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ABSTRACT

Elwtr@clic reactions of ground and exclted state hydrocarbens
are well known. These transformations have helped to foﬁn a basis on )
which modern- organic chemistry has been built. For a variety of reasons,
the photochemical transformations of one of the simplest systems, the
cyciob.xte;ne system, are not well understood. This thesis attempts to
pi‘ovide the first thorough and systematic study of the excited state
behaviour of cyclobutene in‘solution. The direct ;:ﬁotochsnistry of same
simple, alkyl-substituted derivatives of cyclobutene _i? the main concern
of the folldwing chapters; the prime concern of the tl;/iesis is on the
stereochepistry of the photochemical electrocyclic ring operiing process.

Ten cyclobutene systems were synthesized with a view to delineat-
ing the path of formal elect_focyclic Ting opening, 'fiﬁal 025 + 02]
cycloreversién, and the possible réle of intermediates in the [:;mto-
chemistry of these systens. These studies have rev\'ealed that, in
general, photochemical ring opening of cyclobutenes wit"_hlmnochrc;natic
far ultraviolet (185, 193,-and 214nm) light sources in solution proceeds
rbn—stereospecifically to vield mixtures of all. the co:;resporxiing diene
geometric isomers. These results appear to contradict orbital syfmetry -
selection rules,
| Ultraviolet absorp?:ion spectrg ard the dependence of the
plnfpchemistry on excitatioﬁ mvelength have been studfied'in hydrocarbon
soluti;m in order to investigate the possible involvement of two or more
excited states in the d/ixl'ect ptntoch‘emistryé? these -compounds. The
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H\\—-—sygzpbutene, indicating possibly that the theoretical work does not

oy

L]

g
direct photochemistry ofi these cyclobutene derivative% shows varying
degrees of wavelength dependence throughout the series. In addition, far

1)

W irradiations have been carried out in a hydrocarbon liquid at low
temperatures, iJ order to study the dyhamics of the formal electrocyclic
ring opening proceés. These étudies have shown that a slicht barrier

exists' for the formally forbidden conrotatory process relative to the

formaliy allowed dis;otatorylgﬁocess. "

It is not possible to Borrelate these results within the fraﬁguork
of the most receqtl§ calculated (ab initio) state-correlation éia;rams
for the ground and excited state interconversions of@kuta&iene ad
cyclqbutene. ,Tﬁg resuifs of this thesis contradict the most recent ah
initio calculations, which predict that the process should proceed

. . - . *® " ’
stereospecifically in a disrotatory fashion for the W,T excited state of .

adequately describe the excited state chardcter of cyclobutene or at
least that fﬁ;;retical.results for cyclohutene itself cannot be
extrapolated to sgbstituted systems. : . .
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CHAPTER 1
Introduction
1.1 General -

The interconversions of cyclcbutene and 1,3-butadiene occupy a

_:zﬁgiition of prominence iry the theory o}\orbltal symmetry and electro-

cyclic reactions. Indeed, this system JS éhé dﬁ the principal examples
\

furnished in the famous papers by Woodward ard Hoffmann on the stereo-

chemistry of electrocyclic reac’cic.nsl—3 ard is the prime example put

e

forth(in Abrahamson and Longuet-Higgins' paper on electrocyclic
react ons.4 'Since that time the thermal chemistry of this system has

been studied exhaustively. Marvel has written an extensive review

covering the experimental and theoretical results that have been reported

|
on the thermal character of this system.5 The vast collection of data
Sy

has estabdished énlexcellent understanding of the chemistry occurring in
the gro state manifold. ’
*
The symmetry-allowed disroéatory'photochemical electrocyclic
closure of 1,3~butadiene to cyclobutene generally appears to be

AP el understecd, Ths severas

e:q:er;ime‘ﬁ‘ca]ls‘f'—13 and theoretically
process, the symmetry-allowed disrotatory ring opening‘of-simple
cyclobutenes however, is poorly documented. In spite of the intense
activ1ty of org£n1c photochemistry cver the last twenty yvears there is
little documentation on the direct photochemistry of simple
cyclobutenes.lg_21 In considering the central nature of this strategic

molecule to the development of the theory of conservation of orbital



\
symmetry and that fheory's role in our understanding of pericyclic

réactions,3 it is surprising that the photochemistry of cyclobutene and

its simple derivatives has been, for the most part, ignored.

1.2 The Theory of the Conservatiom of Orbi£al Symetry

- The deﬁelopment of a general‘theory of electrocyclic reactions
1the theory actually encompasses all pericyclic reactions) has been
attained primarily through the efforts of Woodward anleoffmann. n
their work the most simple but fundamental ideas of molecular orbital

theory were used to rationalize and predict the stereochemical course of

, ™
virtually any con%érted organic reaction, including the interconversion

of cyclobutene and 1,3-butadiene. These concepts include symmetry,
overlap, interaction, bonding and the nodal structure of wave functions.
Woodward and Hoffmamn recognized that phase relations among p-orbitals in
conjugated systems such as butadiene resulted in orbital interaction vjé
cyclic rransition states under favourable cbnditions. An energetically
favourable transition to bonding orbitals in the product wouid reshlt

only via certain rotational operations and these orbital conversions
: : ‘

‘could be mapped using simple symmetry operations and orbital correlation

5 ®

diagrams.

~ In order to illustrate the method at work consider the example put
forth first by Woodward and Hoffmann.l The two possible modes of!
convérting cyclobutene to 1,3-butadiene are conrotatory and disrotatory
motions (Scheme 1.1). Woodward and Hoffmann emphasized that the
stereochemical course of an.eiectfocyclic reaction is detgnnined by the

symmetry of the highest occupied molecular orbital (HOMO) of the
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SCHEME 1.1 Con- and disrotatdry motions of the butadiene—c{clobutene
Anterconversions.

reactant. .In their original procedure, extended Huckel Theory was used

to show that the symmetry of the highest occupiéd molecular orbital

determines the course of a‘reaction. HWhen symmetry of the proper‘ kind is
present, as in the cyclobutene molecule, érbital correlation diagrams may
be constructed in order to qualitatively predict reaction pathways (this
method was actually first implemented for the wclobutene—b.ltaiiene
System bry Abrahamson and Lcmguet—Higgins }. The procedure consists of
constructing orbital correlation diagrams for the molecular orbitals of
the reactant as well as product and cllassifying the levels with respect:
to the symmftry properties of the transition state (Fig. 1.1). In the
electrocyclic process the-four molecular orbita_ils of cyclohitene undergo
change.as they pass adiabatically into those of the prodict. The

symnetry elements present in the reactant and the product must be

. defined. How the orbitals of the two spec‘ia; are correlated depends on

the mode of isamerization, i.e. conrotatory or disrotatory motion. The

participating orbitals in reactant ard product afe then classifiéd as

symnetric (S} or antisymmetric (A) with respect to the previously defined

symmetry element. The correlation diagram is then constructed érﬂ each,

orbital is then comnected with "canservation of symmetry", into an
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FIGURE 1.1 Molecular orbitals and their approximate relative energies
for the butadiene-cyclobutene interconversions.
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FIGIRE 1.2 Correlation diag?am fer the thermally-allowed interconversion
of butadiene and cyclobutene. ‘

- b _A/A—{— i
o #3 \ .——L—S/
fo TN :

FIGORE 1.3 Correlation diagram for the allowed photochemical interceon-
version of butadiene ard cyclobutene.

'y



6
orbital of the product as in Figures 1.2 and 1.3 for con- and disrotatory
1nter_c_onversions, respectively. The orbital correlation diagrams reveal
that the ground state of butadiene, ¢,%¢.%, correlates directly with the
ground state of’ cyclobutene, 021r2, only for the cmi’otatorx,intercon-‘
version pathway (C, symmetry maintained). This pathway is thus thermally
allowed, in contrast to the symmetry forbicﬂen disr;:tatory path wh.’tcl'_lL
correlates ¢12¢22 with E‘l doubly excited state, 021r'2,- of .cyclobutene.

Photolysis results in ‘JI',1T'Il excitation, one W electron has. been
promoted t'o the next highest orbiital, the o orbital. In undergoing
disrotatory motion the system maintains a plar;e of symmetry (contrary to
conrotation which maintains a C, axis of symmetry). As shown In Figure

J

1..3, ‘the first excited §tate of butadiene correlates with that of cyclo-
butene and the pl'ntochemical_disrota'tory interconversion is thereforex
regarded as symnetry—ailowed. The correlation diagram of Figure 1.2 ‘
reveals that photochemical Interconversion viz;x conrotatory motion correl-
ates the first excited state of butadiene, ¢12¢21¢31, with ank’vl.lpper
excited state of the product, 0% , ard is hence symetry-forbidden.
From these examples it becomes cbvious that it is the effect on
the T orbital, the HOMO of cyclobutene, which determines whether the
reaction is symmetry-allowed or symmetry-forbidden. The HOMO is usually
thought of as containing the most easily perturbed electrons in the
molecule during reaction; inllight of this, the conclusion above is not
surprising. Longuet-Higgins and Abrahamson supplemented this theory b{r '
. pointing out that the reaction was also controlled by the product HCMO as -

e

- o
Marvel has provided a summary of early theoretical approaches to

-

7



FIGURE 1.4 Calculated potential energy curves for the ground
and excited state con— and disrotatory Interconver-—
sions of cyclobutene and 1,3—butadiens.

L9



the electrocyclic processes of the cyclomfene/mtadiene intercon-

‘.ns-rs::lon.5 More recent ab inftio calculations for the ground and excited

B afford the same predictions as the qualitative

state 1n’cer.‘c:c:nmersftons:1
correlation diagrams do (Fig 1.4). These calculations show the
transition state for the thenne?lly forbidden disrntatory opening/closure
to be ca. 15 kcal/mol higher in energy than that for the conrotatory
process. Thermally, therefore, conrotatory opening/closure is an
energetically more favourable path. «

22-24

Houk and coworkers have recently developed a theory to

expl_ain the tendency for {(a) outward versus {b) imnward conrotation of a

substituent (R) as a function of its electron-donating character (Egn

1.1).
—
1.1) | AN . F
, ‘ " .
a R b
1 % i

1.3 'Thermal Electrocyclic Reactions

Marvel, in his excellent review of thermal electrocyclic
reactions, has devoted an entire éhapter to thermal cycllobutene-
butadiene inte-_z;-_‘c;carﬂ.\.l'ers:'Lons.5 '

'As the simple theory predicts, the thermal ring opening of
cyclobutenes to 1,3-butadienes is sterecospecific, ard proceeds 'in a
@rotatow fa;hion as reported in the majority of cases studied.
Genefall?, the ring opening is reported to go smoothly to campletion in
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. §
solution or in the gas phase at temperatures ranging fram approximately
120C to 20dC. Brauman and Archie have shown that the thermal ring
opening of cis-3,4-dimethyl-cyclobutene, c-1, in the gas phase at 2800

proceeds with greater than 99.99% stereospecificity and yields only

7 7
1.2 | ___521__9 [:{/, + [:i
. ™ .

sl _ 99.997  0.005%
P s
1.3 [ 5
“,, ™
. . _

ca. 0.005% of the symmetry-forbidden product, trans,trans-2,4-hexzciene
(E‘qu 1.2) .25 From this result it was inferred that the transition '
state for cc_mr;tatory opening@;eriences >15 kcal/mol added electronic
stabilization conpared to the transif:ion state fof. disrotatory opening.
This result agrees well with the recent theoretical calculations
‘discussed earlier. Winter réported that the pyro.}ysi; 6% trans-3, 4-
dimethylcyclobutene, t-1, leads to just one product, the symmetry-allowed

6 'I‘he other formally allowed diene

trans, trans-2, 4-hexadiene (Eqn 1.3).%
isamer, cis,cis-2,4-hexadiene was not observed, indicating that this
pathway is subject to a _substar_xt.ially' higher activation tarrier,
pres;mably a result of the un-favourable effects of methy'féroup
intgraction as ring opening (;:roceeds . A

wr

3 . -
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Unlike the monocyclic systems, fused cyclobutenes 2 and 3 are

thermally stable. Bicyclo(3.2.0]hept-6-ene (2) does not isomerize below

27

ca. 380°C. At 380°C 2 undergoes electrocyclic opening to afford the

formally forbidden cis,cis-1,3-cycloheptadiene (Egn 1.4); while -

bicyclo[4.2.0]oct-7T-ene (3) undergoes isomerization to formally forbidden

28

cis,bis-cyclooctadien_e at ca. 250°C. Symmetry-allowed conrotatory ring

openirly requires the ‘formatior} of highly strained cis,trans-dienes, The
- annelated cyclobutenes are postulated to undergo ring opening via the

symmetry=forbidden pathsvay, with high activation energies to yield /

cis,cis-diene isomers because the allowed one is rezri?red inaccessible by

ring constraint. More careful studies of £ have resulted in the
observation of the cié,trzms—diene.zg'so A mch.';n.‘.sm Imvolving SY;zxnetry—
oogtmlled ring opening to cis,trans-diene followed v a i,S—H shif.t/,* as
showm in Eqn 1.5, has been postulatéd to account for the oix_;ervation of

anly symmetry-forbidden cis,cis-diene at 2_50°C or greeiter.‘?‘o RRKM

-
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calculations have irpicated that this pa may be available to 2 at
380°C, which would aégount for the apparént stereochemistry of its

thermal ring opening. 27

Cis-fused bicyclo[5.2.0]lnon-7-ene {c—4)
undergoes stereospecific conrotatory ring opening to afford an
equilibrium n?xture of the cyclobutene and trans-l,a-cyclononad‘iene at
200°¢.31

There are very few exampies of the reverse process which,

considering the heats of formaticn of cyclobutene {AHf = 37.5 kcal/mol)

and 1,3-butadiene {;H = 26.3 kcal/mol), is nox stlrprising. Most known
examples ir:volve highly strained cyclic dienes where the diene grounc, /
"state energy has increased due to ring strain. For instarnce, cis,trans-

: 1,3—c§cloqctadiene undergoes sterecspecific conrotatory cyclization to

' cis-bicyclo(4.2.0joct-7-ene, at 80°C (Eqn 1.6). The cis,cis-diene )

isomer, on the other hand, camot be made to undergo closure to

cyclobutene at comparable temperatures.

L,
@ A
1.6 / - e . +

1.7.
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Stereospecifically formed and apened gyclobutene has been
suggested as an intermediate Q\:La/th.emxal reaction. The thermal \
cis,tr’a;\m-isonerimtion of 1,3-butadienes at very high temperatures by
" vacuum flash pyrolysis at >900K (Eqn 1.7) has been suggested to"‘;réceed
by & mechanism involving stereospetﬁ"fic 1nterconversilbns with cyclobutene .
intermediates. 2
Marvel has described the use of thermal electrocyclic ring opening
of cyclobutene systems in synthesis. For example, a procedure has been
developed for the synthesis of a variety of alkaloids, steroids, and

intermediates for terpene synthesis.5

) 1.4 Photochemical Electrocyclic Reactions /

“According to the correlation diagréms discussed above,
electrocyclic reactions initiated by ultraviolet light are expected to be
stereospecific;: but in the sense opposite tc the thermal processes for
the cyclobutene/l,‘s-butad;ene ;lnterconversions. In the first excited

) state the LUMD, which has symmetry opposite to that of the HOMD, is
populated ard therefore., orbital éym:etry considerations predict thét :
excitation will ,alter the stereochemistry of ring opening or closure.
The ring opening/closure process is predicted to occur disrotatory A
recent ab initio stlx_iy_,_[smnar..zed in Figure 1.4} predicts the same
result, but a problem arises with the sinple model. -

o ‘1,3-diene ->’ cyclobutens: The plotochemical butadiene ->
-wc‘lobﬁtene closure has been shown to occur digrotatoz-y in sul:s;,itutes]

6-11,13

- systens. A problem arises in the siinple model when one considers

‘that the spectroscopic singlet excited state of cyclobutene, 5., is ca.

1 ]

“ .
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50 kcal/mol above that of 1,3-butadiene rendering the adiabatic ring-
= ¢
closure impossible. The ab initio studies, while agreeing with the

4 AT T
] Vi bt
conclusion made by the correlation dlagrams, have providec\l a ro/sasonable

\‘-_./

mechanism for disrotatory closure of 1,3-butadiene;which js more

canplicated than simple theory suggests. The t recent calculated

state correlation diagram for the ground and ited state con- and

a

disrotatory interconversions oRX cyclobutene apid 1,3-butadiene is showm in

18

Figure 1.4. The photochemically i

A
. - o ]
an allowed adiabatic crossing from 5, (*A'(1)) to the s, (!a'(2))

ed disrotatory process involves

potential energy surface (due to overlapping nuclear vibrations) which is
decreasing in energy at the point of crossing. As Figu:ﬁz 1.4 reveals, S,
(11\' (2}) 'decreaées in energ§ ard passes through a minimum before rising
steeply in energy. The 82 (IA'\(2)) enerqgy minimum closely correspards to
a geometry near the maximam onlthe ground state disrotat'ory surface, so
(1a'(1)). At this point, funneling to éo (IA'(U‘)/ allows disrotatory
clc-:vsu:re to proceed to campletion providing cyclc?ﬁztene in {:]—'xe ground
f statg.. Sin:;ﬁle theory predicts adiabatic formation of cyclobutene, but
| forcing the process to occur enfirely %-:i'.chin the sir\%let excited state is
not possible since, as already stated, the cvclobutenle singlet excited "
state is ca. 50 kcal/mol higher in energy than that of the diéne. '
‘The conrotatorys path hllc;vs no comparable cpportunity for furmel-
ing from the excited state surface and, as well, there is a sutstantial J
barrier to conrotation on the S, (1a"(1)) surface, hence a disrotatory -
pathway is followed for closure. The result remains as simple theory
predicts but ab initio studies reveal that cyclobutene may be formed non-

adiabatically in the grcun:l state. This generally appears to be the

\/
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"r‘ule;' {@ochﬂ‘nistry {1.€. photochemical reaction begins on the
excited state s;Eace but the product is formed in the ground state) and
is one of the main r\easoﬁs why photochemical re_;actions generally follow

orbital symmetry rules. 33 | !

Experimentally, 1,3-dienes have been found to be converted to

- cyclobutenes stereospecifically via a disrotatory process. It is

important to note that s-cis diehes are required for closure to

cyclobutenes to occur. The effect of diene conformation on the direct

v

photolysis of dienes may be observed by studying the process in various
substituted acyclic amd cyclic dienes.

Cyclic dienes are the most instructive examples of the closure
process as they are constrainec_:‘. to be s-cis, al:thoﬁgh there is variation
in the dihedral angle from system to system, and they form fused

cyclokitenes., Photolysis of cis,cis—l.:-!-cyclo@tadiem cleanly and
. L) I

efficiently gives bicyclo{3.2.0)hept-6—-ene g.? Some portion of the

cycldmtene is known to be forwed by a tm ster.i process involving initial
cis,tra:g photoisamerization to cis,trans-1, 3-cycloheptadiens, followed

34

by thermal conrotatory closure to product. The pl-ntochemical'

cyclizatioi;f’( cis,cis-1,3-cyclooctadiene is relatively inefficient but.
; s -

does give cis fused bicyclo[4.2.0}oct-T—ene 3 23 The c‘ycli‘zaticm process

is a direct one-at roan temperature, as- cis trans—l 3—cyclooctaiiene is

36

stable wp to 80°C. The inefficiency of ring closure in this case is .

protably due to conformational constraints on the 1,3-diens portion of
the mo.lmle.s'z'se‘ The double bonds, ccmstraine_d'to be almost

pgrpendicdlar to one arother in the most stablg ground state ‘
conformation, are in an exceedingly poor georetry for ring—closure.—ss
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Acyclic 1,3-dienes, are conformationally-labile about the C2,C3
bond, whlfh results in an equilibrium mixture of s-cis and s-trars dienes
{Egn. 1.8) .39 Disrotatory closure of 1,3-dienes has been shown to
proceed only when there is a significant proportion of s-cis diene

conformers present in sac)lutic:n.]‘l'13

This requirement is demonstrated by
the results of the direct photolysis of substituted butadienes
Substituents at C2 and C3 of butadiene shift the equilibrium tc\;;;d s-cis
conformers, whereas Cl and/or C4 substituents shift the equilibrium
toward trans conformers. Accordingly, 2,3—dimethyl-1_‘, 3—;;:;:1.iene {(7)
closes to 1,2-dimethylcyclobutene (Eqn 1.9) with a relatively high |

40,41

quantum yield (ca. 0.12). In contrast, trans, trans-2,4-hexadiene

(8) vields cis—3,4—dimethy1cyclobutene in solutioh inefficiently
§¢=0.02) . as shown in Egn 1.10, while ring closure of the cis,trans- and
cis,cis-isomers, which are not rexpec'cec,lk to form s—cii conformers easily,

is negligible.'’

\4
i B = AT M . f
) s~-trans s-Cis
. 7 , 1
i ' /
1.9 t —"}ﬂ_) I
U _



16

= A

N
1.10 X S
$=. 02

Quantum ylelds for ring closure to cyclobutenes are generally low in
acyclic 1,3-dienes because cis,trans-isomerization is the major pathway

4

for decay of the singlet excited state.42'43

wﬁldulhene => 1,3-dlenes: The simple theory predicts that
cyc@v;xtene undergoes- disrotatory opening during direct photolysis. On
close examination of the ab initio state correlation diagram, disrotatory
opening is also predicted. While substantial calculated energy barriers
to ring opening exist for both the con- and disrotatéry pathways along
the S1 ('A'(2)) surface, a second allowed ‘crossing :‘go the sz (1a" (1))
surface is available to the disrotatory path which is not pré'sent ‘cin the
cormoté.tory path. Crossing at point C in Figure 1.4 fqllcﬁed by another
,allowed crossing a_t point B provides a relatively low energy pathway to
the minimm, on the S1 (IA'(2)) cyclobutene surface. At tﬁis point, '
funnelling to SO (IA'(J.)) allows rim—openim to proceed to completion
affording butadiéne in the ground state. These calculations predict that
a meadiabatie process Yol 15 stereospecific, disrotatory ring-
opening. |
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1.5 Photochemistry of Cyclobutenes
There are few reported examples that illus‘:crate the photochemical_
electrocyclic ring opening procees in simple, alkyl—substituted
cyclobutenes® 2! which may largely be due to practical experimental
problems. Conventional pmtochemicagh techniques in solution require
substrates that absorb at mvelengths greater than or equal to 230mm.
Typically, simple, alky —-substituted cyclobutenes absorb at it wavelengths
less than 210mm. Photochemistry at wavelengths less than this is plagued
by a variety of problems. The choice of readily available, cheap light
sources is limited to the low pressure mercm:';f lamp which emits chiefly
at 253.7mm with a line rat 184.9mm comprising only 8-10% of the total
cutput. E‘xperimenfal problems arise with the transmission of the solvent
ard the reaction vesselp material as well as abs tioe by air ard water
at 185rnm. The use \ef Suprasil apparatus ard UV-transparent hydrocarbon
solvents such as n-pentane, 2. 2,4- trmthylpentare, am cyclopentane
.allow far UV study ef-/ simple cyclobutene systems in solution. 'Q
Classically, cyclobutenes hawe been studied in the readily

access*ble regions (2254nm) by sul:stitutiqn of chrompknres at the double
.bcmd 'Ihese chromophores interact conjugatively with the double -bard,
;hereby lotjering the energy of the excited state ard drasti@lly altering _
its electronic character. The result appeafs tc; be a complete .
. modification in the spectroscopic and photochemical behaviour of the +
dumophore. _ , ;

" A case in point is the photochemistry of §'1,2-diprenylcyclobutene
(9) -“_46~ While more highly substitutedisomers of 9 m‘ldergo -

stereospecific thermal conrotatory ring opening in solution,? DeBoer and
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Schlessinger®4 reported that the singlet excited state of 9 is
efficiently deactivated by fluorescence (q)@. Dimers were the only
observed products (¢ = 0.001) resulting from 313 or 335nm photolysis. As
part of a larger study this system was reinvestigated by Kaupp“-mo
reported the fluorescence quantum yield to be ca. 0.6. Product studies
revealed that fragmentation (’ﬁonrally a [02S + 028] cycloreversion) of 9

(Eqn 1.11) effectively campetes with fluorescence, affording diphenyl-

P 5 CPh  CHo .
] =23000m, 1 4 ) B¢ >.60
PH CPh CHp e
1.11 g -1
C . OMe
Ph -
. i 300nm .
MeOH Ph
1.12 Ph P
g - OMe H

i

| |
1.13 P ) _ s
| v, | _0], |
PH | /.l :
- '10 ~ =
L} ‘,\)

acetylene and ethylene (¢=0.2). .
. Irradiation of 9@ at 330mm in rucleophilic solvents such as
methanol and acetic acid leads to phofbsolvolysis products as shown in .

Eqn 1.12.%% The photochemical ienic addition to 9 is thought to inmvolve

7,
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rearrangement of a cyclobutyl cation to a cycleopropylmethyl cation after
protonation of the excited cyclobut;m.e‘. The addition ‘reaction cccurs
exclusively fram the singlet excited state since fluorescence of 9 is
substantially quenched by methanol. \

In contrast to 9, 1,2~diphenyl-3,3,4,4-tetramethylcyclobutene (10)
does not undergo any of these reactions when irrqdiated, but instead 10
cyclizes inefficiently to ultimately yﬁéld a cyclotutaphenanthrene

&

derivative in soluQion (Eqn 1.13) A8

o O O

- “Ph
c-11 o t-11 12-

. Benzocyclomtenes {11} epor'cedly do not undengo stereospecific
photochemiml ring opening49 although the thermal ring opening process
has been shown to cbey the rules o- symmetry Reaction from both the
singlet and triplet excited states of cis- and trans-11 have been put
forward. Tripl.e.t upper-excited states have been postulated to lead to
vibrationally hot cyclobutenes to explain the non-sterecspecific nature
of the photoreaction. Triple;c reactivity has been shown to play a rb‘;le
Aoy a2y opening of the tétré-substitufed cyélomtene (12) .51

Photoemcited 1, 4—dsr:amaghthalene ard anthracene, ((13) and
(14), respectively) undergo ring-opening sterecospecifically with high
'efficiency (Egqn 1.14 and 1.15). The ring opening process occurs
‘adiabatically in-both the singlet ard triplet manifold,’ as evidenced by

the characteristic naphthalene ard anthracene excited state emissions
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+ that result from excitation of th’e-ir dewar Isomers.

The phenyl substituents in these cases drastically alter the
electrohic character of the s;’mglet excit\ed states of these cyclobutenes.
Singiet‘excited states, which do not normally igtersysten cross to
triplets in alkyl substituted l ans, are perturbed by the phenyl-
subsfituents tOVS.l-lch an e.x'tent; _‘kchese exanples that reaction entirely.
within the singlet.state manifolfis appears impossible.  Triplet o
reactivity in cyclobuteres has been explored and found not only to be

o
- possible byt quite camplex as mell_.s‘i-"55

Srinivasan>> has studied the
mercury sensitized photolysis of c;_l_ in the gas phase ard observed non-
stereospecific ring opening. The formation of symmetry-forbicder
cis, trans-2,4-hexadiene was postulated to arise f’rcm a vibratiorally
"hot" ground state of c-1.

It is apparent that the only systems from which stereochemical

informarion on the direct plotochemical ring opening process may be
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obtained are those with non-conjugating substituents:; these.are the /

systems which require far-uv techniques for their investigation. / ;
: 1 :

1.6 The Far-Ultraviolet Photochemistry of Simple Cyclobutenes

t12 that offers conclusive

There is only one mgﬁ;hed repor
stereochemical information on the motochemical electrocyclic ring-
opening of cyclobutene Saltiel and Ng Lim!® reported the pl‘ntochemistry
of the tricyc}ic cyclobutene derivatives ¢— and t-15 (Eqgqn 1.16 ard 1.17)
providing results which strongly suggest that motoc;h.emical ring opening
prefers the symmetry-allowed disrotatory pathway Direct photolysis of

c-15 results in ring opening to yield 1,1'-bicyclchexenyl as well as

. _>200nm,
1.16 4. Pnntone L

cancerted fragmentation (formally a [1:72S + 0281 cycloreversion) to afford
the cis—sn-yne. Trans-15 however, (g:gergoes stereospecific fragmemtation
only, giving the trans-en-yne as the sole product. In the case of t-15,

disrotatory opening, had it occurred, would yield the highly strained



cis, frans-isamer of 1,1'-bicyclohexenyl. This relatively high enerqgy
(though formally allowed) process does not occur upon photolysis of t-15
since it is now gﬁohn that the formation of the cis,trans-isamer, even as
a transient intermediate, would have been detected as the apparent
iéqnerizatién of t-15 to cf;g.ss The major implication of the
photochemical behaviour of 15 is that ring opening to cyclob;tene is
steredgpecific and disrotatory for the cis-isamer while the geametrically~"
easier ut formally forbidden conrotatory patlway does not occur ta any
detectable extent in the case of the trans iscmer.

A more recent study by Inoue and co-workers concerned the 185nm
photochemistry of the annelated systems bicyclo[a.z.O]ﬁept—Sfene (gi-and
{¥J?yclo[4 2. Oloct -T-ene (3). 20 The results (Egn 1.16 and 1.17) suggest
~ that photochemical, electrugyullc ring opening, in the case of 2 dces
not occur and rlgg opening of 3 is non-stereospecific. Although Inoue
was able Eo show that the holecular fraqgmentation process occurs with

high efficiency the study afforded no reliable information on the

' o o
8 . 185+254n z < A
- 2 ’ L
118 185+254nm ||| + O © @
Pcntano '

‘#,_
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stereochemistry of ring opening.or its campetition with fragmentation.

Olur perceptlon of these results is that they are artifacts of the
experimental cﬁnditions employed. Since the light source -was unfiltered
(185 + 254mnm), products formed upon 185nm excitation were then vulnerable

to secondary irradiation from the more intense 254nm line of the lamp.

As a result, build-up of cis,cis—l,3-cycloheptadiene"‘ﬁas precluded in the
case of 2 since, as mentionsd previouély, it undergoes very efficient 4
electrocyclic closure at 254nm.7 For example, Leigh and Srinivasan57
concluded that the presence of 2 in the photolysis of 2-norcarene (16),
was due to secondary photolysis of 1,3-cyclcheptadiene when an unfiltered
meréui'y lamp was employed. cyclobutene continued to be observed even

when a band pass filter used with the mercury lamp. The transmit-

- tance of this filter is ca. 4.5% at 254nm. “Cycléabutene 2 was not

observed ‘in the photolysate when monochramatic light scurces such as an

argon fluoride excimer laser {193nm) was used. i

' In the case of 3 any cis,cis-1,3-cyclooctadiene formed is subject
[~

to secondary cis, frans-photoisomerization when the 254nm line is present.

. . | By
It follows then thHat the results of €noue, therefore carmot be considered
= ) y .
5

reliable. _ L >

Inoue and co-workers did, howeyer, make one interestir‘ug proposal
concerning the mechanism of nblectuar fragnentalxtion. While diene
formation was at.tx-‘:ibuted to the 'n',‘:r* excited state of cyclobutene, the
fragmentation process (yielding acetylene and the corresponding |
cycloalkene) was alggestgd to result fram cyclopropylmethylene carbene
intermediates formed via .the molecular mR(3s) excited state. The

carbene was proposed to result from a [1,2]-alkyl shift after mR(3s) or

u-

!
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Rydberg excitation, a process that has been proposed previouslywr to

explain analogous rearr;nganents in simple alkenes upon direct

irradiation. < . 4

P
Z
The solution phase photochemistry of cyclobutené itself (17} has

been répor“ted recently by 21

and co-workers. In addition to the ring

opening-and molecular fragmeniBliig

!

) products, a high yield of methylene-

cyclopropané@ (%served as bited ;n Eqn 1.20. 1,3-Butadiene was
thought to occur via electrocyclic ring' opening framn the 1r.7r' excited
state, The remaining photoproducts were ratimnalized in terms of the
intermediacy of carbenes formed by [1,2]-alkyl and hydrogen shifts after

P
T, R{3s) excitation. ' ¢

: e
T | _>|||+||+_q+g

2 17

1.7 Mechanistic Concepts in Far UV Photochemistry x

% b4

L, Induezo‘arﬂ adam?! have sugges}ed involvement of two excited
states in the direct photochemistry 'of cyclobutenes. It has been
gé}lerally accepted that simple alkenes contain two loc;,v 1y electronic
excited states of conparable migies.sa-sz From gas-—pl‘ése UV absorption

ot

spectra of alkenes it is apparent that the singlet manifold contains two

H

excited‘states; the '17,1r* or valence excited state arﬂ;?e 7.R(3s) or

._ | 7 <
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" Rydberg excited state.sg'eo The direct, 185mm photoreactivity of alkenes

in scl:;:}ion is often quite complex due to the presence of the two singlet
excited states of similar energies. In spite of the sir\nilar energies of
these excitcd singlet states, al.-distinct photor=activity is perceived to
result frar; each upon excitatior;. The 1T,1r* state energy is less affected
by the presence of alkyl substituents than the. T ,R{3s) state is, and
therefore, as alkyl s:.Lb;titution at the double bcnd increases, the
Rydberg excited state taeé’c’mes the lowest one in energy,.- SJn the condensed
ae well as the qas ph.ase.so . ' o
U *As Figure 1.5 shows, a typical ges phélse UV absorption spectrumso
) cf'an alkene e:dxibits\ two extensively overlapped bands. The more intense
band, at shorter wavelengths, has a maﬁcimum between 160-190nm. This
band, havmg an extmctlcn coefficient: of approximately 4000-10,000 is
. accepted as that correspording to the 1r->1r or valence tran'slt;or'\n The
% valence excited state is perceived as being biradicaloid or zwitterionic
. in’ naturrL Reactions characteristic of the 7, 1r excited state have been
_jlentlfled as cis, trans isamerization, {1,3}-alkyl and hydrogen migrat-
ichs and possibly hydrogen ata{;bstraction Cyclobutene, because of
its geametry, represents a special case as it is unablé to undergo
rrcis,'trars isomerization. Instead, it may undergo f 1 lo2_ +.02_}
cycloreversion and disrotatory electrocyclic ring opening; two pathways
| that are unavailable to larger cycloalkenes. -
A less intense band (€ -—-_.500—1000) in the gas phase UV absorption
specg'um of Fig. 1.5 appears at longer wavelengths relative to the 1’r,'rrt

tand and was originally assigned as due to the.T,R(3s) state excitation
»

qr the basis of pressure studies om the vacuum-WV spectra of a.llc:en.esx.6
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FIGURE 1.5 Typicalssas Phase ultraviolet absorption spectrm of a simple
- alkene.
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Further evidence cames fram studies of the effect of substituents on the

¢
59,60 61,62 spectra of simple alkenes. Gas

aboorption and flucrescence
phase absorption spectfa reveal that the 0,0 band of the 7,R(3s)
absorption moyes much more rapidly to the red than that of the 7. band

with increasing mmbers of substituents on ethylem.eo

The result is
that the Rydberg bands that superpose the valence bands in ethylene stand
out clearly as alkyl substitution is increased— - This is-.generally
belleved to result from a greater gbility of the electron donating
substituents to stabilize the "serd-ionized" 7,.R{3s) state compared to
the 1r,1r* excited state. In keeping with the eicited state assigrment
described above, the far W photochemistry of 2,3-dimethyl-2-butene (18)
shows a dramatic dependence on excitation wavelength between 185nm and

229nm. 2

The reiative yields of Rydberg derived products increase with

ing excitation wavelength campared to T products. The quantum’
yield fér fluorescence fram simple alkenes reportedly increases with
additional substitution and the maximum shifts to longer wavelengths.5?
This trend has ied to the propqsal that alkene fluorescence criginates
from ﬂ:e'?T,_R(as) stgte. C\:ricusiy. morving from the gas to the condensed
phase has only a minor effect on the fluorescence®® of alkenes contrast-
ing absorptioneo which is weaker ard shifted to shorter wavelengths in
solution.

Generation of the T,R(3s) excited state involves promotion of a T
electron fran the HOMO to a molacular orbital (3s orbital) that is larger
than the molecular core, thereby creating an electron deficiency at the
ccre. The :JT.R(as) excited state of a molecule may suitably be described

as a semi-ionized radical-cation: the radius of the excited electron is

-

P



v 28
sufficiently small that the electron is still PAfluences by the core.

Evidence consistent with the description of the mR{33) excited state as
one in which an electron is ejected to a rather large, diftuse molecular
orbital has been obtained using sulfur hexafluoride as an electron trap

in alkenes.66

The Rydberg state of simple alkenes can thus be pictured as
radical-cation like since Rydberg exclitation involves a semi-icnized
molecular core, ard its associated reactivity is analogous to that of
carbenium ions. The products of direct photolysis of simple alkenes have

been rationalized in terms of carbene intermediates formed via [1,2])-
A

alkyl or hydrogen shifts after Rydberg excitation.SB Scheme 1.2 shows

the products of photolysis of norbornene (19} at 185nm where carbenes

were suggested as the precursors to both prc:duc:t.'v,.s-‘7 The formation of

products consistent with-the intermediacy of carbenes appears now to be a
general feature of the photochemistry of .simple.alkenes in so‘iut.”tor-x.- "A
nurber of recent reviews of far-ultraviolet photochemistry cont'a.}n .
numerous references to these types of processes in alkenes.ss'sb_n
Evidence for these cafbenss cames from T T S of
thermally generated carbenes with those resulting fram the 183nm
irradiation of alkenes Generally the distribution of carbene derived
.product mixtures gbtained from alkene motolyéis differ fram those I
obtained when the carbenes are indépendently generated either thermally

or photochemically from the corresponding diazo cbm;x:rund or )

‘\_-_'_ "
tosylhydrazone salt. It is well known that carbere reactivitﬂr can vary

110

markedly depending on the procedure of generation. The similarities

e

in product distributions OE the cyclic analogs in Table 1.1, however,

.
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‘l\
a
{\ TABLE 1.1
: ison of Ratios from the 1B85nm Photolysis of Homologous

loalkenss with fram the Thermolysis of the Corresponding
Tosylhyd:mn Salts. .

o — A—-»ZAZ&

A
{ Quntum Yields Product Ratios, D/C
n [ p® 185nm Thermolysis®
5 0.008 0.007 6.9 =
4 0.02 .10 5.0 11.5
3 0.07 0.05 0.7 0.4
2 0.03 0.04 1.3 1.4
! da - 0.12 = =
w P
aAdapted from reference 69. b¢=guantum yvield of product formation. CThe

cyclopropylmethylenes B were generated via base-catalysed decomposition of the
corresponding tosylhydrazones. The basic decomposition of cyclopropyl carbaldehyde
tosylhydrazone did not lead to bicyclo{1.1.0]butane C, n=1. ot formed.

_ \,; ¢‘=D. 07

‘ 1.2 185mm photochemistry of norbornene (19).
P ’
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provide rather convincing evidence for the role of carbenes as
intermediates in the former process.

Further supﬁort for carbene intermediates has been provided by
deuterium labelling rs;tl.‘dies.ﬁrf’68 Phot’csélvolysis of alkenes in
nucleophilic media haﬁe alé.o been attributed to the involvement of
Rydberg state-derived carbenes .8

Carbene iﬁtemxediates arising fram M,R(3s) excitation may also be
involved in the 185mm photochemistry of simple cyclobutenes as mentioned
in an earlier section. 7The results of 185nm photolysis of the annelated
cyclobutenes 2 and 3 have been rationalized in terms of an analogcué
mechanism' to that depicted ih Scheme 1.3 in which 1!',17. excitation results
in ring-opening to dienes while the T,R(3s) state rearranges to the
cyclopropylmthylem carbene which subsequently fragments to yield
acetylene and a cycloalkene.20 Although'thq latter possibility has been
offered as an alternative to concerted [02S + 02 s] cycloreversion, no
firm eviqence has been presented to support it.

The 185nm photochemistry of cyclobutene (17) has been saTonsl ized
in terms o_? carbene inter-mezcliatezs.21 Acetylene and ethylene_were
attribtuted to cyclopropylmethylene, Mu‘..f:e‘methylenecyclopropnne was
attribated to cyt:lol:n.lt\,'l:I.der*.e:21 these products were suggested to arise
via [1,2]-alkyl and -hydrogen shifts, respectively. Butadiens was
thought to arise via electrocyclic ring opening fram the 11',11" excited
state (Scheme 1.3).

Sugaort for carbene involvemt‘ comes primarily from ccupariscns

v

of their behaviour when generated irxiepemiently from diazo amd tosyl-
hydmécrElO?’llS

precursors with the results from 185mm irradiation of
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cycloutenes. Cyclopropylmethyl carbenes are knc:wnlo—17 to undergo
fragmentation to alkyne and alkene as well as ring expansion to
cyclobutenes. For example, cyclopropylmethylene affords .
acetylene/ethylene and cyclotutene in yields of 22% and 65%,
respectively. Cyclobutylidenes are kmown to undergo [1,2]-hydrogen
shifts yielding cyclolén:t_enes, bat ring contraction affording
methylenecyclopropane derivatives is the major decay path for this

5

carbene when generated themally.n Thus, this could indeed account for

the presence of methylenecyclopropane in the photolysis of cyclobutene.

3 ~
] ] — || - |
o e P $=0.11
— N— {
b o S .

SCHEME 1-3. 185m photochemistry of cyclobutene 17.



1.8 Statement of the Problem \

Ten alkyl-substituted cyclobutenes (1-6, 20 and 21) were prepared

with a view to délineatirﬁ the photochemical behaviour of the singlet

excited state of cyclobutene by direct irradiation using far ultraviolet

ied

5 6 20 21
mbtochemical technigues. In particular, the study was to be concerned
with the investigation of: (1) the excited state(é) involved in formation
of the various products from direct photolysis, (2) the stereochemistry
of the photochemical electrocyclic ring opening process, {3) formal
[023 + 02.) cycloreversion: and (4) the possible participation of carbene
intermediates in these systems. Our goal was to provide a clear ard
conclusive unierstard.ing of the photoc:hemical bebaviour of the parent
system, cyct/obutene, which has been thoroughly investigated _
theoretically. It was imperative that Inoue's original study of 2 and 3
be repeated %rgectly. The monocyclic systems are unconstrained relative

ed;1%'20 and therefore 1t was our hope that

to systems previously studi
structural effects waald not prejudice the ring opening reaction. ' System
1 represents. the most simple alkyl-substituted cyclobutene capable of |
providing stereochemical information on the electrocyclic ring opening
and cycloreversion processés, amd_therefore represents the parent systgm
of this s;:udy. Cyclobutenes 8§ and 6 were chosen in order to study the

effect of methyl substituents an the excited state manifold and

.photochemical behaviour of the system. The bicyclic systenms, although
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probably more strained, provide systems that are easier to study since
only two conjugated diene isaners are possiblg’ fran electrocyclic
opening.

It was hoped that some insight into the dynamics of the potential
energy surfaé:e(s) for the ring opening ard molecular fragmentation
processes could be gained through appropriate wavelength amd temperature

dependence studies.

/ The possible involvement of carbene intermediates has been studied
with 20 and 21. In these cases, since 1,2-migrations should afford
conmon carbene intermediates fram 20 and 21, the occurence of the process

should be revealed by 'the interconversion of the two isamers.



CHAPTER II ‘

The Direct Photochemistry of Mono- and Bicyclic Cyclobutene Derivatives
A. Results

2.1 Preparation of Compourxds

3,4-Dimethylcyclobutene (1)

s Cis- ard trans-3,4-dimethylcyclobutene (c-1 and t-1 respectively)
were synthesized as a mixture of isamers by the route shawn in Equation
2.1.74 Canpounds c— and t-1 were separated ard puwrified by preparative
gas chromatography (vpe) f‘:ard their structures were assigred on the bhasis
of their IR, mass, ard 90 Mz 'H MVR spectra. The assigrments were
confirmed by an independent synthesis of c-1 using the route shown in

Equation 2.2.%°

=

-+
b 1) Hy0 :
sy 1+ S, 0 ——— [ "+
L sens. 2) Pb(DAC),

\
d g c-1 £-1
2.2 v LAH_ TsCL _LAH, |
-y 2 > ToCL WA,
0 0 e-1

34
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Bicyclo(3.2.0]hept-6-ene (2) and Bicycla(4.2.0Joct-T-ene (3)
Bicyclo[3.2.0]hept-6-ene, 2, was prepared by photochemical
electrocyclic ring—closure of cis,cis—l,Bvcycloheptadiene.Y
Bicyclo[4.2.0]oct—:7—ene. 3, was prepared in a AR ST B That G 2

from cis,cis—l,a—cyclcioctadieness.

Bicyclo{5.2.0)non-8-ene (4)
Cis- &rd trans-bicyclo(5.2.0]non-8-ene 4 were prepared as a

mixture of isamers by the route shown in Equation 2.3.74' Canpounds c—

and t—4 were se/;'&ta'\ced and purified by semi-preparative vpc arnd their

\

_ 0
| sens. 2) Pb(OASY,
0

c—~ and t-4

structures were assigned on the basis ofl IR, mass, ard 500MHz 1H NMR

+ spectra and camparisons to literature spectra.9'31 The isomers can be

distinguisged by the chemical shifts of the vinyl hydrogens, which are at
6.05 and 6.l4ppm for c— and t—-4, respectively, ard those of the protons
at Cl1 and C7, which appeared at 2.89 (d) and 2.53 (&) for c- and t—4,

9,31

respectively. These features were also compared to those reported

for cis- ard trans-bicyclo[6.2.0]ldec-9-ene derivatives amd the chemical
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shifts were found to be similar.7b These features are also similar to
those exhibited hy cis-and trans-1 for the chemical shifts of the
hydrogens at C3 and C4 in 1. The cyclobutene isomers were further
distinguished by‘pym:lysis of c—4. After 1h at 200°C, 33% of c—4 had

been converted to cis,trans-1,3-cyclononadiene.

F-3
Cis-1,3,4-trimethylcyclobutene (5) and cis-1,2,3,4-tetramethyl-
cyclobutens (6). '

Compounds 5 and 6 were synthesized ind mtly by a procedure

similar to the synthesis of cis-3,4—dimethylcyclobutene, -1, {(Egn. 2.2)
and were identified on the basis of their ‘H MR, 1R, mass, and UV

absorption spectra. , e

2.2 Ultt*aviolihbso:pﬁim&:ec}:raot_l_7gg B
' N, .
Ultraviodet absorption spectra of 1 to 6 were recorded in

decxygenated cyclchexane soluti'on and are sumarized in Table 2.1.

- 2.1

Solution UV Absorption Data®rD:C

d .

Aoy () E e (kcal/mol)™ €

cis-1 . 186.5 153 5,900
trans-1 188.2 152 5,100
cis-$% 189.4 151 6,900
cis—6 190.3 150 11,100

2 186.5 153 4,200

3 186.6 153 6,200
cis—4 186.5 153 4,900
trans-4 186.6 153 5,600

2ca. 0.002M solutions in ycéohexane;_ 23°C. bsolutions deoxygenated with argon. '

c
0.1 cm path len energy at lmax‘
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2.3 Dirnct Photolysis of 1 - 6 in Hydrocarbon Solution.
‘ Light Sources

Irradiations were performed using 185nm, 193nm, and (occasicnally)
214nm light som.'ce.s.

The 185mm light source gonsists of a 10W low prgssure mercury
lamp, the ocutput of which consists ngdominantly of two lines at 184.9mm
and 253.7nm. Typically, only about 10% of the total output Intensity is
due to the 184.9rm line while ca. 78% is due to the line at 253.7nm. A
6OCo—11-r-ad.ia‘ced LiF c;rs,rs'c::s..'l?ﬁ’77 was used in conjunction with tl':e lamp to
eliminate the 253.7mm line of the low pressure mercury lamp. An ultra-
violet absorption spectrum of a filter is exhibited in the Appendix
section. ‘

The monochromatic 193nm light source was provided by the pulses

-{193mm, 10ns, 20-100 mJ, 0.5 Hz repetition rate) from an excimer laser

filled with an Ar/Fz/He -mixture. The unfocussed laser beam was directed
at the sample cell containing a magnetic stirrer, and plalced ca, 8ft fram
the source. ‘ - -

The 214rm light source was pr.ovided by a 16W zinc resonance lamp
set up in a marmer identical to the 185mm light source, but without the
GOCo;in'adiated LiF filter. |

For more detall on the far ultraviolet light sources see the

axperimental section in Chapter V. | L@

Quanitim Yield Detu:imtian
Quantum yields were calculated using the cis -> trars-cyclooctene

actzlrxam':‘cer.78'79 Quantum ?1e1ds were determined after calculating the
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light flux from the concentration vs. time plot for the fgrmation of
trans-cyclooctene from the cis-isomer, whose photolysis was conducted
concurrently with the substrate of interest. A val;le T:)f 0.32 +.02 was
used for the actinanetric quantum 3,r1~~alt:1.?9 Back reaction, involving the
conversion of trans -> cis-cyclooctene, was assumed to be negligible in
these stud?tes, since they were all carried cut to low (<5%) conversions.
Quantum yields were determined for 185nm excitation ard occasionally for

193nm as well. For more detail on the procedure see the experimental

section in Chapter V.

Photolysis of Cis- and Trans-3,4-dimethylgyclobutene, (c- and t-1)

Photolysis: of deaxygenated, 0.02M lsococtane or pentane solutions
of cis- and trans-1 with the 185nm light source produced the product
mixture 'shown in Equation 2.4. “Photolysis of either isomer yielded tt-,
ct-, armd cc-2,4-hexadiene 22 in the relative yields shown in Table 2.2.

’ + -

Product yields were detertined fram the slopes of concentration vs. time
plots‘ constructed for the isameric dienes 22 (Fig 2.1). These plots were

linear over the conversion range investigated {(0.2-3.0%; msed on the

amount of 1 consumed at the end of the experiment). The formation of

1 ce=22

' I \
2.4 || s O 6/+ C i ( -l
. L , Sy N o \
tt- ci:— :
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cis- and/or trams-2-butene and acety“f‘éne was also evident in the runs
carried out in isooctane (their presence in the photolysate was confirmed
&

by coinjection of authentic samples), but their yields were not monitored
in either case. Apart fram one additional unidentified minor product in
the photolysis of 1, no other products could be detected in >10% yield
fran the photolysis of either isamer of 1-1n either solvent. The three

isameric dienes were identified by coinjectitn of authentic samples on a

mumber of vpc columns. Relative diene yields are given for 185 and 193mm j

irradiations in Table 2.2.

. TARIE 2.2

Relative Diene Yields from Photolysis of cis— trane-1
in iscoctane solution (23 C) at 185 and 193mm.2¢

Cyclotutene Wavelength (rm) tTt-22 ct-22 cc-22
cis-1 185 3.6 .4 6.0x.5 1.0z,
. 193 3.2+ .2 4.9x.3 1.0=x.1
trans-1 i85, 28 5 ~2:6 .4 101 -
. - 192 2.5 X .2 3.2 .2 1.0+ .1

4product vields and errors were calculated from concentration vs. time plots for the
185nm photolysesrand from single point determinations (average of at least two
4.experiments for the 193nm photolyses). ;. Acetylene was identified as a product in the
* photolyses but {ts yield was not determined. The formation of 2-butene was followed
but-its vield is omitted from the table since its response factor relative to 2,4~
hexadiene has only been crudely determined.
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Photolysis of Bicyclo[3.2.0]hept-6—enm, 2

Irradiation of 2 ag a deoxygenated, 0.018M solution in isooctare
at 185 and 19:;mn.produced the product mixture shown in Equation 2-5.
Product yields were determined fran the slopes of concentration vs. time
plots constructed for 23 and 24: as shown for the i185nm photolysis

(Figure 2.2), these plots were linear over the conversion rarge

)

investigated (0.1 - 2.0%) at both wavelengths. The relative yields of 23

and 24 differed slightly at the two wavelengths studied. The identity of

23 ard 24 as photoproducts was_verified by coinjection of authentic
samples on three vpc colums. The yield of acet®lene was not determined
but its présence in the photolysate was confirmdd in a similar nérner.
No other products in addition to those reported in Equation 2;5 were
observed In greater th\an ca. 10% yield; this represents the limits of
detection for this experiment. Product mﬁnmn vields were determin

for both 185m ard 193nm excitation ard are collected in Table 2.3.

&
: hv
| s -
2.5 i
__— | 2 _ 23 24
TABLE 2.3
Quantum Yields for Furmation of 23 and 24 from Photolysis ‘
Bicyclo[3.2.0]hept—6-ene (2) in iscoctane solution (23°C).% %
Wavelength (rm) 23 24
185 0.12+:01  ¢f14 + .01
193 0.09 + .01 009 + .01

\J}Jy cyclooctere actinometry using a value of ¢ = 0.32'79 for the quantum yield of
the trans-cyclooctene at 185 md 193m. Product, yields ad errors were
calculated fram concentration vs. time plots. “Acetylene was identified as a
product in the reaction lut its yleld was not determined. ‘

S
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Photolyais of Bicyclo[4.2.0)oct-7-ene, 3

Photolysis of 0.017M dectygenated solutions of 3 in pentane
solution with 185 and 193nm light afforded the product mixture shown in
Equation 2~-6. Product identification was carried out by coinjection of
authentic sanples on several vpc columns. One other product, formed with
a quantum yield twice that of 27 ,was not identified. The relative
yields of cis,cis- {ee¢-! amd cis,trans- (ct—) _2_5_- showed marked wavelength
dependence. Figure 2.3 shows cloncentration vs. time plots for cc- a:"xc‘.
ct—g. constructed from data in the 0.1 - 2.5% conversion range in the
case of the 185nm phntolysis. Similarly, the 193mm plot was constructed

from data taken at low conversions. Quantum yields were determined at

both wavelengths and are collected in Table 2.4.

-

2.6 || | —hi» + <{::]‘+ [::I>== * [::j * m

cc—-25 ct-25 27 26

1w

TAELE 2.4

Quantum Yields for the Formation of Products from the Photolysis of
lnthﬁLZJnumﬂHmntg)h%&nnpuuﬂ&puﬂnnlnmmun(za(Hf“b

o)

Waveleagth (rm) ce-25 ct-25 26 27
185 0.12x.01 0.040X.004 0.17*.01 0.009*.003
193 : 0.08+.01 0,085=*,008 0.11%.01 : )c

a'By cyclooctene actinometry, using a value of ¢ = 0.32791’01' the quantum yield of the
trans-cyclooctene at 185 and L93nm. Product yields and errors were calculated from
concentration vs. time plots. “Acetylene was identified as a product in the reaction

but its yield was ?@rnned. “not determined.

- o
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Fhotolysis of Cis-bicyclo[5.2.0]non—8-ene (c—4)
Irradiation of deoxygenated 0.02M solutions of c—4 in pentane at
., 185nm and 193mm ylelded the product mixture shown in Equation 2-7.
Products were identified by camparison of the .mass and 90 Miz ‘H wR
' spectra of authentic samples to those (28, cc-29, ani ct-29 ) isoclated
. fran a preparative scale 193nm photolysis. As well, colinjection of
aithentic sarrplés on a vpe capillary colum with the photolysis mixtures
aided in product identification. Figure 2.4 shows a concentration vs.
time plot for the fragmentation and ring opening products af 185nm.
At least four other minorA primary products were observed in
. a&ddition to those shown in Eqn 2.7, Wt their identification was not
possible.
Trans-bicyclo[5.2.0lnon-8-ene (t—4) .
Compound t-4 was irradiated as a decotygenated, 0.011M solution in
pentane at 185 arrd 193rm. The identities of the productg in this rzse
were verified to be identical to those obtained from c—4 by coinjection
- of authentic sanples The resulting prb&ct mixture, as in the case of
c—4, is shom in Egn 2.7. Figure 2.5 shows concentz;a'cim Vs, time plots
for formation of the fzégnen_tatim and ring opening products from the
185rm photolysis. Five other products were formed in addition to those
identified in Eqn 2.7, one of these having a quantum yield (¢ = 0.05)
higher than that of the minor diene, cc-29 (¢ = 0.04). Two of these
additional products were also observed in the photolysate fram c~4. The
i.dmt’ities of th&ae isomers were not determined. The yield 6f acetylene
was not monitored, nor was any attempt ;:Qe to donfirm its presence in

the photolysate.
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21 | LCQ+Q/:>+©+|"

cc-29 ct-29 28

I,
4

TABIE 2.5

Relative Yields of the Products formed in the Photolyses of C and
Trans-bicyclo[5.2.0]non-8-ene (c- and t-4) in pentane (23°C).°’

: vield (¢)
Canpound » (nm)
28 - et-29 cc-29
cis-4 185 4.3 +.05 2.7 +.05 1.0 +.06
(0.26 +.07) (0.16 +.04) * (0.06 +.02)
193 3.8 .06 2.1 +.14 1.0 +.08
trans-4 185 1.2 +.03 3.2 +.02 1.0 +.06
(0.05 +.01) (0.13 +.03) (0.04 +.01)
193 2.1 +.09 3.1 +.09 . 1.0+.04

®Acetylene was Identified as a produwt in the reaction but its yieldwas not

determined. cyclooctene actinometry, using a value of @@= 0.32"" for the qumtum

yvield of the trans—c9clooctene at 185mm. Prodict vields md errors were caleulated
fran concentration vs. tire plots.
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Photolysis of Cis-1,2,3,4—tetramethylcyclobutena, 6

Cis—l,2,3,4-t§t1’é}methvlcyclomtm. (6), was irradiated as 0.02
and 0.06M pentane solutions at 193 and 214nm, respectively. Both
photolyses afforded mixtures of all three geametric isamers of 3,4-
dimethyl-2,4-hexadiene, 30, as shown in E.'qn 2.8. Figiire 2.5 shows the
concentration vs. time plot for the formatiom of t;fxe diene isomers (Z,Z-
E,Z-, and EB-30) at 193mm. The products were identified by coinjection
of authentic samples on a vpc capilllary columm. 'I'he formation of

ethylene was observed althougt{ the observation of butyne was obscured by

. the solvent on the vpc capillary column and therefore the course of their

formation was not followed.

At least four other minor products were observed in addition to
the cnes shown in Eqn. 2-8 during the, 193nm photolysis (3% conversion)
but their identification was not attempted. One of these prodficts was
also cbserved in minor vields in the 214mm photolysis. The combined
yields of the minor unidentified products from the 193mm photolysis is

estimated to be ca. 10%.

CCHa

2.8 || v

CCHa
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2.4 Control Photolysis Experiments '

Secondary product photolysis due to the 254nm line of the low
pressure mercury lamp has posed serious problems for those inveotigating
plhotoreactivity at 185nm where products ax:e formed that are photolabile
at the longer wavelengths. Simple cyclobutene systems perhaps illustrate
this problem best, in that the dienes formed in the initial photoprocess
absorb sfrongly at 254mm. The resulting secondary events with 254nm
photons have t;een known to seriously obscgre experimental results’?. be
have utilized the LiF crystal as a 254nm filtt:er'T6 in order to alleviate
the problem of secandary photolysis. Colc;ur centres are produced in LiF
crystals upon irradiation with gamma or x—ra_ys; these colour centres

exhibit a broad absorption band centred around ca. 24.5nm.7

z There is also
sane absorbance at 185nm but it is only marginal in most cr'yst:a.ls. The
SOCo—irrad.iated LiF crystals that were used as filters for the 185mm
photolyses of the cyclobutenes were always maintained with an optical
density (0.D.) orf' between 3 and 5 absorbance units at 254nm and thus
appeared quite reliable. But, the absence of secondary processes in
these experiments had to be exemplified by suitable control experiments.
It should be noted that some of the LiF crystals, althcﬁgh comrercially
made to identical specificatiaons in all cases, were not suitable as

.

filters after 60Cc>—ir:c'adiatir.:vn, since they could not sustain their colour

centres long enough for a ptnfocherrdal study. These crystals were not
. il

used in any of ‘the 185mm irradiations.
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188mm Photolysis of c-1 and 2 in the Presence of a Diene -

* To ensure that the formation of the formally forbidden diene
isamer{s) in the photolyses of the cyclobutenes was not due to direct
secondary photolysis or sensitization by spurious impurity triplets of
the symmetry allowed isamers, the following control experiments were
performed.

Control 1: A deoxygenated pentane so.‘p.xéion'containing 2 (0.02M)
and co-25 (0.0002M) was 1£rad§9ted with the'filtered‘IBSnm source under
conditians equivalent to those described above. After ca. 3% conversion,
on.\ly' 2, its photolysis products and cc-25 could be detected by vpc
analysis of the photolysate \as shown in Equation 2.9.  The presence of
ct-25 could not be detected within the limits of vpc detection and the
relative yields of the photoproducts were indistinguishable fram those
obtained fram the}?&:olysis of 3 alone. Aftey ‘four hours of 185rm

" irradiation {ca. 6% conversion of 2}, the presence of ct-25 was detected,

L ]

but at a concentration <10% of the symmetry-allowed isamer.

]

185nm Products from the photolysis

e .
2.9 of 2 and unisomerized cc-25.
(low conversions)

2 ec~25
(0.024)  (0.00024) - (

<o .
Caitrol 2: A decxtygenated isooctane solution of cis-1 (0.017M) and

-

trans-1, 3-pentadiene (0.00017M) was irfadiated with the filtered 185mm

source under conditions similar to those employed above. The photolysis



M

52
was captied out to,ca. 3% conversion of cis-1, at which point negligible
isamerization of the trans-1,3-pentadiere had occurred.

Effects of Laser Intensity on Product Yields from Photolysis o;‘ 3 at
193nm.

The excimer laser is an extremely convenient tool for Th-e
nhotochemist as it is capaple of providing intense, monochromatic lines
at several regions in the near ard far ultraviolet, ircluding the line at
193nm. Due to the nature of the lase:.; beam, precautions must be
undertaken to ensure against two photon al;vsorption.so We have tried tn
r’uleAagainst the possibility of sequential, two photon excitation by
performing the photolysis of 3 at different laser fluxes through the use
of neutral density filters. It‘ was found that varving the flux of the
laser beam wj.th conventional neutral density filters asgwell Aas a
chemical filter consisting of spectroscopic grade n-pentane {lcm, 0.D. is
1 at 193rm) did not cause a variation in relative product yields within

experimental error as shown in Table 2.6,

¥

TARIE 2.6
! .
Filtered 192me Ilaser Photolysis of Bicyclo[4.2.0]oct~-7T-ene
(3) in pentane solution at 23°C.
Intensity cc—g@t——é R.O./M.F.a‘b
10%° "1.38 +.08 . 1.52 +.09
100% 1.42 +.08 1:50 +.09

ra .
g ' ‘ t :
“Rat io of combined ring opening to melecular fragmentat {nn proctiets, Pare o
mo lecular fragmentation determined by folluwing rate of cyclohexene farmation.
“Filter - n;pentam {optical density ca. 1 at 192m).  Air. -~
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2.5 Photostationary States and Relative Quantum Yields for Direct |
thtoimimtim of cc- and ct-29.
Photostati states and relative quantum yields for the direct
cis, traris-photoigomerization of dienes obtained from the photolysis of 2-
4 provide infordation on thelir excited’ state decay characteristics. Such
information is avaNable for ‘the 2,4-hexadienes'® amd the 1,3-cycloocta-
dlenes > but not for cis,éis- ard cis,‘érars—l,s—cyclononadieﬁe, even

though the direct photolysis (254rm) of both isomers has been reported.g

_
y 4 y
| y  +.18 ¢=. 41

¢

. O

Direct irradiation of the 2,4-hexadienes in hydrocarion solution

(at 254rm leads to a photostationary state conprised of 40.6% tt-, 26.4%

13

ct-, and 33.0% cc-isomer. The quantum yields fgr the direct photo-

iscmerization are given in Equation 2.10. <.

Quantum yields for the direct photoiscmerization have also been

reported for the 1,3-cyclooctadiene system (Equation 2.}1). ¢cc—> ot Was
35

~
tentatively assignel at 0.28 while was determined to be 0.80.

¢ct->cc
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Determination of the Relative Quantum Yields for the Direct cis, trans
Photoiscmerization of ct- and cc—29
- The direct photolyses of ct- and cc-29 were studied in pentare -
solution (0.011 and 0.012M respectively} at roam temperature. The
samples were irradiated in parallel using a merry-go-round apparatus °
inside a Rayonet type RS rea;ctor equipped with 254nm lamps. After an
irra:liatign period of 2.4 minutes the ct- and cc~ isomers had experienced
ca. 9% and 5% conversion to the other isamer, respectivély': Concentrat-
ion vs, time plots for isamerization up to these conversions were lindar
in each case (Figure 2.6), and the ratio of their slopes affords an
estimate of ¢ct-—>cc/¢cc—>ct = 4.7 + .1.
Etliylidenecyclohexens
The photoisomerizations of Z,Z- amd E,Z-ethylidene-cyclohevene® >
(Z,2- and E,Z-31, respectively, 0.05M) were studied qualitatively in
pentane solution. The samples wer:é irradiated (254mm} in parallel under
corditions :.similar to those above. Both dienes were observed to rapidly
(within 3 min.) achleve photostaticnary state mixtures tl%at were

camprised of ca. 90% of the diene tentatively identifled as the 2,2-

isamer. ' ’

i s
| ?1 : 1?\ \
v |
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2.6 193rm Photolysis of 1, 2, and 3 at 7T7K.

Lew temperature studies vere pertormed ot Lioaid nttroogen
trmperature (77K} wsing the 193nm line of the excimer Luser with o maten
mixde Suprasil quartz dﬂwar anad cuvettes., The photolynes wore understidoen
in 4:1 isopentane:cyclopentane to ensure that the solvent r‘r;r.‘.ainr?d tluid
during the low temperattme smﬁiw. The eyperiments consisted of
performing the photochemlstry at 77K using the special apmr-atus

(
described above. The photelysis was then repeated using the same

apparatus but at room temperature. Similar conversions (ca. 3-5%) of
starting material were maintained at both temperatures. Product yieldo
v.;ere determined by averaging two or three experiments at room terperstire
ard at 77X. Each-sample was amalyzed in triplicate by vpe nn a capi!lary
column, The single-point determinaticns were verified %o be accurate
Withﬂin 10% to determinations made by\élow irradiation ard concentration
vs. excitation dose plots (cc~25/ct-25 from the photolysis of 3 eqials

1.40 +.08 vs. 1.45 +.13 from the single point determination and the

concentration vs. excitation dose, respectively).

& I}
- TABLE 2.7
‘ . Relative Yields of Dienes from 193rxan gtntolysis
of cis—ard trans-1 at 296K and 7K. " .

Tsomer  TempX) tt-22 ct-22 cc-22
t-1 296, 2.5 +.2 3.2 +.2 1.0 4.1

o 1.9 +.2 2.8 +.2 1.0 +.1
-1 296 ° 3.2 +.2 4.9 +.3 1.0 +.1

w 77 2.5 +.2 3.4 +.2 S .

f

a\!i&!r's i errors deternived from the nvempe off 0t least theee gipnle point
5 . k‘ .
doterminations at each tempernture In Al =methylbutap/oye lopent e,

rrpn

S
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TABLE 2.8 .

Relative Yields of Products from 19&% Photolysis of
Bicyclou 2.0)Joct-7-ene (3) at 77K.B

Temperature (K)°© 25 cc-26 ct-26
296 1.6 * 0.1 1.4 + 0.1 1.0 + 0.1
. 11 2.0%.0.1 3.3+ 0.2 1.0 + 0.1

dyjelds and errors determined from the average of at least three single- golnt

determinations at each temperature. “In 4:1 methylbutane/cyclopentane. “Relative
vields uncorrected for vpc response.

2

-
>~
TAEIE 2.9
Molecular Fragmentation Vs. Ring Opening a
at'J"Il(ax:dli.‘rx:m'I'eztuperature1‘::::'21!::;13a =

Cyclobutene Temperature M.F./R.0.

2 296 K 1.9+ 0.2
) 77 X 2.2 +0.2
3 296 X 1.5 0.2

77 K 2.2 10.2

%¥ields and errors determined from the avexsage of at least three single-
point deterninatioxés at each temperature. "In 4:1 methylcyclobutane/cyclo—
pentane. “Relative yields uncorrected for vpc response

!
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B. Discussi
The preceding assembly of photochemical data on compounds 1
through 4 leads ".one to the rather surprisihg conclusion that the

photochemically initiated electrocyclic ring opening of simple ai.ky!-

substituted cyclobutenes is clearly non-stereospecific. In additiorn,
molecular fragmentation resulting from formal [02S+GZS] cycloreversion ir
a competing reaction pathway, as has been well established in previous

19-21
es.

5 1 The observation of non-stereospecific ring opening for

simple c;’(_?;lomtenes appears to be the first under condftions in which the
vinylic portion of the ring itself is the chromophorefard secondary

photolysis is clearly ﬁot a factor\.eo

Indeed, this f£s apparently the
first systematic study of the phptochemistry of simple, alkyl-substituted
tems to be performed. '
2.7 Electrecyclic Ring Opening
Bicyclo[3.2.0}hept-6-ene (2) undergoes ring opening with

relatively high efficiency to yield cis,cis-

,3-cycloheptadiene (24)

canpeting egfectively with molecular £ ntation to yield acetylene and

20

cyclopentene;. This result contrasts the s of Inoue and caworkers

for the same campound. These workers reported t 2 did not undergo

: ™~
.
ring opening to give 24 but afforded only acetylereram! cyclopentene via

molecular fragmentation. Inoue and co-warkers tailed to cbserve any 24
cdue to the light source utilized (an unfiltered low presgure mercury
lamp), the output oftwhich is ccmpriséd primarily/of the 185rm and 254nm

mercury lines in an approximate intensity ratio of 1:6.82 The more

-

intense 254nm mercury line precludes the build-up of photolabile

S
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campounds that absorb gtrongly at this wavelength such as 1,3-dlenes. It
¥

is well known that 24 undergoes very efficient ring closure to yield 2,
as discussed in Chapter I.57 It 1s therefore clear that any 1,3-cyclo
heptadiene formed in the unfiltered photolysis (185 + 254nm) might be
canpletely converted back to starting material due to secondary processes

stimulated by 254nm excitation. The use of monochramatic light sources

in the present study circumvents problems of this type and the control
experiments that were performed indicate conclusively that secondary
diene photolysis has bee;1 rigorously avoided.

Although our results for 2 have provided new information on its

excited state behaviour amd corrected previous-work in the literature,
5

this example does not provide stereochemical information on the

electrocyc;"dc ring opening, since under the conditions of our

;

_ L
e:q:erime?xts, any ct-24 formed by ring opening of 2 would be rapidly

converted bacl: to starting material or to the CiS,CiS-iSC!H?I‘.aS

Observﬁ;’ior? of ct-24 would be poséible only under cornditions where the
diene iéclrler is stable (<—78‘b)35 or perhaps by transient spectroscopic

methods. This is-the subject of

&/ 3
heptadiene has been successfully trapped,34 affording 3-methoxy- ° &

futur;e work. Cis,trans-1,3-cyclo-

cyclocheptene, when ?ie cis,cis-isdamer was irradiated in acidic methanol .
However the cis,trans- diene isamer was not trapped in neutral methanol

under the same conditions.-?

‘ﬁe have carried cut a 193mm photolysi% of 2

in neultral methanol but h:;ve not observed any methanol additicn products:

A photolysis of 2 in acidic metharol has yet to be carried out.
Irradiation of bicyclo[4.2.0]oct~7-ene (3) at 185 or 193mm leads

4
to the efficient formation of both % and ct-25. ice these resylts
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are clearly not artifacts ot f:econdary dlene motolysis, the formally
symnetry forbidden ct-diene isamer is consicdered to be a primary
photoproduct. Unlike ct-24, ct-25 is reportedly stable up to 80% wnere
it undergoes rapid (conrotatory) thermal closure to §.35 Therefore,
Ct-25 can be detected under the experimental conditions establi:’;hed. In
fact, injection of a pure sample of ct-25 into the gas chromatograph
results in no observable isamerization under owur vpe caonditions,

} As in the case of 3, far ultraviclet photolysis of the cyclobutene

isamers of 1 ard 5' results in nonstereospecific ring opening to yield

- ‘ e
mixtures of all the possible geanetric diene isamers. Several

-

nechanist&c possibilities may exjist for the apparent nonstereospecificity
of the rir;g opening. In general, three asic mechanistic processes may
occur in the photochemistry of a moleculeea; {A) the electronically
excited reactant mclecule may pass directly to‘the electronically excitea
state of the product followed by crossing to the ground state, (é) the
electronjcally é&xcited reactant undergoes continuous, non—aii'abatig E:
reorganization, passing to the ground state of the product(s), or (C} the
elegtronically éxcited reactant molecule crosses directly to a
vibrat;i.onally excited or "hot" ground state of the reactant which then
undergoes a thermal reaction to give ground state products. Before
considering other alternative explanation;-, for the observed nonstereo-
specificity, it is mrtMiIe to examine our results in the context of
currently accepted theory:; i.e. that ring-opening proceeds pureiy by the 7
disrotatory pathway, and the forbidden iscmers arise as a result of
/ - “ecvndary events irrvolving isomerization of the initially formed diene

iscmers.’ Only one mechanistic possibility is consistent with a formally

_M'_ﬁ
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allowed ring opening pathway in thg case of 1, 3 ané 4 which leads to ..
mixtures of all possible geametric isamers: this is pa££way (A) which
involves adiabatic, disrotatory opening to yield excited dienes that in.
turn yileld all the ge%getrit‘: isomers as a result of their subsequent p
decay. Combined pathways (A) and (B) or (B) and (C) could possibly lead '//
diene mixtures as well. Adiabatic ring opening has been observed upon g
e:ccitatlion of 13 and 14, part oﬂf} a rather specialized family of |

cyclobutenes as already discussed in chaptér <:me.52'53 - 3

The process may be visualized effectively using the most —
galdllated {ab initio) state correlation iiiagramsla for the ground amd
excited state con- and disrotatory interconversions of cyclohutene and
butadiens showm in Figure 2.7. Although these botential energy surfaces
have been calculated for the masubstituted-parent system, the calcula-

5 : -
f\ 2 '- ; ' N
E(eV), - d

#F

O con 7N\ dis . N
o
FIGURE 2.7 Calc?‘ﬂéted potential energy curves for the grournd amd excited

state con—- argd disrotatory intercornversions of cyclobutene ard
butadiene. : '
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the calculgttions are, in general, consistent with experimental examples
involving the thermal and @otochemical interconversions of these
canpounds. The pro-cess begins with excitation of the cyclobutene to the
S1 (1,.1\I (2)) surface where disrotatory ring opening commnces.. Two
crossings, fram s, ('A’'(2)) tos, (!a’(1)) at ¢ and then back to S

(IAl {F) at B, provide an energefically accessible path to the minimum on
the cyclobutene Sl (1111l (2)) potential energy surface. A thi rossing

at A would provide a path to the {1y open diene in the ffirst excited
singlet state, this pathway is 5-8 kcal/mole endothermic relative to the

s, (*A'(2)) minimm*® Once obtained, the singlet excited diene is
expected to decay by cis,trans isanerization or disrotatory closure to E}
regeneraﬁe the precursor.42‘43 The mixture of dienes obtaineq should be
| governed by the decay characteristics of the singlet excited diene. This
process would have to ﬁonpete effectively with intirmal conversion to the
ground state disrotatory surface at the partially open geometry in order

te account for our results. This would'require an over-estimation in the
calculated barrier of 5-8 kcal/mol or that the excited molecule cantain
enough vibrational energy to overcome the barrier.

Mechanistically, the apparent nm—ster?specificity with which 1,

3, ad 4 undergo photochemical ring opening may be explained in terms of
such an adiabatic process, where ocncerted disrotatory ring opening .
proceeds to yield fully open diene in the first excited state, which/\
turn decays by torsional relaxation to a distorted excited state
intermediate. Scheme 2.1 serves to exemplify this process for g} ’wh.ich,
according to this mechanism would open via disrotation to excited cc-25.

Scheme 2.2 shows the mechanistic path for ¢ and t-4.
' 4

3
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SCHEME 2.1. Adiabatic disrotatory electrocyclic ring opening mechanism
for 3 affording both cc- and ct*»25.
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SCHEME 2.2 Adiabatic mechanism for the non-stereocspecific ring opening
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As shown in Scheme 2.1 for 3 and in Scheme 2.2 for c- and t—4,
their photolysis can result in just two diene isamers which are linked by
a cammon twisted intermediate. As a first approximation, we assume that
the decay characteristics of the excited dienes produced fram cyclobutene
ring-cpening are similar to those that determine the quantum yields for
direct cis,trans-photoisamerization of the dienes themselves. This being
the case, we can use the latter values: or .ratios, to calculate the
expected distribution of diene isomers obtained in the limit of purely
disrotatory, purely adiabatic ring opening. The direct photoisomer-
i1zation of cc- amd ct-25 has been studied by Nebe and Fonken, who
reported values for ¢

(0.80) and ¢ £ (0.28).35 The sum of these

ct->cc cc->c

quantum yields is sufficiently close to unity to suggest that both
iscmers decay predaminantly via torsional relaxation to yield a canmon
twisted excited state. Canparison of the isimeric diene ratio {cc/ct =
3.0%0.5) obtained fram the photolysis of 3 with the gquantum yield ratio
for the direct photoisamerization of the dienes as obtained by Nebe and
Ponken {cc/ct = 2.9 .5}, neveéls that they are equivalent within |
experimental error. While these results are thus compatible with the
adiabat.@c.mecl'xanian for photochemical 'rirg—opgzjirg, pt:otolysis at 193
and 214mm afford dramatically different 1s;cmerii: distributions {cc/ct =
1.5 at 193mm) which may indicate that the perfect fit of 3 to the purely
adiabatic mechanism is coincidental.

The next highest system in the homol series of amelated

cyclobutenes, the cis- amd trans- bicyrlo{5.2.0]-8-enes (c- and t—4¢

respectively) provides a tem to study the adiabatic mechanism,

since according to the mechaxiism each iscmer of 4 should pass
“ 1
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adiabatically through the same twisted excited state and therefore lead
to equivalent isameric diene mixturés {Scheme 2.2). Although cis- ang
trans-4 yield similar isomeric diene mixtures (Equation 2.7}, suggesting
the involvement of a common intermediate, the results do not fit with the
purely disrotatory, adiabatic ring opening mechanism. The ratioc of 'the
quantum ylelds for direct d;ene cis, trans-photoisomerization,
¢ct_>ccx¢cc_>ct. is 2.2 +0.2, indicating that the twisted excited state
relaxes preferentially to afford the cis,cis-iscmer. In contrast,
cis, trans-1,3-cyclononadiene is the major diene isamer formed in the
photolyses of both - and t—4.

Far udtraviolet irradiation of the simplest alkyl-substituted
cyclobutenes, cis- and trans-3,4-dimethylcyclobutene, (c- ard t-1) yields
mixtures of the three possible geanetric isamers of 2,4-hexadiene (22) in
each case, 2 shown in Equation 2.4, The diene mixtures obtained fram
both cyclobutenes are weighted toward the isamer(s) resulting fram the
formally forbidden conrotatory ring opening pathway. ‘Sjl.nce three diene
isamers exist for 2,4-hexadiene, determination of the expected relative
yvields of these dienes fram c- and t-1, according to an ad.tabaﬂc
' mechanism, is less straightforward thﬁ?n in the cases above where only two
isarers were possible. Assuming that adiabatic ring opening does occur
in this case, a simple wn{culation has been made in order to estimate the
expected relative diene yields using the quantum yields for their direct
photoisamerization which are displayed in Eqn 2.10.2% The —
calculagfed fram the diene ratios are clearly very different fram the

a

values obtained experimentally. -The discrepancy in the mmwbers may be

due to a dissimilarity in the intermediates that have been postulated for

/
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the direct diene isamerization®® and the intermediate(s) hypothetically
formed upon adiabatic disrotatory ring opening of cyclobutene. An
important feature of polyene photochemistry is reactivity control due to
éxcitat;on of individual ground state conformers, whose excited states do
not interconvert during their lifetimes, The facile rotation about the
bond between the conjugated double bonds in 1,3-dienes results in the
existence of more than one dienec cenformer in solution. o This rotation
results in an equilibrium mixture of s-cis and s-trans diene conformers

!
as shown for tt-22 in Equation 2.12. Butadienes substituted at C1 ami/or

[

2 ' / — .
o~ — = CEE >

2.1% .
s~-trans s—c1ls

~-98Y% ' . ~2% 2

C4, such as 2,4-hexadiend, have equilibria shifted almost entirely to the
s-trans conformer at room‘-]tenaeraf.::e in solution. Thus, measured
quantum, yields for d.irect(photoisomrimtim of dienes of this type
essentially reflect the decay characteristics of s-trars diene

singlets. 39

On the other hand, cyclobutene ring openigg presEbIY
vields dienes initially in the s-cis conformaticns. There is gdod reason
to expect the decay characteristics of s-cis diene singiets’to differ
frem those of the s-trans conformersi?'43 ang therefore the relatively
simple ca.lcu.latior; perfonned using the decay characteristics inferred
from the direct photoisomerizatien of 2,4-hexadiene should not

@ gecessarily be expected to n.fi . The observations made an the direct

;

Photochemistry of cfclobutene should therefore be considered more

-3
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carefully within the realm pf postulated mechanisms fdr direct cis,trans /

lfhotoisanerization of acyciic 1,3—dienes.12'13'42'43

Saltiel and co-workers have s@ied the diréct photoisamerization
of the three geametric isamers of 2,4-hexadiene and have determined the
quantum yields for their intercdnversions.l®/42 4. rssfxgtsmreveal that
diene excited singlet states\'iz;erize about only one bond ;ln contrast to
the triplet state mi;h(leads to two-bond isamerization. This conclusion
is evident in the quantum vields for tt -> cc and cc -> tt isamerization,
which are both indistinguishable from zerg, 13,42 These two resmts show
that the -lowest singlet excn.ted statAﬂezgo torsional relaxation about
only one double bond and therefore an intermediate such as an excited
1,4-biradical singlet is excluded as a possibility.“'“ -

One bond isamerization in singlet excited 2,4:-he1adién.e is nicely
acrc‘?unted for in terms of the allylmethyl_ene mecrgxism.la'ﬂ;“'m'es In
order explain the results shown in Equation 2.10 a minimm-of two
distinct twisted intermediates, each. leading to isamerization about one
bond, is required. This mt.:chanism explains the isamerization by involv-
ing torsional relaxation of initially planar singlet excited dieness about_
only one double bond through relaxed, noninterconverting, diradicaloid
excited states. This mechanism is not able to account for the observ-
ation that more than 50% of the eicited dienes decay without undergoing
cis,trans isamerization as revealed by the q:mntum efficiencies {all N
<.50) exhibited in Equation 2.10. Thus scme camponent of excited state
decay that proceeds directly.to the startiry-isamer in 'its ground state

-without tor-siorxal relaxation is required. The above considerations

disregard excitation of 1,3-dienes that are in s-cis cm.sfomatiéns.
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SCHEME 2.3a Allylmethylene mechanism for the photoisomerization of
} 2,4-hexadienes, 22.
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sc:me 2.3b O;clopropymarbinyl dirad.ica1 mechanism for the :!l'ntoisorrer—
izaticm of 2, 4—1)E<adimes, 22.
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A3 Schrme 2.3a ohows, twisted allylmethylene oingleto can account
for the one-bond 1uaner,t;’:fation, provided that s-trans/s-clis conformation-
al ecquilibration is slowl and unable to canpete with torsional relaxation
of the planar.s-trans singlets that lead to intermediates 32 and 33.

‘K’second mechanistic possibility jnvolves cyclopropylcarbinyl
diradical intermediates, first proposed by Srinivasan,®® am involves
1,3-bonding in the excited diene to yield cyclopropylmethylene type
biradicals, 34 and 35 (Scheme—i\ b}, 13 To account for one-bond isomeri-
zation of singlet excited dienes, atereospecific formation and ring
opening of two biradical intennediates 34 and 35, is required.

We have considered the adiabatic ring opening of cyclobutenes c:N\

“and t-1 within the framework of these diradical mechanisms described

above for the direct photoisomerization of 1,3-dienes. The analogous
proc:eés gives s-cis dienes formed by adiabatic, disrotatory ring opening
of the singlet excited q}clobutenes. As in the case of direct photo-
isone;ization of diemes, We: assiue that s~jtrafs/s—cis conformational
equilibration is slow compared to torsional relaxation of the s-cis |
planar diene singlets. As shown in Scheme 2.4, the proposed mechanism
can give all fhe/ggp:retric isomers of 2,4-hexadiene through allylmethyl-
ene intermediates 36 and 37, which are assumed to be distinct amd non-
ferﬂverting. If one assumes that ring opening occurs only by the
purely adiabatic, disrotatory patlway, then this mechanism Cannot account
for the observation that c- and t-1 eith yield diene mixtures weighted inﬂ
favour of the formally forbidden _iscmer(s).r This can be shown by solving
th\e éet of four simultanecus equétions involving the four unknown

partition coefficients in Scheme 2.4 using the Jfour independent product

\‘- o / - P



SCHFEME 2.4 Non-stereospecific ring opening of 1 via allylmethylene
biradical intermediates.
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ratios obtained fran Table 2.2. The values obtained in this manner for
the gartition coefflcients have no physical meaning as same are greater
thzgm‘one or less than ‘zero. Phy;ically meaningful values do not result
even if the relative product vyields are all?wed to vary by as much ;s 15%
fram the experimental values, which is well outside our limits of
experimental error.

The cyclopropylcarbinyl diradical mechaniem!? shown in Scheme 2.3b
is operationmally equiv;a.lent to the ally'lmethylene mechanism and similarly
incapable of accounting for our experimental results.

Scheme 2.5 shows a modified version of the cyclopropylcarbinyl
mechanism for diene pho:coiscmeriza‘:ion. This mechanism differs fram that

%of Figur;e\ 2.3b in that.all four possibie cyclopropylcarbinyl diradicals,
- formed by concerted closure of the three isameric 2,4—hemdier/m%are
represented as distinct, )on—interconverting species. Conformaticnal s-
trans/s-cis equilibration of the pianar diene singlets must be slow
relative to relaxation t;‘[:{ diradicaloidgspecies. Rotdtion about the
exocyclic bend rust necessarily be slow :oupared to re—opening of. the
diradical which generates ﬂthe c‘liihex?e via amthe& cancerted ring op;g

Diepe. isomerization therefore results from the mode of concerted ring

-l
oﬁng processes (it®does not matter whether the process is dis- or
conrotatcdry as long as the mode of closing/opening is consistent) and not

torsional relaxation about the exocyclic double bond. \"Aﬁ

The purely disrotatory, adiabatic ring-opening can be represented
X
using this mechanism. Cyclobutenes c— and t-1 each generate two distinct
intermediates, and their mechanisms for ring cpening (Scheme 2.6) are

thus not coupled as in the previcus e:mples::mln this case, trm:.gh,-‘?the

%

- ¥
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SCHPME 2.5a Modified cymop*cgylcarbinyl diradical mechanist for the
photoisomerization of 2 —hefxadieﬂe
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2.5b Interconversion of s-cis.aml s-trars geometric isomers via
el modffied cyclopropylcarbinyl diradical intennediates.
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intermediates arising fram the s-cis singlets fram cyclobutene are
identical to those involved in the direct isamerization of s—-trans-1, 3-
dlenes (Schgne 2.5b). Since in this case the diene mixtures fcrmed by
. cyclobutene ring-opening and direct dieﬁe’/@/ccitation are linked by the
game intermediates, calculation of the ?tire set of partition coef-
ficients given in Scheme 2.6 is possible using the product ra fram
photolysis of 1 ard using the guantum yields from the 2,4-hexadiene
photolysis.®® 1In this case the values obtained for the partition
coefficients are physically meaningfiul (pleasé consult appendix A for the
calculation details}. Although reasonable values for the various
partition constants are obtained from the calculations, the mechanlsm is
probably unrealistic. Intermediates of tl'us type would be expected to
experience same égree bogdmg between th\ejadical centres if rotation
about the—emoc;,"clic C~C bord must be slow. This shcul;i be reflected in
the product mixtures fram the direct photolysis of 1,3-di_g\nes where one
would expect to cbserve rather higher yields of bicy%lob.xtmes than is
mmally the case; they are.\ fact minor products. 12,13 Bicyclob\?x‘tarés,
as far as we are aware, have not been observed in the direct photolysis
of cyclot:uterm, although they may be minor productsi2-2! Finally, our
study of the l:hotoisam;rization of Z,Z- and E, Z—ethylidene——cyclokma
prcvides e¢idence that disputes this mechanism for diaTis,trans

that: @

and s-trans diene conformers be linked by cammon éyclopmpfl-carbimjl

photoisamerization. The requirement of this mechanism

diradicals (-fiéure 2.5b) the result of which is one-bond isdnerization of
- r s
al s-tras or s-cis diene conformer via the diradical intermediate

affording a geametric isamer in the other conformation or (11) the
LY /\l



76

4

(11) the diradical simply rc-opens in the direction of initial ring
closure resulting in no apparentl isomerization. Thus, the mechandsm
implies that cis,trams isomrizatién of conformationally constrained

" dienes such as Z,Z- ard Z,E-31 should be inefficient. Ring opening of
the bicyclic q.(clopropylcarbinyl.diraﬂicaﬁ to the other diene isaner may
be precluded due to constraint iﬁposed by the fused rings. Instead it
may only open in the direction of the dnitial ring closure resulting in
no apparent isomerization. In fact, we hawe observed the isomers of 31
to be very rapidly isamerized upon direct irradiation of 254nm light to a
photostationary state that consists mainly (90%) qf the diene tentatively,
identified asd"éﬁe Z,Z2-1somrer of ethylidenec:yclohex;ane.

Thus, {the bulk of the experimex{tal ezidence obtained is
inconsistent with a mechanism for non-sterecspecific diene formation that
-involve‘g purely disrotatory, adiabatic ring opening, unless excited
-dienes formed by ad.iab ic cycloputene ring-opening do not isomerize by
the same mechanism that leads tq diene isomerization upon direct
excitation in scolution. Pe;haps the hon—stereospécificity exhibited by
the cyclohutenes above is que mrtly to an adiabatic conponent of
disrotatory opening, batgother processes ‘for the formation of the
formally-forbidden diene isorers éxist that conpete wi}i _the excited
diene singg.ets that have bee'1 assumed to isomerize \fié the simple
twisting mechanism of Scheme 2.5. Torsicnal mmznmm effectsm could
account for the observed diene mixtures fram 1 and o4 within the

o

adiakgtie, disrotatory ring openi*:g mechani jo fo*' exarple. The

;505' 1lity of to*simal nanentun ef fects in the photoisarnerizations of

aid dienes has been derived 'theoretically,a? ard the concept is
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incampatible with the theories of equilibrated cammon intermediates that

- _ hav’} been described above. Experimentally the effect of torsiocnal
mamentun would be signalled by quantum yields for isameric diene
L) .
Ty

photoisamerization that are equal to or greater than 0.5 in both
directions of diene métoisanerization. No experimental evidence has
been reported that supports torsional mamentum effects in the photo-
isamerizations of neutral systems, although there ;‘s.re systems (cha.r*c;;eci88

" as well as canplexec®® systems) that do support the idea. This ard the

fact that the photochﬂnistry of-g and t—4 does not appear to involve ?
torsional momentum effects of thé excited sipnglets, render this
possibility quite unattractive.
a . ]
Other uedmmuc Possibilities. =
The excellent fit of 3 to a purel§“adiabatic, d‘;srotatory ring—
opening mechan,ian is almost certainly m;&idmtd c%nsidering the &

results obtained for 1 amd 4 } apd from the 193nm photolysis of 3.
Therefore other mecr%xistic possibilities for non-stereospacific ring
opening mechanisms must be ccrn;idemd‘.

~ One possibility is that rifg opening of the cyclobutenes occurs
fram the excited singlet state (sdiatatically or non-adiabatically) in
campetition with radiationless decay to vibrationally "hot" cyclobutene
grourd states that subsequently lm:lergo conrotatory rirng opening. ﬂ@l
vibrational overtone photochemistry of cyclomtene-‘.using direct single-
photon {infrared} excitationy/of high CH stretching overtone transitions
has been ocbserved to induce isaneriiatio‘h to 1,3—butadiene.9° In

addition, Srinivasan proposed vibrationally "hot" cyclobutenes to explain

LY
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the formation of formally forbidden diene isamers in the triplet

sensitized tochemistry of 0—1.54 A similar mechanism has been

suggested in the photochemistry of 2.49
A distinction between a reaction involving an electronic excited

state vs. vibrationally excite;i ground states may) be difficult to

asce tai’i:.. The invol'%a-nent of highly vibratior‘ia!lly excited ground states

is rather cammorn in phc;t yses of alkenes conducted tn thie gas pase,

The pressure effect, which has been utilized¢in the case of far W gas

mase\mqt\oché’nistry of same simple afﬁelnes, un‘éy possibly provide a

useful test\ for the vibrationally "hot" ground state cyclobutene concept ™

in the gas phasel.,;zc'nr exarple, {¥jjhas been proposed that the yield of

motoproduct; from highly excited vibrlatione:l wﬁ states of alkenes -

that result from rapid internal conversion, is suppressed by*addition of

foreign gases. Thus, the participation of "hot" cyclobutene ground

states may be signalled by quenching of formally forbidden diene isomers

a‘s\tE pressure of inert gas is increased .*: a gas phase studs_{.gl It is‘

| difficult to imafine that such secondary effects would lead to the large "
variation in prodxlct‘ vields observed here in solution where deactivation -
of "hot" cyclobutenes by tne solvent should be highly efficient, thereby ™
qae.-nching the pzmess.r Laser flash pl'::i}tolysis may prove usé. 1 4n
determining the extent of "hot" cyclobutenes in the photochemistry of
thes! sys‘ti&" in solution. The fluoregcent excited states of siimplg
alkenes have decay rates in the order—ef 1011 &2 81 1t TG W
that primary processes imvolving the singlet e:cx;;i_.ted state will mct at

comparable rates. Seccmdary processes irvolving vibraticnally excited

‘ -f' grourd states may react more slowly ard these processes might%
" :
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observaibrle by flash photolysis techniques. The laser flash photolysis

experiment has precedence in the study of the photochemistry (193mm) of
¥

2,3,3~trimethyl-1-butene and 2,3-dimethyl-2-pentene.>?

S
Isamerization of hot diene ground states formed after disrotatory
ring opening carmot account for the observed product mixtures. RRKM

tl’xeor'y":)3 predicts that isomerization of a photochemically generated hot

L]

ground state is statistical in nature (ie. the energy remaining after "

rapid internal conversion is randomized among the ground state . )
vibrational modes before rdaction) and therefore reactivi\% should not
differ fram \txlermally generated dienes,

Canpound 15 is the only.cyclobutene derivative that has been

-~

observed to undergo sterecspecific ri@openim.lg Interestingly, only

ol ;

the cis-fused isamer uft‘goes el:actroqrclic ring opening at all. The
most obvigus difference between this system and the ones.studied here is

the dedtee as well as the type of substitutign of the cyclobutene

- = [}

hromophore”.

In view of the effect of substituents on the relative erergies of
excited states in alkenes one may consider the possible role of the
R’}dberg excited state in these ring opening reactions. The effect of
increasing alkyl-subsfit}.ltion in simple alkenes has been shown to

g

stablilize the m,R(3s) ex;cited state to a much greater extent than the !
£ i
59.60. 1, light éthis'érend, the Rydberg excited
state, possibly the lower in energy of the two in the case of 15, may be
resgr;ﬁﬂe for stereoépecific dismtatdw ring opening. As mntioned‘ in
the introduction, the Rydberg excited state of simple alkenes may e

referred to as a semi-ionized radical-cation, and the7efore, it may be

e
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instructive to use cyclobutene radical-cations ao moxde 1 Lor the Pydberg

. state of cyclobutene. Cyclobutene raodical-cations, studied both

N ¢ . >

th.nnzcn:‘r:ti::a\ll\.rg4 ard experimentally in the gas ph:ipo,“’b e have been shawn
. :

to open expediently to the analogous 1,3-diepe Tadical-cations. Various

workers have attempted to consider the reagtions of the open-shell f
systems within the cont@:t of orbital symmitry rules even though it is

apparently not clear what effect the re
98,99

of an electron hgs on chese
’(.f

The only conclusion \%t appears

orbltal symmetry considerations.

clear in the studies that have been carr)e(o t is that cyclomutene
~ - 7 :
radical-cations undergoe thermal ring of:eni more easily than their

-
neutral counter[:arts.94_97 Gross and Russell, who have used the

i 4 [4
technique of ion cyclotron resonance spectrometry to generate alk\/lgb"}s

97

and aryl™ substituted cyclobutene radical—ratisms, have estimicd that

. the maximumn activation energy for this process is ca. 7-14 kcal/mol.

L\}‘ 9

Bauld arnd co-workers, 4 who have studied the problem theoreticallygria

several models, found)the concerted mechanism to invol$e a preferred
conrotatory motion which has an MVDO/3 and MYDO activation enerqgy of&&i

ively. The interesting cor:clusicr*\tu arise from

frd 31 kcal/mol, respec
Bauld's work was the establishment of a second pathway leading to diene

radical-cations having an MNDO/3 activation energy for _.the opening of 21
kcal/mol. This pathway involves ring dontraction to a .Cyclopropyl—
carb:-inyl radical-cation which cleaves to give a diene, as s 7 in Scheme
2.7. The theoretica¥¥dability of the asynchronous pa"tmayr:lfmmd
using extended basis sét optimized ab initio SCF MO calculat.ion-s, ‘which
vielded an activati'cn energﬁ‘f of 20 kml/ml for thd\ ring opening process.

Interestingly, this mechanism bears a close resemblimce to the

v

¢
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mechanism for cyclobi'xtene radical-cation.

Vi e

SCHEME 2.7 Ring

i -~

cyclopropylecarbinyl diradical mechanism for diene photoisomerization
(Scheme 2.6). ) Lo

If the ;r.’R(SS} excited state of cyclobutene behave:s amlogously to
its radical-cation, then the results of Bafuld and co-workers have two
major implications with mpeét to the role of Rydberg excitation in
determining the stereochemistry of the rirg opening of cyclobutene
derivatives. Fir;st’,\:ilectrocycl_;cm'].ir_z_g\ may occur conrotatory as

Bauld has determined ‘t‘.l'xeoret:J.c.-a.l..ls,r.94 The second implication is that the

electrocyclic mathway in fact may not be the lowest rgy math to ring

qpen.i.ng, it a nen-synchronous, unsyrrmetrié_l ;atmay may be the one
..responsfl':\le for diene\formation. Scheme 2.8 illustrates the process-
. explicitly for trans-:i,4—dimtlfy1c.yclé:tutene, t-1. The ring contraction
process has been depicted to ocour adigbatically in order to clarify the
; g

course of ent, but this is not meant to imply that ring

~

w proceeds as such.;' Electron demotion as the rearrangement
prpceeds could afford the ground state cycloprcpylcarbinyl' diradical
‘ P . ~ o
directly. If the btereochemistry of ring contraction is governed only by

steric effects, a mixture of all dieng isamers s'fi::u,ld result, and ,

the two ismmers of 1 might be expected to afford different mixtures g&- '

i
dienes. ~ On the basis of these considerations cne concludes that the

b o
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SCHDB 2.8 Hypothetical reaction mgchanism for the Rydberg excited state
of t-1 within the framework of Bauld's mechams*t for

c.yclobutene radical-cations.
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m.R{3s} state may not give stereos;)ecific ring%tfbening if it reacts in a
manner similar to cyclobutene ragical-cations.

However, the behaviour of c— énd t-15 appears inconsistent with
the above hypothesis, since these campounds are expected to have low-
l:ying Rydberg exci£ed states. The fallure of t-15 to undergo ring-
opening to any E}:‘cent indicates that the cyclobutene Rydberg state does
not hrﬁergo conrotatory cpening as theory has predicted for the radigal-
cation, and also renders the asynchronous pathway unlikely.

Recently, cis-3,4-diphenylcyclomutene (3B) radical-cations have
been sho.m to ur;dergo stereospecific conrotatory electrocycloreversion to
‘cis,trans—l ,4-diaryl-1,3-butadiene in solution when generated by the
photoexcitation of —the electron donor-acceptor (EDA) complexes of the

’
cyclobutene amd tetracyancethylene or under photoinduced electronf
transfer condjtions.lm A stepwise mechanism involving the intervention
of a cyclopropylcarbinyl radical-cation intermediate similar to the one
described above, is not supported by the observed stereospecific nature
of this reaction. In addition, the radical @ation of 1,2-diphenyl-
3,3,?,4—tetrametrglgyclobutene (39}, genefl-::/ e&is’ir%ﬁy;'ly in 'solution. has
been shown to undergo ring-opening to the corresponding diene rather
iﬁefficiently.48 Of course, the latter example offers no stereochemical
information 'op the process bt doe_s imply that cycloitene radical- |
cations undergo ring opening rathér reluctaz;tly. '

The Rydberg excited state has been described as radical-cationic
in character.57 This descriptioh does not however necessitate that it .
will behave as a pure radical-cationic species. .In fact, the Ty (the

»

-maximum distance of the excited elec'tron fram the core) of the excited
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electron is sufficiently small that the core should be distinctly

a8 If the Rydberg excited state is involved in

affected by its pres‘e_nis.
™ “ring opening, then the behaviour of c- and t-15'% indicate that the
disrotatory pathway is the preférred one.

In order to ascertain the possible role of structure in the
photochemistgy of 15 we have studied the photochemistry of cis-1,2,3,4-
tetfarnetluﬁrlcyclomtene (c-6) at 193 and 2_14nm. The UV cg‘bsorpt‘:lv:m
spectrum of c—6 in solution (Appendix) reveals that the Rydberg state,
whose ébsorption extends out to ca. 230mm, is indeed lower in energy than
the ‘.'T,‘.'T* excifed-state. Compound c—6 cpens noh—stereospecif:lcnlly when
ir.'radiated at 193nm, yielding all three gemmetric 'isamers of 3,4-
dimethyl-2,4-hexadiene {ZZ-, EZ-, and -@).‘ Irradiation at 214mm also
results in non-stereospecific iscmer'ic‘ diene mixtures, bt the vield of
formally forbididen diene iscmer is increased, The UV absorption spectrum
of c6 reveals considerable overlap of the ‘_:r.‘n'* and T.R(3s) sta:tes at *
214rm and therefore the pho*,cochanistr.y arising frcm irradiation at this
wavelength is almost certainly not due Frﬁtirely to Rydberg excitation
alone. While it is thus not clear fram the resu.lts. of the 214rm

. r.hotolysis io what extent prttht formation results fraﬁ‘e;ccifation of

| the lqg wavelength absorptioh.ga:gi, the fomatior_t of fomélly-forbicﬁen

- dierie isamers does appeé? ‘f;_éormla;ce wif.h é:o::itat:lc;h of the lawer
energy excited state in this oanpatmd Irradiation at 229rm using a
cadmium resonance lamp will be the subject of future work on 6 in OIdEE )
to clarify the contri_b.xtionﬁ of the lower energy an:j_.'tgd.'sta'te-' to the
photochemistry of c—6. . f" ey ™A ’

" Prom the observations for .c6 it follows that 15 ﬁpres:EIlts a

L -
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unique system relative to the cyclobutenes studied here, and it is

i

rrhed that configurational ceonstraints may play an impbrtant role in
the photochemistry of c- and t-15. The poé;sibility that the
photochanisfry of 15 is highly influen;:ed by stru_ctura.l constraint is
) supported by the resu.lts of. the photolysis of c-6 at 193 and 214rnm. As
far as we are aware, t—15 represents the énly example of a relatively
simple alkyl—substituted cyclol?utene that does not undergo electrocyclic

r'ing opening to 1,3-dienes’ to any observable extent. Camplete

consideration of our‘ results for mono- aﬁd bic:j'(clic systems and those for
.c— amd t-15 may indicate that ring opening is initiated by dis'r:otatory

motions in the cyclobutene excited state(s), but the stereochemical sense . 2

'

of the process is "foi‘gotten" at ‘some later stége on the reaction
coordinate;- perhaps as a result of intermediates that ultimately afford

mixtures of the iscmeric dienes. In the case of t-18, which does not
- - (]

undergo electrocyclic ring opening, the ring opening process may begin
disrotatory but at same point along the re{tion coordinate structural
constraint prevents cappletion of the process.

5

Wavelength and Low Temperature Studies

. A )
At least three singlet excited states may be participating in the

. . %*
photochemistry of the cyclobutene system. These are the S, (mm ), 82

1
(m,0°), and T, R(35) Rydberg states. Ab initio studies indicate that the

S1 a.sjwell as 82 potential ernergy surfaces play an important role in the

electrocyclic ring-opening of the parent cycl::wbt,ttene.18 There is scme:

experimental evidence supporting Rydberg excited state involvement in the

photochemistry of cyt;lohztezxe,zl but as far as we are aware no one has
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. . —"Excited state participation in simple alk.eﬁes_and their respective J

¥ the phrotochenistry of "these cyclobutenss on e::-u:itation wavelength.

“ ,'r\’
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suggested electrocyclic ring opening via this excited state. Wavelength

dependence studies with 2,3-dimethyl-2-butene have provided rather

convincing evidence concerning the relative extent of 1T,7T* and T.R{3s)

/

reaction patl'mys

Absorptidn spectra for cyclot tenes 1 ~ 6 have been recorded {see

‘ Apbendlx). In general, the spect:ra consist of single absorptmn bands

which extend out to ca. 210-215nm for cempounds unsubstituted at the

double bond. The absorption maxima‘ in both ciig and trans-—substitutec}
canpounds remain well defined at 186“\".511:11 in all cases but t-1 which has a B
mascimum shifted to 188nm. Curiously, the ,abs'oriat_ion bands of trans-
substituted cyclo:buten&s appeax slightly more 'di'ffuse, tailing out an
additional S-8mm. In con‘.:rastf' the ab%orption bands of the substituted
cycl'obitenes Qand € are more diffuse' than in the unsubstituted cases.
Within the series of cis-substituted demlvaives 1,5, and § the

absorption maximm shifts to progress'ively longer wavelengths (185.5 to

190.2mm) with increasing substitution at the double bond. While the

spectra of 1 and 5 show featureless single bands at 186 ard iBme, E
respectively, 6 exhibits a band at 190mm (€ = 11,700) ard amother at
215nm (€ = 1000). |

The narrow absorption ,barxis of the cyclobutenes studied here may
be comprised of two or more overlapping electronic transitmnsl as the UV
absorpticm spectrum of 6 reveals that at least two excited states are

accessible in the wclohxtene derivatim Within the rather narrow

absorpticm band -studies at 185, 193, and 214rm reveal a dependence of

9
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Moving fram 185 to 193nm appears to have a‘ratma;‘ ar?cmalous effect 01; the’
photochemistry of these cyclobutenes, l\qﬂever. The results vary fram an
increase in the amount of symmetry-allowed Aier;ais') in c-1, t-1 and c—4,
through no apparent effect on the diene ratio in the case of t—4, to an

increase in the yield of the formall? forbidden diene isamer in the case

" of 3, as excitation wavelength is increased. Wavelength effects may

tonceiyably ‘arise from various origins: (a) involvement of two or more

excited states that are.zuncoupled 50 that J.nternal conversion to the

~

lowest state éoes not compete with reaction from the upper one, (b) the

L

independent excitation of structural or conformaticnal isomers, (c) the

excitation of ground state camplexes, or (d) the secondary reaction of
101 '

primary photo—products PosSib'il'ity {b) may be ruled out in the cash

of the monocyciic derivatives, and (c) i;'l all cases. Furthermore, we
have shown that secondary photolysis effects are not a problem here, ‘ The
source of these apparently anamalous effects' is not olwious to us at this
time. Invoiv_anent-of tm{ or more excited states would seem consistent
with these results in light of the wavelength dependence of the

photochemistry of c¢—6 which clearly has two absorpticn bands in its

“ultraviolet spectrum. In the case of o6, the ratio of the fonnally

allowed over the formally forbidden pathway decreases from 1.4 at 193mm

: *
to 0.7'at 214mm. At 214mm, it is almost ce‘rtain that both the MW /and

§ the TI:,R(SS) transitions are beirg stimulated. It follows then,that
4 ! . X

~  perhaps the increase in the amount of the formally forbidden diene is due

Ty

to Rydberg excitation as described previously. In the case of the parent
systen, disrotatory opening woulcd appear to be the preferred path only

because of the s, involvénmt. If it were not for the allowed croééings



L0y

88
along Sj and 32 one would prediét that conrotatory copening would be the
preferrced mode of ring open%ng on the basis of the ab initio
calculat‘ions. The barrier to disrotatory opening. in the parent system
is, in fact, largé-r than that of the con:rotato;‘y path by ca. 15 kcal/mol
a@dix&g to these calculations. As well, the ab initio calculations
exclude the participat_ion of thé T,R(3s) state, wich may play a
prominent role in the photochemistry'of cyclobutene. In our study, the
energy gap between the 1r,1r* amd mR{3s) excited states is not expected to
vary significantly among the cyclobuteneé ‘studied, that are unsubstitutec‘i 4

at the double bond. However, cyciobutene 6, the only compound
; !

. , ¥
suwstituted at the double bond (and therefore /the only campound to

exhlblt two absorption bands in the UV spectra) shows a marked depemience
on—wavelength proceedlng fram 193 to 214nm. 7

Low temperature studies (193nm) perfoﬁﬂed on 1 and 3 indicate that.
the ?rrier to formal conrotatory opening is éldghtly higher than thaé:
for the disrotatory process at 77K. In the case of the monocyclics the |
difference appears-to b_e small, but ‘for 3 a seemingly larger barrier to
conrotation exists.aS'the cc/ct ratio increases fram 1.4 a-t TOocm

temperature to 3.3 at 77K. This change in the degree of

stereospecificity corresponds to a calculated difference in the

energetics at 296 ard 77K of ca. 0.7 kcal/mol. These results may

Andicate that electrocyclic rmg-openmg oc}xurs both dis- ani

conrotatory, smce dienes pert%;mng to both symmetry-allowed and

forbidden paths a.:ﬁ’ observed at 77K. The reduced amount of formally

A

s/ .
forbidden diene /fisamer at 77K may afég result frapn an increased

propensityl\of-zthe _vibrationally’ "hot" grofind state cyclobutenes to lose
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 their excess energy to the surroundings, and therefore undergg no

apmarent reaction. : ' J ‘ o ¥

f The overall pi-cture for the wavelength ard*temperature depeﬁdenc}
is ﬁndcubtedly more. éon‘p’licated than ‘this and gquite possibly i;wolves
mitual conversions amongst at least two ‘an:i po:ssibly three excited
states. Completely independent excitation of thé possible states does
not seem probal;le in light of “the naf'r-ow absorptic;n band for the
cyclobutenes smdiea, except possibly for higher s;_b;timted systems such
as _§ where photolysis at 229mm would hit the .‘tail of the'long wavelength
absorbance postulated to be: due to the n,R(aé) transition.

The results appear to underline the failure of the ab initio
calculatichs to represent the potential energy surfaces of these

substituted cyclomtenesi assuming the mwotoreactivity obéer'v'g.-d here
\

. * L)
results from 7,4 excitation.
2.8 Molecular Fragmentation
Molecular fragmehtaﬁion, formally a [025',, + azS] cycloreversioh,
has been observed for each cyclobutene system in the present study. The

Qroc.ess, which affords #mn alkyne and an alkene, the latter stereo-
speé:ificaﬂy, has been observed in earlier studies.’® 2! Two mechanistic
raths have been fomai‘ded‘ to explain the reactién. - The first (a-nd most
_ cammonly accepted) 'mechanis_m is the synfnetry allowed [oZS + '02'51
‘cycloreversiﬁn, postulated to explain the stez.:'eospecific formationf of en-
ynes resulting fram photolysis of c— and t—_]_.§_.19 More recently, a route
involving cyclolpropylnethylem crarberﬁ, prwnnably formed as a result of

Rydberg excitation, has been suggested as an alternative to the concerted

{

4
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cycloreversion mechanism,

-A clear trend e};ists in ‘the gquantum yie;dé for the retro-
cycloaddition of the four .amelated cyclobutenes studied herein. As the
size of the saturated ring is increased for the cis-fused systems the
éffici‘ermy éf molecular ‘fragn{entation also increases. One might
iniriadiy assume that L Y u—
amount of ring strain in the bicyclic system imreaseg and therefore the
opposite trend woulci have been predicted. The .fact that only t-4
° experiences a marked decliné“(in ‘the fragmentation process, in which the
strained trans-cyclcheptene is for'med',l may indicate that the efficiency
of .t:he prolcess is reduced when highly séraihéd produclts mast result.

The stepwise mechanism involving ring cont;'action framn the m,R({3s)
state would presumably occur via cyclopropylmethylenes 40 - 42 for 2, 3,
and'g resﬁectivély. 'I'k;e thermal chemistry of these carb;enes, generated
by thermal decompos:L mn of the appropriate: tosylhydrazong, has been
studied by K:erse arnd coworkers. 02 Each carbene reacted with 'ca. 70% =
rea.r-rangement and 30% fragmentatlon, mdlcztmg an apparent insensitivity
) to r:mg strain due to axmelatlon Assuming carbenes 40 - 42 formed fram
Rydberg excitation are responsible- in whole or in 'part-for fragmentation
and that they behave similarly‘to the thermally generated ones, the‘ir
mlatlve reactlv;ltles would rena.m constant through the cis-fused series.
It follows: then, that such carbe;es ;nay not be responsible for
the ;;rlatlon in the eff1c1ency of this prc?ceés in these systems assuming
that the efficiency of their fémfhtion does not vary from 40 - 42. It
therefore follows that perhaps the trends observed in molecular .

. . 5 :
fragmentation coriginate in the 7,m excited state, although it is

T

Rt
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possible that the efficiency of carbene formation increases as the size
of ring ammeiation increases since the extent of minor products increases
in, the series 40 - 42, Until the identities of some of- th; miner
products are confirmed, it is difficult to say, with any certainty, where

thls effect may originat@
<0 =0 =0
L @ o L]
% 40 4 ' 42

A mild wavelength dependence is observed for the fragmentation,
process in all the amelated cyclobutene gystexré studied when varying the

excitation wavelength from 185mm to 193rm. All cis-fused systems

‘experience a decrease i‘n fragmentation efficiency moving to the longer

wavelength. In contrast, the trans -fused comound, t—4, undergoes the
pz".c;oess more eff1c1ently at longer waveleng'ths Low temperature studies
on fragmentation process were ccmpleted for 2 and 3. ' The amount of
ﬁ:ﬁlecular fragmentation was observed to decrease at 77K relative to ring
opening.

¢ ) =
2.9 Other Processes ' ‘

'All photolyses produced relatively clean product mixtures.

Nevertheless, some minor prodw:ts- were observed in each aselexoept that.

of 2. One unidentified product was observed in the photolysis of c-1.

o
v

.
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Tﬁe additional product may be a methylenecyclopropane derivative similar
to that found in the photolysis of cyclolmatene by Adam, %1

- Two additional CBH12 isomers were present in the photolysate of 3 ‘

one of which was identified as 7-methylenebicyclo[4.2.0)heptane by @
coinjection of the authentic sample. Adam has suggested that
methylenecyclopropane, a major product in the 185nm photolysis of

cyclobutene, occurs fran cyclobutylidene carbene r&;u:lting fram Rydbefg

21

excitation.®” Contrary to that report we cbserve only minor amounts of

[ - @
the derivative formed in the photolysis of 3.

The higher annelated cyclobutenes (c-:and t-4) yield more complex

p—

photolysis mixtures’ containing 5-6 minor products, none of which have

been identified at this time.

-
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' CHAPTER III

\
Carbene Intermediates in the Direct Phobodnnistry of Cyclobutenes
A. Results ‘

3.1 Preparation of Cyclobutenes

L7

Unsymnetrically Substituted Tetramethylcyclobutenes
1,3,4,4- and 1,3,3,4-tetramethylcyclobutene (20 and 21, respect-

ively) were preparedhas a (ea- 1:1) mixture of isamers by the synthetic

scheme shown in Equation 3.1.-M The separation and purification of 20

and 21 were carried out by preparative vapour phase chrorr_ga.tography (vpc).

The structures were assigned on the basis of their IR, mass, ‘130, and, in

Q # ] &
particular, the IH NMR spectra. The isomeric cyclobutenes were

‘ -
differentiated by the coupling between the two ring protons in the _1}! R

spectra. In the case of :_'Ls'cmer 20 no coupling was observed between the '

: | o
.two protons; in contrast, the coupling was observed to be 0.9 Hz for 21.

9

The 'H NMR data for these compounds are summarized in Table 3.1.

-
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o ‘TABLE 3.1

bwrﬂzlﬂmmtatm'Cyclthe:.m_zp_mﬂgl.a

bt

Campound  § (ppm) Integr. Pattern = J (Hz) Proton
) 20 0.94 3 d 7.2 wcé
0.96 3 5 -y,
1.08 3 s - —C(CH,) 5
" 1.567 3 ad 1.6, 1.2, ~CHCH
2.23 1 o 7.2, 1.2 -cacu}a
5.66 i s oA : P
21 0.93 3 s - "« =C(CH,)
0.96 + 3 d \ T4 M Cna
1.06 3 s . -C(c§3)2
1.53 . m 1.5 CH
'2.30 1 ¥ Lol 7.1, 0.9 —cn:tcm3 -~
5.58 1 dg 0.9, 1.5 =¢-H~ -

a : s, F
Recbrded in deuterochloroform solutlor;.\—\/

3.2 WWim S’pectra ' \

‘The UV absorption spectra of 20 and 21 were cbtaindd as

94

deoxygenated cyclohexane solutions (0.00127 and 0.00191M, respec 1vely)

and are sumnarized in Table 3.2 (see. also Appendlx) Fach c:yclolmtem: -

displayed a rather broad absorption, devoid of any ,fine structure, which’
r 2 *

extended out to ca. 220mm.

A
TABLE 3.2

Sdlutim!‘tmeWAtaarptimeataforcYClobutm 20 and
21 in Cyclchexane (23 C}).

- fycloutens A (rm) - En;rgy (kcal) €

max max
.20 19%.9 149.0 ' 4,950
‘21 192.7 . 148.3° 6,700

A

" 8so1utions deoxygenated with stream of ‘argon. _bPath'léngth = 0.1 cm.
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3.3 Photolysis of Cyclobutenes 20 and 21 —

Photolysis in Hydrocarbon Solution: Photolyses of cyc.lo‘butenes 20
and 21 were undertaken in deoxygenated pentane or 2-methylbutane
(1sopentane) solutions with three different light sources; the fil_‘.aeged
low pressure mercury- lamp (185mm), the pulses of an argon fluoride

excimer’laser (193nm}, or an unfiltered zinc resonance lamp (214rm).

Photolysesemploying any one of these light sources produced the product

. ﬁmxtures shown in E’quatlm 3.2 and 3 3 for 20 and 21, respectively
Propyne and methyl- 2-—1:utene were identlfied by GC/MS and by cos.n;ject:.on
on two vpe columns. The fragmentatmn product’, methyl-z-—butene, and the
dienes 43 and 44 were isolated by preparative vpc from the ptntolyises of
20 and 21, respective1y°. A fev:r other minor products were alse observed-

- in the pi:lctolyses of 20 and 21 but they were ﬁot ident\i‘fied.‘ The results’
of the 185mm photolysis (quan‘gum yvields) are exhibited i Table 3.3 .
The preparatlve scale pkntolyses using 0.025M solutions in peptane, were
carried out at 193rm to ca. 40% convers:;m. The dienes were isolated

«  after distillation of the solvent and identified on the basis of their  °

13¢ ard 500 Mz 1H NMR,l IR, mass spec;tra; and by ::omg'zarison.to the
spectra of indeperdently

o | S TABLE 3.3

Productqmntmyieldsotpmductfo:mtimtmlaﬁnnptnmwnigofzo
ar:l21 in deoxygenated pentane (23 C).

WA

i o :
Cmpd. E-diene Z-diene - 2-MB Cyclobutens
20 - 0.09+.01  0.036%.002 0.21%£.02 - 0.015%:002
21 0.096+.010 0.030+.020 0.092+.016 0.010%.003

~



96

Ev-2

- E%-3

auojund
“—

ny

supjusd
—3—

ny

02

Ic

2'E



1
91

synthesized authentic samples (see Experimental). The 1H NMR data for
the dienes are -presented in Table 3.4. The dienes resulting fram the
direct motdlwis provide further support for the gstructural assignments
of 20 and 21.

The E- anxd Z-isomers of dienes 43 and 44 were identified on the

1

t;asis of their IH NMR _and UV spectra, as well as their UV photoelectron
" spectra (PES} in conjunction-v;'ith AMl/xl?sl*fl'L'li’ACl-O3 calculations of their
geanetries and molécular orbital energies.

The E- and Z-isaners of 44 were differentiated primarily on the
nasis of .the vicinal coupling between the two protons at the
disubstituted double bond; these were 15.3 ard 11.1 Hz for E- ard Z?ﬂ,
respectively. The UV and NMR spectra of E- and Z-44 compared fapourably
with those published.*®

NMR identification of the E- and Z-iscmers of 43 is morg dif:ficult
because allylic coupling, the only kind present in the isamers of 43, is
rot a good indicgtor‘ of stereochemistry in systems of this typé.105
Tentative identification of the two isamers was made on the basis of
cdnparisons w_i_‘gh the methyl prosﬁn-.chernical shifts of the preyiousiy
as_signec} isamers of 3,4—;dinuethyl—2,4.—he:cadier1e.106 Consistent charges in
the chemical shifts of the terminal. methyl groqa' protbns occu.f, moving
through the series fram Z,Z- to E,E-3,4-dimethyl-2,4-hexadiene. The
chemical shift of the protons o'f\ the terminal methyl groups moves upfield
" fram 1.70 ppm when constrained in the E—geametry to 1.47 ppm when
constrained in the Z—'gecmetry. . Die:;es Q and 44 both display the same
sys:tsnatic trend. In the case of 44, the change is from 1.76 ppm to 1.52

pom for the E- and Z-isamers, respectively. The chemfcal shift of the



98
protons on the terminal methyl group at C-5 moves fram 1.‘65pm for tha

ismmer assigned as E-43 to 1.48 for that assigned as Z-43.

TABLE 3.4

500 Miz 'H MR Data for Dienes 43 and 44.

Tampound ) { prm) Integration Pattern J (Hz)
2-44" 1.69 3 s -
174 2 s - (R,
1.77 6 m = {
5.47 1 dg 15.3, 6.8 \J
6.38 2 d 15..8
a |
7-44 1.52 3 dda 11.8, 6.9
' w58 3 S -
1.67 3 s -
1.69 3 s =
5.35 1 dg 11.1, 6.9
5.80° 1 d 11.1
b
E-43 1.656 3 d 6.9
. 1.69 3 s -
21,73 3 s —~ p
1.74 3 s =
5.29 1 a 6.9
5.61 1 br s w
7-43" 1.48 3 d 6.8 \
~43 . . b
1.56 3 = - b
1.70 . B br s -
_- 1.76 3 s - : ;
5,26 1 q 6.8
5.54 b br s - : . &

“Recorded it carbon tetrachloride solution. hRex:orded in deuterochloroform solution. .

1 |
Further structural information on the E- and Z-, isamers of 43 and

44 w%r'e obtained by UV photoelectron spectroscopy (PES) in collaboration

o9
with Dr. N.H. Werstiuk.-C7

It has been show: that.the 7, 7, MO-energy
splittings observed in the PES of an extensive series of cycl-ic: and

acyclic dienes correlate very closely with calculated (AM1) values and
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with the calculated dihedral angle about the central single bond in the

diene unit. 107

'The magiitude of the‘ T.m, splifting decreases as the
dihedral angle varies fram 0° {planar s-cis diene} t.hrtmgh 90°and
increases frem 90° to 180° {planar s-trans diene). Lw 7_, 7 ¢ energy
splitting_s. such as 0.8eV for Z-43 reveal that the diene exists primarily
in twisted confor‘hatiéns. The experimentally determined m_, T, energy
splittings ﬂave been campared with the values calculated using AM1 of
AMPAC. The'heat of formation for each diene isomer is calculated as a
function of dihedral angle using AM1: this information establishes the '
extent to which the diene exists as an s-cis or s-trans conformer. From
this information, the most stable conformer Z-43 is neither s-cis nor
s-trans, bt its lowest energy conformations exist with dihedral angles
between 60° and 120°, AML predicts a T_.m, spntﬁng of about 0.8eV
(éverage value) for these dihedral anglesf which agrees nicely with the
splitting determined by PES. Table 3.5 summarizes the predictions of the
AM1 calculations and the results of the PES studies of 43 and 44. The UV
absorption speﬁtra of E—' and Zﬂ corroborate these assigrments (Table
3.8) ‘as the mncimm {as 4n the case of.3,4-dimethyi-2 4-hemiiensts)
experienoés a bathochromic shift proceeding fram the E-isa'ner-' of the
diene (\__ = 232rm, €=10,700) to the z—isomr-dmx = 217&::-..,_ €=6,800) .
The E- and Z-ismers of 44 show sirr_.ilar behavior (Table 3.8).

Product yie:lds were determined from the slopes of concentration
vs. tire plots, constnmtéd for all products except propyne. Product
formation was monitored by vpc amalyses of runs carried to ca. 3-4% -
omnrers\ion. The relétive yvields for the formation of identified products

(except propyme) are displayed in Table 3.6. Figures 3.1 and 3.2 exhibit <~
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plots of the formation of prodicts for the 193nm photo yses .0f 20 and 21,
TABLE 3.5

PES and MNDO Data for the E- and Z- isomers of 43 and 44.

AM1 . PES
Diene
Conformer  Dihedral T LR
Angle Splittmg ‘ Splitting g
E-43 30-75 1.2 eV 1.3 eV
Z-43 60-120 0.8 eV 0.8 eV
E-44 180 2.2 eV 2.1 eV
b .
Z2-44 75-120- 0.9 eV 1.2 eV

“.'\ny:lf"(s) of the lowest energy conformtion caleulated by AM1. Angles <90 are the 's

cia conformers while those >90  are the s-trams. ]Awrage value of the w_.m,

splittingr detemined by taking the average of at least three points in the low energy
troph of the AM1 caleulated heats of fammation for dihedral mgles 0 -> 180 . .

-~

TABLE 3.6

Relative rates of product formationm from 185, 193, and 214m photolysis

of 20 and 21 in hydrocarbon solution (23°C). 4 "
Diene .. 2-methyl- ,'/ Cyclobutene
cmpd. , A (rm) . butene | Isauer
E Z { Eragmentat _ibn) { interconversion)
20 185: . 5.4 +.5 2.76 +.12  12.0 #1.2 0.92 +.12
1937 5.4 +.3 .  1.44 +.04 7.2 +.5 0.58 +.02
214 4.9 +.4 1.49 +.03 5.7 +1.0 0.55 +.03
21 . -185b 6.3 +.5 2.0 +.1 6.5 +.8 0.64 +.1
199 6.4 +.1 1.86 i 03 7.2 ¥1.3 0.8 £
214 5.2 +.4 2.6 + . 10.0 2.2 0.6 +.2

“Relative rates were calcilated from the slopes of cgneentration vs. time plots for
f‘m*mt_im: of products from 20 and 21. 'In n-pentare. In isopentme. dt:mg]e—point
determimtion at ca. 4% comversion nnly.\ '
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Fhotolysis in Methanol: Photolyses of 20 and 21 were undertalen in dry,
deoxygenated methanol solution (0.014M and 0.011M for 20 «%md 21,
respectively) at roan temperature using the zinc resonaice lamp (214nm).
No products in addition to those observed in the pentane photolyses (Eqs
3.2 and 3.3) were found in either case. Relative product yields are
surmarized in Table 3.7 along with the relative yields for 214nm
photolyses carried out in hydrocarbon solution. The formation of 2-
methyl-2-butene and propyne could not be monitored in the metharol r'uns,-
since solvent co-elution made their detection 1mp0351ble on bonded phase
capillary colums. A study using other available co.'lu:ms was not

possible due to the inconpatible nature of the solvent wjth their liquid

phases.
s
TABLE 3.7
Relative Product Yields for the Irradiation of -
20 and 21 in rbttmx)l and Bydrocarbon Solution
at 214rm.
Products

Cmpd.,” Solvent E-Diene  Z-Diene Cyclobuténe E/Z

20 MeOH . 1.7 +.1 0.8 h.2 a - 2.1 +.2°
1-CeH 5.7 +.4 2.6 +.2 0.60 +.2 2.2 +.2

52 Sl g LR 2 a .

21 MeOH 7.8 +.5 2.2 +.1 0.35 .17 3.5 +.4

CsHy o 4.9 +.2 1.5 +.03  0.55 +.27 3.3 +.2
.aNnt; determined hlsnpentam; 23°c. Cn—}x:ntane; 239¢.

L
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3.4 Ultraviolet Absorption Spectra of Dienes 43 and 4. /

The UV absorption spectra of dienes 43 and 44 were recorded in
cyclohexane solution in order tr? det(érmine the extinction coefficients at
254nm Ifnr use in relative quahtum yield determinations for direcjc'dier;e
cjs.trans—ph:;tc_)isomrizatirgh. The results of these studies are

summarized in Table 3.8.

TAELE 3.8

Ultraviolet Absorption mgra of Dienes 43 and 44 in
cyclohexane solution (23C).

Diere TN . (mm) € o €y
43 232 10,700 " 2,700
T 217 6,800 800
F-44 241 . 21,250 10,100
Z-44 223 3,500 11,100

41 5 3
Solut inns deoxyrenated with arpon stream.

v~

3.5 Photostntiarﬂry States and Relative Quantum Yields for Direct
Photoisomerization of 43 and 44. - -
The ptzotoisaneri.zétiqns of E- and Z43 amd 44 (ca. 0.003M) were
7 .

. studied irg"p/entane solution at romm {:enperature. The sanpleé were
irradiated usiﬁg a merry-—go—rc;un'i apparatus inside alt Rayonet tw_;e RS . 7
reactor equippéd kith 254nm lamps. Each sample was_ghotoly‘sed to the
photc;stationary state (PSS) which wes’ determined fram concentfation s,
time plots as shaowm in Figures;3.3 and 3.4.‘ The re-lat'ive' qaa:*tum vields
for the ismers of 43 ard 44 were calculated using Eqn 3.4, ard are

¢ -3

cellected in Table 3.9. Other products were formed in the photolyses but

—
1
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they were not identified.

¥y . a B/ Zpg

e 2 S g8

z

E

FaminS

TABLE 3.9

Relative Quantum Yields for the Direct Photoisomerization of 43,
and 44 calculated using Bgn. 3.4 :

2,4-dimethyl-2, 4-hexadiene 43: ¢, o /P, . =1.2 1% .
| . E/Z = 0.36 *.03°
2,3-dimethyl-2 4-hexadiene 44: b, 5 7P, =2.3% 07
| E/Z = 0.25+.01°

Acalculated from the E/Z ratios and the 254nm extinction coefficieng _:'atio‘s from the
UV absorption spectra of the pure isomers in cyclohexane at 23°C. "from the
assymptotes of the concentration vs. time plots {E/Z vs. time) for the photoh}sis

- (254nm) of each isomer. The photostationary states were approached from both diene
geometric isomers in each case. S
. | : y
L = £
\
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FIGURE 3.3. Photolysis of 2,4-dimethyl-2,4-hexhdiene (E—43) at 254rm.
(Q) E/Z starting'with E-43, (A) E/Z starting with 2-43.

-
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FIGURE 3.4. Photolysis of 2,3-dimethyl-2,4-hexadiene (E-44) at 254nm.
(O) E/Z starting with E-44, (A) E/Z starting with Z-44.
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v / / B. Discussion
/ Clearly, 20 éa.nd _2_1 undergo photochemistry that has been well
established in the previous section of this thesis ard in studies by
01:h13r-:319'_21 when irradiatc;d with monochrdmatic far ultraviolet light. 1It
is not surprisifu .then, that 20 ard 21 undergo molecular fragmentation to
give propyne and methyl-2-butene as well as formal electrﬁcyclic ring -
" opening to afford two geanetric dlene isomers as the two major processes
. during photolysis. Especially [\Jertinent to this study is the observation
of the ir:terconversioﬁ of the two cyclobutene derivatives, S1BEiE iH
relatively low efficiency. The péir:ticipation of carbene intgrmediates
can account for the process. [he formation of pfoducts cozstent with
the i:{teﬁnediacy OS carbenes appears to be well established as a general
feature of the ;hotpchemistry of simple alkenes in the condensed phasz=;.58
This generality was sugested to e.xtemil to cyclohztene by Adam, who
reported evidence for cyclomtylldene invelvement in the motochanlstry
of cyclobutene itself, ek, In chapter II we established the possible
involverreﬁt of cyclobutylideﬁe éerivatives in-'Athe-pmtochemistry of 3 as
evidenced by the for:mation of methylene bicyclo[4.1.0]heptane (27) in low
yields. The £3r ultraviolet photochemistry of cyclobutenes 20 and 21
provide the only diréct evidence to date for thq‘involvanent of cyclo-
propylmethylenes in the photochemistry of simple aik:,rll—,_s_ubstirtuted
cyclobutenes. 4 ‘ | -
: ‘ ‘ : i . ‘-

3.6 - Molecular Fragmeptation and Interconversion
Both cyclobutene isomers 20 and 21 wndergo molecular fragment—

atmn, formally a [0“2 + or2 } cycloreverszrm to give propyne ard methyl-
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2-butene. Interestingly, 21 undergoes the process with an efficiency
greater than twice that of 20 (= 0.09 vs. 0.21 for 20 ard ;. R
respectively). As well, the cyclobutenes are interconverted, albeit in

minor amounts, won direct 1rr‘a§11ation with far ultraviolet light.

As has been .pointed _out,z(.) two patl'ma?s are possible for the ¥,

formation of fragmentation products. A symmetry-allowed [02S + 0251

cycloreversion leading to the stéreospecific fonpation of enynes after o~

. *
7. 7. excitation of tricyclic compounds c- and t-15 explains the result

within ‘the framework of orbital symmetry selection rules (Eqn 1.16 and

1.17) 19 The second mechanistic possibility involves secondary reactions”

1Inther::‘asta-t:)f

of carbene intermediates formed from the mR{3s) state.?
cyclobutene itself, cyclobutylidene (45) has been suggested as the
precursor to methylenecycloprop;ane ‘while cyclopropylmethylene (_Al_é ) can
account for gverall fragmentation to acetylene and ethylene.

Qn the basis of the km:wn_chanistfy of thermally generated
cyclbpr:oz;y;l ;:arben&c, involvement of these species in the giuef&hemistry
of-20 and 21 should be signalied by the interconversion of the two !
isomers, -as has irx‘iééd'been observed. In principle, the possibility
exigt# for the involvement of four c:arbene-intem\ediatﬂﬁ, 47-50, in the
photochemistry of these two campounds. The cyclopropylmethylenes, 47 and -

48, would result from 1,2-alkyl migration while the cyclobGtylidenes, 49

- e

f
Ay

47 48 49 - 50 -
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SCHEME 3.1 'The far ultraviolet photochemistry of 20 and 21. Mechanism

for the photochemical interconversion of 20 and 21 via the Rydberg
state. ‘
i
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and 5_0,‘ would arise via 1,2-hydrogen ard -methyl migration, respectively.
Both cyclobutene precursors are assumed to be capable of providing -l
carbenes 47-50. The extent to which 1,2-H, 1,2-Me and 1,2-alky]
migrations ccmpetejin the photochemistry of alkenes is not well known.
Such information would be very useful in determining the relative
importance of 47 - 50 ard would probably conprise a sizeable study.

Scheme 3.1 illustrates the mec“xam.sm for interconversion of 20 and
2] involving cyc;}opropylmethylene intermediates. The intermediatéds may
also account for thé form*;ion of propyne ard methyl-2-butene in the case.
of 20 and 21, as originally proposed in stidies of other cyclobutene
systens.zo’zl As stated in Chapter I, evidence for carbene‘intennediates.
in the photochemistry of simple alkenés cames fram .comparison ot the
behaviour of the thermally generated carbenes (i.e. Table 1.1). <Cyclo-
prgpylmethylenes were previously postulated as intermediates in the
ph:)tochemistr}; of 2, 3, and cyclabutene itself, on the basis of studies

of the decay of thermamy generated carbenes such as 40, 102 --41, 102 and

vm_'lch have been shovn to undergo ring exmrs&i to cyclo as
= []
well as fragmentation affording acetylene and the cor ing

Many other examples exist that show similar reactiv,dty 109-112,114,115

Larger hamologs of the bicyclic cyclopmpglmethylenes do not underg'o

ring expansmn when generated via th.ezr.t_osylhydrazone salts, but they do

o»

=<0 =

4D 41 45 46
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experience fragmentation to alkene and acetylenic cle:'i\.f:s'.t:iw_'s.H:3 There
is an obviocus danger in predicting that carben&s generated via a photo-
chemically excited state decay similarly to 'rt‘t—u;se generated thermally or
photochemically from independent sources. Several methods exist for the
generation of carbenes (eg. by thermolysis or photolysis of tosylhydra-
zone salts, diazo compounds, diazirines, and geminal dihalides).l?l:112
It is well established that for a given multiplicity, carbene reactivity

111,112

vai'ies considerably with the conditions of generation, ard

therefore one should not expect the behaviour of carbenes generated- by

-these methods to strictly.parallel those generated fram excitation of

alkenes,

In unsymmetrically substituted cyclopropylmethyl carbenes such as

-.§l = 53 (Figure 3.5), it is the less substituted (and therefore

114,115

strc;nger) bond that migrates in the ring expansion. 777 Carbene 54.-

; - L L

& . X * f‘

'dl 51 2.5%  97.5%

v . . .

52 442 95.62
D —-—-\m’ o ‘-
53 72% :

o«
-—-\m/ hulg -
54 51

FIGtm 3.5 Rearrargeuent of Unsymetmcally substitited cyclopropyl—
methylenes,
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¢ shows no gelectivity in rearrangements to cyclobutene derivatives. It
thus appears difficult to predict how 47 and 48 will partition in their
'ring expansion to 20 and 21, or even .fo what extent ring expansion might
canpete vi.i.th fragmentation to propyne and methyl—Z—but;:ne.

As already stated the interconversion of 20 and 21 may also occur
via carbenes 49 and 50. Such carbenes are known to rearrange yielding
the isaneric methylenecyclopromane derivative and minor amounts of the
cyclobutene when generated independently from thermolysis of
cytlobutanéne ‘cosylt‘xyclrau’.'r:me1]'6 or geminal dihalocyclobutanen?
precursors.. However, j.ntercom;ersion of 20 and 21 by this pathway
requires sequential [1,2]‘—Me/[1,2]—H or [1,2]-H/[1,2)-Me migrations

7;, (Scheme 3.2) which can be expected to be highly inefficient. {1,2]-
Hydroéen migrations are common in both alkene®® ard carbene chemistry and

usually daminate over (1,2)-Me migrations when both are available.l}lr112
! i
?

Di- and tri-substituted alkenes have revealed an inherent inefficiency in

[

. their photobehaviour which has been interpreted as being die to the

formation of carbene intermediates derived via [1,'2]—hydrogen shifts

w
| - - LoMe | 1,2-H
? ’ - »
- | 20
| LaH | el L,
. _— j =
| 21 T 20

-

SCHRE 3.2 Interconversion of 20 ard 21 via [1,2]-H and -Me shifts.

-~
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which can, in turn, regenerate the starting alkene via the reverse

r‘e:gat:"cion.58 If cyclobutenes 20 and 21,follow suit, then the intermediacy

of 49 and 50 may be largely undetectable.

Wnile [1,2]-hydrogen shifts are thus known to be facile in both
alkene and carbene chemistry, [1,2]-methyl shifts are exceedingly
inefficient. In alkene pl’nt?chemistry [1.2]—methy\l mig’rations are

§ "
generally less efficient than both [1,2]-hydrogen ard -alkyl (skeletal)

58

shifts. In the case of branched alkylcarbenes, [1,2]}-hydrogen shifts

occur ca. ten times faster than [1,2]-methyl insert:i.ons.112

Cyclghutylidene (45) primarily undergoes ring contriction to give

Lo,

methylenecyclopropane (ca. 80%) but also undergoes a 1,2-H shift yielding
cyclobutene (ca. 20%). [1,2]-Me shifts do not appear to play important
roles in the methyl-substituted cyclobutylidene derivatives; for example,

mgth{{ler}ecyclopropane derivatives are still the major products as in the

119

case of 55. More extensively substituted cyclobutylidenes have been

observed to underge carbon-hydrogen insertion and no E'ing contraction or
' 1 :
1,2-H migrations as in the case of.carbene ﬁ.lzo {1,2]Methyl

=
migrations are reportedly only significant in cases involving ethereal

121,122

substituents. The presence of 1,2,3,4-tetrarethylcyclobutene.

'michmuldocm:.rfrancarbenemviaal2-Meshiftdidnotappeartobe

1

present to any extent in the photolysate

a5 S6 sS7
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It follows then, that c:yc:lobutyiidenes 49 and 50 would not appear
to provide an efficient path for 20/21 interconversion. The intermediacy
ot cyclobutyli::lenes in the photochemistry of 20 and 21 should be
signalled by the formation of methylenecyclopropane derivatives. In the
case of 21 at least, we have not observed the formation of any products
in addition to those shown in Equation 3.3. The photolysis of 20
hcwever, was not as clean:; in this case five additional minor products
totalling ca. 10% of the reaction ntixture were observed. Identification
‘ of these products was not possible and therefore a product of this type
may be present, but in minor amounts. As revealed ‘%n_Chapter-II1, we have

observed the formation of 7-methylene-bicyclo-[4.1.0]octane, 27, in the

photolysis of 3 (Egqn 2.6}, which is consistent with the formation of

. P x
cyclobutylidene. Cyclobiltylidene 57, generated from the pyrolysis of the
bicyclic tosylhydrazone cyglobutanone, is known to afford Q.lw We are,

however, skeptical about the importance of cyclomt?lidene derivatives in
the photochemistry of any of the cyclobutenes comprising our study, since
we have observed rather insignificant amounts of ring céntl:‘acted products
cdnpared to the amounts reported by Adam and coworkers, ‘in the case of

cyclobutene itself.??
It follows ‘then, that cyclopropylmethylenes 47 and 48 may undergo

rearrangement to cyclobutenes more efficiently than cy'clob.lfylidenas 49

and 50 ard, in addiation, may also account to some extent for the

“Tormation of propyne and methyl-2-butene.

x

1,3-H ard 1,3-Me migrations, both possible from mw

58,69-71 -

excitation, carrot interconvert 20 and 21 but may lead to the

formation of other cyclobutene isamers such as 1,2,3,4-tetramethyl-

cyclobutene or—3,3,4,4—tetranethylcyclob.1tene. We can rigorousl? rule
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out the former as one of the minor products in the photolyses of 20 and
21.

Curiously, fragmentation of 21 (to afford propyne ard 2-butene)
occurs with greater than twice the efficiency of that of 20 for 185mm
excitation. The reason’ for this may be steric in nature. In the case of
photochemical [o2s + o2s] cycloreversions of cyclobutanes, various
examp les illustra;e that the relief of steric interaction in the ground
state determines the‘regioselectivity of the fragrentation reaction.123
For example, photochemical cleavage of bicyclo[4.2.0]octane (58} occurs
relatively efficiently at 185nm in pentane solution, affording 1,7-
octadiene, cyclohexene, and ethylene as shown in Eqn 3.4, where formation
of 1,7-octadiene is much more effiéient than is the formation of

14 The cleavage reaction is postulated to

¢ . W
\ occur via a radical-cation formed after O,R{3s)-Rydberg excitation at

cyclohexene and ethylene.

185nm. This proposal is consistent with the observation of efficient

cyclobutane cleavage In electron-transfer photolyses with quiﬁones as
; J

3.4
185nm
pentane O <j
sg ;:5 0.03 0.
h h b
_Ph .
3.5 hv f hv ” " |
| . Pl . - Ph PH \
c-59 5 t-59
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sems:tmersf.]?‘ﬁ The behaviour of cis- and trans-59 upon direct
photolysis is clearly diffe\ent (Egn 3.5), lending additional support to
the role of steric factors| in photo-fragmentation reactions of
c',/clobutarn'es.126 It has been proposed that vicinal substitution in
cyclobutanes controls the regiocselectivity of ring cleavage due to steric
interactions. In cyclobutene 21, three methyl groups (at positions 1 ard
4) are vicinal. It may well be that relief of steric interactions cuie to
the increased vicinal interactions results in more efficient formaﬂl

(g2, + U‘ZS] cycloreversion for 21 *elative to 20.

S

A further point on the difference in the molecular fragmentation
process for these cyclobutenes involves tze proposed cyclaopropylmethyl-
enes. If one assumes that the Rydberg excited state of cyclobutenes 20

and 21 yields the ‘same carbene intermediates then the difference in the

»

fragmentation quantum yielcis implies that this pathway cannot alone be
responsible for fragmentation%roducts. The relative yields of
interconversion products fram 20 and 21 are the same within experimental
error, while a dramﬁ difference e::cists for the fragmentation process. ‘
If the proposed.carbenes' were alone responsible for fragmenj:éticn then
one would:also expect proportlonately similar differences in the quantum

——

Yl?lds’ for interconvension of The two. isoaEre, Interestingly, , ya
B
‘unsymmetrically substituted cyclopropylmethylenes that have been

generated fran thermal deccmbosition of tosylhydrazones have been found

to undergo negligible amounts of fragmentation to alikyne and

alker\e.ll4 ,1158



. . )
#f ] .\

g 118

3.7 Nucleophi :EFpﬁgjﬁﬁﬁk? ' “ J

*a;cio:: of alkenes in methanolic solution frequently Wéu.lts
. . y
tion 'of ethers, which result from nucleophilic trapping of
(J' .
~ reactive 1ntermedi/ages such as highly strained cyclic olefins or

58

in the for

carbenes. 'I“here appear to be no reported attempts to trap cyclopropyl-

carbenes or cyclobutylidene -derjvatives in such medid, however. Our own
- .

attempts to trap the proposed carbene intermediates as the methanol

insertion products failed to provide any conclusive evidence for their
) .
existence. This vesult deoes not necessarily reflect an absence of such

intermediates, but may be due to exceedingly' fast rates for intra-
molecular reaction. Jones and Gallucci have reported the failure of
singlet d.i.methylcyclopropylcarbanetrmxycarbene to farm an adduct with

127

cis-2-tutene, -Only the carbene rearrangement products cis-3,4-

—Eimtml-l—mrmmtmwclomtme along with the fragmentation products

v

methyl propiolate ard 2-butene were observed. Umé\si\milar _c_:‘onditions?

“

_ . o P
. !/ - ' ow ‘
</ R 0OMé =< ‘ 00Me
. 3.6 T\ s —5 3
. ' minor PPodUct .

1 ' Fl
the singlet carbene formed extremely small amounts of the a&:lition
. product with isobutylenL—as shown in Eqn 3.6 (ca. 4% relative to the

cyclobutene derivative). Larger amounts of addition adduct were formed

’_vg/_.,'th triplet carbenes but these were still only ca. 20% relative to the

i
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amount of rearrangement to tie cyclomitene. Singlet dipheny!
carbenes, which do not undergo intrapolecular reaction, have been shown

to insert into the O-H bond of methanol at a rate that is close to the
LY

| y

diffusior'x' controlled limit, while reaction with alkenes is about a

magitude slc;wnatz.-r.128 B . ’

Unfortunate]?, the relative yie‘ld;‘of -the fragmentation products,
methi':,rl—z—b{itene and propyne, was unobtainable in the éase of either
cyclobutene (20 and 21) phbtolysis in methanol. A value for the relative
yield of the interconversion product for 20 could not be determined
either. No prodicts in addition to those observed in the 214mm
mofoly»éis in hydrocarbon solution were observed in the methanolic /

o
motolysis.

e
3.8 Electrocyclic Ring Opening
' .. Elegtrocyclic ring opening in cyclolutenes 20 ard 21 leads to the

two possible gemmetric isamers of 2,4-dimethyl-2,4-hexadiene and 2,3-

E * .\..__/—’
dimfthyl-2,%-hexadiene, respectively. The efficiency of the process

appears t_o be similar for the two isomers at 185mm, ard closely parallels .

the efficiencies of the same process in the unsubstfFuted mono-ard
: : A

“

bicycl’ic—. cyclotkenes discussed in chapter II. Due to the nature of the
ring “Isubstituents, stex;'eochemical information is ndt’possible ;:o extract
from this set of cyclobutenes, therefore it is impossibie to elaborate on
the or.ig:'n(s)- of the;fdienes‘. It is clear; however, that the proportion
of diene iscamers favours the E- over the Z-diene in the photolysis of

both 20 and 21. The decay characteristics (¢Z P ) ,0f these

dienes when irradiated at 254mm reveal only a slicht tendency towards
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favouring the E-isamer ip tﬁe case of 2,4-dimethyl-2,4-hexadiene, but in
the case of 2.3-dimethyl—2,4:hexadiene, the E-iscmer is favoured to a
greater extent. E}mminatior{ of the isomeric diene ratios obtained ’frcm
far ultraviolet irradiation of 20 and 21 (see Ta;ble 3.6) amd comparison
of these with the E/Z dilene quantum yield ratios for the direct phot:%
isanerazation at 254nm reveais that the :_;jglative isomeric diene vyields
obtained fram cyclomtene,motolysis do not appear related to thé decay
chara.c:teristic; of the diene singlet exclited state, given by ¢Z - 'E/¢E z
g 7 However, this comparison ignores the probable difference in
s~cis/s~trans corrposi’fions of the dienes in solution. ) ‘
3.9 BExcitation length Studies

The tbchezricgzl béhaviour ofl 20 and _2713_//5/hovs no marked
wavelength dependence in sithar cess, Although the ultraviolet
absorption‘spectra of these canpourdds show cn:xly a single brqad,
featureless absorption band, the maxima are, ﬁa_d-shifted ca. 5mm in
camparison to cis-3,4-dimethylcyclobutens, c;;, which is mﬁsdtsti'cuted ‘at
the dc':uble'borﬂ. As well, the spectra for 20 and _2;_1 are much broader and

A", o &
tail ocut to 220mm, con'trastiﬁ that of ¢-1 which has no absorption beyond

210nm.  From this observation, cambined with ‘the wavelength dependence
and UV absor_ption studies in the previous chapter, it follows that the
single absorption bands of 20 and _g are likely to be comprised of at
least two overlapping transitions. The insensitivity to excitation
wavelength in the photochemistry of 20 and 21 may be the result of the
various excited states in this r'egion_being approximately isoenergetic.

Changes in the é/z diene ratio for 20 occur as the excitation’

i
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the diene ratios for the 21l4nm photolysis.” Cyclobuterie absorptiop at
2l4mm is weak while that for the dienes is rather strong at the same
wavelength; tiierefore secondary diene photolysis‘ may contribute to the -~
observed ratias from 14nrr; photolysis when using relatively.dilute

Al T
D g

) ime plots under -these conditions. However, we

solutions (<0.015M) ondary diene photolysis may not be evident in

the copcéntrq_tion
note tﬁt the E/Z ratio fran the 214nm photolysis of 21 is identical to
the ratio obtained fram the shorter wavelength photolysis, within

experimental error.

F O3

A2a
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CHAPTER IV
Summary and Conclusions
& AT ‘J“ . \
4.1 Contributions of the Study

The thecry of conservation of orbital symmetry is one of the great

developments in modern organic chemistry. This work has consigted of the
= ’ -

first systehatic stﬁdy of one of the centrai"emnples of the selection

rules pertaining to photochemical reactivity. Prior to this study, only®

a few examples existed that illustrate the photochemistry of simple
qrclotuter;g derivatives. Only ocne of these studies offered reliable .
information concemif;g the stereochemistry of formal electrocyclic ring

opening.

Direct photolysis of alkylcyclobutenes in soluticn results in.
fragnentation to yield an alkene an.i an alkyne and ring-opening to vield
all possible geonefric isomers-c;f the corrésponding dienes. " The frag-
mentation reaction been shown previopsly to occur stereospecifically,

may occur via’[02g +02] cycleoreversian or;‘a stepwise route \
involving cyclopropyl carbene intermediates, This study has provided
directh e:@erineﬂtal evidence for t;1e formation of cycloﬁ;mpyl carbenes in
the pfxotoche’nistry of cyclobutene derivatives, indicatind that the latter
pathway presumably does account for scme portion of the fragmentation
products. 'nm extent to which the concerted pathway contributes to the

formation of t{tese products “is still unknown however, since experiments: -

-

i

14

J.



A

4

’ 123 )

designed to determine this by quenching the proposed irgrmediate with

\

methanol were unsuccessful . . ’

v i ™

The non-stereospec.f.fic nature of pl'ntoche?n%‘c{al cyclobutene<ring ’
opening has been demonstrated with several -mono- and bicyclic
derivatives, and thus appears to be, quite general... An adiabatic . a
mechanism. for this process, invalving purely disrbtatoryr ring ogerting o Ao
‘yield‘ dienes in the first singlet e:;:cited‘/staté, has been ruled out.
While several altemtlve mechanisms have been suggested the? present

data do not allow de*‘i*nt.we mechanistic conclusions to be derived. One

possibilj

ij’ that excited state decay to "hot" cyclobutene ground
%

)

states,. ~ .\

,c_ sul:sequently undergo conrotatory ring-opening, competes
with a batic or non—achabat:.c dlsrotatory @cc:ted state ring-opening.

£
A secord possibility that has been act:r.vely investig@ted in this study is

that two (or more) excited states are accessibhle in the 185 - 214nm

' region ard lead to ring opening with different stereochemistries.

A considerable amount of eviderice su[:por:ts the presence of at
lecst two cyclobutene excited sta't;:s in -this regiom, .analogous to the
situation with simple alkenes. The ultraviolet ébsorption spe,c_tra of
derivatives with varying degrees of methyl substituti.cn at the
cyclobutene double bond provide c_iear evidence for this; one e:{cited :
state is stabilized considerably b{f.aucyl substitution, while the other

is largely unaffected By amalogy with simple allnenes these are

~assigned as the TTR(35) and W states respectively No systenatic

variations exist in the degree of stemospecificity observed‘ as a

w2 .
function of substitution for photolysis at a given wavelength hovever, so

7
the two states are presmnably strangly coupled.  Increasing the

W
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excitation wavelength tor photolysis of individual deri\{c:tives results in
consistent increases in the yield of formally forbidden dienes,
indicating tﬁat the Rydberg state may be’ largely responsible for the non-
stereogpecificity cbserved. This may be due to stereorandam ring opening
or preferred conrotatory opening fram this excited state; sane evidence
for the latter p_ossibni‘ty has been presented using the cyclobutene ‘
radical-cation as a model for the Rydberg state.

Our study has revealed that the cyclobutene systems undergo
\ efficlent reaction Lphotochemically. Generally, electrocyclic.ring
opening occurs with an efficiency of ca. 0.15 - 0.20 at 185mm. Formal
[02s+025] cycloreversion generally occurs with efficiencies ranging from
ca. 0.15 - 0.25. Other minor processes occur with much lower effic- -
iencies; combined these processes reach values of ca. 0.03 to ca. 0.10. ‘
Low temperature phc;tolyses at 193rm have revealed that a small
barrier to coﬂrotation relative to disrotatory ring Qpe:u:g exists.
Gi'.reg; the co"ple:dty of the excited state manifold and cur uncertainties
regaf'ding the origins or extent of the non—stereospeci'fic‘_conponmt of
excited state ring opening, it is not clear with what this small relative
barrier is associated. Taking our results together with the previously
reported results. for constrained tricyclic derivafivés indicates that
r.'ing opening by the overall non-sterecspecific pathway mﬁy involve
disrctatory mtichs in the initialq stages of tﬁe process; structural
| il ~
constraints then result in stereospecific disrotatory electrocyclic ring
opening for the cis-iscmer and a camplete abscence of this process in the

trans-isamer.

3 We have’attempted, where possible, to explain the results within -

-

;‘F .
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the trameworkvgf the most recent ab initio calculations tor the pareat
system. It is clear, that the photochemistry of substituted cyclobutene
systems in general, cannot be entirely rationalized within this
framework. We have presented evidénce that the Rydberg excited state {(as
well as 1nﬂ') may be involved in the photochemistry of some of thesc
systems, but we camot say arything definite about its involvement in the
formal electrocyclic processes. To this point, more activity in this
area by theoreticians would be very advantageous -in order to calculate
the potential energy surfaces of simple substituted cyclobitenes,
especially in determining the excited state potential energy surfaces for
the wR{3s) excited states. It should be pointed out that in fact, it
has yvet to be ascertained whether the most recent ab ;gi;;éﬁcalculations

~actually represent the true potential energy surfaces of the parent |
cyclobu?ene as, to date, the sterecspecificity of the formal ‘“‘\\
electrocyclic ring opening process in the excited state has not been
studied. A study of the photochemistry of 3,4-dideyteriocyclobutene
would therefore seam particularl?lappropriatg along with other simply

Y

substituted cyclobutenes.

Further work in this area should concentrate on defining the

4.2 PFuture Work

competition between Rydberg ard Valénpe excitation on the photolhemistry
of cyclobutenes. Contipging studies on the wavelength ard temperature
dependence of these systems is:'in progress. In order to achieve any

; g &

understarding into the intrinsic behaviour of +hese excited states in the

photo-behaviour of cyclobutenes it is necessary to selectively excite

S
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individually. This is clearly difficult with alkyl-substituted systems.
The photochemistry reported for c-6 in this thesis is part of a Targer
study on the substituent effects on the photochemistry of cyclobutenes,
which is elready in progress for the c- and t- isomers of 1, 6 and 6. As
the solution UV absorption spectra of these canpounds reveal, methyl
group substituti'on at the double bond stabilizes: M R{3s) to a greater
extent than 1T7T We hope to study 6 using excitation at 229nm in the
Mmewim the result of ,R{3s) excitation without observing any
reaction due to accampanying 1r,1r excitation as in the caees with
irradiations at 214nm and shorter wavelengths.

The other alt;e:'nati;e is. to develop a method that destabilizes
M R(3s} excitation relative to 1r,1r* excitation. We are in the process of
canpleting a study of -CF3 substituent effects on the photochemistry of
the simple alkene nor‘g;omene. The photochemistry of norbornerie itself

?
has been studied previously amd is thought to involve Rydberg excitation

when irradiated in the far ultraviolet., Our preliminary results on the

far UV photochemistry of triflivoromethylnorbornene (60) and

_ methylmrbomene (61) have indicated that the excited singlets of these

compounds decay by very different patlmays, prowd_ing direct evidence for

participation of discretely different excited states in each case.
. ;

o - - CF CF
.\ﬂb,tlﬂa Eb,:h
' ey .
60 61

~

CFa
62 63
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On the basls of the studies made for 60 amd 61 we hope to observe
the photochemistry of cyclobutenes reacting murely fram the wr,rr‘ excited
state by irradiating -CF:3 sulbstituted cyclobutenes such as 62 or 63 at
wavelengths fran 185 to 229nm. The singlet excited states of cyclolutene
mist be discretely stimulated in order to ascertain specifically the
roles of the mm “and mR(3s) excited'states in the photochemistry of

cyclobutene.,



CHAPTER V
Experimental

5.1 General

IH NMR spectra were recorded on Varian 390 (90 MHz) or Bruker
AMB0O0 (500 MHZ) spectrometers in deuteriochloroform (or carbon
tetrachloride where noted) ard 130 NMR spectra were recorded at 125.6.Mbhz
on the Bruker AM500; all are reported in parts per million downfield fram
tetramethylsilane. Mass gpec\’:ra were recorded on a VG7070 mass
spectrameter interfaced w1th‘é'\ Varian 3700 gas chramatograph equipped
with a 30m x 0.25mm DB-1 (Chraﬁatogjramic Specialties, Inc.) fused silica
capillary coluhin. Exact masses were determined on a VGH ZABE mass
spectraneter by direct'probe injection. A mass of 12.000000 was employed
for carbon., Ultraviclet absorption spectra were obtained in cyclohexzme
{or pentane where noted) solution using a Perkin-Elmer Lambda 9
spectrcm;ete': equipped with a Model 3600 Data Station. Infrared spectra
were recorded on a Perkin-Elmer 28‘3 spectrometer as the.neat liquids (or
in chloroform or carbon tetrachloridé soluti‘on where noted) ard are

reported in wavenumbers calibrated against the 1601.9 em

{

.

absorption of
a polystyrene reference, |
Analytié:al vpc separations were carried out using a Varian 3700
gas chromatograph {injector temp. = 80C) equipped with a flame
ionization detector (detector temp. = 200C) -amd a Varian CDS101 or
Hewlett-Packard HP-3393a integrator. The following vpc colums were
utilized during this study: (a) 1.0 um SPB-1 wide-bore fused s‘ilica
capillary columm (30m x Q.75mm ID bofosilii:ate) amd (b)) 3.8% UC W82 on

128 =
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80/100 Sipelcort (24ft x 1<8in, stainless steel) () 204 [lﬁ—ODPN on
80/100 chromnsorb PNAW (14ft % 1/8in stainless steel) (d) 20% tris-
(cyanoeihoxy)propane {TCEP) on B80/100 Chromosorb PNAW (12ft x 1/41in
{0.2cm j:d.) glass) (e) 0.25 um HPOV-1 wide-bore capillary (25m x 0.31mm
i,4. fused silica). The detector response was calibrated for each
photoproduct relative to an internal stardard (n-pentare, methyl-
cyclohexane, n-octane, 2,2,4-trimethylpentane, or n-nonane} by
&,
construction of working curves fromé number of starmdard solut:igns.
Seri-preparative vpc separations employed a Hewlett-Packard- 5750B
gas chromatograph equipped with a thermal conductivity detector (TC
detector temp. = 160E) and the following vpe colums: (£) 3.8% UC W982
o B0O/100 Supelcort {(24ft x 1/4in, stainless steel) ard (ig} 20% TCEP-on
chromosor? BC/100 PNAW {12ft x 1/4in, stainless steel) :g} 20% 5,[}-—0}{?—
is(dipropionitrile (OOPN) on 80/100 Chromosorb PMAW (20f%t x 1/4in,
stainless steel) {i) 5% QF-1 on 100/120 Supglcoport (14ft x 1/4in,

stainless steel) (j} 3% OV-17 on 80/100. Chromosorb WAW (6ft x 1/4in,

stainless steel).

5.2 Solvents ‘ "
The hydrocarbon solvents used in the plrptol'yses_ ard UV absorption
studies, pentane (Baker Photrex) ,l 2,2,4-trimethylpentare (isococtare,Baker
Photresx), cycloht;_xane {Burdick ard Jackson), 2Z-methylbutarne (All‘]rich
spectrop?ntonétrjc) ard cyclopentane (Aldrich Cold Label) were all used
_as received from the suppliers. Metharpl (HPLC Grade, Caledon #I_@bs) was
rwrified by distillation from magnesium methoxide before .use. - The .

intermal stardards n-octare and n-norare (Quant Grade, Polysciernce™,

x
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Corp. ), pentane and 2,2.4-trimethylpentane (Baker Photrex) were uslﬁ as
received. Methylcyclohexane (Aldrich) was purified by vpc using column

{(f) before use as an internal standard.

5.3 Preparation and Purification of Cyclotutenes

Cis- and trans-3,4-dimethylcyclobutene {c-1 and t-1).7% Acetophenone
(8.0g, 0.067 mol) and maleic anhydride (47g, 0.48 mol)]were dissolved in
ethyl acetate (400mL). The solution was placed in a Pyrex immersion well
apparatus equipped with a magnetic stirrer :':md the sclution was
deoxygenated with N2 gas at room temperature. The solution was cooled to
ca. ~78°C wi;.l.h an external dry ice/e;cetone bath, saturated with cis-2-
butene (C.L.A), amd irradiated at —7803 with a medium pressure mercury
lamp. After 24h irradiation, ‘H MMR analysis of the photolysate revealed
the disappearance of the mal‘ei'c anhvdride to be >90% complete. The
solution was allowed to warm to room temperature and the solvent was
remved-on a rotary evaporator to yield .a wllov;: 0il, from which
acetophenone and unreacted maieic anhydride were removed by further
Alsta11ae16n (oK. 0.2 Hg). Portions (10g) of ;_ché brown oil (45g) which
remined were stirred in 10% agueous hydrochloric acid@ (HC1, 50mL) for
12h at room temperature, and then extracted with ether (3 x 50mL). The
eocbracts were madhed nE gater (50mL), saturated brine (50mL), dried ~
over anhydrous sodium sulfate, and the sol@t was distil&éd to yield a
'yellow oil (9g). The lH MR spectmm of this material showed resonances
that were consistent with 3,4—dimethylcyclomtane—1,2—dicarbq}wlic acid

anhydride obtained as a mixture of iscmers.

1

\ ' ]'HM (SOMEEZ}: 6= 1.10 (m, €M), 2.80 (m, 24}, 3.68 (d, 2H), 9.07

- T~ —(s, 2H)}.
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N

The 0il was disyolved in dry pyridine (50mL, distilled fram barium N
oxide), placed in a 100mL, tw—-nécked, round-bottaned flask fitted with a
gas inlet and a reflux condenser connected to three sequential dry
ice/acetone traps, and then saturated with oxygen at roan temperature.
Lead tetraacetate (15g, 0.034 mol) was added, a slight ‘positive pressure
of dry N2 was applied, and the mixture was placed in a 70C oil t;ath

wnere vigorous CQ

b evolution cccurred within 2-3 mimites. - The mixture

e

was left stirring for a further 24h. The colourless liquid (ca. 2mL)

which had collected in the traps was dissolved in an equivalent amount of

b

pentane, washed with 5% aqueous HC1l and water, dried over a:'{l:\f?drous
sodium sulfat:e._ filtered, and then purififed by vpc. Vpc analysis of the
product mixture (column f) revealed the presence of three camponents.
The two major products (ca. 1:1 ratio) were collected by semi-prep~
arative vpc (column £, injector temp. = 12dt, detector temp. = 120¢C,
oven temp. = 408). Canpounds c— and t—;; were obtained in >99% purity by

further semi-preparative vpc ;ilrifica‘cion on colums £ and h.
n

t-1: YHNMR:§= 1.08 (d, 6H), 2.30 (q; 2H}, 6.03 (s, 2H);

). 3133(m), 3053(s), 2963(s), 2928(s), 2903(s),
2868(s), 2713(w), 1678(m), 1615(m), 1567(m), 1452(s), 1371(s),
1335(s), 1311(s), 1281(m), 1205(m), 1068(s), 1043(s}, 975(s),
884(w), 862(w), 765(s), T01(s);

MS: M/e(I) = 82(14), 70(40), 67(B4}, 55(43), 43(B2}, 42(100},
41(70); : |

UV (cyclohexare): A __. = 188.2mm ( £= 5050).

6. IR (neat, cm

c-1: 1H!HR: 6=0.96 (d, 6H), 2.90 (m, 6H), 6.03 (s, 2H}:

IR (neat, cm'l): 3134{m}, 3043(s), 2963(s), 2908(s), 2713(w),
2638(w), 2608(w}, 1665(m}, 1635(m), 1568{m}, 1460(s), 1377(s},
1323(s), 1287(s), 1216(w), 1186(w), 1154(m), 1131{w), 1078(s),

1042{s), 983(m), 886{w), 862(w), 768(s), 746{(s), 716(s);
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MS: M/e{I) = B82(20), 67(100), 53(38), 41(100}, 39(93);
W (cyclohexane): A _ = 186.5am (€ = 5900).

Campound c-1 was also synthesized stereospecifically by the method
of Brauman angd Art:hi.e25 in order to cor{clusively assign the cis+ ard

trans- identities of the cyclobutene isarers.

Cis-3,4-dimethylcyclobutene (c-1). Acetophenone {13mL, 13.4g, 0.112mcl)
ard maleic arhydride {41.3g, 0.421mol) were dissolved in ethyl acetate
{1.9L). The solution was placed in a Pyrex reaction kettle equipped with
magnetic stirrer and gés inlet a:*.d«t\h\e solution was cautiously saturated
with acetylene at -76C. The édlution}ms then degassed with a stream of
dry nitrogen for 15min and then irradiated with a medium press;ure mercury
lamp (450W, Hanovia) for 40h at a temperature maintained close to —78C.
The irradiation was terminated when >80% of the maleic anhydride had been
consumed as determined by 1H NMR The .reaction mixture was allowed, to
warm to ca. O0C ridding the qtixture of excess acetylene, ‘and the solvent
was evaporated on the rotary evaporator. The brown oil that remained was
disgille_d in vacuo {(ca. 1.0:1im Hg) to refmove acetophenone and any
remaining maleic anhydride. The dark brown solid residue (27.5g,
0.22m01, yield 52%) that remained exhibited a 'H N spectrim consistent
with cyclobutene-3,4-ditarboxylic acid anhydride.

‘5 MR (90 MHz): § = 2.8¢ (s, 2H), 5.43 (s, 2H). -
The anhydride (6g, 0.04Bmol) was dissolved in dry ether (15 mL) and added
dropwise to a su.spension_ of lithium almg:irnm fydride (4.9g, 0.125mol) in‘
dry ether (250 mL) in a 500mL three-necked, round-bottomed flask equipped
with reflux condenser, addition furmel, and magnetic stirrer. The mixture

was reflwned‘for 72h and then cooled and quenched slowly with ice {100g}.



The ethereal portion of the mixture was semarated fram the remaining
lithium and aluminum salts by filtration. The salts were extracted (3 x
50mL) with ether. The carbined- ether extracts were dried over anﬁydrnus
sodium sulfate, filtered, and the solvent was distilled to afford a clear
yellow oil (2.6g, 0.023mol, vield 48%) whose 'H NMR spectrufwas
consistent with cis-3,4-di{hydroxymethyl)cyclobutene. -

]H MR (90 MEz): 45_= 3.26 {(m, 2H), 3.77 {m, 4H), 4.82 (br s, 2H)},

6.05 (s, 2H)

» The diol (2.6g, 0.023mol) was added dropwise, as a neat solution, to
pyridine {130 mL, drie‘d over KOH} in a 250 mL round bottomed flask.
p-Toluenesultonylchloride (24.3g, 0.057mt01) was added to t}’le mixture at
0C, stoppered, and left at OC for 72h. The mixture was poured into
250g of ice, vigorously stirred for 20min, then cooled at Ob fo*%.?—2h.

ne a\{id precipitate was collected by 'filtration, washed in methanol,
anc"i dri;ed in vacuo (ca. 10n.1m Hy) to afford a light brown solid (3.8g,

0.009mol, yield 39%) whose “H NMR spectrum was consistent with cis-3,4-

di {hydroxymethyl )cyclobutene ditosylate.

ol
]‘HH-R (90'MHz): §= 2.40 (s, 6H), 3.17 (m, 2H), 4.02 (d, 4H) 5.93
(s, 2H), 7.55 (dd, 8H). ‘
; | # it 1
The ditusylate from above (3.8g, 0.009mol) added ‘slowly, as a solid,

3

to & s{ﬁs;‘)ension of lithium aluminum hydride§2.0g, 0.051mol) in drly.
diglyme (50 mlL, stored over calcium hydride %nd distilled fram lithium
aluminum hydride) in a 100mL two-necked, fouﬁd4bottamed flask equipped
with an 8in Vigreux column an.d short ﬁatki distiflation unit conn.ectt;d to
three sequen al dry; ice/acetone“traps; solid addition funnel,\iitrogen

inlet and mGnetic stirrer. One hour after addition of the. ditosylate,
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the mixture was heated to ca. 8CC and a slow stream of nitrogen swept

the volatile product fram the reaction mixture to the traps over a period
of 8h. The combined contents of the trape;f'were bulb-to-bulb distilled in

vacuo {ca. 0. 02mm Hg) to atford a clear cclourless llquid (ca. 0.5 mL).
e
The spectra of the cyclobutene prepared in this mamer were identiCal to

c-1 prepared by the method“Bove.

Bicyclo(3.2.0]hept—6-ene (2) was synthesized by photolysis of a
deoxygenated penté:ne {100mL} St;lutipn nf 1,3—cyclohep-tadiene (1.0g, 0.011
‘ mol) with a low pressure mercury lamp through a Vycor filter: for 4h.
Concentration of the mot\olysate by distillatign left a slightly vellaw
liquid which was bulb-to-tulb distilled under vacuum (ca. 0.02m Hg) to
yleld a clear colourless llquld fram which 2 was isolated by semi-
preparatlve vpc (column f). Three further vpc pur_'lfications (alternating
between columns f and h) afforded 2 in »>99.5% purity. The materiél
exhibited spectral feafwa similar Ito those previously *r‘oe;aox'1:t=,"<3..'2

2: _1H II'R‘(QO l"in): § = 0.9-2.1 (m, 6H), 3.16 (4, 2H), 5.88 (s.,

“

2H) ;

IR (neat, cm '): 3128(m), 3041(s), 2933(s), 2872(s), 2856(s).

1664(m), 1626(w), 1565(m), 1460(m), 1444(s), 1323(s), 1298(s),

1258(s), 1206(w) . 1144(m}, 1102(m), 1084(m), 1051(m), 932(m),
~ 890(m), 839(s), 804(m), 730(s), 568(w):

MS: M/e(1) = 94(9), 93(17), 91(15), 79(100), 72040, 66(29).

65(13), §3(11), 51(9), 39(32), 32(30):

9, (cyclohexam): Rmak = 186.5mm { £= 4200).
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Bicyclo[d'.'z.O]oct-'I—ene (3) was synthesized by photolysis of a pentane

solution of 1,3-cyclooctadiene (2g, 0.018 mol, Q.6M) in a Rayonet reactor
- e

fitted with 254nm lamps. Irradiatiohuofdtpe 0.6M solution for 9 days

Ed
yielded a mixture of 3 and cis,cis- and cis,traps-1,3-cyclooctadiene.
Campound 3 was separated from the other compounds by semi-preparative vpc

. {colum f)} following concentration of the photolysate by distiliation. A

+

sample of 3 in >99.5% purity was obtained bgot_hree further purifications

by semi-preparative chromatography on colurr: £. The material obtained

exhibited spectral features similar to those previously reported. X8

3: 'HMR (90 Miz): 5= 1.54 (m, BH), 2.88 (s broad, 2H), 6.15
(s, 2H); '

IR (neat, cm ): 3122(m), 3044(s), 2933(s), 2866(s), 2671(w),
1704(w), 1631(W}, 1557{(m), 1462{s), 1446(s), 1356Z(s), 1309(s),
- 1296(s), 1196(w), 1170(w), 1136(m), 1110(w), 1057(m), 986(m),
932(w), 873(w), 857(w), 786(s), TI0(s), 742(m), 716(s), 700(s);
MS: M/e(I) = 408(2), 107(3), 93(51), 91{(24), 81(5), BO(53),
79(100), 78(15), 77(36), 67(49), 66(18), 65(17), 54{17),-53(12),
51(17), 50(9), 41(35): ' o
W (cyclohexane): Aoy = 186-6rm ( E= 6200) .

S

. Cis- and trans—-bicyclo[5.2.0]non—8-ene (c—4 and t—4).

- Cycloheptene (10g, 0.104mol), maleic anhydride (11.4g, '0.1l6mol)
and ace'tophenone (5.0g, 0.042n~o_lj were dissolved in ethyl acetate (350mL)

fin a Pyrex immersion well equipped with a magnetic stirrer.  The mixture
— . %
was deoxygenated by bubbling dry N‘ through the solution for ca. 20 min.,

during which time the mixture was cocled at ca. do .."1 an _ce-water bath.

LS
The solutmn was then irradiated wzth a medlmn k,aressure nercuy lan.p

r

{450W, Hanovia), agitating constantly with the magnetic stirrer as well

as with a slow stream of dry nitrogen. After 15h irradiation, 1H NMR

-

- +
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analysis of the crude, photolysate revealed the disappearance of maleic
anhydride to be >95% camnplete. Evaporation of solvent with a rotary
eva)aorator afforded an oramge-yellow oll which was further 'dis;cilled in
vacuo (ca. 0.5mm Hg) to renove acetophenone amd unreacted anhydride.

The orarge, viscous oil that remained (20g, 0.103mol) was added tod
B% aqueous HCl (50mL) and tetrahydrofuran (10mL), ard stirred for ca. 12h
at room temperature. The H20/THE" i)hase was decanted from the solid

residue that remained and.extracted with ether (3 x 50mL}. Zﬁz ether

extracts were combined with the solid residue, benzene (25 mlL) was added

- in order to azeotrope -any remaining water, and the solvent was evaporated

on the rotary evaporator. The remaining solid was taken up in anhydrous

ether (50 mL), dried over anhydrous sodium sulfate, and then distilled to
afford_ a light brown solid residue (21.0g, 0.099mol, 96%). |

- The j:esidme (4 .-Qg,' 0.023mol} was added to pyridine (60mL, - © \
distilled from barium oxide), and the resulting solution was placed in a
100mL two-necked, round-bottomed £lask with a condenser connected to
three sequential dry *ce/aceton traps. The mxture was saturated with

]

oxygen, lead tetraacetate (15g, 0.034mol) was adied a slzght pos;tlve N2

. pressure applied, and the rruxture was placed J.n a 7032 0il bath where

vigorous evolutlon of €O, occurred within 2-3min. co, evolut;on was

- camplete within 8 min and the reactiqn was left for a further th at 7&3

The, reaction mixture was cocled to room temperature amd the pyridine was

carefully distilled’ in vacuo {ca. 1lmm Hg), with three dry ice/acetone

traps placed‘ bétween the first trap ard the pump. After the mixture had

been distilled to dryness, the distillate collected in the traps was

. canbined and ca. 25mL ether were added. The mixture was then washed with
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5% aqueous HC1 (5 x 100mL) to eliminate pyridine. The organic fraction
v
renaining was washed with water (5 x 10mL) until neutral to litmus,
saturated brine (IOmL)/,__gx:ied over anhydrous sodium sulfate, f£iltered;
ard then concentratecf\:'by distillation. Vpc analysis (colutm a) of the

blear, colourless ligquid revealed two major products (ca. 4:1 ratio).

The components wert initially separated from any remaining solvent ard

°

low molecular weight by—produc*s by senu-prepara‘cive vpc (colum ). The

two components were separated from each other by several runs on column
T

g. After a final run with colum f the two ispmers were obtained in >99%

parity. The lH NMR spectra of the 2 components were consistent with that

for cis- and trans-bicyclo[5.2.0)jnon-8-ene. i

cis—4: 1B NR (500Miz); § = 1.17 (m, 2H), 1.37 (m, 2H), 1.75 (m,
6H), 2.89 (d, J = 12.6Hz, 2H), 6.05 (s, 2H); ~
"1y 3126(w), 3041(m), 2923(s), 2852(s), 2693(w),
2676(w), 1566(w), 1463(m), 1454(m), 1441(m), 1350{w), 1319(w},
1289(m), 1208(w), 1146{w), 1048(w), 924(m}, 848(m), 773(m),
- 153(s), €88(m);
MS: We(I) = 1p244), 121(5), 107(19), 94(32), 93(64), 91(16),
81(59), 80(85), 79(100), 77(33), 68(21), 67(36), 66(18), 65(14),
55(15), 54(19), 53(15), 51(12), 41(29);
* OV (cyglohexane): A = 186.5m: (€ = 4900).

IR (neat, cm

trans—4: E/NMR (500MHz): § = 1.33 (m, 2H), 1.56 (m, 4H}, 1.73
(m, 48), 2.53 (dd, J = 12.2, 3.1z, 2H), 6.14 (s, 2H):
IR (neat, em1): 3102(w), 3039(m), 2924(s), 2856(s)} 2653(w),

1651 (w), 1447{m}, 1369(w), i349(w) . 1284(w), 1253(w), 1223(w},

o

1215(w), 1149(w), 1097(w)., 949(w), 887(w), 851(w), BOS(m), 763(m),

729(m), 6B3(s); .
M5: M/e(I) = 122(1), 121(2-)-, 107(14), 94(20), 93(34), 91(19),

81(37), 80(40), 79(100), 77(34), 58(16), 67{32), 66(16), 65(16),,‘

S

55(13); 54(14), 53(27), 51(16), 41(36%;
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UV (cyclohexme) )\my = 106.omm { £ HH00) .

-

cis-1,3,4-Trimethylcyclobutene (5). Maleic anhydride (40.0g, 0.41mol) -
axﬁ}LCt'et(apat_)c.'none (15mL, 15.3g, 0.127mol) were adied to et‘ﬁyl acétjente (‘2L) 1
in a Pyrex reaction kettle equipped with magnetic stirrer amd gas inlet
and the solution was saturated with propyne at -78C. The solution was
deqassed with a stream of dry nitrogen for 20min ard {(then irradiated with
a medium préssure mercury lamp (450W, Hamovia) for 29h at temperatures

maintained between -55 to -70C. The irradiation was terminated when

.290% of the maleic anhydride had been consumed as determined by J‘H NMR,
w2 Y o

-and the solvent was evaporated on the rotary evaporator. Mz‘k brown

il that remained was distilled in vacuo (ca. 0.5mm Hg) to remove
acetophenone and traces of maleic anhydride, afforéing a dark‘brown solid
residue {59.3q) whose 'H NVR spectrun was'consistent with
l-methylcyclebutene-3, 4—dicarboxylic acid anhydride.

1Hhm {90 MHz): 6= 1.90 (s broad, 3H), }B'I (s, gH), 6.1& {m,
1H) . .

The material from above {11.5g, 0.083mol) was dissolved in dry ether '(30
mL) ard added dropwise to a s:.rspension of lithium alumimmn hydride (7.3g,
0.103m01) and dry ether (500mL) in a 1L three-necked, round-bottomed
flask equipped with a reflux condenser, addition funnel, and magnetic
stirrer. The nixture was. refluxed for 12zh, thenﬁboled amd quenched
slowly with ice water (250g) . The ethereal portion of the mixture was
separated and the remaining lithium aluminum salts we.re extracted
with ether (5 x 30mL). The combifed ether extracts were dried ovér
a:*.hydrous sodium sulfate, filtered, and the solvent was distilled to

1

afford a clear, yellow oil (9.2g, 0.058mol, 70%), the “H MR of which was
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consistent with l—methyl—ciﬁ—a,4-di~(hydroxymuthyl)—cyclobyéene.
! ﬁ

‘4 MR (90MIZ): § = 1.63 (s, 3H), 3.00 (m, 2H), 3.73 (m, 4l), 4.36 ,
(s broad, 2H), 5.63 (s, 1H). % &

4 The diol from above (10g, 0.064mol ) was dissrolved in pyridine tca. 20 mL)
ard added dropwi.se to toluenesulfonyl chloride (31g, 0.163moL) dissolved
in 100mC dry pyridine in a 250mL round bottomed flask at dt, stoppered,
ard left at OC for 48h. The mixture was poured into 200g of ice,
vigorously stirred for 15min, then cooled at OC for 1h. The solid
precipitate was collecfed by filtration, washed in methanel, and dried in
vacuo {ca. 10mm Hg) to afford a light brown solid (21.0g, 0.048mol, 75%)
whose TH NMR' spectriLnn was consistent with 1-methyl-cis-3,4-
di{hydroxymethyl)-cyclobutene ditosylate.

i em (190MHz}: & = 1.63 (s, 3H), 2.48 (s, 6H), 3.05 {(m, 2H), 4.07
T (t, 4H},[5.65 (s, 1H), 7.62 (dd, 8H).

The ditosylate (19.5qg, 0.045mc‘>l) was added slowly to a suspension qf
lithium aluminum hydride (7.0g, 0.184mol) in dry diglyme (300mL)} in a
500mL three-necked, round-bottamed flask equipped with an 8 in vigreux
column and short path distillation unit, solid addition funnel, nitrogen
inlet, and magnetic stirrer. The mixture was slowly heated to 10st.

The volatile product was collected in a éeries of two dry-ice/acetone
traps, the content}stof which were bulb-to-bulb distilled under vacuum

(ca. 0.02mm Hg) to afford a clear, colourless liquid with a 1-H MR

/Eﬁtmm consistent with cis-1,3,4-trimethylcyclobutene, 5. Cyclobutene
5 was cbtai@% puwrity by semi-preparative vpe (column f, ind p\tor

temp., = 106t oven temp. = 45t, cdetectnr terp. = 12&). :

¢ A
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v

5: 1H NMR (OUMHZ) : O= 0.90 (d, 6H), 1.5% (d, 3H), 2.66 (m, 2H),
5.4 (d, 1H);

IR {neat, c:m—l}: 3038{s), 2956(5)’, 2933(s), 2886(s), 2716(w),
2631{w), 1641(s), 1616(w), 1466(m), 1442{s), 1376{(s). 1329{(m),
1316(m), 1273{m}, 1193(w), 1091(m), 1039(m), BOG(s), 631(wW},
601(m);

MS: M/e{l) = 96(27), 95(4}), 81(100), 79(18), 77(7)., 67(16)},
56{10), 57{18), 53(26), 41{38}, _39(23);

UV {cyclohexane): A __. = 189rm (&€= 6900) .

I

cis-1,2,3,4-tetraméthylcyclobutene (6).°°° Butyne (75mL, 50.3g,

0.93mol), maleid anhydride (35.5qg, 0.36&10.1), and acgtophenone {15mL,
15.3g, 0.127mol) were added to 1.9L of ethyl acetate in a Pyrex reaction
kettle eqmppef}* with magnetic stirrer ard gas inlet. The solution was
dgqassed at ca. -40C with a strean of dry nitrogen for 20 min and then
irradidted with a medium pressure mercury lamp (450W, lanovia) for 43h
‘while the temperature was maintained between -30 to -4CC. The '
irradiation was terminated when _>9096 of '_the maleic anhydride had been
consuned as determined by lﬂ \NR, ‘ard, the solvent was\evaporaged on the
rotary evaporater.. The dark vellow o0il that remained was distiﬁed -in
vacuo {;a. 0.5mm Hg) to rem:ve acetcphenbne ard traces of maleic
arhydride, affording a dark yelliow solid which exhibited a 'H MMR
| spectrum consistent with 1,Zdinxqglylcyclomtene-a,4—diwbc;xylic acid
anhydride, % ‘ | '
luem (00 Mz): §=1.80 (s, 6H), 3.75 (s, 2H).

The solid from above {15g, <0.099mol) was dissofved in 30mL dry ether and.
added dropwise to a suspension of lithium alwnirnzn hydride (7.3g,

0.203mol) in dry ether (300mL) in a 500mL three-necked, round-bottomed

g W
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tlask equip{r:d with a reflux condenser, addition funnel, and magnetic
stirrer. The mixture was refluxed for 5h, cooled, and quenched carefully
with ice water (250g). The ethereal portion of the mixture was separated
fran the solid salts and the solvent was distilled with the rotary
evaporator. The aluminum ard lithium salts were further extracted with
ether using a soxhlet éxtractor ard ether, but no additional diol was
c.abtained. The combined ether extracts were dried over anhydrous sodium
sulfate, filfered. arnd the solvent was distilled on the }otary evaporator
to yvield a clear yellow oil (l6.9g, 0.049mol, 50%) where the 1H NMR
spectrum was consistent with 1,2-dimethyl-cis-3,4-di(hydroxymethyl)-

cyclobutenelso.

lﬂ‘l\l;R (90MHz): § = 1.53 (s, 6H), 2.87 (m, 2H), 3.33-3.96 (m, 4H},
4.30 {s broad, 2H). )

The material from above (5g, 0.035mol) was added dropwise to toluene-

sulfonyl chloride (15g, 0.079mol) dissplved in dry pyridilne {50mL) in a

100mL round-bottamed flask at ot, stoppered, and left at OC for 48h.

‘ The mixture was poured into 200g of ice, vigoroﬁsly stirred for 15min,

ard then allowed *o stand at OF for 30min. The solid precipitate was

colle;:tedfby filtfation, washed v;ith 2% aquecus HC1 (25mL), water (25mf..),

filtereg, in vacuo (ca. 10mm Hg)}, amd recrystallized from methanol

to afford a light bkxown solid (8.3g, 0.018mol, 53%). The lH NMR spectrum

of the ccmpburxi was donsistent with 1,2-dimethyl-cis-3,4-

di(hym:mqmeth‘fl}cyc obutene ditosylatelzs.

]'HH‘R (9oMMz): & = 1.50 (s, 6H), 2.45 (s, 6H), 2.93 (m, 2H), 4.07
{d, 4H}, 7.58 (dd, BH). '

The ditosylate {10g., 0.022mol) was agfed slowly to a suspension of

S :
" lithiuwm aluminum hydride (5.0g, 0.133mol) in dry ether (150 mL) in a
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250mL tnrece-neclked, round-bottamed flask equipped with a solid_ addition
funnel, reflux condenser, nitrogen-inlet, and magnetic stirrer. The
mixture was refluxed for 12h, éooled_, and then quenched by cautious
addition of 2% squecus NaGl, “Ths ethereal portion of the Hiskrars was
sep/e:rated ard the solid salts were extracted further with ether. The
combined ether extracts were dried over anhydrous sodium sulfate,

filtered, andhe solvent removed by slow distillation. The product was

' o ¢
bulb-to-bulb distilled lnder vacuum (ca. '0.02mm Hg)} to afford a clear,

colourless liquid with a 1H NMR spectrum consistent with c¢is-1,2,3,4-

tetramethylcyclobutene, 9130 after separation from two minor products by

vpc., Cyclobutene 6 was obtained in >99% purity by semi-preparative vpc
(column f, injector temp, = 100C, oven temp. = 600, detector temp. =
120%).

6: 1H NMR (90Miz): &= 0.90 (d, 6H), 1.48 (s, 6H), .2.58 (m, 2H):
IR {neat, cm '): 2953(s), 2929(s), 2906(s), 2866(s), 2716(w),
2621(w), 1688(w), 1461(m}, 1435(s), 1374(s), 1326(w), 1316(m),
1289(m), 1211{w), 1133(m), 1096(m), 1024(m), 996(m), 976(w),
658(m), 628(m}; .

MS: M/e(I) = 110(37), 109(3}, 95(100), 91(5), 81(14), 79(9),
77(7), 61(48), 56(14), 55(37), 53(18), 51(7), 41(29), 39(20); -

WV (cyclohexare): )\max = 190rm (€= 11,100).

1,3,3,4- and 1,3,4,4-tetramethylcyclobutene (20) and (21).

Citraconic anhydride (15qg; .0.134 mole), 2-methyl-2-butene (20g, O.éBG
mole) 'and acetophenone (5.15&__";. 0.043 mole) were dissolved in ethyl-
acetate {500mL) in.a Pyrex inmersiqn well equipped with a magnetic

stirrer. The reaction mixture was cooled fo ca. 5C with an external

ice-water bath and deaxygenated by bubbling dry nitrogen through the
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solution tor approxim?ely 30 minutes. The solution was then irradiated
with a medium pregsure mercury lamp (450W, Hanovia), agitating constantly
throughout the irradiation period with the magnetic stir"%er as well as
with a slaw stream of dry nitroger}. After 11lh irradiat\ion, 1l-[ NMR
analysis of the photolysate revealed the disappearance Sf citraconic
anhydride to be >§5% canplete. The solvent was re;oved with a rotary
evaporator to yield an orange-yvellow oil which was then distilled in
vacuo (ca. 0.2 mm Hg) to remove'acetom;mne and a small amount of
c;i tracenic anhydride.

A portion (12 g) of the clear, orange and viscous oil that
remained (17 g} was stirred in 12% aqueocus HC!l {75 mL) for ca. 10 h at
room temperature ary! then extracted with ether (3 x 50mL). The extracts
were washed with water (50 mL), saturated brine (50mL), dried over sodium
sulphate and thea distilled to afford a light brown solid (11g).

‘A portion (4g, 0.019 mole}_of tiqe solid was added to pyridine
{ 60mL, _distilled fram ba{riwn 'oxide) and . the solution was placed rin a
100mL, two-necked, roumd-—bottcmed flask fitted with a gas inlet tube and
a Vigreux column cconnected to three sequential dry ice/acetone traps.
The solutiop was saturated with oxygen at roam temperature, lead
tetraace;ate {1‘69, 0.023 mole) was added, a slight positive pressure of
dry nitrogen was applied, and the mixture was placed in an oil bath
(7€) where CO,, evolution occurred within 2-3 min. When gas evolution

sided, the tanperémre of the oil bath was increased té 90t and
nitrogen was slowly bubbled throuch the reaction mixture for 24h. The
colourless liquid which had collected in the traps was dissolved in'
pentare (5-10ml), washed with 5% agquecus HC1 (4 X 5mnL), water (3 x 5ml),

i
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dried over anhydrous sodium sulphate, filtered, and concentrated by slow
distillation. WVpc énalysis {(column £) of the product revealed the
presence of two major products'in ca. 1:1 ratio. These were separated' by
semi-preparative vpe {column f, injector temp. = 12dt, detector temp. =

150°C, oven temp. = 7db). ,Canpourﬂg. 20 and 21 were obtained in >99%
purity by fuyther parification using semi-preparative vpc on column (h}.

20: NMR (500 MHz): 6= 5.66 (q, 1H, J = 1.8 Hz), 2.23 {qqg, 1H,
J=17.2, 1.2 Bz}, 1.57 {(d4, 3H, J = 1.6, 1.2 Hz}, 1.08 (s, 3H),

0.96 (s,~3¥), 0.94 (4, 3H, J = 7.2 Hz);
13

-

C NMR (125.6 MHz): § = 13.04, 13.89, 21.87, 27.27, 42.22, 48.70,
135.78, 146.71;

IR (neat, cm_l): 3026(s), 2950({s}, 2910(s), 2866(s), 1626(m), -
1436(s), 1363{s), 1326(m), 1282{m), 1211(m), 1121(w), 1091 (m),
1051(m), 1022{m), B10(s); '

MS: M/e(I) = 110 (34), 95 (100), 91 {3), 81 (11), 79 (9}, 77 (1),
67 (45), 65 (5), 55 (44), 53 (17), 41 (28), 39 (16), 27 (11);
Exact mass: Calcalated for C8H14, 110.1116, found 110.1100.

W (cyclohexane): A __ = 192nm (€= 4950). ‘

21: 'H MR (500 MHz): §=5.58 (qd, 1H, J = 1.5, 0.9Hz), 2.30 .
(qd, 1H, J = 7.1, 0.9 Hz), 1.53 (m, 3H, J = 1.5Hz), 1.06 (s, 3H),
0.96 {d, 3H, J = 7.1 Hz), 0.93 (s, 3H);
13 R: (125.6 MHz): 8= 11.36, 14.72, 20.08, 25.13, 44.47,
45.59, 128.74, 153.03;
IR (neat, cm 1): 3036(s), 2951(s), 2866(s), 1641(m), 1436(s),
1361(s), 1328(m), 1284(m), 1214(m), 1140(w), 1071{w), 1027(s).
1000(s), 974(m}, 871 (W), BO8(s); N

© MS: M/e(I) = 110 (55), 95 (100), 93 (9), 91 (3}, 81 (13), 79 {13},
77 (6), 69 (15), 67 (85),- 65 (7)., 55 (79), 53 (31), 41 (69), 29
(16}, 27 {10); o | ' .
Exact mass: Calculated for C8H14, 110.1116, found 110.1100;
OV (cyclohexane): \__ = 193m: (€= 6700). '
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5.4 Synthesis of Photoproducts
2,4-Hexadiene isamers (22). Cis,trars-2,4-hexadiene, ct-22, (0.3g, ca.
0.004 mol; Aidrich) was placed with 30ml pentane into a quartz tube and‘
degassed for 15%5min. at € with dry N2. The soluti‘on was placed In a
Rayonet equipped with ten 254nm lamps and'j:rradiated to a Izhotc;stationaw
state within three hours, at which time grp?: analysis (column a) revealed
the mixture to contalin ct-22 ard two oti;er major components. The solvent
was evaporated by slow distillation, leaving ca. 0.5ml, of a clear
colourless liguid. - The resjgue was bulb-to-bulb distilled in vacuo (ca.
'0.02mm Hg) amd the three rnajo:" comonents were separated by semi-
preparative vpe {(columm h). The 1H NMR spectra of these compounds
alloved identification as tt—, ct—r, and tt-22 by comparison to published
131

spectra.

Pl

tt-22: TH NMR (90 MHz): &= 1.75 (d, 6H), 5.54 (g, 2H), 6.22 (m, 2H}.

ct-22: HNMR (90 Miz): § = 1.76 (m, 6H), 5.20-6.66 (m, 4H).

co-22: H MR (80 MHz): §=1.72 (d, 6H), 5.55 (m, 2H), 6.33 (m, 21).

Cis, trans-1,3—cyclooctadiene (ct-25) was synthesized according to the

pﬂbl ished methods '35 s

Acetoprenone (2g, 0.017mol) ard cis,cis-1,3-
cyclooctadiene (21g, 0.194mol, previously bulb-to-bulb distilled under
vacurn (ca 0.02rm Hg) was édded to ethyl acetate (350 mL) ard pléced in
a Pyrey immersion well apparatus equipped with a magnetic stirrer ard gas
inlet. The mixture was _gegassed with dry nitrogen for 20 min and then
irraciated with a medium pressure mercury lamp (45W, Hamovia) at ca. dt
untiloa ptntostat.ionary state {c,c/c,t=2.2) was reached (ca. 4h).

Aquecus silver nitrate (20%, 15g in 75ml water) was added at ¢t turning

the mivture brown ard the contents were stored (periodically stirred
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vigorously) at 4 for ca. Bh. The crystals which had formed were
sepcir'ated tram solution by vacuum filtration, washed with pentane (50
mL}, methanol (50 mL), and then pentane {50 mL). The white needle-like
crystals were dried in vhcuo (ca. 5mm Hg) to afford the cis,trans-1,3-
cyc:locw:'cadiema/:f&g!\lo3 complex (10g, 40% yield based on amount of starting
cis,cis-isorer, m.p. = 133.5 - 134.5?3). The cis.tram—l,a—'cyclo—
cctadiene was liberated by the dropwise addition of concentrated ammonia
(20 mL) to a stirl'red suspension of the silver nitrate complex (5g) in
pentane (20mL). The mixture was poured into water (30mL) and the pentane '
layer separated., The agueous phase was extracted with pentane (3 x

10mL}. The cambined pentane extracts were dried over anhydrous sodium
sulphate, filtered, and the solvent evaporated on a rotary evaporator to
vield a clear colourless liquid. Vpc amlysis (column a) of the li.quid
" dissolved in pentane revealed one major component {(ca. 98% pwurity). The

IR e and lﬂ I\II"IR133 spectra agreed with that previously published for

LY

¢cis, trans-1,3-cyclooctadiene.

&

ct-25: H NMR (90 MEz): 8= 6.16 (d, 1H), 5.52-6.00 (m, 3H), 2.25
(m, 44}, &.10-2.33 (m, 4H); |
0.9C (m, 2H), 1.27 (m, 2H), 1.4-2.0 (m, 4H), 5.47-6.30 (m, 4H);
IR (neat, cm ©): 3000(s), 2920(s), 2840(s), 1720(w), 1630(s],
1605(m), 1435(s), 1278(m), 1255(m); 118S(m), 1085(m), 1055(m},
985(s), 960(s), 945(s), 915(m), 872(m), 825(s), 800(s), 740(s),
690(m), 655(s), 550(m), 477(m); i

MS: M/e(I) = 108(15), 107(4), 93(50), 91(22), BO(49), 79(100),
77(34), 67(52), 66(17), 54(12), 41(20), 39(25).

oy

7T-methylenebicyclo[4.2.0]heptane (27) was synthesized according to the

procedure of Arora and Binger134 ard purified by semi-preparative vpc
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usiing eolumn €,
27: 'H MR (90 MEa): 8= 124 (m, aH), 1.57 (m, 24}, 1.70 (m,
4R, &34 e, 2
IR: !in CCl4, cm 1): 3060(m), 2980(s), 2920{s), 2846(s), 2670(w),

1770(w}, 1743(m), 1442(s), 1345(m}, 1325(m}, 1296(w), 1132(m),
970(w), 918(w), 875(s) 534({m); | =\
MS: M/e(1) = 108(3), 107(8), 93(100), 91(23), 80{30), 79(90),

77(41), 67(27), 53(16), 41(37), 39(35).

O
cis,cis-1,3—<cyclononadiens (cc‘:—__2_9_). Cis,cis-1,3~-cycloncnadiene was
prepared via 1,2- cyclononailene . 1,2-Cyclononadiene was prepared fran
cyclooctene according to the Doerlng—Moore Skattebol route, L3p Cyclo-
octéne (20g, 0.18 mol) and potassium t-butoxide {25g, 0.23 mol) were
added with 150 mL dry pentane to a 250mL two-necked, round-hottamed
flask. Bromoform (46g, 0.18mol) was added dropwise and the mixture was
stirred for r:a 12k, It vas ":'chen poured into water (100 ml) and |
semardted. The pentane fraction was washed with water (50 mL}, dri;ed
over/arhydrous sodium sulfate, £iltered, and then distilled on a rotary
eraporator. Distillaticn in vacuo {ca. 0.02mm Hg) afforded 28g (63%
yield) of a golden oily resicuie whose spectra were consistent with 9,9-

dibrano-bicyclo[6.1.0]}nonane.

1 R (90Miz): 8= 1.48 (m,. 12} 2.06 (d, 24};

IR (reat, c:m-l}: 3020(s), 2925(s), 2B60(s), 2690{(w), 1465(s),

1443(s), 1363(m), 1143(s), 1163(s}, 1060(m), 1020{w), 930(w},
890(w), 855(m), 812(m), 760(s), 745(s), 705(s), 650(s).

Li%hium metal {1.75g, 0.25mol) was add in small pieces to a soluticn of
methyl iodide (17.8Bg, 0.125% mbl) in anhydrous ether (100 mL) in a 250mL ___ .
Tw—necked, round-bottamed flask fitted with a reflux condenskr, magnetic

st;:‘:‘ r, and cas inlet under an argon atmosphere at roamn tenperature.
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The mixture ‘was; stirred for an additional 30min aft®r the lithium had
campletely dissolved. The reaction mixture was then glaced in a dry
ice/acetone bath amd allowed to cool to ca. -76C. The dibromide (28g.

(0.100 mol) in ca. 50mlL ether was then added dropwise. . The reaction

mixture was allowed to stir for 1h after addition was complete. The

(-;

temperature was increased to ca. 10C ard saturated aqtecus ammonium
chloride (!.‘;0 mL) was added. The e.qléreal- la\yer was separated, we;is:hed
with water (50 mL), %;xturated brine (50 mL}, dried over aphydrous sodium
sultate, and filtered. The ether was evaporated on the rotary evaporator
to afford a clear yellow liquid whose 1H NMR spectrum was consistent with
1,2-cyclononadiene contaminated with a small amount ofa starting material.
The licquid was distilled in vacuo (ca. 0.02mm Hg) to a}fford a clear
;co.'lom*lesi__lﬁiqu.id ({12g, yield >95%) vghose 1H NMR spectrum was consistent

with 1,2-cyclononadiene. %
b ]

5 R (90 Mz} 6= 5.22 (m, 2H), 2.15 fm, 28}, 1-1.9 {n, 308);
MS: M/e(I) = 122(4), 107(7}, 94(22}, 93(48), 91(16), 81(49),
80(55), 79(100), 77(30), 68(7), 67(32), 66{13) s 65(16}, 55(14),
53(23), 41(405), 39(52). ‘

1,2Cyclononadiene (5g, 0.041mol) was added dropwise to a solution of

potassium t-butoxide (4.3g, 0.038mol, 0.77M) in dry DMSO (50 mL) in a
i hd &

~
S

100mL two-necked, round—bot?é flask at ca. 77t wnder a dry nitrogen Is
atmosphere. The reaction was left to stir at this terrpe:amre for 100min
after addition of the diene wés complete. The reaction mixture wr:s then
cooled € room temperature, quenched by the addition of ca. ai50mL water,
ard the product was extracted with ether (73'3-’:’;’:50:&) . The ether extracté
were washed with water (50 mL), saturated brine (50 mL), dried over

anhydrous sodiun sulfate, ard filtered. Evaporation of the solvent
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affovded{a clear, colourless liquid which consisted of two major
campourgls {ca. 4:1 ratio by vpe). The major portion was separated hy

preparative vpe and affqrded a lH NMR spectrum consistent with cls, cis-
1,3-cyclononadiene. 135

cc-29: H MR (90 MHz): 8 = 1.53 (m, 6H), 2.13 (m, 4H), 5.44-6.00
{m, 4H): _

IR (neat, cm -): 3064(s), 3003(s), 2920(s), 2856(s}, 2686(w),
1745(w), 1708(w), 1636(m), 1478(m), 1458(s), 1443(s), 1354(w),
1280(w), 1089(m}," 1051(m), 978(m), B78(m), 843(m}, B815(m}, 768(s),
733(s), 707{m), 661{s), 607(w), 584(w); '

MS: M/e(I} = 122(28), 107(17), 93(51), 81(71), BO(68), 79(100),
67(47), 53(27), 41{39), 39(50}.

+

Cis.trans-l,a-cycltn:;nadiane (ct—29}) was prepared by the pyrolysis of
cis-bicyclof{5.2.0 non-8-ene, c-4. Cis-4 {0.5;;,. 0.0016m0l) was sealed in
a 1/4in o.d. glass tube following a degassing procedure of thrée
freeze/parp/thaw cycles, and placed in an oilbath {19dC) for 1h. Wnc
a:.alysié (column a} revealed the presence of Two coamponents in the
ﬁ‘rolysis mixture, ‘one of which was i:nreactec‘. c—4 (€€%). The other
canponent was isolated by semi-premrative vgc {column g, injector temp.
; ‘
= 120, detector temp. = 150t, oven temp. = oct) a‘gidentified as’
cis,trans-ll,a-cyclonoﬁiiiene (ct—29) on the basis of its 1H NMR and mass
spectra. . .

ct-29: H MR (90 Miz): §='5.56 (br s, 6H), 2.27 (br s,gH),

5.58-6.00 (m, 2H), 6.17 (d, 2H): . -

MS: M/e(I) = 122(14), 107(13), 94(18), 93(42), 91(16), 81(54),
» 80(60), 79(100), 77(30), 67(49), 53(20), 41{29), 39(35).

-
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E- and Z-2,4-dimethyl-2,4-hexadiene (E- and Z-43). Tr.ipmn%:_i)pmsphi-ne
(11g, 0.042 mol) and ethyl branide (6g, 0.047 mol), weve Albeiloed {n dry
benzere {25.zL) In-a 50mL round-bottaned flask eguipped with an efficient

: condeniser and mxgnetic stirrer. The mixture was reflued for 24h,

, filtered, ard dr'iedrin vacuo to affopd a white solid that was

it

id}en\\*'fjed as ethyd triphenylphospbonium bromide on the basis of its “H-

NMR spectrum (11.2g, 0.029 mol, yield 69%).
IHM {90MHz): § = 7.77 (s broad, 15H), 3.83 (m, 2H), 1.41 (dt, 3H).
Sodium hydride {O.BQ, 0.033mol} amd dry dimethylsulfoxide (10 mL,
distilléd from bariy__oxide) were placed in a 100mL, two-necked, round-
bottomed flask eguipped wi'th a reflux condenser, magnetic stirrer, gas

E

inlet, and addition furmel. The mixture was heated urder a nitrogen

‘atmospher@ at 85C until gas evolution ceased (ca. 45min} ard then cooled

¢ .
to room temperature. Ethyltriphenylphosphonium bromide (9g, 0.023 mol}
= Cd

was dissolved. in warm DMSO (30 ml) ard adled dropwise over 20min. The
LS
orange-coloured reaction mixture was stirred for 1h at room terperature

argd neat mesityl oxide (2.3g, 0.024 mol) was added dropwise over 20min.,

'

affording a nilky white mixture which was stirred overnight at room temp-

erature. Th# resulting mixture was filtered through Celite, poured into

water {50 mL), a&nd extracted with pentane (5 x 25mL). The extracts were

washed with DMSQ/water (1:1 ratio), water {50 ml), saturated brine {50
mL}, amnt dried over arhydrous sodium sulfate. The filtered extracts were

i

slowly distilled to remove ti]e solvent. Bulb-to-bulb distillation {ca.
~ ’ 3

0.2mm Hg) of the residue afforded a mixture Sf*E- and Z43 isonmers as

clear, colourless liquids. ~Dienes E~ and Z—43 (0.47g, 0.0043mol, yield

18%) vﬁe isolated as a mixture by semi-prepirative vpc on column f.

\\ '
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Separation and further purification under the same conditions (injector
temp. = 120C, detector temp. = 16dC) afforded each isamer in >99%

arity. i}
o

E-43: 'H MR (500MHz) in CDC13: § = 5.61 (br s, 1H), 5.29 {q, J =
6.9 Hz, 1H), 1.74 (s, 3H), 1.73 (s, 3H), 1.69 (s, 3H) 1.65 (d, J =

6.9 Hz, 3H): . ,

IR (neat: cm—l): 3020(s}, 2967(s}, 2922(s), 2862(s), 1656{(w),
1445(s),-1374(m), 1182{w), 16,52(w), 857(s), T72{w), 51l1(w}: {
MS: M/e(I) = 110 {386), 95/1160), B1 {17}, 77 (13), 67 {64), 55
(59}, 53 {32), 41 {53y, Fo (50}, 27 (34{. |

Exact mass: Calculated for C8H14, 110.1116: found 170.1088;
UV (cycloheyane): )\rfm = 232nm { £= 10,700).

— S

Z—43: 1H MR (500MHz) in CDC13: 5 = 5.54 (br s, 1¥), 5.26 (g, J <

s

6.8 Yz, 1H), 1.76 (s, 3H), 1.70 (br s, 3H), 1.56 !s, Bm, 1.48 (q,

I = 6.8 Hz, 3H); -
) < /TR {neat, an ). 3020(s), 2966(s), 2922(s), 2863(s), 2661(w), .
'1625(w), 1446(s), @ses{ﬁ),.lzostw), 1185(w), 1035(m}, 824{m),
e 783{m), 554{w);
MS: M/e(I) = 110 (57}, 95 (100), 81 {20}, 77 {21}, 67 (61), 55
(43), 53 (23), 41 (35), 39 (32), 27 (19):
Exact mass: Calculated for CBH14, 110.1116; found 110.1087;
UV (cyclohexane): Ao = 217m ( €= 6800). B

g

E-2,3dimethyl-2,4-hexadiene (E-44). Propyne (ca.S5mL, 0.083 mole) was
cordensed into a dry ice/acetone trap and trarsférred into 70mL anhydrous
ether in a 250mL two-necked, round-bottomed flask equipped with magnetic

stirrer, dry ice condenser, thermometer ard gas inlet at -76C.

n-Butyllithium (36nL of a 2M hevane solution) was added dropwise with

stirring under an argon athosphere, at a rate slow enough to ensure that
. ‘ kb‘

the temperature of the reaction mixture did not rise above -50C. The

- g

»
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reactio; miyxture was stirred at —'IBUC f;r l1h, and then 3-methyl-2-
butanone {6qg, 0.0'Hm.o(') was added dropwise with stirring. The reaction
mixture was allowed to warm to roan temperature and then stirred for
several hours. The mixture was then poured into a saturated agueous
ammonium chloride solution (30 mL) and extracted Jwith ether {3 x 25mL).
The extracts were washed with water (10-ml), saturated brine (10 ml) -and
finally dried over arm'}cirous sodium sulphate. The filtered extracts were
distilled to remove the solvent and then bulb-to-bulb distilled u1;1de.r

vacuum {ca. 0.2mm Hy} to yield a cleaft, colourless liquid {5g, C.04mol,

56%) identified as 4,5-dimethylhex-2-yn-4~ol on the basis of its 'H NVR,

IR and mass spectra. G

IR (cm '): 3440(s broad;, 2970(s), 2920(s), 2880(sy, 2250(w),

1460(m;, 1445(m}), 1365(s);
MS: M/e{I} = 126(1), 125(1}, 111(34),. 9'3)9), 91(8), B4{45)},
83(100), B1(24}), 77(12}, 69(19), 67(27), 65(14), S55(21}, 53(18).

g MR (90MHz): § = 1.8 (m, €H), 1.35 (s, 3H), o?dd.em;

The alkynol (2.7g, 0.021 mol}, Lindlar catalyst {(0.08g) and anhydrous,
ether (25 nL} were placec into a 100rL two—necked, rounél—bottaned £lask
equipped with magnetic s'tirrer:énd hydrogenated at 1 atm for 7h. The
reaction mixture was filtered through Celite and the solvent was
distilled to afford a clear, colourless l.{quid that was identified as Z-
4.5-dimethylhax-2—en—4—olb {2.3g, 0.0185mol, yield 87%) on the tasis of

its lﬂ NMR spectrum.

18 R (9D MHz): §= 5.45 (m, 2H), 1.86 (4, 3H), 1.75 (m, 1H),
1.30 (s, BH)}, 0.90 (&, 6H).
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Ih,  The tlok waes then coolidd to rmoan temperature and the contents weroe
poured into gther {16 ml) . The solution was washed with saturated
acuizous bicarbonate (3 x 25mbL), water (20 mbL), dried over anhydrous
sodium sultate, amd tiltered. The solution was slowly distilled to
;'emove the solvent ard then bulb-to-bulb distilled under vacuum (0.2mm{~ '
Hg) to yjel_d a clear, colourless liguid., Vpce amalysis of tJhe 1i¢uid
(column é) Showed it to contain one major product, which was isolated by
semd-preparative vpe {(column f, injector temp. = 12¢E, detector temp. =
170k, oven temp. = 90L). Diene E-44 was obtained in >99% purity by
further vpc par'if.i"é:ation on colum f (0.63g, 70% yield fram the alkenol}).
The dienes exhibited spectral features similar to those previcusly
4

reported. 10

E-44: lﬂm 1500 MHz): 6= 6.38 (d, J = 15.8Hz, 1H), 5.47 (dq, J
= 154, &.8 HZ, QH), 1.77 lm. BH}, 1. (s, OHj, 1.69 Is, 3H);

IR {(neat, Cm_l): BBﬁO{s), 2919(s), 2862{s), 1446(m}, 1375(m},
1142(w), 1051{w}, 1005(w), 956(s), 781{w):MS: M/e(I] = 110 (58),
-95 (100), 81 (13}, 77 (10}, 67 (49.); 55 (34), 53 {16), 41 (37), 39
(28}, 27 (14);

&

Exact mass: Calculated for CSHM' 110.1116: found 110.1087;
W (cyclohexane): )\max = 241mm (&= 21,250). J? \

o

Z-2,3-dimethyl-2,4-hexadiene (Z-44). was synthesized by photolysis
deox{éena‘ced pentane (30mL) solution of‘E—ﬂ {0.4g, 0.0036401) in a
Rayonet reactor fit;ed with ten 254nm lamps. Irraiiatic'm of the 0.12M
solution for 55 vielded a mixture pf E-44 and Z-44 along with one other

minor producf. The pentane was rem by slow distillation and the

concentrated photolysate was: bulb-to-ulb distilled under vemuum {ca.
¥

L

C.2mm H3). Diene Z-44 was separated‘clea}ﬂy from the other compounds _t?y

semi-prepacrative vpo using colum (o) and finally obtained in >99% pur'ity

i
i



after turther vpe paritication with the same column.  The diene exhibited

0]
spectral teatures similar to those previously r«-:por"ceci.1 4

Z-44: IHM'R {500MHz } - &= 5.80 ({br d, J = 11.1Hz, 1H), 5.35 (dq,
J = 11.1, 6.9H2, 1H), 1.69 (=5, 3H), 1.67 (s, 3H)}, 1.%8 (s, 3H),’
1.52@ (&d, J = 11.8, 6.9Hz, 3H);
IR {néat, cmil): 3004 (s), 2920(s), 2863(s), 1444(m}, 1405(w),
1372(m), 1156(w), 1124(w), 930(m), 735(m), 713(m):
MS: M/e(I}) = 110 {75), 95 (100), B1 {14), 77 (11), 67 (55}, 565
(38), 53 (20), 41 (40), 39 (28}, 27 {16);
Bxact mass: Calculated for CBH14' 110.1116; found 110.1090;
UV (cyclohexane) : hmax = 223rmm (&= 9,500).
E.E- and E,Z-ethylidenecyclohexene (E,E- and 2,2—11_).81 Vinylcyclohexane
Y
{10g, 0.0%3 mol} and potassium t-butoxide (5.6g, 0.050 mol) were added to
y 4 dry dimethylsulfoxide {30 mL, dist}iled fran barium oxide) in a 100mL

two-necked, round-bottaned flask equipped with a reflux condenser,

gnetic stirrer, gas inled tube and thermameter.
stirred for 20h at 8573 under a dry nitrogen ::'trmsphere, then poured into
water (50 mL) and extracted with ether (3 x 50mL). The extracts were
washed with water (2 x 50mL), dried over magnesium sulfate, and filtered.
The solvent was evaporated on the rotary evaporator and the remaining
clear, colourless Iiquid was distilled under a N2 atmosphere to rid the
mixture of low boili_pg{ impurities. The remaining material gave a canplex
1}! NMR spectrw:nn;"a'pi:- arélysis of the l_iquid (colﬁm a} revealed the
presence of two ma_;;or products (ca. '40;60 ratio}). The 1H NMR spectrum was
consistent with the previously reportéd spectrum of the two unseparated

81 '

isamers.

1H, MR (90 MHz): 1.6 (d) amd 1.75-2.45 (m) (9H combined), 5.2 {(q,
M), 5.53-5.95 (m, 1H), 6.07 (d, 1H}, 6.47 (4, 1H}.

S



The doublets at 6.07 and 6.47ppm were tentatively assigned to the
resonances of the proton at C2 on the .ring for E,Z- and Z,Z-31
resﬁéctively. The isamers were separated by semi-preparative vpc using
columns f and g (injector temp. = 12(?(3, detector ténp‘i = 1;70‘)(:. oven

temp. = 80C) and obtained In >30% iscmeric parity.

5.5 Soluticn UV Absorption Studies | -

All spectra were recorded in deaxygenated {(bubbling Ar, 230(3}
cyclohexane (Burdick & Jackson) solution using Suprasil optical cells
{0.1 cm path length) at room temperature. The spectra were corrected for
solvent absorption in each case by placing an optically matched cell

containing the sclvent in the reference bean.

5.6 Fhotolysis of Cyclobutenes s

Photochemical eriments ér:i:loyed a 10W Osram HNS 10W/U 0Z low
pressure mercury lamp (185 + 254nm), a 16W Philips 93106E Zn.re'sonarx:e
lamp (214mm), or the pulses (193nm, ca. 10ms, ‘20-100mJ, 0.5 - 1 Hz
repetition rate) from a Lumonics TE-861M excimer laser filled with an
argon/fluorine/hel ium mixtuz_'e; The low pressure meréury ard zinc
resanance lamps were given a 20 min warmup period béfore each experiment
and cooled wi‘lch a stream of/ﬁitrogen. The low pressure mercury ard zinc
resonance lamps were surrcurxieg by a metal case mich.incoz%rated al"
port to contain the sample cell (and in the case of the low pressure
mercury lamp, a filter). The filter j-{:xasigted of a 25 x 3mm LIF disc

(Harshaw VUV grade) which had beern irradiated with ca. 1.7 Mrad of

irradiation from a 6000 scurce. The trarsmittance spectrnim of the filter ..

\\J
pred
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wis monitored closely curing photolysis experiments as the transmittance
at .254nm tends to increase slowly after prblonged exposure\to-the light
fran a low pressure mercury lamp. A freshly premred filter typically
has an optical density of ca. 0.5 at 185mm and ca. 5 at '254nm. ‘

All irradiations at roam terriperature were carried out in 0.01- *
0.05M solutions of the cyclobutene in either pentane, cyclohexane, or a%\c
2,2,4—trimet£ydpentane. Solutions were c?eoxygenated before use by
tubbling dry niltrogen or argon through cooled (ca. OC) solutions for 15 i
min. In all runs, the sanmple was agitated during photolysis with a small
magnetic stirrer.

Photolyses were carried out at ambient temperature (ca. 23C) in
10 x 25mm cylindrical Supracil quaréz UV cells (Hellma). Preparative
photolyses were carried out in rectangular cells {10 mL volume)
con§trL_1cted from 10 ® 20mm rectangular Suprasil quartz tubing (Vitro
Dynamics) at ca. 23 using the 193nm output of the excimer laser.

Photolyses were generally carried to 1-3% conversion with aliquots
being withdrawn at suitable time intervals for vpc arralysis. Relative
roduct yilelas were determined frc‘x:ﬁ the slopes of concentration versus
time plots constructed for'all camponents of the mixture relative to ai
intermal standard. Relative detector responses were ca‘librgted 'for all
identified products using a few standard solutions made wp from authentic

; &

-
n

sarples. All concerftratio /vses-.l{time plots were linear.



,/A 5.7 Low TEmperature‘Phptolyses
Photolynes at 77K were carried out in degasoed {bubb]inq Ar, 15
min} 2-methylbutare/cyclopentane: (4:1 ratio) solutions contained in
Suprasil quartz cwvett®: (0.3 x<p.7 cr) in a Suprasil quartz dewar.
Liqu;‘r] ritrogen was used as the coolant. The 0.02M cfclobutene solutions
were irridiated using the pulses of the argon fluorigde excimer lasc::?
1193rm. The relative yields of products were determined by vipce f:'om_

single-point determiratiaons after 3-5% conversion. The results reprecent

the grerage of two or three experiments, each of which was analyzed at

o

v

least twice.
(J

5.8 Irradiation of Dienes

The photostationary states for direct c:js.t:‘ans‘pl'otoisonferizat"ion
of 29, 31, 43, and 44 were determired at 254nm using 1-4 RPR 254 nm lamps
in a Srinivasan-Griffin Photochemical Reactor (Rayonet). model RPR 100.
The irfadiations wewe carried out in pentare (0.02-0.05M in diene)
solutionsg contained in 7mm quartz' tubes ard were previously deo:wgenated.
(bubbli N2 or Ar, OC). The Rayonet reactor was used in conjunction
with a merry—gc:;-rcmnd apparatus in order *to irradiate all samples equally
am similtareously. The fommat‘i‘_on of products was monitored by
analvtical vpe amd recorded as concentration vs. time plots in order to
determine the photostaticnary state (_in the case of dienes'd._é and 44) or
~alative quanitun yields for isarerization {as determined in the lcase of
dieneé 29 and 31). The photostationary states we:'e"a;:proached from both

directions. *
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b
5.9 Quantum Yield Deteqpinations at 185/m

Quantum yvields were determined using the cis -> tram-cyclooctene

168,19 : . N iy

actineometer at 185mn, ard In the case of 2 and 3, also at 193rm.
v

The quantarn yvields of prodicts were determined after calculating the

: L]
light flux fraria concentration vs. time plot for}the formation of trans-

o ;

eyclonctene fran the cis-isaner. Photolyses were condicted concurrently

.

with the substrate of interest, using approximately matched cells and

&

alternately irradiating the substrate and actinmmeter solutions sfor
- =
] &

identical, short periods of time. The actinameter solutions were S

. constantly agitated during the'i;radiation periods by a small magnetic

e

-

Stirrer. Generally the concentration of the actinanmeter was made

identical to that of the substrate and was considered optically dense

{optical density »>2.0 abs.units}. The progress of c¢is -> trans isamer-

#9 ;
ization of cyclooctene was monitored by analytical vpc using column d \)
. - . \/\
{injector temp. = 100C, oven temp. = 80C, detector temp. = 200%). The
rf

response of the flame @onization detector was calibrated for trans-
] .

cyclooctene using cis-cyclooctene which has a retention time on the.

celurm quite close to(the trars-isorer. A value of 0.32 + 0.02 was

employed for the actinmetric quantum yield.79 2

L

o
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APPENDIX A

and s-trans ct-3g and cyclopropylcarbinyl diradicaloid intermediates.

-

2 C D

B
Calculation of the partitioning constants for the decay of c-, t-1, s—cis

tt (s-cls}

ct (s-trans}

(s-trans)}

{s-cls}

(s-cis)

(s-trans)

{s-cis)

-

{s-trans)

k

%"

e



i

4
(2) from direct photolysis of c-1:

Calculations:

Calculation of partitioning cmtaz&
(1) the results of the direct diene photo¥s

results of the direct photolsamerization of ¢- and t-1.

(1) framn direct diene photois

anerization:
/ e
c/ A \
\D
$er —spe = 0-18=Ca C = 0.18/a
Ot rcc = 0-29 = (1-0) @ C = (d-0.29)/d
13
0.18 d
a=
d o] 0&29
R
}
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s for A ard D using:
omerization amd (2) the

—
[
—

.

N

(3)

3.5

™
% H _—_QA -
c’—i ct 6
\ i (t
> {1+ » D g
cc I -
A a &
——=3.5 (4)
d {1 - A) y
3.5d .
— a= (6)
o ! 110.5 4 - 1)
A (1 -a) + (1-a) (1-4) S .

= 6.0 (5)————'——'
d (1-A) |

~

A
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3

Equatlons (3) and (6) are canbined:

a= = . (7)

-solving for 4 in turn leads to the solutions for a, A, and C:

. e !
& | , d = 0.52
‘ a=0.41
A = 0.82
C=0.44

-

“frem the Idirec,t photocl?enistry diene 22:

E

. ® @ , b tt

¢tt - ct = 0.37 tt-ﬁ —_— /

1-b = 0,37 \ '
b = 0.63 - ct

’

\

cc

¢cc R S =

c = 0.41 cec-22 ——¢

0.63 B B ' ce

0.59 (1 -B)
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APPENDIX B

21,

Ultraviolet Absarption Spectra of Cyclobutenes 1 - 6, 20, and
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tion Specgrum of LiF crystal (3 mm thickneos) after

Cc‘{ (1.7 Mrad).
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