H

274

The above relative rate constant ratios and the
calculated value of ks were used for iteration and curve
fitting from equations [I]-[V), from which the following

absolute rate constants were derived by i.Safarikglla

m@lil g1

3a 2 x 1013 emd mo17! g7 B
ap = 3-8 x 1012 en? mo171 8 |
-1

I
-
o
S
—
=
0
g

2p - -0 x40

L}
b
»
%]

k
k
k
k

g = 5.0x1005

The solid curves shown in Figure 11I-4 were calculated
by equation [I]) and are in ge@d‘agreement with e;périé
méntal results. It should be noted that if step [1b]

is excluded from the mechgﬁism; sﬁeady state treatment

yield at the intercept when [M] = 0,

114.



and for different CGS/C2H4 ratios predicts at zero
pressure that
(VT/Th) (1) [COos}/[CyH,) (2)

__p=0 "~ _

(VT/Th) o (2)  [COSI/IC,H,1 (1)

where (1) and (2) refer to the two different CQS/C_.;,H4

! ratios. Inspection of Figure I11I-4 shows that this,
far from being the case and therefore the above kinetic
arguments provide the most compelling evidence to date
for the occurrence of step [1b].

In order to check the validity of the kinetically ) k\s

&
#

derived value of kg. the rate of unimolecular isomerization
. ©f chemically activated thiirane was calculated from RRKM
theory by I. Safarik in the following manner_lla The

expression employed was

tp(e) (X1)

kg = k(E®) = ¢ 22

4

where EP(E+) and N(E*) represent the sum of states and
the density of states, respectively, A is the degeneracy
of the reaction path and h is the Planck's constant.

The sum of states and the density of states have been
computed by direct count, with the aid of an algorithm

developed by Rabinovitch.t1?
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The energy <E*> of the chemically activated thiirane

molecule can be obtained from the equation
= AHO (c | _ |
<E*> = AHf(C2H4)+AHf(S( D2)) AH%(C2H4S) +AEtr (XI1)

where AEtr is the translational enerdy of S(lDz) atoms.

120,121

On substitution of the values AH%(C2H4) = 12.5

-1 1 _ -1
keal mol™", AHz (S('D,)) = 92.0 keal mol™>, 4HZ(C,H,S)
19.3 kcal mol~} and BE,, = 6.0 kcal mol™1, <E*> = 91.2

kcal mol™t.

For the RRKM calculation it is necessary to adopt
a set of vibraéional frequencies for the activated
complex in order to calculate the sum of states. It
was assumed that the intramolecular hydrogen shift
proceeds.through a bicyclic structure which is depicted

in Figure III-5. The vibrational frequencies122

AN
aifigned to the stable thiirane and the activated
- v

complex are listed in Table III-21. *\j’a
The experimental A factor is not available land

the set of vibrational frequencies assigned to the
activated complex corresponds to an estimated A factor
of 1 x 1014 s—l, or an activation entropy of AS+ =

3.5 e.u. The low value of the adapted A factor reflects
tbe rigid structure of the activated complex.

From preliminary investigations on the thermal

rearrangement of thiirane to vinyl thiol it has been
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L] ’ (}’,i'

structure of the activated complex.

Figure III-5. Assumed

.



TABLE III-21

Vibrational frequencies of the thiirane molecule and the

activated camplex;lzz

v 3018.5 890.2

v 1466.0 3010.4
v, 1107.1 em™ ! v 1431.9
v, ‘ 1023.5 1060.2
633.3 cm Y 645.9
v, 3109.2 3100.6
'u7 1160.3 947.1 cm

V., ) 820.5 cm

(3) 700 cm~! (1)
() 600 cm * (2)
E(B) 500 cm L (1)
900 cm§1 (2) _ 150 em ~ (1)

118.
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e

lies in the range 55- 1

5 kcal mol ~.
According to ab initio MO calculatiaﬁslgg‘los'llé

on the ring distortion potential of thiirane, the 62

xcal mol~ ! value for E, can bring about an increase in .

the C-C-5 bond angle from 65°, the equilibrium vaiZ;,

to about 120° in the activated complex. This geometry |

would greatly enhance the unimolecular hydrogen shift;«
The computed RRKM rate constant has a value of

10 =1
-

7.6 x 107 . in reasonably good agreement with the

kinetically derived value ©of 5.0 x 101D sil.
The lifetime of the hot thiirane molecule is

rather short, of the order of .1.3 x lﬂill 8, however,

Detailed studies of S(lDZ) atci reactions with
higher alkene hsmalcgsqs have shown that no isomeriza-
tion takes place, with the possible exception of the
p:éé}lene reaction. In the higher sﬁgstituted alkene
reactions, the absence of alkene-2-thiols is explained .
. by sBteric effects which would hinéer insertion into
the C-H bond, and the non-occurrence of the Th-VT
réar:angement process. The reasan'far the absence of
isomerization in the higher alkenes is due to the

increased number of internal degrees of freedom in the



substrate: thus, Fhe vibrationally excited substituted
thiiranes have considerably longer lifetimes than the
parent hot thiirane mglecule, and collisional deactiva-
tion is 100% efficient. Unfortunately, experiments
in the fall-off region, where variations in product
distfibution as a function of total pressures would
allow detection of the isomerization process, would be
extremely difficult owing to secondary photolysis an§
other losses. |

It is probable that the analogous unimolecular
rearrangement reaction also occurs in the case of
0(102) atom reactions with ethylene and even higher
alkenes, but could not be detected because of the
instability of the resulting vinyl alcohols. Selenium
thiols could also be formed vig isomerization, however,
their thermal instability also precludes kinetic | , :
studies.

Experiments performed at shorter wavelengths did
not yield reliable quantitative results. However,
the values of (VT/Th) obtained in either the 229 or
214 nm photolyses are definitely higher than those in
the 254 nm photolysis (Figure III-4). The apparent
fall-off at low pressure in the 214 nm photolysis is
due partly to analytical product loss and partly to
fluctuations in the zinc lamp intensity.

%

Y



The increase in the relative yield of VT at shorter
wavelengths can be due to either/or any combination of
three factors:

a) The relative yield% of primary steps [la] and

[1b] are wavelength dependent. In earlier
"studies on the reactions of S(lnz) atoms with

alkanes it has been shown®°:%0

that at ) 229 nm
step. {la] comprises 74% of step [1}, viz. 67%
at 2 254 nm.

b) The excess translational energy content of the
S(lnzjiatam increases with increasing photonic
energy, with approximate valyges of 6, 12, and
16 kcal mol™! at A 254, 229, and 214 nm,
res%ectivelyi Therefore, the energy content
of the hot Th should increase proportionally,
thus shortening the lifetime of the hot cyclo-
adduct.

C) The reactive rates of insertion and addition,
steps [3a] and [3b] may depend on the excess
translational energy carried by the S(IDE)
atoms. However, the activation énérgies for
these two steps must be very small and any
effect on rate would probably be negligible.

From the calculated RRKM unimolecular isomerization

rate constants as a function of total energy (at 229 nm

=

[ ond



. Loqgll -1 -1 4 v 1pll -1
Kea = 1.9 x 1077 s77; at 214 nm, k,, = 3.4 x 10°1 871y,

and assuming that the relative rate constants for other
reactions remain unaltered, a few percent decrease in

the initial amount of S(BP) formation can be estimated

from the experimental data. -

Finally it should be noted that two rotomeric
structures of VT have recently been studied by Raman

apectfasccpy.123'l24

H H
N/
C=cC
VAN
H - s
/

H

planar syn planar anti

However, the energy difference between the rotomers is
very small, the syn-VT lying only -8 cal below the

anti1-VT.

122,



CHAPTER IV

SULFUR ATOM REACTIONS WITH ALLENE

The direct photolysis at ) = §4D nm of a mixture of
100 torr COS and 300 torr allene led to the formation of
ten products, the elution times of which are summarized
in Table IV-1l. Empirical formulae were assigned on the
basis of MS, and structural assignments were deduced from
MS, NMR, UV and IR data, depending on the compound.
Allene begins to absorb at » = 260 nm and at

250 nm, € I 1.3 x 10°° torr ¥ em~l, Hence, it appeared ™

likely that the hydrocarbon products detected ariée
from the direct photolysis of allene. As expected, a
15 minute photolysis of 400 torr allene led to the
formation of all these products, the distributions of
which were very similar ‘to those obtained from a 10
minute photolysis of 25 torr COS + 225 torr C3H4_
Subsequently, experiments ag\va:iaus 295/2354 ratios
were carried out and it was found that for COS/CyH, 3 10
the only retrievable products were the sulfur-containing
products IV, VII and VIII.

Products 1v and?VII were identified as CS, and

methylthiirane (MTh), by comparison of their gc elution

123
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times and mass spectra with those of authentic samples.

MTh appeared ‘to be a primary product and since propylene

was a detectable impurity in the allene substrate and

could not be readily removed by conventional means, it

would appear that this product arises f

— 3
5( Dy, 7P)

On the bas

5

/ N\
+ CBHE%E CHB*CH*CHE

is of the well established chemical

reactivity of sulfur atoms product VIII could be

S

CH2§Ci——CH

i.e., resulting
The major
of product VIII

and tEﬁEatiVE a

2 2

or CH,=C=CHSH

|

rom the reaction

(1]

from addition or insertion, respectively.

fragments observed in the mass spectr

+ together with their relative intensities

ssignments are:

relative

intensities fragment

125,

46
45
39

— " _ S _ _ ) _

100.0 CBEBS

, The gas phase IR spectrum of product VIII is gshown

" in Pigure TV-1.

The mstﬁr@minent peak occurs at
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1

850 cm ~. It is well recognized that the hydrogen out

of plane deformatiaﬂ;fgequency of disubstituted ethylenes
of the type R,R,C=CH, is around 890-880 cm™! and the
presence of an adjacent oxygen or chlorine atom causes

a shift to lower frequencies. 1In allene and asymﬁetrically
di-substituted allenes this band is observed at cg.

850 em™1.125 gignificantly, the medium intensity band

in the 1915-1980 cm” ! region characteristic of the
asymmetric double bond stretching frequeﬁcy in cummulenes
is absent in the spectrum: therefore, the ca::iergaf

the spectrum cannot be allene<thiol. The overtane of

the 850 cm™! band should occur around 1700 em™ !, which

is in the C=C region. Because of this it is difficult

st
to assign the expected Cgcst frequency for MeTh.

The 1

H NMR spectrum of product VIIT in CDCI3 at
-30°C is shown in Figure IV-2. The observed 2.7 Ppm
positioﬁ of the methylenic protons is not consistent
with the expected chemical shift of the =CH, (4.5-5.5

pPpm) moiety in allene thiol but on the other hand, is
91

in agreement with the ECHzi shift (2.3 ppm) in thiirane.
Moreover, this KEXZ type of spectrum is only cansiétent
with that expected from MeTh. =

It should be noted that several other isomeric
structures can be fcr@ulated for the C,H,5 adduct but
none of these can be reconciled with above spectral data

A
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which concordantly point to the methylene thiirane
Structure. The correctness of this assignment is
further substantiated by the fa;£ that S(BP) atoms,
which can only undergo cyclo addition to above bonds,
react with allene to yield the same major product (vide

infra).

2. Properties of méthylenéthiirgﬁg

The U.V. spectrum of MeTh is shown in Figure IV-3
and features three absorption maxima. The first is

fairly broad and is centered at \. = 275 nm with
PR -3 -1 -1

1
1 6.2 x 10 torr cm . The second, extending

t =

from 250 nm to 210 nm with a ma&imum at .

2
is very intense and ¢, = 0.21 torr ¥ ecm L. The third

£

¥

absorption at A 202 nm is telatively weak but is

3 -
nevertheless well defined. The second and third
electrcg}c transitions exhibit some vibratiénal struc-
ture, and in this respect the spectrum is similar to
that of thiirane (vide supra, Figure iII*l) although
the Spegtfu; cf MeTh, as expected; is shifted to laqger
wavelengths. i

In the present investigation it was noted that
MeTh is very sensitive to surfaces, especial%y to pyrex
glass and metals. Hawevéri no gas phase deccmpasitiaﬁ
products were detected, suggesting that surface polymer-

ization is predominant. Decomposition takes place on
.
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prolonged storage (in excess of 20 hours) even at -196°C.
In order to determine the half-life of MeTh, the

rate of disappearance of the large band at 231 nm was

monitored at room temperature for a few umoles of sample.

The decay results are given in Table IV-2. The rate of

respé:t to MeTh, as indicated by the plot in Figure
IV-4, with a half-life of .12 hours. One possible

decomposition product, C5,, which features a strong

absorption at ) 197.5 nm, was not detected.

1
H

3. Effects of exposure time and added CDE pressure on

.o

tgeigréduagrg;eld§i

As noted above, direct phot olysis of allene can
be minimized for COS/C4H 1, > 1Di Such a mixture at 600
and 1200 torr total pressure was photolyzed for various

periods of time and the results are summarizeéd in
Tables IV-3 and 1IV-4. At low conversions the yields
of the minor products, CSZ and MTh (methylthiirane},

were small and difficult to measure quantitat

vely,

-

hence are not amenable to kinetic analysis. Their

combined yield amounted to 9-17% of the total condensables.

The time dependence of the rate of formation of MeTh
is illustrated in Figure IV-5. The ext rapolated. rates

at zero exposure time at the two Pressures examined are
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TABLE 1V-2 AN

Decay of methylenethiirane®

~ Time b c -14

(minute)

0 1LAp~—"7N_ 4.78 2.09
5 1.76 " 4.58 2.19

30 . 1.61 4.18 2.39

et st
~J [ 8]
un wn
ol ol
L] Ll

o [
~J L8]
ey Tk
» .

W Loy
L 0
[ ] [ %
L] L]

v o] ~J
[l =

¥
oo
L0
»

Kot
%]
Rt
o
=

1597 0.56 1.45 6.88

q8p = 250

9]

;i cell path length = 10.0 cm; P = 0.88 torr;

[METh]t=D = 1.55 umol.

Ethical density.

“Molar concentration of MeTh x 10 °.

d % 10% ¢ mo1” 1,
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Plotted as a function of pressure in Figure IV-6.
The results listed in Table IV-3 also show that
added CozAhas no effect on the product yields or their

distribution.

4. Discussion

BotH' (1D2) and (°p) sulfur atoms react with allene

to yield a single product, methylenethiirane;

silp,, 3 c=c= =L 2
( DZ' P) + H, —C—CHz.-—~—’>HZC—C CH2 [2)
The expected insertion product
1 o o )
S Dz) + H2C—C—CH2 —-——*-HZC—C—CHSH . [3]

has not been synthesized and is probably unstable, both
thermally and photochemically. 1If this is the case,
however, the high product yields obtained at 1100 torr
and at low conversion (Table IV-4) strongly suggest that
insertion, if'it occurs, is a minor reaction pathway.

This result is in contrast to the S(IDZ) + C3H6
reaction where insertion into the terminal =CH2 mojiety
accounts for 19% of the overall reaction, but parallels
‘the S(IDZ) + 1,3-C4H6 system, where cycloaddition is
the only observable reaction.92

In the case of allene the longer C-H and shorter

C-C bonds, as compared to ethylene, indicate the
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occurrence of hyperconjugation, which confers partial

triple bond character to the m@iecule:lzs

ut
\ 2 -
z\gcicﬂz -— CEC’E&HE
S -
H » H

Hence, it would appear that the greater availability of
the 7 orbitals, as in the case of 1,3-butadiene, favours
the cycloaddition reaction. Because of the geometry and
polarizability of the = bonds, the orientation of
ionic and free radical additions is strongly affected
by the nature of the gr@ﬁps already attached to the
cummulene bond. Thus, in allene the central carbon is
electrophilic, whereas in te etramethylallene the same
carbon is nu§12@phi1ic.12§

At the time this Project was carried out, methylene-
thiirane had not been synthesized. Since then hawever;
two papers. appeared an_this topic.

Block et al.;lz?

employing the flash vacuum
pPyrolysis-microwave gpeetraseapic approach, synthesized
and characteri%e d MeTh from two different precursors.
Pyrolysis of either l3c or d labelled source compounds
afforded randomly labelled (betweeﬁ the thiirane ring
and the exocyclic methylene gféups) MeTh, sugges } g

a kommon, symmetrical intermediate:

-
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SXS 4 ' o
| _— D-:s ——= C,H,+(CS]
s- !
\ (4]

QL=

About the same time de Boer and :@ﬁcrkerslza

observed that MeTh is formed upon pyrolysis of a cyclic
%

carbonate:
L%/S 5 s
A2 o e\
o} (o} 0.5 mm —2 [5]
0
.
and reported the mass, ultraviolet, infrared and proto \ .

NMR spectra of MeTh. Their dggg are in excellent
agreement with those obtained in the present work.

The chemistry of thiiranes containing unsaturated
Aubstituents is interesting from both the experimental
and theoretical point of view. As noted above, MeTh
decomposes slowly in the gas pPhase and at room tempera-
ture to yield exglusively pPolymer whereas at elevated

\



temperatures allene, CEH‘ and 252 are formed. This
observation, together with Block et al.'s labelling
experiments, points to the occurrence of the tautomeric

eguilibrium,

= ) 7 5— r S 7 B
[\ a— & -— f _ [6]

. , - P —
C,H, and CS presumably arise via decomposition of

cyclopropanethione,

A ——= CS + C,H, , (7]

which is thermodynamically less stable (by 7 kcal mgl—1)127
than the MeTh tautomer. The tendency to thermal poly-
merization at moderate temperatures parallels the
reactivity of allenethiirane.l}’ |

The energy content of the initially formed hot MeTh

can be calculated from the relation:

ks o= AH® ( M He (g (1 - efe y © A {11
<E*> = AHE(CBH4) + AHf(S( DZ)) - be(CZHQS) + AEtr=II]

»

Using the following thermochemical dat346’129
e " e A€ 1 benl wmq=1 10 1y .« o9 . D B
AH§(23H4) = 46.1 kcal mol ~; AHE(S( DZJ)- 92.0 kcal mol ~;
H2 ( = = 47 ko moc —la = 6.0 kcal 5171 (where
AHE(CBHIS) 42.1 kcal mol “; AEtr = 6.0 kcal mol (where
E . is the translational energy of the singlet sulfur

atom) <E*> = 102 kcal m@lélg This energy is more than

141.



sufficient to bring about isomerization or bond cleavage
but these reactions do not appear to be significant in
the pressure regime studied here, most likely as a
result of the increased number of vibrational degrees

of freedom (as compared to the CZHQS case) which confer
a certain degree of stability to the excited MeTh
molecule. Thus, on the one hand, the 252 vields,
although erratic in some cases, do not appear to be of
primary origin, and on the other, the MeTh yields appear
to be pressure degeﬁdent‘(?igure IV-6). It is suggested
that most, if not all, of the CSZ arises as a consequence
of secondary photolysis of MeTh, in a manner analogous

to the high temperature thermal decomposition:

&

s s~ s ‘
/ \ + hv P/:‘i\ -— ii — (5 + CEHS . [8]

e Boer and coworkers have suggested that, since the
130

\U\

reactivity of CS is similar to that of carbenes,

CSZ could form from the reaction

s . \
cs + [\ —= Cs, + C3H, [9)

by analogy to the general carbene + heterocyclopropane

reactiéﬂsglao

Unfortunately, a specific search for C,H, was not

carried out in the present investigation.



The photochemical behaviour of MeTh. is similar to

115

that of allenethiirane in that both feature CS bond

Cleavage; the end product of the latter decomposition

is thiophene and hydrogen:
s ¥
/\ . L] )
(Z!-I:f(;':!si-CH—C;?H2 + hv “—EECHECHECH—CHES [10]

’ . » — | % — o
CH=CH-CH-CH,S - ——uw (/ > —{ \*H, [11]
s’ 'S ’

In both cases however polymerization is dominant
praces§;§iﬂ .

As nc£e§ above, allene is also a product of the
thermal decomposition of MeTh. Although it is possible
that step [9] contributes to some extent, a more plaus-
ible pathway for the formation of allene wduld be vig

bimolecular desulfurization. This suggestion is based
112

by analogy with the thermal decomposition of thiirane,

‘and its simp;e alkyl substituted derivatives, which have

-

been shown to afford the corresponding alkene and
elemental sulfur through the intermediacy of the triplet

state. Thus,

MeTh ————+ MeTh (T,) . (12}

MeTh ('I‘l) + MeTh ﬁa,ﬁ-zczH‘ + 52 - ~ {13}
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This competing pathway very likely takes placé in
photolysis as well.

It is interesting to note that the phatachemicallos
and thermal decomposition of thiirane and its various

CHy, c2H5 and C3H7 substituted derivatives all proceed

via the intermediacy of the triplet state.to yield the

corresponding alkene and sulfur, yet the presence of .

an unsaturated substituent leads to the occurrence of
competing pathways involving isomerization, C-C and
é-s cleavage. More deﬁailed studies on the latter
systems would be interesting from both the experimental
and theoretical point of view.

In contrast, methyleneoxirane has not been isalaﬁéd

131 the reaction products

from éhe O(3P) + C3H‘ reaction;
are CO (57%7), C2H4 (38%) and acrolein (1%) and the

following scheme was proposed:

o

3 . o
H,C=C=CH, + 0(’P) —— H,C=CCH, [14)
,CH,
—. *0-Ce (15)
' - \cu
o° . : 0
o . /é )
H,C=CCH, — [H,C=C-CH,]* . (16]

~————= H,C=CHCHO : 17
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[18)

(19]

[21]
Hzc—cﬂ, -C=0 ————— H,C=CHCHO [22]

2

The later experimental results of Lin et azils are

consistent with the above mechanism. This scheme is

completely analogous to the case of the S + CyH, reaction,

but because the relative stabilities of the isomers are

’

reversed the final products are different. Thus, simple

thermodynamical calculations predict that cyclopropanone

is 21 kcal mol™! more stablel3! than methyleneoxirane

(cyelopropanone polymerizes readily at room temperaturelSl)

whereas cyclopropanethione is less stable than MeTh by

7 kcal mo1~1, 127



The relative rate constant for the allene + D(BP)

reaction was reported by HavellBl and absolute rate

parameters were determined recently by Cvetanovic et al.?ss

k., = (1.8 ¢+ 0.41) x lDlQ exp [*187§T54 Eal] ) mgiil 551_

14
At room temperature (298°K) kj, = 7.7 x 10° ¢ mo1™! 571,

The analogous rate constant for the S(BP) + C4H, reaction

has not been measured, -but considering the well established

general trends46 of the S(BP) atom reactions with

alkenes, it is possible to estimate the rate parameters

n

for this reaction. Thus, the rate constant value sheulé
be in the range (2-4) x 10° % mol~?} 5-1, and the activa-

The cycloaddition reaction of sulfur atoms with
C3H4 to form MeTh appears to be characteristic of
cummulene systems in general. Thus, S(lDE) atoms

react with methylaliehe to yield the two possible

thiiranes as major pr@éucts;lza
{
s - S
LN 7 Y
CHB!CH!—C !Cﬁz CZHBﬁt;‘!!-lﬂ:—f-(';!!{2

in comparable yields. 1Insertion into the CHB moiety
also takes place, but to a much lesser extént; Thus,
the reactions of S(IDZ) atoms with cummulenes constitute
a convenient and nearly quantitative method of

synthesizing the novel series of unsaturated thiiranes.



It should be noted that the first substituted

allenethiirane was synthesized by Middletoni34 in 1969
from the following sequence,
CF _ .

3 4 N==N

\zgésﬂc? ) ~CN.—= (CF.) Esé t‘i‘(EF ) Reflux -

//’1 T 322 32NN 32 3-4 hours
CF S ’ atm press.

3

‘ s
) 75\

(CFB)ZCECﬁ!i—C(CFB)2 + N,

and in 1976 Hortman and Bhattacharjya deseribedl35 a

general synthetic foute for the preparation of a number

of substituted allenes involving the pyrolysis of \l
alkali metal salts of thietanone tosyl hydrazones:
= 4+ .+

N-N-TS (Na , Li ) R R

R R R i R
AN I R\_IAZ\R

R . R ./ R s

S = S

where R = CH,, CZHS‘ These substituted methylene

thiiranes are stable compounds. Neither of these methods

however, led to the synthesis of parent MeTh.

/
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CHAPTER V
REACTIONS OF SULFUR ATOMS WITH ALKYNES
Results

A. Reactigns of sulfur atoms with acetylene

1t %

1. Reactions of 5( Dggfgt@ms withfcfgi_ggr;égjg

The products were the same as those reported

pfeviguslyiSB i.e., beﬁzene, thiophene and CS,- The

. &G
product yield and distribution under the present condi-

tions is given in Table V-1. The effect of temperature
on the product yield is significant when compared to
o= = (Tf‘
the exploratory room temperature study:93 the product
in terms of total sulfur atoms formed.
fi

2. Reactions af,sg%E) atam;_with'Q;H— at 144°

#

i1p]

The total product yield in this system §he:e all s
atoms are deactivated to the S(BE) state amounted-to
only 4.7%, Table V-2, in terms of total sulfur atoms
formed, which is comparable to that obtained in a previous
room temperature studyg93 It appears that both S(lbz)

and S(BP) atoms lead to the same products.
]

148



TABLE V-1
Product yields from the S(lDz, 3?) + C2H2
reaction at 160°C.£
Product Yield % Yieldb
(u moles)
Carbon disulfide : 0.426 81.5
Benzene 0.124 ll.?c
Thiophene ’ 0.041 3.9
Total 97.3
0

24X > 240 nm; Photolysis time = 4.0 minutes; RCD = 0.726

r

umol min-l- P(C2H2) = 240 torr; P(COS) = B0 torr;

Pin terms of total sulfur atoms produced; chio-lﬁs umel min

cassuming that one S atom leads to the formation of one

benzene molecule.



TABLE V-2
Product yield from the §(°P) + C,H, reaction

at l44°c.?

Product Yield % Yieldb

[
[V, ]
(=]

Carbon disulfide _ 0.040 : 3.4
Benzene 0.0182 0.8°
Thiophene 0.0118 0.5
zotal . ey

S

2\ > 240 nm; Phétgiélis time = 20.0 minutes; P(COS) = 40

', H = 20 D 1 ; - 1 C rr: rY = ( L
torr,'P(Czﬂz) 120 torr; PCDE = 1400 torr; RCG = 0,325
pmol‘min'ls RED = 0.208 umol minzli

bin terms of total sulfur atoms produced;

cassuming that one S atom leads to the formation of one

benzene molecule.



B. Sulfur atom reactions with 3,3,3-trifluoropropyne

l. Products of the reaction
)
/

Photolysis of a mixture of 480 torr C3HP3 and 80 torr

COS at 150°C led to the formation of eight products, the

structure, relative yields and modes of identification of
which are presented in Table V-3. With thé exception of
2 none of these products have been reported in the litera-
ture. Their mass spectra, together with the 19F NMR

spectra of the major products 4, 6 and 8 are given in

Appendix B.

a) Product 4.

The mass sﬁectrum featured the parent ion (M+ = 282)
at a relative intensity of 87.6. The lgF NMR spectrum
consists of a single peak at 99.35 ppm, which resolves
into a complex quartet under high resolution.

The U:V.‘spectrum of 4 consists of an absorption
maximum at 201 nm and a less ’ntenée one at 272 nm.

IS

These features are similar to those of the U.V. spectrum

reported by Barlow et al.l37

for hexakis(trifluoromethyl)-~

benzene in n-pentane, which has an absorption maximum

at 212 nm. - .
The proposed structure (Table V-3) of 4 is consistent

with the above spectral properties; moreover, by analogy

gt
’
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93

with the s + C,H, reaction, " 1,3,5-tris(trifluoromethyl) -

272

benzene was expected to be a product of the S+C3F35 system.

¥

b) Product §.

e intensity of the parent ion (M

The relativ 282)

v
is 98.1. The lSF NMR spectrum featured two peaks integrat-
ing into 2:1 at 99.81 and 96.06 ppm, respectively

indicating that two equivalent and one nonequivalent CFB

4]

roups are present in the molecule. High resolution of

r Ts]

he first peak_at 99.81 ppm led to a very complex pattern
but the other one remained a broad single peak.
The UV spectrum features three absorption maxima, s
a strong one at 203 nm and'twa weak ones of equal
intensity at 263 and 269 nm. Tﬁé first absorption is

n agreement with the value ), 202.5 nm reported by

1
Barlow et gZi,137 for hexakis(trifluoromethyl)dewar benzene.

1]

it

Moreover, exposure time studies have shown that 8 is a

structure is the most reasonable one.

¢) Product i;

' .
. . . . +
The mass spectrum features the parent ion (M

220)

as the second most intense peak, with relatige intensgity

of 98.0. The UV spectrum of this product features an

absorption maximum at X = 226 nm. This absorption is

|



common to all CF3 substituted thiophenesgB’log examined to
| 4
date and may vary by :2 nm depending on the degree and type

of substitution.

19

The F NMR spectrum yields two single peaks of equal

intensity at 99.66 and 103.65 ppm. Under high resolution
both peaks giVe'rise to complex doublets. Since the ls?
NMR and UV spectra of 2,3-bis(trifluoromethyl)thiophene,

which has been synthesized,93'109

differ from the ones
described above, therefore the only remaining reasonable

structure for 6 is 2,4-bis(trifluoromethyl)thiophene.

d) Product 7.

oy
toi
The parent ion (M+ = 152) is the most intense peak e

in the mass spectrum. In the UV spectrum a strong
absorption occurs at X = 224 nm and a weak one a¥;k =

*

272 nm, ‘in good agreement with the UV spectrum obtained for
2,3,4-tris(trifluoromethyl)thiophene (vide infra). The 19
NMR spectrum of Zryields a single peak at 100.29 ppmi

This chemical shift is gonsistent with that observed for

6 (99.66 ppm). A careful study of all the available
19F-NMR spectra of various CF3-§ubstituted thiophenes
strongly suggests  that the high field shifted positions,
(i.e., 99.66 ppm as compéred to 103.65 ppm in 6) correspond

to a CF, group adjacent to the sulfur atom. Oh this



basis 7 is tentatively identified as 2-trifluoromethyl-

thiophene.

e) Product 5.

\

The mass spectrum again yielded the'parent ion (H+ =
220) as the most intense peak. The UV spectrum shows
one maximum X = 226 nm, suggesting a substituted thio-
phene. Since the 2,3- and 2,4-isomers can be discounted,
this product is therefore either 2,5- or 3,4-bis(trifluoro=

methyl)thiophene.

f) Product 1. "

Product 1l was only obtained in trace amounts, but
its MS fragmentation pattern (Appendix B) is consistent
with the 3,3,3-trifluorothioketene structure. The
molecular ion (M' = 126) signal has a relative intenéity
of 74.4. The (M-32)" signal, of relative intensity 37.2,
likely corresponds to the loss of a sulfur atom. Tpe
most intense peak (M-51)* may be associated with the
loss of S and F atoms. This type of fragmentation pattern

-strongly militates against the CF3-CSC-SH isomeric structure.

2. Effects of added C,Fe

A 1l:1 mixture of PFB-2 and 3,3,3-trifluoropropyne

and COS at a total pressure of 680 toyr was photolyzed



l

at 1$D‘C for 60 min. The absgrveﬁ p:édusts; together
with their relative distribution, are given in Table V-4.
,One of the major products, 9, has not been reported
in the literature. 1Its mass spectrum yields the parent
ion (M* = 288) as the most intense peak. The UV spectrum
features a strong absorption maximum at 226+nm and a

weak

rcne at 272 nm, in close resemblance to the UV
spectrum of 2-trifluoromethylthiophene, described above.
Its ISF NMR spectrum consists erthree peaks of equal
intensity, indicating that three chemically distinct

CF3 groups are present ig the molecule. Under high
resolution the peak at 105.02 ppm yields a complex
quartet, the peak at 103.26 ppm a quartet, and the thira
peak at 101.57 ppm also resolves into a set of guartets.
On the basis of the above spectral data and those of -

'similar systems’3'10?

it is reasonable to assign the
2,3,4-tris(trifluoromethyl)thiophene structure to 9.

The other major product of this system is PFTMT, s
10, and its properties will be described later. Products

11 and 12 were only formed in trace amounts and hence
could not be zharacteri:ed. The tentative stguctures
given in Table V-4 are based partly on their MS and
partly on kinetic considerations (yide infra).

The yields of 6 and of 8 were very small. The
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—
Ln
o

and the unknown compound glwére demonstrably absent.

3. Effect of added C

2H>

Photolysis (60 min) of a mixt}re of 510 torr CBHFz’

., 170 torr C,H, and 80 torr COS at 150°C yielded no

additional products, but it was observed that the product
yields were considerably lower than those obtained in the

L

absence of C2H2.

4. Effect of temperature

The yields of all the major products were higher
at 150°C than at 25°C but their relative distribution
.8 )
was unchangell, indicating that all the observed products
. [ 3

are thermally stable.

C. Sulfur atom’ctions with perfluoro-2-butyne (PFB-2)
<

In order to assess the absorption characteristics

3
of the substrate at room temperature, the gas phase UV

spectrum of 422 torr PFB-2 was obtained. Absorption begins

about A < 250 nm, becoming quite strong below 235 nm.

6 4 torr™! em™t at 228 nm.

€ ~ 5 x 10 ° at 240 nm and 1.7 x 10

G.c. analysis of a phq;olyzea sample (60 min) of
500 torr C4F6 showed no sign of products, as expected,
owing to the very small extinction coefficient at the

effective photolyzingdynvelength (>240 nm).



I. High conversion experiments

a

Photolysis of 480 torr C,Fe and 280 torr COs fo
192 min. at 25°C led to the formation of ten products, :
the elution times and tentative structure assignments of
which are listed in Table V-5. All pertinent MS, lQF

NMR spectra are given in Appendix B.

1. Spectral and thermal characteristics of the products

a) Perfldorctetg;meggylthi@phang7;9”(P?TMT)

The preparation, spectral and thermal properties of
;8 have been described by Efespanglgg It absorbs from

180 to 258 nm, with two unresolved maxima of approximately

226 and 239 nm. At 240 nm & <

n

equal intensity, at A

0.36 torr t em™l. It should be noted that the absorption

maximum at 226 nm is characteristic of all trifluoro-
methyl-substituted thiophenes and therefore is useful

for identification purposes. PFTMT is thermally stablelos
and can be handled at higher temperatures without
observable loss.

L

b) Perfluorotetramethyldewar-thiophene 13. (PFTMDT)

138

PFTMDT (13) was first reported by Heicklen et al.

Its UV, MS and 19? NMR spectra have been des&ibed in

detail and the former two are identical to those of

159.
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product 13. The MS gives the parent ion (M = 356) as

the second most intense peak atiSQiD on the relative
.scale. The gas phase UV spectrum of PFTMDT features two
maxima At 247.5 and 336.5 nm, with corresponding extinction

coefficients of 1.3 x 10 2 and 2.7 x 10°° torr !

em™ L,
respectively.

At room temperature ;3 1s stable; its conversion
to PFTMT at higher temperature was described by Kobayashi

139

et al., but the uncatalyzed reaction rate is very slow

even at 160°C (11/2 ~ 5 h in benzene).

c) Compound 14

The structural assignment (Table V-5) for this

compound was made partly on the basis of kinetic considera-

tions and partly on the basis of its MS and 15? NMR

spectra, listed in Appendix B. The MS gives only a low
intensity peak (7.5) for the parent ion (M' = 550). The
lgF NMR spectrum consists of four single peaks which
integrate in the ratio 2:2:1:1. The high resolution
spectrum leaves the low field peak at 109.70 ppm unresolved
(integration 2), resolves the second peak at 103.19 into
two similar complex structures (integration 2), the

third peak at 99.74 ppm leaQS to a very complex structure
(integration 1) and the high field peak at 87.00 ppm is

again resolved into a very complex structure. This



product appears to be unstable in the gas phase at room
temperature, and disappears after several hours without

forming any recoverable products.

d) Perfluoro 3,4,5,6-tetramethyl 1,2-dithiin (1 )

H‘
\I—‘

en

itive

This compound is thermally unstable and
to surfaces. When a gaseous sample of the dimer 18 was
stored in a qguartz cell at room temperature for about
16 hours it has decomposed completely. Gc analysis of
the d&composition products showed the presence of PFTMT,

PFB-2 -and a very broad trailing peak having variable

lution times (7 to 15 min). Storage at -196°C in a

]

quartz tube for about 14 hours effected 50% decomposition.
Only very small amounts of PFTMT and PFB-2 were detected,

and the broad peak was absent.

The relative intensity of the parent ion (M 388)
L=

of 18 is 111 defined; the

@

is only 39.5. The UV spectr

weak absorption range is between -.280 to 190 nm, but

features at least one maximum at 250 nm. The 19F NMR

spectrum of 18 (Appendix B) shows the presence of two

equivalent pairs of CF, groups at 108.47 and 99.45 ppm.

3
Under high resolution both peaks yield complex spectr
The FT-IR spectrum (in Argon matrix at 10°K) features
a weak absorption at 1600-1650 cm‘ﬁf suggesting the

presence of a double bond in this molecule.

*



Oonly 1,4-dithiins have been reported in the literature
but in the photolysis studies by Zeller et al.l4o'14l on
substituted thiadiazoles‘the transient existence of
l,2-dithiins was postulated in order to explain the mode
of formation of some of the products. The 1,2-dithiin
structure for product £§ is consistent with the above

spectral data and also with kinetic mechanistic considera-

tions (vide infra).

e) Trimer {Z

The mass spectrum features only a low intensity

+ 19F

signal 9.3 for the parent ion (M = 582). The NMR

spectrum consists of six line; of equal iﬁtensities at
106.38, 106.04, 101.93, 98.61, 97.88, 89.21 ppm. The
high resolution spectrum is described in Appendix B.

The UV spectrum of ;Z shows continuous absorption
from 190 to about 320 nm, with severlal maxima of comparable
intensities at A = 208, 225, 244, 256, 288 nm.

The FT-IR spectrum was obtained®in an Argon matrix
at 10°K and a weak absorption was observed in the region

1

1600-1650 cm ~, which may correspond to the ~C=c_

sﬁretphing frequencgy.
On the basis of the molecular weight and the 19F NMR
spectrum which shows the presence of six upequivalent

CF3 groups, the most reasonable structures for this
»

) -
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product are ;1? and ;19 (Table V-5). Although a more

definitive structural ass%gnment cannot be elucidated

at this time, mechanistic considerations (vide infra) .

tend 'to support the unsaturated isomer, {19. 1
Gc analysis of a gaseous sample of ;], stored 1in a

guartz cell for about 16 hours at room temperature, showed

the presence of PFTMT, and traces of undecomposed trimer.

No products could be detected after storage in a gquartz

tube at -196°C for 48 hours, however the original peak

s;ze decreased by about 30%. Therefore, the trimer i§ a

fairly stable compound at low temperature.

f) Compound 21

The parent ion (M+ = 420) is a medium intensitz
signal (37.9) in the mass spectrum of %}.

The 19

F NMR spectrum featured two signals of 1l:1
integration, hence two sets of equivalent pairs of CF3
groups are present in the molecule. High resolution
yields two sets of very complex spectra at 103.50 and
101.00 ppm respectively.

Additional support for the structure assigned to 21,
given in Table V-5 on the bas}s of molecular weight and

19

the F NMR spectrum comes from kinetic mechanistic

considerations (vide infra).



I

21 for several days at 25°C in a

L

Storage of product
quartz tube effected no appreciable loss, therefore, it
appea;; to be thermally stable. 1Its thermal stability
at higher temperature¥® was nc‘investigated.

The remaining products of the high conversion
experiments, ;ég %E, 19 and gg were detected only in
very small amounts and because of their thermal and
surface instabilities it was not possible to characterize

them further.

2. Effects of exposure time on the product yields

The éepenéence of the product yields on exposure
time is listed in Table V-6, and illustrated in Figure

%

V-1, from which it may be seen that the PFTMT vield
gradually decreases with time while that of PFTMDT and

‘the trimer 17 gradually increase. The other products,

14, %é, 19, 20 and 21, were not detected in the first

5 min, and formed only in traces at 30 min photolysis

At longer exposure times (192 min, see Table V-5)

the following general trends were observed:

a) A near correspondence between the rate bf

increase of 13 and the rate of decrease of 10,

Lo

suggesting that the former arises from photo-

conversgion of the major product PFTMT, 10.
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b) The yield of compound ;i increased slightly.
c) Several large and unresolved peaks appeared at
‘elution times corresponding to those of the
“ trimer 17 and dimer 18.

P

d) Trimers 19 and 20 were detected at elution
times 98.0 and 124 min, respectively. The
trimer 19 yield remained unchanged as compared

to the 60 min experiment.

m

e) Trace

o
e ]
e
0
2
3
o)
o
ot
n‘
jo'
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L
M
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m
m
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m
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)
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at 156 min. Its yield is strongly time
dependent.
The effect of exposure time 1s negligible for the

case of products 14, 15, 16, 18, 19, 20.

S o _— L d st

3. Effect of C,F. pressure on the product yields

A mixture consisting of 480 torr C4Fg and 280 torr
COS was photolyzed for 46 min and the yield of the
trimer 17 increased approximately two-fold as ‘compared

to that from a mixture of 240 torr C,F. and 280 torr

COS (46 min photolysis time). Thus, the yield 17 is

L)

not only a function of exposure time but also of PFB-2

concentration. Assuming equal detector responses the
S ,

major products were formed in the ratisd 13:17:18 = 1:1:1.

Lo

4. Effect of COS pressure on the product yields

Photolysis of 80 torr COS and 240 torr C‘FE for 36 min



L}

B

1%
-

3, 16, 17 and 18. 17 and

led to the formation of 10, 16 L8
£§§yéré formed in a 1:1 ratio but 13 was formed in only
small amounts. When 200 torr COS was added to this
mixture and photolyzed f@f 16 min the dimer yield doubled,
and remained unchanged at longer exposure time (46 min).
Only small amounts of trimer %Z were detected for the

16 min photolysis, but longer exposure t%pe (46 min)

greatly enhanced its yield tapproximately six-fold increase).

54 Effegi,gf added PFTMT on the product yields

Photolysis of a mixture consisting of 480 torr C4F6 B
and 280 torr COS5 in the presence of 26 umol PFTMT led to
the following results:
a) A dramatic, 25-fold increase in the yield
of PFTMDT, a clear indication that this
product arises from secondary photolysis of
PFTMT.

b) A substantial increase in the yield of compound

&

c) A 35-40% decrease in the yield of trimer 17

and a slight decrease in the yield of dimer 18.

6. Secondary reactions of

a) Reactions with S atoms 7

In order to more clearly define the possible secondary

reactions of 10, 300 torr CO§ was photolyzed (40 min) in



170.

the presence of 35 umol PFTMT. The major reaction
product was identified as compound Z} (Table V-5).
Small amounts of 13 and traces~of—qn unidentified
céﬁpound (possibly an isomer of (C‘FGS)Z) were also

detected. —_—

b) Reactions with CiFe

O
. Photolysis (40 min) of a mixture of 300 torr C4F6
and 35 umol PFTMT led to the. exclusive formation of ;3.

The original concentration of 10 was depleted by half.

7. Effect of temperature on the prodﬁct yields

In order to examine the thermal stabilities of the
products the photolysis (30 min) of 80 torr COS and 240
torr C4F6'was carried out at 160°C. Only 10 and lé

were detected in increased yields as contpared to room

dﬁ"

+

temperature experiments.

II. Low conversion experiments

Under conditions of low conversion (cf. Figure V-2)
the only sulfur-containing product is PFTMT (10). The
following series of éxperiments were carried out in

order to shed light on the nature of the primary processes
: /

leading to the formation of this compound.

}

-
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1. Effect of PFB-2 pressure ‘ S

* -

The data are listed in Table V-7 and illusttated in

[

the

[
iy

Figure V-2, the most striking feature of which
very shallow decline in the CO yields, which do not

;appra;ch C0°/2 even at 1300 torr pressure. This is 1in
marked contrast to the suf!ﬁr + alkene systems, wherér

the CO yields initially decline very rapidly with

increasing alkene pressure.

2. Effect of the CDS/C,iéiggt;q |

-

As may be seen in Table V-8 and Figure V-3 the
PFTMT yielS:;£ sensitive to the butyne/carbonylsulfide

is expected to

relative concentration of C,Fg+ however,
L] b N \ !
curve and eventually.level off at higher butyne pressures.

3. Effect of total pressure -

The results of this investigation are shown in

Table V-9 and Figure V-4, where it is seen that increasing

the total pressure from 200 to 1200 torr effects a small

but definite enhancement in the PFTMT yield.

. *

4. Efféct of added CO

2

[

n the presence of increasing pressures of €O,

which has been shown to deactivate S(ID) atoms to the

.

e
~J
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ground ( P) state, thé PFTMT yield gradually decreased.
to a limiting value of ab@ut l4% at 3400 torr, as shown
"in Figure V-5. No new éféducts’were detected. At this

oint C was gradually added to the mixture in order
P Fg

*

to see whether the PFTMT yield was sensitive to the

COS/C,F ratio: uhd

- _ R - = .
has only margigglly increased to 18%, in sharp contrast

[
la
[ng

hese conditions the PFTMT‘yield

7 E
to the case where (lDE) sulfur atoms were the reactive

[

species. The pertinent data are Hiven in Table V-1

and illustrated in Figure V-6,

5. Effect of temperature

Blank experiments showkd that PFB-2 and PFTMT arer
stable at 160°C and moreover, allowing the photolyzate
to remain standing for 3 h@urs at room temperature, did
not affect the product yields.

The efﬁé;t of temperature is shown in Table V-12
and" 1llustrated in Figure V=7 where 1t is seen that the

PFTMT yield increases with increasing temperature and

at 120“C‘rea¢hes 100%, in terms of sulfur_ atoms produced.
Beyond this temperature the yield is 1C.% regardless of
pressure and relative COS- CgFE concentrations. ' Upon
prolonged phct@lysisxat this temperature the PFTMT yield
is drastically reduced and a small amount of PFTMDT was

detected. s

L

178.
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The above éxperiments were also carried out in the
presence of a large excess of CDE in order to dellﬁeate
the reactivity of 513P) atoms and the results are alsa
illustrated in Figure V-7. As compared to the results
in the absence of CO,, the PFTMT yield appr@éﬁhés 199t
at a slightly higher temperature, about 146°C. The

pertinent

6. Effect of ad;\B\CEH S
_oi\add

I"-u..'l

-, Sulfur atoms react with mixtures of 22 2 and PFB-2
to yield PFTMT and 2,3-bis(triflgaraméth 1) thiophene
{b-TFMT) as major pEESPCEs' together with traces of a )
symmetrzdigal ‘-bis(trifluoromethyl)thiophene (2,5 Z??a 4)
and CSZ‘ Benzene and thiophene were demonstrably absent.

The effects of acetylene pressure and of témgeratgre

and V-15, respectively. . .
The addltlan of small amounts of C, oH, leads to a

large 1n1tlal decrease in the PFTMT yield at both

B

temperatures, then with increasing CEH2 pressure the

PFTﬁT yield gradually deCreases while that of b-TFMT

gradually increases. Temperature has a s;gnlflcant

effect on the yield of both of the -praductsz at 130°C

that of PFTMT increased about three-fold and that of

b-TFMT, over ten-fold. \

-
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Discussion 8

1. The primary adduct

&

MO Ealculati@nsaz‘Bs have shown that the primary

) ,
adduct of the gas’ phase reaction of S(lDz) with acetylene
can be 4n-n antiaromatic thiirene, formed along a spin

and orbital symmetry allowed path| i.e.,

' .
= S v T
— L\ (8p), (1]

singlet state thioformylmethylene,

s(tp,) +

s  J

5(11:»2)- + = ——— (HC=CH be—s HC-CH) (8;) (2]

—_—

(which may also be formed from opening of the thiirene ring,
,S, . ﬁ -
;L—;l ——= (HC=CH <— HC-CH) (S,) (31)

o Y

or ethinylthigl, formed by insgertion of the:s(lpz) atom into

the acetylenic C-H bond; +

———= HC:=C-SH (4]

., 1 ,
S("D,) +

In the case of the S(BE)-+ acetylene reaction only the
formation of ground triplet state thioformylmethylene is

a spin and symmetry allowed process:

'S s
—-j"‘ﬁl ¥ " ,
—= (HC=CH HC-CH) (T,) [5])

s(3p) +

189.



From the calculated relative thermodynamic stabilities
(Figure I-S5) of these isomers it can be seen that [1]-(5] -

are exothermic reactions. ot
L]

Although theoretical calculations are not available
for the s + H-CEC—CF3 and S t CF3CECCF3 iystems, ;t will
be asgumed that the allowed reaction paths and primary
adducts are completely analogous.

The transient existence of thiirenes as intermediates
in the low temperature matrix photolyéis of 1.2,3!thia——i
diazoles and thioxocarbonates has been well éﬂcumentEESE’lﬂz .
agd‘it,has also been shown that the stability of CF,-
substituted thiirene is markédly enhanced. The gajaz y
mode of decay of thiirene is ring opening to form {f
thioformylmethyléne, which subsequently rearranges to [
thiokgtene:

S ) -8

RI\A""Rz —_— RlC-CR2 —_— Rlngcf&s [6]

This reaction is however inoperative for Rl = R, = EFB

because of the low migratory -aptitude of the CF. group.

3
In this case, sulfur extrusion has been observed:
$
F3C\A——CF3 —— CF,-CZC-CF, + S [7)

For the case of parent thiirene and methylthiirene

rearrangement to ethynylthiol and methylethynylthiol

v
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constitutes an alternatl\ive pathway:

where R = H, CEB.

thiirenes have been

shown to undergo concerted addition across the triple .

=

bstituted C-S side, ..

|}

bond, prefefentially on the

b )
-

R
| s

YA -
[+ A;;¥ﬁ — R s - 7 (9]
l .

R

E

In the S(lDE) + alkyne systgys steps [1] and (2] may
occur in parallel and in competition; alternatively,
either one may be predominant buE on the other hand both
species may be present since the following rearrangement
can take -place:

S L] 5
RCCR(S,)* — RE e CR ——— Régﬁ(sl) [10)
Returning briefly to the ph@télyti: studies carried

out on 1,2,3-thiadiazoles + alkyne systems, strong
evidence has been presented to the effect that the reactive
intermediate in the thiophene-forming reaction (9] is

the thiirene and not the thioketocarbene isgmezggs By

L4



analogy it wiil therefore be assumed that the reactive
intermediate in the S(}Dz) + alkyne 4systems is the
thiirene structure.

The possible occurrence of direct ;?;ertisn; step
(4], cannot be verified since ethynyl thiols are expected
to be thermaly and photolytieallyégngtable in the gis
phase/ Since, however, it has beaé shown that.S(lDz)

.
atofis dd”wot ingert into the C-H bonds of allene, (Chapter

IV) it seems even more likely that the greatdr accessibility

of the triple bond in the case of alkynes 11d favour

-

addition over insertion.
The following brief general comments and p£édietigns
can now be made for the S(lDz) + CZH2‘ HCECCFS and

F CCECCF3 adducts: -

3 S 7

i) A;;§can undergo'rearfaﬁQEEEﬁt !; ethynyl thiol and
hence to thioketocarbene, or condensation with CEH;
to form thiopheng. In fact, small amounts of
thiophene were detected along with Cs,, a photolysis
product of thioketene. An additional, as yet
unknown, mode of decay of EEHZS in the presence of

acetylene leads to the formation of benzene.
L] .
)
ii) Aﬁ;éb,;CF3 can in principle undergo the same reactid

[o]

as Czﬂzs and should be more stable with respect t

polymerization. Accordingly, traces of 3,3,3-tri-

fluorothioketene were bbserved and the correésponding




-
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substituted benzene and thiophene ;ﬁelds wvere

c0381derably enhanced as compared to the S + CZHZ

sy’stem.

S

iii) E C\;é;lx,CF3 can only decompose to yield C,F. and

S, or undergo addition to the triple bond of C4 6 Thus

at low conversions PFTMT is the only observable product
in 46% yield‘under optimal conditions. The absence ‘

of substituted benzed%s may indicate that the
)

benzene-forming ability of Czﬂzs and C3HF3S depends

on one or more group migrations along the reaction

t
sequence. \Alternatively, steric efgects may play
S/
a decisive role in the fprmation of benzenes.

b4

Since the S + C‘F6 reaction has been studied in

greatest detail, its kinetic-mechanistic features will

2.

‘now be delineated.

U

Mechanistic details of the § + QAEG reaction

The sole retrievable product from the reactions of

sulfur atoms with C,F_ is PFTMT, at low conversion,

4 6

regardless of the spin state of the sulfur atom. This

result parallels the S + C4H6‘1,4 and S + C3H4 reactions.

(Dithiin £§ and the uncharacterized product 15 appear to '

be primary products, Figure V-1, but their yields are

N

neqgligibly small). The yield of PFTMT at room temperature

<

A



however is substantially higher,

5(1D2) atom precursors as compared to S (

(-30% of the total) for

3p) atoms (15-18%).

Increasing the total pressures has only a marginal effect

on the product &ields. hence there are no unstable

intermediates requiring pressure stabilization.

The many possible primary reactions
photolysis of COS in the presence of c,F

as follows:

oS + hv ——= co + s(p,)

[

ensuing from the

6 can be summarized

194.

-

——=CO + 5(°P) 2338 [11b
s<l32); 5(132) + COS ——=CO + 8, (12]
s
| S l _
F3CEA_CF3 + CFe — ’Z:X (54) (14a) .
s .
F c=—é£;>¥—* , - . F.C i C-CF. (s [14b]"
F4C CF, = FyC-C-C-CF; (5;)  [14b]
i ]

FBC—g-ECfg (s,) t C,Fg — ] (Sg4) (15a)
FBCiC—Ei}EQ f’l) + CiFS ———— polymer [15b]
S =i S-ﬁs -

\ .
=,



»
si3py: s3p) + ¢

Fg — F4

) - (17
(18]

(Tl) »[193]

— - polymer © [19b)

l
|
0}
3

Also intersystem crossing in the carbene

s
I , e _ -
F3c—C!C—CF3 (TQ) EFSC-C-CECFB (51) [21)

can be expected since the Tgéslrene:gy sepa:at;Z;%Z:%\

simple carbenes of the type RC-CR (X = 0, S, NH) is small,
of the order of 5-6 kcal mol +, 102,142
In the presence of excess QGZ the relative reactivity

of s(’p) atoms toward COS and C,F, can be estimated from

the relatianshipé



3 : 0 _
Ry k12[SCPIICFEl - Rog=Reg g
= 3 - = 35— - > [I]

Rig k,g[s("P)][cOS] Roo"Reo/ 2

When equatipn [I], calculated from the data from
Table V-13, is plotted in the Arrhenius form, Figure V-8,

a good straight line is obtained.™ From the slope,

- s e S
518 - 217 = 2.42 + 0.12 kcal mol

-,

)

and from the intercept,

/A = 0.032

A19/R18

since A o = 9.18 x 108 gmo1”1 71 and ‘E;g = 3.63 + 0.12
kcal moI.l;83 the rate parameters for the addition of

S(3P) atoms to C F6 are -

4

kgy = 2.93 x 10’ exp(-1210 + 120/RT) fmol™ ! 71,

»>

' Thus, at room temperature kl7:= {3.79 *+ 0.80) x 106 Emélil
s 1, pointing to a relatively inefficient reaction. This
low value explains the initial slow decline of the CO
yield (Figure V-2) with C,Fg pr;ssgre since the rate of
abstraction by'S(3P) atoms, step [18], is=s campar;ble to
the rate of addition, step {17].

The rate of addition of S(lﬁz) atoms to C4FE’ step
(13], can now be estimated relative to the abstraction,
step [12]) with the aid of the data in Table v—}gezjt first

the contribution from S(3P) atoms must be asses The
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‘rate of initial production of s(BP) atoms, step [llb], if

0.33 x 1.76/2 = 0.29 umol min

11b 17 * Rig %
Since
. L6
Klg _ 2.0 x 10
Ky 3.79 x 10°
-
then -
- 0.29
17 (10524081
- 4" 6
Rl? and

B e

and R 0.29

18

-1

17

R)g were calculated at gach C,F . pressure and the

resulting values were subtracted from the experimental

and R

data to yield Rlz

k12

L

4.3 x 1010 -1

imol sal;

value is glightly smaller

13°

The rate

than that estlmat ed

from camputer simulation studies (cf. Chapter

-1

1 g

4.2 x lD* ol

character of S atoms.

{19a] + [20b]) and [19a] + [204) + [20c] from the C

precursor.

r?,

o/

PFTMT can be formed by eitﬁe:.

(or both),

Since k

tmo1~1

constant ratios
k,, are alng;;§;§§:1n Tablg V-7 and the average value,

between 40 and 1020 torr CAFE' is 1.12.

12
-1

I11),

, in line with the eléctr@gﬁilic

the sequences

4Fs S(Ty)

The less than quantitativé Yields of PFTMT

[20a]) and thus the ratio of the product-forming :teps'tc

the polymer-forming steps ‘is
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. % PFTMT

R, _ 100=-%PFTMT s

o]
=4l
Nl

o]

'he RHS of eq. II was calculated from the data in Table

V-13 and is plotted in the Arrhenius form in Figure V-8.

It is reasonable to assume that the polymerization
reactions, [19b] and [20a], feature activation energies
which are negligibly small or even zero: hence the
temperature dependence of theiplat in Figure V-8 reflects hae
that of the PFTMT-forming reactions. Two fairly distinct
regions can be seen: at low temperatures (between
approximately 23° and 83°() the temperature coefficient

- .

is small, corresponding to E_ 3 kcal mol”!, and the
region above 83°C features a very high coefficient
corresponding to E, - 28 kcal mclgl. It is suggested that
the PFTMT sequence [19a] + [20b] correspond to the
temperature dependence in the low temperature region and
;the sequence [l19a)] + [20d]) + [20c], to that of the high
temperature region. Thus, [20d] should be an endothermic
reaction (the Tl level of parent thiophene lies 82 kcal
mal‘l above the ground stgtella) and its rate would be
éxpécted to be negligibly small at room teﬁéératuré.

The analogous plot of eg. II for S(lnz) atoms, from
data in Table V-12, is illustrated in Figure V-9. Here
the curvature is more pronounced at low and intermediate

temperatures but at high temperatures the slope is very



EDDQ

£t
T

-waysds 4% + (d, _,mgim ay3 jo s301d SNTUBYIIY ~§-A FWNOIJ

ﬂ,Dﬁ- X _h —',IV_—G w iﬁ.
012 [4-XA Ll 192 v c_ﬁ_w
T T 7 A

Log [ Raddn./Rabstren. |
2
(]

0EsSOo-

L
ok
<

L
g
[(PI®IA LNLdd %—001)/PISIA LW.Ldd %] 607

450

—
-t

1
bk




close to that for the S(BP) plot, Fiqure V-8. The latter
observation suggests that most, if not all, the PFTMT
yields at high temperatures arise from triplet state
pPrecursors: S(BP) atoms (33% yield at 25°C) - and

CFB&ECFB (TD), formed in step [21]. The low temperature
region would then correspond to the singlet feaétians

[14a]) apd [15a], both of which feature different activation

hY
energies.

3. Kinetic study of the CEEE + C,zéf* S system.

w

wWhen C2H2 is added gradually to a COS + CAFE mixture
the PFTMT yield is rapidly suppressed initially, then
declines more slow ly with increasing CEHE concentration.

The effect is even more pronounced at elevated temperature,
as illustrated in Figure V-10. On the other hand, the
yields of 2,3-bis(trifluoromethyl)thiophene (b-TFMT) appears
to increase monotonically with CEHE pressure (Figure V-=11),

the rate of increase being much more pronounced at higher

, b
temperatures. The competing reactions
3 R ot e g _
S("P) + C;zisl2 —_—— CZHZS ('I‘D) [5]
L35, o n B o« -
S(TP) + C4F¢ ———5§§924F65 (To) [17] )
k2%

have.,very different rate constants, i.e., ks

108 tmo1™1 &7% ana Xk ; = (3.79 + 0.80) x 10°

and hence for CEHE/C‘4 6 > 0.2 it is reasonable to gﬁsume
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that all the S(SP) atoms are scavenged by CEHE* Also,

because the 22525 (TD) adduct lea§5 to barely detectable
product yields, it can also be assumed that under these
conditions the product-forming reactions arise solely
from S(lbz) atom precursors.

When the PFTMT rate data between 25 to 200 torr .

acetylene pressure at 132°C are corrected for thg small

contribution from reaction [17) and then extrapolated to

zero acetylene pressure one obtains Rgla = 0.1824 umol
’ i s
min~!, which represents the rate of the \/ .\  + C.Fe

reaction. The corrected PFTMT yields, along with those

of b-g?HT and thiirene, one listed in Table V-=16. The
following set of elementary reactions will now be -
considered:
s
s(1Dy) + CyH, ——= L\ [1]
5
A T\
L) — C4F6g§ ' [14a)
_ ' [ .
'.;" .
+ C,Hy — / \ , (22]
s
8 j [ |
AR C4F6*———¥ 7 - [23)
s
+ C,H, ——= polymer ' [24]
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Steady state treatment of the above mechanism (derived
\ in Appendix B) leads to the following equations for the

rates of formétion of PFTMT and b-TFMT:

0 2
R k k [C.,H,] k k [C,H,]
l4a _ 1+ 1 + 22 272 + 1 x 22 272
R 4a K13 *ig /) [CeFg) k13 K1gaf( [C4F¢]
[TII]
and
0 .
R k k [C,F ] k k [C,.F_]} 2
l4a _ 1+ 13 + 23 46 + 13 x 23 4 6
Ras k) kpe ) [CoH,] ky  kyg /) | [CaH,]
[1V]
It also can be shown that the following relations hold:
R = R [V]
22 l4a K [C.F.]
l4a 4°6 (jsf
ka3 [C4Fgl o
R = R v [VI]
23 24 Kk [C,H.)
24 272
Equations III and IV can be transformed into the following
linear forms:
R34a Ky k22 Ky k22 ]
_l4a ‘/6 =2+ 22 |41 x 22 ), (IIa)
Ri4a k13 k14a kK13 K14a
and
Ry k13 KRy, k13 kyg oy
___3_1/'-_+—-— + [— x == ]q° [IVa])
R k k k k

24 1



(C,H,] (C,F_]
where Q= —22__ and Q‘ = %Es
[C4F ] (C,H,]

Thé input parameters for equations IIIa and IVa are listed
in Tables V-17 and V-18, respectively and the plots are
shown in Figures V-12 and V-13. Least-square methods
.were used to calculate the slopes and intercepts, from

3

» which the following constant ratios were derived:
H L
‘from equation Illa,

a K X.,. ,
‘ L = 2.3 : 3 = 0.9 T
. k13 K)4a

T
and from equation 1IVa,
k k.,
P . 2.2 ;- fii = 100
K13 k23

From these ratios the rates of reactions [22] and
(23], egqns. V and VI, can be computed. The results are
summarized in Table V-19 along with EXPeriméﬁt;lly observed
values. The reasonably good agreement indicates that the

above mechanism for the § + C,H, + C4F6 system is probably

a valid one.

-1

10 ) mo17 1 s has been

The value k = 1.8 x 10

13
derived from Table V-7 and thus ky = 8.7 x 1010 L m@lil s!li
From the above rate constant ratios it may be concluded
that b-TFMT is formed mainly by reaction [22] and that only

a small contribution, if any, comes from reaction [23].
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With increasing C,H, concentrations the product yields
gradually decrease from 100 to -40% (Table V-15). Benzene
and thiophene were not detected, even at the highest
C2H2 pressure employed, and under these conditions only
trace amounts of Cs, were formed. 'This is in sharp
contrast tg the S(lD2) + C2H2 system at 160°C, where the
C52 vyield was -82%. CSZ' as noted above, is a character-
istic thermal and photo-product of thioketenes. Although
its mode of formation is not well established, the most
reasonable pathway is via bimolecular disproportionation.

In the S + C2H2 system the following sequence of reactions

can thus be envisaged,

S
= |l
ZL:S(or HCCH) —— HC=C-SH —* H,C=C=S* [25]
2H,C=C=5* —> (s, + C3H, [26]
&
H,C=CaS* + M ——» H,C=C=S [27]
nH,C=C=S ————& polymer ‘ (28]

where at 160°C steps J27) and [28] are-unimportant. For

M= C4F6’ however, it would appear that step [27] is quite

efficient, and thus the reduction in the product yields

in the S + C4F6 + C2H2 system can be ascribed to the

occurrence of step [28].



The value k22/k14 = 0.9 implies that bis(trifluoro-
methyl)thiophene reacts as a nucleophile, in agreement
with earlier findings and predictions. The rate constant
ratio k24/k23 = 100 should not be interpreted as correspond-
ing directly to the relative rates of reactions [23] and
[24] since the kinetic treatment was performed on the
strict basis of product yields. Thus thiirene, generated
from the photolysis of 1,2,3~thiadiazole, has been found
to react with C4F6 to yield b-TFMT in only 15-20% yield,

nder pressure conditions similar tc those emplnyed in the

144

Ing

‘E

present study. The above kine;ic treatment, however,

.ascribes the entire loss of products in reactions [23]

e
t
o]
La
1]
o]
]
”
o
o
=]

and [24) as,a result of polymerization solely

[24].

4. Réa:tiaﬁsAgfrsulfu:_at@msiﬁ;th acetylene and

3,3;3Et§iflg§;ép§gggne

i) With acetylene

*

The reactions of sulfur atoms with CEHE lead to the
formation of benzene, thiophene and CS 2 in a combined

% at 25°C. Extensive polymerization was observed.

]
wn

Y1 ield o
Neither the nature of the products nor their relative
distribution was affected by the spin 5ta£§ of the sulfur
atom, and this appears to Ee a general feature of 5 +

alkyne systems. The primary reactions can be summarized
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as follows:
) [
_ .1 ) . . =
5( Dz) + C,H, —-L; (SQ) , (1)
i
S(°P) + C,H), ——— HC~CH (TD) [5]
s S
—\ (S,) ———= HC-CH (s4) [3]
° A
é;;;.(sg) + Ciﬂz —_— . (SQ) [29]
HC-CH (TD) ————= HC-CH (Sl) [30]
S S E 2
-1l , ) /2 \ .
HC-CH (s;) + C,Hy ——e (so) [31]
- S
% gy e [32] o e ¢ - . o
HC-CH (51) —_— - H2C§C=S (So) * H,C + Cs [33]
.-
HCsC? (TD) + CEH2 — = polymer [34]

The modes of formation of 252 and benzene cannot be

elucidated at this time but one possible route to CSZ is

condensation of two hot thioketene molecules:

2H.,C=C=8* —— (CS. + C.H

2 2 * C3H, [26]

Unfortunately, it was not possible to detect the pregénée

of allene in the present investigation but Cs, is a

characteristic products of the photochemical and thermal




decomposition of thioketenes and moreover at higher

temperature, 160°C, its yield corresponds nearly quantith-
)

tively to that of 5(152) produced in the photolysis of
COS. There is no additional evidence either in favour
of, or against, the mechanism originally proposed by Dedio

1

(cf. I Section I,-2-iii) for the mode of formation gf N
benzene.
As observed for the case of the 5(152) + CJFE reaction,

the Cszi benzene and thiophene yields from the S(IDZ) +

zﬁ
is still by far the major product. In contrast, the

m

reaction are quantitative at 160°C (Table V-1); C52

[ N1

dominant overall S(EP) + 22H2 reaction at 144°C is still

polymerization (Table V=2)-

i) With 3,3,3-trifluoropropyne

TS

The S + CBHFB

system was only briefly investigated.
The major products (Table V-3) are 1,3,5-tristrifluoro-
methylbenzene and 2,4-bis(trifluoromethyl)thiophene,

formed in nearly equal yields, and \aller amounts of

2,5-bis(trifluoromethyl)thiophene were detected. Hence
of the four possible conformations of the transition
state of the trifluoromethylthiirene + C,HF, - bis(tri-

fluoromethyl)thiophene reaction, i.e.,

S S




,
F3Cms-_ -|” §5-1]|‘
;;a!l -==
CF CF
c 3 3 a
[ B -~

Structures ¢ and both lead to 2,4-bis(trifluoromethyl)-

t3en

thiophene. Although steric hindrance is at a minimum
in both cases it is suggested that gﬂmére accurately
represents the transition state since in this case
addition takes place across the weaker, substituted C-$§

bond of the thiirene. Structures a and b lead to the

!

3,4- and 2,5-isomers, respectively. 1In a however the

bulky CI-‘3 groups are expected to destabilize the transi-
7

tion state, thus lending credence to the tentative

assignment of product Eﬁas the 2,5- isomer. Because of

the weaker F3CC-S bond however reaction via the transition

complex d is favoured five-fold over that involving b.
Although quantitative analyses were not performed
the combined benzene and thiophene yields were
substantially higher than those observed in the § + ézﬁz
reaction, owing to theﬁhigher stability of perfluoro-
methylthiirene as compared to parent thiirene.

‘ Thé detection of CF,CH=C=S is significant because
_it’constitutes direct evidence for the transient
existence of thioketocarbenes in these systems, ‘

Product 8, the Dewar benzene, is a secaﬁdéry

photolysis product of 1,3,5-tris(trifluoromethyl)benzene
o
)
{
\

by

[ ]

Land



Monosubstituted thiophene 1 is formed in significant

amounts, as is the uncharacterized product of Mw 288 (3).

a) Effect of addeq CAEG
4

In the presence of C4F6 (Table V-4) the only products

&ttributable to the S. + HCECCF3 reaction are 6 and 8 and
these are only formed in trace amounts. The two major
products, formed in equal yields are tri- and tetra-

substituted thiophenes from the cross reactions
/ (CF3)3 _
C,F.HS + C,F, —>» [35]
3°3 46 S

S + C,LF.H ——» S N : [36]
S

/ (CF3)4 ' i
C4FgS + CFe — . (37]
s

From the above observations, and on the basis of the known
stability of bis(trifluoromethyl)thiirene, it is suggested
that most of the trisubstituted thiophene product arises
from reaction [36]. If so, then C4F68 would appear to

be equally reactive with all the alkynes investigat?d

here.

b) Effect of temperature and of added C,H

The overall product yields increase with increasing

temperature but under the conditions employed their

218.
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distribution remained the same.
In the presence of C H, the yields were suppressed
and no additional products were observed.

These results are consistent with previous observations

on the S + alkyne systems. b
s L.

&

5. High conversion experiments and secondary reactions _

in the s + C,F, system.

As can be seen from Table V-5, a large variety of
products was detected in the high conversion exper ime;
It was possible, in some cases, to deduce structural
assignments for the major products and two of the minor

ones on the basis of spectral data and kinetic

infra) considerations, but those products form
amounts (%é, 16, 19, 20) remained uncharacterized.
The major secondary product is PFTMDT and from the
data in Figure V-1 and the results of the photolysis
experiments with PFTMT, PFTMDT is clearly formed by

photoinduced isomerization of PFTMT:

i
o
(-
]

!
!

Heicklen et al. were the first to study the ga

photochemical ind mercury sensitized PFTMT-PPTM

is

-

isomerization. They reported C4F6 and 13 as the
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Principal gas phase products, and suggested that the
formation of valence bond isomers is a general reaction

of photoexcited thiophenes.

The yield of dithiin 18 is negligibly small at low

-~ )
conversions but the results shown in Figure V-1 indicate
that it is a primary gr@dugt. It is proposed that %E 7
is formed via reécombination of the thioketocarbene |
isomers formed in step [14b]. This may oOcCcur vig a
"head to head"” mechanism,
-—
[16]
v

or

S

, , [l6a)

s
WG

‘s
, e
However, the recombination of a variety of RC=CR'

adducts (R, R' = Ph, H, COOMe, COOEt, PhCO, MeCO, Me)

eew@zkers,l‘g‘l4i and



the analog of step [l16a) found to be important: for all
the other adducts examined the "head to head” type
recombination predominates. The intermediate dithiins

examined in thls study were unstable and supposedly lose

_ér_ﬁgg — 5 o+ SZ?;jﬁ;_ | [39)

The stability of dithiin 18 is attributed to the
presence of the strong electron-withdrawing CF 3 group. ¢

The uncharacterized dimer product 15 may arise
from a small contribution of the "head to tail”
recombination, step (léa].

At this point it is necessary to take cognizance of
the secondary reactions involving sulfur atoms. The most

obvious one is addition to PFTMT:

) s

The hypothetical EEFIESE species was not detected but it is

assumed to be the precursor of 14,

X
[y
L
—
.
L=
fr—

—
wJ
i
[
1
(o™
W]
ot

P

Thus{

no L3k
5( D ' —_— [41)
2 »

/2 ; [42)
C.“F ;2 E (43)




with k!l and kiB being much greater than k;z*
by the experimental results (sections v-2, -3, -5). 1t
should be pointed out that 2] represents the first
reported reaction product of sulfur atoms with an
aromatic substrate; with benzene, the only observable

reaction was PﬂlYmEfithiéﬂali‘

The dramatic increase
in the yield of g; when PFTMT is already present in the
reaction mixture suggests that steps [40] and [41] are
quite efficient.

Tr;mer%z is a major sécaﬁdg:y product and the .
spectral data did not allow a definitive choice between

the possible structures 17a and 17b. The only reasonable
— et

pathways for the formation of 17b are

(44)

or 7
i S . L 7 4 .
/Z/ i *JDS | [45)
S

However, product %i is only formed in low yield and is :
only marginally time dependent, and for these reasons

is Snlikgly to be a precursor of 17b. Step [45) can 31:§F¥
be discounted because the 2+2 cycloaddition reaction of
thiirene has not been ab:arved;lgz furthermore, this

reaction would feature a higher E, in comparison to step

’

L}



[43]). On the other hand, trimer 17 decomposes thermally

- it

to yield PFTMT, and C4F5 was demonstrably absent. Thi
result is significant since elimination of PFTMT can be

readily visualized from isomer a, i.e.,

but not from isomer b. This result strongly supports’ the

17a

L

assignment of structure a to the trimer 17. -



CHAPTRR vI

and thiirane (Th).

SUMMARY AND CONCLUSIONS

S(IDE) atoms react with 22H4 to yield vinylthiel (VT)

The VT/Th ratio decreases with increas-

ing exposure time and increases with total pressure and

Ccos/

C,H, ratio, from which it is

24

concluded that VT forms

by a dual mechanism, direct insertion of the 1D2 atom

into the C-H bond, and isomerization of the initially

formed "hot" thiirane.

the

following elementary steps:

1.
Dz)

-
COS + hv —=aC0 + S({

——=co + 5(3p)

cos + S(lDz);!—C‘D + 52

—eCos* + s(3p)

EEHJ + 5S¢ Dz)‘;ﬁ-CHZCHSH

5
—~ LN\ e

5
( 4; )* —!-ECHECH-SH

s

+ M Eﬁé §7+H*

" H, + S(3p)—= / 7; (T,)
CoHy + ¢ AR 1

A

The overall reaction consists of

(67%) [1a]

(33%) [1b]
[2a] ¢

- [2b)]
[3a]

(3b)

' (4]

(5]

(6]



[ ]
LY
[y 1

Steady state treatment of this sequence, together with
standard polynomial “best fits" for the pressure dependence
of VT/Th, adequately reproduced the experimentally derived

zero and high pressure extrapolated yields of VT/Th when

the following absolute rate constants were assumed:

AUPSRE ¥ R TS G
2a 4.3 x 10 cm™ mol 8 _ ,

= 1.8 x 107 em” mol ~ s

b

2b
= 4377

%]
"

=
Lo
g

o
ot
n

3a
3b 3.8 x 107” em” mol 8
5

0 x 10 s

L . . - 2
n

4 - -
2.3 x 101 em? mo17t g1

The above results confirm the occurrence of collisional
deactivation of s(lp,) atoms by COS, step [2b], since if
this reaction is omitted from the kinetic treatment the
experiment.

Theoretical calculations employing RRKM theory yield.
ky = 7.6 x 101 71 £or the unimolecular isomerization
of chemically activated thiirane, in good agreement with

the experimentally derived value of 5.0 x lﬂlgisél.

[

n

these.calculations it wasrgssumeé that the hydrogen migra-
tion proceeds through a bicyclic structure. YThe set of
frequencies assumed for the internal degrees Of freedom

of the activated complex, together with the estimated



4

-1

activation energy of 55-65 kcal mol correspond to a

calculated A factor of 1 x 1034 s™! ana an activation

entropy of as*® = 3.5 eu. The low A factor indicates a

somewhat rigid structure for the a:tiifted complex. 1In
support of these assumptions, ab initio MO calculations
show that a value of 62 kcal mol~ ! for the ring distortion
" potential of thiirane can bring about an incNease in the
C-C-5 bond angle from the 65° equilibrium value to about
120° in the activated complex, thus greatly facilitating
intramolecular insertion of the sulfur atom into the C-H
bond.

The novel thii:aﬁeévinylthial isomerization is»
probably operative in the case of propylene but to a
considerably lesser extent, owing to the increased number
of internal degrees of freedom in this molecule. For
:'the case of higher alkenes the possible unimolecular
is@merizatign could only be studied at low total pressures,
where secondary phg&g}ysis and other losses would very

. /
likely make quantitative work unreliable.

K Both lnz and 3E sulfur atoms react with allene to
yield a gingle. product, methylenethiirane (MeTh), in
nearly quantitative yields at low conversions. The
hypothetical insertion product is expected to be unstable.
Furthermore, since S(lpz) atom insertion iitc the C-H

bonds (adjacent to the triple bond) éf alkynes has not



been observed, it is possible that the partial triple

bond confered to the allene molecule by hyperconjugation

(-

wi iti

1l enhance the 5(152) atom addition over the C-H bond

of pressure effects indicates

M
]

insertion. The absenc

that the ‘initially formed hot MeTh undergoes rapid
collisional deactivation.

The room, temperature éas phase stability and spectro-
scopic characterization of MeTh are in excellent agreement
with those reported in the literature.

By reference to the measured rate parameters of

Q(BP) + C3H4 feacgiénSS and by ana

Jt

ogy with the well

documented reactivities of O(°P) and S(BP) atoms with
alkenes it was possible to estimate the following values

for the rate constant and activation energy for the

S(BP) + C.H, reaction:
34
k= (2-4) x 10° tmo1”! 72 O <E, <1 kcal mo1~L,

While elaborate attempts have been described in the
literature for the general synthesis of allene thiiranes,

it appears that only the gas phase reactions of sulfur

atoms with cummulenes constitute a "clean" and quantitative
o

route. P
The reactions of sulfur atoms with alkynes are
exceedingly complex because of the high reactivities of

the primary S + alkyne adducts. For 5(132) atoms the

227.



formation of SD thiirenes is spin and orbital symmetry

allowed,

s,
1, s . N
S('D,) + RC:CR' ———w RE==CR' (

(/2]

0’

whereas for S(BP) atoms the formation of ground triplet

state thioketocarbene is predicted:

S
. ol
s(®p) + RCZCR' ———» RC-CR' (Ty)
In practice, both S(lpi) and S(BP) atoms react with

alkynes to yield the same retrievable end pfadu:ts For

the case of thiophene products, which are common ta all
the S + alkyne reactions studied to date, the f@llawlng

simplified mechanism is proposed:

Benzenes were detected only for the cases of CEHQ

and CEFBH' The room temperature S( ) + C H, reaction

afforded only 5% total product recovery (benzene, thio-
phene, CSE)E At 162°C however the yields are 100% and

the major product (-82%) was CS,. The Cs, is probably
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formed by the interaction of two ‘hctb\éhiaketene molecules

and thiophene, from the addition of thiirene to acetylene:
[:?S + = ig@iﬁ*y “
s

It is not known how benzene is formed.

The S(BE) + C,H, reaction at 162°C on the other hand

led to only 5% total recovery, suggesting that polymer-

jzation of the triplet adduct,
nCZHZS (TO) ————— polymer

features a markedly lower activation energy than the
product-forming reaction.

The reaction with 3,3,3-trifluoropropyne led to the
formation of a variety of products, the major ones being:
1,3,5—tris(triflu@f@methyl)benzenegvi, 2,4=bis(trifluoro-
methyl)thiophene, g, 1;3,5—tris(érifluorcmethyl)déwar benzene
E, and the minor ones ?eing: 3,3;3-triflucfcthicketenei |
lx'carbon disulfide, 35 the uﬁcharacterized 2+ 2,5= or
3,4-bis(trifluoromethyl)thiophene, 2, and 2-trifluoromethyl-

thiophene,iz. The detection of 3,3,3-trifluorothioketene

from the sequence e
i 5
—\—cr, —* F3CC-CH — CF 4 (H)C=C=s

1

is attributed to the enhanced stability of trifluoromethyl-

thiirene as compared to parent thiirene, as a result of



the electron withdrawing property of the QF3 group. 1In
the presence of C4F6 the yields of the major products 4,
6, 8 were greatly reduced, the minor products 3 and

l ~J

were not detected, and substantial yields of tris- (9) and

L

tetra(trifluoromethyl) 1Q thiophenes were detected. The

high yield of 9 suggests a IDZEI reactivity for the

CBFBHS adduct with either subgtrate as compared to the
C4FES species. Although exposure time studies were not
carried out, it is likely that l, 6, 3; perfluorotetra-

methylthiophene (PFTMT), tri-substituted dithiin are
primary products and that 2, 8, and &etra substituted

benzene 11 are of secondary origin.
The only product detected from the 5(1 Dy, BP) + C4F§
reaction at low conversion is PFTMT. From the effects
of butyne pressure on the CO yielas it was concluded
that S(BP) atoms react very slowly with CQFS and that

the rate constant for the reaction

S¢ DZ) + C45‘5 —_— FBC —— C‘FB
10 =1 =1

is k > 3.8 x 10'% ¢ mo1™! 571, The PFTMT yield gradually

[

ncreases with increasing C4FE/CGS ratios reaching 46%

for CQFE/CDS = 19, the highest ratio examined. Total
pressure only marginally enhances the PFTMT yield.

The PFTMT yield increases with increasing temperature,

reaching 100% at .146°C for S(BP) atoms. From the



N
ot
-

Arrhenius plot of the ratios for the reactions
A 1 o
S("P) + COS ——= (CO + S,
CF, (T,) /

the rate constants and the activation energy for reaction
2 were estimated to be k, (3.79 t 0.80) x 10°% emo17?! §71

0171, The low A factor,

0.12 kcal

tmo1”t §71, points to significant steric

et
(RS
=

‘and E = 1.2
a —
2.93 x 10’

; dipole interaction

hindrance by the bulky CFB group
between CFB groups and S(EP)atQmsmay also be occurring
as suggested by the relatively high activation energy
when compared to the negative activation energy of
CHB‘EECECH3g The rate of electrophilic attack by the
S(BP) atom on the triple bond is drastically reéused as

:Eampa:ed to C,H, owing to the inductive effect of the
272

CFB groups.

The corresponding Arrhenius plot of the ratio %PFTHT/
(lOG—&P?THT)yresulted in a curve whichgﬁan be resolved
into two nearly linear regions, suggesting that either
two different product-forming reactions are operative

in the system, or more than one loss mechanism for the

QQFSS species is operative. The lower temperature :egi;z
features E, . 3 kcal mol™! ana at higher temperatures
Ea“ 28 kcal m@l—l. Even though C4EES may decay by more
than one mechanism it is 1ikely that the activation



energies associated with various possible isomerization,
polymerization, etc. reactions are close to zero. Hence,
it is postulated that the temperature dependence of the
ratio refers only to the product-forming reactions and

that the low activation energy is associated with the

reaction 7 é*CF
= 3
i "
F CeCeCuar® (m v o o C-CF 7 M \ o
FBC—C=?§CF3
S

i—cFB
C-CF
|2 ISC ,
F,C-C=C-CF., (T,) — {/ (T,) ———s [V (Sn)
3 R ' 1 A 0
s

The analogous Arrhenius plot for the S(lDz) system
resulted in even more pronounced curvature, indicating

that an additional reaction is operative in the system, i.e.,

- S o éff§§§JCF3)4 )
CFBs%E 4;;; g_CFB (SD) + QQFS — . , (Sg)

having an activation energy in the region 5 < E_ < 10 kcal
mo1l” !,
The main features of the S + C4Fg + C,H, system at

142°C can be summarized as follows:.



i) the presence of small amounts of acetylene

ii)

drastically reduced the initial PFTMT yield,

but subsequent additions of C2H2 had a more
gradual effect. These observations are
consistent with the low reactivity of S(3P) atoms’
with PFB~2 as compared to'acetylene.

Benzegé and thiophene were not detected even

at the highest concentration of C2H2 emploxed,
and CS2 appeared in increasing trace amounts

only for P(C2H2) > 100 torr. 2,3-Bis(trifluoro-
methyl)-thiophene was formed in yields proportional
to the C,H, pressure and at the same time the

272
yields of PFTMT declined.

The hajor competing reactions in this system were

assumed to be:

S .
sloy) + o, —w AN\ | . (1]

S
+ C4F6 —— \(__.5/ . ‘ : {13]

VAU ,2 \i  [14a]
S

+ C2H2 —_— Z/s \i [{22]
+ C,F, ——» é/ & {23}
4° 6 S '

+ C2H2-—————> polymer [24)]



Kinetic analysis of the data led to the following rate
k.

X_ . : :
22 . 9.9; 24 . 100

»

constant ratios

]
L%
S

3 k14a k21
i L. s 4. . +1al0 -1 -1 .. ) e
from which kl = 8.7 x 10 ik mol 8 . It can further

k

e

be deduced that 2,3-bis(trifluoromethyl)thiophene is
formed mainly by reaction [22] and that only a small
cant:,ibutian, if any, comes from reaction [23]. 1In the
gfesénce of CEHE thiirene is lost vig rapid isomerization
to ethynylthiol and thioketene.

With the increasing conversion, a large variety of
products were detected from the S + 2455 reaction, many
of which have not been reported in the literature. The

following reactions are proposed to account for the major

ones:




17a
Tt

All these products, with the exception of dithiin 1

14

l

are secondary in origin.
The reactions of gulfur atoms with PFTMT, leading
to product 21, represents the first reported case with

an aromatic substrate.

(1]
(o]

The product fecquFiE rom the S + alkyne systems
examined to date parallel the previously reported
stabilities for thiirene and trifluoromethyl-substituted
thiirenes. It is assumed that the thiophenes are formed
from either thiirene or (singlet) thioketocarbene
pPrecursors, and that the formation of electronically
excited- triplet state thiophenes from triplet state
thioketocarbenes is energetically unfavourable. The
presence or absence of phosphorescence in the photolyzate
as a function of temperature, probably would resolve the:
later point.

The addition reaction with the C4F¢S adduct is
capa%ie of undergoing with 3,3,3-trifluoropropyne leading
to the formation of the tfig(trifluaramethy%ithiapheng

merits further studies: along with more detailed and

&



the nature and chemical reactivity of these and other

§ + alkyne species, could be deduced.
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APPENDIX A

I. List of polynomial fits of the type f(y) = §§2+bt+z

(o

-14, and

for the data presented in Tables I11-2 to II

| =

III-16 to I11j20.

Total a b c
pressure A COs/C,H, 5
torr nm o x 107 x(=107)

253 254
852 254
1192 254
1680 254
100 254
l62 254
220 254
336 254
440 254
600 254
660 254
880 254

1.80 2.50 1.362
- 2.40 2.60 1.323
1.40 2.00 1.180
0.13 1.90 1.136
0.62 1.30 1.134
7.90 3.30 1.039
0.46 0.90 1.028
1.40 1.50 1.023
11 1.40 1.061
.70 2.40 © 0.991
.46 0.80 0.942
1272 254 .48 2.50 0.838
100 214 0.82 2.40 1.165
200 214 7 0.67 11.30 4.70 1.280
400 214 0.67 7.80 3.10 1.242
800 214 0.67 0.34 1.00 1.165
843 229 0.2 D.58 1.50 1.586
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II. Kinetic analysis.

system is based on the

la.
1b.
2a.
2b.

3a.

3b.

3c.

Steady state treatment of the S(3P, 152) + CZHA

COS + hv ——= CO + s(ls)
COS + hv ————= CO + S(BP)
cos + s(lp) —= co + s,
cos + $(1p) —= cos + s (3p)

1) — = C.H.-
C2H4 + S(°D) —= CZHB SH
E o

+ s(ip) —= ¢

24

H
.3
2H4 + 5(°P)

A\
— (C_H_.-SH

[ik
* s s
+ M — CEHQS + M

Cc
C 2H4

3. , o
C2H4 + S("P) —= CZHQS
3

COSs + S87P) E!‘CG**SZ

following proposed mechanism:

(2/3)1,
(1/3)1a assuming 33%
) Sreqlr
kza[CDS][S( D] ]

, N

k,, [COST [ ( §)]

(s (*py)

kBa[c234]

, S B
k3b[22H4][S( D)}

heglected

NWa

- s .

kg [ £N7] M)

. L, 3
kg [CH,) [S(°P)]

neglected

continued...
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APPENDIX

. Mass Spectral Data

2-

or B%Triiigé:pgethyltﬁiéphgne QZ)i

relative

intensity

L]

relative

m/e intensity

152 100.0 57 l16.1
133 78.2 45 49.4
102 32.9 39 18.5

2,4s§is(;;if;garémégny%)thi@phene,(S)E

m/e

relative
intensity

relative

m/e intensity

p

220 98.0 170 35.6
201 100.0 151 20.4
199 12.9 45 43.0

2,5- or 31g55i$(t:;flu@rgmetpylLﬁhigpheggi(g)i

relative

intensity e

> m/e
P ™ 220

201
170
! 151

11.2
26.5
20.8

11.1

aQamegnd reference number from Table V-3.
bCngﬂund reference number from Table V-4.
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i3

2,3,4~ or_

2,3,5-Tris(trifluoromethyl)thiophene (9)°

relative
intensity

=
m/e

relative
intensity

100.0

-

91.9
41.3

62.4

113

254,

\

3,3,3-Trifluorothioketene (1)2
relative relative

m/e intensity m/e intensity
126 74.4 60 45.1

94 37.2 57 63.1

76 33.7 56 12.6

75 . 100.0 44 . 13.5

69 12.3 31 39.5

Perfluoro 3,4,5,6-tetramethyl 1,2-dithiin (18)€
relative relatjve
m/e intensity m/e intensity
388 39.5 " 103 €2.1
369 34.7 101 20.0
356 24.3 87 20.2
. 337 a 35.6 85 30.8

319 32.2 69 100.0
300 16.2 64 14.9
287 31.8 63 16.4
250 16.8 44 44.4
137 16.8 32 45.1 .
113 5 46.9

cCcmpéund reference number from Table V-5.



255,

Dimer, (C,FcS),, (15)
relative relative
m/e intensity m/e intensity
iga .68.9 250 20.8"
369 60'0/ 199 12.6
356 20.6 T 157 21.8
337 30.9 113 100.0
319 43.7 93 20.5
300 21.7 69 92.2
287 ' 24.9
e
{C4Eg)3S, (14)
relative relative
m/e intensity m/e intensity
& 550 7.5 113 20.3
v 531 13.1 69 37.0
307 100.0
< (C Fg) 48, (16)C
I relative relative
m/e 7 intensity m/e 1ntens;ty
/;50 12.5 69 42.3
531 15.0 43 12.0
194 35.4
b ]
L 4



m/e

256.

relative
intensity

582
513
444

2,2
27.0

23.38

N

m/e

Trimer (E'FSS)3' (19)2
s 462l 22
relative
intensity m/e

relative
intensity

582
356

337.

307
287
126

13.5 1113
14.0 107
16.6 . 69
100.0 64
11.5 45
61.7 3

25.9
15.3
30.4
12.5
15.3
30.8

m/e

Trimer (C,}

relative
intensity m/e

582
356
337
307
287
190
126

7.9 113
14.3 75
16.7 69
61.2 : 64

11.8 57-.

22.8 32
100.0

L N
wn

relative
intensity
13.4
16.2
21.7
Y 5.1 .
.9
.5

[
[




tive relative
nsity m/e intensity

420 37.9 287 13.3
356 10.5 69 7.4
337 18.7 64 100.0
307 49.3 32 11.8

relative relative
intensity m/e ‘intensity

=
~
1]

%]

8 219 74.
.8 207 ) 33.
2 113 : +40.

320 6
301 2
300 2
288 92.7 69 77.5
269" 100.0 63 22,4
251 a 34.9 45 13.0
238 41.5

Lan (R PV

relative 7 relative
m/e intensity m/e intensity

288 64.1 69 40.
269 65.1 63 15.
238 27.8 59 100.
219 45.1 58 30.
128 98.4 46 15,

' 45 97.2

=T

o o




258.

1,3,5-Tris(trifluoromethyl)benzene (i)i ’

relative relative
m/e intensity m/e intensity
282 87.6 194 15.7
264 25.6 166:4 41.5
263 88.5 144 25.5
232 80.3 143 25.2
214 13.8 75 27.8
213 100.0 69 26.4

(:7 1,3,S—Tris(t}ifluoromethyl)dewar benzene (g)i

relative relative
m/e intensity . m/e intensity
282 98.1 163 26.7
263 88.2 144 © 14.6
232 28.6 75 13.4 )
213 100.0 69 15.6

b /
[::}—(CF3)4 (11)

relative relative
m/e . intensity m/e intensity
350 54.4 262 19.7
331 66.7 152 19.6
306 18.0 133 15.1
288 21.2 69 98.7

*281 88.4
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IV. Kinetic analysis.

-

Steady state treatment of the CF3—CEC-CF3 + E2H2

+ S(lDZ) system is based on the following proposed mechanism

where R = CF3, S = S(1D2) and Rg is the rate of perfluoro-

tetramethylthiophene produced (umol min_l) in the absence

of C2H2.
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which yields the second degree polynomial:

L
s
|
]
0
b v

S
- kslé;sl[czﬂzl

s o
k,[s](C,H,]
anda (&) - 2 ""272

k5[C4F6]+k6[EEHEI

Hence
S

Re = kgré;;][cgﬂzj = k

szsll?gﬁzl

6 . . o
kslcgﬂsl*kslczﬁzl

0
Ry

k

5

=0

- [C,H,) =

, e [C_H.]
2 5;[§jf61*k2[;g52] 272

kg [CqFgltke [CoH,
, O v 12
R, =

6 — — - NN
(kllcéFel*kzlcgﬂgl)(ks[chsl*ksfczﬂzl)

s , ' , 0 .
Dividing the above expression by Ry leads

]

)

[C,H,)



R k

6

6 _ "2

Agaifxj if we set [C,F,]

[C H, ]

expression is

(™) =]

R

+ (k1k6+k2k5

Qi

the inverse of the above

klfséj* + (k k. +k k )Q + k%%ﬁ

6 . 2?5

b o]
-3
e

which yields the following second degree polynomial:
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From the coefficients of equations I and II the ratios

k4/k3 and ksfké can be expressed as:
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