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OJAPTER 1 

INTRODUCTIÛI"J 

Photodimerization (1) (photocycloaddition of like 

compounds) has been known for about 100 years. However, 

like other fields of photochemistry, very little concern 

was shown for this reaction until the mid-1950's. The 

study has been hampered by a lack of chemical and physical 

methods of analysis with which complete structure elucida­

tions can be facilitated. The rapid growth in the study 

of photodimerization reactions (indeed aIl photochemistry) 

has been characterized by a better understanding of energy 

transfer (photosensitization) , kinetic relationships, solv­

ent and substitution effects. 

Listed in the following Table l, are typical photo­

dimerization reactions representing a variety of substit­

uent types and substitution patterns of the olefinic bond. 

Structure Elucidation - Chemical Degradation 

The problems associated with the determination of 

a structure and stereochemistry about the cyclobutane rinJ 

of the photodimers are formidable. Chemical degradation 

through well dp-finpd routes to known derivatives provides, 
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Scheme 1 

peroxyp t a 1C aC1 h h 1 · . dO~(tû~O 
----~----------~~ 

ll2.. 

MeOO OOMe 

MeOO OOMe 



o 
\\ 

(D) 
~ \\ o 

Scheme 2 

peroxyphthalic 
~ 

acid 

No Reaction 

23 

OOMe 
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by far, the best evidence for structure and stereochemistry. 

The following are selected exam?les of such degradation. 

The first involves the photodimer of cyclopentenone 

(see equation 12, rable l (16». Schemes 1 and 2 establish 

the gross structure of photodimers of cyclopentenonej ~ 

being head-to-head and 33 head-to-tail. 

The reaction scheme 3 establishes that the head­

to-tail photodimer 33 has anti stereochemistry. Unfortu­

nately, the head-to-head dimer was not subjected to the 

same degradation route (16). 

80th the structure and stereochemistry of the cyclo­

pentenone dimers were determined via analysis of the nmr 

spectra of their respective dilactones 119 and ~ (16). 

The elucidation of structure and stereochemistry 

of indene photodimers (81,82) is represented by the fol­

lowing scheme 4. 

The formation of ~ from indene photodimer ~ 

indicates anti stereochemistry. The truxone corresponding 

to !!!. is not known. The only reported truxone with anti 

stereoch~istry isa truxone ~ with mp 2940 - 295.50
• 



o 

"0 a \\ 
33 0 

~\ 
OC} 

\\ 
!ll. 0 

Dry HCI 

Scheme 3 

l Pyridinium 
bromide 

MeOOc,-,COOMe 

MeOOCLJCOOMe 

ll!!. 
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_ ....... _._-_ ... _._---_ ... _--._ ............. __ .. 

MeOOq.--,COO Me 

MeOOd.-JCOOMe 

Il 
o !ll 

26 

Scheme 4 

2 eq. NBS 

Na06.c 

Cr03' pyridine 
~ -
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Since ~has a mp 2210 
- 2230

, the on1y structure 

it cou1d have wou1d be head-to-head, anti. The photodimer 

of indene ~ wou1d a1so be head-to-head, anti. 

Scheme 5 

Wo1ff-Kishner .. 
Reduction 

As a coro11ary (82), it was observed that truxone 

133 upon Wo1ff-Kishner reduction produced truxane ~ 

with a higher me1ting point (1430 ) than that of indene 

photodimer ..1M (1160
). This confirms the structure assign-

ment as stated above. 

Unfortunate1y there are a few photodimers that un-

dergo monomerization when attempts at chemica1 degradations 

are made. An ex ample of this is the photodimer of N-methy1-

carbostyri1, (93b) which undergoes monomerization when at-

tempts at amide hydro1ysis are made (48) (Scheme 6). 

Physical methods must be used to supp1y addi tional evic1cnc r.! 

to that obtained by chemical d~gradation. 
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Scheme 6 

1. °3 
2. H2Û2 MeOO~OOMe 
3. 0i2 N2 • MeOO COOMe 

Il Il 
~ 0 0 

~ 

l hydro1ysis 

92b (monomer) 

The above reaction (Schp.me 6) establishes the ~act 

that 93b has anti sterochemistry. Evidence ror the gross 

structure was obtained by determining its dipole moment; it 

is smaller for the head-to-tail, anti dimer than ror the 

h~ad-to-head. anti dimer because the effects or the polar 

group are cancelled. The dipole moment of ~was found to 

be 5.28 0 in ~nzen~ (48). 1t would be expected that a head-

to-tail di~0r would have a much lower dipolc mon~nt. Thus 
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from the above data a head-to-head, anti structure is as­

signed. 

These measurements, however, as evidence for struc­

ture (head-to-head versus head-to-tail), would be stronger 

if the dipole moment of the head-to-head dimer were com­

pared with that of the head-to-tail dimer. 

Structure Elucidation - Soectroscooic Methods 

Infrared and Raman SOectroscooy 

Vibrational spectroscopy offers a means of identi­

fying a molecule with a centre of symmetry. The different 

vibrational selection rules for infrared and Raman tran­

sitions through the Rule of Mutua1 Exclusion (85) serves 

as a theoretica1 basis for detecting the presence or absence 

of a centre of symmetry. The cyc10butane ring dimers with 

head-to-head or head-to-tai1 configuration exist in either 

a p1anar or puckered conformation, depending on the nature 

of the substituents on the cyclobutane ring. However, head­

to-tai1, anti dimers with a planar cyc10butane ring possess 

an inversion centre. Ziffer and Levin (86) have examined 

severa1 pairs of structura11y known photodimers (32, 33, 

35, 30, 38, 39, 43, 44, 45, 132, 133). For comparison 

purposes one member of each oair was a head-to-tai1, anti 

dimer which could contain a centre of inversion, whilt? the 



other member contained no centre or symmetry. 

Il o \\ 
o 

Table II 

30 

CQ.'1PARISON OF THE RAMAN AND INFRARED FREQUENCY COINCIDENCES 

(C) (86) 

CQ\1POOND RAI.fAN ir C CCrvtPOUN0 RAMAN ir C 

33 24 24 6 32 31 36 26 

35 24 46 10 34 33 42 24 

38 34 34 7 37 41 46 28 

133 26 42 10 132 24 43 16 

44 41 48 16 43 37 42 23 

45 33 41 9 

Table II i1lustrates that aIl the head-to-tail, 

ant i dimer s have sma1ler numbers of inrrared absorpt ions 

coincident with Raman disp1acement bands than the head-

to-head and head-to-tail, syn isomers of each pair. How-

ever, there are comnlicating effects. As the Molecule 



increases in size through the addition of more units of 

atoms; the chances far accidentaI coincidences increase. 

Also, it is possible that a small percentage of 

Molecules exist in the puckered conformation. These com­

plicating effects serve to increase the number of coinci­

dences. This effect is evident as the infrared and Raman 

spectra of dimer pairs li, ~ to 133 and ~ (Table II) 

31 

are observed. Vibrational spectra can he useful only if 

the number of coincidences in the infrared and Raman "spec­

tra of one photodimer are compared with that of one or more 

different i someric photodimers. Thus, the Rule of t-lutual 

Exclusion can he used only to confirm the presence of a 

head-to-tail, anti dimer; it cannot he used to prove its 

absen::e. 

Nuclear Maqnetic Resonance Spectroscopr 

The couoling constants of protons in cyclobutane 

rings have been summarized (87), and it has been observed 

that coupling constants for cis protons (Jcis ' 6 to 12 

Hz) are larger than the corresponding trans crotons (Jtrans' 

2 to 8 Hz). However, these constants vary over a large 

range 50 that overlao hetween values occurs. Thus a single 

coupling constant is insufficient to estrtblish the stereo­

chemistry of th~ protons being studied. 
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The nmr of coumarin dimer ~ and substituted 

carbostyri1 dimers 93b, 93c, and 93d were analysed by com-

puter (89). The results are summarized in Table III. 
, 

~'~~ 
a' . 

a 
b 

a' 
ii iii iv 

Table III (89) 

CQ\lPOUND J aa , Jab J ab , Jbb' 

ê.2.. 8.28 8.56 1.47 9.97 

93h 2.97 8.77 -1.35 7.87 

~ 2.76 8.99 -0.94 7.43 

~ 2.65 8.77 -0.94 7.53 

Structures iii and iv can be eliminated because J aa , 

and J bb , \'Iould involve cross ring coupling which rarely 

is higher than 2 Hz. Comoound!:!2. would correspond to ii 

because of the high value far J aa , as compared to'that of 

93b. 93c and 93d. Because J aa , is small compared with J ab , 

compound 93b , ~ and 22!! correspond to i. Protons a and 

b, the protons on the six -four ring junctions, are assumed 

t 0 be c i s ( 89) • 

Also, the similarity of corr~spondin~ couplin~ con-



stants of 93c with those of 93d and those of 93b con­

firms the assignment of head-to-head, anti structure i 

33 

(see number 29, Table I). Assignments for 86 and 93b 

made with nmr analysis agree with those made by chemical 

degradation and dipole moment measurements (41-45, 47, 49). 

Thus the analysis of nmr signaIs of cyclobutane pro­

tons can be used to assign head-to-head, anti structures 

but cannot be used to prove the absence of such dimers. 

The review by Fleming and Williams (87) was examined care­

fully and it is possible to find several examples of cis 

and trans coupling constants of protons on the same ring 

which overlap in value. If there is a large difference 

in the coupling constants of protons on the same cyclobutane 

ring, assignments could be made with confidence. However, 

if the difference is small or non-existent then no assign­

ment should be made. 

Also, structural evidence for syn dimers exists if 

there is a positive cross-ring cou~ling constant (Jab') 

and aIl anti dimers have a negative J ab , (89). More studies 

on other photodimers systems are necessary, hoY~ver. 

The structure of photodimers of l,l-dimethylindene, 

116, !!! have been elucidated by comparing the nmr signaIs 

of the cyclobutane ?rotons withthose of the coumarin photo­

dimers ~ and ~ (83). Observation of the nmr signaIs for 

cyclobutane protons in Many photodimer systems, hovlever, 
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(16, 25, 81) has shown that the multip~icity of the signaIs 

vary for different dimer systems of the same configuration. 

Coumarin photodimers are a poor choice for comparison be-

cause electronegativity affects the magnitude of coupling 

constants as weIl as chemical shift. The only valid com-

parison ~ade was between indene dimers 116 and~. Chem-

ical degradation studies must be made to confirm the struc-

tures assigned. 

Another region of the nmr spectrum that can be use-

fuI in determining sorne aspects of dimer structure has thus 

far been ignored. Photodimers which have aromatic rings 

can yield nmr signaIs that can give evidence for determining 

stereochemistry. The aromatic proton signaIs occur in sev-

eral systems at T = 2.1-2.7 for head-to-head, anti dimers 

and at T= 3.0-3.2 for head-to-head, syn dimers (25, 48, 

79, 81). (chart 1). 

A study of molecular models explains the upfie1d 

shift for sorne of the aromatic protons on going from anti 

Il 
o 

T = 2.1-2.6 

Chart 1 

Il o 
\\ o 

T= 2.5-3.0 

(81) 



Il Il 
o 0 

II 

T = 2.67 

Il o 
Il 
o 

T= 2.72 

Chart 1 

T= 2.68-3.17 

Il Il 
o 0 
~ 

T = 2.7-3.2 

Il o 

T= 3.00 

(79) 
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to syn stereochemistry. For the syn isomer the benzene rings 

are at close proximity to each other causing sorne of the 

aromatic protons to beshielded by the other benzene ring. 

This phenomenon can best be used when comparisons 

between syn and anti dimers are made. However, if the chem-

ical shi::ft is quite low ( T= 2.0-2.4) one can come ta a 

safe conclusion that the dimer has anti stereochemistry. A 

corresponding conclusion for the syn dimer alone cannot be 

made because there is one example of an anti dimer having 

aromat ic proton signaIs at T = 3.00 (N-methylcart·o8iyr1l). 

Chemical ionization mass spectrometry is a form of 

mass spectrometry wherein the unknown compound is admitted 

illto an ionization chamber where a knovm compound is present. 

The ionization of the comnound is effected by the presence 

of ions from the known compound. In Most cases Methane at a 

pressure of 0.8 to 1.0 mm is used. At these pressures the 

+ + specics 015 and C2HS serve as the major protonating species 

(90) • 

It has becn observed that there are differences in 

C.I. soectra of h~ad-to-head and head-to-tail photadimers 

af ~rv~ral cyclo~lkenones (91). Table IV illustrates that 

in :d l cases th(> qua,;i~olecular ion peak «~.I+I)+) is too 
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Table IV (91) 

QM (M + 1)+ (M/2 + 1) + 
mie {relative mie (relat ive 

* 
abundance) abundance) 

Comoound Structure 

ll. HH 165 (100) 83 (11) 

li HT 165 (57) 83 (100) 

li HH 193 (100) 97 (4) 

~ HT 193 (100) 97 (55) 

38 HH 221 (100) 111 ( 12) 

â.2. HT 221 (5) 111 (100) 

43 HH 277 (100) 139 ( 27) 

~ HT 277 (4) 139 (100) 

45 HT 277 (5) 139 (100) 

il. HH 305 (100) 153 (11) 

132 HH 261 ( 100) 131 ( 58) 

133 HT 261 (64) 131 (100) 

* HH is the head-to-head dîmer and HT is the head-to-tail dimer. 

base peak in aIl head-to-œa.d dimer s am the (M/2+l) + peak 

in Most of the head-to-tail dimer s. A note d except ion is 

the cyclohexenone nhotodimer ~. 

This method is a rapid and clean way to dcterminc 

the gross structure of photodimers capable of protonation via 

ru + anè C II + 
~5 25 ions. 
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Thus a combination of a11 these techniques {vibrational 

and nmr spectra and chemica1 ionization spectrometry} should 

at least in some instances a110w far photodimer structure 

determination and thus avoid the tedium associated with ob-

taining evidence via chemica1 degradation. 

Kinet ic sand J'.1echan i sm 

. 
• non-radia- , 
·tive decay . non-radiative 50' ground state • 

decay 
51' singlet excitcd 

state. 

Tl' triplet excited 
state. 

f, fluorescence. 

p, phosphorescence. 

a, absorption. 
Figure l 

One of the first steps in determining the mechanism 

and kinetic parameters of photodimerization reactiuns is to 

characterize the excited state. Photochemical reactions occur 

via sing1et, triplet or therma11y excited ground states 

{figure 1}. Most photodimerizations have been shown to occur 

via the triplet excited statcj tetramethylethy1cnc (11), 
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coumarin to a head-to-head syn dimer (43) and acenaphtœne 

te its syn dimer (93) are noted exceptions. Reactions in 

which the triplet excited state is an intermediate are in­

duced in presence or triplet sensitizers, are inhibited by 

triplet quenchers (oxygen, piperylene, and a-methylsti1bene) 

and exhibit linear Stern-Volmer plots (17-19, 24). 

Until now the on1y detailed mechanistic work done on 

alkene d~erization have been with those or cyclopentenone 

(18, 92), cyclohexenone (19, 92) and isophorone (24). It 

has been proposed (19) that photodimerization occurs 

via an attack by a triplet excited state molecule on a ground 

state rnolecul~ (Sch'?me 7) • 

The 1inearity of ~he reciprocal of the quantum yield 

for photodimerization vs the reciprocal or the olefin con­

centration (l/Q vs 1/(0) ) is taken as strong evidence that 

the above mechanism is o~rative. The intercept of this plot 

is the quantum yield of inter system crossing from the singlet 

to the triplet excited state and the slope is k~k4 x l/Qisc. 

Chaoman (24) has observed that the ratio of head-to­

head to h~ad-to-tail dimerization of isophorone is a runction 

of a solvent polarity, as illustrated in Table V (22-24). 

Similar effects have been observed for other cyclo­

dimerizations (19). The ratio or head-to-head to head-to­

tail diners was det~r~ined in the above three cases by glpc 

é\~sl1minq cr'Jual re5ponse factors for both i~omcrs. Th15 



Scheme 7 

Rate 

0 hv 10 l -+ 

10 kl 
0 kl(lO) -+ 

10 
k 2 3

0 k2(10} -+ 

30 ~ 0 k 3 (30) 

30 
k4 

+ 0 -+ 0-0 k 4 (30 ) (0) 

Q = d,c-cl + 1. = k4 (30 l(Cl 
dt l 

At the stationary state 
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o is olefin ground state, 

10 is olefin singlet excited 

state, 30 is olefin triplet 

state and 0-0 is olefin dimer. 

Q is the quantum yicld of 

dimerization. 

d(30 ) = k 2 (10) - k 3 (30 ) - k4(30 ) (0) = 0, 
dt 

and 

d,la) = l - kl(lO) - k2(10) = o. 
dt 

Therefore, 

l = (k1 + k 2)(10) 

and 

(la) =_1 __ _ 

kl + k2 

Hence, at the stationary state 

d(30) = 
dt 

1k2 __ - k3(30 ) - k4(30)(0) = 0 
kl + k2 

Qisc = --1s2 __ 
kl + k 2 

3 3 3 d( 0) ::; 1Qisc - K3( 0) -k4( 0) (0)=0 
dt 

(30 ) ::; IQi~c 
k4(0) + k3 

Q = k4IQi~c(0) 
(k4 (O) + k 3 ) 1 

l/Q = l/Qisc + k 3/Qisck 4 01/(O) 

Qisc is the quantum yield of 

intersystem crossing from 

singlet to triplet excited 

states. 



Table V (23, 24) 

Variation or Isomer Distribution with Solvent ror 

Photodimerization or IsoDhorone 

SOLVENT HEAD-TO-HEAD HEAD-TC-TAI L 

DIMER(%) DIMER(%) 

Cyclohexane 20.2 79.8 

P-Dioxane 30.6 69.4 

Isophorone(neat) 38.7 61.3 

Dimethyl Sulroxide 63.2 36.8 

Methanol 79.5 20.5 

90% Acetic Acid 81.4 18.6 

assumption has not been tested ror these isomers and it 

often turns out that structural isomers do not have 

idcntical re5~onse factors (118). However, the increase 

in the relative amounts of head-to-head dimer with in­

crease or polarity of solvent has been noted. 

A plot of the reciprocal of quantum yie1d of each 

isomeric dimer against the reciprocal of isophorone con­

centration was linpar (24). The above results have been 

41 
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attributed to the formation of two triplet excited states, 

each of which attacks the ground state Molecule to give one 

of the dimers, according to the mechanism below. 

Scheme 8 

'Is hv Ils ~ 

Ils ~ 
3Is + 3 Is ' 

3Is 
kd 

Is ~ 

31s , k'd 
~ 1s 

3Is + Is 
k r H-H dimer ~ 

31s ' + Is 
k r 

H-T dimer ~ 

l/QHH = l/q + kdlqkr • 1/(1s) 

l/OHT = l/q' + k'd/q'k'r • l/(Is) 

Is: isophorone 

q,q': efficiencies of 

populating excited states 

3 Is and 31s , respectively. 

QHH' QHT: quantum yie1ds 

for the formation of head-

to-head and head-to-tail 

dimers respectively. 

Chapman (24) has stated that if the attack by one 

triplct was invo1ved, K /Ko wou1d be the same for both sens 

isooers (Ksens is rate constant of photodimerization sen-

sitized by benzophenone and Ko is rate constant of unsen-

sitizcd reaction). 
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However, it was found that K /K = 3.43 for head-sens 0 

tO-head dimerization and Ksens/Ka = 2.40 for the head-to-

tail dimerization. This result was used by Chapman to confirm 

the attack on ground state isophorone by two different iso-

phorone triplets to give different photodimers. Analysis of 

the l/Q versus 1/(1) plot yield Q = 0.29 and Q = 0.04 from 

the intercepts, and K~Kr = 3.2 and k'dlk'r = 7.4 from the 

slopes. 

A study of the Stern-Volmer plot (24) for both dimers 

shows that HH/HT ratios are independent of the extent of 

quenching. Thus, if two triplet states were involved they 

would have to have equal lifetimes, to yield the same ratio 

of dimers. In ract Chapman has even suggested that these 

two triplets have identical lifetimes. However, due to the 

different properties attributed to these triplets such a 

coincidence would he remarkable. Thus, the results from the 

Stern-Volmer plot appear consistent with attack on the ground 

state isophorone only ~ triplet. 

In addition, an alternative mechanism involving one 

triplet intermediate has been proposed, and can he used to 

explain the solvent effects observed by Eaton (17), Hammond 

(19) and Chapman (24), as weIl as the kinetics observed 

by Chapman (24). 
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H---H is the metastable precursor 

to the head-to-head dimer. 

H---T is the metastab1e precursor 

to the head-to-tail dimer. 

kS(H---H) 

k' S(H---T) 

k6(H---H) 

k' 6(H---T) 

000 
Il Il Il ~ 

-{3l---;Q- -Ç}l-----y-
H---H H---T 0 



Clm-t = kS(H---H) 
l 

At the stationary state ~or the production o~ H---H, 

.d(H---H) = k4 (31S)(1S) - kS(H---H) - k6(H---H) = 0 
dt 

(H---H) = k4(31S)(1S)~5 + k~ 

QHIi = k4 • ksJ{kS + k6}. (3Is ) (1s) 
1 
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Oc is the e~~iciency oÏ 

formation of head-to-head 

dimer ~rom metastable 

intermediate H---H. 

3 
QHH = Qc • k4( Is)(ls) 

l 

At the stationary 'state ~or the production o~ 31s , 

dC 31s) = k 2 (I1S) - k 3 (31s ) - k4 (31S ) (ls) = 0 
dt 

(31s) = k2(1Is) 
k3 + k 4 (ls) 

1 At the stationary state ~or the production of Is, 

dClls) = l - k l (lIS) - k 2 (1IS) = 0 
dt 

(lIS) = l 
k 1 + k2 

(31s) = k21{kl + k2) • 1 

k3 + k4(Is) 

Qisc = k 21{k1 + k 2) 

(31s ) = Qise I 

k3 + k 4 (Is) 

Q .. m = Qic;cQc k 4(Js) 
k3 + k 4 (Is) 
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l/QHH = k 4 (1s) + k3 
~-----------

QiscQc k 4(1s) QiscQc k 4(1s) 

1/0Ha = l/QiscQc + k3ik4QiscQc • l/(1s) 

Simi1ar1y, 

Therefa.re, 

The isophorone triplet can attack a ground state mo1-

ecule to form metastable intermediate A, a precursor to the 

head-to-head dimer, and B,a precursor to the head-to-tai1 

dimers (Scheme 9). The maximum quantum yie1d for formation 

of head-to-head dimer (Qmax = 0.29 in acetic acid (24) ) is 

interpreted as a measurement of Qisc.Qc (Qc is the erficiency 

with which A goes to head-to-head dimer). The same app1ies 

for ~ax for the rormation or the head-to-tai1 dimer (Qmax = 
0.04 in acetic acid (24) ). 

by an independent method. 

The Q. has not been measured 
1SC 

However, it was round that Qisc 

ror cyc10pentenone, and cyc1ohexenone was unit y (92). There 

is no reason why Qisc for isophorone cannat be unit y or veZ7 

close to unit y; however, this must be conrirmed. 

The dimer ratios ~re dependcnt on the ratios ks/k'4 

and Qc/Q'c. Thus if one triplet is rormed, k4 does not have 

to be equal to k'4' because two different compounds are bein~ 
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Scheme 10 
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formed from the same intermediate. The fact that k4 is not 

necessari1y equa1 to k'4 a1so accounts for the different 

slopes of the I/Q versus l/(ls) plots for the HH and lIT 

photodimerization. 

The solvent effect observed for cyclic enones can 

be attributed to differences in the dipole moments of the 

collision complexes A and B. A head-to-tail alignment 

(complex B) would be favoured over a head-to-head alignment 

(complex A) in a non-polar solvent. This situation is re­

versed as the po1arity of the solvent increases. 

The above mechanism (Scheme 10) and rationale \'1as 

first proposed by Wagner and Buchek (92) as an explanation 

of the results obtained far the photodimerization of cyclo­

pentenone and cyclohexenone in acetonitrile. The Qisc for 

both cyclic ketones were found to be unit y, but the limiting 

quantum yield for dimerization of cyclopentenone and cyclo­

hexenone were found to he 0.36 and 0.74 respectively. Hence. 

there is a finit~ value for Oc and Q'c. In addition to the 

above explanation, Wagner and Buchek (92) explained th~ 

solvent effects in t~rms of the conformation of diradicals 

a and b. In non-polar solvents diradicals band c could 

rotate to a conformer with a lowl?r dipole moment (b' and 

c') and wC)uld ha"e th"?Ïr radical sites too far apart for 

coupling te form th~ cyclob~t~r.~ ring. Polar solvents would 
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maintain the polar conformations of band c a110wing a 

higher probabi1ity for coup1ing to the cyclobutane ring. 

Since the Wagner-Buchek treatment rationa1izes the 

work of Chapman as weIl as their own, this approach may weIl 

be usefu1 in e1ucidating the mechanism of the other a1kene 

photodimerizations. 

The mode of photodimerization for systems of the 

indene type 00 (." - .".* excitation) 

have not been studied extensive1y. Indene (113), 1,1-

dimethylindene (115), coumarone(117) and thianaphthene 

l,l-dioxide (136) differ only in the function of the 1 

position (X = 012' 113; C(CH3 )2, !1.2.; 0, !...!2; 502' 136). 

It wou1d be interesting and informative to compare 

the structure or the photodimers, solvent effects, if any, 

mechanistic and kinetic data as a function of X. Hopefu11y 

such mechanistic data will be useful in interpreting the 

effect that X may have on the excited state since in the 

ground state the electronegativity of the X group can have 

a significant effect on the reactivity of the olefinic bond 

conjugated to the benzenc ring. 

The photodimerization of 113, 115, !11.. and thianaphthene-

l,l-dioxide (136) have aIl been observed, however, the struc-

ture of the dimcr(s) of 136, is not kncwm. The purpose of 
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this work is to elucidate the structure of the photoproduct(s) 

of thianaphthene l,l-dioxide and to investigate in detail its 

other photochemical properties. 



OiAPTER II 

THE PHOTODIMERIZATION OF THIANAPHTHENE-1,1-DIOXIDE 

STRUCTURE ELUCIDATION 

Historica1 

The photodimerization or thianaphthene-l,l-dioxide, 

136, was observed by Davies and James (94) and Mustara (95). 

Attempts at structure elucidation have 1ed on1y to the con­

clusion that photodimerization 1eads to one product (mp 329-

3300 (dec) ) in which two molecules of thianaphthene-l,l­

dioxide are coup1ed by a cyclobutane ring accarding to 

structures A to H (Chart 2). 

One path of chemical degradation which could give 

unambiguous evidence toward determining the structure would 

he reductive remova1 of the 502 group. This might be achieved 

in a two step process by remova1 of the su1phur atoms to give 

diphenylcyc10butane. Attemots at desulphonation with Raney 

nickel in acetone gave only ooor yie1ds of ethylbenzene (94). 

Reduction of the sulphone grouo with LiA1H4 in tetrahydro­

furan did not occur (94, 95). 
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Chart2 

A B 

c D 

E F 

G H 
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Results and Discussion 

Photodimerization Reaction* 

In a typical run, a benzene solution of 136 (4.0g/l), 

previously flushed with dry nitrogen, was irradiated with a 

Hanovia Mercury vapor lamp (type L 450'watt filtered by 

pyrex) for 20 hours at room temperature. A white precipi­

tate crystallized on the walls or the reaction flask. Ex­

amination of the solid as weIl as the residue from the benzene 

solution by tIc and gloc revealed that two photoproducts had 

formed; one U1. being a major constituent of the insoluble 

material and the other 138 being the major constituent of 

the benzene solution. This is in contrast to the results of 

earlier workers (94, 95), who observed only one photoproduct. 

Work-up (see experimental) of the insoluble material and the 

residue from benzene solution gives pure 137 (mp 329-3300 dec.) 

and pure ~ (rnp 334-3350 dec.) respectively. The total yield 

of the two photoproducts was 75% (21% of starting material 

was recovered). The ratio of compound 137 to 138 was 2.7 

(73:27 glpc). 

Structur~ Elucidation - Chemical Deoradation 

Elemental analysis and exact rnass measurement of the 

*David N. BarDO é\.nd Cyril Heitner, J. Org. Chem. l2., 3256 (19'10). 
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mo1ecu1ar ion of both 137 (332.0192) and 138 (332.0179) 

agreed with the formula C16H12S204 (mie, M+ required 

332.0177). This indicates the rormation or two isomeric 

dimers. The inrrared spectra of 137 and 138 showed marked 

dirrerences in the 850 cm-1 and 450 cm-1 regions. The nmr 

signal for non aromatic protons ~how an M'BB' pat'tern con-

firming the cyc10butane structure proposed by Davies and 

James (94) and Mustafa (95) (Chart 2). 

Structures E,F,G, and H are high1y strained and wou1d 

be expected to epimerize readi1y on treatment with base (96). 

When 137 and 13R were ref1uxed with sodium methoxide in meth­

ano1, no change in the dimers was observed, thus ru1ing out 

E-H as structur es for !E and !l.§.. 

Evidence for the structure of 137 and ~ have been 

obtained (Schemes Il and 12) by converting the su1phone to 

the corresponding su1phide fo11owed by Raney nickel desu1ph­

urization to various dipheny1cyc10butanes. 

Compounds ~ and 138 were reduced by LiAlH4 in n-buty1 

ether to give sulphide ~ and ~ respective1y. These com­

pounds (139 and 140) were oxidized (35% H20~HOAc) in over 

90% yie1d to compounds 137 and ~ respective1y (ir and 

Mixe-d mp were identical to thos8 of the original photodimers). 

Hence, no rearrangement occurred during r~duction of the 

ohotodirners with LiAlH4 " 
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Scheme Il 
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+ 

Scheme 12 

~ 

1 Ra-Ni/C6H6 
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Compound 139 was treated with RaNi W2 and afforded a 

mixture of dl and meso-2,3-dipheny1butane (141) (27%),1,4-

dipheny1butane (142) (11%) and trans-l,2-dipheny1cyc10butane 

(143) (62%). The identity of the components of this mixture 

was verified with three different glpc co1umns (see experi­

mental). In addition, trans-1,2-dipheny1cyclobutanc (143) 

was collected and the nmr spectrum was found to be identica1 

with that of an authentic samp1e (97). In order to exc1ude 

the possibi1ity of isomerization of cis to trans-1,2-dipheny1-

cyc10butane during desulphurization, the cis isomer (97) was 

ref1uxed in the presence of Raney nickel, under conditions 

more extreme than that of compound 139. On1y a small amount 

of 1,4-diphenylb~tane (142) was produced (no dl or meso-2,3-

dipheny1butane (141) was formed) an d no isomerizat ion to trans-

1,2-diphenylcyclobutane (143) was observed. A1so, when trans-

1,2-dipheny1cyc10butane (143) was ref1uxed with RaNi W2 in 

benzene on1y a sma11 amount of ~was produced. 

The formation or meso-2,3-diphenylbutane was unex­

pected. If the ohotodimer 1J1 had head-to-head, syn struc­

tu~e (structure B), then not on1y mesa ~ but cis-1,2-di­

oheny1cyc10butane wou1d be expected from the desu1phurization 

reaction. Resu1ts from ref1uxing compound ~with RaNi W2 

has shown that mesa and dl ~were produced from a different 

route (Sch(?~e 13) :han vie 143. Sinc<:.> there i!=> ample evidence 
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that racemization (98 - 102) or isomerization of cis 

trans centres (103 - 107) a to the su1phur atoms are not 

observed, dl and meso 141 must arise fram fragmentation 

processes on the catalyst surface. Snyder and Cannon (108) 

first observed such C-C bond fragmentation during the de-

sulphurization of ethanedithioethers (compound ~), whereby 

not only ethane but substantial amounts of Methane were pro-

duced from the central carbon atoms. 

R-S.-cH2 -012 -S-R 

~ 

a) R = phenyl 
b) R = ethyl 

At least two routes for the formation of dl and meso-

2,3-diphenylbutane that have literature precedent are pos-

sible (Scheme 13). Both pathways involve initial c1eavage 

of the C-C bond a to the sulphur atom to form a 1,4-diradical, 

ii (103). Disproportionation of ii can yield iii (Scheme 13) 

and desulphurization of iii can give vi (103, 108) (Route A 

in Scheme 13). Also, reduction of ii can produce iv and 

desulphurization of iv can give the 1,4-diradical v (103), 

which on disproportionation can then give vi (103, 108) 

(Route B in Scheme 13). Hydrogenation of vi gives the ob-
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served dl and mesa 141. 

The important racts are that 143 and dl and meso ~ are 

produced by two dirrerent routes, and cis-l,2-diphenylcyclo­

butane does not isomerize under conditions which were even 

more extreme than desulphurization. Therefore, based upon 

the above results and considerations, structure A is assigned 

to canpound !.â1. (head-to-head, anti). 

Similarly, compound ~when treated with RaNi W2 gave 

1,3-diphenylbutane (144) (38%) and trans-l,3-diphenylcyclo­

butane (145) (62%). Trans-l,3-diphenylcyclobutane was iso­

lated by preparative glpc. The nmr spectrum or 145 (aromatic, 

~ = 2.82, 10H, singlet; methine, 6.56, 2H, pcntuplct, J = 8.0 

Hz; Methylene, 7.60, 4H, triplet, J = 8.0 Hz) in CDC13 is 

indicative or trans stereochemistry. Changing solvents to 

acetone - d6 or benzene-d6 did not change the multiplicity 

or symmetry or the nmr signaIs. In trans 145 the methylene 

protons would be symmetrically equivalent, hence, a triplet 

Methylene nmr signal would be expected. The Methylene pro­

tons or the cis isomer are not equivalent, thus causing more 

complex nmr patterns. 

Similar arguments have been used in assigning the 

stereochemistry 01 trans and cis-l,3-dihalocyclobutanes 

(109), trans and cis-l,3-dihalo-l,3-dimethylcyclobutanes 

(110, 111) trdns and cis-2,4-diphenylthietane (112), trans 

rlnd cis-2,4-dime>thylthi0tiln0 (113) rlnd tr<"\ns-l,3-dim p thyl-
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cyclobutane (110). 

As in the case or the desulphurization of compound 

139, the desulphurization of compound 140 witb RaNi W2 is 

not accompanied by the isomer ization of the centres a to 

the sulphur atom (103-107). Thus, structure C can be as-

signed to compound 138 (head-to-tai1, anti). 

Structure Elucidation - Spectroscopie Methods 

Further evidence as to the structure of 138 was ob-

tained by examination of the Raman and infrared spectra of 

139 and 140. Compound 140 (wi th head-tc-tail, êL,ti structure), 

if planar, has a centre of symmetry (Ci symmetry). It bas 

been estab1ished that Molecules ~ossessing Ci symmetry gave 

fewer coincident vibrationa1 bands (Raman vs infrared) tban 

do non-centrosymmetric photodimers (Chapter I page 29) (86). 

Raman and inrrared comparisons were made for compounds 

139* and 140* scanning rrom 250-3?00cm-l (Table VI and VII). 

Transitions within ± 10cm-l # ror these comparisons were con-

sidered Qoln.-:idences (Table VII). The observat ion -of 14 fewer 

co~ident bands (25 vs 39 Table VII) for ~ versus 139, 

strongly indicates that 140 is centrosyt:lmetric, hence con-

firming thp. aS5ignment of head-to-tail, anti structure 

*In spitc of m~tjculous lJUTification. Raoan soectra for 
co:nnounds 117 and 11R , .. :.-'rp of poo:" quality due to fluoresccn::e. 

#Thi<; i5 5 cm- 1 outsid~ the r()n~ utilizl?d by pr(>vious work~~rs 
(86), and should e~sily allow for cryst~l n~rturb~ti0ns. 
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(structure C) for compound 138. 

Examination of the aromatic region of the nmr spectra 

of comoound 137 and !.â.§. and compound 139 versus 1dQ. (see 

Apoendix A) shows that the aromat ic signal for each above 

compound occurs between T' = 1.83 to 2.15. This is con­

sistent with anti sL\-!reocbemistry :for c01llpound 1:21.. and 138 

(Chapter l page 33). 

The mass spectra of ~ and 138 were examined (Appendix 

A). These were essentia11y identica1 except that compound 

~ showed a re1ative1y large peak (35% of base peak) at mie 

= 239. Exact mass measurement gave CSHl150 as the formula. 

A1so, a m~tast;\bl~ pp.ak :\t m/p. = 213 wa!'> round, indicating 

that mie = 239 was the resu1t of a fragmentation of the ion 

with mie = 268. The t'0110'Ning is consistent with the above 

~îta. A su1phinate due to 50 migration has been postu1ated 

as the intermediate in fragmentation patterns ot' sul phones 1ike 

~ and 137 (117). A 10ss of 010 t'ran the h\::?ad-to-tail dîmer 

seems '1uch more 1ike1y than t'rom the head-to-heaù dimer, 

since :trag;aent !Jbenzyl1o atabll1zed oation) wouldresult from the 

former (Scheme 14) and an unlike1y fragment k from 

the latter (Scheme 15). This is additional evidence ror the 

head-to-tail structure assignment for compound 13R. 
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Table VI 

COMPARI9:>N OF THE RAMAN DISPLACEMENTS AND INFRARED 

FREQUENCIES FOR THE BENZOTHIOPHENE-l,l-DIOXIDE PHOTODIMERS 

l.1Q. U2. 

head-to-tail head-to-head 

Infra~~d Raman Infrr\recl R~mé\n 

cm-1 -1 -1 -1 cm cm cm 

252 1100 252 979 232 
292 1122 1115 252a 992 252 992 

330 1130 265 1020 
363 1148 275a 1025a 1028 

1150 410 1155 282 1055a 288 
430a 1160 1060 340 1060 
432 1181 368 1070 370 1070 
445 1190 440 1190 415 415 1035 
481 1205 475 430 1048 
488 1230 448 1152 450 1155 
528 528 1248 470 1188a 478 1188 
605 1260 605 495 1190 495 1190 
692 690 1270 510 1198a 1198 
711 1282 710 1280 525 1240 520 1240 
745 740 1310 535 1248 540 
750 1440 575 1262 1260 
768 1458 760 1460 620 1275 621 1282 

1568 785 1565 694 1360 694 
1580 841 1580 718 1320 720 1320 

863 860 2925 728 1400 
871 2950 2950 745 1420a 743 
902 2989 2980 753 1460 753 

3010 928 3010 770a 1462a 770 
938 942 3020 800 1570 1570 
960 3050 3050 833 1579a 832 . 
971 3060 970 855 1582 1582 
990 990 3130 862 2932 2930 

1022 1020 3160 2960a 2955 
1055 1055 904 2980 904 2975 

935 3000 930 
970 3040 3038 

3060 3060 
a dpnotes shoulder 
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Table VII 

COMPARISON OF THE RAMAN AND INFRARED 

FREQUENCY COINCIDENCESa 

Head-to-tail Head-to-head 
photodimer photodimer 

Comoound ir R Ca Compound ir R C 

140 42 39 2Sb 139 60 42 39b 

42 39 19c 60 42 29c 

air, R and C denote infrared peaks, Raman 

peaks and coincidences respective1y. 

b coincidences within 10 cm-1 • c coincidences 

within 5 cm-1 • 
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Experimental Section 

Materia1s and anoaratus: Benzene (Fisher Certified 

reagent) was used as photodimerization solvent. Melting 

points were taken on a Gal1enkamp apparatus and are not cor­

rected. The glpc data · ... :cre obtained on a Hew1ett -Packard 

F&M series 5670 research chromatograph using three co1umns 

(A, B, Cl. Co1umn A was a 1/8" x 6' 20% Apiezon L on chrom­

osorb W, A\~-DMCS (acid-washed, dimethyldich10ro silane treated): 

co1umn B was a l/B" x 6' 10% UC-W98 (silicone gum rubber) on 

diatoport Sand co1umn C was 1/8" x 6' 10% LI\C-728 on chrom­

osorb W AW-IX4CS treated. Infrared were measured on a Perkin­

Elmer 225 and 337 spectrometers, nmr spectra were obtained 

from Varian Associates A-60 and T-60 spectrometers, mass 

spectra were recorded on an ABI MS 902 spectrometer, and 

Raman spectra were recorded as solid samples (severa1 milli­

grams) on a Jarrel-Ash 25-300 Raman spectrometer. 

Thianaphthene-l,l-dioxide (136). Sulphone 136 was ob­

tained by the oxidation of thianaphthene with H202 in glacial 

acetic acid according to the method of Davies and James (94). 

This sulPhŒ1e l'las further purified by recrysta1lization from 

ethano1/activated charcoa1 (m.p. 142.5-143°; 1it:(94) mp 142°) 

yield 76%. 

Th" Photor!im~ri7.~tion of Thi.","anhth"'n~-l.l-dio~dri". 

Two 1it~rs of é\ bp.nu"ne solution of 136 (8.0 9,2.4 x 10-2 ;.1), 
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previously purged with dry nitrogen for 45 minutes, were 

irradiated with a Hanovia mercury vapor lamp (type L 450 

watt) in the usual quartz water co lIed immersion apparatus 

with pyrex filter, for 20 hours at room temperature. A 

white precipitate (3.0 g) crystallized on the walls of the 

reaction flask; in addition, 4.7 g of material was recovered 

from the benzene solution. Examination by tIc (si1ica gel 

e1uted with CHC13 :acetone = 85:15) and glpc on co1umn A, 

of the precipitat e and the benzene solution revealed the 

presence of two compounds, compound 137, being a major con­

stituent of the insoluble material and compound 138, being 

a major constitu~nt of the benzene solution. In a typica1 

run the residue from the benzene solution was combined with 

the precipitate and the total mixture ana1yzed with glpc 

on co1umn A. The rat io of 137 to 138 was found to be 73: 27. 

The total yield of the dimers was 6.0 9 (75% yield). 

Recrystallization of the fraction preci?itating from 

benzene w:.th ~tSO gave 2.6 9 of U2 (mp 329-330~ dec); ir: 

i, 1320 cm-l and 1160 cm-1 (S02 stretching); nror; T, 1.83-

2.15 (8H multiplet); 5.20-5.80 (4H ~~'BB'). 

Anal. Calcd for C16H12S204: C, 57.83; H, 3.62; S, 19.27. 

Found: C, 57.80; H, 3.70; S, 19.18. Exact mass of molecu1ar 

ion; Calcd for C16H12S204: 332.0177. Found: 332.0192. 

The residue obtainp.d by evaporati~n of tbP. benzen~ 

was E'xtracted wi th boil ing water unti 1 136 no l~nger cr}.·:::-
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tallized from the water, (1.7 9, 21%, of 136 was recovered). 

The resulting mixture was recrystallized twice from DMSO 

(crystallizing mixture allowed to stand overnight ), resulting 

in 1.1 9 or L'ill.. (mp 334-3350
) dec.) ;ir:iï,1320 cm- l and 1160 

cm-l (S02 stretching), nmr; T, 1.85-2.15 (8H multiplet), 4.90-

5.80 (4H AA'BB'). 

Anal. Calcd for C16H12S204: C, 57.83; H, 3.62; S, 19.27. 

Found: C, 58.22; H, 3.92; S, 19.06. Exact mass measurement 

of molecular ion: Calcd for C16H12S204' 332.0177. Found: 

332.0179. 

Reduction or Photodimers 137 and 138. Compound ~ 

(4.0 9, 0.012 mol) was rerluxed with LiAIH4 (2.8 g, 0.073 

mol) in 200 ml or n-butyl ether (previously rerluxed over 

sodium) for 5 hours. The excess LiAlH4 was decomposed by 

carerully adding 3 ml of water, 3 ml or 15% NaOH and 6 ml 

or water in succession. Arter riltration and evaporation 

or the solvent, the crude product was chromatographed over 

50 9 of neutral alumina with petroleum ether (30-600 ) and 

hexane to give 2.1 9 or white crysta1s, ~mp 21~-2l8° 

(66% yield). Infrared ana1ysis showed the absence or the two 

S02 stretching absorptions. 

Anal. Ca1cd for C16H12S2: C, 71.64; H, 4.47; S, 23.84. 

Found: C, 71.55; H, 4.61; S, 23.89. 

COr.l!'>ound 138 \q;\5 trc:\ted similar1y except that the 
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product .llQ. l'las purified by crystallization from CHC13 

ethanol; 1.8 g (56%) mp 180-180.50 was obtained. Infrared 

analysis showed the absence of the S02 stretching bands. 

A variety of other reductions were attempted (LiAlH4 

in tetrahydrofuran and n-butyl ethyl ether), and no identi­

fiable proàucts were obtained. 

Anal. Calcd for C16H12S2: C, 71.64; H, 4.47; S, 23.84. 

Found: C, 71.69; H, 4.16; S, 23.89. 

Oxidation of bis-sulfides ~~~. After compound 

~ (80 mg, 0.03 mmole) was dissolved in la ml of glacial 

acetic acid, 10 ml of 35% H202 was added and the resulting 

mixture heated on a steam bath for one hour. The solution 

was cooled and poured into 50 ml of cold water. The sus­

pension was filtered and dried under vacuum. Compound 137 

(75 mg, 73%mp 329-3300 dec.) resulted. A mixture melting 

point with photoproduct 137 was not depressed. In addition, 

the ir spectrum was identical to that of photoproduct 137. 

Simi1ar1y, 100 mg or ~was oxidized to 80 mg (63% 

yie1d) of ~ (mo 334-3350 dec.). A mixture melting point 

with photoproduct ~was not depressed and the ir spectrum 

was identical to that of ohotooroduct~. The mixture 

melt ing point of l21.. and ll!!. \Vas 285-290°. 
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were prepared from 37 9 (0.2 mol) of 1-pheny1ethy1 bromide 

according to the method of Cona~t and B1att (114). Re­

crysta11ization of the mixture in ethano1 gave 10 9 (25% 

yie1d) of meso-2,3-dipheny1butane (mp 126-128°; lit: (114) 

mp 124-126°. The mother 1iquor was evaporated and the res­

idue distilled under vacuum to give 5 9 (13% yield) of dl-2,3-

dipheny1butane (bp 100-102° /1 mm; lit (115); bp 103-1040 

/1 mm; n 20 = 1.5552; lit (115); n~O = 1.55516;). 

1.2-Dibenzoy1ethane. 1,2-Dibenzoy1ethane was prepared 

in 95% yie1d by the method of Shaefer (116). 

Bisethy1enedithioketa1 of Dibenzoy1ethane. This mat­

eria1 was prepared by mixing 2.6 9 (0.011 mol) of dibenzoy1-

ethane with 12 ml of ethylenedithio1 and 2 ml of boron tri­

r1uoride etherate at room temperature for one hour, After 

recrysta11ization from dioxane, 3.6 9 (85% yie1d) of white 

crysta1s mp 197-1980 resu1ted. 

Anal. Calcd for C20H22S4: C, 61.28; H, 5.64. Found: 

C, 61.45; H, 5.65. 

l,4-Djnhenylbutane (142). The above bisethylenedi­

thioketa1 (3 g, 0.0079 mol) was ref1uxed in ethano1 with 

about 3 9 or Raney nickel W2 for 15 hours, affording 1.5 9 

(89% yie1d) of 1,4-dipheny1butane (mo 48-49°, lit (97): 

mp 50.5-51.5°). 
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1,2-0iohenvlcyclobutene. This material was p~pared 

in 40% yie1d as previous1y reported (97). 

cis-1,2-0iphenylcyc1obutane. This material was pre­

pared by hydrogenation or 1,2-dipheny1cyclobutene over a 

platinum catalyst in a 95% yield (97); nmr (CDC13 > T , 3.05 

(10H singlet); 5.88-6.20 (2H multiplet): 7.45-7.55 (4H multiplet). 

Trans-1,2-0ioheny1cyc1obutane(143). The cis isomer 

(0.2 g, 0.96 mmol) was mixed with 0.2 9 or potassium t-but­

oxide in arihydrous DMSO at 700 for 22 hours. The solution 

was added to water, extracted with benzene and chromatographed 

over si1ica gel with petroleum ether. The trans isomer (143) 

(0.18 g, 90% yie1d) was iso1ated: nmr (COC13 ) T, 2.81 (10H 

singlet); 6.27-6.61 (2H multiplet) and 7.52-8.05 (4H multiplet). 

Desulphurization or comnound 139. Compound 139 (1.7 g, 

0.0063 mol) was rerluxed with about 4 9 of RaNi W2 slurry in 

benzene ror 4 hours. Arter riltration and evaporation or the 

benzene, 1.1 9 or an oi1 was iso1ated. Analysis by glpc on 

co1umns A, Band C, using internaI standards showed that the 

mixture contained trans-l,2-diphenylcyc1obutane 143, dl and 

meso-2,3-diphenylbutane (141) and 1,4-diphenylbutane (142) 

in 62%, 27% and 11% yield respectively. Using column C, 

tr;'\n~-1,2-diph~nylcyclobutane (143) Wé\S col1ectcd and the 
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material. 
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1,3-0iohenyl-3-butano1. This compound was prepared 

by adding 12 9 (0.10 mol) or acetophenone to an ether sol­

ution or Grignard reagent made ~rom 27.7 9 (0.15 mol) or 

~-phenylethyl bromide and 5 9 or magnesium. The reaction 

mixture was rer1uxed ror two hours and worked up in the 

usual way. The crude alcohol was distilled at 1360 /0.25 mm, 

giving on cooling an amorphous solid (12 g). The inrrared 

spectrum showed the presence or an OH group and the absence 

or a carbonyl and bromide group. This materia1 was used 

without rurther purirication. 

1,3-0ipheny1butane (144). 1,3-0iphenyl-3-butanol 

(7.6 g, 0.034 mol) in 150 ml of glacial acetic acid was 

mixed with 0.1 9 of 10% Pd/C at 45 p.s.i. of hydrogen for 

15 hours. After chromatography over si1ica gel with petrol­

eum ether (30-600
): CC14 (1:1) graduated slow1y to CC14 , 

1,3-dipheny1butane (144) (3,5 g, 50% yie1d) was obtained. 

The material was round to be glpc pure (co1umn A, B & Cl; 

n 20 = 1.5520; lit (115): n;O = 1.5525), and nmr CDC1 3 

T ,2.80-2.91 (10H m): 7.18-7.69 (3H ml: 7.98-8.40 (2H ml: 

and 8.80 (3H dl. 
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Desu1nhurization of Compound 140. Compound 140 (1.0 g) 

was ref1uxed with 3 9 of Raney nickel W2 in benzene for 15 

hours. Filtration and evaporation gave 0.5 g (65%) of an 

oi1 and 0.3 g of 140. 

Analysis by glpc showed that two compounds were pre­

sent. The first fraction, 1,3-diphenylbutane (144) was 

identified on glpc by comparing the retention times with an 

authentic sample on column A, Band C. About 50 mg of the 

second fraction was collected from glpc column A and was 

identified by mass spectra (mo1ecular ion mie = 208) and 

nmr spectra (CDC13 ) T', 2.82, (lOH s); 6.56, (2H p), 

J = 8.0 Hz; 7.60 (4H t), J = 8.0 Hz, as trans-l,3-diphenyl­

cyc10butane (145). 

Anal. Ca1cd for C16H14 : C, 92.26; H, 7.74. Found: 

C, 92.14; H, 7.55. Exact mass measurement of molecular ion: 

Calcd far C16H14 ; 208.1245. Found: 208.1252. 

Attp-mnt~d Enimerization of Dimers 137 and ~. 

Compounds lE and 138 (ISO mg) l'lere each refluxed 12 hours 

with 1.2 9 of sodium methoxide in 25 ml of methano1. Dimers 

137 and 138 were recovered unchanged (glpc, col. A; mp and 

mixed me1ting point). 



CHAPTER III 

MECHANISM OF THE PHorODIMERIZATION OF 

THIANAPHTHENE-1,1-DIOXIDE (136) 

Resu1ts 

Multio1icitv of Excited State 

In order to investigate the multip1icity of the ex­

cited state of thianaphthene-l,l-dioxide (136) responsib1e 

for photodimerization, attempts were made to quench (i.e. in­

hibit) the dimerization with a triplet quencher, trans a -

methylsti1bene (148). This quencher has a triplet energy 

level at about 50 Kca1/mo1e (118), and does not absorb at 

the irradiating wave1ength of 313 nm ( X max for trans 

a~ethylsti1bene is 276 nm). When thianaphthene-1,1-dioxide 

(1'36) (O.05!-1) was irradiated in the presence of ~ (O.05r.1), 

the production of photodimers was ncgligible. The simultaneous 

irradiation of the same concentration of 136 without quencher 

resulted in a 70% production of photodimers. Also, sorne i50-

merization of the quencher sensitizp.o by the triplet excited 

state of 136, was observed (Table IX). 

let excited state of 136 was quenchr.-d. 

Therefore, tœ trip-

Thi;-..n;\nhthpnc-l,l-dioy.ide (11(1) \'f."\S irradiated a1. 366 rr.l 
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in the presence or a variety of triplet sensitizers (Table VIII). 

At this wave length compound 136 does not absorb any light; 

in aIl case~, greater than 98% of the light is absorbed by 

the sensitizers. Benzene solutions of 136 (O.024M) and sen-

sitizer (0.0241 M) were irradiated for 24 hours. Dimer pro-

duction for each sensitized reaction is summarized in Table VIII. 

Table VIII 

Sensitized Photodimerizat ion of Thianaphthene-l, l-dioxide. 

Triplet Triplet Intersystem Dimer HH/HT 
sensitizer energy (119) crossing yield 

Kcal/mole efficiency % 
(Qisc) 

Benzophenone 69 1.0 82 2.70 

Chrysene 57 0.67 65 2.75 

Benzil 54 0.92 85 2.70 

Fluorene-9-one 53 0.93 47 2.69 

Pyrene 49 0 

No sensitizer 0 

The ratio of HH and HT ohotodimers did not vary significantly 

with the triolet energy of the sensitizer. 

Experiments of the type described above have been used 

to support é\ mechanism nroc(>(>ding wholly via the triolet ex-

cited st~tû (18). In th~ caS0 of th~ photodimerization of 

thi;manhthpne-l,l-dioxide, the f'~ct thrl-.t trans c:x-m'?thyJstilben~ 
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quenches the production or both HH and HT photodimers and 

that these dimers are produced upon the irradiation or several 

triplet sensitizers in the presence or the monomer ~ is con­

sistent with a triplet excited state as an intermediate. 

Thianaphthene-l~l-dioxide Triplet Energy 

Attempts made to observe the phosphorescence rrom 

thianaphthene-l,l-dioxide (136) in an ethanol glass at 770 K, 

met with railure. Thererore, measurements of the triplet 

energy or thianaphthene-l,l-dioxide was made by two indirect 

methods. The first involved the use or several sensitizers 

of decreasing triplet energy. The results summarized in 

Table VIII indicate that Etriplet lies between 53 and 49 

Kcal/mole. The second method is more precise and involves 

the use or thianaphthene-l,l-dioxide as a sensitizer to est­

ablish a photostationary state or the a-methylstilbenes. The 

composition of the nhotostationary state of a-methylstilbene 

has been determined as a runction of the triplet energy level 

of the sensitizer (118). 

Three tubes each containing a benzenc solution of 0.05 M 

of trans a-mp.thylstilbene and sensitizer (benzoquinone, pyrene, 

and thiananhthene-1,1-dioxidc) \'1'?re irradiated with light at 

w~ve1~ngth 313 nm. The comnosition of th~ nhoto5t~tionary 

st;.t es Drooucpd by p;).ch sensi t izer lUiS (teteTmined on glfle 
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(see experimerrtal). The results are summarized in Table IX 

and indicate a triolet energy for thianaphthene-l,l-dioxide 

of 50 ~ 1 Kcal/mole. This value is consistent with the re­

sults obtained in the sensitization experiment (Table VIII). 

Table IX 

Photostat ionary State of a -Methylst ilbene 

Sensitizer Triplet Energy cis/trans 

Kcal/mole (118) 

Benzoquinone 50 0.88 

Pyrene 48.5 2.38 

2.38 

Thianaphthene-

l,l-dioxide 50 0.83 

0.85 

QUrtntum Yip.1d of the Photodimeriz~tion of Thiananhthene­

l,l-rlioxide (136) 

Quantum yields of the photodimerization of compound 

~were determined in benzene as a function of concentration. 

E."\ch quantun yi<"ld \'I:t.S rl'?tcrmined by Dar;J.llel irradiation of 

fOUT dl"'9:t.SSl"'ri s~rnnl('s with uranyl oxaJ."ltp actin(';;:f·ter ;>,.t 313 ni.l. 
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Dimer yie1ds were based upon the disappearance or 136 as mon-

itored by uv ana1ysis assuming that ror every mole or dilUer 

round, two moles or compound lli l'lere consumed; l/QDIM = 2/O-rND 

vs l/CrND was plotted and round to be linear (correlation 

coerficient = 1.00). A least squares calculation gave a 1im-

iting quantum yie1d or 0.18. 

Table X 

Dimerization or 136 at Various Concentrations 

Concentration QTND a-
(C) 

l/C l/QDIM = 2/OrND 

MOles/liter 
x 10-2 

2.41 0.028 41.3 

0.038 

0.039 

0.034 

0.035* ± 0.001 57.1 

3.61 0.050 27.3 

0.050 

0.047 

0.056 

0.051* ± 0.001 39.2 

4.32 0.064 20.7 

0.071 

0.064 

0.063* ± 0.001 31.7 

.. 
ThC' Sî' V."\ lu: .... ~ arC' wC'iqhtpd .\v(~r ;>1)0 S and é\vnré\<jp dl?viations. 



The Photodimerization of Thianaphthene-l,l-dioxide 

60 

50 

40 

20 

10 " , , , 
,l' 

"" 
" , 

/ 

°-r--------lï--------,---------T---------~------~~ 
o 10 20 30 40 50 

l/e (l/mole) 

Figure 2 

78 



79 

Solvent EfÎect 

The product distribution as a function of solvent po1-

arity was studied. The ratio of the head-to-head to head-to-

tai1 dimer (HH/HT) was found to increase with the polarity 

of the solvents. Quantitative glpc was used to determine 

dimcr ratios. The plot of log HH/IIT "ersus the Ki.rkwood-

Onsager parameter, (0 - 1)/(20 + 1) ·P/M, was found to be 

linear, with a correlation coefficient of 0.895 (P = 0.02, 

i.e. there is only a 1 in 50 chance that the points are randorn. 

This exceeds the genera1ly accepted value of P = 0.05 (120» 

(Fig. 3). In the Kirkwood-Onsagcr parameter, 0 is the diel-

ectric ccnstant, P is the density and M is the molccu1ar 

weight of the solvent (Table XI). This result has been found 

to be consistent with preferential solvation oi the head-to-

head transition state. The above ( Figure 3 ) 

Tablp. XI 

Solvent Effects for the Dimerization of Thianaphthene-l, 1-dioxidc 

Solvent 

Benzene 

Ch1oroform 

Ethy1 acetate 

1,2-Dichlorocthanc 

J\c0tic acid 

Dich 1 or CY.T' t hé\ne 

Dielcctric 
constant 

( D) 

2.Z? 

4.70 

6.03 

10.37 

6.15 

8.<)0 

Density (1)-1) P 
(20-1) M 

0.8786 0.00229 

0.4832 0.00496 

0.9003 0.()O383 

1.2564 0.00573 

1.0492 0.00675 

1.3266 D.o')()(J3 

liH Log ru Yield 
J-IT Hf 

2.70 0.4317 83 

5.89 0.7701 85 

5.74 0.7589 77 

6.50 0.8129 73 

7.35 0.8ô61 66 

7.36 ,).8ô(;<.) e2 
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correlation of the HH/HT ratios has been used as evidence ror 

po1arity differences in the transition states 1eading to the 

endo and exo adducts of cyc1opentadiene, to methy1 acry1ate 

and mcthyltrans-crotonate (121). 

Quantum Yield of the Sensitizeù Photoùimerization or 

ComDound 136. 

In order to determine the yie1d of photodimers from 

the triplet state(Qt.Qc in Scheme 16), the quantum yields or 

dimerization of 136, sensitized by benzophenone, were deter-

mined in benzene as a function or concentration. If the hy-

pothesis of Wagner and Buchek (92) (Chapter I) is app1ied ta 

this photosensitized dimerization or compound 136, the fo1-

10\'1ing mechanism resu1 ts: 

Scheme 16 

Rate 

hv lB l B ~ 

lB k1 3 B k 1 (lB) ~ 

lB ~ B k 2 (lB) 

3 B ~ B k 3 (3B) 

+ 3B 
k4 3TND k4 (3B) (TND) TND -+ + B 

3TND ~ TND kS( 3TND) 

3 TND + TI\D 
k6 

H---I-I k6 (3TND) (TND) -+ 



a2 

H---H ~ TND k 7 (H---H) 

H---H ~ HH dimer ka(H---H) 

3TND + TND k6' 
H---T k 6 , (3TND) (TND) ~ 

H---T ~' TND k 7 , (H---T) 

H---T ~' HT dimer ka' (H---T) 

B is benzophenone. 
TND is t hianaphthene-l,l-dioxide. 
H---H and H---T are the metastable intermediates to 
the head-to-head Dhotodimer ~ and head-to-tail 
photodimer 13S, respectively. 

Om-I = ka{H---H) 
l 

QHH is the quantum. 
yield for the form­
ation of head-to­
head dimer. 

For the stationary state of the production of H---H, 

d{H---H) = k 6 (3TND) (TND) - k 7 (H---H) - kS(H----H) = 0 
dt 

(H---H) = k<l(k7 + ks) (~ND) (TND) 

0mJ = ksk6 (3TND) (TND) 

(k7 + ka) l 

Therefore, 

Om~ = Qck6(3TND) (TND) 

l 

Oc is the fraction 
of HH dimer formed 
from its metastab1e 
intermediate. 

For the ste~dy state of the formation of 3TND , 

rI( 3T :-iD) = k 4( 3 B ) (TND) - kS (3TND) - k6 (3TND) (TND) = 0 
dt 



(3TND) = k4(3B) (TND) 

kS + k 6 (TND) 
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.For the stationary state or the production or 3 B, 

d(3B) = k1(lB) - k 3 (3B) - k4(3B){T~~) = 0 
dt 

(3B) = kl(lB ) 
--=~------
k3 + k4(TND) 

For the steady state or the production or lB, 

d(lBl 
dt 

(lB) = l 

(3B) = 

Qisc = 
k l 

k l + k 2 

Q. is the inter-
1SC . & 
sys~em eross1ng o~ 

(3mo) = k 4 (TND) • Qise I 

kS + k6(TND) k3 + k4(TND) 

benzophenone sing1et 
to benzophenone 
triplet. 

OHH = Qc Qisc k6(TNDl 
kS + k6(TND) 

Qt = k6(TND) 
kS + k 6 (TND) 

QHH = Qc Qise Qt k 4 (TND) 

k3 + k 4 (TND) 

!. = k3 + k4 (TND) = 
QHH Qe Qise Qt k4(TND) Oc 

Lifetime ( T) or benzoohenone 

1. = 1 + 1 

0mJ Qe Qise Qt Qe Qise Qt 

1 = l • 
QHT Qe' Qi~e Qt' ne' Qise 

kA (TND) 

1 

Qisc Qt 

triplet = 

+ 

l. 
k3 

Qt is the fraction 
of triplets atta~king 
the ground st~te to 
rorm a metastrtb1e 
intermediate (H---H). 

T k4 (Tt-n) 

1 

Qt' T k4{TND) 
Q:' is the rraeti on 
of liT dim0r fornod 
(rom it~ net~st~blc 
intprm~rli:1t~ If---T. 
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1. = 1 + 
QOIMER (Qc + Qc') (Qt + Qt') Qisc 

1 ~) 
(Qc + Qc') (Qt + Qt') Qisc T k4(TND) 

Qt' is the fraction 
of triplets attacking 
the ground state to 
form a metastable 
intermediate (H---T). 

The interceot of the plot l/QOIM versus l/CTNO should 

give l/(Qc + Qc,)(Qt + Qt') Qisc. The Qisc for benzophenone 

has been shown to be equal to 1.0 (119); Qt + Qt' can be shown 

to be unit y if the thianaphthene-l,l-dioxide triplet state 

is relatively long lived and attack on the ground state mol-

ecule by the triplet state is diffusion controlled (i.e. k6 

+ k6 = 109 mole liter -1 sec -1 and kS = 105 sec -1) • These 

assumptions are reasonable because the formation of the meta-

stable intermediate should occur upon collision and the rate 

of encounters or triplet with ground state Molecules has been 

assumedto be 109 to 1010 mole liter-l sec-1 (119). The results 

obtained below confirm the above assumptions made for compound 

136. 

kS(3TND) + (k6 + k6') (3TNO) (TNO) 

= (k6 + k 6 ,) (TND) (TNO) = 10-2 

kS + (k6 + k 6 ,)(TND) 

= (109 ) (If') -2) 1. = 100 y. 105 

105 + (109)(10-2) (1 + 100) x 10~ 

= 1...Q2 ~ 1.00 
101 
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Table XII 

The Dimerization or Thiananhthene-l,l-dioxide (136) Sensitized 

by Benzophenone.# 

Concentration 
(C) 

MOles/liter 
x 10-2 

2.41 

3.61 

4.82 

l/CrND 

0.82 41.3 

0.82 

0.75 

0.75 

* . 0 .78 :!: 0.01 2.56 

1.03 27.3 

1.03 

1.08 

1.03 

1.03* 1: 0.01 1.94 

1.22 20.7 

1.22 

1.22 

1.22 

1.22* ± 0.00 1.64 

#Benzo~henone concentration is equa1 to 1.99 x 10-2 M. 

* Weighted m~.:m and weilJhtrd aver:\t]e d!'?vir\tion. 
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Therefore, Qc + Qc' can be ca1cu1ated from l/Qisc (Qc + Oc') 

(Qt + Qt') (equation 3). 

If the re1ationship between QDIM and monomer concen-

tration for the non-sensitized photodimerization was utilized, 

Qisc for thianaphthene-1,1-dioxide (136) cou1d be ca1culated 

(equat ion 4). 

+ k3 (4 ) 
Qisc (Qc + Qc,)(k4 + k 4 ,) (TND) 

Each quantum yie1d at a given concentration of 136 and 

a constant concentration of benzophenone, was determined by 

para11e1 irradiation of four degassed samp1es with benzophenone-

benzhydro1 actinometer at 366 nrn (Q = 0.69 (122». Dimer yields 

were determined using the same methods as that ror the deter-

mination of quantum yie1ds of the unsensitized dimerization. 

These resu1ts are tabulated in Table XII. 

A plot of l/QOIM versus l/CTND is 1inear with an in­

tercept of 0.98 (fig. 4). This i~ indicative or Qc + Qc' and 

Qt + Qt' bging unity. Therefore, using equation 4, Qisc for 

thianaphthene-1,1-dioxide (136) is 0.18. 

Discussion 

The above resu1ts are consistent ror the photodimer-

ization which involves attack on the ground strtte mnlecule 

by the triplet excited stat e as j llust rat ed by the mechanism 

in Schemt? 17. 
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Scheme 17 

Rate 

TND ~ 1
TND l 

1TND ~ TND k1(lTND) 

ITND 
k 2 3TND k 2 ( ITND) ~ 

3'rND 
k3 
4 'rND k3(3TND ) 

TND + 3TND ~ H---H k 4 ( 3TND) (TND) 

TND + 3TND 
k4 , 
-+ H---T k4 .(3TND ) (TND) 

H---H ~ TND kS(H---H) 

H---T ~' TND k S ' (H---T) 

H---H k6 
HH dimer k 6 (H---H) -+ 

H---T ~' HT dimer k6 t (H---T) 

From the above mechanism the relationshio between QDIM 

and concentration or thianaohthene-1,1-dioxide (136) (equation 

4) is derived. 

The rormation of head-to-head and head-to-tai1 dimers 

from two triu1et states is not suP?orted by observations or 

constant HH/HT ratios with decreasing triplet energy 1eve1 

of th~ sensitizer (Table VIII). *Ir two triplet states were 

* It has been observed (123) that the rate constant for 
energy transf'er decreasps as the triplet energy 1evel of the 
donor apDroach~s that of the acceptor. Theref'ore, the rate 
of energy transf~r to the substrate triplet of' higher energy 
would decr~~sr at a f'ast~r rate with decre~sing sen~itizer 
triD]~t ener0Y lpvel, th~n that of the triolet with ~ lower 
ennrny lrve] , thu~ f'~vourinry the formation of one dimrr ov~r 
the> othcr. 
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intermediates of this photodimerization reaction, the ID1/HT 

ratio would be expected to change as the triplet energy level 

of the sensitizer approaches that of thianaphthene-l,l-dioxide 

(123). 

The observation cfa 1imiting quantum yield of unit y for 

the dimerizat ion of 1a.Q. sensi tized by benzoph~:mol1e llilplies 

that the rormation or dimers rrom a metastable intermediate 

of the t~e proposed by Wagner and Buchek (92) was 100% er-

ricient (i.e. Qt = 1.0). Therefore, the increase of HH over 

HT dimers with an increase in solvent polarity was due to the 

selective formation or these intermediates rather than their 

selective decom?o~ition. 

The electrostatic rree energy change, when a dipole 

is transferred from a vacuum to a solvent is given by: 

G 1 - r. - AG = u 2 CO - 1) 
so vent -vac. - u _ - (121). 

a 3 (2D + 1) 

The free energy difference for two different diDoles (HH and 

HT transition states) is then: 

2 2 
Il GHH - A ~ = uHl-i - u HT 

a 3 

• (D - 1) 

(2D + 1) 

(121). 

A good correlation between ÔG and solvent polarity is obtained 

when "a" the "cé\vi ty radius" is ident ified with the molar 

volume (rot/Pl of the solvent (121). Since the ?hotodimeri-

zation of thiané\~hthcne-1,1-dioxide (136) does not invo1ve 

."ln ~C\uilihriwn bptw4?('n th(' products and startinÇJ materiZ'.l: 
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the reaction is kinetically controlled. Therefore, the 

following relationship holds: 

A linear plot of log HH/HT vs (0 - 1)/(20 + 1) .P/M can be 

taken as evidence that an increase in log HH/HT with increasing 

solvent polarity corresponds to an increase in the difference 

of free energies of activation,Ô~ -A~. This result is 

easily accepted if it is assumed that the total dipole moment 

of the head-to-head transition state is greater than that of 

the head-to-tail transition state (Scheme 17). This assump-

tion is quite reasonable if the transition state is imagined 

to consist of an aggregate of two thianaphthene-l,l-dioxide 

Molecules lying in roughly parallel planes (Scheme 18). In 

the head-to-head transition state, the oomponent dipoles 

Doint in the same direction and the net moment 

Scheme 18 

[©qJ+ÇIQJ HH 

h'T 
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would be expected to be greater than that of the head-to-

tail transition state where the component dipoles lie in 

opposite directions. Therefore, the solvent effect is due 

to the polarity difference in the transition state leading 

to the head-to-head and head-to-tail dimers rather than the 

polar ity diffcrcnces in the metast~ble intcrr:lcdiat C pro?osed 

by Wagner and Buchek (92). 

Summarv 
r 

The results stated above indicate that the photo-

dimerization of thianaphthene-l,l-dioxide occurs via an 

attack on the ground state Molecule by a triplet excited 

state Molecule (E ~ 50 Kcal/mole) according to the mechanism 

written in Scheme 17. The intersystem crossing efficiency 

(Qisc) from singlet to triplet excited state was found to be 

equal to 0.18 and the efficiency of dimerization fram meta-

stable intermediate, Oc + Q'c was found to be unity. Therefore, 

the solvent effect is not likely due to a selective decom-

oosi t ion of the metastable intermediate as proposed by \oJagner 

and Buchek (92), rather, there is evidence that the solverrt 

deryendency of HH/HT is due to a preferential solvation of the 

more polar tran5ition state leading to head-to-head dimer. 

A solvent denend~ncy (Kir~7ood-on5ag~r) or the nhoto-

dim~ri7.ation or cyclonentenone (31) similar to t~~t or the 
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photodimerization or thianaphthene-l,l-dioxide (136) has been 

reported (124). It is suggested that other similar solvent 

efrects, observed by Eaton (17), Hammond (19) and Chapman (22-24) 

ror the dimerizations of cyclo~entenone (31) cyclohexenone (34) 

and isophorone (42) respectively May weIl be attributed to 

the polarity differences in the transition states leading to 

head-to-head and head-to-tail dimers. Berson and coworkers 

(121) have observed that the logarithms or the ratio or the 

stereoisomer s in the kinet ically controlled Die ls-Alder "ad­

dition to methyl Methacrylate and methyl trans-crotonate are 

linearly related to the Kirkwood-Onsager parameter and have 

attributed this erÎect to a difference of the polarity in the 

transition state, thus lending credence to the above proposaIs. 

Exnerimental S~ction 

Solv~ts. Sryectrograrle benzen~, ethyl acetate, methyl­

ene chloridc, and reagent grade 1,2-dichloroeth~ne were frac-

tionally distilled twice through a 100 cm Vigl"eux column in 

which the Middle 50% was collected. Spectrograd~ chlorororm 

\'1as washed twice with dist illed water to rernove ~th;mo~_, dried 

over anhydrous c;\lciwn chloride, fractionally distilled twicc 

~nd used imm~diately. Acetic anhydride (la ml) w~s addcd ta 

one litf.'r o( re;vJI"'nt IJr:Hk· 1J1acial rtC~tjc acid <Ina the rnj>~tur(> 
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was fractionally distilled collecting the Middle 50%. 

Substrate. Thianaphthene-l,l-dioxide was prepared 

according to the method in Chapter II, page 65. It was re-

crystallized three times in absolute ethanol and dried in 

vacuum at 500 (mp 142.5-143°). 

Sensitizers. Benzoohenone, chrysene, benzil, fluor-

ene-9-one, and pyrene (Baker sensitizer grade reagents) were 

aIl recrystallized from absolute ethanol and dried in vacuo. 

Quenchers. Trans a-methylstilbene (Aldrich Chemicals) 

was recrystallized from petroleum ether (bp 60-90°) and dried 

in vacuo. 

Solvent Effect. Two hundred and fifty ml of a solution 

-2 of thianaohthene-l,l-dioxide (1.0 g, 2.4 x 10 M), previously 

ourged with dry nitrogen for 45 minutes, was irradiated with a 

Hanovia Mercury vaoour lamo (type L 450 watt) in the usual watpr 

cooled quartz immersion annaratus with a oyrex filter for 
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two hours at room temperature. After solvent evaporation, 

starting materia1 (136) was removed by extraction with boiling 

water. The mixture of dimers (0.400 g) was disso1ved in 25.0 

ml reagent grade DMSO. The dîmer ratios were determined via 

glpc on a Hew1ett-Packard F&M 5750 flame ionization instrument 

equipped \'lith a ca1ibrated 1/8" x 6' co1umn of 10% Apiezon L 

on chromosorb W. The column temperature was 3000 • 

Calibration of Anie?!on L co1umn. Mixtures of dimers 

(0.40 g) of HH/HT ratios 0;165, 0.997, 1.65, 2.99 and 6.28 

were diss01ved in 25.0 ml of reag{"!nt grade 01\'150. The ratios 

of the areas \'lere found to be 0.208, 0.313, 0.583, 1.01 and 

2.10 respectively. Therefare~ the calibration constant K = 

(HH/HT)weight/(HH/HT)area was found ~o be equal to 2.98 ± 0.06. 

Sensitized Oimerization of Thian~nhthene-l,l-dioxide. 

A series of be"1zene solutions of thiana:")ht~e!";e-l, I-dioxidc 

(0.100 g, 2.40 x 10-2 M), each with one of benzophenone, 

chrysene, ben?!i1, f1uoren -9-one, or ::>yrenc (2.41 x 10-2 f.1) 

were pipetted into oyrex test tub~s (25 x 150 mm) which wcre 

constricted to facilitate sealing. <me sampla contained no 

sensitizer, only a solution of thianaryhthene-l,l-dioxid~ 

( -2 2.40 x 10 rot). This was uscd as a blank. These W2rc thc~, 

dcgasscd using three frecze-thaw cycles and sealing und~r 

pressures of th':? order of 2 x 10-2 torr. 'i'hese tubes were: 
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put on the "quantum yield merry-go-round apparatus" and ir­

radiated for 24 hours at 366 nm using the Hanovia medium pres­

sure lamp (type L, 450 watt) and the alizarin red, aluminum 

sulohate, calcium chloride filter (125). After the sample 

tubes were ooened and the reaction mixture freed from benzene, 

the reaction mixtuLes were filtered froDl boiling cyc lohexane 

to remove the sensitizer and then from boiling water to remove 

starting material (136). The dîmer ratios were determined 

by glpc using the samemethods and apparatus as that for HH/HT 

ratios for solvent errects. 

Thianaohthene-l,l-dioxio~ (l~6) as a Sen~iti7.pr. Benzene 

solutions (25.0 ml) of trans a-methylstilbene (0.05 M), thia­

naphthene-l,l-dioxide (136) (0.05 M); trans a-methylstilbene 

(0.05 M), benzoquinone (purified by sublimation) (0.05 M) and 

trans a-methylstilbene (0.05 M), pyrene (0.05 M) were pipetted 

into pyrex test tubes (constricted on top to racilitate seal­

ing) (two to each accentor-donor pair). These samples were 

degassed by four freeze-thaw cycles and sealed under a pres­

sure of 2 x 10-2 torr. These solutions were tœ n -irradiated 

on the merry-go-round aooaratus with the ultra-violet lamp 

used previously at 313 nm using the K2Cr04-K2C03 ~ilter (92). 

The i somerization of trans a-met hylst i1bene was followed by 

glpc on a 1/R" x 6' co1umn of 10% U\C 728 on chromosorb W until 

cis/trans r.'\tios w:!re constant (60 hours irrrl,(ij;'\tion). 
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Tht=> Ouantum Yjeld of Photodimeri7.ation or Thiananhthene-

l.l-dioxide (136). The sample tubes were 25 x 150 mm pyrex 

test tubes attached to 19/24 ground glass remale joints pro-

vided with a constriction for sealing. Benzene solutions 

-2 -2 
(25.0 ml at concentrations of 2.41 x 10 M, 3.62 x 10 M, 

and 4.82 x 10-2 M) were degassed (rour rreeze-degas-thaw cycles) 

and sealed at a pressure of 2 x 10-2 torr. Four sample tubes 

with solutions at one concentration were placed on the merry-

go-round apparatus in the presence or rour tubes with uranyl 

oxalate actinometer solution and irradiated with the lamp prev~ 

iously used at 313 nm. The amount or thianaphthene-l,l-dioxide 

reacted was determined by quantitative uv spectrophotometric 

analysis using an extinct ion coefficient, E (304 nm) of 2.32 

! 0.06 1 mole- l cm-l. Tubes containing 0.05 M uranyl oxalate 

(made from 0.05 M uranyl sulphate and 0.05 M or oxalic acid) 

in distilled water were irradiated simultaneously with solu-,. 

tions of compound 136 during the determination of quantum 

yields of aIl non-sensitized dimerizations. The amount of 

oxalate reacted l'las determined by titrating an acidified sol-
. 

ution of actinometer solution with standardized KMn04 solution 

(O.06 N) at 500
• The quantum yield for oxalate decomoosition 

was taken at 0.56 at 313 nm (124). Total periods or irradi-

ation (l.75 hours) were adjusted so that 35-40% of actinometer 

and 9-11% of thianaohthene-l,l-dioxide reacted. 
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The Dptermination of the Mo1ar Extinction Coefficient 

of Thiananhthene-1,1-dioxine (136). Benzene solutions of 

-4 comnound 136 at concentrations of 6.566 x 10 M, 5.253 x 

10-4 M, 3.940 x 10-4 M, 2.626 x 10-4 M and 1.313 x 10-4 M 

were prepared. The absorbance, A,of these solutions were 

measured in 1 cm ce11s on a Unicam SP 800 uv spectrophotometer 

at 304 nm. The mo1ar extinction coefficient of 2.32 ! 0.06 x 

103 1 mo1e-1 cm-1 was ca1cu1ated by the Beer-Lambert equation 

using the method of least squares. 

The Quantum Yie1d of the Sensitized Dimerization of 

Thiananhthene-1,1-dioxide (136). The samp1e ce11s used in 

this procedure were identica1 to those used in the determin-

ation of the quantum yie1ds of the non-sensitized reaction. 

Benzene solutions (25.0 ml at concentrations of 2.41 x 10-2 M, 

3.62 x 10-2 M and 4.82 x 10-2M of thianaphthene-1,1-dioxide 

and 1.99 x 10-2 M of benzophenone in aIl three samp1es) were 

degassed (four freeze-degas-thaw cycles) and sea1ed at a pres­

sure of 2 x 10-2 torr. Four samp1es at one concentration of 

136 were p1aced on the merry-go-round apoaratus and irradiated 

in the presence of four samp1es of benzophenone-benzhydro1 

actinometer at 366 nm. The amount of 136 re~cted was d~ter-

mined in the nr~senoe of sensitizer by uv sDectronhotometric 

me~surements ~t ~ w~ve1en~th of 310 nm in which com~~un~ 1~6 

h~s n molar extinction co~fficiP.nt of ~.28 ! 0.06 x 103 1 mol~-l 
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cm-l. This extinction coefficient was determined in the same 

way as previously described. For a concentration of 0.1 M 

of benzhydrol and 0.1 M of benzophenone, the quantum yield 

for the photoreduction of benzophenone has been found to be 

0.69 (122). The amount of benzophenone reacted was deterrnined 

by uv spectrophctometry using extinction coefficient at 341 n~ 

equal to 1.36 x 102 1 mole-l cm-l {122}. Total periods of 

irradiation were adjusted so that 50% or actinorneter and 5% 

of thianaphthene-l,l-dioxide reacted. 

Filter Solutions for the Isolation of the 313 nm and 

366 nm bands. In both cases (wavelength = 313 nrn and 366 nm) 

the ernission fràm a Hanovia medium pressure larnp (type L, 

450 watt), positioned in the center of the turntable, was fil­

tered by a pyrex sleeve. When uv light of wavelength = 313 nrn 

was needed, an aqueous solution of 0.2 9 of potassium chromate 

and la 9 or potassium carbonate per litre of solution was put 

in the pyrex sleeve (92). When a wavelength or 366 nm was 

needed, an aqueous solution of 0.37 9 or alizarin red, 0.015 9 

of aluminum sulDhate.18 H20, and 0.25 9 of calcium chloride 

per litre or solution was used. A pH of 4.64 was maintained 

with acetic acid-sodium acetate buffer (O.l N acetic acid and 

0.1 N sodium acetate) (125). 



CHAPI'ER IV 

Tm PHorOCYCLOADDITlOO OF THIANAPHTHENE-l, l-DIOXIDE TO OLEFINS 

Introduct ion 

Consideration of the Most plausible mechanism for the 

photodimerization of olefins has led to Scheme 17 (Chapter 

III, page 88). The basic consideration is the addition of 

a triplet exci ted state of the olefin to the ground state of 

the same olefine The ground state partner of the two merely 

provides an olefin substrate for attack by the excited Molecule. 

Therefore, it should be possible to replace the ground state 

Molecule with any olefin that cannot become excited at the 

wavelength at which the attacking olefin becomes excited. 

Table XIII summarizes typical photocycloadditions of a variety 

of olefin pair s. 

Table XIII illustrates the high orientational select­

ivity observed by unsymmetrical olefins in their various 

cycloaddition rcactions (addition of cyclopentenone to tri­

chloroethylene is an exception (126». AIse, identical products 

for cycloaddition involving cis or trans disubstituted olefins 

were noted. 

These results ha"e been exp1ained using a mechanism 

first oroposed by Corey (96) (Scheme 19). 
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The above mechanism depicts attack by the excited 

state of the olefin on the substrate to form a metastab1e 

intermediate (or W comp1ex) simi1ar to that proposed by 

Wagner and Buchek (92). Collapse of this intermediate to a 

1,4-diradica1 by bond formation between the excited state 

olefin and the substrate then occurs. Before ring formation, 

there is time for rotation of the C-C bond of thp. substrate 

moiety (Scheme 19; structure d ); the cyc10butane ring then 

forms. The mechanism genera11y accounts for the orientational 

selectivity of cycloadditions between unsymmetrical olefins 

and the lack of stereosoecificity of addition to cis and trans 

alkenes. 
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However, the mechanism postu1ated by Corey (96) does 

not account for the orientation of the cycloadducts of carbo­

styril (No. 23, compound 195f, Table XIII (134), indene (No. 27, 

Table XIII) and l,l-dimethylindene (No. 28, Table XIII) to 

acrylonitrile. AlI other olefins add ta the excited state 

or the above alkenes in the orientation ~~èicted by the 

mechanism illustrated in Scheme 19 (No. 23, 26, Table XIII). 

Acrylonitrile adds in an opposite orientation to that pzedicted 

by Corey's mechanism (Scheme 20). It has been weIl established 

that a change in polarity occurs in an n- y. transition (for 

cyclic enones) while no such change bas been observed for a 

W - ~* transition (carbostyril, indene, l,l-dimethylindene) 

(148). These results (carbostyril, indene, l,l-dimethylindene) 

can be best explained by considering the stabilization of the 

resulting 1,4-diradical intermediate. The l,4-diradical A, 

with a resonance stabilized benzylic free radical, would be 

expected to be more stable than diradical B (with a less 

stabi1ized free radical conjugated ta the amide group, Chart 3). 

This hypothesis also accounts for the observations of Corey (96). 

Photo-induced cycloaddition reactions forming cyclo­

butane derivatives have been used as key steps in the synthe sis 

of a variety of comolex natural products. The following re­

action schemes are typical examples of such syntheses. 
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Scheme 26 (143) 
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Results 

AlI photochemical reactions or thianaphthene-l,l-

dioxide (136a) with olerins were conducted with a Hanovia 

medium pressure mercury vapour lamp (type L, 450 watt) in 

a water cooled pyrex immersion weIl which the reaction mix-

ture surrounded. Hence, reaction solutions were irradiated 

with light or wavelength 300 nm and greater. Thianaphthene-

~,l-dioxide (136a) absorbs 99% or the emit~ed radiation while 

the olefins absorb no more than 1%. 

Cvcloaddition to Trichloroethylene. Thianaphthene-

l,l-dioxide (136a) was dissolved in trichloroethylene, purged 

wi th dry nit rogen ror 45 minute sand irradiat ed for 3 hours. 

The produa ta lIere isolated by allowing the oily residue to 

crystallize rran benzene. Fractional crystal1ization rrom 

benzene gave adduct ~ (52% yield) &,d photodimers lâLand 

Chart 4 

H CI H CI 
--CI ---CI 
----CI -·--H 

H 02H CI 
A B 

H H CI 

--CI --H 

--CI ·--·CI 

02H CI OzH CI 
C D 
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U§. (48% yie1d). Analysis of the mass spectrum (mie = 296 

ror the parent peak) and ir spectrum (ir maxima at 1320 cm-1 

and 1160 cm-1 attributed to 502 stretching and 670 cm-1 due 

to C-C1 stretching) indicated a 1:1 adduct 206a. with the 

possible structures 1isted in Chart 4. Photo adducts with 

trans stereochemistry at the junction of the five and four 

membered ring are very un1ikely. Aside from considerable 

ring strain, trans fïve-rour ring junctions are even 1ess 

1ike1y considering the two step process proposed by Corey (96). 

Tests simi1ar to those chne in Chapter II (page 54) ror this 

stereochemistry cannot he performed because or rapid hydro-

ha1ide e1imination trom the substrate. 

The structur e and stereochemistry or 206a were deter-

mined by a comparison ana1ysis or cycloadducts 206a and ~. 

.-

1

,-

J 
dL - iL • ~ 

, 
1 

- -,. - ---, 
Figure 5 

Nuc1ear Magnetic Resonance of Compound lQ2h. 
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The latter was formed by using 3-deuterothianaphthene-l,1-

dioxide (136b). Resonances appeared in the llmr spectrum of 

~, (Fig. 5), T, 2.18 (4H, multiplet) aromatic; 5.18 (lH, 

doublet, J = 8.0 Hz) methinej 5.69 (lH, doublet, J = 8.0 Hz) 

methine. This spectrum is consistent with structure A or a 

in Chart 4. If structur e C or D l'lere invoked, the coupling 

between the chloro proton (A) and the sulphonyl proton (X) 

would be expected to be in the order of 0-2.5 Hz instead of 

8.0 Hz (cross ring coupling constants higher than 2.5 Hz have 

been recorded only for rigid bicyclobutane derivatives (87)). 

The nmr spectrum of compound ~ (Fig. 6) cons ists 01 a 

multiplet at T = 2.18 (4H, multiplet) aromatic and an ABX 

multiplet in which the AB portion is centered at T = 5.18 

(2H) and t he X part cent ered at T= 5.69 (tH). Examination 

of the ABX signaIs only gave J Aa = 1.5 Hz and JAX + Jax = 15.5 

Hz. Because the AB section of the ABX spectr~m has only six 

recognizable peaks, it was not possible to determine values 

for 0+, D- and 1/2{JAX +Jax) (149). Hence, J AB and JAX -

J BX cou1d not be calculated. However, from (JAX + J BX) and 

JAX (determined from nmr spectrum of deuterated adduct ~q) 

a value of J BX{7.s Hz) was determined. The X section of the 

ABX spectrum contained four peaks, thus JAX am Jax have the 

same sign (149). 

The nmr data obtain~d for com;>ound ~ are consistent 

with structure A (Chart 4) rather than B. It has been obseroJç'd 
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........ ~., .. .... 

Figure 6 
Nuclear Magnetic Resonance of Compound ~. 

(87) that J . /Jt > l. 
C1s' rans Hence.JBX = 7.5 Hz for the vic-

inal cis benzylic and sulphonyl protons and JAX -- e.o Hz, 

JBX(cis)/JAX < 1, supportll cis stereochemistry for proton 

A and X (Scheme 31). Since cross ring coup1ing constants for 

protons with 1,3 cis stereochemistry range from 0.9 Hz to 2.5 

Hz for cyclobutane compounds and cross coupling constants for 

protons with trans stereochemistry are 0.5 Hz (87), the value 

for J AB of 1.5 Hz orovides rurther evidence that protons A, 

B, and X have cis stereochemistry. 

Purging the trichloroethylene solution or compound 

.!12.a w it h 02 inhi bi ted cycloaddi ti on, indicat ing a tr iolet 

excücd state as intermediate. 

The elemental analysis for compound ~was not com-

plctC'ly satisîa.ctory. This is Most likely duc t 0 slow decom-

position (dehydrohaloq~në\tion) on st:mdinq. Charactf~ri7.ation 
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Scheme 31 

R CI 

©O CI CI hv ---CI +Y ---CI 
'CI 

02 02 H H 
~R = H; ~R = H; 
l36b R = D. ~R = D. 

or a stable derivative was thererore advisable. Dehydrohalo-

genation or ~ in rerluxing triethylamine gave compound ~ 

T, 2.60-3.35. '(4H, multiplet) 

aromatic, 6.35, (2H, AB quartet (Av = 20.1 Hz, JAS = 4.0 Hz) 

methine; ir: v, 1680 cm-l (C-C stretching), 1320 cm-1 and 

1150 cm-1 (S02 stretching), 650 cm-1 (C-C1 stretching). The 

above data is consistent with the loss or HC1 to give compound 

~ (Scheme 32). 

Schece 32 

CI 

~-""'·--·CI t riethy1amine 
CI 

~--.·--CI 

02H H 02H 
CI 
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Cycloaddition to cis and trans-Oichloroethylene. 

Thianaohthene-l,l-dioxide (136a) was dissolved in cis or 

trans dichloroethylene and irradiated under standard con-

dit ions. The solvent was· then evaporated and the reaction 

mixture was crystallized (ethan01, cis dichloroethylene 

adduct; benzene, trans adduct). Examination of the crude 

reaction mixture by glpc, nmr and ir spectrophotometry re-

vealed the same two products for each reaction. 

The crystals obtained from photoaddition of thianaph-

thene-l,l-dioxide (136) to cis-dichloroethylene were fraction-

ated on a column of silica gel with chloroform. The first 

fraction contained compound ~ (m? 145.5-146.50 ), nmr: 

(COC13 ), T, 2.00-2.50. (4H, multiplet) aromatic; 4.94-5.15 

(lH, multiplet) methine; 5.33-5.60 (3H, multiplet) methine; 

infrared: 11 -1 -1 -1 1320 cm and 1170 cm (502); 665 cm 

(C-C1); mass spectra: mie for m01ecular ion = 26~, 

and the second fraction, a mixture of ~ and 208, was re-
< • 

crystallized from OCI4 ); to give pure ~ (mp 169-170°); 

nmr: (CDCI 3 ) T, 2.00-2.50 (4H, multiplet) aromatic; 5.03-

5.60 (3H, multiplet) meth ine; 5.80-6.00 (lH, mul ti?1et) 

methine; 
-1 -1 infrared: 11 , 1320 cm and 1170 cm (502), 

640 cm- l (C-CI); mass soectra; mie for mo1ecu1ar ion = 26Z • 
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Nuclear Magnetic Resonance of Compound ~. 

Figure 8 

Nuclenr r.t<\gnet ic Resonance of Compound ~. 
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Consideration or the spectral data has led to structure 

assignments ror ~ and ~as shown in Schemes 33 and.34. 

It has been observed that halogen atoms shield protons that 

are cis to them (149). The lower rield signaIs appear to move 

into the en'7elope while peaks have been shit'ted to high t'ield 

rrom the envelope (in comparing cis 207, Fig. 7, with trans 

~, Fig. 8). This would account ror the observed spectra. 

Hence, a tentative structure as illustrated in scheme 32 and 

33 can be proposed without derining the stereochemistry or 

the ring junction protons. 

By comparing the integration t'or the nmr signal that 

is unique to each or ~and ~ in the reaction mixtures, 

the ratios oÎ ~:aQ§. = 53:47 and ~:~ = 23:77 was estimated 

ror cycloadditions or ll2A to cis and trans-l,2-dichloroethylene 

respectively. It is or interest to note that in these cyclo­

addition reactions, only 2 or the 4 possible products were 

observed. The photocycloaddition or cis and trans 1,2-dichloro­

ethylene to thianaphthene gave t'our ?roducts (137). 

Cycleaddition te 1,1-Dich1oroethy1ene. Thianaphthene­

l,l-dioxide and 1,1-dich1oroethy1ene were irradiated in ben-

zene under standard conditions. Workup and recrysta11ization t'rom 

ethano1 ga' .. e ~ (mn 139.5-140.50
); nmr: (Fig. 9) (CDC13 ) T, 2.10-

2.50 (4H, cu1ti~let) aromatic; 5.20, (lH. quartet JAS = 8.0 Hz, 
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J AC = 2.5 Hz) methine, proton A; 5.73, (lH, quartet J = 8.0 Hz) 

methine, proton B; 6.25-7.00, (2H, multiplet methy1ene, proton 

C; ir: V, 1310 cm-1 and 1160 cm-1 (502); 615 cm-1 (C-C1); 

mass spectra: mie for the mo1ecu1ar ion = 262). 

r c 
• B 1 \ fULl] ~ ... 

.. _. ... '~ .. 

Figure 9 

Nuc1ear Magnetic Resonance of Compound ~. 

Spectroscopie evidence indicates that compound ~ is al: 1 

adduct between thianaphthene-1,1-dioxide (130) and 1,1-di-

ch1oroethy1ene as represented by structure A and ~ (Chart 5). 

Chart 5 

~-I--CI 

~-+-CI 

CI 

B 
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Irradiation of the resonance at T = 6.25-7.00 caused 

the quartet at T = 5.20 (for proton A) to collapse to a 

doublet (J = 8.0 Hz). Also, the quartet at T = 5.20 

collapsed to a doublet (J = 2.5 HZ) and the multiplet at 

T = 6.25-7.01 into a distorted quartet when the resonance 

at T = 5.73 was irradiated. 

r-
"1 1 1 ::::1 \"""-' ____ -" ~Jlt~. . __ " ...,.""....., ... ,. ~.~ 

Figure 10 

Nuclear Magnetic Resonance of Compound ~. 

This indicates that proton A is strongly coupled to proton B 

while B is strongly couoled to proton C. Proton A is weakly 

couoled to proton C. The assignments for proton A and B thus 

elucidate the structure of adduct ~. 

The irradiation of 3-deuterothianaphthcn~-l,1-dioxide 

(116b) in the nre5ence of l.l-dichloroethyl~n~ under the samc 
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conditions as :for .lliâ gave compound ~ (identica1 mp as 

209a). However, examination o:f the nmr soectrum revea1ed 

that the resonance at T = 5.20 was not present and the res-

onances at T = 5.73 had co11apsed to a triplet (J = 8.0 Hz). 
'. 

(In addition, the signal at T = 6.25-7.00 had apoeared as 

a pair o:f doublets ( T = 6.53, J = 8.0 Hz) and T= 6.61, 

J = 8.0 Hz». Thus, A is the benzylic proton (5 position) 

and B is the sulphony1 proton (2 position). The above results 

are consistent with 209a having structure a. 

Scheme 35 

R R CI 

00 CI"-",,CI CI 
+ Il 

hU 

02 02H 

~R = H; ~R = H; 

~R = D. ~R = D. 

CvclOë\ociition of Thirtnrtnhth~ne-l,l-oioxid0. (13(")a) !.2. 

Tetrachloro~thvlrnc. Thianaphthene-l,l-dioxide was irradiated 

in the prescncr of tctr:\chlorop.thylene. The only materials 



recovered after aIl of compound l36a was consumed, were 

photodimers l2L and 138. No 1:1 adduct was observed. 
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Cycloaddition of Thianaphthene-1,1-dioxide (136a) !Q 

2-methyl-2-butene. Compound l36a was irradiated in the pres­

ence of 2-methyl-2-butene in benzene for one hour. Ana1ysis 

of the reaction mixture by glpc and tIc indicated that there 

were two products formed. The components of the reaction 

mixture were separated by preparative tIc deve10ped by cyclo­

hexane:ethy1 acetate = 8:2. 

The first fraction, 210a, after recrystallization in 

ethano1, hadmp 145.0-145.5°, nmr: (CDC13 ) (Fig. Il) T,2.18-2.58 

(4H, multiplet) aromatic; 5.08, (2H, broad singlet) vinylidene; 

6.40-7.20, (3H, multiplet) methy1ene and methine; 8.23, (3H, 

doublet, J = 1.0 HZ) methy1; 8.55 (3H, doublet, J = 6.2 Hz) 

methy1; ir: U, 1670 cm-1 (C=C); 1305 cm-l and 1152 cm-l 

(502); mass spectra: mie for the molecular ion = 236. The 

above data is consistent with a 1:1 adduct of compound ~ 

and 2-methyl-2-butene of structure ~or ~ in Chart 6. 

Chart 6 
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,. 
Figure Il 

Nuclear Magnet ic Resonance of Compound ~. 

The second fraction ~ had mp 131.5-1320
; nmr: (Fig. 12) 

T , 2.11-2.75 (4H, multiplet) aromatic; 6.20-6.56 

(2H, multiplet) methine; 7.58 (lH, quintet) methine; 8.70 

(3H, singlet) methyl; 8.88 (3H, doublet, J = 7.5 Hz) methyl; 

9.20 (3H, singlet).methyl; ir: v , 1470 cm- l molecular ion 

= 236. The structures that are consistent with the spectral 

properties 1isted above are 1:1 adducts a" Il, f. or 12 shown 

in Chart 7. 

Chart 7 

H 

---......... ····H 

02H H 
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02H 

In order to faci1itate mass spectral and nmr inter-

pretation, 3-deuterothianaphthene-l,1-dioxide (136b) was used 

as a substrate for the previous photochemical reaction. The 

two 3-deuterc products (~and 2llb) were separated as before. 

One of the consistently prominent peaks in the mass 

spectra of thianaphthene-l,l-dioxide (136a) and its derivatives 

(dimers 1:li and lJ!!., adducts 206a, ~, 208, 209a. ~ and 

2l1a) occurs at mie = 137.006 (corresponding to C7HSSO). 

This peak can be envisioned to arise fran either ~ or ~ 

(Chart 6) '.ria ions with mie = 167 as illustrated in Scheme 36. 

Compound ~ (with deuterium in the benzylic position) has 

a mass spectru~ in which peaks at mIe = 137 and 138 are prom-

inent. This observat ion is consistent wi th ~ having 
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Figure 12 

,,.-,. 
1 

Nuc1ear Magnetic Resonance of Compound ~ • 

.:. 

{ 
~~"\~., ~ 

Figure 13 

Nuc1ear l-Iagnetic R'?sonance of Compound 211b. 

138 
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structure f:. in Chart 6. If compound ~ had structure ~, 

th en one would expect to find a very small peak for mie = 

137 in the mass spectra of the 3-deutero derivative (2l0b) 

(Scheme 36). 

The nmr of compound ~ (Fig. 13) (the 3-deutero 

derivative of compound 2lla) was identical to that of compound 

21la (Fig. 12) except that the resonance at T = 6.20-6.56 

co1.lapsed to a doublet at T = 6.35 (J = 9.0 Hz). This means 

~hat the ex sulphonyl proton is vicinal to the ex methyl proton, 

since the broad quint et at T = 7.58 did not collapse to a 

first order quartet. The vicinal coupling constant, J = 9.0 Hz: 

is consistent with aIl methine protons being cis (if one as-

sumes that protons at the junction of five and four membered 

rings foxmed by a two step process are cis). Therefore, the 

data given are consistent with compound ll.!. having structure 

A in Chart 7. The reaction to produ:e compounds ll9- and ~ 

is summarized in Scheme 37. 

Scheme 37 

hl' 

02H H 

ll!A R = H; 
lli!? R = D. 

~R = H; 
~R = D. 
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Discussion 

The resu1ts obtaine~ for the photocyc1oaddition of 

thianaphthene-1,I-dioxide (136a) to the various olefins in 

the previous section are consistent with a resonance stabil-

ized 1,4-diradical intermediate. The initial addition appears 

to involve bond formation between the 2-position of compound 

Scheme 38 

hU 
) 

resonance 
stabi1ized 
1,4-diradical 

H· transfer bond formation 

H R1 

~-+-···R2 

--"1--, ..•.. R 3 

02 H R4 
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~ and the least substituted carbon atom of the olefins 

{analogous to free radical attack on an alkene (150». The 

resulting intermediate thus is the Most stabilized diradical 

(benzylic and tertiary). The hypothesis is borne out by the 

fact that photocyc1oaddit ion of 136 to trich1oroethy1ene and 

2-methyl-2-butene gives on1y one cyc10butane derivative. If 

attack occurred from the 3-position to the high1y substituted 

carbon atom of the olefin (carbon atom with two ch10rine or 

two methy1 groups), then rotation around the C-C bond of the 

substrate moiety wou1d cause two stereoisomers to form. The 

occurrence of this type of rotation during photocyc1oaddition 

was i11ustrated ( page 127) in the case of cis and trans 1,2-

dich1oroethy1ene, where cyc1oaddition to both the cis and 

trans isomers resu1ted in a mixture of two adducts identical 

in structure except for the stereochemistry of the ch10rine 

atoms. The products of cycloaddition of compound !.2..2.. to 1,1-

dichloroethylene is also consistent with a free radical-like 

attack by the 2-position of the excited state ~ on the least 

substituted carbon atom. 

The fact that tetrachloroethy1ene does not add to the 

excited state of thianaphthene-1,1-dioxide (136) can be attri­

buted to steric hindrance by the 4 ch10rine atoms to attack 

on the bond. This steric hindrance resu1ts in photodimer­

ization being much faster than mixed cycloaddition. 
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The isolation of compound 210a and 210b from the reaction 

mixture of tœ photocyc1oaddit ion of ~ am 136b to 2-methy1-

2-butene provides evidence for the existence of the 1,4-diradica1 

intermediat e b (Scheme 39). Compound ~ was like1y formed 

by a hydrogen abstraction from the methyl group of the 2-methyl-

2-butene moiety by the benzy1ic position. 

02 

b 

Scheme 39 

Thianaphthene-1,1-dioxide (136) reacts under similar 

conditions as cyc1ic enones (96, 128) and indenes (135, 136) 

to gi'.re com?arab1e compounds (Table XIII). The photocyc1o­

addition of cyc1ic enones to unsymmetrica1 olefins· gi'Jes two 

cyc1ic products with each possible orientation in which one 

orientation predominates (96, 128), whi1e indene (135), 1,1-

dimethylindene (136) carbostryi1 (134) and thianaphthene-

1,1-dioxide (136) gi"e one oroduct. The5p. results can 1>2 
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explained by invoking resonance stabilized diradical inter­

mediates ror those olefins that are rused and conjugated ta 

aramatic systems. Such intermediates are not involved in the 

case or cyclic enones. 

Experimental Section 

Annaratus. Infrared spectra of KBr pellets were meas­

ured lnth a Perkin-E1mer 337 spectrometer, nmr spectra were 

obtained Tram a Varian Associates T-60 and mass spectra were 

recorded on an AEI MS 902 spectrometer. Me1ting points were 

taken on a Ga11enkamp apparatus and are not corrected. The 

glpc data l'lere obtained on a Hew1ett-Packard F&M series 5670 

research chromatograph. A Hanovia medium pressure Mercury 

vapour lamp (type L, 450 watt) in a pyrex water coo1ed immersion 

apparatus, surrounded by the reaction mixture, was used ror 

aIl photocycloadditions. 

Thiananhthene-1.1-dioxidp (136a). This compound was 

prepared and purified as was described in the experimenta1 

section or Chapter II. 

3-RromothianaDhthpn~. This materia1 was synthesized 

according to the method of G. Komppa (151). 

3-f}"'ut('rothi;\n;\nhth~~",. This com?ound was synthes­

ized by slm'Ily ad(Hn') 2.0 q of 020 1.0 thiananh1.hene-3-
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magnesium bromide. The latter was formed by adding 6.4 9 

(0.032 mol) of 3-bromothianaphthene in 20 ml of tetrahydro-

fur an to 0.76 9 (0.032 mol) of Magnesium turnings in 20 ml 

of boiling tetrahydrofuran. Normal workup and fractional 

distillation at 78-80°/2 mm gave 2.5 9 (O.018 mol, 62% yield) 

of 3-deuterothianaphthene (80% deuterated as determined by 

mass spectral. 

3-Deuterothianaphthene-l,1-dioxide (136b). This com-

pound was prepared in the same way as compound l36a (mp 142-

142.5°, mp of ~ 142-142.5°). 

Tbe Photocycloaddition of Thianaohthene-l,l-dioxide 

(l36a) to Tricbloroethvlene. Thianaphthene-l,l-dioxide (3.5 g, 

0.021 mol) was dissolved in 500 ml of reagent grade trichloro­

ethylene (distil1ed at 86-86.50 ), the solution purged with 

dry nitrogen for 45 min and irradiated for three hours. After 

evaporating the solution and refluxing the resultant oil in 

OC14 , 5.1 9 of a white solid containing three compounds (tIc 

on silica gel developed by OIC1 3 and glpc on 1/8" x 6', 10% 

Apiezon L column of reaction mixture) was obtained. Fractional 

crystallization in 50 ml of benzene gave 1.7 9 (0.005 mol, 

48" yield) of compounds ll1. and 138 and 3.4 9 (O.013 mol, 

52" yield) of compound ~ (m? 142-144°) ir: V, 1320 cm-1 

-1 -1 and 1160 cm (502 stretching); 670 cm (C-C1 stretching); 

nmr: (COCI3 ) T, 2.18 (4H, mu1t iplet) aromat ic j 5.18 (2H, 
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AB part of ABX spectrum) methine; 5.69 (lH, quartet, X part 

of ABX spectrum) methine; mass spectrum: mie for the molecu1ar 

ion = 296. 

Anal. Ca1cd. for Cl0H7S02C13: C, 40.33; H, 2.43; S, 10.76; 

Cl, 35.80. Found: C, 41.01; H, 2.42; S, 10.93; Cl, 34.60. 

The above reaction was repeated, after purging with 

°20 No cyc10addition (including dimerization) occurred, in-

dicating a triplet excited state as an intermadiate. 

The Dehydrochlorination of Comoound~. Compound 

~ (3.0 g, 0.009 mol) was dissolved in 50 ml of reagent 

grade triethylamine and refluxed for 20 hours. Evaporation 

of solvent and recrystallization tram ethanol/activated char-

coal gave ~ (2.0 g, 0.008 mol, 89% yield) (mp 169-1700 ); 

nmr: (C6D6 ) T , 2.60-3.35 (4H, multiplet) aromatic; 6.35 (2H, 

AB quartet, .1v, 20.1 Hz, J AB , 4.0 Hz) methine; ir: V, 1680 

-1 -1-1 cm (C=C stretching); 1320 cm and 1150 cm (S~ stretching) ; 

650 cm-1 (C-C1 stretching). 

Cl, 27.20. Found: C, 45.97; H, 2.34; S, 12.24; Cl, 27.21. 

The! Photocyc:1 oaddition of 3-~ttt~rothiana~hth8ne-l, 1-

dioxide (13()h) to Trjchlor()pthvl(>n~. A 150 ml trichloroethy1cme 

solution of 3-deuterothianaphtœne-l, I-dioxide (0.5 g, ').003 

mol) \'las irradiateo for 30 min. The product was isolated and 
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puri:fied as above and resulted in compound W.!?. (0.5 g, 0.0014 

mol, 47% yield); mp 142-1440 ; nmr: (COC1
3

) T, 2.18 (4H, 

multiplet) aromatic; 5.18 (lH, doublet, J = 8.0 Hz) methine; 

5.70 (lH, doublet, J = 8.0 Hz) methine; mass spectra: mie for 

the molecular ion = 297. 

The Photocycloaddition of Thiannphthene-l,l-dioxide 

(136a) to cis l,2-0ichloroethylene. Thianaphthene-l,l-dioxide 

(1.75 9, 0.0105 mol) was dissolved in 350 ml of reagent grade 

(Eastman white label) cis 1,2-dichloroethy~e and irradiated 

for 9 hours under nitrogen atmosphere. Dichloroethylene was 

removed by distillation and ethanol added to the oily residue, 

resulting in white crystals (2.0 g). The unreacted starting 

material (0.7 g) was separated from the products by filtering 

from boiling water. The resulting solid (1.3 g, 0.005 mol, 

81% yield based on unreacted starting material) was examined 

by glpc (l/S" x 6', 10% Apiezon L on chromosorb W) and was 

found to contain two compounds, ~ and~. This mixture 

was chromatographed over silica gel by CHC13 and partial sep­

aration \'las obtained. The f'irst fraction contained 0.2 9 

(13% yield based on the amount of com~ound 136 consumed) or 

compound ~ (mp 144.5-146.50 ); ir: v, 1320 cm-1 and IJ.70 cm-1 

(502 stretching); 665 cm-1 (C-Cl stretching); nmr: (CDC1 3 ) 

T ,2.00-2.50 (4H, multifllet) aromatic; 4.94-5.15 (HI, mul­

tiplet) methin~; 5.33-5.60 (3H. multiplet) rncthine. 
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Anal. Calcd. ror ClOHSS02C12: C, 45.63; H, 3.04; 

S, 12.17; Cl, 27.00. Found: C, 45.61; H, 3.09; S, 12.26; 

Cl, 26.97. 

The second rraction contained a mixture or compounds 

~ and~. Fractional crystallization in absolute ethanol 

gave an additional 0.15 g or compound ~ (total yield or 207, 

22%). Crysta1lization or the residue rrom the above riltrate 

gave 50 mg (3% yield) or compound 208 (mp 169-1700 ); ir: v, 

1320 cm- l and 1170 cm-1 (502 stretching); 640 cm-1 (C-C1 

stretching); nmr: (CDC13 ) T, 2.00-2.50 (4H, multiplet) 

aromatic; 5.03-5.60 (3H, multiplet) methine; 5.80-6.00 (lH, 

multiplet) methine. 

Anal. Calcd ror C10H8S02C12: C, 45.63; H, 3.04; S, 12.17; 

Cl, 27.00. Found: C, 45.95; H, 3.20; S, 12.23; Cl, 26.26. 

The ratio or compound ~ to compound ~ in the ori­

ginal mixture was estimated by comparing the integration or 

the resonances at T= 4.94-5.15 for compound aQZ.with that 

at T= 5.80-6.00 ror compound~. The ratio or ~ to ~ 

was round to be 53:47. 

Th~ Photocycloaddition of Thian~Dhthp.ne-l,l-dioxide 

(136a) to trans 112-Dichlcrop.thvlerP. A solution or thia­

naphthene-l,l-dioxide (0.134 g, 0.0008 mol) in 150 ml of trars 

l,2-dichloroethylcne was irradiated for 45 minutes. Distillation 

of the dichloroethylene and cry~ttlllization in ethanol: hexane 
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(4:1) gave 0.185 9 (87% yield) of compounds 207 and ~. 

Fractional crystallization in ethanol gave 40 mg (20% yield) 

of compound ~ (mD 170-1710 , mixed mp with ~ from photo­

addition of cis 1,2-dichloroethylene was not depressed). 

The rat io of compound ~ to ~ was found (by the same 

method as that for the products of the photoaddition of cis 

1,2-dichloroethylene) to be 23:77. 

The Photocycloaddition of Thianaohthene-l,l-dioxide 

(136a) to 1,1-Dich1oroethy1ene. Thianaphthene-l,l-dioxide 

(0.5 g, 0.003 mol) and 1,1-dichloroethylene (12 g, 0.12 mol) 

in 150 ml of benzene were irradiated under standard conditions 

for 3 hours. The polymeric materia1 that had formed was fi1-

tered, an additional 12 9 of 1,1-dich10roethy1ene was added 

and the irradiation continued for 3 more hours. At this point 

glpc analysis (1/8" x 6', 1?% UC-W98 on diatoport 5) indicated 

complete reaction and together with tIc (silica gel developed 

by CHC13 ) indicated on1y one product. Recrysta11ization in 

ethano1 ga'Je compound ~ (mp 139.5-140.50) (0.6 g, 0.0023 

mol, 77% yie1d)j ir: v, 1310 cm-1 and 1160 cm- l (502 stretching)j 

615 cm-1 (C-Cl stretching}j nmr: (CDC1
3

) !", 2.10-2.50 (4H, 

multiplet) aromatic; 5.20 (lH, quartet, J 2 ,3 = 8.0 Hz, J 3 ,5 = 
2.5 HZ) methine; 5.73 (lH, quartet, J = 8.0 Hz) methinej 6.25-

7.00 (2H, multiplet) Methylene; mass spectra: m/e for the mol­

ecular ion. 262. 
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Anal. Calcd for ClOHBS02C12: C, 45.63; H, 3.04 S, 12.17; 

Cl, 27.00. Found: C,45.B7; H, 3.05; S,12.42;Cl,26.l8. EXbOt 

mess meesurement of the moleoular ion : Oal04 for 010HSS020129 2ô1.9622. 

Found: 261.9631. 

The Photocycloaddition of 3-Deuterothianaohthene-l,1-

dioxide (136b) to 1,I-Dichloroethylene. This photoaddition 

was carried out in exactly the same way as above, except that 

3-deuterothianaphthene-l,l-dioxide (136b) was used in place 

of compound.ill.â.. Compound ~ was obtained (0.6 g, 77% 

yield, mp 139.5-140.50
); nmr: (CDC13 ) T, 2.10-2.50 (4H, 

multiplet) aromatic; 5.73 (lH, triplet,"J = 8.0 Hz) methine; 

6.40-6.70 (2H, multiplet) methylene. 

The Attemnted Photocycloaddition of Thianaphthene-l,l­

dioxide (136a) to Tetrachloroethylcne. Thianaphthene-l,l­

dioxide (1.7 g, 0.01 mol) and tetrachloroethylene (108 g, 

0.8 mol) in 170 ml of benzene was irradiated until aIl of 

the starting material was consumed (6 hours). Evaporation 

of the benzene and tetrachloroethylene gave white crystals 

which tIc (silica gel developed by acetone) and glpc (1/8" 

x 6', 10% Apiezon Lon chromosorb W) revealed to be dimers 

llZ. am l1!l (1.7 g, 100% yie Id) • No mixed cycloadduct was 

observed. 

Th~ Photo~ycl().v~oition of Thi:\n;\nhthpne-l,l-dioxjdp 

(136:\) to :!-~.'('thvl-2-hutpn~. Compound ~ (0.35 g, 0.0021 
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mol) and 2-methyl-2-butene (14 g, 0.2 mol) were irradiated 

in benzene for 1 hour under a nitrogen atmosphere. Evapor-

ation of the solvent left 0.49 9 of an oily materia1 (theor-

etical yield for 100% cycloaddition is 0.46 g). Examination 

of the reaction mixture by tIc (silica gel deve10ped by cyc1o-

hexane:ethy1 acetate = 8:2) and glpc (1/3" x 6', 10% UC-\'J98 

silicone rubber on diatoport 5) showed that two products were 

formed. The reaction mixture was then chromatographed on 

preparative tIc plates (0.75 mm thick) of si1ica gel with 

cyc1ohexane:ethyl acetate = 8:2 (deve1opment was repeated 

unti1 separation occurred). Fraction 1 gave (recrysta11ization 

with ethano1) compound ~ (39 mg, 0.089 mmo1, 9% yie1d, mp 

145-145.5°); ir: U, 1670 cm-1 (C=C stretching); 1305 cm-1 

and 1152 cm-1 (S02 stretching); nmr: (CDC1 3 ) T, 2.18-2.58 

(4H, multiplet) aromatic; 5.08 (2H, broad sing1et) viny1idene; 

6.40-7.20 (3H, multiplet) methy1ene and methine; 8.23 (3H, 

doublet, J = 1.0 HZ) methy1; 8.55 (3H, doublet, J = 6.0 Hz) 

methy1; mass soectra: mie for the mo1ecu1ar ion, 236. 

Anal. Ca1cd for C13H16S02: C, 66.10, H, 6.78; S, 13.56; 

Found: C, 65.84; H, 6.83; S, 13.36. 

Fraction 2 (recrysta11ization from ethano1) gave com-

pound ~ (115 mg, 0.5 mmo1, 25% yie1d, mp 131.5-132°); ir: 

v, 1470 cm-1 (C-CH
3 

stretching); 1290 cm- 1 and 1150 cm-1 

(502 str~tchin'J); mur: (COC1 3 ) T, 2.11-2.75 (4H, multiplet) 

arornatic; 6.2')-6.S r) (2H. rnul1:inlct) m:->thinc; 7.58 (lB, quint .. :t, 
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J = 7.0 Hz) methine; 8.70 (3H, sing1et) methyl; 8.88 (3H, 

doublet, J = 7.0 HZ) methyl; 9.20 (3H, singlet) methyl; mass 

spectra: mie far the molecular ion, 236. 

Anal. Ca1cd for C13H16502: C, 66.10; H, 6.78; 5, 13.56. 

Found: C, 66.03; H, 6.97; 5, 13.41. 

The Photocyc10addition of 3-Deuterothianaohthene-1,1-

dioxide (~) to 2-Methvl-2-butene. This experiment was 

executed in exact1y the same way as was the cyc10addition of 

compound lli.a to 2-methyl-2-butene. The resu1ting products 

were compound a!.Q!2. (mp 145-145.50 ); mass spectra: mie for the 

mo1ecu1ar ion, 237; and compound ~ (mp 131.5-1320 ); nmr: 

(CDC13 ) T, 2.11-2'.75 (4H, multiplet) aromatic; 6.35 (lH, 

doublet, J = 9.0 HZ) methine; 7.58 (lH, quintet, J = 7.0 Hz) 

methine; 8.70 (3H, sing1et) methy1; 8.88 (3H, doublet, J = 7.0 

Hz) methy1; 9.20 (3H, sing1et) methy1; mass spectra: mie for 

the molecu1ar ion, 237. 



CHAPfER V 

CONCLUSIONS AND CLAIMS TO ORIGINAL RESEARCH 

The structur~or the photodimers or thianapth~ne-

l,l-dioxide have been elucidated by chemical degradation 

studies as head-to-head, anti and head-to-tail, anti. 

Various aspects or the mechanism or the dimerization 

reaction were substantiated. A method has been devised to 

determine the Qisc ror the rormation of a triplet excited 

state or energy less than 58 kcal/mole. The QDIr.1 ror the 

photodimerization was round to be 0.18; the QDIM ror the 

benzophenone sensitized dimerization was 1.0. Thus,the 

Qisc ror the rormation or the triplet excited state or 

thianaphthene-l,l-dioxide is 0.18. 

A solvent errect on the ratio or head-to-head, anti 

to h~ad-to-tail. anti was observed. The plot or log HH/HT 

versus th~ Kirkwood-Onsager parameter \\Tas round to be linear, 
. 

indicating preferential solvation of the more polar trans-

i t ion state. 

The photocycloaddition or thianaphth~ne-l,l-dioxide 

to various unsymmetrically substituted olefins gave products 



with orientationa1 and stereochemica1 specificity. The 

mechanism appears to invo1ve a resonance stabi1ized 1,4-

diradica1 intermediate. 
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APPENDIX A 

Absorption Spectra 



Infrarpd Spectrum 

Sa, Sb, lOb, 10c-Tetrahydrocyclobuta- [1,2-b:4,3'-b']­
bis- [1] - benzothiophene-S, 5,6, 6-tetraoxide (137) 

9',0 10 .. 0 MICRONS 15.0 
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~uc lear I\fa'lnet ic Resonance Sp~ct rum 

Sa, Sb, lOb, 10c-Tetrahydrocyclobuta- [1,2-b:4,3-b']­
bis- [1]- benzothiophene-5, S, 6 ,6-tetraoxide (137) 
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The Mass Spectrum cf the Head-Tc-Head, Anti Photodimer, ~ 

mLe % Abundance moLe % Abundance moLe 2é Abundance 

50 4 109 18 189 4 
51 7 110 2 
52 2 191 2 

118 10 
63 10 119 2 218 1 
64 1 219 2 
65 4 131 3 220 4 

221 2 
69 1 134 3 222 2 

74 4 137 100 233 1 
75 6 138 10 234 2 
76 12 139 7 235 1 
77 6 
78 3 149 1 250 7 

150 2 251 4 
88 7 151 2 
89 17 152 2 268 10 
90 5 153 4 269 3 

270 1 
100 4 165 2 
101 2 166 25 315 0.5 
103 28 167 2 
104 9 332 0.4 
105 10 176 4 333 0.1 

177 1 
108 1 178 2 



Infrared Spectrum 

4b, 4c, 9b, 9c-Tetrahydrocyclobuta-[1,Z-b:3,4-b']­
bis- [1] - benzothiophene-S, 5,10, 10-tetraoxide (138) 
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Nuc1~ar Magn~tic Resonanc~ Soectrum 

4b, 4c, 9b, 9c-Tetrahydrocyc1obuta-~,2-b:3,4-b']­
bis- [1 ]-b!?Tlzothiphene-S, 5,10, 10-t etraoxide (138) 

_-l') 
~ 

l' 

1 ......... , 
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The Mass Spectrum of the Head-To-Tai1, Anti Photodimer, ~ 

.m/e % Abundance mIe % Abundance mIe % Abundance 

50 12 116 4 200 10 
51 15 201 9 
52 8 118 20 202 35 

203 30 
62 1 121 10 204 20 
63 14 205 10 
64 1 134 5 
65 10 135 3 220 1 

136 10 221 10 
67 1 137 100 222 5 

138 20 223 12 
69 1 139 10 224 2 

74 10 148 1 233 2 
75 12 149 2 
76 20 150 4 239 35 
77 12 151 3 240 8 
78 4 152 3 241 4 

153 2 
87 2 250 7 
88 10 163 7 251 10 
89 20 
90 12 165 5 268 35 

166 50 269 10 
100 2 167 8 270 5 
101 15 168 5 
102 10 284 2 
103 3 176 5 
104 3 177 1 302 2 
105 10 178 4 

332 1 
108 2 189 7 333 0.2 
109 35 190 1 
110 4 191 3 



Infrared ~pectrum 

Sa, Sb, lOb, 10c-Tetrahydrocyc1obuta-[1,2-b:4,3-b ']­
bis - [1]- benzothiphene (139) 
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Nucl~ar Maonetic Resonance Soectrum 

Sa, Sb, lOb, IOc-Tetrahydrocyclobuta-[1,2-b:4,3-b']­
bis-[l]-benzothiophene (139) 
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Inrrared Spectrum 

4b, 4c, 9b, 9c-Tetrahydrocyc1obuta-[1, 2-b:3 ,.4-b ,]­
bis- [l]-benzoth iophene (145) 
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Nuclear M~gnetic Resonance Sp~ctrum 

4b, 4c, 9b, 9c-TetrahydrocYClobuta-[1,2-b:3,4-b']­
bis- [1]- benzothiophene (145) 
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Nuc1ear Magnetic Resonance Spectra 

trans-1,3-Dipehnylcyc1obutane (147) 
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The Mass Spectrum of trans-1,3-0ipheny1cyc1obutane (liZ) 

mie % Abundance mie. % Abundance 

39 3.6 89 1.2 

50 2.4 91 4.8 
51 5.0 
52 2.4 102 2.4 

103 12.0 
62 2.4 104 100.0 

105 Il.5 
64 3.6 

113 2.4 
75 1.2 
76 1.2 115 3.0 
77 7.2 
78 10.8 208 9.6 
79 1.2 209 1.2 



Infrared SD~ctrum 

3,4,4-Trichloro-2,5-dihYdrocyclobuta_~]_thianapht
hene_ 

1,1-dioxide (20na) 
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Nuclear Maqnetic Resonance Spectra 

3,4, 4-Trichloro-2 ,S-dihydrocyclobuta- [b]-t hianaphthene-
1,1-dioxide (206a) 
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3,4,4-Trich1oro-S-deutero-2-hydrocyc1obuta-rb]-thianaphthene-
1,1-dioxide (206b) 
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The Mass Spectrum of Compound 206a 

-mie % Abundance mie % Abundance mie % Abundancc 

50 9.0 97 1.4 134 3.5 
51 9.0 98 3.5 135 2.1 
52 2.1 99 5.0 136 Il.9 

100 2.1 137 100.0 
61 2.5 101 4.3 138 Il.9 
62 4.5 102 2.9 139 4.2 
63 13.6 

109 2.1 161 7.7 
65 3.0 110 15.0 162 16.1 

111 2.9 163 4.2 
68 1.4 112 2.1 164 4.9 
69 2.1 

114 1.4 166 84.0 
73 2.1 115 7.7 167 9.1 
74 6.9 116 0.7 168 5.6 
75 9.3 
76 5.0 118 10.0 196 1.8 
77 6.4 197 2.1 
78 2.1 121 2.9 

122 1.4 261 2.9 
80 2.1 123 1.4 
81 3.5 263 1.4 

125 8.0 
84 0.7 126 11.4 296 4.9 
85 2.9 127 10.7 297 4.9 
86 2.9 128 1.4 298 1.4 
87 2.9 

130 2.1 
89 4.3 
90 2.1 132 2.1 
91 0.7 



169 

The Mass Spectrum of Compound ~ 

mIe % Abundance mIe % Abundance 

50 7.8 129 3.6 
51 8.4 130 3.6 
52 4.2 

132 4.2 
60 0.6 133 2.4 
61 1.8 
62 4.2 135 4.8 
63 9.0 136 6.0 

137 36.0 
69 2.4 138 98.2 
70 18.0 139 7.8 

140 7.2 
90 1.2 

161 3.6 
97 2.4 162 4.8 
98 6.0 163 12.0 
99 2.4 164 4.8 
100 2.4 165 4.8 
101 3.0 166 30.0 
102 2.4 167 100.0 
103 1.8 168 16.2 

169 6.0 
108 1.2 
109 6.0 192 2.4 
110 13.2 193 3.0 
111 6.0 
112 1.8 251 0.6 

252 2.4 
119 10.0 253 0.6 
120 1.2 254 1.8 
121 1.8 
122 2.4 296 0.6 

297 3.6 
126 6.0 298 1.2 
127 12.0 299 4.2 
128 12.0 300 0.6 

301 1.2 
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InfraTcd Sp~ctrum 

3,4-Dich1oro-2,5-dihydrocyc1o-3-butena-[~-thianaphthene-
1,1-dioxide (212) 
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Nucle~r Magnetic Resonanc~ Spectrum 

3,4-Dich1oro-2,5-dihydrocyc1o-3-butena-~]-thianapht
hene-

1,1-dioxide (~) 

CI 
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Inrrared Spectrum 

cis-3,4-Dich1orO-2,5-dihydrocyclobuta-r~-thianaphthene­
l,l-dioxide (207) ... 
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Nucl"ar Mann~tic Resonanc~ Spectrum 

cis-3,4-Dich1oro-2,5-dihydrocyc1obuta-~]-thianaphthene-
1,1-dioxide (207) 
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Infrrtrp.d 5nectrum 

trans-3 ,4-Dich1oro-2 ,S-dihydrocyc1obuta- [b]-thianaphthene-
1,1-dioxide (208) 
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Nuc1ear Magnr:>tic Resonance Spectrum 

t rans-3, 4-Dich1oro-2, 5-dihydrocyc1obuta-[b]-thianaphthene-
1, 1-dioxide (~) 

CI 

~-... --H 

~-t'"--CI 

O 2 H 



Infrar~d Spectrum 

4,4-0ich1oro-2,S-dihydrocyc1obuta-[b]-thianaphthene-

1,1-dioxide (209a) 
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Nucll"?~T. 1\1;}'':'lnl?tic Resonanc~ Spectra 

4,4-Dichloro-2,S-dihydrocyclobuta-[b)-thianaphthene­
l,l-dioxide (209a) 
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4,4-Dichloro-S-deutero-2-hydrocyclobuta-r~-thianaphthene­
l,l-dioxide (2Q0h) 
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The Mass Spectrum or Compound ~ 

mie % Abundance mie % Abundance 

39 8.3 118 10.4 

50 16.2 127 3.4 
51 Il.7 128 6.2 
52 2.1 129 5.5 

130 1.4 
63 Il.7 
64 1.4 134 1.4 
65 2.1 135 0.7 
66 0.7 136 1.4 

137 100.0 
73 2.1 138 6.9 
74 4.1 139 3.4 
75 5.5 
76 4.1 147 0.7 
77 4.1 
78 1.4 149 0.7 

81 2.1 153 6.9 

84 0.7 162 2.1 
85 1.4 163 1.4 
86 1.4 164 1.4 
87 0.7 165 0.7 

166 31.0 
89 2.8 167 2.8 
90 2.1 168 1.4 
91 0.7 

181 2.1 
100 0.7 182 0.5 
101 3.4 183 0.7 
102 4.1 

227 0.7 
108 0.7 
109 Il.0 262 4.8 
110 2.1 
111 1.4 264 2.1 
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The Mass Spectrum of Compound a.Q.29. 

m/p % Abundance mie % Abundance 

39 5.6 118 7.5 
119 10.6 

50 7.5 
51 9.3 127 7.5 

52 5.6 128 11.2 
129 10.0 

61 3.1 130 1.2 

62 3.1 
63 8.1 137 34.5 

64 6.2 138 100.0 

65 2.5 139 13.5 

66 2.5 140 6.2 

73 1.2 147 2.5 

74 5.0 148 1.2 

75 6.2 149 1.2 

76 6.2 150 0.6 

77 3.8 
78 3.8 162 1.9 

79 1.2 163 5.0 
164 3.8 

81 0.6 165 1.2 

82 0.6 166 16.0 

83 6.2 167 47.5 

84 0.6 168 6.2 

85 4.4 169 3.8 

86 1.2 
87 2.5 181 1.8 

88 1.2 182 2.5 

89 1.9 183 0.7 

90 3.8 184 0.6 

91 3.1 
227 1.9 

100 1.2 
101 2.5 262 0.6 

102 3.8 263 5.0 

103 3.8 264 1.2 

104 1.9 265 3.8 

109 7.5 
110 16.2 
1]1 3.8 
112 1.9 
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Infrarp.d Spp.ctrum 

2(1,2-Dimethyl-2-propenyl)-2,3-dihydrothianaphthene-l,1-
dioxide (210<\) 



Nuc1ear Magn~tic Resonance Sp~ctrum 

2(1,2-Dimethyl-2-propeny1)-2,3-dihydrothianaphthene-
1,1-dioxide (210a) 
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The Mass Spectrum of Compound ~ 

mie % Abundance mie % Abundance mie % Abundance 

39 17.4 89 5.2 151 2.6 
40 2.6 90 2.6 152 5.2 
41 28.6 91 13.0 153 13.0 
42 10.4 92 2.1 154 2.6 
43 7.8 155 7.0 
44 2.2 102 2.6 156 7.8 
45 2.2 103 5.2 157 44.2 

104 2.6 158 5.6 
50 2.6 
51 6.5 109 2.6 165 7.8 
52 2.6 110 2.1 166 2.6 
53 6.5 111 5.2 167 26.0 
54 2.6 168 7.8 
55 15.6 115 15.6 169 2.0 
56 2.6 116 7.8 
57 9.1 117 2.6 171 5.2 
58 2.1 172 5.2 
59 2.6 127 5.2 

128 18.2 174 2.6 
63 4.4 129 27.2 
64 2.1 130 10.4 184 2.6 
65 7.8 131 7.8 185 2.6 

186 7.8 
67 5.0 134 10.4 
68 2.1 135 7.8 193 5.2 
69 13.0 136 2.6 194 2.6 
70 100.0 137 23.4 
71 7.8 138 10.4 201 7.8 

202 2.6 
76 2.1 140 10.4 203 2.6 
77 10.4 141 5.2 
78 3.9 142 15.6 219 2.6 
79 3.9 143 31.2 

144 36.4 236 31.2 
81 5.2 145 2.6 237 5.2 
82 2.3 238 2.6 
83 8.0 
84 2.3 
85 2.3 
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The Mass Spectrum of Compound ll212. 

mie % Abundance mie % Abundance mie % Abundance 

39 7.6 89 2.3 154 2.9 
40 4.2 90 3.Q 155 2.9 
41 16.8 91 6.3 156 2.9 
42 4.4 92 6.8 157 6.8 
43 5.9 158 18.5 
44 1.0 102 1.4 159 3.2 
45 1.7 103 2.7 

104 4.5 161 1.4 
50 4.2 105 2.3 162 2.3 
51 8.4 
52 4.2 109 2.3 167 4.5 
53 8.4 110 2.3 168 14.4, 
54 1.3 169 4.5 
SS Il.3 115 5.4 
56 1.7 116 8.6 172 3.2 
57 4.2 117 3.4 173 3.2 
58 1.0 118 1.7 
59 1.1 175 2.3 

127 2.3 176 3.2 
63 2.9 128 7.2 
64 2.5 129 14.4 185 1.0 
65 2.9 130 17.6 186 2.3 
66 2.5 131 5.4 187 1.3 
67 2.5 132 4.5 188 1.0 

69 12.6 135 4.0 194 1.0 
70 100.0 136 4.0 195 1.8 
71 6.7 137 5.4 

138 6.8 201 2.7 
76 2.1 139 3.2 202 2.7 
77 5.9 140 2.5 203 1.3 
78 5.9 141 2.5 
79 3.4 142 6.8 219 2.3 

143 9.0 
81 3.1 144 7.2 236 3.2 

237 20.7 
83 5.9 152 3.4 238 3.4 
84 4.5 153 4.5 



Infrared Spectrum 

3,4,4-Trimethyl-2,5-dihydrocyclobuta-[~-thianaphthene-
1,1-dioxide (211a) 
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Nucl@ar Magnn.tic Resonancp. Spectra 

3,4, 4-T-r-imethyl-2, 5 -dihydrocyclobut a-[b] - thianaphthene-
1,1-dioxide (211a) 
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3,4,4-Trimethyl-5-deutero-2-hydrocyclobuta-[~-thianaphthene-
1,1-dioxide (211b) 

• 1 *a.A 
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The Mass Spectrum of Compound ~ 

mie % Abundance mie % Abundance mie % Abundance 

39 Il.0 89 5.0 152 2.8 
40 1.6 90 3.3 153 6.6 
41 22.0 91 Il.0 154 1.6 
42 3.8 155 2.2 
43 3.8 96 1.1 156 3.3 
44 1.1 157 20.4 
45 1.6 98 2.2 158 3.9 

50 2.2 102 2.2 167 14.3 
51 5.0 103 4.4 168 4.4 
52 1.6 104 2.8 169 1.1 
53 5.0 170 0.6 

115 6.8 171 3.3 
55- 9.9 116 5.5 172 3.3 

117 2.8 
57 2.2 201 3.9 

127 3.3 202 0.6 
69 13.8 128 II.0 203 0.6 
70 100.0 129 18.2 
71 6.6 130 5.5 219 2.2 

131 3.3 220 0.6 
76 2.2 221 0.6 
77 8.2 134 2.2 
78 3.9 135 2.8 236 20.9 
79 3.9 136 0.6 237 4.4 

137 9.4 238 1.6 
0"1 3.3 138 4.4 VA. 

139 3.3 
83 9.9 
84 1.6 151 2.2 
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The Mass Spectrum oÎ Compound ~ 

mie % Abundance mie % Abundance mie % Abundance 

39 5.5 89 0.6 140 1.0 
40 1.6 90 1.1 141 1.1 
41 8.2 91 2.4 
42 9.9 92 2.1 152 1.6 
43 2.2 153 2.8 
44 0.6 102 0.6 154 1.1 
45 0.6 103 1.6 155 1.1 

104 3.3 156 1.1 
50 1.6 105 1.0 157 3.3 
51 2.8 158 7.7 
52 1.6 115 2.8 159 1.6 
53 2.2 116 5.5 
54 1.1 117 1.1 167 4.4 
55. 24.8 118 0.6 168 19.3 
56 1.6 119 0.6 169 3.9 
57 1.6 170 1.6 

121 0.6 171 1.1 
69 5.0 122 1.0 172 1.1 
70 100.0 123 0.6 173 1.6 
71 7.7 

127 1.1 186 0.6 
75 0.6 128 2.8 
76 1.1 129 6.0 201 1.1 
77 3.3 130 7.2 202 0.6 
78 2.8 131 2.2 

219 0.6 
83 4.4 134 0.6 220 1.2 
84 1.6 135 1.6 221 0.6 
85 1.1 136 1.1 

137 1.6 236 1.6 
138 3.9 237 13.2 
139 1.1 238 2.2 

239 0.6 



APPENDIX B 

Sample Calculation 
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Quantum Yic1d of the Photodimerization of Thianaphthene-

1,1-dioxide (3.67 x 10-2 M) Sensitized by Benzophenone 

(1.99 x 10-2 M). 

ABSORBANCE 

Actinometer 1 2 3 4 

Before irradiation 1.26 1.26 1.26 1.26 

After irradiation 1.19 1.20 1.19 1.19 

Decrease in 
Absorbance 0.07 0.06 0.07 0.07 

Moles of actinometer 
reacted (x 103 ) 5.15 4.41 5.15 5.15 

1'hianaphthene-
1,1-dioxid':! 1 2 3 4 

Before irradiaton 1.01 1.01 1.01 1.01 

After irradiat ion 0.79 0.79 0.77 0.79 

Decrease in 
Absorbance 0.22 0.22 0.22 0.22 

Moles of Thianaph-
th~ne-1,1-dioxide 

reacted (x 103 ) 7.72 7.72 8.40 7.72 

QTND 1.03 1.03 1.08 1.03 

QTND = mo1Qs or thié\né\nhthrm(.>-l.l-dioxid~ reactcd x Qact 
moles or actinomQter r~acted 

Clr ND (1>le é\n ) = 1.03 ± 0.01 

QDnt = OrND/2 = 0.56 ± 0.01. 
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