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13.~The university will not be able to meet the demands placed on
- . itby achanging te’chnogogical,sqciaty. (Clarification: Many

~ individuals commented that the university lacks the structure and-

. _ ly &s necessary)
—_ Provincial level —School level '
. —regional level university level* -
S ___system level —_ othér level, please specify

-~

. b. Recommended strategies for reducing probability: o

w

14. - Subject areas and grade levels will compete for placement of
| computing equipment. - D |
a. Of greatest concern at: (check as man
—— provincial level ___ school level . .
—-_regional level — University level : 1
—__System level — other level, please specify

y as necessary)

¢
. Recommended strategies for reducing probability:

M



15. Most of the newly acquired equipment will be placed in high
- schools. (Clarification: Many individuals felt that some of this
equipment should be placed in other are R
~ a. Of greatest concem =t: (check as
— provincial level ___ school level
—regional level —__university level .
—~—Systemievel . __  other level, please specify g

b.. Recommended strategies for rediicing probability: o

16. In relation to computers, external groups will continue to
"~ make conflicting démands on the educational community (i.e.
the AS.TA, the A.T.A,, the Home and School Assoc., the’
University, the D/épartment of Education, Advanced
Education). * /= - - e
a. Of greatest concern at: (check as many as necessary)
- _provincial level ____school level -
—_regional level __ 'university level
—_System level ___other level, please specify

b. Recommended strategies for reducing probability:

\
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ROUND || ST§ET EMENTS REGARDED AS HIGHLY DESIRABLE WITH
LITTLE AGREEMENT REGARDING PROBABILITY =~ T
- (ifyou disagree with the overall group response for any of the statements
please use the space available in part b to state the reason(s) why you
disagree.)’ e ‘ ‘ =
1. There will be development of a local software industry
tailored to provincial curriculum. -
a. Of greatest concem at: (check as many as necessary)
— provincial level ___ school level '
—_regionallevel - . university level ,
- sys&em level — other level, please specify

-b. Recommended strategies for increasing probability:
N , .

¢ B

a. Of greatest concem at: (check as many as necessary) -
— Provincial level - ___ school level ’ '
- ___regional levei —_ University level
____system level- —— other level, please specify '

2. Computer related in-service will be compulsory for teachers. |

b. Recommended strategies qu increasing -probability:
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" 3. Teachers will be adequately trained to deal with the social
impact of computers. | : o
- a. Of greatest concern at: (check as many as necessary)
- —_provincial level . school level - ’
~ —regionallevel  ___university level :
.—S8ystemievel . other level, please specify

b. Recommended strategies for ihcreasin_g probability:

*

~ 4. Camputers will foster more parent involvement in the schoal. .
. a. Of greatest concem at: (check as many as necessary)
- __provincial level ___school level - ‘
~_regionallevel - _- _university level )
—__System level — other level, please specify

b. Recommended strategies for increasing probability: -

t
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ROUND Il STATEMENTS REGARDED AS HIGHLY PROBABLE WITH
LITTLE_ AGREEMENT REGARDING DESIRABILITY - ' B
(i you disagree with the overall group response for any of the statements
pleasg use the space available to state the reason(s) _\yhx you disagree.)
1. The introduction of compyters will contribute to ‘stress
within all educational organizations. L
a. Of gréafest concem at: (check as rhany as necessary)
—_provincial level —.School level - v
- ____regional level —__ University level _
—___system level — other level, please specify ___

" b. To what degree will computers contribute to dysfuhcﬁonal stress
. -within educational organizations? (Cirole one) T
to alarge degree 1 2 3 45 veryite

c. To what degree will computers contribute to stfess within
‘educational organizations that leads to positive changes?
.bqlagge!deorae 12345 veryite -

d. Additional comments:

@

_ Ly
2. Despite the increased use of computers the role of teache
student, and principal will remain primarily the same.
a. Of greatest concem at: (check as many as necessary)
——provincial level ____school leve| o
" . regional level —___university level .
—__ System level —_ other level, please specify

b. Additional comrﬁents regarding the desirability of the above
statement: -
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ROUND |l STATEMENTS REGARDED AS HIGHLY UNDESIRABLE
WITH LITTLE AGREEMENT REGARDING PROBABILITY |
(i you disagree with the overall group response for any of the statéments
please use the space available in part c to state the reason(s) why you
disagree.) : po
1. The inertia of all the existing software will discourage upward
capability of hardware. (Clarification: Some individuals felt that
resources already invested in existing software would discourage the
purchase of any newer generation equipment that was incompatible. )
a. Of greatest concem at: (check as many as necessary) ' '
— Provincial level ____ school level
—__Tregional level —__ University level
—_System level —_Other level, please specify ﬁ' :

b. A:matter of (circle one): greatconcem 123 4 5 little concem

" c. Pqtehtial stfategie's fqr,reducing probability of such a deve'lopm'et‘ht; ,

2. Apart from the area of technology .itself, curriculum content in
- other areas will remain much the same as it is at present.
a. Of greatest concem at: {(check as many as necessary) T
—Pprovincial level - ____school level ,
—_regional level - university fevel . .
—_Systemlevel . . __other level, please specify

b Amanerof(dréle one): greatconcem 1 2 3 4-5. fittle concem -
c. Potential strategies for reducing probability of such a develgpment:

\ . » . B
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- ADDITIONAL COMMENTS:

]

Your cooperation is greatly appreciated! A summary of the findings

will be fo%ou when the study is completed.

~
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ABSTRACT

Solution phase éhotolysis and'trapping’expe;‘hents, andyélso
'photolysis experiments in -low tempefaﬁure (10 KX) matriées havevbeen
utilized to identify some of the sﬁgrt-lived‘reac¥ive speéies in the
rphotochemistrf of furan and thiépheneé. |

In the Ease of thibphené, two Diels-Alder adduéts between Dewar
thiopheﬁe and furan were isolated and characterized following the UV
irradiation of thiophene’in furan. These same adducts weré also
obtained Ghén‘thiqphepe was irradiated in a frozen glass at -170°C,
followéd by post—photo}ysis trappij; with furan, thereby
demonstrétiné that . the Euran tr;pping procesS'inﬁercépts a‘true
 intermediate as 6§posed to aniexcited.state'of thioéhene.

By compariébn, the room temperature irradiation of neat liqqid

furan led to the characterization of four furan Diels-Alder adducts,

two with each of cyclopropene-3-carboxaldehyde and- 2, 3-butadienal. ’

Owing to their reactive nature none of these species are isolable
products of ‘the solution phase irradiation of furan or thiophene at

*

‘room temperature.

In the low temperature matrix isolation experiments those
. . . . ‘ .
. .,
. . .. . Pt
photolysis products trapped in solution were again observed. .In .

: éaatti . a number of other primary photolysis products were -

-

.idéntified. For thiophene the most significant new species produced

by matrix photolysis was the ¢yclopropenyl thioaldehyde, while with

matrix '

lisolated furan the Dewar :isomer was formed.

Dewar and cyclopropenyl species have often been suggested as

iniermediates in the photoinduced scrambling responsible  for the



.

positional isomerization obseived in many substituted furans and

thiophenes_followi;g'bv irradiation; but only limited success had 

previously been achieved in deﬁonstrating the existence of sUCh

species.' We haQe demonstrated the photochemical f;rmatiqn of the
- .

Dewar and cycloprepenyl isomers of both furan and thiophene. 1In

addition, a new and efficient methodology for probing the;exact role

of these speciés in the\ngotoinduced scramblings of five-membered ‘;?:Vﬁ*xi
. IV ey %
. ~ , . ) . XV&"‘\ %
heterocyclic systems has been developgd. Some experiments with W
. ‘ AY

substituted thiophenes have also been petrformed, but at present we

] —

e

'

are unable to offer a définite‘explanation'of the role of Dewar and-

4

cyclopropenyl species in these photorearrangements.

™y

-
/\

vi ‘ v
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INTRODUCTION

PHOTOCHEMICAL REARRANGEMENTS

Mény bhotoreactions interconverting isomeric compounds have been
reported. Thé‘current‘invesﬁigatidn isiconce;néd wihh\ghotorear-
rangement in heteroaroﬁatic.ring syséems, especially thiobhehes,

yﬁere isomerizations occur b§ scrambling of thé ring éa;bon atomsj
" Before reviewiné hetefoaromatié photochemistry frqm the curfen£ pérf
.spective, two intimately related subjecfs"éhould be discussed
briefly. The first is the nature of photoisomerization as a route
;épr radiatipnlegs transitiops.» Thefsecond one“is thévthoroughlya
inVestigéted'photorearrangeﬁent reactions og.benzenes. Chronolog~-
icélly, benzene phoﬁoisomerizati;ns wer;'detected before those of

.thiophene systems.  Consequent®, ideas regarding the benzenes influ-

enced the course and interpretaﬁion of thiophene experiments. -

A. Radiationless Energy Dissipation by Photoisomerization

B

iThe fate of thé energy,ﬁhich a molé%ule receives during eleg-
tronic excitation ié described by a collection of procésses. fbf.the
photochemist these are conveniently summarized ig a modified
Jabloﬁski d;;gram, Figuré 1, and sﬁbdiyided into two types:
radiative and radiationless transitions,-con;en}ionally represented
by)éolid and wavy lines, respectively. ' The §C¢urrencé of qniﬁoleé—

ular radiationless transitions such as internal conversion and: inter-

:
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éystem crossing is infetfed from quaﬁtum vield ﬁ§asurcﬁents. The
yields of processes iike decomposition and emission are measured
_experimentally. The f;action‘of molecules not accounted for by this
sum is attributed to radiationless transitions.

The observation of no net chemical reaction following
irradiation is common. It must be realized that reversible
phbtochemistry (dark back-reactiohé, cage effects) in addition to

purely photophysical transitionﬁ, may also be responsible -for tﬁé

apparent reaction inefficiency.

Phillips et al. [1]) discussed the concept of internal co
‘sion, &hd possibly intersystem crossing to the ground state, occur-
ring by formation of a thermbdynamically'unstable isomer in. its

ground state, Figure 2. The isomer's potential curve provides an

additional vibrational ladder for energy dissipation; Let us

-

define
‘an isomer as a nuclear éohfiguration producing an energy minimum on
thé pdtential surface. The thefmodynamic stability of each isomer
deggnds on the depth of its minimum. Since the ground states of all
isomers fbr particular'numbers and tfpeé of atoms will lie on the
same potential surface, one isomer can in theo}y be conQerted to any
other by sgrmounting the appropriate energy barrier. Experimentally,
thé‘formation,of certain isomers may not occur thermally because of’
competition with other érocesses having lower barriers.

This concept of excitation energy dissipation thr;dgh the form-
ation of a thermodynamically unstable isomer was qsed by Lamoia_gg

s

al. [2]) in 1965 to help expldin their results on stilbene phdtochem-

istry. The cis-trans photoisomerization of many ethylerie derivatives
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Figure 2. A represéntation of thé formation of a thermodynamically

unstable isomer in its ground. state as a mode of
radiationless transition. Reproduced f£yom Ref. [1}.



has been reported and stilbenes (1,2-dip%eny1ethylenes) are possibly
)
the most ‘extensively investigated. Lamola et al. suggested that if a

higﬁer eneggy'stilbene isomer, with possibly a twisted geometry, was
formed it might yield either the trans product or return to cis-stil-
bene and alio provide a means of energf dissipation. More recently,
exciting picosgfond pulse spectroscopic teqhnique§ have further
probed the details of gtilbene photoisomerization, revealing the
rapid deactivation (k ~ 1.1 x 1070 577y of the first excited singlet
state of trans~st§ﬂbene by twisting about the central double bopd -

!

the first step in the iéomerizapion'proce%s (3], X
Sometimes radié&ionless trahsitioqs are separated into photo-
physical and photochemical processes, howeve;f»because this ais—
tinction can become blurred it may bé preferable to concentrate on
the energy surface pathways of a photoreactiond Figure 3. Most
organic photoreactiohs are believed to b; diabatic. In case (b) the
excited and ground state surfaces approach élosely at some geometry
intermediate between reactant, R, and product, P. Near this geometry
the radiationless transition prébability is relatively higher because
of the smaller energy separation. If return té Sy is imagined to
occur "to thé 1eft" of the maximum on this surface“then'feformation
of R results. The overall process might be termed -net photo-
physical. Crossing "to the right" of the maximum yields P, a.net
photochemical process. Clearly the distinction impliea by the terms
photochemical and photophysical may Secome less meaningful ‘than the
energy surface description. Case (b) also provides a picture of how

reversible photochemistry can occur.

/
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- R, R—>P

(a) ) (c)

The classifications of photoreactions: (a) adiabatic,

Figure 3.
ground state reaction.

(b) diabatic, and (c) "hot"

-



C;de (a) represents an adiabatic photoreaction, because the con-
;etsion from reactant to product occurs entirely on the excited
surface. Case (c) illustrates a "hot™ ground state reaction. The
intermediate, I, is formed in its ground state with sufficient excess

energy to produce P. This is actually a specific case of a diabatic

reaction.

B. Benzene Photoisomerizations

Prior to 1957 benzene itself was believed to be stable io uv
, i
irradiation. 1In that year however, Blair and Bryce-Smith [4] re-

ported fulvene, 1, formation on irradiation (254 nm) of liquid

1
benzene. The first substituted Dewar benzene was ‘obtained by van
Tamelen and Pappas [5) in 1962. They rationalized that bulky
substituents would stabilize the nonplanar bicyclohexadiene structure
of Dewar benzene relative to the aromatic form, and proceeded to
isolate 1,2,5-tri-t-buty1bicyclo[2.2.0]hexa-2,S-diéne (1,2,5-tri-t-

butyl Dewar benzene). Shortly after they prepared the parent Dewar
¢-Bu

t-Bu | -Bu
hy (1)

ne————
¢-Bu ¢-Bu

benzene [6) from the precursor:



[

t-butylfluofoao?tylene.

In 1964 Vlehe et al. [7] 1solated\phree 1mportant classes of benzene

valence bond - (VB) 1somers. The Dewar, ¢) Landenburg or ﬂilsmane, 3,

-and benzvalene, 4, structures were all formed by the, trimerization of

4

i}

iAlthouqh not isolated until comparatively recently. the exisﬁenoe

'OfFSUCh C6é6 VB isomers'had been postulated much earliet.‘oDewar had

 il1ustratea his alternative tokthe Kékulé formulation’ of benzene

almost one hundred years earlier [8]. Ladenburg's prismatic formu-
. 4 5 .
‘1§tioﬁ dates from nearly that same time (9] and HﬁCkel discussed a’

tricyclohexene structure in 1937 [10], though it later became known

,as benzvalene [7].

" The UV photolysié'0£ benzene is wavelength dependent. S

Irradiation of liquid benzene at 254 nm pppulateé the S; state, pro-

v

‘ducing a mixture of fulvene and benzvalene,.but no Dewar benzene [11—

15). The quantum ylelds are ca. 0.01-0. 03. Increasing the témp-

s v

: erature promotes both fulvene and benzvalene formatlon wlth limiting

9
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©  Burgstahler and Chien [19] suggested using an appropriately

Solution phorolysis (254 nm) of 1,3,5-

concentrations of 300-500 mg/L of each isomer being obtainable from

neat benzen;“at'50-60°c. There is evidence. that fulvene may be a
Uy .
secondary product arising by benzvalene photolyggs [14}. The ir-

radlatlon of liquid benzene at shorter wavelengths produces Dewar

benzene, fulvene and benzvalene [16]. Selectlve excltatlo§»q§ only
| x 3 )

the s, state demonstrated that it is the precursor to Dewar benzene

(171.

-

.Q’,%

. . 1
- "Nearly coincident with the early reports of VB isomers were

_other investigations describing the photoisomerization of substituted

‘benzenes.’ During UV photolyéis apparent subStitu At migration occur-

red, generating at least one new positional isomer. The‘phototrans—

positionslof.alkyl groups.in‘dialkyl benzenes were observed in )
5 L , B ‘ -«
different laboratories [18,19]. In each case_g;dialkylbenzene photo~

lysis produced the corresponding - and Erdlalkylbenzenes. Time

. ‘-}"
studles revealed that the para isomer was formed by secondary photo-

'lysis of the E;dialkylbenzene.

'

From a mechanistic standpoint the 1,2-alkyl shift was suggested
to occur by eitherbradical fornation, migration and recombination; or

formation of a benzene isomer, such as Dewar benzene, prismane or

N

~benzva1ene,'foilowed by rearomatization to a new positional isomer. -

14CA

labelled benzene ring to distinguish the two mechanisms. Wilzbach °
. i ’ ‘ v i : S . ' " ,
and Kaplan [18] reported a small O, effect on xylene photoisomer-

ization, concluding that neither radicals nor’triplet states were

’involved{ The}falso performed the 14C'labelling experiment [20].

'4c_mesitylene (1,3,5-tri-



I
méthylbenzenei produced some 1,2,4;trimethyib nzené. It was shown,
by ozonolytic dégradétion; that this ptq@uct was'labelied exclusively
in'tﬁe j, 2vand 4 pdsitiohé, p?oviding expe;imental'prqpf for the‘\
pﬁototransposifion of the benzeﬁé ring carbbn atoms. Thus positional
isomerizatién'was‘concluded to broceéd @ia the fofmatioﬁ and

- S R ;

rearomatization of a VB isomer.

(3)

CH

- Subsequent photolysis studies of substituted bénzenes'may be

~

divided into two‘categories;‘ (a) formation of fulvénes,vDéwar
‘benzenes, prlsmanes and benzvalenes, and (b) fo?matlon of pos;tlonal
1somefs presumably 1nvolv1ng at least some cafegory (a) members as’
intermediates. 1In most.category (b) stqdles.h§wever, the
intermediacy of such compoundsih&svnever been expgfimentally
“demonstfated;
Thefphotoisomerization of tri—t—ﬁutflbénzeneg [21].provided tﬁé

first direct experimental- evidence for a specific VB'intefmediate;
~Three tri-t-butyl VB igéhers were isolatea and determinéd spectro-
scopicglly'to Se.thé Déwaf~benzené, prismaneland beﬁzvaleﬁe.' All
three were stabie’at room temperature buﬁ undefwent rearoﬁatization

after several hours at 100°C. The quantum yield for. .conversion of

1,3,5-tri~ t+buty1benzene to the 1,2,4 1somer was O 02 in methyl-
pentane solution. Photoly31s and thermoly51s of each separated VB
isomer showed that benZvalene vas definitely an intermedlate in the

rearrangement. The prismane structure was formed from the Dewar
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isbmer by an intramolecular [2+2) cyclization. There was some
indication that elther the Dewar or. the prlsmane structure mlght be
1nvolved in the 1,3,5- trl-t—butylbenZene photolsomerxzatlon but this
qus not regarded by the authors as clearly established. |
"As will become a nt during this introduction, PhétOIYSiS of -

completely perfluoroalkylated derivatives §fteﬁ generates stable VB
isomers §f benzene or the heteroaromatics. For instance, hexakis-
(trifiuordmethyl)beézene produced thg cortesponding_bewar, prismane
‘and benzvalene isomers. &@e ratios of these isomers were time
dependent due to their photochemical interconverSién {22]. -The
iéomers{were much-mbre resisﬁant to thermal reaﬁ%ﬁngeﬁgnt than wgre
the VB isomers of alkylbenzenes. Hexakis(triflu;romethyl) DeQar

’

benzene had the geeatest stability, rearématizing with t1/2-~ 135 h
at’ 170 c 1n 06;6" The least stablé_isbmer“was the benzralene, t{}z ~
-9 h, under these condi tions. |

Thé photochemlstry of benzene has been rev1ewed in detail in’ two
articles by Bryce -Smith and Gilbert [23 24). The first is an -
extensive two part .review, concerned in Part'1.with photoisomer-
ization reactiéns, and‘deaiing in Pgrt_z-with photoaddition and
photosubstitutidn processes.. Their‘méré recent reriew'covers both
photqchemical and’ nonphotochemical rearrangements of ggg‘benzene
ring. ’ ' o . V'

Although the rate of publications concerning benzene photo-
isomef% hés decreased markedly in the last decade some‘intergstipg
studiéé have.béen>reported recently.‘ The‘photochemiétry of fulvene,

dimethylenecyclobutene, benzvalene and Dewar benzenes has. been

o
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.iinvestigaﬁed [25]. The only product, férﬁed in high yield from
fulvéne, benzvalene or~DeQar beniene, was benzene. These results do
not entirely agree wigh‘earlier eXperimehts. F&t instancé, Tuf;o_gg
al. [26]) studied the direct and triplet sensi?ized photolysis of a
didegterob@nzva}eng, discpvering that excitation energieé lower than
270 kaﬂol'i produce a [1,3]-sigmétr0pic rearfaﬂgement;‘while higher
energies induce rea;omatization.' Phbtpleis of dimethylenecyclo-
buteng produced p01yme§ and Qo volatile products.

The kinetieslofvthe gas phase thermal iéome?ization of some .
fluqto—Dewar benzenes has béen investigated f27]. fhg bhotophysics
of CeFg wés‘exaﬁined'by picosecond techniq&és_[zsl. T™wo tranéient

absorptions were detected, both of which decayed single exponentially

and with lifetimes of 0.71.and 5.3 ns. . The short-lived species was a
. * . (

,C6F6+C6Fq_'geminate'pair.formed in CgFg clusters. The other

absorption was attributed to an.intermediate in the isomerization to
the Dewar  structure, This intermediate was assigned the biradical

1 .

structure, 5. The first study of the benzvalene raaiqal‘cation was

\
~

13

recently performed by mass spéctrometry (Ms) [29].
Although studies of benzene Photoisomers continue, heterocyclic

systems have become the focus during the past twenty years. A stag-
‘ » !

gering number of heterocyclic compounds, differingbin size, as well

12
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as in numbers and types,of hetefoatoms, havé been phétolyzed. Due to
this explosive growth their litefature is too cumbersome to describe
in its entirety, and the brave reader is advised to seek those.
reviewé which provide a broader>scope [30-32].A‘For the piesent
purpose only pﬁotoisomerizatio;:'of the,heteroaromatics;_furén,
pyridine, pyrrole and.thiophené, will be considered in detail. _The

material presented in each section is arranged essentially

‘chronologically. .

C.. Photoisomerizations of the Heteroaromatics

1; Fﬁrans

Srinivasan in&estigated the direct irfadiation and Hg(3P;)
photosensitiiation‘of furan vapogr.A The sensitized reaction led to
bdecarbonylation and thebformation of a ¢3H4 fraction consist}ngvof
?ycloppopene and propyne,. with smalliaméunts of;allene ét high éon-
vers;;ns, suggesting that the allene was formed by a secondary

process [33,34). A significant pressure dependenée was discovered.

. ) 3 )
[/ \5 hHaCry) + CHEECH + CHEC=CH, (4)
. o . ‘ E . R

A maximum decarbonylation quantum}yiéld of abont 0.4 was reached at
ﬁhe lowegt furan ptegsures utilized (~0.67.kPa) and the CiH, fractioni
was p;imarily propyne (~80%) ﬁndér thes; condit?ons. With increasing
furan pressufg the CO yield dec;eased aﬁd the cyclopropene/propyne 
,r#tio inc:eased {34). 1In additibﬁ, at furan bressﬁres bf:QO-100 KPa i

two compounds of molecular formula C7H80 and. one of formula CgHgO4
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35 ‘ . ¢ .
were obtained. The former were exo, 6, and endo, 7, Diels-Alder

adducts (DAa) of furan with cyclopropene, while the. latter, 8, was

its DAa with cyclopropene 3-carboxaldehyde. The stereochemistry of 8

P

was unknown [34,35].

o. ' “¢;'

. 0

CHO

Ey comparison}&:ﬁ‘,direct:irradiation of furan vapour showed

different behaviour from the photosensitized reaction [36]. The

quantum yield for CO fofmation w;; pressure,indepéndent and propyne
now cdnstitu;éd most of tﬁe C3H4 fraction, which-also conﬁainéd a
;ubstantialballene yield and littlé'or no cyclbpropene. Srini?aéan ;
also irraéiated soiutigns of furan. Although the formation»of an
insoluble yellow.solid indicéted ;hat §hotoqecomposition had taken - B
4 plaée,.holfragmentation produété or adéucts similar to those from the
gas phésé experiménts éould be deﬁécted. Irradlatlén in the presence

!
of methanol (10%) or cyclopentene (10%) also falled to produce

adducts [34 35].

The photochemistry of élkylfurans showed the occurrence of pqs-

-

itiﬁnal isomerizatioﬁ. In the vapour phase, either dlrect
vlrrédlatlon or Hg( P1) photosensitlzatlon of 2—methy1furan gave dé--
carbpnylatlon products and 3-methylfuran [37). Similarly, the'direcgv
irradiation of 2,5-dimethylfuran producéd'2,4-dimethylfuran amoné

. other compbunds. Thé_photosensitized decompositiqn of 2,5-dime£hy1—
- S ' | CH,
O\, He(3ey). ' o | |
/ N —_= 1L co+ Hy + -CH"C.HCH'CHZ"' / \ (5)

o ’5 or hy 2 o



furan was later studied in detail #nd yielded a complex product

: \
mixture [38). Hg(3P1) sensitization of 3-methylfuran led only to. |

decarbanylation and 2-methylfuran was not detected 37). K
: . L o

Subseguently, more comple détaiiﬁ of the monomethyl furans .

were published [39]). 1In the case of both isomers more complex

e

product mixtures were found. For instance. for 2-methylfuran,

h¥ (210-230 nm)

€O + CH,CBCCH, + CHCHL®=CH

2

e e O3

 “3 hv, Ho(py) + CH,CH=C=CH, + CHzCHCH=CH
' . g )

Most importantly, while the photosensitized reaction of 3-methylfuran

produced no 2-methylfuran as previously'teported [37], the latter was

fdrmed,in low yield on direct irradiation. The only éyclopropene

‘ détfcted in this pﬁoﬁbsensitized’reaction_waé 1—methy1cyc;opropene.
Under d{rec{ irradiation however, both 1—me;hyl and 3—methylcyclo-
propene were f@rmed.. The Hg(3P1) phétogensﬁizéd'reaction of 2,4;
dimethylfuran gave nd f;qmeric dimethylfurans but“avnu&ber of
decarbonylation products were observed. The single_cxclopropene
product obtained in this casé wasA1,3-dimethylcyciopropene {39].
The above resdlfs prompt;d the suggestion‘qf'a c;mmon

decarbonylation and photoisomerization mechanism for furan, with ;
cycldbropene carboxaldehydé intermediate central to both processes.'
Such a speciés had been trapped ;s its furan Diels-Alder adduct, 8,

N
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in the photosensitization of furan vapour {35). A‘footnoté in" this

same paper reported the isolation of ketone 9, derived from 2,5-

L.,

HJC

9

dimethYIfuran. It was suggested that a consistency between the
photoisomerization and decarbonylétjon rgéuits woﬁld exist if such
intermediates were commoh_tq both’systéms. Scheme A summarizes the

postulated 2-methylfuran mechanism. The initially qenerated 1-

methylcyclopropene—3—carboxa1dehyde must be vibrationally excited.

It may decarbonylate to produce 3-methylcyclopropene or undergo ring

expan51on, generating a mlxture of 2- and 3—methy1furans. Scheme A

is incomplete because it does not include the pathways by which 3-

methylcyclopropene molecules

[ A [
0% TH, |

. H3C
"*"l’.' | -——-»‘ >—CH,

Ao le O,
;'H;C o ‘ ‘ ' c’h.
o L / \ .

o‘.

Scheme A

16



containing excéss vibrational energy isomerize‘to the ring-opened
isomers shown earlierk(reactionVG) as opposed.to being vibrationally
" deactivated.

Hiraoﬁa has used s;hilar reaction schemés for the cases of 3-
.methyl aﬁd 2,4-dim§thy1furan (39]. Thevcfuciai feature in his inter-
éretation is a presuméd selecti&ity‘in the initial furan ring opening
that produces the cyciopropenyl'dert;atiVe.‘ As an example, in 3-
methylfuran two possible ring openings can be imagined. If @hé
iqitial bbnd fupture takes'placé in the Cg-O ?osition then the cyc}o-

propene carboxaldehyde formed, 10, can decarbonylate givipg 1-methyl’

CHO
CH,

10

cyclopropene, ;hich'is détected experimentally, 6r:regenefate‘3-
methylfuran. The formation of 2-mefhy1fﬁran is'nop possible.
‘Howévér, if‘the.cz-O bond cleaves initially the same intermediate as
from Scheme A is generated and thévsamé products afejtherefore
expected. rhus, the‘;ormation of both 1-methyl and 3;methy1cyclo-
propéne as weLllaé of 2-methylfuran in the direct Vapoﬁr phase
photolysis of 3-methylfuran can be explained by initial C2—0 bond
rupture (Scheme B). Presumably, soﬁe excited singlet furan formed on
direct photolysis can underg; intersystem crossing to the triplet,
thereby acéounting for the«;épearance of 1-methylcyclopropene as a
prodﬁct.

Having reviewéd the pﬂotochemistry of furan and the methyl-

furans, some discrepancies worthy of attention should be discussed.

17
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-CO

h, Hg(3p;) cHo | CH,y
T, CH3

Scheme B . o H3

The failure of 3-methylfuran to rearrangé to‘ﬁﬁggthxlfurag_in the
. ~

i.photosensitiied reactioq implies a singlet pfecufsor to the inter-
mediate responsible for this rearréngement. That 2-methylfuran will
produce 3-methylfuran either upon direcf photolysis or triplet
sensitization probably suggests a triplet précursor to this same
intermediate.

2,5~Dimethylfuran isomerized to the 2,4 isomer on direct
irradiation [37]; but not in the photosensitized reaction [38]
despite the reported i§olation of (Z—methyl-z-cyciopropenyl) methyl
ketone, 9, from the photosensitized system [34]. To be consistent
with Schemes A and B, compound 9 should be the intermediate

responsible for the rearrangement of 2,5-dimethyl- to 2,4-



Sensitization o

58
.«-{.‘

cyclopropene, °~ The suggested intermediate did not generate 3,4—di—4

methylfuran, but no reason for this behaviour was provided (Scheme

}

C)s. Unfortunately, the direét photolysis of 2,4-dimethylfuran has

not been reported so it is not known whether positional photoisomer-

ization via a singlet precursor can occur for this molecule.

é%';4-dimethylfuran yielded CO and 1,3-dimethyl-

furan ring contractions observed experimentally have, in at least

§

some cases, been supported by Hiickel type MO calculations which

»d

/ \ hVo”ﬂ(ls"l)A CHO

-Co__ JD_CHJ
CH, |

-\

0% tH, CHy

CHy

Scheme C

* 14

indicate the weakest C-O bond in the first excited state, assuming

that it is selectively cleaved [39],

Hiraoka and Srinivasan [36] have suggested that the difference

\

,‘Aﬁ i 2 : s .
in tW behaviour of furan on direct irradiation and Hg(3P1) photosen-

0" cH,

Mty

The
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sitization indicates inefficient intersystem cfossing'for the excited
singlef state of furan, and that cyclopropqu formation is a sig-
nificant test for the presence of triplet furan. ' In an attempt to
exclude the pdssibility'that the different behaviour resulted from a
difference in the energetics of the two excitation techniques, two
direct irradiation experiments, employing a filter system which
isalated light from the range A ~ 260-280‘nm, were performed. Even
under these conditions cyclopropene was at best only a ﬁrace product
[36)]. However, thelthermal decomposition of cyclopropene to propyne
is known [(40] and a dramatic influence of furan pressure on the

‘ cycloéropené/propyne ratio was found &n thg photosensitized case
[34].‘

The effect of O, on furan phbtochemistry has often been reported
{34,36,37]. Even a large excess of 0, did not arrest photoisomer-
ization or decarbonylafion althougﬁ the efficiéncy.of poth was
reduced. The presence of 0, haé intended as a test for free radical
processes. It was concluded that with limited exceptions, relating
to the formation of some minor products [38), free radical processes
were unimportant.

Decarbonylation of cyclopropenyl intermediates was envisioned to
proceed by an intramolecular routeﬂ The inability of 0, to eliminate

fragmentation products precluded a free radical mechanism for their

3

formation. -

(7)
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Little quantum yield data for the photoisomerization and

(]

[]

[)

’

[}
4
H;

de;arbonylation are available. A significant complication, only
occasionall? acknowledged [34), was polymer formation. The polymer
complicates quantitgtive experimants by coating the cell walls,
 thereby reducing .the incident light inténsity. Due to its
insolubility very little information was gathered about the nature of
the polymer. The infrared spectrum of the polymer obtained from the
photolysis of ' furan solutions displayed a strong broad carbonyl

absorption centred near 1715 cm—1. The total absence of any aldehyde

C-H sttetc;ing absorptions suggested that the carbonyl group was not
_incorporated in an aldehyde functionality. 1In general, product
quantum yields in furan photochemistry were pressure dependent. For
the Hg(3P1) sensitization of fu;an itself ¢on can be as large as 0.4
[33,39] but decreases at higher substrate pressure. The ;uantum
yields for positional photoisomerization oé substituted furans are
not reported directly but can be estimated to be roughly an order of
magnitude smaller than é¢pq at low pressure, increasing slightly‘w;th
increasing pressure [39].

Another interesting species apparently formed during the»Hg(3P1)
sensitization of furan was 1,3-butadienone (vinylketene), 11. 1In the
presence of Cﬂqgg/QE\?HjoD methyl esters of 3—buf2hoic‘acid were

P .

~ .
isolated. The esters were presumed to arise from methanol addition

21
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BT " %05 CHz= CHCHDCOCH,

Nearly coincident with the earliest gas phase results on furan
vandvthe methylfurans, van .Tamelen and Whitesides published similar
« . i

results for‘t4buty1furanc'[41,42]. Direct irradiation (A > 220 nm)-

of 2,5-di-t-butylfuran, 12, in deox}genated pentane solution.induced-

photoisomériiation to the 2,4 isomer. 50% of 12 was consuméd in 1 h
.. 5 R B v

e

.and three lsomerxc products were 1solated “““ 13;15. Tﬂé'product 

yiélds, baéed on consumed 12,'showéd that'78% of the furan‘which

-Bu\cx—c—f W—t Bu

(10)'

Ly

9

v

12 s . M. .. - 15

i

reacted was converted to ihsqluble products.  On direct irradiationvk'

of 15 under similar conditions‘84% was consumed inwO.ZS’h giving a

mixture of 12 (9&),‘13 (14%) and 14 (23%). Agaiﬁ; polymgp formation
L3R . R *
presumably accounted for the remalnlng mass balance. The éuthors

concluded that 15 was a true 1ntermed1ate 1n ‘the photoxsomerlzatlon o

of 12. A time'study of the product ratios 13/15, 14/15 and 13/14
designéd'ﬁo.prove that 15 was the photoisomerizatioh intermediate,

unfortunately did not demonstrate that 13 and 14 are both formed from

22
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15 as opposéé ic some other intermediate.
LablachehCombier et ale [43 44] have carried out the direct
flrradlatlon (185 254 nm) df furans in deoxygenated n-propylam1ne.

They 1solated 1—propylpyrroles .which they clalmed were derived from

the reaction of a cyclopropenyl intermediate with the solvent.

23

Table 1 summarizes the pyrrole products_obtained from furan and its
mbnbésand dimethyl derivatives. It is curious that the photolysis of
2-methy1furan leads to the, lsolatlon of both poss1b1e monomethyl -1~

propylpyrrole isomers, whlle 3-methy1furan generates only 3-methy1-ﬂ—

propylpyrrole.' This result seems contradxctory to leaoka s flndlng

that the 2«3 transformation is reversible in the direct photolysis'of

methylfuran [39]. At a later date, Lablache-Combier et al. [44]
implicatedjthe bicyclic'intermediate{ Dewar furan 56, in

o

3 16
rationalizing the recovered pyrroles. The Dewar type structure has
its historical roots in benzene photochemistry, already

described. The possible’ involvement of Dewar VB isomers- in hetero-

cyclic photorearrangemehts”had sometimes been.méntioned, particularly

for thlopheneS, which will shortly be discussed}‘ _Furan researchers

v

had prevxously g1ven 11tt1e ‘consideration to‘a blcycllc 1ntermed1ate
pecause of the known formation of«cyclopropenyl compo@nds.

A4

»
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"TABLE 1 - -
Pyrrole Products Recovered from the Photolyses of

Furans in Propylamine

Initial Furan . ' '~ Pyrrole Recovered : o .
R3 | R2
Ry Y07 R

Ry =Rp=R3 =Ry =H Ry = Ry = R3.= Ry = H
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Hifaoka 145,461 also éetected a cfclopfopenyl cafboxaldeﬁyde
derivative from 2-cyanofuran. -Direct‘ir;adiation (254 nm) in
methanol led to the ﬁormatiqn of solvent adducts with thé unsatﬁrated
aldehyde. Photoisomerization to 5-cyanofuran was not repdrted and
irradiation of 3—cyano£uran in methaﬁoi failed to prbduce’any photo-
_addition products [46].

Much mofe recently the photoéhemibal fransformétionsxbf per-
fluorotri- and tetramethylfq:an were investigated [47]. It was'hoped
that these furans might gené;ate stable Dewgr VB isohers,'by‘anaiogy'
to the’thiophene'§YStems to .be desqribéd later. Diréct gas phase
photolysis of these furans always yielded only tﬁe cyclbpropenyl‘

derivatives with no evidence of a Dewar furan.
I\ hy . CF,
L™ N0~ X g X
X= F'CF

3 : :
The very first Dewar furan was recently syn,t',*pgs‘ized by W\irt'd o

(12) .

Lemal [48]. Pe;fluorotetramethyl Dewar furan underkgﬁﬁ a clean
thermal isdperization to the cyclopropenyl.ketone (t1/2.~ 0.3 h at
95°C) rather than rearomatization. This Dewar furan is a very
o FC .
P g
95°c : CF:‘ (13)
(CHB)4 ' "CF% .
| K A ‘
reactive dienopﬁile, undergoing cyclpéddition to furan at 25°C at a

. _ . | |
rate three orders -of magnitude faster than the corresponding Dewar .
b ' ' .
thiophene.
2. Pyridines
The fiist pyridine VB isomer was reported by. Wilzbach and Rausch

<



[45] in 1970. They formed the Dewar pyridine, 2—azébicyelo(2.2.0]-
hexa-2,5-diene, 17, in the liquid phase phetolysis (254 nm) of |
éyridine. Both the ebsethd photoredqceion‘to 2-
azab}eyclot2.2.0]hex-5—ene, 18,vin agueous sodium~berohydride and the
Qhotohydratien to 5—amino-2;4-pentadienai, 19, were'proposed te

proceed via the;@ewar intermediate. ' A quantum yield of 0.05 at 254

L
Vi

NH

| LI “ |
1 (14)
‘?o NH | o

4 { .

1] :
—— NHICH-CHCH =CHCH
19
nm was calculated for the formation of 17. It was thermalli

“unstable, reverting quantitativeiy_to pyridine with ty 2 ~ 2.5 min at

25°C, At 0°C the half-life increased to 36 min. Photolysis of
’ . ' . ! . ’
monomethyl- and dimethylpyridines, known as picolines and lutidines,

’ - ’ )
respectively, also formed thermally unstable isomers which were

reduced by NaBH4‘and hydrolyzed by H,0. o7
Almost simultaneously Barlow et al. [50] photolyzed pentakis-

(pentqfluoroethyl)pyridine and isolated nof only a Dewar pyridine,

'20, but also the correéponding prismane, 21. The prismane was found

m‘(cz‘s)é A _(C.st)s'

21

durlng shorter wavelength photolysis experimepts .and was presumed to

l

form by an internal cycllzatlon in the Dewar structure. Both

2

isomers, 1-azabieyclo[2.2.0]hexa—2,5-diene, 20, and 1-
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azatetracyclo[Z-2-0-02f6.03’5]hexane, 21, display the considerable
thermal stability chqractéristic of perfluoréalkylated VB iso&ers'of
Senzene and ihe heteroaromatics. For instance, thermolysis of 26 in
‘ hexafluorobenzene  at 170°C resﬁlteé.in.pYrigine formation with t1/2 =
104 h, while under the same,cond;tions 21 had ;1/2'= 1«1 h and '
prqduced a‘mixture of pyridiné, 20, and a third'unideﬁtified'
component. | |

The ﬁewa: pynidine,isomer described by Wilzbéch and Rausch was
different from that of éérlow et al. Two‘Dewar isomers of pyridine
gan be imagined. ' If Dewar formation occurs'by‘2,5-bonding in
pyridines a 2—aiabicyclo[2.2.0]hexa—2,5-diene, 17; :esults, whereas
1,4-boﬁding préduces a 1—azabicyclo[2.2.0]hexa—2,5-diene,»20¥J Both
CNDO/2 [51) and MNDO [52] MO calculations indiEate the 2-aza isomer
to be the mbre”stab}e Dewar form. Thu; thé caiculated energy  . .
'aifferences bétween pyridfne and the 1-aza and 2-azabicyclo isomers
are roughij 170 and 97 kJ-mol'j, respeétively. Therefore the 2,5~
bonded.isomer, tﬁe ptobab;e intiimédiate obéained by Wilzbach and
- Rausch [49], is more stabie by 322_70 kJ-mol".  The total énergiesv
of these Dewar isomers are minimized when the dihedral angle.bétwgen
the four -membered ring planes, e,xié arouné-115°.b Thg‘calculated'
enthalpies of activation for reversioh to pfridine were 128.0
kJ*mol~! for the 1-aza isomer and 124.2 kJOﬁol_T-for tﬁe 2-aza -
éompound.- Tﬁg enthalpy of activation for the reversion of Dewaf
benzene_tg behzene-was calculated inAthe same study [52] to be 124
kJemol™'. ’ |

The gaé and liquid phase phofochemistry of bicolines and



lutidines were also described by'Lablache—Cgmbier et al. in 1970
[53,54). Gas phase‘photolysis {254 nm) of picolineé produceq
isomeric picolines, plus lutidenes aﬁd pyridine. Lutidenes yielded
only other dimethylpyridine isémers on irradiation. The photolytic
interconversion of 2- and z—picoline was actually first reported by

Pascual and Tuazon [55], but their work was later repeated and.

extended [53]. 1In the gas phase experiments. of Caplain and Lablache-

Combier [53] pof§mef formation was exﬁensive. Hg(3P1)‘sensitization
led to the éame results as direct photolysis. Lutidene and pyridine
fo?métion on picoline photolysis seemed to involve:a methylation-
demethylation proceQ;, while the‘re§ersib1e photoisomerization of 2-
. and 4—p{coliﬁe présumably arose by 62—C4-interéhange in the pyridine
v;iné. “The photolytic ¢tonversion between lutidene positional'isomers
was similafly exélained, with a ﬁofe éomblex ;et of ¢arbon‘atom_
"exchanges wﬁichhinvdlvgd valence bond isomers similar-to those which
héd just beén reéentlyvdiscovered.[49;50].1'

Photolysis.(254 nm) of 2-picoline in cyclohexane solution
prbdﬁced, in addition to 4—pi¢olig§$ two éompounds formed by reaction
with the sol&enﬁ: 4- and’S-é}cloh;xyl;z-méthylpyridiné 154,56]. 4~
Picoline led to 2—;icoline and the same Qubsfitution'products.~ The
cyclohexylpicolines were'conclu@ed to be formeg by a fadical
mechanism with,é common-intérmgdia£e‘involved in both:casés. Rgdical
formation during UV photolysis in solution ﬁad previoﬁsly been
'reported by ﬁynberg et al. [57i’f9r 3,5—dicarboalkoxy—2;4,G;tri-
methylpyz:ic_iinesr ‘

The pﬁotolysis of polychloropyridines has,aiso been studied. 1In

28



each case the formation of a pyridyl radical was followed by
reactions such as proton abstraction from the solvent or intra-
molecﬁlar cyclization of -an épproptiately substituted pyridine ([58].
Heicklen and Mathias [59) irradiated (214t 229 nm) pyridine
vapour at %5 and 260°C. ‘The Hg(3P1) sensitiZed decoméosition was
also carried out at éSPC. The primary‘products from the direct
photolysig were CZH2 and CH,CHCN. More extensivéﬁﬁhotolysis produceq
as additional sé;ondary éroducts:' Hz; CHy, C,Hy, CH3CHCH2, CH,CCH,
CH3CCH, (CH3)2CCHé and polymer. In addition, indirect\evidence was
‘obtained for an unknown'Aréduct concluded to be a §hort—lived‘isomer
of py;idiné. The direci photolysis results. were essentially the same
at 25 and 260°C Sut ;ith diffefences in the:?mounts °f'C2H2’ CH&CHCN
and polymer formed. The sensitized pyridine decomposition proééeded

by a,different, unspecified, mechanism.

s

The photodecomposition of pyridine was studied by Chapman et al.

[60} in a low temperature matrix IR experiment. HCN and éyclobuta-

L} .
_diene were produced on secondary photolysis, presumably through a 2-

azabicyclo[2.2.0)hexa~2,5~diene intermediate although no absorptions
. g .
attributable to this intermediate were described.

A~ | _ . .
3 —%—u / ____.hVn HCN + I | (15)
8K

2{4,6—Trimethyl-3,5rbis(trifluoromethyl)-1—azabicyclo[2.2.0}—

hexa-2,5-diene forms Stable transition metal complexes with Pi(II)

1

and P4(II) salts. Complex formation was monitored by H and 'F

NMR. At room temperature the Dewar pyridine in the complexes slowly

29
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.

rearomatized. The. chemical reactivity of this Dewar pyridine,
including the kinetics of . its thermal rearomagization, have been
% studied [61].

Chambers and coworkers have pﬂotolyzed (254 nm) a symmetrically
pentasubstitutéd perfluoroalkyl pyridine, producing one Dewar and two
azaprismane isomers [62]. Thérmolysis‘éf.the azaprismanes regen-
erated positional isomeré of the initial pyfidine (Scheme D). The

unsymmetrically substituted aiép;ismane was assumed to-héve been'
fo:hed,from the appgopriately‘substituted Dewar isomer, but the
latter was not isolated. Irradiatiﬁn of va?ious perfluorotri— and

tetraalkylpyridines produced the first 2-azabicyclo(2.2.0]lhexa-2,5-

diene derivatives having notable thermal stabilities [63].

Ri=0GFy

Ry=CFy ‘
sy e X
Ry l - R3 R..A -
7 Scheme‘D
&

The solution phaséwphotoreafrangement of substituted 2-methyl-
pyridinesbto 2-subs£ituted anilines occurred possibly by interchange

of;tﬁe N atom with the adjacent C atom carrying the substituent. The

4
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| ——— 4 (16)
Hzx X

X = CN COCH, , Ph NH,

intermediacy of Dewar pyridine, azaptismane and azabenzvalene
structures was consideredf[64],band Dewar pyridine derivatives were
later isolated [65]:

Complexes between cyclobutadienes and AlCl3 reacted with
nitriles to yield pyridines, where Dewar pyridines mus; be the inter-
mediates [66].

A study of the mass spectra of V3¢ anda 15N lgbelled 2-, 3~ and
4-cyanopyridines showed that molecu;ar ions fragmenting duriné the
time frame from 1 éo 10 us displayed positional interchange‘df Cy Cy
and Ce prior to HCN loss., In addition(‘the labelling revealed that

in each cyanopyridiné the two N éfoms were completely scrambled

before HCN expulsion. While the carbon atom scrambling was

+ /

postulated to occur via a Dewar pyridine® that of the N atoms was
believed:to proceed by a 1,4-dicyano-1,3-butadiene inteJmediate, 22

(67 | o N

[CNCH=CHCH=CHCN]!

22

Rec’ly, éb;'xﬁin_uous gaé phase ’photoly's;is and conventional flash
photoiysis studies have been applied to CSFSN [68]. The former
produced pentafluoro—z—azabicyclo[2;2.0]hexa-2,5-d;ene (t1/2 = 120 h,
~25°C). Flash.photolysis révealedvﬁwo transient UV absbrptions

decaying with t1/2 = 22 and 3 ms. As the transient aﬁsorptions

disappeared the pentafluoropyridine signal reappeared. No stable

’

N
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photoproducts were found after flash photolysis. 0, did not affect
the measured decay times, indicating that the transient absorptions
§ : .

were not dQue to triplet states or to free radicals. .When the flash

photolysis was monitored by time-of-flight mass spectrometry the

k 0 .
presence of a CF2+ ion (m/e 50) was revealed [68,69]. This ion was

associated with the species responsible for the transient UV

absorptions and therefore the fulvene type structures below were
. ‘ |

assigned to the transients.

Cfé CF.

23 24

3. Pyrroles

‘ Pyrrole'isome;izatioﬁsAare more complex in the .sense that both-
thermal and photochemical rearrangements have been detected, often
for the same m§1ecules. For this ;;ason it was decided to include in
this preseptation a brief account of some thermal isomerizations of
pyrroles.

In i1-substituted pyrroles rearrangement occurred thermally at
500~-600°C, Alkyl [70] and bgnzyi £71] substituents at the N atoﬁ
migraﬁed to the 2 and‘3’positions oflﬁhe pyrfole ring by a
unimoleculaf p?oceSSa By comparison, 1,2,5-trisubstituted pyrroles
‘rearranged more readily despite blocking of the 2 ané‘S“positions Sf

the pyrrole ring. Patterson and Soedigdo [72] described the flow

pyrolysis of the trisubstituted pyrroles below. The isomeric
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RQRMR/ \ , +‘R/.\ (17)

| ' N ‘
R’ H H
M R=CH; R=Ph
b R= P 'R= CH,
5 R= CH3, d:-'- CHiph

products were formed in equal amounts except in the last case, where
the 3—benzyi isomer predominated.

A pyrrolenine or 2—H pyrroie intermediate was postulaﬁed fof the
thermal isomerization of a 1-substituted 25$-dimethyl pyrrole

-~

[72,73]. ©No pyrrolenine intermediates were isolated from pyrolysis

B e’
A ,
H3C CH3 HCQH:‘ S H3C /N\ R’
! - !
(18)
+
”
/.
H.C _N\,c"s
T

mixtures but the pyroiysis of 2-benzyl—2,S—dimethxl—ZH—pyr?ole at
differeﬁt teméeratures pro§uced the isomerg 375enzy1—2,5—dimethy1—
and 2—benzyl—3,S-dimethylpyrrole in the same ratid‘$§ the 1?benzy1;
2,54dimethy1pyrrolé pyrolysis, thgs implicating the pyrrolenine
species;as an intermediate<in fhe'thermal isomerization;

Patterson and Burka [74] were the first to ;éport the'photoiso-
merization of pyrroles. Irradiation (254 nm) of neat 1-benzylpyrrole

produced the 2- and 3-substituted isomers in'a'5/1 ratio, respect-

N
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ively. Decomposition and polymerization also occurred but was
estimated to be less than 5%. The rate of product formation more«
than doubled in methanol solution. Photolysis of 2- or 3-benzyl-
pyrrole gave only‘decomposition. Direct photolysié of a 2H-pyrrole
did not produce the 3-substituted isbmer, suggesting an intermediate
different from the thermal isomefizations (72,73). The authors could
not exclude the possibility that the 3-benzylpyrrole formed in the
photochemical reaction‘migﬁt have come from»thérmal isbmerizapion of.
2—benzyipyrrole.

The’firsf.2+3 photoisomerizé@ion of pyrroles was‘not reported’
until 1970 [75), At least superficially, the results were similar to
the phbtoreartangements alreadyﬂinown for furans and thiophenes.
Direct irradiation (254 hm)_of'Z-cyanOpyrrole in methanol‘gave a

single photoproduct, 3-cyanopyrrole, 2-Cyanopyrrole thermolysis in

methanol at 180°C for 4 h did not prbduce any 3 isomer showing that,

v

unlike the 1+2 and 1+3 isomerizations of pyrroles, ﬁhe 2+3 prdcess
was exciusivély photochgmical} The pfoddéts ffom the solution-
photolysis of 1-methyl-2-cyanopyrrole included 1—méthyl—§-cyano-
‘pyriole, 2-methyl-2—cyano—2H-pyfrolg‘aﬁd a methanol adduct. The
methanol adduct 25 was assuméd to have'been-formed by addition of the
alcohoilto the Dewar structure,. 56. Thermdlysis 6f 25 at 186°C
prod&ged methanol and 1—methy&—3-c}an0pyr;ole, with none of the 2-

cyanc isomer [76].

K
“»

cn3 ; CH3
N s N
CH.O . | . ,
25 26



Hunt and Reid [77) have observed a very different behaviour for

é-nitropyrrolg as compared with that of 2-cyanopyrrole. Direct
irradiation (A > 280Jnm) in acetone produced 3-hydroxyimino-2-oxo-
2,3-dihydropyrrole, 27. The mechanism was suggested to involve
rearrangement to the nitrite followed by thermal or photochemical
cleavage to NO and a furyloxy radical, and radical recombination at
Cc

3 Precedents for this kind of rearrangement had previously been

established by Chapman et al. [78] as well as Reid et al. [79]).

OH
e
(19)
Ao, NO
N N N
H H H 27
Wu and Heicklen investigated the vapour . photolysis of

pyrrole [80] and, later, 2,4- and 2,5-dimethl h i«}les (81]. Until

then the photochemistry of the parent pyrrole received almost no
attention. One earlier study (82] of its flash photolysis described
a transient free radical tentatively assigned as *CH,CH=CHCN based on
the similarity of its absorption.spect;um with that of the radical
produced in tﬁe flash photolysis of 3-butenenitrile (allyl nitrile,
CH,=CHCH,CN) and 2-butenenitrile (crotyl nitrile, CH,CH=CHCN). The
vapour phase photolysis of pyrrole (214 nm) and dimethylpyrroles
(214, 229 nm) produced many decomposition products, For instance,
pyrrole yielded CH3CCQ, CH2CCH2, CoHy, C2H4, Hy, CHy, CH3CHC62, HCN
and polymer. The use of NO or O2 as free radical scavengers showed
that C,H, and most of the H, arose from radical precursors. CHy and
CH;CHCH, were secondary products, also of radical origin, resultiné

from H atom reactions with C4H, species. Product gquantum yields were

35



®btained. Thei: quahtum:yields were 1ow:(~0.1-0.01) aﬂd generally

bond intermediate consistentiwith thé ébserved products. Thé e

. ¢ ‘ N . : ‘
determined as a function of pressure and a detailed mechanism

X - s
"explaining the formation of all the primary and secondary products

was proposed. The quantum yields for ring cleavage products from ‘
pyrrble were ve%y small,(~0.05—0.001) and it seem&,'although this was

not ‘clearly stated,"that polymer formation was .a major process.

- By:contrast, dimethylpyrroles gave no ring‘éiéhvage products.

H,, CH,, C,Hg and polymer, all of free radical origin, were ¢

.

L

insensiﬁive to chadges iﬂ‘substrate'pressure,'incident light
inten;ity ahéiincident¥w5vé1engtﬂ; No photbisomerization‘érqducts
were'detgcﬁed.\ |

o More'recéntly Bg:itroé et al. investigated the phbtoiysis.of '
cyanopyrrblé;-f83}§4]; éolution photolféis of all three poséiblg
monomethyl 2-é§anopyfrole isomers‘produced in eéch'cqse a monbme;hyl
3-cyano§;rfoi€ [83];f'The authors empiofga théipipeghutation pattern
technique,‘fifst introduced to analyié’éhototranspésitionvreactiohs

) ‘ , R o

of six membered aromatic rings. [85]}, to determine a possible valence

significance of permutation pattern analysis iieswinfthe.recognition

v

that durinq<photqisomeri?atibn'by scramblihg‘df the rind'cyatéms,

' only those atoms~carrying.a.uniqué.substituent can definitely be' b
“located both before and after rearrangement. Accounting for ‘the

: different.possible locations of "unlabelled" ring C atoms often

produces a small set of different per#utation‘patterns consistent

 with the observed rearrangement. Dif&erent patterns may involve @%?

different intérmediates. 'Studying‘alh'the possible permufation_

"

3
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patterne for each monomethyl 2-cyanopyrrole rearrangement and
seércﬁihg for ; common pattero, the authors'suggestedxthat the.
-
initial step was 2 5 bond1ng in the pyrrole ring to produce a
bicyclic Dewar pyrrole like that earlier trapped by Hiraoka {76].
‘The observed products were stated to be formed by single or double
w ,
[1,3T-sigmatropio shifts of the N atom, followed by
rearometizipioh; This mecﬁanism involves a stepeise ~we1king! of ‘the

N atom about toe cyclobdtene‘ring until the appropriate Dewar e
precufsot to the observed pyrrole product ie reached and

‘rearomatization occﬁrs." Scheme E shows the two p0851b1e walklng -
'seeps.that can transformvz—oyanopyrrole 1nto 3-cyanopyrrole. ‘Later,

solution phase trapping experiments .[84] were suocessful 1n

‘interceptiné the ‘Dewar pyrrole.

—_— . A=
' / \2 hV P 5 \\wa'kl/
H " H |

2o,

) - g . “+

Scheme E

Irradiation (254 nm) of 1-methyl—2-cyanopyirole‘in methanol produced
an,adduct, 28, similar to that reported by Hiraoka [76] except that

Barltrop et al..assigned it a structure having the cyano substitqent



at Cy. En'furén solution 1-methyl-2-cyanopyrrole gave twd furan DAa
, c
g NC. - Fb

(:H3

//28

. R N k R
with a 3-cyano Dewar pyrrole,f29 and 30. These structures were

a531gned on the pasis of the 'H NMR spectra of the adducts and the
porresp?nd;ng tflcyc%1¢ dienes, 31 and 32, obtalned ‘by treatment with
m—chlproperoxybenzoic‘acia (MCPBA). The stereochemlstry of 29 and 30
was presumably decided in part from sterié consid@fations since the
'reported NM# daté [84] were probably insufficient to permit thé

stereochemistry‘to be determined. Evidence that the trapped Dewar

0

31
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pyrroles were'intermediateng%§the phqto;sterization of 2-cyano- ‘

A

pyrroles was obtalned by pyroly51s of a furan photoadduct W1th 2~

‘ cyano—S—methylpyrrole. When heated at 175°C for 3 h thlS adduct ok

. . : \
P : . ) g .
. . .

8 -

-



39

generated furan and four isomerie pyrroles. The two major pyrroles
wereqthe 2-cyano—5-merhy1‘and 3fcvano—2~methyl isomers. The latter
‘had’been previously reported (83] as the major photolysis produet
from%2-cyano-5—methy1pyrrole. Of the two pyrroles found as minor
' pyroly515 products, one was preViously identified [83] as a minor
product of the photolySis of 2-cyano 5-methylpyrrole. In order to

| .ipyrrole isomers in the

explain the appearance of four dﬁsubst#ﬁut&

pyrolysis experiment it was suggest g.&bv\;ﬁhe first bicyclic inter-
mediate formed in the Diels-Alder retrogreSSion could undergo one .or

v

‘more "nitrogen walking" steps before aromatizatidn occurred. The ‘
aromatization,process presumably competes witp the,“nifrogen
: walkingf§ However, although the authors do not comment on this, it

obfous that if all the pyrrole products arise from the same

\ Dewar pyrrpie formed in the'Dielsehider reversion then ;he'

’ég of*the disubstitutedIPYrrole products obtained are not clearly
[y .
'Sistent wi th the number of walking steps required to attain the

&

g,

oorrect“isomer. In’any case, Barltrop et al.,concluded that pyrrole
'photoieomerization occurs by interconversion and rearomatization of
bicyclic intermediates which are primary photoproducts.'
- Kobayashi et al. [86] have studied some 1-substituted Dewar
pyrroles. All'were-perflnorofepramethyl derivatives prepared from
, perfiuorotetramethyl»Dewar thiophene. Initial reaction of the thio-
.‘phene Wlth the appropriate azide: formed a triazoline derivative,
| R R S
. : : 'J FiC CFy

FsC

: ‘ ‘ cFa
.RSH.Ph,C6Hil.¢-BU o 33



wﬁhich was then photolyzed to cause N2 elimina;ion'a;;‘finally
desulfurized to the pyrrole (Scheme F). These Dewar pyrroies
undefwent Diels—Alaer cycloaddition with a variety of dienes
including furan, 2,54dimethy1furan, pyrrole, cyclopentadiene, 1,3-

butadiene and 2,3—dimethylbutadiene.

R=H,Ph,CH, ,¢Bu

Scheme F .
| \
Recently Kobayésgi et ai, (87] prepaéed Dewar pyrrolgs and |
cycloprbpényl iminés stabilized by trifluéromethyl sébstituedﬁg.

' Neither thermoiysis pbr photoly§is of ;he'cyclopropényliimines
converted tgém to pyrfoies, and photoly§is, but not thermolysis, of
the_Dewar compounds proéﬁced pyrroles. Consequently, the.authorg
concluded that‘ﬁeithér Dewarzpy?roles nor.cycloéropenyl imines are

intermediates in the photoisomerizations of pyrroles (Scheme G).

" FyC FC  CFy
s cF,s h,A \
cFy, —H— /
. F,C cF'

ke’ R

|
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F,C

FsC

.R= Ph

4. -Thiophenes

f

Thé photochemica} rearranq?mgnt of substituted'thiophenes was
initiallY'detected during photolytic arylétion experiments with iodo-
‘thiophenes. The first direct study was reported in 1965 by Wynberg
and van Driei 188]. UV photolysis of 2—pheﬁylthiophene produced 3—\
.phenylthiophene irreversibly. Irradiation of 2,2'-dithienyl prdduced

'

2,3'-dithienyi and 3,3'~dithienyl in a 2:1 ratio.

Ph
. I3 |
/s‘\ o _":.__‘.y": /s\ " (20)
’z 34 . . 35

2,3'-Dithienyl gave only' the 3,3'-isomer, which yieldéd no detectable

‘rearrangement when photolyzed. ,Eéch photolysis wéskperformed in

benzene at Eg;_60-80°c ﬁsing a‘high pressure Hg arc. Typical
photolysis times weté 10—38 h,and'pﬁlymer fdrmatiqn occurred inAévéry
case. The possible involvement of»Dewar or prismaﬁe intermediates
was éuggested on the basis of benzene results.

"Both 2- and 3-phenylthiophene were observed to phosphoresce in a
. \ . . .
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2-propan§1 giass at 77‘K. _Ifradiation.o: 34 under these conditions’

also produced 35, és indicaﬁeévby changes in its phosphorescence

‘spectrum. The phOSphdfescenée decay timesvwere 20 and'ioolms" , Q
?espécti;ely,'Qith a phogphorescénce yield for'35'about 13 times that”

of 34. Emulatlng the me31ty1ené 14c labelllng experlment [20],

Wynberg and van Driel [89] photolyzed a 2-pheny1 {z, 5-14C]th1ophene

in ether. The 3-phenylthiophene formed was isolated by prepqratlve

GC:and samples of  each phenylthioéhene Qefe’separgte;y o*iéized'to,
benzoic acid [90]. The‘14C activify meaéufea'in the benzoic gcid'
from'the photorearranged 3-phenyl iSomef was the same as- that in the~

: <
benzoic acid from the initial 2-phenylthiophene (Scheme H). From

Lo e [

| Croé\HOAc - cro:}\HOAc
’ OH
[
Activity . - 0.031010.0003 0. O318+O 0007
(mC/mol) i

Scheme H

this result iﬁ was concludéd that the‘pﬁenyl substituent remained .
attached td the s#me carbon étom during the redrraan%ent, and
therefore photoiéomerization'must_océur'by écrambllnq’of the thio;
phene ring carbons. - ' - | ' k | .

‘Q;us far two types of experiments investigatin; thinphene photo-

rearrangements have been described. The first type [88! examined
b4 .



4
product mixtureswin'an attempt to géin insight into the mechanism,
while the labelling experiment [89] directly tested the pdssibility
that positional_isdhers a;oée via séraﬁbling in the thiophené ring.
Returning to their former approach WYnﬁerg,and various coworkgrs
» published six papers [91{96i relatihg to many differéh£ly substi;gted
thiophenes. The‘behgviouf of ;oposubstittfgé thiophenes was
decepfiQely‘simple. ,EéCh 2—su$§tituted thiopﬁene gave the
cofrgsponding 3-isbmer'on‘photolysis,'bué the reverse process never

-occurred.

R

T v _ ) |
AN ==\ (22)
| ' Ns R W \s |
R = methyl, t-butyl, heqpentylf'thienyl, phenyl, 1- and 2- - _
naphthyl, p-tolyl, mesityl and benzyl.. ‘ S

In&estiéatiom of disubstituted ﬁhiéphenes revealed a more
comple* photorearrangement behaQiour (Tabie 2). The results for each :
disﬁbsﬁi;uted thiopﬁene need not- be congiaéred since careful scrutiny
of the results on methylphenylthi&phenes [?ﬁﬁjqives ;n appréciatioﬁ.
of the'essential'féatﬁres. Table 3 suhﬁgg{ées the‘comp}ete results
for ;he méthylphen?ithibphenes 39—44. In eéch instance,_ali possible
poéitional”isomérs ;gre detected afterlphoﬁolysis iniat least small |
amounts. The authofs stated that time studies with 41, 43 and 44
showed that the pProduct :atioé in Table 3 remained roughly constant
" with time, indicaiing‘that all the p}oduéts were formed in the
primary photochemicél.acf. However, it shou@d_be noted that with 41
for ex;mple, ;4 was ghé single major pfoduct, but sigﬁificént aﬁounts

C

of Qzﬁyere also forhed,»rélative to 311 pther isomers. The major @Ea'
product from the photolysis of 44 is 43. This observation is

—
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TABLE 2

Disubstituted Thiophenes Investigated by UV Photolysis

Ref.

Ph-ds -

91, 94




TABLE 3

Relative Percentages of Isomers Formed from Irradiation of the

Isomeric Methylphenylthiopheneéa' b

Producté
Starting | ‘;
Material 39 40 4 42 43 44’
. //;/ - :

39 80.0 - 0.8 0.3 © 1741 141 0.7
40 0.5 53.1 1.5 2.9 37.7 4.3
3] ‘ 0.1 ~0.03 75.6 0.1 2.6 21.6
42 0.1 0.6 0.4 95.5 3.0 0.4
43 0.8 0.1 12.1 0.8 69.9 16.3
4 1.1 0.3 <4.2° 4.9 19.1 . 70.4

8Rreproduced from Réf. (94].

b

solution. Yields of recovered isomer mixtures ranéed from 42 to

- 82%.

CAbsolute maximum value.

Irradiations carried out for 6 h in 1.1 x 1072 M diethyl ether

.45
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suggestive of secondary photolysis.
More importantly, all methyl-2-phenylthiophene isomers exhibited
reasonably selective photoisomerization. The éorresponding methyl-3~

phenylthiophene isomer obtainable by.Cz—C3 interchange without

concomitant C4-'C5 interchange wasvalw§xs the sole major product. By
contr;st, the methy1-3-phenyl isoﬁers&aid not always generate only

one major product; For idstance,u43 Froduced toﬁghly equgl amounts
of 41 and 44. Clearly, photorearranéements occur in these 3-phenyl

HLC Ph CH, Ph

Iy —w N+ N

S s/ Ph s~ CHy
43 4 “

substituted thiophenes, resultiné in the tranéposition of thiophene
ring carbon atoms ther'thaﬁ C, and Cj.

Although Wynberg and cowdrkefs did not specifically point this
out, it %eemg evident that disubstituted thiophenes reveal a
rearrahgement complexity impossibl? to detéct with monosubstituted
«tﬁiophen;s. Proof that this sameibomplgxity existed in
mqnosubstituted thiophenes, but was concealed due to the limitation, .
imposed by having only a single cgrbon atom locator, is found in the
. photolysis of 2-deutero-3;péntadeuterophenylthiophene, 45.. The
deuterium was introduced iﬁ order to aid the NMR determination of the
product mixture. Substitution of D for H does not alter electronic
effects which may influence the”reaction path. Following irradiation
of 45, isomers 45-47 were all present in approximately equal
amounts. In spite of no change in the location of C3, bearing the

phenyl substituent, photoisomerization had completely scrambled the
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other thiophene fing carbons. This behaviour was dubbed a
photochemical “no-reaction feaction" {95], perhaps an appropriate
description for 3-monolabelled thiophenes.

No pdééible intermediates in the solgtion phase thiophene photo-

. Ve
isomerizations were ever detected by Wynberg in the form of products,

and tr:;ping experimenfs designed to capture sé;h species failed
[91). The rate of 2-pheny1thiophen;, M, disappearance(aqd of 3-
phenylthiophene, 35, appearance was plotted for 2 h. About 40-50% of
consumed 34 was found as 35 (Figure 4). The reaction tended to a
steady-state after roughly 6 ﬁ; \ The rate of 35 diéappearance on
phgtolysis is also shown in Figqure 4; but no 34 is formed. The réte
for disappearance of 34 was solvent dependent. For the solvent
series'benzene, cyclohexane, ether, diéhloromethane and methanol, the
relative extent of disappearance of 34 in‘6.4 x 103 M solutions
irradiated for 2.5 h at 20°vaas 1.0/1.7/2.2/5.1/5.9 respectively.
The phbtoisomerization proceeded with -equal efficiency regérdless of
the p?esence or absgence of O,.

Polymer formation was observed in each’thiophene’photolysis.
Although its yield varied for differently subétituted thiopﬁenés, the
rate of polymer formation wag never studied quantitati?ely and its
intrgctable n#ture probably discouraggd characterization..

Wynberg et al. [92] also reported that phenylthiophenes are

" luminescent. For the mono- and diphenylthiophene isomers many



48

-4
)

> «

v

[~

. E

<
12

06 -
0 l | ;

_ 0. 60 . 120
TIME (min ﬁ
‘ ‘.rf ;;

a g ».'

Figure 4, Plots of the disappearance of 2¥phény1thiophene, O,”Ahd%§§ e

phenylthiophene, 0, on UV photolysis (6 X 10-3 M solutiofs
in ether). Plot of the formation of 37pheny1thi0phehe‘

during the UV irradiation of ?-phenyltﬁiophene, A.
Reproduced from Ref. [92). ’
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fluorescence and phosphorescence maxima were reported, but only the

‘

low temperature phosphorescence spectra of 34 and 35 were actually
‘ ‘ o

published [88],

‘ﬁany of Wynberg's early photolysis experiments were performed in
benzene solution with a high pressure Hg arc source and no additional
wavelenéth selection. This lamp is a very intense source of UV and
visible radiation. The extent of pressure and temperature broadening
of the spectral lines generates an emission which isunearly
continuous in nature beyond 250 nm (97,98]. The use of benzene as

solvent was clearly unwise, although it was probably chosen because

L

the first photorearrangemeht was detected while photolyzing 2-iddo~
thiophene in benzene, a route to.%—phenylthiophene:‘ Benzene has an

absorption band centred near 255 nm (1A1g*182u; e ~ 200 M 'em™') and

.

consequently was also photolyzed by the Hg arc. Benzene also has a

longer wavekength absorption band with its origin near 340 nm
[4

3 £ ~ 1072 M 'em

B “1). 'This singlet-triplet absorption is
"®

weak and for this reason is'perhaps of Limite&'éonggrn. For the

3
( A1g+ 10

2

-

'ekperimental conditions used in photolyzing 3-phenylthiophene (xmax ~

~ 13 600 M-1cm_1, 6 x 10”3 M) [92) one can readily

bk 26 3
Céiqplate thét only about 5% of the incident light was absorbed by
:<’ §hgnyithiophene because of overlap with the absorption spectrum of
the solvent, Presumably, such considerations prompted the later
switch to a photochemically inert solvent such as diethyl ether.
The photorearrangement of 2-phenylthiophene, 34, in ether
‘solution was investigated in the presence gf 1,3-p;ntadiene

(piperylene). This diene quenched the fluorescence of 34 and
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ihhiBited“its rearrangemént to‘3-phenylthiophene [99]. In the

presence of 1 3-pentad1ene -34 was congumed at five tlmes ‘the normal

rate and 'MS lndlcated the formatlon of a 11 adduct between 34 and
s

the dlene (M' 228, C15H165).‘ Major fragment ions: were observed at M-

15 (-CH3) and M-32 (-S), Eut no adduct was 1solated due to its.

. reportedly unstable nature. Photosensltlzatlon of triplet 2-

‘ phenylthlophene w1th benzophenone or acetophenone caused nelther

consumptlon of 2-phenylthlophene nor £ormat10n of 3-pheny1thlophene,

’

although trlplet formatlon w35°apparent1y eff1c1ent. Thus the photo— e

-

rearrangement of phenylthlophenes proceeded by. an excited 51ngletf

‘5

concentrations.

describing the,photolysts of furanS'and‘thiophenes in liquid amines v

_state'and wasvarrested by “the lntroduction,of moderate dlene

g 2

W

'Couturé‘andILablacﬁefCombier have published a series. of papers

[43 44, 100 101]. Irradlatlon (254 nm) of substltuted thlophenes as

1% solutxons gave the same ° pyrrole products as prevlously obtained .- -

with comparable furan derlvatlves. For 1nstance, 2-methy1thlophene

1n ﬁ-propylamlne produced both 1-propy1 2- and 1-propy1 3-methy1-

pyrrole. 3-Methylth10phene on the other hand gave only the latter ° e

: pyrrole product (Scheme 1) [42].> The,species 1ntercepted by the

' amine se@med to be the phot01somer1zatlon 1ntermed1ate. These

Scheme I



51

trapping results, oombined'with the accepted role of cyclopropenyl

aldehydes and ketones in furan photoisomerizations;.were concluded to

demonstrete‘the intermediacy of‘throaldehydes or thioketoj"
-éhene ohotoisomerizatioos. Ultioaﬁely hoﬁever;‘two mechaj,
. used ro exolain p&rroie'formatioﬁ from furans auarthiophepes [44):
 Scheme I which was just presented, and Scheme J whichAinvoIGes Dewar
interﬁedietes. (;he Deuer_type‘intermediate of:Scheue J, as‘weli as
:the th;oaldehyde intermediate in éoheme I; couldzeccountlfor the |

. positionel isomerization of 2-meth91thio§hene.a

;,.»J\ : R : S_chéme' J oo
. » A . o ’ 4.
Wlﬁﬁp and Helcklen [102] subjected thlophene vapour to dlrect

g

irradlatlon (214, 1229 nm) and Hg( P ) sensitization at various temp- .
eretures, pressures and 1lght intensities. ' In all cases the products
ewere C2H2, CH2CCH2; CH3CCH, CS,, ZHZCHCCH and polymer. “Product
quantum ylelds decreasedjw1th increasing pressure. Ev1dence was
given for rhe presence of ‘an energetiC»lntermedlate different from
the'ihitiaily?formedbfhiophene excited stare.. This intermediate
decomposed to allene or was deactlveted to thlophene. ’Presumably'it

J : 3 N T P

was. not a trlplet state er a free radical because of the.lack of 02

L



scavenging, and the absehce of cyclopropene'from the pfoducts was

'during photolysis.

gas phase and 50 was recovered in 58\,y1eld [105]. It revetts

S o ‘ / S 52
3

[N

o : . o . ‘ v
suggested to exclude the possibility of cyclopropenyl thioeigehyde.

) _ I .
"The first thiophene valehce bond isomer to be isolated was

" obtained by Helcklen et al, from the dlrect photolysis (214 nm) and

Hg(3P1) sensxtlzatlon of gas phase 2,3,4, S-tetrakls(tr1f1uoromethyk&—

B

thiophene, 48, This‘isomer'WaS'ihitially helieved {80,103) to be a

tyélopropenYl thiokétone, 48,_but the Deekr structure, SO, ' {Ol
' ‘@(CFs)" RN (CF ) ' . g
e a9 : . so

n%)

was later assigned [104) because the '°F NMR spectrum showed two

egual intfnsity CF3 absorptions., The othéi‘major‘product was hexa-~
-fluoro-2~butyne. A minor product detécted by MS was.aésigned the

thiirene structure,- 51. Anhunqgaracterized polymer was always formed

// 4 F;c\ ) /CF‘
N s ~ o

o Camame W

Y

" y
w?

Since Heicklen et al. 1solated 50 thls compound has been
exteqsively stddied. Kobayashi and various-coworke;s have examined

the chemistry of this Dewar thiophene. They generated 50 by direct

.

"photolysis (254 nm) of 48 in the gas phase at low pressure,

conf1rm1ng its structure by 13C and 19? NMR ., Polymerlzatlon, whlch

‘ was substant1al Ain solution phase, was virtually ellmxnated in the

thermally to 48 with t, » = 5.1 h in benzene at 160°C [105,106) and -



this reversion can be catalyzed by triphenylphosphine. When

dissolved in dimethylsulfoxide 6rvdimgxhy1f6rmemide,'the crystalline .

dimer 52 precipitated immediately.

(cr,);
4

The abilityvof 50 to react as e~diehophile;has'brompted'meny

investﬁgations. Diels-Alder eddhcts,with'furan}bmethylfurahs,

pyrrole, cyclopentadiene and butadienes ﬁave been prepared [1071. SO

ﬂﬁpaves as'an electron deficient dienophile.  An interesting reaction

~

of the furan DAa 1nvdlves desulfurization to a trlcycllc dlene, and

subsequent solutlon photolysis- (254 nm) in acetonitrile whlch leads

2]

to an oxahomocubane [105,107l108]. For each

A

17 o/ (24)
R, .

R.HCH3R-C§

" Diels-Alder reactlon of 50 with a cyclic diene two adducts were

generally reported, although in theory ‘four can be xmaglned. Those

obtalhed were assumed to be the two sterlcally favoured adducts. For

one furan adduct the actual stereochemlstry was establlshed by x~ray
ana1y51s f109]. ‘ ‘ 7 o ‘ o, ;

More recently, Kobayashl and coworkers ng@% tfeated 50 with
. ! 3/’
azldes, developing a synthetic route to. perfluorotetramethyl Dewar
pyrrole (110}, and also lnvestlgated ‘the photoly51s oﬁ bxs- and tris-

v L%

. 53
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H)
(trlfluoromethyl)thlophenes in order to generate Dewar 1somers [111].

Verkoczy et al. [112) recently_isolated perfluorotetramethyl

Dewar tniophene‘from the gas phase photoleis {>240 nm) of COS in the

presencéﬁof CF3CCCF3. Thllrene, the primary adduct in the reaction
‘ S

of an S( D2) atom with C4F6, is sufficiently reactlve to add a second

C4Fe molecule yieldlng,perfluorotetramethylthlophene. Its secondary'

T4

phoéolysiS'oroduced the Dewar isomer.
Kobayashf_and Kumadaki {113] have reviewed the field of valence
bond isomers of aromatic compounds stabiliZed'by~trif1uoromethy1

5

substituents. Thls stab11121ng effect had been recognlzed earller by
"Lemal and Dunlap [114] whoé;’ gnated it .as the perfluoroalkyl (Rf)
effect“. The stqplllzanﬁlnfluence was suggested to be a composite
of thermodynamic:(steric,in origin) and kinetic elements, however
’;hese were not ful}& explained. Stabiiization iesulting from steric
factors, n-n repuision and hybridizationdchénges in strained carbon
frameworks cakéed,%?/the"eleCtronegative chefectef of fluorine heve
also been discussedn[11d].
. : ,ﬂ,.

Recent theoretxcal calcuiatlpns 1nd1cate chat CF3 substituents

provide hgénzene YB isomers with neqllg1ble stablllzatlon, relatlve to

-

2

the corresponding aromatlc structure. The theoretlcal results

supported the contention that some stability might be conferred by

Ry

Y, v . ‘ C . . A . . . . T
removal of steric straln present in the aromatic isomer, but the A

- 14

ustr1k1ng thermal stablllty -of perfluoroalkylated strained rlngs was

concluded to be klnetlc in nature [115]. At present the exact
. . N

reasons for the stablllzlng }nfluence of perfluoroalkyl groups seem

uncertain.

@y

i
|

Y
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55

Wynberg et al. [116] studied the photosensitized addition a
reactions between ethylenes and'bénzothiopheneé. The different

stereoisomers of the [2+2] addition product were characterized by 'H

NMR. | - L
+ - hY : l - o
. | —— C(28)
CH; ! g CFB . .

In 1971lWynberg reviéwéd'the chemical, phatochemical and
spectral properties of ﬁhioéhénes, inclgding a'brief aécounf of his
ownvfesults on the photorearrangements of moﬁo-.and disubstifuted
thiophenes [1173.

’GEZan skelgﬁal reé;rangements’ahd substi;uent scrambling Tﬁ
_thiopﬁéﬁes have been detected by MS. Isotope disfribution in the.
fragments from FBC or D lgbelled thiophene prov;ded evidence for
lcérbon skeletal rearrangement and hydrogen scfaﬁbling prior to
ﬁoiécﬁlar ion.fragmentation [118,T19]. Although hydrbgen scrambling
results from carbon skeletal rearrangement, there also seemed to be a
mechanism fo? hydrogen migration independent of,carboﬁ gscrambling.
‘Carbon aﬁd hydrogen scrambling were also found in benzqthiophene o
{120]. While MS stg%ies of aiyl.substifuted_furans andvthi0phenes
.indicated carbon scrambling in bbtﬁ syétéms,‘if was much lesgh
éfficient in the furans [121]}. Initisl evidence.for_scrambling'in
phenxlthiophenes’inéldhed‘the $imila:ity of,ghéyz— and'3-pﬁenylthib-.
phene mass spectra and the pfesence of an [M—.CHS]+ ion from 2,5-di-
phenylthiophene [122]. For ZJphenfl- aﬁd 2;5~diphehylthiophéne both B

®

carbon skeletal rearrangement and phenyl migration without the




o . R | - s6

attached carbon atom occurred in the_nolecqlar.;on prioi}to
fragmentatiqn [123].,‘In 3Tphen§1thiophene, substituent migration
predominated over carbon scrambling [124). No eomprehensive
explanatlon has been presented for these MS results, but prxsmane
thlophenes, 53 {118, 119],.and cyclopropenyl thicaldehydes, 54-

. [118;,123), have been dlscussed as possible intermedxates.‘ Some

S

VA

53 | ’ 54 .

authors [118,12ﬁ] hare suggested tﬁat a close relationship exists
between the mechanisms for phoeochemical'isomerizatioh of ﬁhioéhenes,
' énd(their rearrangements observed 5y M§., These latter rearr;ngemenfs
were alllinduceﬁ.by electreﬁ impact( with typical beam ehergies
ranging from 15 to 70 ev.

Slnce 1972 virtually ne‘experlmental 1nvest1gatlons of thlophene
photorearrangements ‘have been performed. Two communlcatlons by
Barltrop et al. [125,1261 report phototransposi;ions in

K] ' ) '
cyanothioﬁhenes; In a number of solvents at 34°C, 1rrad1at10n (254
nm) of 2- cyanothlophene, 55 vresulted in the slow formation ﬁf 3-

N}

cyanothiophene, 56. Unlike other’monosubstituted thiophenes thé

, CN
[\, == [} \
3 '.CN. - s (26)
5s.  se |
reaﬂtion was reversible, éensxtlzatlon w1th elther benzophenone orﬁ
: W I
lacetophenone d1d not cause rearrangement,;.“;%

.

via a singlet stgte precursor., -




I

B The phototranséosi,tioris of all six possx‘ nelthyl-Z-cyano- and
métgy1—3fcyanothioph§ne isomers were‘examingdw These netﬁquted
c&mpbunds’feétured a markedly slerr rate of transpositién,lbﬁt the
fate was enhanced.ié acetonitfile at 80°C. 1In each case one major
product was obtained with lesser or trace amounts of othér isomers.
"The product distr@pdﬁiom was analyzed with the abthors'_pprmutatibh_

) LY . - .
pattern technique [83,85]), and it was feund that a minimum set of

[ AR
iy

three permutations was required to epr&fﬁ the observed products.
These permutations had the common feature of preserving the

seguential order of the ring carbon itoms,iwhile changing the
position of the sulfur atom withinféhe sequence. This was concluded

to be consistent with a mechanism featuring 2,5-bonding in the

reactant excited state, giving rise to a set of Dewar €hiophene

v

intermediates interconverting by.a “"walking” of the sulfur atom about
the perimeter of ﬁhe four-membefed ring at a rate competitive'wi:h
rearématization. |

In support of ;hiS'mechanism, two furan Diels-Alder adducts, 57

and 58, with Dewar thiophenes derived from the photolysis of 55 and .

L2

$6 were isolated. The adducts' structures were determined by'NMR and

1}

‘also by desulfurization to a tricyclic diene. Although not

o o
0 : -CN

CN g ‘ ‘
57 L sg

’
i

preéented, these results were stated to be similar to those described

“

57



earlier for compardble DAa of‘fﬁtan with Dewar cyanopyrroles, 29 and

30, obtaiﬁed in the same'laboratory (84). From either 3-cyano-2-
methyl- or 3-éyano-4-methYlthiophqne the same Dewar isomer, 59 was
; «
. / _
'n NMB. 59 undergoes

isolated and identified by
’ 1

] o
" 5

Diels-aAlder addition to furan and 2,Sl@iphenyl—3,4-behzofura/. The

photolysis (254, >290 nm) and thermolysis- (170°C) of 59‘wer/ examinéd

observed productSqutained the éequential ordeg/{f the carbon atoms
in the £hiophene ring.

The electronic spectra of thiophene, deuterated thiophenes and
the phen&lthiophenés-havé been examined. iDi anardo e: al._[127]
recorded the absorption spectra of‘C4H4S,‘2—C4H3Dé, 2,5-C4H2D25 and
céb4s vapours. Three electronic transitionS'b$$wéeﬁ 149 and.250 nm
were identified. Abu-Eittah and Hilal [128,129] haQéfperfogmed MO
calculations for phenylthiophénes and compared the results 6f their
calcﬂlatiéns with the experimental abs&rption speétra. For 2- and 3-
pheﬁylthiophene, if was concluded tﬁat excited‘statesbarise\from. |
extensive interéction betwen the excited states of bénzene and thio-
phene;~ This same conc¢lusion is»éasily reached-by examining the

' /

actual absorption spectra of the compounds. In addition, if”planar

conforhers are aésumed‘for 2- and 3dpheny1thiophene,»the predicteds .
- . . s

w
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absorp;ion data lie closer to the expérimental gspectra than for the
vase of perpendicular conformers in which the thienyl and phenyl
rings are.:z'right angles [128]. Much earlier Elpern and Nachod
[130) had examined the UV absorption spectra of these two isomers and
attributed the differences to linear conjugation in 2-phenylthiophene
as opposed tb cross conjugation in 3-phenylthiopheéne. Galasso and De
Alti [131] used extended Hickel MO calculations to determine the
conformétion of monophenyl furans, pyrroles and fhiobhenes. Both 2-
and 3—pheﬁylthiophené featured an energy minimum for an angle of

about 37° between the two rings, a somewhat different result from

that of Abu-Eittah and Hilal [1281, It should be mentioned that the

experiméntal pﬁenylfhiophene absorption,speétra reéorted by these
latteé autﬁors do not,.in all cases, agree well with.the spect;a'of
Elperﬁuand Nachod [130], of, more recently, ﬁhosé qf Wynberg et al.
to2). * |

Quite recently Varsdnyi et ai. [132] héve examined the lowest
lenergf bv transitioa of thiophene in the gas phase. AUsing high
resolution spgétrOmetFy and by performing temperature dependence_
studies,‘the viproniC’structurevofAthis absqrption was analyzed.
Their study wasiaided by the much earlier work of Rico et a1: [133]

who obtained infrared spectra of thiophene and all its various

deuterated isomers in order to assign the fundamental vibrations.

5. Thiophene Photorearrangement Mechanisnms

A

During the preceeding review of the photoisomerizations of

benzene and the heteroaromatics, mechanisms involving different

intermediates were discussed. 1In this gection those mechanisms o

59



offered by variouaﬂéuthors to acéount specifically; although not
exclusivély, for the photoisomerigations of thiophenes will be
briefly sdmmarizgd.

At an earlg;stage, Wynberg and coworkers suggested a thio-
aldehydg'intermediate to explain the rearrangement of 2-arylthio-
phenes to 3—ary1thiéphenes {91] and provide for Cé-C3 interchange
without concomitant C,4-Cg interchange.i This mechanism has -
subsequently become known as the rihg contréction-ring expansion

mechanism (Scheme K). A precedent for such intermediates had already

Ar

4—3 3 f «
{ Jo=2=| D> — L}

N - .
been established’in other systems. For example, the formation of

.cyclopropenyl aldéhyde in the photolysis of furan had been
demonstratgd by Srinivasan [34,35], and similarvaldéhydeg and ketones
’were implicated in alkylfuran photofeatrangements [35,37,39]. .In
addition, the azirine intermediate 60 héd been isoiated in the photo-
rearrangément of 3;S—dipheny1isoxazoie, 61, to 2,$-diphenyloxazole,
62. 'Secqndary photolysi§»of 60 produced either 61 or 62 depending on

wavelength [134,135].

{ ; 254 nm _284nm / 3\ (27)
>300nm Ph NO0° Ph .

61 ' ' 62
The trapping of pyrroles from the irradiation of furans and

60
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v

thiophenes in amine solution was‘initially claimed by Couture and
Labiache—Combier gs evidence‘that Scheme K was %perative_in the
photoisomerization reactions of both these systems [43,100,i01]’
although the authors later modified their opinion [44).

A major limitation of Scheme ) ¢ méy be its inability to explain a

/

priori the observed irreversibility of monosub?tituted thiophene N
reafrangements. ~In addition, Wynberg et al. t95] criticized Schemeu
K, suggesting that ring cont;action in 2-phenylthiophene would occur
preferentially through.Cs—S bond cleavage préducing a phenyl thio-
Ketone, rather éhan via C2—S cleavage and subsequent thioaldehyde
fo;mation,.because,of the greater th®rmodynamic  stability of the
thioketone. Howevér, HuUckel MO calculations of = sond orders in
furans supported selective ring contracgion in a mannér that might
explain the irreversible photoisomerization of éf and 3-methylfuran

137,39].

| ‘Wynberg et al. [95] proposed a meEhanism involving a zwitter-
ionic species. This pathwa} involves valence shell expansion of the
S atom, with the.formatioh of a tricyclic intermediate arising from
interaction of the sulfur 34 orbitals with the C,-C4 double bond in
the thioaldehyae. ﬁearrangement to a thiophehe with requisite
interchange of the C,-C3 atoms can be’envisaged. Scheme L fails,
however, to explain the features of the deuterium labelled.3—phenyl-
thiophene rearrangeﬁents.'

The Dewar thiophéne intermediate in Scheme M, has been

‘ considered byvmady researchers [44,88,89,95,125,126], and can account

for the rearrangement of a 2-substituted thiophene to its,cor§§spgnd-7

61
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Schgme M.
carbon atoms should be preserved regardless of the number of "sulfur
walking" steps. While many of the observed thiophene rearrangements
meet this cri;erion some cﬁ;ar;y do not conform to this rule; for

instance:

Ce—

85-90%



(29)

(30)

Also the reason that a Dewar intermédiate should chose to rearomatize
only after thelcorrect number of "sulfur walks" have been executed is
not immediately apparent.

Relevant to a "Qulfur walking"” mechanism are some 19¢ MMR
studies on perfluorotetrag&&hyl Dewar thiophene and its S-oxide

[136,137). The former, showed .two distinct types of CF, resonance at
: v : I |
ro temperature. These‘éidnahswcoalesced on heating to 190°C. By

R o
‘contrast, the S-oxlde dlsplayed four equivalent CF3 resonances even

'
S

at —100°C,,indicétin§f¢hat dramatic differences must exlst in the two
compounds for the 1n€e;change of CFy groups bed@eeq different
envxronmentSai Thfb was v;ewed qs occurrlng by a "sulfur wa;klng* \
£ " s i

procéss, 1though the 90891b111ty of a pyramldal 1ntermed1ate or

,
.

tran51tlon state,,63, yas mentloned. It should be pointed out. that

'

'gyﬁﬁf.‘ [;“*‘ “. s

i.‘:.i‘fv,‘, .y 63

the high stabxllty of perfluorotettamethyl Dewar thiophene toward

rearomatlzatlon, even at 190°C, allowed this phenomenon to be

observed. For Dewar structures rearomatizing at much lower

5
<

tempéiature however, the competitive :ability of this "sulfur walking”
: LV . J .

63



;/
process might be reduced. S T

1 Inhan attempt to’ deslgn a unified photorearrangement mechanxsm ¥y
) ’ -

for fxve—membered aromatlc hetetocycles,'van Tamelen ‘and Whitesldes
e .5‘ '

: J;ppoPOsghchhemevN. Its essent1a1 feature is a fortultous equlllbrium

T4

[between Dewar and cyclopropenyl struc ures. Unfortunately, using -~

“a

appropriatewsequences of cyc propenyl and Dewar intermed1ates, thls o

\

‘mechanlsm can account f

"

L 1ng carbon atoms, and‘thusit‘ere 1is"no: explanatlon of the

‘.expeqamentally obsetved select1v1 Y of many phot01somerizatlons. ~In

| addltlon, the 1091c of suggestlné a'rapld equ1115&1um between fvf“;’ ‘ B -~
o : >!, '

“'blcycllc and cyclopropenyl 1nterme iages. o

is. questlonable» ., ; :

O R R BN . L2 ] , L. . e )
o hile aldehydes are commonplace 1n chem1stry, &hioaldehydes a:;\] et e
> P A R './‘

; : B

“;s well known. 'l‘h:.oaldehydes are unstable and tendé to Lt .

o
“« . o

"h,'decompose or oligomerize readlly. Some have recently been trapped by

e e

"»’Dlels—Alder reactlons [138 139], and the flrst conventlonal synthe51$~

.‘_,/'



&

. of a thioaldehyde was achieved in 1983. 2,2-Dimethylpropanethial.

Sex

164, .sutvivéd up to 16 h in e{lutl&n at. 26"°C;[1.40‘]l..
. SN .

e . tBuCH=s " e
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] .  OBJECTIVES

R
»

. Hav1ng rev1ewed the llterature concernlng the photochemlstry of

fgfans ﬁﬂ&rldlnes, pyrroles and thlophenes, it remalns to descrlbe

»how the objectlves of the‘current investigation fit into this

L : Lo . . L
framework. 1In an effort to gain insight into the thiophene

photorearranqements Wynberg and»coworkers performed the solution

.

_phase photolysis of many dlfferently substltuted thlophenes,

’

Sy
L)

[88,91-36]. .This approach'provided some informatdion about the nature

of the rearrangements. For instance, it initially revealed .that for
K . . * " ) ’ . . ’
>monolabelled thiophenes-the 2+3 photoisomerization appeared to .be

. . . @) A

i erever51ble, but D 1abe111ng experlments 1ater showed ' that, in a 3-

o v

“‘substltuted thlophene, other carbon scrambllngs occur even though the

x" ! 13

p051t10n of the C3 whlch bears the’ substltuent remains ’nchanged.

Hypotheses about the types of mechanlsm and 1ntermed1ate species

*

respongégﬁe for the thlophene photorearranqements were offered based

‘
q

on these results.“Althoqu many differént suggestions were made,

direct expetimenthi'evidence for -the existence of any of the

]

. ~

=postu1ated\intermegiates was presented’ in only a limited number of

4 o -fZ/
cases. Moreover, the existi g. experimental evidence was, in our
. . . B ) o . B *

opinion, deficient [99,125,126]. S .
N - ¢ : . . . . . .
A\ . o
- vgWe concluded that only a new approach td;this.problem would
¥ L e

. allow us' to acquire fuwther insights into the mechanistic pathways of

- heterocyclic-photprearrangementsl"The fundamenﬁ'! diiference'ih,%gr

1dent1fy1ng in each case any 9031t10na1 lsomers formed by 1rrad1at10n

X

e

-



. B : . Bt &7

oo

ébﬁro&ch as compared t§ pfeviouslwork was thafiit éoncentrated o W
obtainihg‘direct experiﬁeﬁtal evidehge for the existence of shoft-
.livea;photocheﬁical ihteimedidtesvbenerated dur;ng the photol?sis of
thiopbénes,'as opposed to postulating,thélgxistence.of,suph,spéciesb

-oﬁ the baéis.of the observed products of many phqtogearraﬁgement
?eactibns."To tﬁis’end we déviséd a'plah of attack ih;orpogatinq
'tﬁree different type% Of ggperiments."fhiophenic compounds we;e‘
chésenvfprvﬁhis investiéation‘becausa‘ﬁhey';epreSentithe m§st <
studiééy,yet léést‘;ﬁderséood phbtoiéé@ériiihg hgte;oaromatic system.

b3

.phene,in pipefyienek After“ifra&iatin wylthiophene in

. . )
ﬁ)‘ i . R

piperylene Kellogg anqﬂWyhberq-[99] found a
o R : A .
.o ¢ : : : v

,identified by MS as a 1:1 adduct of 2-phenylthiophene and thé

able préduct

\diene. vin addition, the rate ofnconversion'of 2-pheny1thiophéne to
. . L 4 .
3—phenylth10phene was severely retarded by the "presence of

“ . ~

.

plperylene. - - . : ' Lo

The@implication of these two observations is that the diene w e

- ; . . . . . S

iﬁtercégts a photochemically generated_intetmédiate which is -
responsible'for‘the photoisbmerizatiéh'6§,2-phenylthi6phéne tof3e

R |
‘phenylthlophene. Ow1ng to the apparent 1nstab111t§of the 1:1 ad’

iy L B
1t was never more??Llly characterlzed, and(fahsequently 1t5tstruc ure

,remained unknowQ. oo :

- -«

. T

. : ‘ ‘ : . . e
We also noted that Srinivasan had trapped two furan adduc%s with . .

b : - . ':f.'.

m‘v
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i fully.character1ze the structure of these add
i ; ) L Ry

ﬂgtrappihg'experiments, such as’just\ﬁhscribed; thevshort—lived

KT :
i ‘
?

cycloproPene, as well as an adduct of unknown stereochemlstry with

cyclopropenyl carboxaldehyde, whlle investlgat1ng the gas phase

" phatolysis of furan. The structureS'of these products suggested that

0 )

’ they were formed by Dlels-Alder cycloadd1t10n reactlons between

excess sfuran and elther cyclopropenyl carboxaldehjde, gelated by

. O :‘ .

. the photolys:.s...muran,’ or cyclépropene, whlch was formed on
n

this aldenyde.’ e; q.'yi

, e
decarboxylatio
Ow1ng to the success of Wynberg s §b%utlon phase experlments

: Xk
with 2- phenylthlophene.and piperylene we- decaﬂed to study thlsosame

. o
1n-51tu trapping system and attempt tgjﬁxtend hls worklby ﬂgplylng

thlS approach to a serles of.phenylthlophenes. Our 1n1t1a1 ob)ectlve

-

was ®to determlne whlch phenylthlophenes formed an adduct w1th

piperylehe durlng photoly51s. .The flnal objectlve was - to isolate andt

o tqatuthe nature'

‘, + : ’ : . ' T o P
of the short-lived intermediate species infercepted from the
. ‘ . . . . o 7

photolysis of the thiophene might be detdrmined.
: C I73 R .

N

L

'B. Low Temperature .Matrix Isolation

v

There are at least two approaches to the problem of isolatlng

N .
short-llved 1ntermed1ates from photochem1cal reactlons. ‘Indchemlcal

“

B . . . N bl ' N . ‘ ’ - ) .
intermediate is:ihtercepted.by a second species,'with,yhichﬁit reacts

o

S
J%',

LI

68
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chemically to form a stable product. - Identification of this®product
hopefully provides imsight inte the etrbcture‘of the short-lived
_photochemical intermediate. ; S

n, )
A second approach involves generatlng the 1ntermed1ate under

condltlons where it has a suff1c1ent1y 10ng lifetime to be
;,,1

identified. Low temperature’ matrix lsolat on is a technique whlch

has been applled ‘with great éuccess to’ éﬁb study of short llved

s

1ntermed1ates or new,unstable species pnpdhced in some photorea;

. . . ' N ) ) 3 . :
(cf., Experimental). In manyﬁgases these species are not suff
. " oy

v o 4] N
stablg to be examined bygore conventiqnal,methodé.
: . . RN

We dec1ded‘to 1nvestlgate ‘the photol . dephepe'ahd same :‘
s substltuted thxophenes in a low temperat $j’
the hope‘that the phptochbmical_iqtermediagf. ieeponerJeAfoa the]
pheeb'ieom*f.:iozx i:ro’cess “eouid ‘be stabil‘fize’:d ui)d:ar tl;xeee con- .

_ditione,ﬁpbeedbly permittihgvﬁheirAidentifieetion. For the purpose

“its

-

of cémﬁhrison with the thiopheneAeystem, and also becaue

photochegfstry had already been examined in both theiad' aha solutlon
-~ ’ L : ‘ Lo PR "
{nphases, we included the photolysis of furan in our low temperature

matrix isolation experiments.»'The application of ‘the matrix

-lsolatlon technlque td the photochemlstry cf-thlophenes has-not i
&?;’99 0-’.-3 % \) ‘ T e

pred“dhsly been reported. P L R A
;ﬁ&{ﬂifq C S o R'if
C. Photophysical Behaviour -~ -~ . . - 7. .
- ' P S L -@ﬁ”'ﬁﬂ..‘
r ..y Eo 9

Fih&liy,*it was~décidedf t a study of the photophy81cal

behav1oure0f phenylth1ophepes would be a worthwhlle endeavour. T ‘(’Cf

,

Wynberg et al. [92] reported emiss;on maxima for mahy.mono- and -

oo
3 *

v

it
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«"j
&€

.diphenyiltv:hiolphenes. ' It was hoped that a detailed 1nvestigation of ,

'91m11ar1ties or differences in the photophysu:al behaviour of a

l‘"

v

'their fluorescence and phosphonescence charactenstics, including Jthe_,'f"f-‘

measurement of singlet and triplet 1ifetimes, might provide a more x, '

'detailed picture oﬁ ,the photOchemistry of theSe compounds., 'I'hus any

w

series of phenylthiophenes could perhaps be related to their

photorearrangement behav10ur. v Y ‘ ’
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N

4only commercxally'avallable phenylthlophene._ Its use thereforqiu‘

- a4

RESULTS ‘AND DISCUSSION
»

. .
v ML -
fer ’

A. Solution Phase In-situ Trapping Experiments T
— L 2 B ) - . ’
. » . | “(“‘*“ T o . . Py
1. Evidence of Trapped Intermediates : =

- v Bhotolysis of Tetraphenyithigphene Coy
@
g

The flrst uuccessful solutlon phase plperylene trapplng

experlments were perform%d wlth tetraphenylthlophene (TPT). >Thls

phenylt&;éggeneqﬁgﬁtseiégted for two reasons. Flrstly, TPT waswthe

i ,.vxa

w' * g
con51derably reduced the amount of time expended on the synthe31s anam
[ ®

Ol

.purlflcatlon of materials requlred for the: eﬁiioratory testln@ of

] !
dlfferent photolysis ‘conditions. Secondly, s1nce_thh piperylene

concentrations are reQuiredain the trapp;ng experiments and ' R

31qn1f1cant dlene absorptlon beglns in the 275- 300 nm region (Flgure

"5, the absorptlon spectrum of the thlophene should extend to > 300.

nm. The longest wavelength UV abgorptioa of TPT iu ceptred<around

™~
15 nm (gmaQ‘; 13 ioo M"1c -1) ang &onsequently there is little

o

. spectral ove’lap between this absorptlon of TPT and that of the dlene A',f

-9

_solution. Photoly31s waS'performed'w1th the  Pyrex filtered radlatloh

[}

'oﬁ a medium pressure Hg lamp (Figure 5). The photochemically /

*

- productive Hg emission lines isolated with,this experimental s

arrangement are located about 300 and also 313 nm where the

K

: attenuatlng effect of the Pyrex fllter 1s decreu51ng rapldly and TPT

absorbs strongly. -The.majorlty of'mono-,and dlphenylthlophene
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. isomers show little substantial Uv absorption foy A ».300 nm.

After the photolysis was completed an initial separation of much
, of the‘unphotolyzed TPT was'efﬁected by recrystallization. The
product fraction was examined by chemical ionization MS with NH3.

This fraction cantained & peak having the correct mass. (m/e 457) for

£

« sa 1:1 adduct o ‘fPT Jwith piperylene. Like Wynberg's adduct between

Lo } -phenylthiophene (2 PT) and plperylene this new product showed ‘two' ¥

0

+
prominent fragments; M° -15 (=CH4): "and M' —32 (-S) (Table 4).

¥

‘\55A1thod6h‘a signal at m[e‘389'miqht be expected for the 1:1 adduct, 'as
;'it‘cpuldKlikeLy umdergo a retro—additiom in the mass spectrometer,

the base peak at this:mass, as seen from Table 4, must probably be

\
. due to the presence of a 1arge excess of unreacted TPT in the product
E ]

contalnlng fractlon. Comparable maSs spectral evidence for adduct

ionlzatlon (C1) technlque was occaslonally employed as this latter -

Wy

"softer"'lonlzatlon me thod provlded MS data with a stronger molecular
ion 51gnal for the 39duct. This probably enhances the sensitivity of

MS as a 51mp1e dlagnostlc test for adduct formatlo? in different
vphetolysis systems. ‘In some product fractions, evidence for a 2:1
adduct (i.e. two units of_piperyleme}.£z§_52iﬁ was observed.b& Ms, A
»
Due to the comparatively hlgh mass of TPT and its adducts, @s
-well*as the presumed‘lnstablllty of the latter, it wa; regarded as

‘unfea31ble to attempt thexr separatlon by GC. Instead, silica el
,TLC was attempted. F;uorescent plates a1ded in locatiné‘product

1
. zones, although the fluorescence of TPT itself was suitable for its



TABLE 4

AR

Chemical Ionization Mass Spectrometry® (NH3) of the

Product Fraction from the TPT/Piperylene Syséem

1

.

_ "
m/e. Relative Intensity‘ Fragment
457 0.9% 1:1 adduct
a4z 7.9 —CH3
. 4?%*‘ C 39 @ -s
1389, 100 TPT ’

N
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detection. Although many solvent combinations were tested, effective
product separation was nevcr achieved. 'Conséquently, a different
approach was then used to gain some information about the s?ructure
of the TPT-piperylene adduct.

ARecallino that Day et al. [125) had reconcly reported the
isolacion of furan adducts with a Demar cyanothiophene following the
photolysis of 3—cyanothiophenevwe suSpectcd chat wynberc‘s

unidentified plperylene -2-PT adduct and our plperylene—TPT adduct

'mlght have structures analogous to the Dewar cyanothlophene adduct.

To investigate this ‘latter possibility qbsulfurization of the TPT
adduct was atcempted us;mg (EtO) 4P, fﬁis reagent has been utilized
in other stodies for the desulfurization*of thiirane rimgs to
generate an olefin [141].Ha1f the TPT addoct'wés'the trapped Dewar

thlophene, 6% it should be desulfuxlzed by the-(EtO)3p resultlng in

the formation of the bicyclic diene, 66. Hence, the occurrence

66 ®

. o .
of desulfurization wogld provide some indirect evidence about the '

R

structure of the adauct.,
TLC of a desulfurized Qample of qhehphotolysis mixture reveaieo'

one partially resolved new product. A fraction enriched in this
component ‘was 1solated by column chromatography (s111ca gel 5}1

Vs . ‘%

hexahe/CHC13 v/v). Its,hlgh resolut;on,mgss spec!kum shpged a

’
»

‘ « .
substantial peak at m/e 424 (C33H§é) céfgg;ﬁghdiq@ to the exact mass -

- B N ' : " ) >
s : , e - °



for the bicyclic diene 66 expected from successful desulfurization.
4 . l i

3

The dkene fragmented in the magss spectrometer by two successive H
‘atom losses produclng a peak at m/e 422. AFurther fragmentation

occurred by the loss of a CH3 or Ph group. From this fragmentation
t .

pattern it appeared that the. bicyclic diene formed by desulfurization

initially undergoes ring expansion in the mass spectrometer to

I
produce a‘cyclooctatetraene[‘doubtless relieving the strain of the

3

blcycllc ring structure.

mm)ée

L Fm), - o

mfe 424 o m/e 422
3 o .
anberg clalmed tﬁat the plperylene 2-PT adduct was thermally
-9
. \’s

unstable and we therefore expected the plperylene-TPT adduct to be

Y

even less so; on the other-hand, the bicyclic diene should be

f

considerahly mq{éYEtable thahmeither adduct. Consequently a second

. o
&

sample of desurfurlzed product was analyzed by GC (10%, SE-30 ~3 mm x

2 me At 275°C a very small shoulder on. the rising edge of the TPT

L e
peak was resolved. GC/MS analysis of this shoulder indicated a

molecular ion at m/e 422, which fragmented by loss oFf CH3 or Ph-
: A . ’ S s E

>
.

© : e ‘
. Although these comblned results dld not prov1de conc1u51ve %

~— ¢

(LTable 5). A h N * . 3

strﬂctural ev1dence for the adduct, the occurrence of addutt

’ N "*\‘

'tcrmation durfng the photoly51s of TPT 1n ppperyléheyqu definitely
gt i ;. T ‘

Mbreoyer, the fact that , qd
. L,%h % e . . L o ;' - “ - ’
ﬁsugfurlzed by (!t013p was cons1stent”W1th the proposal of a

a

Ty .

76
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‘ EX
TABLE 5 e -
v . hd ”
GC/Ms? Analysis of the Product Formed 'tb. ‘
Desulfurization of 65 g
m/e Relative Intensity Fragment %
-\ 13, 12
423 35% C C32H26
4é2 100% . C33H26
407 31% —CH3 .
345 138 - -Ph o

210% SE~30, ~3 mm X 2 m, AEI MS12.



adducts'between.pipexylene and both of the monophehylthiophene

piperylene adduc¢t formation occurs with. 2,5-DPT it must be much less

78 .

’ ' A . +

piperylene-Dewar thiophene structure for the 1:1 adduct. . 1In spite of

ithe;poseibility«that a sufficient amount ef desulfufized\adduct might

A\

:eventually have been ieFlated to enable its structtral determination -

by 'H and 13C NMR, these spectra would have been complicated by the

~

- presence of ﬁhe_four aromatic rings; Also, the isolation of the

actual Dewar thiophene adduct, 65, would be a more eleganﬁ proof of

its exisﬁence. As a result it was decided to inigially examine the

w

~scope of the adduct formation reaction by irradiating other .

phenylthlophenes under condltlons similar to those- successfully

employed for TPT rather than 1mmed1ately concentratlng on the TPT .

system. . x

b, Photolysxs of . the Mono- and Dlghenylthlophenes in Plperylene

-

Solutlon phase in-sity’ tragglng experlments were next tried
u51ng 2-PT 3—PT, 2,3—DPT and 2,5-DPT. Low resolution MS of the

product mixtures clearly‘showed.the formation of. both 1:1"ahd 2: 1

’

N

isomers, Irradiated 2,3-DPT also led to the formation of 1:1 and 2:1

adducts, although the signals attributed to these adducts were very

weak by comparison to those.fer the monophenylthiophenes. By,

‘ contrast, MS énalysis did not reveal any adduct formation for the

case of 2,5-DPT. Its irradiation was continued for a very'leng,time
(260 h) because this DPT seemed particularly resistant to photolysis,
as euident,from the absence of any polymerization or substantial ai\

Qhahge in solution colour ‘during irradiation. It was ‘decided that if

/’.

~efficient than adduct formation with the monophenylthiophenes.‘ An

S



», . : N ) 4“4 : \
. e . - \:

Sbservation made by anbérgiet al.([92])‘which is pertinent to this

o

réshlt,.was tyat even after irradiating\Z,S-DPT~for 260 h no

photorearranged isomers could be positiyelf detected. ,}//
“ As frequ7ntlf mentioned, Wynberg stated that his QAPngAperylene
: : 2 g '

. adduct was phermallyAunstable; By contrast, in the current
investigation, MS data on product fractions containing
phenylthiophenefpipe:yléne adducts showed no evidence of aging .
. .

;effects, even'aftei several weeks of storage in the dark at ~ -5°C:

" Consequently, it was suspectgd that these adducts might possess

greater thermal stability than previously believedé and wé decided to

*

, examine,the’adduct-containing photolysis products-by GC. The
. _monophenylthiophenes were ihvestigated first beéause the“M§ results.

indicated that adduct formation was more gffiéient with these

. /ﬂ,//’”"’”\\“v, o
compounds. ‘In addition, the lower mass monophenylthiophene adducts

\

could bq,eiuted at much lower column temperatures.

i

‘//?igures 6 and 7 show the chromatograms obtained for the products

8

égiphotolysis (254 nm) of 2~ and 3—PT;in piperylene, :espécﬁively.
In both égses numerous éroducts of méss g}eater than the initial PT
were obse;;éd. In Fiqure 6 the pﬁésence of 3-PT is noteworthy. Thé'
idenﬁity of this,componenﬁ was vé;ified by coihjection with,a:sﬁall

A

. 4
quantity of the authentic material. In addition to the occurrence of

5

4 ’,f‘ A
ﬁ!ﬁﬁping by the diene, photorearrangement of 2-PT to 3-PT has taken
. . ' Y . ; .
pléce. Unfortunately thi%sexperiment wasﬁaesigned to yield only ..
qualitative information ?bout adduct formation with piperylene, and

therefore no estimate of the efficiency of the rearrangement process
' ; o : ‘ S
under these conditions, as compared with its rate in the absence of

fo

ﬁ
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Chromatogram of the product mixture -from the irradiation

2 ee—B
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the diehe, was gained. By contrast, the product mixture obtained

[

from the photolysis of 3-PT (Figure_j) revealed no trace of 2-PT. o  ;;‘
. o v, . “
Thig'observation was ponséstent'with the well documented, thoygh not , -
dnderstodd,‘ffreversibiliiy of the_photoisomefization of 2~
arylthiophenes ;; théi; 3—substitﬁted couhférparté.
The 3-PT product mixture ﬁas the first to be anaiyzed using
cépillary GC/MS to investigate, some of the major produ;ts having?
retention times longer .than the PT. Only the‘éortionfbf the
chrométogram beginniné with.34PT and includihg the higher mass

-

products is shown in'FigureQB. Mass speétra were obtained fo}}gach
of fhg peaks indicated. Following 3-PT (Mt 160) a minor é;oduct i
elﬁted which had a molecular ion‘at.E[g_196,v fhis corresponds to the
mass for a desulfurized.1:1 Pij}Peryléne:anuct.of (m/e 228 -S).

The fragmen;ation pattern of thi; product gave little further
stguctural insight, but by analogy to thevTPT'résults described
earlier a bicyclic diene stfucture, 67, might-be suspected., After a
small‘retentipn timé interval (Figu;e 8) a clu#ter.bf product peaks ’

was observed., Since these products were present in differing amounts
CH e
3 ,
' 67

twelve oY‘thé most abundant were selected for'examination by MS. A1l

‘twelve mass spectra were similar. Each displayed a molecular ion at ﬁ

m/e 228, corresponding to a 1:1 adduct between the diene and PT. In f
L . |

|

!

addition, the base peak was always locatéd at m/e 160, which is the

4
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mass of PT. This implied tﬁat ihe major fragmentation pathway for
~each. adduct invdeed.a rétro-addiéio; pfopess which regenerated PT
and piperylene., - Oo'parisQn of all twelve mééﬁ sgectra provided no
apparent clues ;bout possible structural differencgé between the many
isomeric 1:1 adducts, |

It was assumed that the numefous.products'fnqm the photolysis of
2-PT in piperylene (Figu:g 6) were gléé isome;ic 1:1 adducts, and
this mixture was not analyzed by capillary GC/MS. Clearly, the
separation and characterization of so many isoméric products would be
an arduous task.

‘The above result} ciéarly deﬂﬁnstratevthe possibility of
trapping pﬁotochemicall? generatgd tﬂiophene intermediatee with an
" added diene. Upon con#idefétion‘of the hypothetical mechanism fo;
the trapping procéss however, it became appafent that in the
cycloaddition of biperylene to aﬁ unsymmetrical dieﬁopﬁile generated
by photolysis, the forma?ion of a large numbér of\ifomers was ‘
possible. For instanée, the tricyclic ring struc;ure of an adduct‘
‘such‘as 67‘int;oduces four differentistereochémical possibilities.

v

The total number of isomers is even larger because of the

F

unsymmetrical nature of the monosubstituted diene and dienophile, as
well as the possibility that scrambling of the phenyl substituent
might occur prior to the trapping step. Thus, it is possible to

ima&fﬁé\az\gistinct isomeric compounds arising from the cycloaddition

—

of piperylene to a Dewar thiophene générated by the photolysis of
’ 2"PT.

' Moreover, if other isomeric forms of 2-PT, capable of acting as
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dienophiles, were generatéd by'irradiation andﬂtrapped'with
piperylene, the; even more’lzf adducts could be observed. vfﬁf
instance, with furans the resuits of many photolysis experiments have
provided e;idence.for a ring'contraction-ring expansion mechani sm
which generates cyclogrépenyl aldehydes or ketones.' Srinivasan
reported the trapplng of cyclopropene- 3—carboxa1dehyde via its
cycloaddition to furan to produce 8. Comparable thioaldehydes or

thioketones might conceivably be trapped during PT photolysis

~ A . '}'}’I‘w\ . " ‘yd?
experiments. _ o . v ‘“ﬁ'ﬁ“f’ ’
. ; e

CHO
. . e ‘8
Further complexities to thé ﬁeéhénism of adduct ﬂ‘rmation can be
enviiaged. For example, the poésibility that PT itself may also
part1c1pate .in cycloaddltions must at least be recognized [142). A
Diels-Alder reaction with plperylene could yield a blcycllc structure
such as 68. I1f the PT patt1c1pated in a photochemical [2+2]

cycloaddition with one double bond in the diene molecule then

products similar to 69 might result.

CH,

69

Q@

The total number of 1:1 adducts that can be imagined is indeed
quite large. Certainly not all of these adducts will be formed. In

addition, the product ratios may be so widely diversée for different
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;ypes of adducts that, to at least some extent, the numb;r of adducts
observed will depend on the teéhnique used for t;eir detection.
Guidelines, whiéh can he}p.té predict the relative likelihood of
certain cycloadditions, do exist. For exampre; the Woodward-Hof fmann 3,
rules utilize symmetry consiQerations about the MO's of the starting
materials and products in analyziﬁg the progress of different types
of'pericyclic reacgions, including cycloaddition., However, there are
many'factors which can influence the course of a cycloaddition
reaction, and theoretical predictions on unknown systems serve a very
1imiteé purpase, especially'when the products are not isolated and

. characterized.

In view of the preceeding discussion the large number of 1:1

adducts observed for the 2- and 3-PT trapping experiments with

* )

piperylene is not unreasonable. These results confirm ana broaden
Wynberg's earlier success in trapping a 2-PT isomer with
piperylene. In fact, he presumably trapped a mixture of many 1:1
adducts although this was not realized because the prbduct was only
analyzed by MS with no technidue 9f fractionation. We have clearly
established that photolysis of both monophenylthiophehesvin
piperylené leads tolthe formation of sever;l 1:1 adducts, Thé
implications of this simple observation regarding the photorearrange-
ment mechanism of arylthiophenes will be dicussed later. These
~adducts had sufficient thermal stability to be observed by GC,
~contrary to Wynberg's finding.
A

~ Opr next objective was to isolate and characterize the 1:1

adducts. It seemed unreasonable to attempt the isolation and
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#

characterization of egch of the 1:1 addutts between piperylene and
one of the monophenylthiophenes without first trying to simplify the
adduct system to be separated. It was therefore decided to replace
piperylene with a symmétricaixdieﬁe in order to reduce the total
number éf 1:1 adducts possiblé; and .2,3~dimethylbutadiene (DMBb) was

selected.

c. Photolysis of the Monophenylthiophencs in DMBD

Both 2-PT and 3-PT were ph§tolyzed (254 nm) in DMBD and in each
case the formation of 1:1 (m/e 242) and 2:1 (m/e 324) adducts between \
theldiene and thebPT was indicated by MS. Capillary GC analysis
revealed much simpler product mixtures than were obtained using
piperylene as the trapping agent, but the number oflapparent‘1:1
adducts was still approximately ten in both the 2-PT and 3-PT W
systems. Separate capill&ry GC/MS examipations-of each product
mixture revealed, in addition to the j:1 adducts (m/e 242), two other
compounds each having their molecular ion located at exactly three

o~ ~

' + ) "
times the diene mass (M* 246) and a base peak at m/e 82, These

compounds had retention times ve%Q‘similar to those of the 1:1
adducts and were concluded to be.trimers of DﬁBD! Under the
experimental conditions employed in the DMBD trapping experiments,
some of the incident radiation was di;ectiy absorbed by the diene.
Owing to the small spectral overlap of the UV absorption of the diene
with those for the phenylghiophenes, compingdeith the use of a large
excess of diene, such é situatidn was unavoidable. The chromatograms

and MS data from the.2-PT and 3-PT %rapping experiments with DMBD are

illustrated in Figures 9 and 10, repectively.
A
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For the 2-PT-DMBD system three 1:1 adducts (péaks #333, 341,
-378) were clearly identified from their mass spectra. In addition to
the two*DMBD trimers three other products (pe&ks #309, 326, 439) were
also examined by hs. Although ; weak molec)lar ion at Ezsf242 was
detected in only one of the three compounds (peak #326), each had a
base peak at the PT mass (m/e 160) similar.to the three 1:1 adducts
(péaks #333, 341, 378) which did produce strong molecular ion
§eaks. This was considered to suggest that the§e three products
might a136 be 1:1 addﬁcts.

.The GC/MS results for the B-ET—DMBD system (Figure 10) revealed
a total of eight 1:1,adduc;s. Each adduct produced a molecular ion
signal at.glg_242, but agéin the- relative iﬁtensity of these
molecular ion peqks.variea cdnsidﬁrably between the different
adducts. The two products ;ssigned as DMBD trimers were also

observed, eluting in the middle of the various 1:1 adduct products.

d. Photolysis of Thiophene in Furan

.Concurrent w1th our solution phase trapping experiments with the
monophenylthlophenes and DMBD an in-situ solution phase trapping
experiment with a symmetrigal ﬁhiophene, specifically parent C4H4S,
was designed. In addition to reducing the total possible number of
trapped isomeric products, the use of parent thiophene would simplify
the task.of product characterization by NMR, as compared with adducts
containing phenyl substituents. Reports of thiophene r;ng s;;ambling
in isotopiéslly labelléd parent thiophenes were described earlier in

the Introduction. Although no comparable photoinduced scrambling in

tﬁe'parent thiophene was known, it seemed likely that the mechanism



x

R
L]

~of carbon afom,scrambling in the thiophene ring, which is responsible

for  converting 2-substituted thiophenes to their corresponding 3-

4 . s ' .
substituted derivatives, also operates in the parent molecule.
%owever; in the ebsence of isotopic 1abelling; thecgifference between

the initial thiophene and a scrambled thiophene cannot be detected.

The short-lived species generated during the photolysis of
thiophenes have lifetimes fhat are dependent not only on their

strucfure and the experimental conditions but '‘also on the naturg~of

“

any substituents. " In the PT trapping experiments cycloaddition to

the ,diene must‘be competing with other processes which consume the
short-1ived intermediates. For the parent thiophene the analogous
intermediates, if formed, may have significantly different

lifetimes. 'In particuiar any stabilizin§~influence imparted bysthe

ptesence of the aromatic chromophores would be absent in the’

unseestituted easef This could d;aﬁetically alter the'xxapping
effieieney. ' ‘ , e
Acknowledéing tﬁese donsideration$<\j£]remained‘to ettempt a
éoiution'phase trapping éxperiment  'thlgﬁiephehe, C4H4S. Owing to-
)the very short wavelength uv absorptlon of thlophene (xmax.N 230”nm);
i

as comgared to the phenylthlophenes, it was ev1dent that with the

- o

typlcal dlene/thlophene ratlos used in the PT exper%ments nearly all

-

of the 1nc1den;'re§;atlon woelg be absorbed by the dlene.
v ébnsequently,“eubetituted bueadienes such-es piéefyleﬁeior DMBwaere
_ unsuitabie as_@fapping‘?eeéeﬁts fqr solut@on phase phoeeiysis
’exéerihenis with thiophene. Inetead, furan yae eelected fo:'thié

purpose. The successfu1 use of furan to intercept short-lived

91
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“intermediatés dﬂring’photolysiswof éyanopyrroleé and cyanbthiophenesv
'ﬁas reported b} Day et al. [84,f25]. Srinivasan also d;SCdvergd‘the
diene properties‘oflfuran by trappipglcyciopropenyl carbbxalaeﬁydé in
ithvgas‘phase‘i34,35].' The UV absorptibh‘spectrum»of furan in
sélu;ioh'ﬁés‘a'maximum near 215 nm. ’Copéquently the Cd(iP1)
re;onancé raéiéfion’(22§ nm) uséd fér ﬁhese.experiments"was mostlyAl.
(Eé:.és%) ;béorbed by thetgﬁiophéﬁe, even iq tge'presencé of a la;gé
ﬁélar'éxcess.of’fpran; M&reover, furahlﬁasvthe adyapta§é of being'a‘
»symmetrical dieﬁg, and thefefore ﬁhevtota1 number of isoméric
prodhcts generateé by‘its cycloadditidn reéétioﬁ"ﬁith a pérticular
.diénophile’should be';éss;than for thé samé feactiodeiih piperylené
‘"asvtﬁe diéne;. . | | |
.Tﬁe.irradiatioh (229 nm) of a solqtibn of thiophene in furan
(mole ratio ~ j/10)vat;ggl_25°c pfoduced five prihciﬁal_prodpcts
detected by capiliary GC.A,Analysis by capillary GC /MS (OV-101,‘0.3

mm X 50 m, T1 = H1S°C,‘raﬁe_2°C/min) reQealgd tha; the first three B /
. pfddﬁcts yere>iikély furan dimers, Mt 536, while the‘lést-tWO were - /
‘1:1 adéu@ts og‘thiopﬁene_ana.furaﬁ( M?L152;'.Thesé capillary-GC/Ms /o
resultS‘afe presénted in-Figure 1. : . ) o //

-

. 2. 1Isolation and\§€?3btural Iq;ntification of Trappédg}ntermediétes

~ .
'

g——

A FUrén/Thiophene.Adducts co LT

The  present work,‘togethe; with earlier literature reports, has
clearly shown that solution phase photolysis of thiophene and various
substituted thiophenes in the presencé,of a diene geherates 1:1

thiophene/diene  adducts, readily detected by MS. Our trapping
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results with piperylene cphfirmed and extended,wfnberg'é earlier
findings, but alsé revealed a previouSly‘dnappfeéiated.cémplexityfin
the produét distfibutidn. Except for tﬁé.results of thé _
desulfuriza;ign experimevﬁg,pﬁ/zgg\z;:;;;;\ﬁgggcts obﬁaihéd from  the
S \ : : .
photoly§i§/of TPTT\Wﬁiﬁg/suggested a Dewar‘stru;ture'foy the
thiophehéxﬁbiety, 1i§tie inforﬁation about the actual structure of

any of the trapped species has been'providéd; However, the
ALy \ o

photolysis of ﬁhiophene in furan seemed to broducé\qnly twofadducts,

[T

AN

thereby simplifying their isolation and characterization.

A number of furan/furan adducts were also obtained, providing

L.

the édditional possibility of obtaining‘information on the types. of

intérmediates formed dﬁfing the photolysis of furan. Although these

N o ; . . " S .
aspects were not of primary interest in the solution phase trapping
. - | N .
b . : : - _
experiments with furan4'knowledge of these intermediates is important
for at least two reasons. Firstly, Srinivasan had reperted the

,

trapping of .cyclopropene and~cyclopropenylAcafboXaldehydg by furan

during the gas‘phase photosensitization ofouran,"Sgcondly, as

, stated amohgsﬁ the objectives of the current inQestigation we wished

to perform low temperature matrix isolation experiments with furan -

~and hence the unexpected furan dimer products from the solution phase

experiments might provide an important connection between the low

temperature matrix and the room temperature solution phase

experiments.
. ‘ b

Oﬂ\qpmpleting the irradiation of. thiophene in fhrén the polymer

.

’

which formed'was separated by filtration, and excess furan and:

thiophene were removed by distillation. A 'small quantity of yellow °



oil remained. In order tobcheck Qhether eny of the products might be
the cyciopropenyl aldehyde ttepped by Srinivasan, a GC/FTiR
' experimeut!(10%vSE%52, ~3bmu x.3‘m,'145°C) was performed. GC/FTIR
confirmed the pfeéeuce of an aldeh§dexin each of the first three
(Flgure 11) pr1nc1pal photolysis products, by the characterlstlc Cc=0
-and C-H stretchlng absorptlons. The two furan/thlophene adductsv
‘deftnltely wete not. aldehydes. Thls latter result v1rtually negated
the p0551b111ty that the flve principal products con51sted only of
photolytlcally.generated 1somer1c C4H4O spec1e$, trapped by either
furan or’tﬁiophene.’ Since the initie1~focus of the current._
1nvestlgation was thlophene photochemlstry, it was decided to first
pursue the. complete characterlzatlon of the two heavier molecular
weight products, which hopefully wauldvbe thiophene photolycis :
products trapped by furan. - |
The IR spectra of these two compoundc; 70 and n (Flgures 12 and

P
- 13) were very similar, consistent w1th the possibility that these

"

adducts might'be stereoisomers. Compounds 70 and 71 were.separated
by preparat1Ve GC (15% SE-30, ~6 mm X 2 m, 130°C)-and each was.

a551gned the structure of -a furan DAa with Dewar thlophene on the

basis of their MS,"and 'H and 13C NMR spectra, to belde5cr1bed now.

Exact mass measurements on the separated adducts gave an M".

95
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corresponding to the molecular formyla CgHgOS. MS also revealed that
the formation of C,4H45 and C,H,0 was a maior fragmentaﬁion process
for each adduct (70, m/8 152(30%), 423(78%), 107(63%), 84(100%),
68(84%); 71,@ 152(51%), 123(77%), 107(43%), B4(100%), 68(66%)).
The presence, in egchviéomer, of a pase peak at‘glg_84‘as well as a
large peak at m/e 68 is consistent with the khownlfeﬂdency of‘cyclic
olefins to undergo & piels-Alder retfogression in the mass .
speétromeﬁer [(143). BAS with the Mcpafferty rearrangement; either
fragment in the Dielé’Alder retrogression may retain the charge. By
contrast, aﬁ‘adduct such as 72, formed by furan trapping of a |
cyclopropenyl tﬁioalaéhyde' would probably not be expected tO'prﬁducé
a strong sig‘nal“ at m/e 84 -0 H
/
| CHS :

® 72 '

The structufés of 70 and 71 were deciéively established by the
Ty and 13C‘NMR results. In each case the 'y NMR showed four sets of
‘two ch}emicaily equivalent protons and the 13C_NMRr four sets of two
_identical carbon atomS: in agreement with the Cg symmetry of the

structures. The TH NMR Spectra of 70 andv71 are shown in Figures 14

)

andv15. These spéctra also incluge the freqﬁency expansions and

b selecﬁive.iﬂ decoupling Tresults used ﬁo confirﬁ)the adducés' ‘ \
strudtures and assign their Stereochemisfry- The Y NM3 spectra of
these same products a¥€ illustrated in Fiqure§“16—1gm The symmétfies

of the adducts, Witnessed in t.he NMR spectra, alone provigded sAtrong

qualitative evidence for structureg 70 and 71. The NMR data for the
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two Dewar.thiophene addgcts with furan>ere summafized in Table 6.
‘The 'H and ' chemical shifts afe entirely cehsistené with the
assigned Stfuctﬁresi Tee céfbon a;d hyd;ogen‘coﬁhectivitieg for the
assignments made in Table 6 have been-expe;imentallyvverified for the
case’ of 70 by se. e 'H decouplingvresﬁlts in the 13C NMR; .Thesej
decoupllng results are presented in Flgure 19, | |
Some eiaboration on the NMR data is required in ofder to
;dehonstiate ﬁhe_method for determinihg the stereechemisery‘of:the, ?
‘adducts; In principlelthe.Diels-Alae; cycloadditioen beteeen Dewar
thiophene and fufan could'pfoduce four different:stereeisomers{ This
’;s most ea31ly realized by recognlzlng thaﬁ\iwo possxblev
conflguratlons exlst for the cyclobutane r1ng, either exo.or endo,
‘relative fo the oleflnlc end of the molecule. In addition, the:e are

two’ p0551b1e conflguratlons of the thllrane ring for each

COnfiguration of the four-membered ring. The structures of all four

poséible,stefeoisomers are illustrated below. Structures 70 and 7%

o 0

70 7 73 . 14
. 4 S0 .
L35,
‘were already assigned to the experimentally observed products, while
stereoisomers‘73 and 74 were not detected.

S Although the symmetry of these molecules gives'rise to

magnetically nonequivalent protons and renders their H NMR spectra

higher than first order, selective decouplings in the Tu NMR speét:a
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TABLE 6

400 MHz TH and 100 MHz '3C NMR Data for 70 and T1

Adducp Chemical Shifts (ppmsa | Assignmentb

by ‘ - 6C

70 6437 | 134.9 ~ .a,a’

4.93 '79;4- b,b

3.37 . 36.9 g,a

2.32 51.0 c,c'

n 6.60 s aa

| 4.97 J 78.8 b,b'

3.06 j 38.6 da,da'

2.903 | sd.o | c,c!

i
i

8Chemical shifts in CDCl3 relative to TMS.

bThe prime notation is introduced to account for the magnetic

nonequivalence within edch set of chemically equivalent atoms.
|
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of 70 and M permitbed theif stereochemistry to be determined. An
gﬁg_configuration of the four-membered ring, es in structure 70,
produces a dihedral angle of nearly 90° between protons Hb‘and He and
consequentlj a very small J,_. couplinq~constant would be expected.
In the alternative gngg_confiquration of the four—membered ring, as
in .structure 71, the corresponding dihedral angle is much smaller and
therefore the coupling constant should be closer to a normal value.
Selec;ive proton decoupling experiments revealed that the adduct
assigned structure 70 had no dlscernlble coupling between its Hb and
‘ \ .

Hc protons, while in the other adduct a 51gn1f1cant Jb-c coupllng ‘was

observed. These decoupling differences can be seen by comparlng

quures 14b and 14c with Flgures 15b and 15c. The decoupling results

foet

for 70, presented in Figures 14b and 14c, cleafly iilustrate tﬁet no
dlscernlble coupling exists between the Hb and H, protons in thls‘
compound. The dramatic contrast in Flgures 15b and 15c is ev1dent.
With seieotiveiirfadidtion-of the H, protons (5 6.60 ppm) for
instance, the residual splitting pettern for tbe,Hb protons
demonstrates thei; significant coupling to the H; protons in tnis
stereoisomer.

This technique of'debermining.the'stereochemistry in such ring
systems has been briefly described by LaRochelle and Trost[ Vho
distinguished the exo and EEQQ_DAo of cyolOpropene Qithvfuran in this
manner [144]. It is’indeed an extremely useful tool for this
purpose; one which we will utilize.again when examining our furan
trapped, furan photolysis products.

The chemlcal shlfts of the H protons in 70 and 71 also prov1de

114



a clue to the stereochemistry of these compounds. It is known that
the magnetically anisotropic dogﬁle bond in bicyclic DAa exe;ts a.
paramagnetic effect on protons in the Eég_position and a diamagnetic
effect on protons in ﬁhe gggg_cqnfiguration. Consequently the endo
protons‘ere more shielded thanlthe‘corresponding exo protons {145]. ‘

For instance, in the tricyclooctene isomers, 75 .and 76, the endo

protons are more shielded by 0.35 ppm (146]. In 70 and 71 a

difference of 0.61 ppm exists for the H. protons, with the protons
(o) ' (o

75 . .76

in compound 70, which have theﬂgﬂgg_configuretion, being‘more
shielded. This is consietent with the anisotrepic effect of the
double bond and provides further«proof of'the stereochemical
assignment. The much larger chemlcal Shlft difference 1n 70 and 71
as compared w1th 75 and 76 may be 1ndlcativg of an additional !
' deshielding effect on the H_ protons in 71 as a result of their
éroximity to QQe O atom. A chemical shi;t difference is also
observed for the Hy protonsein 70 andv71. in ﬁhe cenfiguration vhere
the Ha protons are closer to the O atqm, 70, they are comparativel®
deshielded by 0.31 ppm.

As stated earlier, in each adduct there’are two possibilities i
for the stereochemlstry of the thiirane ring segment, thereby
~completing the set of four p0551b1e stereoisomers that can be

obtained from the Dielsbhlder addition between furan and Dewar

thiophene. In two stereoisomers, the Hc and Hy protons are cis,



while in the other two, these protons must be trans. Within each
7

pair of cis or transpifpomers the dihedral angle between the H, and Hy
=23 %

. s
protons is the same; However, the dihedral angle in the trans isomers

is much larger as compared with the cis isomers. A simple inspection
ef the H_-Hy spliiéinq patterns aids in assigning the actual
stereochemistry in 70 and 71. In the two adducts these couplings are
very similar, suggesting that protons H, and Hy bear the same

1

relationship in the two compounds. Typically, 1H- H coupling

constants for hydrogen atoms on a cyclobutane ring rande from 6.1-
11.4 Hz for cis hydrogens and 2.2-10.7 Hz for trans hydrogens
[147]. 'In the Dewar thiophene adducts with furan the strained

thiirane ring changes the dihedral angles from those expected for

¢yclobutane, however the:decoﬁpling results presented in Figures 14c

i
L4

and 15c clearly reveal that the H,-Hg coupling in both adducts isiof
the order 1.5-2 Hz. 'Thus iﬁ was concluded that in both 70 and ?1.the
Ho and Hg protons were trans.

‘Iﬁ is noteworthy that these adducts, where protons H, and Hy are
trans, éhould be, for steric reasons, the favoured Diels-Alder
products in relation to*their counteréarts with the opposite
stereochemistry at the thiirape ring. Clearly, steric hindrance is
caused by tﬁe sulfur dtom‘in Ehe,transition states of 73 an5.74.
Consequently, thésé adducts are nqt formed. Moreover, the

g
experimental 70471 adduct ratio of‘5/3 is consistent with transition
gtate considerations which show that no significant preference should

exist for the formation of either stereoisomer, 70 or 7.

y The combined chemical yield of_1p and 71 from the golution phase
i v

v
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trapping was approximately 1.éi baéed on consumed thiophene. This
relatively low yield can 5e explained in terms of the occurrence of
primary steps‘other than isomerization to the Dewar %orm, incomplete
trapping of the Dewar thiophene by'fﬁran, destfﬁction of the adduct;/
by free radical attack.and secondary photolysis. Tﬁat secondary
photo;ysis of 70 occurs was demonstrated in an aﬁxiliary experiment
using the vycor 7900 (4 mm)‘filtered radiation (2 235 nm) of a Cd
resonance lamp. Under these conéitions the principal effective
wavelength from a éd lamp is the Cd(3P{) resonance line located at
326 nm. Thiophene does not absorb thié wavelength, but 70 and 71 do

(A ~ 287 nm, onset of absorption A ~ 350 nm, Figure 20). Since

max
the actual purity of -these adducts\was,not known no attempt was made
to calculate molar extinction coefficients based on the UV absorption
spectra in Figure 20. ' The photolytic destruction of adduct 70 was
followed in one trial by 'H NMR, and in a second, by iﬁs uv
absorptionf For the NMR experiment the quantity of adduct was
monitored in comparison to a small amount of CHClj added as an
internal referenge” The CHC13/ad6uct ratios observed as a functidn
of photolysis time are summarized in Table 7. Although the a
uncertainty associated'with each individual ratio Qas’fairly large
compared to the absolute changes in the ratios as a function of time,

a definite decreasipg trend was observed for the relative amount of

adduct. After 10 h about 16% of the adduct had been destroyed. The

-~ 3

data for the UV experiment are listed in Table 8. After 17 h, 14% of
the adduct had been consumed.

Detailed speculation regarding the quantitative relationship of
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TABLE. 7
. ) Photostability of 70: NMR Experiment?
/'/ )
/
{
‘Photolysis Time (h) - CHC13/70 Ratio
v ] .
0 : 237
1.25 Y e 2452
’ 5.25 o 2.73
10 - . 72,76

)
I

ANMR data reéorded in ether-d10 on‘a Bruker WP=80 spectrometer. -

Vo
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' TABLE 8

- 'Photostability of 70: uv Experiment?

'
_Photolysis Times (h) A387 nm
O 0.21
17 | , 0.18 '

aadduct sample dissolved in spectroscopic gréde hexanes. 37

¢



these experiments to‘the actual photolysis conditions where the
adducts- are férmed is'not poséiﬁle because of the unknan role of
many factors, such as thg‘formétion of polymer and othéf.absorbing
phdkoéroducts which attenuate the ihcident-light. However, a
correction of the éombined pximaii éhémical yield of.76 and 71 based
on ;he observed rate of‘photpdéédmpogition of 70 would suggest that
the actuél yield was laréer by a factor. of 2-2.5, ihcfeasing its

value to ca. 2.5-3%.

b, Furan/Furan Adducts
~* The furan dimer products mentioned earlier were first observed .
) . : . . .
by GC/FTIR following the irradiation of a solution of thiophene-in

’

furan. However, for the purpose of their isolation and

characterization these adducts were generated in larger quahtities by

v

thekéhgéolysis,of liquid-furan. ‘ - ﬁ‘

Photolysis of neat furén‘at about 2§°C was pefforﬁed using
conventional steady-state ého#olyéis aﬁd also in a cyclic photolysis
reactorﬂ(cf.'ExPerimentalj;' qheyﬁesigniof the latter i@bzoved the
efficiency.éf thé trapping process f&r.two reasohs. Firs:iy,bthe

“periédic éirculation'of'the photQ1y2ate washed.the inéoluble solid
pfoducts out of the photolyéis zohe. In conventionél §teady-state
photolysis, polymer accumulatiqp'Ser;ously at;enﬁates gge inc;deﬁt
radiafion.u Secohdly, becaﬁsé trapped’products werg'removed from{;he
'phoﬁolysis ZOnellong'irrédiation timés; equivalén; to ﬁigh conversion

in a.conventionai photolysis, could bé“

used with reduced chance of
k) R ’
o

secondary photolyéis..

&

On complétion~of irradiation the po%ymer formed was separated by
. _ X Cod _ ‘ .

121



fi%tfatibﬁ.aqd'excass furaa‘ﬁas rgmovedvby distiliatibn( A small
quantit& of yellow.oil remained. ‘As found ea;lier, GC/MS analysis
indicated the pfesence'of thfee prihcipal prodﬁcts.v Eacﬁ of them was
a furan dimer as indicated by their maslsvs’pectr::vll'(M'-r 136) and showed
-CHO loss'QEQi 29) as an‘impsrtant ftagmentation process. GC/FTiR
sonfirmed>the presence of an aldehyde group in all three prodacts, by
'she sharacteristicfc=0 and C-H stretching absorﬁtions. )
The three prodgcts were separated-by preparative GC (15% SE-30,
1

~ 6 mm x 2 m, 112°C) and examined by 'H and 13 N\MR. 77 and 78 were
) . . . ’ . . \ ot

more readily identified. ‘They were each assigned the structure of '‘a

furan DRa w1th cyclopropene 3—carboxaldehyde. Exact mass measurement -

by MS on the separated adducts, 77 and 78, Qaué an M° correspo ing
to C8H8 é and showed successive loss of -CHO theé§*CO as the major
.fragmen%ation route.. A second 1mportant fragmentation pathway was.a
Diels—Alder retrogression to generate,C4H4O (717, 313_136(2%),
.107(33%), 79(100%)% 68(28%5;'78; Eggi 136(9%), 107(52%){'79(100%);‘

68(36%)). ‘Thé IR spectra of 77 and 78 (?igures 21 and 22) showed

-1

carbonyl absorptions at 1708 and 1711 em”! respectively, as well as.

aldehyde C-H stretching absorptions near 2730 and 2835 em™ .. In
addition each IR revealed a very weak C=C stretching absorption near

1560 cm™'. Due to the symmetric nature of /77 and 78 (vide supra)

this doubie bond absorption was'expected to be weak. The observed

122
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position is similar to that reported for norbdrnene; 1575 cm™ !

[148). For both 77 and 78 the 'H NMR showéd three sets of two

. A .
3c NMR three sets of two

chemically equivaleht protons and the
identical carbon-atoms in agreement with the Cg symmetry of the
structures. The'NMR data for 77 and 78 are summarized in.Tébles 9

and 10. - The NMR chemicél éhifts are entirely ¢onsistent‘with_éhe :

i

assigned structures. The 'H NMR spectra of ‘77 and 78 are‘showh in

‘

Figures 23 and 24. These spectra also ihclude'thevfreqﬁenéy
expansions and sélecti&e 'y decoupling results used to confirm the

adducts' structures and assign their stereochemistry. The 13C NMR

~spectra of these samé'products are illustrated in Figures 25 and 26.

~A1thdugh the symmetry in' 77 and 78 gives rise to three seté_of
R . . . ,

1

magnetically npﬁequivalént protons and renders their 'H NMR spectra

highgr than first order, selectivedeéou’piingS.i‘n'the'1

of 77 and 78 permitted -their stereochemistry to be determined. “An

exo configuration of the three-membered ring, as in 77, produces a

dihedral’anéle of nearly 90° between protons Hy and Hc. Consequéntly :

a vefy small J,__ codpling‘cohstAnt would be expected. 1In the
alternative endo configuration of the three-membered ring, as in 78,
. this dihedral angle is much smaller and. therefore the coupling

constant should.be closer to a normal value. Selective‘prdtqn

decoupling.experiments revealed that the adduct aséighed,étructure 77

had no discernible coupling between its Hy and H, protons, while in
the other adduct a'signifiqant Jﬁ-c coupling was observed. This is

consistent with the results reported by LaRochelle and Trost [144]

for the exo and endo DAa of cyclopropene with furan, 6 and 7,’:’

Ly

H NMR spectra

125
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TABLE 9

400 'MHz 'H NMR Data for 77 and 78

Adduct  Chemical Shift® Inteqgration Coupling Constantb Assignment®

&y (ppm) ~J (Hz)
77 9.40d BN 4.1 e
6.58 m | 2 - \ a,a’

4.8 o 2' - L b,b"
U

2.88 dt 1 4.1‘, 2.7 a
1 .§6‘ a 2 2.7 | c,c'
78 | 9.274 1 40 e
6.]8 m 2 - a,a’
5.05 m 2 - b,b"
2,57 m 2 - | | c,c
2,01 at 1 4.1, 2.5 a

dChemical shifts in CDCl, relative to TMS.
b

The maghetic nonequivalence of certain protons cémplicates.the analysis
of'their coupling,consténﬁs;'
CThe prime'notation is introduced to accountgfor the magnetic

nonequivalence within each set of chemically equivalent atoms.
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 TABLE 10

100 MHz 3¢ NMR Data for 77 and 78

’

. Adduct o Chemical shiftd . AssignmentP
8¢ (ppm)‘.
77 197,85 e . =0
138.4 © - a,a’ =CH
77.4 b, b’ . HXC-0
‘40.8 d ﬁ;g;cud‘
30.1 e R>C-C
8 195.6 e j;g;d
131.5 . - 'a,a’ =CH
: 78.8.-‘ - b,b' - HX-0
6.5 - a H>C-CHO

24.8 . c,c'  HX-C

3Chemical shifts in CpCly relative to TMS.

Prhe prime notation is introduced to account for the magnetic
nonequivalence within each set of chemically equivalent atoms.

2
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- in both 77 and 78 was determined from the. magnitude of the J _ 4 » 2

136

respectively. -

The same effect of the magnetioally anisotropio double bond
described for the Dewar thlophene DAa with furan, 70 ard 71, was
agein observedvin 77 and 78. 1In 77 and 78 a dlfference of O, 61 ppm
exists for thle H, proeons, with\the protons in compound_77, which

have the endo configuration, being more shielded. This is'consistent.
vy vk - :
with the stereochemlcal a551gnm¢pﬂ& Qﬂaln, a much larger chemical

‘m

. , ﬁﬁ?
Shlft difference was seen in 77 #nd 13 as compared w1th 75 and 76.

This may be indicative of an additional deshielding eﬁfect on the Hc'
protons -in 78:as a result of their proximity to the O atom. A large.
chemical shift difference was also observed for the Hy protons in 77

drL , -
a d, 78 with the Hd proton in the latter isomer being more shielded by .

That the aldehyde substituent ie.exo to the.three-membered ring

)

“Lcoupling. Selective proton decoupling experiments alldwed this.
. 3 . . 4

;

coupiinq to be measured. Values of Jé;a ~2f7 aod éySAHz were found
in 77 and 78, respectively. ' Typical ooupling constants between 'such
protons on a cyciopropane ring'are oflfhe order'6;6f8.0‘Hz when the
protons ‘are Eii_and 3.6-4.6‘Hz if 35235_[149]. ‘Thus, it .was
concluded that.in‘booh 77 end 78, proton d was Ezgﬁi_to the ¢
protons. The ahglee imposed hy the tricyclic ring etructure probabiy

account for the smaller trans coupling constant as compared with

"cyclopropanes’. . It is noteworthy that these DAa w1th the exo

configuration of the -CHO group should, for sterlc'reasons( be

‘preferred to those with the_oppos1te stereochemistry, thus lending

LS8



L

further.support to the structure aseigned by NMR.

A
5

Exact mase\measurement by MS‘showed'that 79 had molecular

formula CgHgO, (Q\\136). The ma]or fragmentatlon process was a

Diels-Alder retrogréss1on forming C4H40 (79, m/e 136(10%), 107(33%),‘ :

\

79(66%), 6%(100%)). ,%erIR spectrum of 79 (Flgure 27) showed a

7
carbonyl absorption at 21 em™! and characteristic aldehyde
4
S i
absorptions near 2730 and\ 2820 em™', A weak double bond absorption
\ :

-1, Verf‘similar'in position and of somewhat

was evident at 1563 cm
greater intensity "than the double_bond eosorptioms of'77 and 78. A
much etronger double bond abeorptioo near 1665 cm”~ | as well as a
strong abeorption near 895 cm™! are.consistent with an eépcyciic

methylene (vide infra). The norbornene structure, 80, has double

80

A

‘bond absorptions at 1575(w) and.1667(m) cm"1 as welf‘asi& strong

absorption located at 876 c_m'1 [1501. The 'H NMR spectrum of 79
isolated by preparétive GC clearly indicated the presence of two,
separate aldehyde compounds, each having a total of~ elqht protons.

1

Based on their 'H and 13C NMR . spectra the compounds were each

aSsxgned the structure of a furan. DAa with 2;3-butadienal. From the
'H NMR ‘integrations the concentration ratio'of 79a to 79b was

2.8/1. The ' ana '3c NMR data for 79a and 79b are reported in

Tables 11 and 12, respectlvely. Owing to the very_complicated nature

137
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TABLE 11

400 MHz VH NMR Data fof 7§a and 795 , 0
Adduct : Chemica1 Shift3 | 'Assiqnment
a 6y (ppm)
79a | ~ 9.08 . oo
‘ ‘
3.47 o G
‘,5;02 ‘ f.
5.24 E .
5.21 D
5.17 e
6.51. B
6.51A_ A
79  gias ‘ 9
’ 2;81' P
5;06 N
5.33 M
5.15 L
5.29 K
9
6.41 3
6.52 :

AcHemical shifts in CDClj relative to TMS.

»

139



TABLE 12

© 140

50 MHz '3C NMR Data for 79a and 79b

Adduct Chemical Shift?2 Assignment
6c (ppm) '
79a 199.7 ' >c=0
141.4 =CH,
135.2 ZCHpb
133.0 =CHgP
‘107.5 :__'—-
. 82.6 -
. .\\
. HC-0
79.8
57.1. H.C~CHO
79 199.7 ~c=0
- 144,30 =CH,
134.5 =CH_P
bt
109.0 c=
'81.9 - :
HC-0
80.2 _
~
56.0 H_C-CHO

dchemical shifts in CDCl, relative to TMS.

.~ brentative assignments based on the well known y-gauche sterrf

interé\ction (151,152].
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of the proton couplings in thése adducts the complete decouplihg
experiments will not be bresented in the interestaof brevity. A
complete découpling serie§ was performed as part of the assignment of
each compound. These dééou?ling results as well as the NMR chemical

.shifts reported in Tables 11 and 12 are entirely consistent with the

1 13

Vassigngd sttuctures_?Sa and 79b. The high field 'H.and C NMR
spectrakobtained for the mixture of 793 ana 79b are presented in
Figure 28 and 29, rgséectively.

Although mahy of the 'H chemical shifts weré located betweén
about 5 and 6.5 ppm, with the'aid of the 400 MHz ﬁMR'spectrometef,
‘the various signals were assigned by selective 1H;decoupling. .ihe
NMR'integrations and se1f4consi§tency of the sélective decoupling
» seriés clearly separated the proton resonances into th.se;s,‘one
belonging té 79a anq’théupthér to 79b. The assignment of 79a as the
endo isomer and 795 as'the_gié_iéomer was readily de;e;mined from the?
TH NMR'Spectraa In 79a proton‘G couples to prgtoﬁ D,vé to the O atom A%
‘with*a'coupling constant JDG ~4.6 Hz. By éontrast,‘inf79b prétonvP
reveals’né discernible coupling to proton L. Thesevdifferences'ar%
attributable to the differenées in'the dihedral angle between 79a and
79b,vanalogous to the situation already described for 77 and 78.

The effects‘ﬁn-chemical shift of,tﬁe ﬁagnetically énisotropic
double bond are also manifested in.the TH NMR data.of DAa 79a and

79b. Proton P in 79b has an endo confiquration and is more shielded

than proton G in 79a by 0.66 ppm. ' Once again the observed chemical

o
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shift difference is larger ﬁhan in the tricyclooctenes, 75 and 76.

In addition, the aldehyde proton in 79b is 0.41 ppﬁ downfield with
regspect to its counté?part in 79a. The exact interpretation of these
chemical shift data is complicated by the presence in each of thesé
adducts of so many magnetically anisotropic groups in the vicinity of
the protons concerned,‘ | “

‘Asuéeen in Table 12 only one carbonyl carbon resonance was
detected (8 195.7_ppm).for the mixture of trapped butadienal adducts
wit;\furan. To pro&e that the.carbonyl absorptions in 79a apd 79b
were ﬁortuitously identical, ;he‘j3c spectrum Qas remeasured with
selective irradiation of proton Q (& 9.49‘ppm). In this way the
carbonyl Signal for 79a was split into a doublet by its coupling with
H and the weaker carbonyl résonance for 79b af 5 199.7 ppm was
clearly uncovered and confirmed. The same experiment wés also
" performed in revgrse/yith selective irradiation of proton H (6 9.08
ppm). These results are shown in Figure 30.

In the absence of a proton coupled spectrum, or alternativgly, a
series of seiective 1H decoupling experiments, an experimental
assignment of the olefinic and ﬁridgehead carbons in the '3¢ NMR
spectra of adducts 79a and 79b was not poésible. However, a
tentative assignm;nt‘of the olefinic carbons has been made based on
the Y—qauche.effect [151,152}. 1It*has been sﬁown that monomethyl
substitution at the Cg pbsition in norbornene causes an.upfield shift
on the y carbon signal when the methyl group is endo. The

corresponding exo-methyl substitution caused a slight downfield shift

[153]. Mdreover, the magnitude of the chemical shift difference is

-
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H CH

v CH3 H
Y
- 81 82

substituent independent. These effects are due to the y-gauche
steric interaction apd have been exploited in making our tentative
V3¢ assignments. Chemical shift differences in norborneneé bave also
been reported for carbon atoms a and f to the substitution site
[153]. Since the magnitude of these effects was muéh smaller, no
attempt has been made to assign the ca;bon atoms in 79a and 79b based
'on such effects. -
N .

GC of the 79a and 79b adduct mixture on Carbowax 20M -
successfully resolved the components, and a concent:ation ratio of
2.7/1, &espectively, was determined from the GC peak areas.

The furan DAa with 2,3-butadienal described here represent the
first reported tfapping-of this parent aldsnydeues a photolysis
prodfct from furan; Vaé Tamelen andIWHitesidejj[41,42] previqusly

j%%Qhé tﬂeICOrrespohdiﬁg fjbutyl ketone, 14, as a stable product of
7,‘é;5:§i-ﬁjbutylfuran photolysis. It was not definitelf established

) 'fﬁat 14 was a primary ?hotolysis product, although the authors’
pref%rred a mechanism in which secondary photolysis of the
cyclopropenyl ketone, 15, produced 14. Direct irradiation of 15 did
indeed generate a mixture of 12-14. Photolysis of 2,3,5—t;i1£;

butylfuran also produced a cyclopropenyl ketone but as a.minor

product.



be approximately 6%, 12% and 8%, respectively, in steady-étate

-
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In the present study, photolysis wavelengths of 214 and 229 nm
were employed. The n systems of the C=0 and C=C‘chfomophores }n,IS
are‘not,cénjugated and so it is unlikely that the w-n* absorptions in

this molecule have Any significant extinction: from 215-230 nm. The

e

n-n* carbonyl absorption is located at much longer wavelength than we.

v have used for photblysis. For instance, with 15 van Tamelen and -

Whitesides reportéd the following UV data in pentane solution: Apay

"~ 293 nm, € ~ 50 M~'cm~! [42). 1In addition, the present’ ey

.
\

‘investigation included both cbnventionai steady-state and cyclic

,pﬁotbiyses. The'chemical yiélds'of 77, 78 and 79 were estimated to

. , ' ‘
photolysis experiments where the furan conversion was ~1%.

3

_Reg£rdless of the different experimental conditions, the adducts 77,

78 and 79 were always forméa in the same ratio. This wobuld ipdiéate‘

v
“

that in the.current éxperiments the 2,3-butadienal was not formed by

. . N o - .
secondary photolysis of the cyclopropenyl aldghyde. Whether it might

arise by .a 1,2-H migration in a 1,5-diradical such as 83, or by the

dark.reaction of a vibrationally exéitgd cyclopropenyl aldehyde,
cannot be ggcided at present. The initial step in fufan‘photolysis

is widely accepted to be C-O bond cleavage»to'produce'é diradical
shch'as 83.
We have employed the direct photolyéis of furan (214, 229 nm) in

generating the cyclopropenyl aldehyde-furan DAa, 8. Srinivasan

[34,35] has isolated 8 from the gas phase triplet'mercury
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— 7\ (33)

0o
83 . .
photosen51t1zed reaction of  furan, 1mp11cat1ng the 1ntermed1acy of a '

triplet state. 1In the present solutlon phase study, two DAa between
furan and the cyclopropenyl aldehyde were formed and isolated,
‘however, no evidence was found for the formation of the cyclopropene

adducts 6 or 7. Hiraoka and Srinivasan [36) consider "the formation

's" . _ »
of cyclopropene and therefore presumably.its DAa with'furan in the.
‘neat solution phase "a 51gn1f1cant test for the present of trlplet

state furan”.. Consequently the absence of 6 and 7 in our products

wonld seem to sugqest that the trlplet state’ of furan is’ not

r

1mp11cated in the liquid phase ‘direct photolysis.

In addition to the principal furan photolysxs products b

. characterized in this work GC/MS (10% Carbowax 20M, ~ 3 mm X 2 'm,
150°C) indicated the presence of- two additional furan dimers, M°

"
136. GC/FTIR (10% Carbowax 20M, ~3mm x 2m, 150°C) analysls of T

4.

these two compounds revealed 1ntense C=O absorptlons at 1808 and 1818
em~!. The low yxeld of these minor products has hampered their
.1solatlon and characterlzatlon by NMR. The IR data are suggestive of
a cycllc ketone, poss1b1y derived from trapplng of the 1,3~ buta-

dienone. BAs mentioned prev1ously this specles’was trapped by

Srinivasan'folloying furan photosensitization [35].

3 N .



Ce Thiophene ?hotolysis.at.Low Temperature with Post-Photolysis

£

Trapping by Furan

"
i
B

From the solution phase photolysis of thiophene in furan we have

obtained two adducts which weré concluded to arise via Diels-Alder

cycloaddition between furan, the in-situ trapping agent, and Dewar

. . R
thiophene which is formed during thiophene irradiation. 'For two

reasons the low temperafure photolysis of thiophene employing post-

thFolysis trapping with furan was investigated. Firstly, a major

objective of the low temperature matrix isolation experiments, to be

discussed later, was to ggnerate, stabilize and identify’

intermediates in- the photoiyéis of thiophéne., The low temperature

photolysis system about -to be described formed a vital link between

v

the very low temperature regime of the matrixiisolation experiments
r N . B . > kS

and the room temperature trapping studies already p@@%@nted. In an

¥
1y

earller attempt to detect Dewar thlophene, we photolyzed th;ophene at

5 .

low temperature and examined the high field 'H NMR Of the photolyzed
. - A ‘ | N

mixture, still maintained at low temperature. This experiment was

unsuccessful, indicating that either,nB'detectable amount of Dewar

thiophene was formed under these conditions or that it was

sufficiently reactive in:the cold, but fluid, NMR solution that its

A

lifetime was too short to permit detection. Secondly, using‘in-situ

furan trapping at room temperature, it was, impossible to exclude the
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possibility that the observed thiophene/furan adducts'resulted from

'the 1nterception by furan of a thlophene excited state. In this

regard Wynberq's results on the trapping of 2-PT by piperylene should

be recalled [99]. Photolysis'of 2-PT in the presence of the diene

fresulted in both 1: 1 adduct formation and quenching of the 2-PT

fluorescence. It was concluded that plperylene regcted directly with

.an excited state of 2-PT, rather than with a photochemically

generated ground state intermediate. Certainly a successful post—

'photoly51s trapplng experiment would’prove that ground state Dewar

{

chlophene was being generated and subsequently captured by the furan.

v

Therefore, in order to ascertain that the trapped spec1es was

i =)

indeed an intermediate, and not a_short—uiged excited state of

\tzgophene, the photolysis‘of thiophene was performed at ca. -175°C in

@

a glassy matrix (10% thiophene in diethyl ether, v/v). At the

./thcluéion‘of"irradiqtion'(229 nm, 8 h) furan was slowly distilled

[}

under.vacuum and deposited on top of the frozen glaes. The mixture

- was allowed to warm up to the temperature of a dry ice/acetpne bath

(~78°C), and the resulting solution was stirred rapidly{ This

temperature..was maintained for several hours after which the solution

" was allowed to graduallvaarm to 25°C. The formation of the same two

‘adducts 70-and 71 was established on the basis of .capillary GC -

’retention time, coinjection with a sample of thé’authentic adduéts

1sqlated from the 1iqu1d phase photoly51s, aﬁdﬁ%gpillary GC/MS. The

" adducts formed at low temperature had masqﬁgpectra mnch like those

Q/
for- the adducts prev1ously isolated from llquid phaSe photolysis

(Table 13).
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Produced in the Solution Phase and "Low Temperature =

TABLE 13

Comparisoh of the MsS Data from the GC/MSa Analyses for 70 and 71

,Epgtolyses of Thiophene

"
o
Adduct m/e Relative Inteﬁsity Fragment
Solution Phase Low Temperature
A , ' ‘ +
70 L4152 ~50% .Mt
"123 ’ 70 4 -CHO
o o ' . .
84 100 100 . ~C4H,0
68 65 . 65 . -C,H,S
R
. - . . +
n 152 ~25% ~25% M*
123 75, ‘ 80 -CHO
‘84 100,05 100 -C4H,0
: et ] : :
. 68 65 o 60’ ‘ -C4H4SF

app-1, 70-150°C @ 2°C/min, VG 7070E.

U
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“produced.

The product ratio, 70/71, in the low temperature photolysis was'
exadtly the same, 5/3, as.was observed in the liquid phase photolysis
sﬁggestinq that the naﬁure of ﬁhé intermediate trappedlﬁas‘the same
in the twO'céses. Since in the low temperature experiment'only
ground staté Dewar thiophene could have been trapped, it is ﬁnlikely
that in the room Lemperature’system theré cbuld havebbéen any _
contribution to the adduéts as a result of the inte;ception of
excited stétés. Presumably an excited state of thiophene, or even

Dewar thiophene itself,'would'haVe.a different geometry from the

ground state of Dewar thiophené. This geOmetry difference would be

lexpected to influence the ratio of exo and endo stereoisomers

I

The combined adduct yield was not determined‘in the low

témpérathre photolysis. Although the irradiation time was much

shorter than in the room temperature trapping experiments, and only a

thin surface layer of thiophene was actuaily irradiated due to the

experimental drrangement for the low temperature photolysis, Dewar

thiophene was still generated and trapped. 1In addition, only a small

quantity of polymer was formed in the low temperature.trapping :
experiment by compa#isoh to tﬁe 1ow;temperature‘NﬂR experihént~whichv
.emplOyed very siﬁilar_conditions for the generation of intermediates
(16% thiophene ip dietbyl.ether,v229 nm, 2.5 h). This observation
may be eyidéné@ that Dewar thiﬁphene dedoméoses or polymerizes unless
t:apped.

Consequently, we have demonstrafed thaf thiophene photolysis

results in the formation of Dewar thiqphengﬁqnd that this reactive
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‘1. Methodology

valence bond isomer can be;trapped by a Diels-Alder cycloaddition
with furan. The quantum yield of Dewar formation has not been
determined.  Owing to the tendency for thevDewar to rearomatize, or
undergo other processes all of which compete with the trappinq
reaction it may be possihle that the actual guantum yield for Dewar
fofmation is much larger'than might be inferred!from the corrected
combined chemical yield of 70 and 71 in the liquid phase
photolysis. Therefore, this yieid of 2.5-3% must be regarded as a

lower limit to’ the quantum yield.

B. Low Temperature Matrix Isolation (LTMI) Experiments

A brief descrlptlon of the strategy employed 1n ana1y21ng the
photochemlstry observed in - the LTMI system is requlred at thls
point., Our MI apparatus is routlnely coupled wlth IR spectroscopy as
a meahshof following the progress of a photochemical reaction.

One of the most challenéing problems encountereo in a MI
experlment can be the determlnatlon of the number of dlfﬁfrent
species formed from. the 1n—sltu photoly51s of the chosen substrate or

<
precursor,~ When the substrate is irradiated, a number_of new IR
absorptipns are“freqcentiy observed, hn important-simplificatioh in
the process of their assignment_to distinct species is\cained if the
absorptions can7be'sepaﬁé§?d into;groups, forlwhich each.abso;ptioh

in-one group arises from the same;sihggf compound.‘ This separation
. - i ‘ s

4 process is considerably mére’ dlfflcult when there.is no prior

-~

knowledge about the. specles that mlghfibe generated by the
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photolysis., ‘

Frequently, the grouping of new IR absorptions is éccomplished
by heans of time studies which mohitor the intensity change of each
IR'abéorption as a function of pﬁotolysis time, thereby identifying
groupS»éf peaks haQing thé same growth rate, and thus presumably

attributable to a common species, However, in our experiments we

have found a more discriminating approach, involving the use of

different UV photolysis wavelengths. “This technique should be

particularly well suited to photochemical. reactions which produce

many low intensity IR absorptions, because such absorptions are more

difficult to monitor reliably in a time study. The photolysis

f

wavelength technique religs on the fact that,differeht speciés formed
in the matri# will have different UV absorption spectra. -Probing the
matrix with'a.numbef of photé}ysis wavelengths ultimately reveals
conditions where the rates of fqrmation ér consumption'of different
species éiffer'dramatically. in this manner the'new IR absorptions
can be separated into groups arising from single compounds.

In a convént%onal MI experiment the substrate, if it is a gas at

room temperature, is firstly mixed with a large excess pressure (ca.

200-1000 fold) of an inerg{ gas, most frequently Ar. - The mixture is
stirred for a time considered to be sufficient to guarantee its
homogeneity, and then admitted at a regulated flow rate to the cold

(10 X) sample window of the MI apparatus. The deposition process is

continued until the desired amount of substrate has been

introduced. The IR speétrum of the substrate isolated in the matrix

”is'recordéd‘befo;éyphoéblysis, and then the irradiation can be
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commenced, At any desired inteivals £herprogress of the photoiysis
can be checked by IR, and irradiation resumed with tbe same or a
different wavelength, as required. We will hereafter refer to this
type of MI experiment as é single layer experiment because all of thé
substrate is introduced in one deposi£ step.’ ) A . *

During the irradiation of a matrix isglated compound,

‘

photochemical reaction is first initiated in the substrat

| molecules

incident light, As the photolysis proceeds substrate mo
located at progressively greater depths inside the matr
J

4 y .
photolyzed. From this viewpoint one can envisage thq/botential for
. . . 4

certain experimental problems in MI, depending in Jarticular on. the

naturé of the substrate and the new species g;/é;ated by its
;photolysis. For instance, in our‘sin§1e 1a§er experiments with
thiophenes only a sméll amount of substrate could easily be converted
to prihéry photolysis products. Only a very slow disappearance of
" substrate and‘theygradual growth of Qécohdary photolysis prqdhcts
c0n£inued on further irradiation. This same situation was alsé ;
encountered, but to:a lesser degree, with furan. Uﬁfortgnately, many
of‘the products isomeric to furan and thiophene, that might be
generated during the matrix photolysis Qf-thesé two heteroaromatic

: v v L

compounds, contain chromophores which absorb in the same UV region as

the substrate., While furan has a UV absorption maximum céntred neargw

215 nm, thiophene ahd its alkyl substituted derivatives have maxima
located near 230 nm. Generally, MI experiments on furan and

thiophenes were performed with phbtolyéis wavelengths of 185, 2%4,



229 and 254 nm. As a’result, only weak IR spectra of many of the new

primary photolysis products were ever generated using the single
’ e

layerﬁSeposit method.

In view of this limitation of the single layer MI experiménts in.

their applic&tion to héteroaromatic compounds, one conéeivable
solution was to replace the single deposit’layer with a number of
thinner layers, each photolyzed séparately. Although seemingly
obvious, such a modification of tﬁe MI hethod,/ﬁh}éh\ye have called
the "multilayer techniqug", has never to thé‘bést of our knowledge
been reported in the literature. This does not mean that other
‘laboratories may not have used such a sample deposition technrigque but
the sxstems examined to date by MI may not have required this
ggqhnique since the location of a wavelength suitablevfor selective
ig;adiaﬁion of the substrate, without interference from absorption by
thévphotblysis‘pioducts, does not usually present problems}

The appliéation of our mdlfilayer dépdsit technique to tﬁe MI
studies of furan and thiophene énhanéeé the relative concentrations
of primary photolysis products'genérated, as cqmparéd with the single
layer results, Conséqﬁently, this new approach to sample deposition
and photolysié was frequently employed in ogf MI éxperimenﬁs. As éﬁ
example of the success. of the multilayér technique the-IR spectra
‘(Figures §f and 32) ﬁbtained'after the photolysis of matrix isolated
furan can be‘compared, Figure 31 was obtained by'the singlé layerv
method,ASﬁﬁle Figuré 32 was a multilaye; experiment. In addition to
identifying  the IR'bands of the sﬁbstrate injFigures'31.§nd 32, those

attributable to primary and sécondary photolysis products have also
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been indicated. Another dramatic demonstration of the value of thé .
multilayer technique is revealed for the case of thiophene in Fiqd}es'“
33 and 34.

Having presentedia brief introduction to the sttategy.of our MI
studies we can now begin to consider some of the experimental
results. The MI tesults‘fof furan will be described first. Since
the gaé'and solution phase photolyses of furan have been previously
investigated by Srinivasak [33435], and because we have identified
several additional products from the photolysis of neat liquid furan,
it was considered that a substantial amount of information was
already available about the sp;cies which might be formed in the

" matrix.

2, Furan Matrix Isolation Experiments

In his gas phase photolysis experiments with furan Srinivasan
detected CO and three different C3H, fragmentation products [33,34],
cyclopropene, methylacetylene and allene. In addiﬁion, at higher
furan pressures, two furan Daa With‘cyclopropene, and one with
cyclopropenyl aldehyde were reported‘f34,3S]. According to v
SfiniQasan the solution phase photolysis of furan did not proéuce any
evidence for these products [34], although 1,3-butadienone

(vinylketene) was trapped [35]. 7

When we irradiqted neat liquid furan we isolate® and fully

characterized four DAa of furan, 77-79b. In addition,

evidence for structure 84 and 85, derived from the furan trypping of

vinylketene, was obtained.
-
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)

a. Identlflcatlon of the Frggmentatlon Products

Slngle layer photolyses (185, 214 nm) of furan produced
o -
substantial, amounts of CO, CH2CCH2 and cu3CtH. especially at longer

photolysis tlmes. These products were 1dent1f1ed based on thexr

o

¥y

- characterlstlc absorpt;onﬁ summarlzedﬁxh% p1e554. The 9051t10ns of
3 > - ﬁ? WA .w.
the actual absorptlons in the low teerrature matrlx are usually

')

. pshifted slightly. For’ 1nstance, CH2CCH2 had one absorpthH at - 1951

.‘\cmfj anpd e,second abs rptlon-at 839,cmu1, whlch is due to the —CH2 .

’ o]
S 3.

out—o&-plane defotmat1 . The.beét confirudtion‘of the identiti of a -
'matrlx 1solated spec1es is prov1ded‘by comparlspn of its sp;Etrum
. & ) i

w1th that of a matrlx isolated sample of\the authentlc compound.

When eommercial methylacetylene and allene were lntroduced 1nup ‘an Ar 4

.

'n“' ) ‘

/matrlx at approx1mate1y 10aK thEy produced spectra whlch matched the

IR spectra of the. CH3CCH and CHZCCHZ formed by the photolysis of

u

' furan with reqard to boﬁh the:pos1tions and the telative intensitxés‘f%;ffv

of the absorptxons. .Since, in a slngle layer Mi experinent, little%/
. . I SO
. . . _A.t;%l

-

w SRR L
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TABLE 14
Characteristic IR Absorptions of CO, Monosubstituted Acetylenes
“_ A and CH,CCH, S
s
' Compound Approximate Vibrétional . Relative
‘ Description Frequency (em™ 1) ' Intensity 
co Cc=0 stretch 2150 -
» ’ '
RCCH2 ~  =CH stretch 3310-3320 s .
o= stretch” 2100-2140 w
ZCH bend 0.0«P. 610-680 ° ‘ s .
Cﬂécéﬂzb ., =CH stretch 3005, . m
C=C=C asymm. Str. 1957 s
§§§??= " cH, scissoring 1398 s ,
3 . A 4 ,
CHy bend i.p. 1033.5 . m
CH, bend ‘0.0.p. 841 vs
, ﬂ A 3 o i
aData taken from Ref.v44§§4.,

e

ewL T
NG e

ﬁgé'

L bGas phase data taken from Ref. [155].

L
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of no CH3CCH or CH2CCH2 was usually observed at short photoi?bi;
times (~2:h), but . their quantiﬁies became substantial witﬁ iong
‘irradiations (~10-20 h), it was concluded that thése hydrocarbons
must be arising primarily by secéndary photolysis of other primary
photoproducts. '

In our MIvexpériments_with'furan, cyclopropene was never

observed even atqlonéiirradiation times. Mitchell et al. [156] have

recorded the IR Epectrp@ of cycldpropene in a Xe matrix. A very

short, parfial 1ist‘ofuthe,characteristic Absdrptions most valuable

7%
»

in dgﬁecting matrix isolated cyclopnopene;yis given in Table 15.
. Y i N

Although in our MI studies the.ﬁﬁb 1700 cm™! reéion;waé'often

complicated due to the presénce
absorptiohs, as well as an H,0 absorptjion (~1600 cm~') which was
‘ - _ - 1' .
often large, the regioﬁifrom 1000105 -
; ' o S N~ N
. . -
‘absorptions. ‘If Eyclopropene_were‘gene ate

cléarly'contained no.

\in the matrix.its 1011» Y
and 1044&cm'? banés would have been dete“ e. The férmer is the | v
mos;-intensg iR absorétion of cycio;ropené [156].

The %ﬁsence‘of cyclopropene:in:the mat*ix'photolysis éf furan‘

was an interesting result ‘for .two reasons. Fitstly} Hiréoka and

Srinfvasan.discovered that direct irradiation of furan in the gas - o

’

‘phase did not produce cyclopropene, while its Hg(3P1)

N .
photosensitization produced large, pressure dependent, yields of ™\

o \ |

cyclopropené. As a result, they siiggested [3& that cyclopropene

;
5, N

»

fo;métion waéﬁ!%éigniﬁicant_testffor the presence of triplet ane.

This is cdngistent with the matriX»reSCZ;s singce direct'photdi?sis at
: , 4 Rt _ FY i

either 185 or 214 nm was éméloyed for these'exPeriments. %y e

T

. | . ) -
. - . ) P
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TABLE 15
Some Characteristic Fundamentél,lg‘Absorptions of
Cyclopropene in a Xe Matrix? ,
,
!
Appjﬁéimate' Vibrational Relative
. , ) .
- . i .y ‘) . +
Description -Frequency (cm'1) Intensity
CH bend o.oip. . ' 584 ‘ ﬂ s
CHOkeﬁd ieps . ' BRI - » ' vs
,wag.' ¢ 1044 , s
N Y % . L wd . Co,
. S, e ) PR * . -
C=C. stretch S %t 1643 m-s -
A %7
7 us
. S S . o ;
> - ) Co vt ’ o
a . ’ . Cea . . 4 ﬁr&
Data ‘are taken from Ref. [156]» - - ~
are 4
L, ' BT T iﬁw} |
. : - L )
i — 5 .
¥ '\
¢ o-»"""ﬂ_\ 7]
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contrast, Chapman has published‘é review article on tite low
“temperature pgdtochgmistry of_mgny compounds [157], Inﬂthis
publication it was ;tatéd that the irfadLation of furan‘in a matrix
(8 K) produces c}clop%bpenyl.carboxaldéhyde; 86, which on secondary
.photolysxs, can produce 2, 3—butad1enal 87, 2-butynone, 88, and .

¥ PR

cyclopropene plus carbon monoxlde. !ﬁhe formation of cycloptopene

“” .

‘ ' | © @
[:)»ecuo_ © CHy C=CHCH

Rl £

" experimental details of this study.

» AR Y ’
“have trapped both 86 and 87 in'the liquid phase photolysis of
. 3 N . >

neat;!hran. Their role in our matrix experiments will be dicussed

shortly. o the basis of the known IR spectrum

Oflz [150] however

it was concluded that 88 .is not a product of the’ §photélysis of .

~ 4 ) ; - - oy .
furan, : i :

»

b, Identification of Ketenes

» . : _‘l'

) Asmﬁéntldﬁg@ aarller Srlnlvasan spccessfully ttapped _
T . ’ ;.
‘vigzgketene, 11; durlng thecphotosen51t1zatlon of furan in the-

-

- CH=CHCH=C=D : T o
‘ 2 c . ' ' ' I
AR

' ' - ’ Y R . >
. % d ‘ €

presence of metﬁané% [35). .iﬁg‘gas'phasé;IR speétrum of 11 was’
T .. = - g : . o . Ly
reported. by Bjarnov in 1979 [158]), and is shown in Figure 35. ‘he

0
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. extremely strong absorption at 2137 cm

”
..
pe

bands due to the trans- rotamer.

b‘enhanced (Pigure 36).

a

-1

»

is cha¥acteristic of a

ketene moiety. The presence'of the vinyl moiety is indicated by

k3

bands near 976 and 875 cm~?. The 2137 em™? absorption is, however, "

“1 . ¢

" about an order of magnitude stronger than the vinylic absarptions.

«
., e oeom

Vinylketene can have two planar rotamers, as illustrated below. The

I

.droomyﬁemperaturé spbctrum of gaseous 11 was concluded to show only

U, Ay

"kﬁ'

In both single and multilayer photolyses"of furéh CO “which

ke

absorbs at ca. 2140 cm'1, was, observed a.a-fragmentation ‘product.
The rapid growthwof the CO absorpti%n was always accompanied by
increases in the absorptions of CH,CCH and‘CH2CCH2- However, in

addition to CO there were two other IR absorptions located near 2140

-

em~'. For instance, 1engthy irradiation of furan at 185 nm produced

¥

absorptlons at 2120 and 2130 .cm 1,‘0‘ shown 1in Fygure 36. Secondary
1rrad1ation of these new absorptions, at'254 nm, resulted 1n~£Pe

disappe@rance of the 2120 .cm™! absorptlon, while the 2130 cm'1 ban@f

' 1ncreased. These two absorptions were also generated by the MI

' photoly51s of furan at 214 nm, however, under this condition the 2120°

‘'

peak produced was aon51derably larger than that at 2130 cm =1,

.

Once again_secondary’irradlation at 254 nm caused the disappearance _

of. the'2i20'oﬁ'1‘absorption while that at 2130 cm™' was conSiderabIY"

-
P

(5.0

. Forf%his region of the IR spectrum only two types of absorptions

g i
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Vr»can easily be imagined (in addition to that of CO) which are

»

compa*ible with possible furan photoproducts.‘ Firstly, alkyl
monosubstituted alkynes such as CH,CCH show a triple bond utretchinq
absorption around 2100—2150 em~' ' [154). Secondly, as noted above,

e

keteneg display very charac;eristic, intense absorptions at this

.
looetion. The alkyne absorption tends to be of rather low intensity, !

c’ano thus for the small amount of CH,CCH forméd in the matrix ,;Wé
photolysis of furan, it woul;d not likeiy be observable. This w“w‘
conclueion waéwsnpﬁor;ed " the fact thnt neither the 2130 cm™!

absorption nor the 2120 -1 absorption benaved in unison with the
3320 cm™! peak of CH;CCH. CH,CCH was a secondary photolysis product,

’ dhlle the 2120 and 2130 cm -1 absorptions are due to primary

oh‘
phbtolysxs products.w Therefore, it was concluded.that both of these

) 7
absorpt1ons are attrlbutable to ketene species. The possibility that

' the parent ketene 89, might be present was consxdered.

-
i

o N

-/ CHFEC=0 - .
o . ' /
a9 ‘
+ ¢ N ¢
Torres et al. [159] have generated 89 by the‘Ar matrix photo-
. ~
lysis of two different precursors. Irradiation of vinylene,ghioxo-

a

’ )
carbonate, 90, at 4270 nm resultgd in’ the production of COS and 89.

o | ¢=s MY __ cos + cHFc=0 ()
L 270 0m . v
LI 8K, Pre 89

‘ 5 ot v' v9o . - ;4";!:‘ ) ’ A{". H
anter%ptxg ketene ébsoxption v,
‘absorptions dhe to 89 were at least ten times weaker. Photolysis of

» .

LA R . .
Tosey? U ‘::_;"45"‘ v RPN X S

WL o
“located at 2140 ¢m™'. Other

FUSLAI
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vinylene carbonate, 91, resulted in the tormg&%?n of Co, COZ,‘a9,'indl"

glyoxal, 92. The IR spectrum of thergrodu&t mixture tevcaléd;oq}; a

| coz+gsfc=o _

o ,
9 (35)
~210nm ° S
8K €O + HCCH
) 91
‘ 92

s;ngle absorption at 2140 Cm'1, indicating that the CQO absorptions
froﬁ.CO and CH,CO were not regolvable on the Nicolet 7{99 FTIR at a
nominal resolption of 1 cm~'. This indicated that neither the 2130
nor the 2120 cm™! absorption detected in the matrix photolysis of

furan could be assigned to 89. It did however, raise the possibility

'

that 89 mdy be present, yet hidden by the CO absorption. No definite -

conclusion regarding this possibility can be made at the present

time, although the absence of C2H2<*3287, 729 cm~! [160]), which

e .
would presumably be the other fragmentation product formed if furan

%

photolysis produced 89, was cogsidered as evidence against the

significant production of 89.

i

Consequentlyﬂ the 2130 and 2120 cm™!

absorptions were '

tentatively assigned to the two_rotamers of 11 illustrated earlier.
The distribution of these rotamers was dependegt on the photolysis

wavelength, and sécondary‘phOtolysis ;2 1&3@) resulted in the
o 5. Tou PO

conversion of one rotamer to théVother. Although no characteristic

-

vinylic absorptions, 976 and 875 cm™!, were observed these W

absorptjons were likely‘too weak, in comparison to the 2137 en™?

i qpsg;ﬁtiOﬂ&ingbqgseenﬁgiTﬁis~considerabieadlfference in intensity

. . g 0‘
was already noted in Figure 35,

"

-

L]

1™
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._c:' Identification of 2, 3—Butadienal

. The results of our furan MI experiments will now be con51dered

?

‘"Wlth respect.to the prdducts trappedlin solution by DA

R

\’cycloaddition»—zln solution we found the DAa of furan with both

"cyclopiopene 3—carboxa1dehyde, 86 .and’ 2, 3 butadienal 87, generated‘

by the photolysis of furan. Owing to theucumulative nature of the

double bonds in allenes, 87 should have very characteristic IR

absorptions in the region 1915- 1980 cm'T [161]. The photolysis of

» matrix isolated furan (185, 214 nm) generatednthree absorptions..in. -

~

this vicinity. Onefabsorption_was due-to the parent allene.  The

1

other'two allene—type absorptions, near. 1925 and 1965 cm'j, always "’
‘ 1ncreased and disappeared in unison, ‘and also seemed to. be assocaated

‘with a somewhat stronger absorption at11665 em™1 (Figure 37). These

, S Lo N, -
absorptions were assigned ‘to 87. IR data on\some allenyl ketones

»reveal‘similar absorptions. For instance, CHZCCHCOCH3 has

absorptions at,1951ﬁ 1931’and 1680 cm'j, whlle CHZCCHCOCZHS absorb7
I . . N

at .1955, 1935-and 1685 em™! [162]. The conjugation of ‘the carbonyl
|

Vo

group with the - cumulative double bond system lowers the carbonyl

stretching frequencies in these.compounds. The 254 nm_ photoly51s of

" 87 led to its slow destruction, accompanied by a slow growth of the

\

parent allene and CO.

cni—.c-cucu Nz, co+ co-|=c-cu ©(36)

254 nm 2 2

d. Identification of Cyclopropene-3+Catboxa1dehYde

The cyolopropenyl aldehyde, 86, trapped in solution experiments,

—
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has also been identified as a primary photolysis,produot in the

,matrix photolysis of furan. Srinivasan previously reported the
trapping of a DAa of unknown stereochemlstry between furan and this
aldehyde. Wlth respect to their carbonyl groups, the structure of
the Daa 15 quite 51m11ar %o 86. Although the complete IR spectrum of

‘thls DAa was'not given; a strong absorption at 1710 cm'1, as well as

1

a weak absorption,et 27501cmf , were described. In our MI

experiments (185 214, 229 nm) two correlated IR absorptlons “have

~

been a551gned to‘thls spec1es, a strong absorptlon near 1705 1710
pn*‘,-and another one 51tuated near 848 com -1 (Flgure 37).

. 86 was\detected by TSuchlya et al. [163] in’ the solutlon phase
photo1y51$ of-pyrlda21ne N-oxides. Unfortunatelyy‘only‘a carbonyT
.‘absorption‘et {720 cm'1.wee reported for”the‘liguid aldehvde, and no
further detalls of its IR spectrum have been prov1ded.» Limited IR
data have also been descrlbed for the cyclopropenyl compounds, 93 and
94 [163,]64], but agaln no C-H bendlng vibrations were.included so
-1

that comparison‘with the 848 cm™' absorption observed in the present

work is not possible.

'AD—@C'E , ,4 H3
. 93 ,‘ _;  “ . ' 94v |

iy
\

We - have attempted to examine the secondary photolysis of 86. A
number of different wavelengths were employed (185, 229, > 280, > 305
‘nm) in separate experiments, but 86 was quite resistant ‘to photolysis

under . any of these conditions. Irradiation at A.> 305 nm seemed to



i .

cause small décreases in the amount of 86,<however thé formation of

87, 88 and cyclopropene,  as clai%ea by Chapman [155]( vgg not
dbsetved. ' >‘

Only two additionél abSd;ptions, belonging to a single primary
photoproduct L1é5, 214 nm), remained to be assigned. -These

9

aﬁsorptiohs were located near. 760 and 890 cm™' and the conclusion

that they belonged to the same specieé was reached in the usual
manner, using many different photolysis wavelengths. Further
description-offthe behaviour of these absorptions, as well as their

-aséignment to a, specific species, will be deferred untiYI later in

this section for reasons that will soon become evident. ' ’

3. Thiophené Matrix Isolation Experiments

1 ) . . | ~——
We ﬁave examined the photolysis of thiophene in our LTMI

apparatus. Wiebe and Heicklen [102] have pfeviously irradiated (214,

i

229 nm) thiophene vapour identifyipg CoH,, CHCCHy, CH3CCH, CH)CHCCH

"and Cs, as products of thiophene fragmentation.“Utfiizing

information from this gas phase ‘study, as well as our MI experiments
with furan, the IR'spectra_from the matrix experiments with thiophene

B

were analyzed. N
LN P
The production dof €8, wpon UV photolysis. (214, 229 nm) of matrix

isélated tﬁiophenevyés quicklyyestablished. The ideptifiéation of
CS, was basea,upon thg-observation of its characteristié Cis
stretching absorpﬁion hear 1522 Cm_1-[154].‘ Siﬁcé the amount of CSz
,produced becamg ﬁoét sighificgnt after long irradiationms, andibecggsé

. ] , , . o P
it was produced during the sgqondgry.photolysis of the primary ./ .

178
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photoproducts derived from the irradiation of thiophene,.CS2 va&

1

judged to be primarxly a secondary photolysis product. The
rirrad1ation of thiophene in the matrix also resulted in the: formation
of a brown, presumably sulfur-contalning, polymer.

In the prevxous gas phase investigation [102) the reported
quantum yield of.CHZCCHz formation was‘jo.1. By comparison, the
gquantum yields for the formatioﬁ of Czué, cgzcﬂccﬂ and CH3céH,”whicﬁ
were the other hydrocarbon products detecﬁed, were ~O.25, 0.25 and

0.05, respéctively. The quantum yleld for formation of 1-buten- 3-yne

(vinylacetylene),'95, was time depéndent. For the longest
. @»
Cﬂf{WZHC!K:H
95

irradiation times reporrEd this qoanrum yield had'decreased by a
factor of 2-3 as compared with its maximum measured value, 1nd1cat1ng
that this species was susceptible to secondary photoly51s at both 214
and 229 nm. The quantum yield for CH2CCH2 also decreased sllghtly at
longer 1rrad1atlon tlmes, decl;nlng to roughly 70- 75% of the maximum
value reported at shorter 1rrad1at10n tlmes. The quantum . ylelds of
the other products found by Wiebe and Heicklen were essentially time
' independent. |
| Allene;_CHzccué,Dwas not derected as a product from the
ppotolysis of hatrix isolated thiophene. if’CHZCCH2 were present lt T .
would have been readily recognized dué to its cumulative double bond ‘

-1

_stretéhing absorption at 1950 cm ', as well as a stronger =CH, out-

of—plane'bending'vibration near 845 em~t. As‘previously mentioned,
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thesé IR data-for CH2CCH2~were verified by depositing the commercial

compound in a low tempetrature Ar matrix.

&

a. Identification of vinylacetylene

s

In the matrix photolysis of thiophene évprimafy photoproduct
possessing an acetylenic C-H .stretching absorption near 3320 cm™! was-
observed. - This absorption was readily correlated with a typically

1

acetylenic C-H bending absorption near 630 cm~'. These IR spectral

“features were considered to be appropriate for Cﬂ3ccu (Table 14). On

t

the other hand, 95 could be expected to’have similar acetylenic
absorptions, and mngt, in .addition, show a terminal =CH, absorption

GEEL 900 cm™!) whic%iis characéeristic of vinyl groups{ In fact, a
strong absorption at 890 cm~! was observed. The growth rate of this
absorptioh cotrelated well yith those for ;he two qcetyienic - ‘
absorptions just described, however on Secondary.photolysis‘(554 nm)
the',890':cm','1 absorption diéappeared signific;ntly’more rapidly than
_ﬁhe 3320 cm™! absorptioh,'which underwgn;:gmnoticeable cbange in band
con£our. .Thelshapes of the ﬁroad absorptions in the 630-650 cm™! |
region were also obggrved to change upon irradiatioﬁ at 254’nm. ‘The
aQaiiable literature dat;'for gaseous 95 [165] describes three
chafgcterisﬁic IR absorptions. Bands located near 3335 and 920 cm™!
were ﬁﬁe strongest'and of similaf.intensity, and .the absorption

1

centred near 920 cm” wés very broad, ranging from 870-970 cm~'. The

.

third distinctive absorption of this compound had a maximum near 630

" Based on these results we concluded that both CHZCHCCH and

_CH3CCH were probably formed in the matrix photolysis of thiophene. .



L

The former was a primary photolysis product, and could be destroyed
by secondary photolysis at 254 nm, The 254 nm photolysis also seemed

o

to Qimultaneously generate CHyCCM, by a process which we have not

identified but which presumably cannot involve CH,CHCCH, and thus the
other acetylenic absorptions were affected by secondary photolysis

’ . )
without actually showing much change in their intensities.

CoHy was a major producg of the gas phése phoﬁolysis of
ﬁhiophene. In the.matrix'phoﬁolysis of thiophene the strongest IR
absorption of the substrate would obscure the characterisgic 7301‘;:m’1
absorption of any C,H, which'couid~have been formed. A weak

1

absorption around 3280 cm™! may be the C-H stretching band of some

C,H, formed in the matrix [160].

b. Identification of Thio-2,3-butadienal

In the IR regiop from 1900-1950 Zm‘1, where allenes shoﬁ
characteristic absorptions, tﬁo_new absorptions at 1950 and'1926 em”
were produced by the photolysié'(214, 229, > 230 nm) of matYix
isolated tﬁioéhéne. Both of thgsebabsorptions were doublets, the
splittings presuhgbly resul%ing from matrix site_éffects. The
magnitude of each splitting was of the»order of ~5 cﬁ'1 kFiguif:
38).‘ Growth curves for these abéorptions de?onstrated that they wefq
attributable to primary photolysis broduct; (Figure 39). Secéndgry

l’ -‘ 3 \
photolysis (254\gglgfigsed the disappearance of both absorptions,

)

' aithough the 1950 cm™! gbgorptipn, which was always of lower

intensity, 4id not initially respond to secondary photolyéis as

1

rapidly as the 1920 cm™ ' absorption.

e

[ : - _
' This beMaviour is somewhat similar to that already described for

¢

.
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one of the‘product: identified in the Fhotolysih of matrix isolated
furaﬁ. It will be recalled that two C=C=C stretching absorptions
were genet;tgd and were al;igned to 2,3-butadienal.

By analogy to the furan sjstem the above two C=C=C gtretching
lbsorpiions produped by the matrix photolysis of thiophene have been
assigned to thio-2,3;bﬁtadiena1, 96. The thiocarbonyl st}etching

CHi’-=C=CHCH=S \

96

' absotétion from this species could not be idéntified; however such
absorptions are usually of low intensity and thus ii was concluded
that on the basis sf the magnitude of the C=C=C strétcaing bands
observed, no significant thiocarbonyl absorption should be expected.
It is interesting lo note that Wiebe and Heicklen found CH,CCH,
as a primary product of the gas phase phqtdlysis of thiophene [102],
whereas we have not observed it in the matrix and instead obtained 96
which was not repg};éa in the gas phase stﬁdy. Perhaps CH,CCH, forms
in the gas phase by the decompo;itioh of vibra;ionally excited 96,

which is a primary photolysis product of thiophene.‘

£y

c. Identification of Thioketenes

Another interesting species observed in the matrix photolysis of‘
;uran was 1,§-butadieqone. The analogous sﬁlfur-containing cbmpound,
which might be produced in thg matrix photolysis.of‘thiophen;, is

vinyl thioketene, 9%7. 97 has never been isolite@, and thus no IR

data are available for th%s compound.
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~ CHfCHCH'C-S
9?7

Thioketenes show a characteristic C=C stretchinglabsorpgion near
1750 cm~! [(166). Photolysis (229 nm) of matrix isolated thiophene
‘ generated a substantial absorption in this region. Tnis absorpt;on
was usually broad and showed at least four gsplittings (Figure ).
In the matrix photolysis of furan two ketene absorptions wvere
ogserved and ultimately assigned to different rotamers of the vinyl
ketene. Vinyl thioketene can aiso exist as two different rotamers.
In addition, the poésibility that thé parent ketene was also present
after furan irradiation could not be excluded. Torres et al. [167)
héve recently described the IR spectra of parent thioketene, Cﬂzcs,

.
as well as its two deuterated isomers, each isolated in a low

temperature matrix. CH,CS gives rise to a strong, and sometimes
broad, absorption at 1755 cm". Thus, it is evident that the

absorption around ‘l750,cm'1

in the matrix photolysis of thiophene
could be quite complex, due to tge possibility that a mixture of
thioketene products might have been generated. Some experimental
evidence, which may help tq partially unravel this 1750 em™!
absorption, will now be described.

The growth curves presented in Figure 39 also include a plot of

! absorption as a function of

the peak height of the 1750 cm™
irradiation time. This curve clearly reveals an induction period for
the appearance of this absorption on the time scale examined. Since

the time study was peffotmed with the single layer depositiocnal

technique the most substantial grdwth in the IR peaks attributable to

185
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primary photolysis products occurred in the initial 2 h of
irradiation. “After roughly 3 h of photolysis plateaus hadmbeen
attained in most of the growth curves. However, the curve for the
1750 cm'1 absorption, in addiéion to showlng a distlﬁct induction
period, continued to inctease‘significantly between 2 h and 7.5 h, at
which time the experiment was terminated. These results indicated
that the 1750 em”™! absorption was attributable to a secondary
photolysis product; Since vinyl thioketene, if formgd, was'expected
to arise as a primary photolysis product of thiophene, th; secondary
nature of the 1750 cm_1‘absorption was- taken as an indication that
this band wés due to the parent thioketene.

Torres et al. [167] assigned man& of the vibraﬁ'ons of CH,CS. A
C-H in-plane bending vibration at 1323 cm” ! was fhe econd moét
characteristic IR absorption of CH,CS in their MI study and wals

1

roughly an order of magnitude less intense than the 1750 cm ' peak,

thereby making its obgervation more difficult. A weak ‘absorption at
1333 cm™! was observ;d in the present system. Althougﬁ i;s growth
rate was difficult to ;ssess, it appeared to be consistent with that
of the 1750 ém"f absorption, and both absorptions responded in the
same manner to secondary photolysis at 254 nm. .
We have also investigated the matrix photolysis (229 nﬁ) of

perdeuterothiophene, C,D,S. With this substrate the position of the
resulting thioketene absorption shifted slightly. -A broad split peak

1

centred around 1740 cm™' was observed. This agrees very well with

the results of Torres et al. [167), who found that the C=C stretching

absorptioﬁ,of matrix isolated CD,CS was located at 1738 em~ .
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In some instances, secondary photolysis (254 nm) caused a
noticeable change in the shape of t;;e 1750 cm~! absorption. This
»

change resulted in decreaseg‘intensities Jf the two outermost .
splittings, seen on the shoulders of this peak (Figure 38), and a
small increase in the peak height at the centre of thg absorption
band. 1t was difficult to judge whether thege changes were evidence
for the existence of more than one distinct thioketene species in the
'matrix, or, alternatively, ;imply the outcome of matrix relaxation
effects,

" To summarize, it hés been concluded that Cﬂzcs wags formed in the
matrix photolysis of thiophene. The presence of some vinyl

thioketene in the matrix cannot be ruled out, althoygh no strong

experimental evidence for its existence can be offered.

d. 1Identification of Cyclopropenyl Thiocaldehyde, Dewar

Thiophene and Dewar Furan .

~

Now only a small number of prominent new IR absorptions,
generated by'e matrix photolysis of thiophene, remain to be
assigned. These absorptions were located gt'j40, 855 and 1150
em™'. * The 1150 em™! absorption was broad and split, while the other
two absorptions were sharp bands. The intensity of each of these
" three absorptions decreased ﬁpon secondary photolysis at 254 nm, and
_these reversals were accompanied by an increase in the IR absorptions
of the substrate (Figure 40). Thus, secondary photolysis of some
primary photolysis product respongsible for one or more of these three

absorptions, resulted in the regeneration of thiophene. The

positions of at least two of these unassigned IR bands were
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céneistent with. those expeéted for olefinic c-H out-of-ﬁlane‘hending

vibrations in small rings. For the purpose of comparison, consider |

i

the vibrational spectra reported by Grlfflth et al. [168] for two VB
fisomers of behzene,vbenzvalene and Dewar beniene. Benzvalene‘had‘a- .
‘very strong =C-H bending vibration situated around 740-745 cm in Ar
and N, matrices, while Dewar benzene revealed two very intense =C-H
bending vibrations in an Ar n\atrixr the lower frequency absorption

-1

being located near 705 cm and the other occurrlng at roughly 795 A

em™'. No helpful IR data are available for the Dewar isomers of the

five-membered heteroaromatics, furan, pyrrole and thiophene, orftheir.

s

derivatives, ' o . ' .
Visual inspection of the relative rates of .disappearance of  the
740, 855 and 1150 em™? absorptions upon secondary‘photplysis_at 254

nm clearly indicated a: dlfference between the absorption at 740 cm”~ 1
/

 and those at- 855 and 1150 em™'. In,some experiments a moderately
‘ o _ o )

still remained, even after/the

/

other two absorptiéns had completely disappeared. On the qther hand,
/
while employlng a variety: of dlfferent photolysis wavelengths (185,

9
[

214, 229, P 230, 254 nm) the absorptions at 855 and 1156 cm® 1 always

. strong absorption band at‘740 em~ Y

<

‘behaVed the same way. eOn the basis of this observatibn'theee two
absdrptions'were attributed to a common epecies, while'the 740 cm™’
band was clearly due té a second compound . ;he'faét that at least
o#evof~these species was capable.of rEgenerating_thiophene wheﬁ

“photoiyzed, snggested that it must be isomerib with thibphene, and.

possess a structure that would be able to readlly rearrange -to

. thiophene. Although some of the othex compounds 1dent1f1ed in the

189



.matrif\photolxsis bfvthidphene; for‘instance 95_;hd'§6, aiso
disaépeared upon secondary photolysis, the acetylene §5>iS‘a
fragmentat{en pdoduct and clearly cannot regenerate thiophene, and
~ while the allene thloaldehyde is an open-chaln C4H4S xsomer it is-
d1ff1cu1t to v1sua11ze how it could rearrange to its heteroaromatlc
precursor on photoly51s. | .
" - - At thls p01nt it 1s worthwhlle to brlefly note some: results_l

presented prevlously pertainlng to our solutlon phase photolysxs of

thlophene and the matrix photoly51s of furan. We have trapped Dewar

thlophene generated in the solution phase photolysxs of;thlophene.

Therefore, it seemed reasonable to suspect that Dewa' th1ophene mlght

‘be ‘présent in the matrix. With furan, the isomerlc cyclopropenyl

aldehyde was 1dent1f1ed in the matrlx,-xn addltlo '

. absorptiqns; located at 760 and‘890vcm'1, presgmablygbelenginéjtb'a CA

gsingle species.
Matrix isolated cyclopropenyl aldehydevfeatured“two aESbrptions,
1710 and 848 cm~'. .If the comparable sdliur-centaining‘species; _

cyclopropenyl thioaldehyde,\QB, was formed during the matrix

o

98 o

- photolysis of thiophene, it would also be expected to have an

absorption near 850 cm™ . Rather than dlsplaylng the typlcally

strong carbonyl absorptlon, however, 98 would possess a thlocarbonyl
absorption which is much less intense and Qccurs-at,lower

A)frequenciesr Bellamy [159) quotes the Ik'regionffrom 1020-1250 cm'1
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~as being appropriate for C=S vibrations. 2,2-Dimethy1propanethia1,

64, was recently isolated ahd reported to show’a'thioearbohyl
I o . i '
absorption at 1085 en~1 [140].

¢$uCH=S
64

wIn view of these_cgpslderatlons we have assigned the 855 and 1150
_Cm’1 absorptlons generated by the matrlx photoly51s of thlophene to
cyclbpropenyl thioaldehyde,‘SB, |
In order to substentiate this assignment, a single 1a§er of

' perdeuterothlophene,'C4D4S, was photolyzed (229 nm) in an'Ar.
"matrlx. Several new IR absorptlons appeared, and upon secondary
photolysis (254 nm) three oé the most romlnent new absorptlons/
.located at 665 675 and 1145 1150 cm -1 deoreased.. For any IR
) absorptioh,bthe freguency(shlft that should‘be‘expected as a_resdlt
of‘deuteration is dependent on the nature of the vibratioh
erésponsible for the absorption.t vﬁbrational modes which directly
1nvolve the dlsplacement of H atoms (i.e. é—H stretchlng and bendlng
-yibrations)‘show thevlargest isotopic shifts. Experlmentally
.l'determined-rreddehcy-ratios are’often smaller than the D/H reduced i
mass tstio (i.e; V2= 1;414), with values around 1.3-1.35 being eommon
for such C-H absorptlons {167). The 665 and 675 cm™? absorptions
'forﬁed by the photoly51s of C4D4S probably corresponded to the 855
and 890 cﬁ".bands.from the photolysis of C4H4S.  Here, the frequency

‘ratios observed on deuteration were roughiy 1.3, If a similar shift

~in the 740 om"_absorption, from the mstrix photolysis of C,H,S,



v

occurred on deuteration then the resultant peak could possibly be
hidden beneath the strongest absorption of C4D4S (ca. 550 em'), . thus
accounting for the experimentaIly observed absence of any new

absorption_ln this IR region following irradiation of C4D4S- The

" observation that denteration did not cause a Substantial shift in the

ppsition of the 1150 cm“1:absorption was consistent with its.
assignment to the C=S vibration in 98, although a small deuterium

shift would hive been expected by comparison with IR data for the

positions of the carbonyl absorptions in some‘labelled‘ketonesﬂ[155].’

Proof of the presence &f a thioaldehyde compound\in the matrix
might be gained not only by coupling the LTMI ‘technique with; IR
spectroscopy, but also by probing the electronic absorptions of
species generated in the matrix. ThiocarbonyL-compounds:possess a
long wavelength t* «n abSOxgtion_band, often locatedrbetween 500 and
600 nm, .Unfortunately, these absorptions are weakl(cma;i~ 1o-yoo
M‘1cm'15.[140,169,1701. We have attempted'to photolyze'matrixwr

isolated 98, by 1rrad1ation of its long wavelength n* € n absorption

.band. Monitoring the progress of this matrix photoly51s by IR

spectroscopY, it was found that the absorptions assigned to 98 did

3

not decrease, even after extended photolvsis at A > 500 nm.

Moreover, matrix experiments us;ng" Uv/vIis spectrophotometer in an

effort to directly observe the growth of a thiocarbonyl absorption

_band'(500—600 nm) during the uv photolysis_of thiophene in various

matrix\materials.(Ar} Nz,'CQHSOCan),‘failed to produce’ evidence for

such an absorption.: Our lack of success in these experiments. was

‘not, however, considered to’be'strong evidence against the assignment
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of 98 es a photolysis product in the matrix.

Tﬁe position (740 cm‘?)'of the one femaining unassigned IR
absorption generated by the photolysls of matrix isolated thiophene,
was very 51milar to the p051tion (760 em~') of one of the as yet
unasSigned absorpticns described earlier {or the matrix photclysis@of
fcran. In Qiew of'all that‘has been presented earlier, these
abscrpcicns;'as well as the 850 cm'{ absorption‘observed'in the furan
case, were:acsigned to thevbewar isomers of furan and thiophene.

e, Some interesting obsérvations about secondary photolysis

of some matrix isolated species

During the secondary photolysis (254. nm) of/Sewar thiophene,
thiophene itself was regenerated. However, as discussed previously,
the cyclopropenyl thxoaldehyde, the thioketene and the allenyl
thloaldehyde absorptlons also decreased under these condltlons.
Since the‘photofragmentatioh products of thiophene cannot regenerate
‘thlophene, and if we accept the hypothe31s that open-chain C4H4 |
isomers such as v1ny1 thioketene or allene thioaldehyde are unlikely

to reform a heteroa omatic ring structure when irradiated, then

cyclopro?enyl thioaldehyde and Dewar'thicphene are the only logical
precursors tc the hotolytic regeheratioc of thiophene in the

matrix. .ﬁnfortuna ely, the:exact'role of these two species in this
regard cannot be determined from tﬁe pcesent results.; Nevertheless,
-tﬁe observatioc £ both‘of these possible chotoisomerization.
.intermediates in/ the matrix, plus the discoyeiy,that at leaet oce of
them»éan~¥e phc olytically tecopveftec to tﬂiophene,~is an impcrtant

_ finding.
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In the MI experiments with furan secondary photolysis (254 nm)

" of the Dewarropeéies ptoducedia dramatic change.- After only short

periods of irradiation (~2 h) a considerable amount of Dewar furan

was destroyed and only those IR absorptions attributed to

‘ cycloprépgnyl aldehyde, 86, had increaéed. The growth of the

alaehyde was readily obgerved due to the change in its characteristic

h . a3
carbonyl absorption (Figure 41).

% “ | . |
: . - S i37)
ﬁ -—-L D—CHO ﬁ ) ‘

o »

4. Cyclopentadiene Matrix Isolation Experimehts

,Ih search of additional evidence to support our assignments of

‘theADewar furan and thiophene isomers in the mat:ix photolysis Qf.

furan and thiophene, respectively, the LTMI of cyclbpentadiene was

examined.

L4

The Dewar isomer of cyclopentadiene was first isolated by van
Tamelen et al. [171]. UV irradiation of cyclopentadiene solutions
yielaed a single product which was assigned as the valehce isomer.

Bicyclo[2.1.0]pent~2-ene, 99, was characterized by4100 MHz TH NMR,

but no IR data were reported.*30wing.to its reactivity‘as a

dienophile 99 readily reacted with excess cyclopentadiene to produce |

DAa [172].

W

—- o (38)

99
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We have investigated the photolysis of matrix isolated

cyclopentadiene in the hope that the IR spectrum of its Dewar_iéomerb
. » : . . . v :
in the matrix could provide a useful model.for some.of the analogous

" Dewar furan and Dewar thiophene absorptions. Wwhen a single deposit

layer of cyclopentadiene was irradiated (254 nm) for only 1.5 h, a

substantial portion of the substrate was destroyed and several new IR

_absorptions appeared (Figure 42). Although many new IR peaks are

o . ’ .
present in Figure 42, only a small number are prominent. of

'particular interest were the absorptions located at 720, 770, 860 and

945 cm™! as the positionsfof these absorptions were similar to those
observed for the Dewar‘spgcies of furan ané thiophene. 1In addition,

A ‘ "
a C=C stretchingvabsdrption was observed néér 1530 cm—T.' This
position is very similar to that of the C=C abQorptibn for |
cyclobutene, thch is,locatéd at 1566 cm~! [154). Each of ‘the new
peais‘génerated by the phbtolysis of Cyclépentadiene seemed to bélong
to the same speciés} as‘indicated,by ;écondéry photolyses at a nﬁﬁber

of different wavelengths. The matrix photolysis of cyclopentadiene

thus -generated a single‘photoproduct, pfesuméb1y~the Dewar isomer,

‘the same as in the solution phase [171]

In an attempt to demonstrate beyond any doubt that the

,photoprbduct of qyclopentadiéne formed in the matrix was- 99, the

'matrix photolysis of cyclopentadiene wasirepeated.several timeg, and

the mixtures of substrate and phétoproduct‘generated in each .

! photolyéis were collected in an NMR tube for examination by high

~
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‘field 'H NMR at low temperature. Van Tamelen et al. [171] reported

that purified 99 had a half life of about 2 h in dilute CCl, solution

’

at room temperature. The most serious losses of 99 would probably

) résult from its facile DA reaction with any cyclopentadiene éresent.
The thermal stability of the photoproduct'was tested by

distilling it from the matrix to a liquid N, trap (-196°C), and then

redepositing tﬁe trapped sample in the low temperature matrix. The

photoproducts survived these manipulations, being successfully

redeposited in ﬁhe matrix, howeyer NMR Qpectravobtained'on the

species distilled from the matrix failed to reveal the presence of
: AN
any compound other than unphotolyzed cyclopentadiene. Since the

writing of this manuscript the bicyclopentene has been successfully

removed from the low temperature matrix and identified by NMR. These

results are found in Appendix II at the end of the thesis. Initially,

-

in the absence of the NMR results an alternative method of demonstrating

that the photoproduct detected in the matrix was probably 99, was

- -

employed. Moreover, this alternative method yielded great dividends for
the cases of furan and thiophene as well.
. The UV absorption spectrum of bicyclopentene was measured in the

gas phase by'Baldwin and Andrist .[173]}, and an unusually low energy

1

transition was observed (A .~ 263 nm, ¢ ~ 440 M 'em™ 1),

max

Similarly, both Heicklen et al. [104]) and Verkoczy,et'al..[112] have
examined the UV absorptibn spectrpm of gaseous perfluorotetramethyl
Dewar thiophene, Talso finding a long wavelength absorption (Mpax ™

337 nm, €, ~ 50 M 'em™ ). : - . -

S

Consequently, éecondéry photolysés of the cyclopentadiene

198
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photolyzate were performed at various wavelengths, At A > 280 nﬁ the
cyclopentadiene photoproduct was very slowly consumed (~20 h). At A
> 260 nm howev?r the rate of its disappearance was much more rapid
(~3 h). For t;iophene,lsecondary photolysig at A > 320 nm resulted
in a vgry slow disappearance (~5 h) of the 740 cm™! absorption. For
A > 280 nm however the rate of disappearance of this peak increased
dramatically.(z h). Th;ée findings were congistent with the known UV
absorption spectra for bicyclopentene and Dewar thiophene, and
therefore were concludeé to be strong evidence for the.assignment of
‘these parent Dewar str;ctures to the IR absorptibng in question.

For the case of Dewar furan, only 4 h of irradiation (A > 320
nm) éréduced_detectable‘décreases in the IR absbrptions located at
760 and 890 cm~'. No other IR absorptions were‘signific;ntly
affected. Thus Dewar furan aiso has a long wavélength uv absorption.

Ay

C. Dewar Thiophene - Mechanistic Implications

We have detgcted and identified the parent Dewar thiophene in
both the_sélution.and‘matrix photoiyses ofrthiophene.' This doés not,
however, prove that this valence bond isomer is involved in the
phétoinducea gscrambling which results in posifional isomerizatién of
sqbstitﬁted thiophenes. Since our interest in the photbisomer;zation
of sgbstithtéd thiophenes inspired the current investigation, we
ca:rie@ out additionalAexperiments with the aim of elucidaiing the
possible role of theADewar isomer in the photorearrangement process.

If Dewar thiophene is an intermediate in the photorearrangement

of thiophenes, then the carbon atom scrambling responsible for this

/
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rearrangemerit may have occurred prior to the DA cycloaddition which
viiélds trapped Dewar thiophenes. This could result in the
obéervation of common Dewar thiophene adducts from the solution phase
photolyses of 2- and 3-monosubstituted thioﬁhenes in a suitable
diene. 1In search oé such evidencelwe began by reviewing our results
frd% the photolyses ;f 2-PT and 3-PT in DMBD. A cgmparison of the
chromatograms Showing the 1:1 adducts formég in each system (Figures
9 and 10) suggested that no common prodﬁcts were present. This
conclusion was verified by making. a mixed injection'into the gas
chromatograph.

‘Since the 2-PT and‘3—PT trapping experiments with DMBD vielded a
rather large number éf 1:1 adducts, and because we were anxious to
detect common adducts, thereby demonstratiné q;vital role for Dewar

thiophene in the photorearrandement process, an additional trapping

experiﬁpnt was performed using the lower molecular weight 2- and 3-
’methylthﬁcphenes (MT) in Qrder to simplify thg interpret;tion of the
NMR aata.

The UV absorption spectra of the methylthiopbenes are very
similar to that‘of thiophene itself: and thus furan_yas employed as
the trapping agent. The pﬁotolyses of 2-MT and 3-MT iq furan
soluﬁions were carried éut under conditions similar to those employed
for the parent thiophene. "In gomparison with the caée of thiophene,
the photolysis of its monomethyl derivatives produced adducts af a
vmuch élower rate. Thus the éhotolysis of thiophene in furan solution

. had yielded furan-trapped furan photolysis products, and trapped

Dewar thiophene, in roughly equal amdunts. By contrast, the
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pho;olysis of the methylthiophenes generated these same furan dimers
in yields estimated to be at least twenty times greater than any of
the 1:1 adducts formed.

—GC comparison of the photolyzed 2-MT and 3-MT mixtureg diq‘not
eveal any common products with retention times appropriate for 1:1
adducts. Analysis by GC/MS definiteiy established the presence of
two 1:1 adducts in each photolyzed sample. These adducts had
molecular ions at Mt 166 and fragmented via a Diels-Alder
retrogression. The MS results are summariz‘g in Table 16. A mixed
injection into the GC/Mé system, revealed four distinct 1:1 adducts,
indicating that none of these trappeé products were the same.

The monomethylthiophenes were also examined in the low
temperature matrix, where a rather different behaviour was observed
as compared to the solution phase thiophene. 1Initial photolysis of
either compound at 229 nm generated several new IR absorptions, many
of which were bleached upon secondary pﬁctolysis at 254 nm. Some of
these absorptions obviously belonged to allenic compounds, presumably
similar to those already identified duriﬁg the matrix phogolysis of
parent thiophene. In addition, absorptions similar to those for the
cyclopropenyl thioaldehy@e and Dewar thiophene formed during
thiophene photolysis, were among those which disappeared at 254 nm.
For instance, with 2-MT these absorptions were located near 740, 795,
845 and 1180 cm™'. For 3-MT, absorptions at 740, 795 and 845 cm™' .

1 was absent. The

were again present, but the peak at 1180 cm™
observation of these common IR absorptions, particularly one which is

similar to that assigned to the parent Dewar thiophene in the matrix,
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.was of con51derab1e significance since it suggested that both
' monomethylthiophenes formed a common Dewar species when photolyzed in
the matrix. This of course was*in disagreement with the solution

_,phaSe results, which 1ndicated that the major Dewar ‘adducts detected

in each case were dlfferent. These were@aééume .to be the exo and

endo furan DAa of 2-methy1 Dewar thiophene and 3- methyl Dewar o

thiophene, derived from 2-MT and 3-M%, respective Ye

1

',' 0w1ng to the slow rate of photoly51s of the Q%nomethylthio—

)

phenes, as.compared with thiophene'itself,.all of the nevaR
absorptions observedeereiyery small, and thus any changes occurring

in the concentration of theseé species during their secondary

.

R photolysis~were difficult_tojassess; It was, however, of interest to
. know whether secondary photolysis of these ‘primary products‘could

- ‘ . , ‘ . - '
result in the formation of the other MT positional isomer. The
. |

Fi ~

regrowth of the parent thiophene resulting from photoly51s of its

9
-

primary photoproducts 1solated 1n the matrix has already been
‘deSCribed._ : | |

As a?result;‘the lajered technique was:applied-to the.careful-
‘examination of the effects of secondary photolySLS of the
methylthlophene primary products (254 nm). The substrate‘of'interest
was deposited injseveral small iayersv'and>both primary,photOIYsis

»

(229 nm) and secondary photolysis (254 nm) were performed on each

‘-

e

layer individually. This optimized the conditions for detefmining
.+ whether 3-MT was produced by the photoinduced reaction of the primary
, photoproducts derived from 2-MT photolysis, and vice versa. After

] accumulating'45 individually'revereed layers of 2-MT it was observed
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occur. it was étrdngly suspected that the observed irreversibility

may be's@mply a consequence of,é'substituent-directed,process.

204

. . / N
that 3-MT was being formed, Ehgfd on the appearance of four weak
abSorétions-cptresponding to the four most prominent bands of 3-MT.
The same experiment, when performed with 3-MT, did not show any

convincing‘evidence_for'the formatipn of Z-MT,;even after a total of

43 matrix layers. The duration of such matrix experiments was always

" limited by environmental factors such as the accumulation of moisture

L4 .
’ .

which lead to a detefiorétion of the matrix with time, and
consquéntly, also the IR spectra obtained. It was concluded that a

2*3’isomerization was induced by secondary phofolysié of a matrix

isolated intermediate, but the reverse rearrangement process did not

of the monomethyltbiophene rearrangements in the matrix ariééS‘from a‘t'

substituent-contrbliéd preferehée-forlthe selective formation of 3-MT

from the intermediate involved. In~solution,7photoreérrangement‘ié,

of céufsei not induced by secondary photolysis, but occurs in a dark

reaction which follows the initial excitation. Thus there is no

clearly definabie-relationshipnbetween the matrix and solution

experiments.. Nevertheless, our matrix tesultsi if correct, provide

the first evidence to the effect that the observed irreversibility

9

At this point it is still not possible ﬁo form'a definite

conclusion about .the involvement of Dewar thiophene in the

»

ﬁho;oreatrangement procéss; howéver,,the secpndary photolysig of
L : M . . |
Dewar thiophenes in the matrix leads to the regemeration of

thiophenes, with a selectivity beihg expressed in the case of

substituted. thiophenes. The discrepancies between the matrix results
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and the solution phase trapping_expetiments( regatéing the fdrﬁatipn'
of COﬁmon Dewaf intefmediates,_may resu;ftfioﬁ\the~drag£ic differenée,
in the exéeriﬁental conditionsvempldyéd. ’Low‘temperature'éhbtolyéis
experiments/with po;t-photolysis ifapping mijht‘yield fﬁrther |

ins: As mentionéd, a serious drawback encountered when
investigating the monbmethylthiophenes was‘theirlsloQ rate of( _ét

photolysis. Wynberg et al. [95] reported that the rate of

- -y
¥ -

rearrangement of 2-alkylthiophenes was véry much slower,than‘fhat of
2-ary1thiophenés. In future mechanistic information midht_
be gained more readily using monodeuterated thibphenesj'as‘these

compounds will likely yield ad@@dts at a greater rate, and.possess‘

. 4

positionai labels which are inert in the sense that tﬁey do nbtf

introduce steric or electronic gffects capable of directing‘the

| ]

course of a reaction.

~.

D. Photophysical Characterization of the Phenylthiophenes ¥

<

The photophysics of seven phenylthiopheneé were investigatéd}

Al;hough bofi/ifgigypstate and time resolvéd-em;ssion studies were
performed, no obvious connection betﬁifn therphotophysical and
photochemical behaviour (i.e. photogggéced posifional isomerization)
of phehylthiophenes could 5e diépovered.. Consequently,'the

. photophysical results presented here should be considered per se, and

we hope they will be of value for future work concerned with the

¥ -" - \

photochemistry of thiophenes. ' \

The UV absorption” spectra of the phenylthiophenes examined are |



given in Figure 43. The-Uv data are_sunmarized'in Table 17, and are

in agreement with data reported some time ago by Wynberg et al.

[92)=  The steady-state fluorescence spectra of all the
S —

'phenylthlophenes were recorded in fluid solution at room temperature

(Figures 44- 50). Excltation spectra are not presented here, but they

were recorded 1n solutlon at room temperature and - showed no

detectable dlfference from the oV’ absorption spectra already given.
5 e
Ow1ng to the weak output from the Xe lamp in the steady-state ‘

.spectrofLuorimeter at wavelengths below 250 nm, the recording of

accurate excitation spectra in the 200-250 nm region was difficult.
v ' o ‘ ' ‘

In addition, phosphorescence spectra were measured for the:
phenylthiophenes in EPA glasses at 77 k. Only 2,5-DPT falled to "show

any phosphorescence; Fluorescence spectra were also recorded at 77

K, and the p0551b111ty of delayed fluorescence from the rigld g

vsolutlons ‘was always checked, although none was ‘ever observed. The

fluorescence and phosphorescence spectra of 2-PT and 3- PT, in EPA at
3

77 K, are showniln Figures 51 and 52, respectively; From these

em1351on spectra, the first excited singlet states of these molecules,

ES?' were estlmated to lie approxlmately 370 # 2 and 414 + 2 kJemo1~!
above the zeroth v1bratlona1 level of the ground electronic gtate,
S°' The corresponding triplet energiegs, Ero were 238 * 2 and 270 +
2 XJemol™" _for 2-PT angd 3—PT, respectively. Thus, the singlet~- ’
trlplet energy separations, AES? T{' were quite 51m11ar for the two
monophenylthlophenes, hav;ng values of 132 4 kJemo1~"! for 2-PT and
144 £ 4 k3emol™! for 3pr, - - R

Some steady-state emission characteristics for the
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UV Absorption Data of Phenylthiophenes

TABL

E 17

Compound Améx' (nm) Enax’ (M~ Ten™ 1)
. . nax

a b a " b
2-phenylthidgphene 283 283 14 000 18 300
225(sh) 222 5900 7800
3-phenylthiophene 259 " 259 13 600 12 000
- 227 227 14 500 12 800
2,3=diphenylthiophene 280 278 12 100 11 400
: 239 238 22 400 20 300
2,4-diphenylthiophene . 305(sh) 305(sh) 7900 - 9400
' 259 258 - 32 900 33 800
224(sh) 224(sh) 14 700 16 000
2,5~diphenylthiophene 324 324 - 27 500 28 400
231 230 11 100 11 900
3,4-diphenylthiqphene 260(sh) 260(sh) 12 500 12 300
' 236 234 23 200 24 500

tetraphenylthiophene 315 o 13 700 g

. - 270(sh) n.d.® 20 000 n.d.¢

242 ‘

25 000

| "

AThis work. Solvent: spectroscopic

benberg et ali [92]. Solvent: 96%

®Not determined.

S

. grade hexanes.

ethanol.

210
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Figure 44. Em15510n spectrum of 2-pheny1thxophene (methanol, 5 x
' 107 M, Agy- 280 nm).
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phenylthiophenes are summarized in Table 18, accompanied by data

previously reported by Wynberg et al., [92].
The time resolved behaviour of the phenylthiophenes was also

. investigated. Inherent radiative lifétimes of the phenylthiophenes

were calculated from their absorption spectra using the relation,

y '

ki

RN eE
E S

T, (in ns) = 3.5 x 10%/52 A%, ,, €, o (39)
.where:
’Kw Um = mean frequency (cm~') for the absorption band. '
AV1/2 = the half-width of the absorption .band (cm™').
€, = maximum extinction coefficient of the absorption band.
The to_valuesvobtained fanged from 2.5-8 ns, as listed in Table 19,

. : ’ - A '
Although the values calculated in this manner contain a considerable

margin. of errcr; a useful upper limit to the fluorescence lifetim
S - . o
-{i.e. assuming ¢g = 1) of an emitting compound can sometimes. be

§
v

obtained.

The determination of the fluorescence lifetimes of some of the

phehylthiophehes was attempted using our PRA 1000 nanosecond lifetime -

jépparatus.: ‘The excitation pulse in this instrument is provided by a

gas~filled flashlamp. The actualstemporal profile, wavelength )

»

distribution, and intensity of the excitation pulse are. dependent on

a nuﬁber of factors including -the gas selected, its pressure within
'y the lamp, the spacing of the lamp electrodes and.  other operational

parameters [174}., For the current discussion it is sufficient to

state that_emplbying the optimum conditions for a narrow lamp pulse

220
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TABLE 18

Steady-State Emission Characteristics of Pﬁenylthiophenes

Kmax’ (nm)
Compoungd . Flpéreséence. Phosphorescehce
a .- b .af | b
'2-phenylthiophene ©334C n.d.®  540%s . 540
3-phenyithiophene : | 306° ‘n.d.® 48515 490
2,3-diphenylthiophene  393¢ 390 = 5g0+5 560
2,4-diphenylthiophene 3659 362 545t5- . 545
2,5-diphenylthiophene 384 390 none . -.hone
3,44dipheny1thiopheﬁe 337° 342 . 48015 jV» 480
tet:apﬁenylthiophene i 397d‘ n.d.el, 600110 n;dfe'
aThis work. e
i . . . .
wanberg et al. [92] - o ‘ °
' ®Methanol. B
dﬁekang{.

¢

€Not described.

fEPA,_?? K.f
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TABLE 19

Calculated Inherent Radiative Lifetimes_(fb) of Phenylthiophenes

' Compbu"nd B _ . Calculated' ;fro (ns)?
2-phenylthiophene - - 3.5
' 5¥phéhylthiqphene ’ .; : . - 3.6
. 2,3-dipheﬂy1thiéphene . 4.3
" »2,5#ﬁipheﬁy1£hiopheng o - 2.5
tetfapheﬁylthidphéne . L 8.0
?,4<dipheny1£hiophepé ‘v SO+S1‘absorptidn
3,4-diphenylthiophenév not resblyed

%19 (in ns) = 3.5 xl108/§§'Av1/2 e



our H, flashlamp profile had a full width at half—maximum (FWHM) in
the range 1e 5 2 ns. The fluorescence decay times of the
phenylthioPhenes proved to be verylshort inbcompatison to thex
durationvof the lamp pulse. Although deconvolution techniques have

been described for- the extraction of meanlngful kinetic data from

_ experiments where the flash duratidn is comparable to -the response of

the sample we considered that such .an art was best left in the hands
of those with considerable expertise 1n this. area of photophysics.
» Demas has recently.devoted an entire book to’the subject of excited
state 1i fetime measurenents [175). |
Ks a result, we approached ?rof.uw. Wareiat the Univefsity of
Western ohtario, who kindlyeconsented to assist us-hy measuring -the
_fluorescence\lifetimes‘of our phenylthiophenes. Using their laset
lifetine appatatuS it is possible to‘evaluate fluorescence decay
times in the picosecond domain and these are summarized in Table
20.. The lifetimes of benzothiophene (BT) ‘and dibenzothiophene (DBT)
were also measured u31ng the recent mimic technique [176], and are
1ncluded in Table 20 with the phenylthiophene series,. Only 2,4-DPT
revealed a clearly double exponential decay. Double exponential
'behav1our was also suspected for 3, 4—DPT, and 51ngle exponential
}"behav1or'was observed for all the other thiophenes listed in Table
\20.‘ The double exponential decay of the 2,4-DPT em1331on was
vprobably caused ‘by a very small quantity of 1mpur1ty in the 2, 4-DPT,_
: also detected by capillary GC. The GC method indicated that all of
the other compounds in Table 20 were pure. Lifetime investigations

as-a function of e;citation and emission wavelength, as well as

1223
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TABLE 20

_ ‘ , o
Fluorescence Lifetimes of Phenylthiophenes and Benzothiophenes

Compound Aexer (nm) xemis' (nm)

2-pT 283 343 - 4925

3-pT 283 Coms seseo

2,3-DPT | 283 ‘. 402' : 4945

2,5-DPT 205 390 | 247410

TPT - 295 400 © . 4345

BT ,  283 : | 320 1383420

AT 283 340 783420

2;4fDPTa 295 30 Ay = 0.939 1, = 169
| | c Ay = 0.061 f2-= 657

3,4-0pT® 283 327 A, - 0.980 T, = 128

]

0.020 Ty = 968

aProbably double equnential decays, i.e. fitting. function D(t)'= A,

exp(-t/11)*+_A2-éxp(-£/12).»‘
a S
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0

temperature, supported the'conclusion that the 2,4-DPT emission was
composed of two spectral species having dlfferent lifetimes. Similar
investigatlons are currently in progress for 3 4—DPT.

The phosphorescence lifetimes of the phenylthiophenes were all
detetmlned in an EPA .glass at 77 K. We have performed these
experiments with the Farrand spectrofluorimeter by redirecting the
phosphorescence signals from the PMT to an external osc1lloscope.
Several photographlc records were obtained for the phosphorescence
decay of each compound. Where investigated, excitation at different
waveleng id not have much effect on the phosphorescence decays
measuredt:j:d:;e\pheaylthiophenes. The actual phosphorescence decay
times are summarized in Table'21, and the experimentaljaecay'data
extracted from photographic records of the 3-PT and TPT

»

phosphorescence decays are plotted (as 1n phosphorescence 1ntensxty
o

Vs tlme) in Figure:; 53, as examples of the results obtalned.
KR SN ¥ N

‘

Neither‘the fluérescence nor the phosphorescence decay studies
provided any obvious insight into the phptochemlstry of the
phenylthiophenes. It was thus concluded that at the level of this
investigation the photophy51cs of these compounds was of llttle value

1n understandlng thelr photorearrangement behav1our.



TABLE 21

Phosphorescence Data for Phenylthiophenes

' Intensity

xex? Kma¥'p?os' re%atxve to . o
Compound » (nm nm fluorescence Tp.(ms)
2-phenylthiophene 280,310  540%5 . weak 28.8+0.5
3-phenylthiophene 230,260, 485%5 ' strong 298+7

' 280 '
2,3~diphenylthiophene 250,275 580%5 Qeak 11.0%0.3
2,4-diphenylthiophene 260 54545 . medium n.a.p
2,5~diphenylthiophene . no phosphorescence detected
*3,4-diphenylthiophene 230,260, 480%5 " strong 25947
- 270,280 ' : S

tetraphenylthiophene 270,315 600%10 - weak 12.9#0.5

14
[

@11 phosphorescence measurements were made in EPA at 77 K.

- byot determined.
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Figure 53. Phosphorescence decay results for’3-phénylth10phene and

tetraphenylthiophene (EPA glass, 77-X). \
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EXPERIMENTAL

A. Reagents

1. Monophenylthiaphenes and Diphenylthiophenes
A4

The synthetic methods employed for the preparation of the mono-
and diphenylthiophénes were each. specific for one particular

isomer. A typical phenylthiophene synthesis is illustrated below:

COPh P,S
moc” N 1. (40)
‘ 240(:
05h
Dibenzoylethane, used as the precursor for this final step in the a

preparation of 2,5-DPT, was obtained in a two step process beginning
with fumaryl chloride. Four of the six pﬁenylthiophenes were
] ,

synthesized in a similar manner, 1In the final step of each of these
prepatationé, suitabiy phenylA;ubstftuted 1,4-dicarbon}l‘compounds
were converted into phenyl thiophenes by thé acti&}iof-P4s7 at
elevéted temperatures {250‘300°C)f -This is the Paal-Knorr synthesis,
Tatle 22 gives more details of the syntheses gf
phenylthiophenes, vSpecific procedurai details can beNfound in the
reférenceskcited. Each of the phenylthiophenes was purified by
muitiple,rectyttallization from an apptopriate:sdlvent or solvent
mixture, Meltlng ‘points wére measured and compqﬁfd with literaturé

values. The purlty of the recrystallized products was investlgated

" by capillary GC (SE-52, ~0.25 mm X 20 m, appropriately temperature ’



TABLE 22

Synthesis of Phenylthiophenes

Compound Precursor Conditions® Ref. YieldP M.p. Range (°C)€
2-PT COOH P4S7 .
Phoc/\/ 250~260°C, 177 10% 34.9 - 35.2
0.5 h
COOH ]
3-PT P,S
178 12% 91.0 - 91.4
Ph COOH
2,3-ppr PhOC P,S7 ¥ .
)\/COOH 260-280°C 177 18% 83.4 - 84.1
+ Ph 0.5 h

2,4-DPT PhcchCPh Cu20r204 in
g g xylenes, re-~ 179 40%
H H2

flux, 3 h

2,5-DPT | copp P45

pp P457

Phoc” " h d00c 177 unknown
. 0.5 h
Ph - Ph
3,4-DPT 350-360°C 180, 84%
, ah 181

HOOC/\ g COOH

120.0 - 121.,2

152.9 - 153.4

‘ : d
114.5 - 115.0

(Continued)
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Footnotes for Table 22

P4S7 (Eastman Kodak) can be purifled by Soxhlet extractlon with C82 o
[182].

bActual experlmental yleld on " the f1na1 step in each synthesis. Yield

is based on the mass of product obtalned from the first

.

recrYstallization step.
cUncorrected. L o . " ' ‘.“' R ‘ .

dThls dlcarboxyllc acid was prepared in a 3-step syntheSLS, beginning

%

with thiodieceticﬁacid,.S(Cﬂzcozﬂ)zo"
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. .
programmed). All the phenylthlophenes were found to-be pure, except.
4-DPT which contained a small amount of a second component.

The phenylthiophenes were fully characterized by UV, IR, MS, and
E% and 13C NMR.. The NMR data are presented in Tables 23 and 24. The'.
ability of the high field NMR spectrometer to resolve a number of

e o

absorptions.having very similar chemical shifts is dramatically
revealed by these data. For instance, all the T4 resonances in the
ispectra of all the phenylthiophenes were - located in a reasonably
inarrow chemical Shlft range,v6t~7 0-7.7 Ppm relative to T™S. W1th
‘the aid of the Bruker WH- 400 NMR spectrometer however, nearly all of
these proton resonances could be assigned to spec1f1c phenyl or.
thlenyl rlng protons, angd- JH H COupling constants were measured
experimentally verifying the phenyl substitution patterns. similar I

. coupllng data had prev1ously been reported for some alkyl and halogen

substituted thiophenes [183].

2ﬂ Tetraphenylthiophene

Commercial TP%i(Alfa) was purified'by repeated recrystallization
fromva~1/1‘mixture of*henzene and absolute ethanol. The purified
. 0 L \
‘ product had a melting p01nt range of 189.6-189. 9°C.'

3, Benzothiophene -and Dibenzothiophene f

Both benzothrophene (Aldrich) and dibenzothiophene (Eastman)

.. were purified by multiple recrystallization prior to use.

4. Methylthiophenes

-

2~ and 3—methy1th10phene (Aldrich) were both used without

¢

further purification.\ The estimated puritles of the commerc1a1
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TABLE 23 -
400 MHz 'H NMR ,Data for the Phenylthiophenes

Cémpound B 8y (ppm)a
Phenylvprétqgg v : ,Thienfl prétons
o R m | b H2. . H3 H4 HS

 ‘Thiophenéb : - --  -  7.20 1 6.96  6.96 .7.20.
;é;p?‘,'_ ©7.62  7.38  7.27 - 7.31 ‘7.08. 7.27
Capr. ¢ 7.60  7.40 }5.29' . 7.45 - 7.39 7.39

2,3-5PT° '- - 'A-—‘ - = -4 7.8 7.35
'2,4-DPT O 7.66 7.43 7.34 Cem 7.2 - - 7.63
'2,5-DPT o .7.66 "7.42” 7.31 . - '7.32,' 7.32 vooul

3,4-DPT° ,.d‘_ Q}: ‘_Qe' : -— - R  k-— R o 7431

Chem1ca1 shlfts in CQ$13 relatlve to TMS.

_bData taken from Ref. [183L.

(o -

<~:Pheny‘1wproton.assn;mnents not.mé@g because‘of'complex over lapping

proton resonances. - "o
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TABLE 24

100 MHz '3C NMR Data for the Phenylthiophenes

N Compound

'Thienyl carbons

‘ B o

Thiophenéb - - o 124.9 126.7 126.7 124.9
2-pT 12641 i28;9.:125.5 144.6 . 134.6 124.8 128,05 123.1

e 3-PT N 26,5 128,9 127.2 142.5 ..120.3° 136.0 126.4(?)—¥26.2(7)

i 2,3-DPT | 128.5 J129;4 127.4 138.8  134.5 136.7 130.5° _@§A“~§_’,
é,4—npf . 126.4 129.0- 127,7-,“1‘45.1}' | 134.5 119.7¢ 136;0 ' ,12%‘
'é;stpT' 125,77 128.9' 127.5 14353  ,13qf4 124.0 124.0 134.4
3,4-pp7 ?26.4‘ 129.0 127;7"145.{ 1gg;o 136.6 136.6'i ?124.0

aChemical shifts in CbCl, relative. to TMS.:
bData:taken from Ref. [183].

CAssignments based on selective decoupling experiments.
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prodﬁcts were 98%'and599¥%, respectivé1y.~
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5. Tetradeuterothiophene -

Tetraiodothiophene was'prepargd (yield 36%, m.p. 196.7-1§8.9fc)"

from the action of 12 on thiophene';n the éresence of_mercurié'oxiag
(HgO) and glacial acetic acid [184]. The C4I4S;was cohverted‘into

0 and purified =

.lc%945~[185l in-a.quld_of 57%. If isotopically pure D,

anhydride‘are-used-this'synthesis providesAa thiophene which is
, - . , v .

2

éompletely deuterated. ' o N
: o . PRI S\
. Moo :
C4lyS e c,DS + products’  (41) o
; 'D0,Zn A R

.

A
’Thg C4D45 wasvemp16yéd iﬁ‘LmMIbexpériﬁents gnd waﬁiﬁudged.torbe bure
at the level ihaiéated‘bg'Ingpectroétopyﬂ"1
6. Thibghene C “l,"ﬁff”
,Commercial'thiophene K§$+%) was_éurified By the ptoqeduie
- % - : S . -
‘ described‘in Perrinfgg_gkf[Iéﬁl,iwhiéh involve{%ﬁéeries of washiné
steps; followed by éafeful‘dryingfand'fina11y a fiaétional diétillatﬂgﬁ 
v(b!p; %84.3°C); .in many phoﬁolysié e#peiimeﬁﬁs_tﬁiobhene wés used‘as."
commerciaiiy‘recéivéd.  This praé£ige did n?t affect rélétive édduct'b

formation, nor were any new products obtained.

7. 'éyclépentadiene
vD;cyclopentadienev(Tefochem,;95%).was dtiéd with.CaCl2 and
" distilled. - fﬁé,aistillatidn proces$ depolymérizes tﬁé'dimer
- F E R B
producing the desiredvcyélopentaqgene mqnbméf ?b.p. 41-42°C). -



Cyclopentadiene was stored, uninhibited, in the freezer. After a few
weeks, when GC or IR spectroscopy provided evidence for significant

dimer reformation, more cyclopentadiene was freshly prepared.

!

I |

8. 2,3-Dimethyl-1,3-butadiene
This symmetrical diene was utilized in solution phase trapping

experiments, withduﬁ‘further‘purification of the commercially

available 59£pound (Aldrich, 98%).

9. 1,3-Pentadiene (Piperylene)

Piperylene'(A%drich) was dried with CaClzfand distilled (b.p.

.4f.5442.09c) prior to use. )

10 ruran
Commercial furan (Aldrich, inhibited with ~1 ppm BHT) was shaken

with’aqu;ous‘5$ KOH,.dried with CaSQ4,and diétillé& under N, from &é.
. immediateiy pribr to ﬁse‘t186].f Th§ stora§e §f_purified; ﬁninhibited
'.;fUran,resﬁlgs in tﬁg foémationlof pﬁotbéenéitive.fﬁran oxidation

. products, unless the furan'i; cohsfan;li mainﬁained under an inert
:;tmosphére.' As a regult‘of the 1arg§ quantities of fu?an, abédt 75
mﬁjpet’tun;':eqﬁired for>the qyclic photplysiS'reactor, it,wés
s¢metime§ used  in these égperiments as cohmercially received. This
éid not affect‘re1a£ive adduct formation nor were an& new products,

_ aparﬁ from BHT, detected after a photolysis.-_

235
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B. Solution Phase Photolysis Experiments with Thiophenes -

Solution phase photolysis experiments with thiophene ang
substituted thiophenes were carried out at room temperature, with
jrradiation times ranging from ~48-168 h. In,the initial trapping

experiments with substituted thiophenes all solutions were carefully

. deoxygenated, either under high vacuum with repeated4freeze-pump-thaw

cycles, or by bubbling N, for 0.5-1.0 h‘prior to irradiation.

However, the presence of O2 was found not to prevent, or even

noticeably inhibit, adduct formatlon, and consequently many f ' ﬁ‘
photolyses were later performed without the precautlon of 0y

removal. The absence of apy effect of O, on the phot01nduced ‘ i”‘

rearrangement of 2-PT to 3-PT had been reported by Wynberg et al.

[92,951. .

The selection of suitable photolysis wavelengths for eaoh'of the
thiophenes irradiated depended on the UV absorption,characteristicé

¢

of both the thiophene and the'trapping reagent. Table 25 summarizes

the actual photolysis'waveiengths_employed. All solution phase

photolyses of thlophenes were performed with roughly a ten-fold'molar
excess of the trapping agent. present, and rapld stlrrlng was |
maintained throughdut the entire course of each photoly51s in an

B

attempt “to ‘maximize the homogene1ty of the solutions.-vSmall_allquots

. were often taken at various photolysrq times and the product mixture

1

analyzed by capillary GC. In this wav the continuous growth of the
1:1. adducts ,was monitored.
Noticeable polymer formation occurred in_the photolysis of every.

thiophene, except 2,5-DPT. The polymer was always yello& in colour,
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TABLE 25

Photolysis Conditions for .Thiophenes and Furan

' Compound  Wavelength (nm) = “Conditions

Z

TPT

| 2=MT

3-mT |

C4H, S

- CaHy0

C4H4O

A > 280

254 .

229

214

Medium pr;ssure Hg arc lamp/2 mm Pyrex

filter

Low pressure Hg

filter

arc lamp/2 mm Vycor 7910 .

Cd resonance lamp/no filter

Zn resonance lamp/no filter

237
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.andvaccumulated on the inner surface of the photolysis cell.
Periodic rotation of the cell in the irradiation beam provided for
'sample exposure through uncoated cell surfaces, however at long
irradiation times much of the light intensity must have been
attenuated. The polymer was insoluble in a large variety of organic
801vents.

An interesting ebservation, relating_to~the extent of polymer
formation, was that the 1rradiation of 3-PT in piperylene produced
-considerably more polymer than the irradiation of 2—PT under the same
-experimental conditions. Elemental’analysis of a portion of the
'polymer recovered,after a 3ePT photolysis showed that’its empirical
formula was approx1mately C3H482; Oving.to theAinsoluble'nature of
' the polymer its molecular weight was not oetermined.‘

Separation of excess unreacted thiophene from the 1 1 adducts
produced by photolysis was. a. difficult task in the phenylthiophene
studiesr ‘For TPT 31mple recrystallization _Separated large amounts of
the thiophene from the small quantity of adducts formed by
irradiation and trapping. With the monophenylthiophenes,-vacuum
‘sublimation . finally emerged as .the separation technique of choice asg
Sit prov1ded a resldue fractionlwhich was enriched in the ‘adducts,
,Nevertheless, the work-up of the photolysis mixtures from the
phenyﬂthiophenes constituted a major problem in these
investigations. For the case. of the irradiation of thiophene in
furan, separation of the adducts from the excess . reagents can be
readily accomplished on a rotary evaporator. Thiophene and furan
were ea81ly removed because of their volatility, while none of the

adduct mixture was lost.
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C. Solution Phase Photolysis Experiments with Furan

Photolyses were typically continued for about 60 h using either
" a Zn (214 nm) or cd (229 nm) résonance lamp as the radiation

sourcer Dega931ng of furan under high vacuum with repeated freeze-
PUmp-thaw cycles, or deoxygenation by bubbllng N, for 0.5 h was
employed for small scale runs. However, the presence of O2 did not
preVent'adduct formation. Photolyses were performed using both a
"static" steady-state photolysis design'end a modified system
providing periodic cycling of the furan, Rapid stirring of the
iiquid furan was maintained during all photolyses.,

In a high conversion con;entional photolysis experiment
compllcatlons due to secondary photol;s1s can arlse and polymer
format1on on the inner cell walls severely attenuates the 1nc1deqt

o
llght intensity as the photolysis Progresses. The heart of the
cyclic photoly51s apparatus was an all quartz reactor very similar in
appearance to a Soxhlet apparatus, but modified to permit irradiation
and stirring of the liquid furan, and fltted with a sidearm which
s1phons a portlon of the solution (Figure 54). In this device, furan
was distilled from a reservoir maintained at about 35°¢’and condensed
thereby filling the photolysis zone. When this region'was filled the
lamp was started. As fresh furan conﬁ(n;ed to distill, the reactor
was Eelled above the photolysis zone. After approxlmately 0.25 h the
.51dearm connected to the reactor 31phoned roughly 50& of the furan .

solution back to the reservoir. At all times the llquld furan level

filled the entire photoly31s zone, thereby maxlmlzlng the fcontact
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. .Pigure 54. Cyclic photolysis reactor designed for the irradiation
of neat liquid furan. ‘
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b
.

time" between the liquid and the‘incidené light yet providing a means

of removing some of the generated photolyéis products from the

. irradiation region. From the reservoir unreacted furan‘redistilled N
back to the photolysis zone, while the adducts were retained. This
design helped reduce the risk_of secondary photolysis during long ﬁé'f
irradiatioﬁs and considerably feduced attenuation of the incident

light due to polymer formation, by washing the latter out of the

reactor.

D. Low Temperature Irradiation of Thiophene with Post-Photolysis

Trappin

The photolysis of thiophene was performed at -171°¢ :in a glassy

matrix (10% thiophene in diethyl ether v/v, degassed). The quartz

sample cell was placed inside a quartz Dewar flask and the low
temperature was maintained by a fldw of . very coldINZ gaé- The actual
temperature of the sample fluctuated by roughly 50C during the entire
experiment. The photolysis was carried out using two Cd resonance
lamps (229 nm) for increased irradiation efficiency. As the
i:fadiaﬁion proceeded, the frozen sample turned yellow ét'fhe’
surface., Thus the sample cell was frequently rotated‘in order to
ensure reasonable exposure of most of the thiophene to the incident
radiation. In the glassy yatrix only a thin surface layer of
thiophene is actually pﬁqtolyzed.

At the cénclusion of irradiation. (8 h), when‘the entire surface -

of the frozen sample was a fairly uniform yellow colour, previously -

degassed furan was sldwly'distilled under vacuum from a separate side

L 39



242

arm and deposited on top of the glassy matrix. The mixture was

allowed to warm up in a dry ice/acetone bath (-78°C) and rapid

stirring was started.,. At this temperature the sample &%s a viscous
ligquid. The mixture was maintained at -78°C for several hours, and 1!
finally allowed to warm up overnight to 25°C before being anal?zed as

described earlier. .'&)

E. Instrumental Techniques

:

A number of analytical ana spectroscopic techniques were
employed during the course of this investigation. Since they.are
considered to be routine they will not be described in detail,

however, the specific instruments used are listed in Table 26.

F. -Low Temperature Matrix Isolation (LTMI)

temperature matrix the lifeﬁime of a trapped molecul

increased. The matrix cage severely restricts the
Y
bimolecular reactions, while the low temperatures em?;Pye& ca. 10 K,

v
[

. effectively prevent any {eaction hav1ng an actlvatléq édngy greater ;

than a few kJemol~'.
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'the order of 10 cm

the V1brational bands;~

7r-evidence of aqgregate formation was. ever identified under these

' conditionsa"

ST
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LTMI is often COmbinedzwith'IR'spectroscopy as'anmeans.of

studying species 1solated in . the matrix. In our system IR spectra

'were recorded on either a Perkin Elmer 257 or a Nicolet 7199 FT
‘v‘infrared spectrophotometer. The matrix cage usually perturbs the |
. \f'\
fvibrational levels of a solute and thus shifts the absorptions

{ measured in such experiments, resulting in small frequency changes of

1,.as compared w1th gas phase data. OWing to both.

1

. the low temperature of the MI experiments and the inhibition of

. g .

k molecular rotation caused by the.. matrix cage, v1brational transitions

recorded for matrix isolated species are often quite sharp. This

improvement in resolution is an advantage for LTMI. ‘However, the S

o N . g

matrix environment can also cause complications. For instance, the

‘ observation of splittings in. vibrational bands is common, ‘and these

usually result from solute species located in phySically different

-

matrix sites.' A careful determination of splittings due to. multiple

-

[ ]
trapping sites usually 1nvolves studies of the concentration

‘dependence,.and the effect of temperature cycling on the. structure of

Solute aggregation in the matrix can also complicate LTMI

'fstudies. For this reasqn the ratio of,matrix material (M) to solute

~

(S) is usually 1arge, typically in the range 100-1000 1. The*ratio v

"~~selected depends on the 1ndrvidual system being examined, 1ts

, tendency tq form dimers or larger aggregates,‘and the intensity of

& o
the IR spectral features which must be observed. In our MI ' L

3

: experiments M/s ratios were typically between 150/1 and 250/1. -No

g



", have ‘been published [189-192) and a recent

-[193].' . T

"experiments sample deposition and photolysis intervals were

245

A number of'articles’providing~more detailed discussions of LTMI

5

book describes the .

An Air Products and Chemicals Inc. Model Cs-202 Displex closed- p

At

cycle—helium refrigeration system was employed throughout the current

1nvestigation to maintain matrix temperatures at ~10 K. The vacuum ‘

shroud which encloses the cold sample w1ndow was equxpped with two

CsI windows (IR) and  two spectrosil windows (UV). The optical cell

v

_ was connected to a standard high vacuum apparatus which was used for
‘] all the preliminary and . post-photolysis gas handling required during .’

'the MI experiments. ‘The substrate ‘was first thoroughly mixed with

,')v

~ high purity 1nert gas, usually Ar " but. some experiments were carried

\ .

'-out w1th xe or N2 The homogeneous gas mixtures were then admitted
‘to the cell_through a_dep031t_need1e~and‘condensed on the cold sample
--window.‘_The depositionuflow_rate-was‘regulated as’desired; When

~sample’generationAwas‘COmpletedb 1n-situ photolytic generation of the

o [

‘lyreactive Spec1es of interest was initiated.: In*multiple layer

-

Uautomatically controlled-by means of a programmable Gralab 900 timer

EA

(Cole Parmer) which operated hoth a shutter assembly located between ”

o

.the photolysis source and the low temperature cell, and a solenoid

"

valve sxtuated in the sample deposition train.

‘A number of different light sources and filters were used during

' the LTMI studies in order Ef isolate the desired photolysis yﬂ

‘wavelengths. " The conditions already listed in Table 25, were

> . s‘$ j‘,‘ i

'frequently employed in the matrix experxments.». T L -

Py *
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\ass1gned the fqllowrng"structures. Thelr%

"
VSUMMARY AND FUTUQF,INVES%}QATIQNSL
3 :l_;‘

Havxng presented the results of  the current 1nvestigat10n, a
brlef summatxon of the most 31gn1f1cant dlscoverles should be made.
As stated much eatlier; the maln thrust of this reseatch_effort‘was

: ’ c . - : ~
an attempt to uncover direct experimental euidence for the existence
of the cycIopropenyl and\gewer type structures,‘whlch had been.
frequently 1mp11cated as potent1a1 intermediates in the ,

photo1somerlzatlon reactlons of furans and thlophenes, but much less

‘often?detected. ‘This goal has been accompllsped.b

In the gas phase 1rrad1ation (214, 229 nm)'and Hg Sensitization'
‘,‘ T

of. thxophene W1ebe and Heicklen [102] 1dentif1ed a number of

ptoducts: C2H2, CH2CCH2, CHZCHCCH, CH3CCH and csz-

- Irrad;atlng thiophene (229 nm) in furan solutions we have

*

‘generated two;new'products arising from Diels-Alder addition between

NS |
P
RN

‘Dewar thiophené and furan. These compounds were fully characterlzedi

A3

oh - the\ba51s of hlgh.resolutlon MS; FTIR, uv and 1H and 13C NMR and -

,;ereochemlstry was
ks . 7*;? .

determined by selective ppoton decoupling experiments in the 400 MHz

'y NM#.

Photolysxs of thiophene (229 nm) in an Ar matrix at 10 K

i
}

'produced a number of new IRvabsorptlons., Some of these were assigned

l‘ ) . ‘ "‘ o . . : -
. | e 246 |
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to Dewar thiophene and cyclopropenyl‘thioaldehyde)on the basisuof

cémparison with the natrix IR epectra.ofvsugtable“modelvcompounds.

[>—ens

Although a small number of substltuEEd Dewar thlophenes have been-

‘descrlbed prev1ously, the parent spec1es was not known. No

'cyclopropenyl thloaldehydes had ever been ident1f1ed.

Other prlmary products which we 1dent1f1ed in the matrlx

photolysxs of . thlophene vere CH2CHCCH and cnzccucns whlle cnzccs, K

,CH3CCH and c52 ‘were formed in secondary grocesses.. It was also o

'.m

,cyclopropenyl thloaldehyde regenerates thlopheae and that for the

.

‘cases of meththhlophene substrates, the selectlve photoregeneratlon

4 i

uof a;particular'isomer is probably a'consequence of substltuent :

Cw

control.

The photochemlstry of thlophene is summarlzed in the followan

{

scheme, whereuprev1ous contributlons as well as~our results are S g

7
7

"~ shown. . . = R R ' : : :
Gas phase'- Ref. [102] - T - o . R

[ w chcH+ Cupcecn, + cHgRcH + Cs 1
s~ W , TR 25
o | . +c"i' CMC-CH' 4+ . Polymer. B

N9
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,observed that secondary photoLy51s (254 nm) of Dewar thlophene and/or.



)

' .Low temperature matrix - current investigation

_ : . s o ‘ ;‘ |
[/ \S . Y D—c’ns + cu;=¢=c,ncu=s.
S \ ‘ : ” T v L o )

+ CHy CHCBCH

Primdry‘products

CHC=CH + CHEC™S "+ ¢s

. Secondary products .

ng_gas phase photochemistry of furans has‘been'egtensively

7

j‘studiéd by Srinivasan and coworkers [33-37]. Decarbohylation of
“furan produces co, CH3CCH, CHZCCH2 and cyclopropene with the last

C3H4 product being formed only during Hg( P1) sen51tization

ﬂexperiments, and- not on direct photolysxs of furan.

h‘;’
cyclic photoly51s reactor of our own. design, and 1solated four

saiproducts., The_productsthave been fully‘characterized by high

77 .

- ...resolution MS, PTIR and 1H-and 136 NMR. Selective decoupling

experiments in'the’400 MHz H NMR permitted their stereochemistry to
be‘ossignedQ Srinivasan prev1ously reported the isolation of a

single compound simiI&r to 77 and ‘78 from the~gas phase

PR
P

- We have irradiated (214 nm) neat . liquid furan in a continuousg,
. R ol

248




‘before, in spite of efforts concentrated on their detection.’ 1In

" that would yvield a Dewar furan. In thelr second communlcatlon,

249

' . [4]
photosensitizatjon. of furan, however his product was notgwell

characterized and he was unable to determine its stereochemistry.
Our adduq@s'79a'and 79b represent the first trapping of 2,3~ .

butadienal.

A
]

c'Hi- C=CHCH

In the low ﬁéméerature métrix (10 X) we have identified the same
species that wer¢ltrapped in our solution experimenﬁs.i In addition,
photolysis (214knm) of matrix isolatgd furan has led to thelfirst
discovery of Dewar furan. No Dewar furéns ‘had evervbeéﬁlébsérvéé : “

o .

fact, as recently as December 1984 two communications appeared

regarding Dewar furans. 1In the first, Warrener et al. [194] claimed
the»transient existence of tri--"and tetramethyl Dewar furans-in their

phdtolysis ;yStémé, although only cYcloptopenyl ketones™ were ever

dé& cted. These results were not obtained from the photolysis of

furan, bhut rather by UV irradiation of carefully synthesized

précursofs whiéh\were designed to fragment on photolysis in a manner
. .

, Warrener et al. [195] synthes1zed a Dha with a derxvat1ve of De\ari%%g

3

'furan, the lattervbelng so highly substituted however, that it was

almost unrecognizable as a Dewaf furan. -
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Vinylketene was also a primary photolysis product in the
matrix. Thls species was previously described by Srinivasan {35].
In addition, co, CHZCCH2 and CH3CCH were found as secondary
products.' Direet irradiation (254 nm) of Dewar furan in the matrix
resulted’ in its conversion' to cyclopropenﬁl_aldehyde; andanotj
regeneration ot furan: We believe that the greater étabilitj of the
cyclopropenyl aldehyde as compared’ w1th the . thioaldehyde may prov1de
a dr1v1ng force whie¢h-is respon51ble for the difference in behavior
of Dewar furan and Dewar thiophene on their direct irradiation. |

The photocnemiStry of'furan is summarized below.

N

Gas phase - Ref, [33-37]

(/ \S hV'H‘PPl) ‘ + CH2-=C=CHZ + CH3CECH'+‘ co o v
o~ | | S B B

or hy
CH=CHCH=C=0 +W + . + mcuo
. + Polymer ‘ o

o 2 . .
Solution phase - current investigation

o

_CHO

4 4+ Polymer
H o

AL g : C:Cz _ ’ ‘

Low temperature matrixn-‘é nt 1n&estigat10n

'cuo + cuz-cucu-oso;

%, ? o Primary ‘prod
+ cu: C==CHCH I
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COo + =C=
. CHZC CHZ + CH3CECH

Secondary products f

b
We have also 1nvest1gated the matrix photoly51s of
cyclopentadiene, identifqug¢its Dewar lsomer, bicyclo[2 1. olpent 2~

ene, by v NMR. “This species was reported by van Tamelen et al.

{171] following the solution phase photolysis of cyclopentadiene,

however its generation in the matrix was en invaluable aid to the
1dent1f1catlon of Dewa;‘furan and th10phene spec1es in the matrix.

Prellmlnary studxes of the matrix photoly51s of pyrrole suggest
that Dewar pyrrole may'be prodpced..'Further studles'w1th pyrroles
are in progress. »

* In summation, thevpresentUStudy has proyided direct'eridence for;
the generatlon of Dewar and cyclopropenyl spec1es in the photoly51s
of furan and thiophene.~ As stated before, however, the fact that
these-species cen be geherated-by photolysis does.not guarantee their
involvement in the.photoisomerizations-of substituted forahs and
thxophenes. Iﬂfother'words, the.eristence of.these species should
bprobably be . regarded as a necessary, but .not a-suff1c1ent, condition
for their ihtermediacy in these reactions. |

ﬁe havefexamined the photophysios of a series of
,phenylthxophenes,‘studylng their steady-state and time resolved

emlss1on‘characterrstlcs. Although thlS 1nformatlon helps to further
~characterize these‘bohpounds.we see no evidence that’their

a
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_photoéhysiéal behavior provides insight'apout the.photoinduced
isomerizati&ns of phenyl subsgituted thibﬁhenés. | |
| .It should be méntioned that as pari of out'matrik isolatioﬁ (MI)
»studies on furan and.qhiophéne‘wg,have devéloped a neQ multiple layer
depositional»techniqué which has greatly enhanced the aﬁount of
: .iﬁfofmatioﬁ optainable ffoﬁﬁMI equrimeﬁts with such éubétrates which
cannot be.iﬁvesﬁigated by the more conventional MI méthdd;.‘ |
GNumeréus ideas for further experimentation in the field of
‘heteroérqﬁatic\phdtocﬂemistty have»been generated during the course
of tﬁ;s investigétion. In the interest Qf brevity, only soﬁe of the
most pfbmi;ingléhes will be pr;sented~ﬁere. |
| _1.»3Ai§hoﬁgh/sfrohg evideﬁce ﬁas been adduced fo?lthe formation
of"Déwarifuf;n in the matrix photolysis of furan, we would like to
have7;ddi;ioﬁal"proof of its existence, preferably from trapping

experiments similar to'those carried out for thiophene, If Dewar

»
A

" furan is traﬁped during ﬁhe solution phase’photolysis of furan, its
-DAa must be formed in yields much lower than those of the principal
adducts already identified in this system. By contrast, in the

B

cdmparison\t@ the cyclopropenyl aldehyde. These observations imply L

matrix, Dewar furan is a major primary photolyéis product, in

' that Dewar furan is also generated in the room temperature solution

phase photolysis of furan, but under these conditions its lifetime is
LA % L

too short for the trapping reaction to compete effeéggvely with the

other processes which consume this species. : '*fﬁ, s
. T )
‘ S

Utilizing experimental conditiéns similar to @ﬁoseAehployed for
' . Ty T .
the low temperature photolysis of thiophene with®post-photolysis
o L ‘ 45,

Wb
"
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vtrapping, it might be possible to trap Dewar furan. The furan
bexperiment would ptesnmably be-sinpler in theisenseithat excess
,'unreacted furan can function as the,trapping agent fer any Dewar
furan produced.

2. In a Similar vein, efforts shonld be. made to trap the
thioaldehyde frem the solution phasevphotolysis'ofvthiophene. The‘
thloaldehyde has been assigned as a primary photoprbducé*formed'in
the matrix. "It may have been undetected in solution since
» thioaldehydes tend to oligomerize readily. The cyc10propenyl
thioaleehyde molecule has two reactive double bcnds, onetbeing
contained in the cyclopropene ring and the second being the
thiécarbcnyl functional group'itself.‘ We have w1tnessed the ability

. ‘
of furan to successfully'traé the‘cyclopropenyl aldehxde via a DA
reaction with the cyclopropene double bond. In oraer.to capture.the
cyclopropenyl thloaldehyde "a dual trapping system might be tried. |
Mayer et al. [196) have reported that thioketones will react with
alcohols to torm acetals, eliminating st in the process. Since’

o irradiate

ethanol is transparent at 229 nm it might be feasi

N 26HOH S .
S R XboHg, + M 2!

thiophene in mixtures of furan and ethanol and trap cyqlopropenyi

‘thioaldehyde in the form of a stable derlvative.‘

a

3. Regarding the p0551b1e 1nvolvement of these Dewar and

yclopropenyl structures as 1ntermed1ates in the. photoisomerizations

i
A

RN e S K
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labelled precursors might be yorthwhile pursuing. - For instance, the
mat;ix photol?sis of both 2-‘and 3-monodeutepothiophene should be
examined. Secondary pﬁotoﬁYsis at 254 nm ﬁight reveal whether the .
irréversibility observed fqr thé 2+3 rearrangement prbcess in alkyl"
and afyl monosubstituted tﬁiophenes is prgserved in the deuterated
compounds. ‘Ifitbe imp}iqations of our mat;ix studies on 2- and 3-
metﬁylthiophene are correct the thiopheﬁe rearrangements can be |
'substituent controlled and this is probably résponSiblg fér the
‘observed irreversibility. Thus, since the replacement of H with D
does not ihtroduce any -steric or e;ectronic‘effecté which could aite;'
the course of the pﬁotoreaction, the rearrangement should be
réversible for thé.ﬁonodeuterated thiophenes. -

In additioﬁ,’trapping'of'Dewar_thiophenes from the solution
phase irradiation éf monodeuterated thiophénes might provide insight

. : . '

ébogt the possible involvement of the Deyér'isomer’in the

photorearrangements. ‘Determination of the position of the D atom in

the DAa should be possible by NMR.
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Appendix I - Matrix Photolysis of Pyrrole

We have made a preliminory investigation of the matrix ‘}
photolysis‘(214 nm) oi pyrrole. At least two neﬁ onotoproducta we;ov¥.
generated. One of these species can be destroyed by extended ?.. gﬁ}
photoly51s (~24 h), even at reasonably long wavelengths (A 305 nm),

- and shows a‘number of IR absorptions. Among its prominent.
absorptions are peaks located neor 795 and 825 cm~'. When this
species was destroyed by secondary photolysis (254 nn) tne IR
absorptions corresponding to the parent pyrrole simultaneously
wincreased. fﬁ ‘ ff

This behaviour is similar to that already described for’ the_

Dewar species" found in the‘natrix studies of furan, thiophene and .
cyclopentadiene. Further investigations of the photolysis of matrix

isolated pyrrole, including attempts to identify cyclopropenyl imine,

100, are currently in progress.
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¥

1'}\;fgp‘&an‘c.iix'II - NMR Identification of Bicytlopentene

N

A:ETheIDewar isomer of cyclopentadiene, bicyclo[2.1.0}pent-2-ene
‘99, has now been.successfully identified by high field H NMR

following its generation by the UV photolysis of matrix isolated

cyclopentadiene. The NMR spectrum of 99, recorded at ~ =45°C, is

given in Fiqure 55. The NMR data obtained for 99 are summarized invﬁ%,‘

Table, 27, ,along with the 100 MHz 'H NMR data previously described b

Sl e
van Tamelen et

»

1. [171i. These reéﬁlts cohfirﬁxthg agsignment of

.

, _ N :
" bicyclope in obr low temperature matrix, thereby lending further

support to the matrix IR data for the Dewar isomers of furan~and
thiophengy . -
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‘\'\1 R ST ’ 7, o Y
R . TABLE 27 | N
c. o T co - B N . - ' v ’\ ' .
Y7~ -400 MHz 'H NMR Data for| 99 .
WL T ‘e : . ‘ T
Tl —~—r . . :
, 5\\\ R - . .
13 § / '
‘Chemical Shifts -  Integration Assignment
, ‘ S -8y (ppm) o S L ‘
[ S - - (L \_ . - .y v : ~ : A
This ﬁdrka—{/f“j*\\?ﬁ\\ —og. o 2 a,a'®
A _ {"-, . : . ‘ -
e AR 2.09 m \;% | o c®
2 04 m i -2 . b,b!’
~ - 1.64m 1 ac.
‘Van Tamelen et al.P 624 | 2 a,a'C
e e L ' . o
: : 2.0 m : n.d.d\\\ . n.d.d
1.7m : nqd;d N »nod‘-‘d
%400 MHz 'H_NMR recorded in CDC1, at ~ -45°C.
b100 MHz H NMR’ recorded in CCl4 at room temperature.\ Ref. [171]).
cThe prlme notation is 1ntroduced to account for the magnetlc s
nonequ;valence w1th1n each set of chemlcally equlvalent atoms.

RV

‘_ Not described.
' -

eAssxgnMents based upon the results of selectlve proton decoupllng

'experlments.
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e w400 MEz TH MR

ot

Chemical Shif
© &, (ppm)

.
e . . (/

[

This ’v)zérka' \//\_\W

C s 7 .09

2.94 m

«

~ s 1.64 m .

‘Van Tamelen et al.l - 6,2 g

L R _ L i @
' ’ o 4200m

1.7 m






















