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: . ABSTRACT

Irradiation of neat 295“dimethyI-2,.4-hexadiene yielded four 

productso The two major photoproducts, the solid fraction and the 

liquid fraction* were isolated and identified as dimers of cyclo- 

butane derivatives 0 Complexation with cuprous chloride yielded the 

same photoproducts as neat tetramethyIbutadiene0

The major photoproducts resulting from photosensitization 

was characterized as 1*1* 2*2, 5,5, 6,6-oc tame thy1eye1o o c tad i ene 0 

The other minor products were identical with photoproducts of un~ 

sensitized reactions0 x



INTRODUCTION

Chemical reactions which are catalyzed by visible or ultra

violet light are called photochemical reactions0 A molecule is capable 

of undergoing photochemically-induced reactions if it contains chromo- 

phoric groups that can absorb light quanta (2)0

The photochemistry of compounds possessing olefinic double bonds 

either isolated or conjugated has received considerable attention (9,

15, 25)o The simplest example of a conjugated diene, 193-butadiene? 

exhibits a complex photochemistry0 It can be made to decompose or dim- 

erize depending on whether the irradiation is carried out in the gas 

phase5 in solution, or sensitization is involved0 Some of the photo

products obtained from irradiation of butadienes are more reactive than 

the starting material and as a result a variety of compounds may be ob

tained (5) o

Photodimers were first observed by Fritzsche in 1867 when he 

noticed the formation of an insoluble substance when a solution of an

thracene was irradiated in sunlight (in 13)0

Photolytic decomposition of dienes has been shown, to yield 

three types of dimers (9, 16, 20); cyclobutane dimers (head-to-head, 

head-to-tail), cyclohexane dimers (Diels* Alder type adducts)9 and 

cyclooctadiene dimers (1,4 addition). Hammond has carried out detailed 

.studies of 1,3-butadiene, isoprene and 1,3-pentadiene in the liquid 

phase (9)0 Scharf and Korte in 1964 dimerized cyclopentene to cyclo

butane derivatives (15), Stechl in'1963 dimerized trimethylcyclopropene

1



(25)o Dimerization occurs more readily when reactants are sensitized 

or irradiated in frozen solution (29)e

Other classes of compounds can form cyclobutane derivatives« 

Eaton in 1962 dimerized 2~eye1opentanone (6)0

Srinivasan (20) in his detailed studies of photolysis of con

jugated dienes observed after irradiation the formation of crystalline 

solidse However? he did not carry out a detailed analysis of these 

crystals. In his extensive studies of liquid phase photolysis of con

jugated acyclic dienes, Crowley (3) showed that 2,5~dimethy1-294- 

hexadiene (herein called tetramethyIbutadiene) did not produce photo

products 0 His result is understandable when it is realized that he 

carried out the irradiation in a dilute solution of'tetramethyIbuta- 

diene and for a short period of sixty-six hours*

Since neat irradiation and photosensitization encourage dimer

ization, the purpose of this work was to modify Crowley's work to see 

if tetramethyIbutadiene could undergo any photochemical reaction.



LITERATURE REVIEW

The study of the photochemistry of conjugated dienes9 trienes, 

and other olefins was initiated by the discovery of the photochemical 

transformation of ergosterol to vitamin D (10)e The intensive work in 

this area and in the general field of dienes has led to the understand

ing of many photochemical reactions0 Several reviews of photochemistry 

of conjugated dienes have been published in the recent years (24)c 

These reviews9 however, are limited to quantitative studies on the 

photochemistry of primary processes*

Conjugated Acyclic Dienes

The photochemistry of conjugated dienes has been studied exten

sively in the recent years. Principle developments in this area have 

resulted from the investigations of Hammond (9), Srinivasan (20)? and 

Crowley (3). Photolysis of conjugated dienes in condensed phase leads 

to dimerization among other products, Dimerization is most effectively 

accomplished by photosensitization* (Sensitizer - molecule whose ex

cited state is sufficiently long-lived to transfer its energy to an 

acceptor*) •

Butadiene

Hammond and Liu (7) and Hammond, Turro, and Fischer (8) found 

that when butadiene was photosensitized with various sensitizers, cis~ 

and trans-1,2-divinyl cyclobutane and 4-viny 1 eye 1 ohe.xene were formed 

as products.
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They found that ratios of the photochemical cycloaddition products de

pended on the type of sensitizer used. This variation was a reflection 

of discrete stereoisomeric triplet states resulting from sensitization. 

Transfer of energy to S-cis-butadiene gave rise to S-trans-triplet. A 

pictorial way of visualizing these changes is as outlined below.

H

Trans-triplet

The 2,3-double bond has one-third double bond character and, as a re

sult, it is unlikely that there is free rotation around this bond. 

Consequently, separate cis and trans excited state species are possible.
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Interconversion of the two stereoisomeric triplet dienes (27) 

is not easily attained and thus each will either return to the ground 

state or undergo chemical reaction with a ground state molecule.

At the room temperature, ground state S-trans of butadiene pre

dominates. Both cis-and trans-triplet states of butadiene will princi

pally react with S-trans butadiene molecules (28). Addition of S-trans

triplet gives rise to a diradical species which is thermodynamically 

favored for the formation of trans-divinyleyelobutane (28). The cis- 

isomer is produced in minor amounts. Similarly addition of cis-triplet 

to S-trans-butadiene gives rise to a diradical species which is in

clined to yield viny1eye1ohexene.

It has been estimated that the transition energy of S-trans- 

butadiene from the ground state to its first triplet state is in the 

order to 60 K cal/mole and that of the S-cis-butadiene is about 54 K 

cal/mole (28). The triplet sensitizers having energy greater than 

60 K cal/mole produces trans-triplet-butadiene giving rise to
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CH

n

+

trans-triplet

F

% _ // \\H CH,

S-trans

trans-divinyIcyclobutane

X t -

cis-divinylcyclobutane

cis-triplet

+ CH

L //
liijX

viny1eye1ohexene

T\=
^eis-divinylcyclo* 
~ butane
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trans- and cis-divinyIcyclobutane as its main products while sensitiz

ers having triplet energy lower than 60 K cal/mole gives rise to vinyl- 

cyclohexene as one of its product mixtures.

Srinivasan found that changes in experimental conditions led to 

a variety of products. Photolysis of butadiene in the gas phase at 4 

mm pressure led to a profusion of products, each of which was formed 

in small amounts. Major products were C^H^, C^H^, C^H^,, 1-butyne,

and 1,2-butadiene (19). The amounts of H^, C^H^, formed were re

duced as the pressure was increased. Formation of radicals was postu

lated to rationalize the mechanism of the reaction.

CH =CH-CH=CH + hv -----  CH2=CH-CH=CH2

 > • CH + • ch2-c=ch  > ch2=c=chch3 •

+ C.H. -----> CH =CH0 + CH=CHL 4 4 2 2

and

• ch3 +  • ch2-c=ch -----> ch3-ch2-c=ch

1-butyne

When butadiene was photolyzed in a solution of cyclohexane, 

intramolecular cyclization took place and none of the products of the 

gas-phase experiment was detected (21). The two major products were 

cyclobutene and bicyclo Q.• 1 •oj butane.



In order to increase the yield, Srinivasan ran the reactions at -10° 

using neat butadiene.

These reactions may arise from the first excited electronic 

singlet state. S-trans-butadiene leads to bicyclo [l• 1 • 0] butane and 

S-cis leads to cyclobutene.

hv

. hv ^
....  ^

It is suggested (27) that direct configuration character is retained in 

the excited state of butadiene and the first excited state has a higher 

C^-C^ bond order than the ground state. The of cis-isomer may be

bonding with C^.
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hv .----- >

1 (vibrationally 
excited)

Vibrationally excited cyclobutene may thermally revert to butadiene or 

by collisional deactivation become stable cyclobutene. Similar con

sideration is extended to the trans-singlet, an electronically excited 

butadiene, leading to bicyclo [l• 1 • oj butane (18).

(vibrationally 
excited)

Photocyclization of Branching Dienes

Kinetic studies on the photocyclization of various branching 

dienes have been studied extensively by Srinivasan (20) and Sester et 

al. (17). Reactions were run in solutions of cyclohexane and diethyl 

ether. The conditions were favorable to the photodimerization or 

photocyclization of dienes. Photolysis of 1,3-pentadiene in cyclo

hexane gave rise to methyl cyclobutene with a quantum yield of 0.09. 

Irradiation of 1,3-dimethylbutadiene in diethyl ether gave rise to 

the corresponding cyclobutene with a quantum yield of 0.12. However, 

the irradiation of 2,4-dimethyl-1,3-pentadiene and l-methoxy-1,3- 

butadiene did not yield intramolecular addition products.
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(1)

(2)

(3)

C-(]',-C=C + hv ---- >

C

C=C-C=C + hv -----y

C G

-CH.

-CH.

— -CH.

C=C-C=(^-C + hv — — > none 

C

~> none(4) C=C-C=C-0-CH + hv

Introduction of oxygen or nitric oxide in the system (2) above 

did not quench the reaction. This was interpreted as evidence against 

the participation of long-lived free radical intermediates. The re

action of dime thyIbutadiene might occur from an excited singlet state. 

The effect of structure on quantum yield of these reactions was evi

dent. Formation of cyclobutene was not detected in system (4) above 

because the end carbon atom of 1,3-diene chromophorewas substituted 

with one bulky group, O-methoxy. The interpretation was that 1,3- 

butadiene should have the configuration of minimum energy.

V. X H
"X
H

which would not be favorable for ring closure. The lifetime for ex

cited dienes might be too short to permit many rearrangements in the 

configurations in the excited state. Only a small fraction in the 

right arrangement underwent reaction. Substitution on the chromophore



might cause the molecule to assume configurations that were favorable 

for ring closure. Such substitutions had large quantum yields as ex

emplified by 2,3-dime thyIbutadiene and over 2-me thyIbutad iene. The 

presence of these two methyl groups in the 2- and 3- positions in a 

linear 1,3-diene should favor arrangements of the molecule which were 

more liable to ring closure than the unsubstituted 1,3-diene.

Dimerization of Isoprene

Photosensitized dimerization of isoprene was first studied by 

Hammond and Liu (7) and Trecker, Brandon, and Henry (26). Sensitiza

tion of isoprene with benzophenone and acetophenone yielded a variety

To account for these products they assumed that the reaction of the

isoprene molecule presented two types of chromophores due to its lack 

of symmetry in the molecule. Either of these chromophores could serve 

as a source of attack in the dimerization process. In such a reaction



12

a diradical mechanism involving a nonconcerted, two-step process was 

evoked. The mechanism of formation of 1,5-cyclooctadiene was postu

lated as outlined below (12).

V
sensitizer X -i Sensitizer

spin
> inver

sion
->

spin
inver
sion

The discussion so far has been limited to acyclic dienes. Enor

mous work has been carried out with homoannular conjugated systems. 

Photochemical reactions of some of these homoannular conjugated dienes 

are outlined below.

Cyclic 1,3-dienes often exhibit a marked tendency towards photo

chemical cyization to cyclobutene derivatives. Among the first known 

cases were the formation of photoisopyrocalciferol from isopyrocalcif- 

erol and photopyrocalciferol from pyrocalciferol (10).



hv
HO

isopyrocalciferol HO-

photoisopyrocalciferol

13

H

pyrocalciferol

hv
->

photopyrocalciferol

Srinivasan in 1962 investigated the vapor phase photolysis of 

1,3-cyclohexadiene. Irradiation of this molecule led to a number of 

photoproducts.

hv
vapor + H.

At 2600 X, with increasing pressure, there was a decrease in quantum 

yield. This evidence showed that the photoproducts were formed via hi- 

brationally excited ground state. Other products were allenes, acety

lene, and ethylene (22).

hv
vapor

hv

allene
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HCsCH

Photolysis of the eye1ohexadiene in solution led to the formation of 

allene principally.

solution

Cyclopentad iene

In the presence of benzophenone, acetone, and other ketones, 

Turro and Hammond showed that cyclopentadiene would undergo photodimer- 

ization producing endo-dicyclopentadiene, exod icyclopentad iene, and 

trans- 3«0*3*0 -tricyclo-2,8-decadicne (29). The three dimers were 

produced in equal amounts.

hv
-10

+

/
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Most of the internal cycloadditions of dienes involved the 

formation of new bonds between 1,4 carbon atoms. In the case of dienes 

held in a transoid conformation a 1,4-bond formation was virtually im

possible because introduction of such bonds would produce excessive 

strain between two carbon atoms. "^-cholestadiene is a good example

of a transoid diene. Irradiation of this molecule (4) in an aprotic 

solvent converted it primarily to a monomeric saturated hydrocarbon.

Cyclooctadiene

Irradiation of this molecule in diethyl ether yielded a cyclo- 

butene derivative. Srinivasan found that the quantum yield was higher 

than the quantum yields of various dienes irradiated under the same 

conditions (20). It was suggested that the two double bonds of cyclo

octadiene would be nearly overlapping and would easily lead to a 

bicyclic product without imposing great strain in the molecule.

z
X

In the biological system light-induced reactions play an important
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role. Havinga, deKock, and Rappoldt (10) found that when ergosterol
owas irradiated in ether at 2537 A a precalciferol was obtained. It is 

believed that ergosterol is excited to its singlet state which leads 

to precalciferol. Precalciferol may photochemically cyclize back to 

ergosterol or to lumisterol. Photochemical cis-trans isomerization of 

precalciferol gives rise to tachysterol.

hv

HO-1
H 0-’
precalciferolergasterol

CH

calciferol

OH

tachysterol

Monoolefins

Money and Ludham (in 14) in 1929 showed that ethylene in the 

vapor phase would undergo photochemical fragmentation to acetylene and 

hydrogen at 2100 A. The process might involve the dissociation of the 

first excited singlet state or the dissociation of the vibrationally 

excited ground state. McDonald and Norrish (in 14) in 1936 confirmed 

that dissociation actually occurred. More recent work had been carried
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out with cyclic monoolefins. Scharf and Korte studied the photolysis 

of cyclopentene in acetone. This reaction led to a variety of photo

products (15).

hv
acetone

+ O +

OH

-H +

dtc.

Stechl (25) showed that irradiation of 1,3,3-trimethy1eye1opropene 

would readily undergo dimerization.

hv

The dimer of trimethyIcyclopropene would undergo valence-bond tauto- 

merization.
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This brief review of literature shows that olefins* mono* di* 

conjugated or transoid are photochemically active* Irradiation of 

these molecules with appropriate wavelength of light leads to either 

dimerization, internal and intermolecular cyclization* valence isomer

ization or fragmentations * The use of any of these processes as a 

means of organic synthesis cannot be over-emphasized»



MATERIALS AND METHOD

Tetramethylbutadiene (2,5-dimethy1-2^4-hexadiene) research 

grade (Aldrich Chemical Co0 <, Ince) 9 was checked for purity by gas 

chromatographic analysis and used without further purification, Benzo- 

phenone reagent grade (Eastman Kodak Company), and cuprous chloride re

agent grade (JD Tc Baker Chemical Company) were used directly without 

purification, Cyclohexane spectrograde and diethyl ether reagent grade 

(Mallinckrodt Chemical Works) were checked for purity by VJ?«C0 analy

sis and found to be over 95% pure. ’

Column chromatography of the product mixtures was made on ac

tivity one aluminum oxide (Wofelm, Alupharm Chemicals) s Gas liquid 

chromatographic analysis was performed on Wilkins Instrument and Re

search, Inc.,Model A-90-C Aerograph, using preparative column of 8%

1,2,3~tris(cyano ethoxy)propane (TCEP), at a temperature of 100°Co 

Skelley F was purified by shaking it with concentrated sulfuric acid 

and neutralizing it with potassium bicarbonate. I.R.j? U.V., and mass 

spectra were recorded on Perkin-Elmer Infrared Spectrometer Model 137, 

Perkin-Elmer U.Vo Visible Spectrophotometer, Model 222,. Hitachi Perkin- 

Elmer mass spectrometer, Model RMU-6E, respectively. N.M.R. spectra 

were measured on a Varian Associates HA 100 spectrometer (100 MH^); 

deuterated chloroform was used as a solvent, while teframethy1 silane 

(X ~ 10.00) was used as the internal,standard0 A Varian Associates 

C1024 computer was used when necessitated by small quantities of

19
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, sample* A Hewlett-Packard Model 204B radio frequency oscillator was 

used for decoupling experiments0

Experiment Ie Irradiation in Solution

A sample of llo0 gm (0*1 M) of tetramethylbutadiene was dis

solved in 25 ml of cyclohexane0 The reacting mixture was transferred 

to a quartz tube 11 cm x 2 cm, and irradiated in Srinivasan Photochemi

cal Reactor9 equipped with sixteen lamps, each of which had a maximum
owavelength of 2537 A0 Samples were taken out at an interval of twenty- 

four hours for ten days and analyzed by gas chromatography, infrared, and 

ultraviolet-spectroscopyo

The amounts of reactant and solvent for the previous experiment 

were taken in a quartz tube. The sample was degassed before each ir

radiation, Analysis of photoproducts was carried out for each twenty- 

four hour period. The irradiation was left for ten days.

Experiment II, Complexation with
Cuprous Chloride '

Twenty-five ml, of dimethyl ether was saturated with cuprous 

chloride by stirring with excess cuprous chloride (23), The suspension 

was filtered and 11,0 gm (0,1 M) of tetramethylbutadiene was added.

The irradiation was then carried out as described above. Samples were 

taken each twenty-four hour period and analyzed for photoproducts. The 

reactant was irradiated for ten days*



Experiment III, Cpmplexatibn with 
Cuprous Chloride

Experiment II was repeated, but the cuprous chloride was used 

to saturate neat tetramethylbutadiene6 Twenty ml of this diene was- 

saturated with cuprous chloride and irradiated for ten days. Analysis 

of photoproducts was made as in Experiment IIe -

Experiment IV0 .Neat Irradiation . -

A sample of 0/05 M of tetramethylbutadiene was taken in a 

quartz tube 11 cm x 2 cm? and irradiated in a Srinivasan Reactor 

equipped with sixteen lamps with a power output of 128 watts« Samples 

were taken each twenty-four hours for analysis of photoproducts0 Ir

radiation took 174 hourso

In another experiment<, the same amount of reactant was taken in 

a quartz tubes degassed and irradiated in a Srinivasan Reactor for 174 

hours o The percentage yield of photoproducts was plotted as a function 

of time and the order.of reaction was determined0

Exp e r imen t V 0 Photo sensi tization

A sample of 11,0 gm of tetramethylbutadiene and 9*1 gm (0*05 M) 

of benzophenone were dissolved in 20. ml of cyclohexane* The solution 

was transferred to a Pyrex tube 22,5 cm x 2*5 cm9 degassed and irradi

ated in a Hanovia type 450-W medium pressure mercury arc immersion ap

paratus,* Samples were taken every twelve hours and analyzed for 

photoproductse Irradiation was performed for a total of seventy-three 

hours* The photoproducts were finally separated by column chromatog

raphy using.aluminum oxide as a solid support.
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Percentage calculation of product was based on the area under 

each peak® In another separation'procedure9 the reaction mixture 

(Expto IV) was vacuum distilled to remove the starting material (boil-, 

ing. point 135°C) e The product mixture in the flask was fractionally 

crystallizedo

Photosensitized photoproducts (Expto V) were separated from 

benzophenone by column chromatography using aluminum oxide of activity 

one as solid support0 Skelley F was used to elute.the column and frac

tions were left in the dark to evaporatee The crystals thus obtained 

were recrystallized from, absolute ethanol and analyzed for purity by 

V0PeCo To make sure that the column did not contribute to the reaction, 

the starting material was eluted through the aluminum oxide columnc 

When analyzed by V0PoC0, there was no reaction with the column^

The N.M.R,, I.R*, U.V., and mass spectra of purified products 

were recorded and from these data the structures were elucidatedQ De

coupling experiments' were performed for more detailed structural 

elucidation, ' ■



RESULTS AND DISCUSSION

Irradiation of tetramethyIbutadiene in a solution of cyclohex- 
oane at 2537 A did not yield any detectable photoproducts, even when 

the solution was photosensitized with benzophenone. This result was 

consistent with the findings of Crowley (3) that irradiation of tetra

me thy Ibu tad iene (11 g/l) in cyclohexane did not produce cyclobutene 

derivatives. The failure to cyclize internally even when conditions 

were favorable for intramolecular cyclization was probably due to 

steric hindrance. The Hoffmann-Woodward Rule (11) predicts that elec

tronic cycloaddition would be possible, but the disrotatory electronic 

motion would bring the two methyl groups to oppose each other. Failure 

to form cyclohexene derivatives as found by Hammond (8) would be simi

larly explained.

-> no cyclization

Irradiation of tetramethyIbutadiene in diethyl ether saturated with 

cuprous chloride showed the appearance of four peaks by V.P.C. analysis. 

Two of these products were formed in such small amounts that character

ization of them was not possible. The two largest peaks when separated 

showed the same physical characteristics as products formed from neat

23
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irradiation0 Complexation with cuprous chloride in neat tetramethyl- 

butadiene showed the appearance of the same peaks as with complexation 

. in diethyl ether solution* The only difference between these two ex

periments was that the percentage yield of products in neat complexa

tion was largero The major products from the complexation reactions 

showed the same physical characteristics as the products isolated from 

neat irradiation to be discussed laterc

The apparent failure of photo-induced reaction of teframethy1- 

butadiene in solution of cyclohexane and its reaction when complexed 

with cuprous chloride or in concentrated solution would indicate that 

dimerization was the favored photoreaction*

The irradiation mixture of photosensitized reaction became 

cloudy and jelly-like after forty-eight hours of irradiation* After 

seventy-three hours of irradiation the cloudiness increased in intensity 

and reaction was discontinued0 Analysis of photoproducts after the 

first twenty-four hours showed appearance of four small peaks0 After 

three days a volatile crystalline solid appeared on the walls of 

beakers and glass covers when the first collected fraction from column 

chromatography was left to evaporate. Similar crystalline compounds 

were found in the neat irradiation when eluted through aluminum oxide 

column.

Sensitization yielded one major product different from products 

found in unsensitized reaction and the complexation experiment. Other 

products (see Fig, 1) found in unsensitized reaction were detected in 

minor amounts c Compound 4 (I,!? 2,2, 5^5^ 6§ 6~octamethy1-3 5 7-cyclo- 

octadiene) was the major product with a yield of 14,7%  ̂ compounds 2



,CH HXCompound CH.No
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‘CH.CH ,-c=

5.49 1.37

(M) (N)2(a) (Q) (P)5.20 2.56HA
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Figure 1. N.M.R. Proton Peaks Measured in ppm.



HACompound HXNo.

(M) (N)3(a) (Q) (P)4.85 2.40

1.21 1.02 0.53 0.43

HA3(b) (M) (N) (Q) (P)
2.044.55 1.17 1.07 0.33 0.35P- —

_HX'/ CH (M)

CH HA CH
CH CH

ch;HA HACH 5.45 1.18
CH CH

N.l-'.R. Proton Shifts: 2a,b 3a,b found in unsensitized reaction and 4 found as a major product of
photosensitized reaction.
Figure 1.--Continued.
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(a,b) and compounds 3 (a,b) were detected in yields of 7.1 and 3.0%, 

respectively. The formation of cyclooctadiene derivative was probably 

not a rearrangement of a photoproduct since the working temperature was

tized 1,3-butadiene had been detected by Hammond, Turro, and Liu (9).

The structural assignment for the major product (1,1, 2,2, 5,5, 

6,6-octamethy1-3,7-cyclooctadiene) was made on the basis of U.V., I.R., 

N.M.R., and mass spectroscopic analysis. The U.V. spectrum showed max

imum absorption at 2110 A (isolated double bonds). The I.R. showed 

strong absorption and a characteristic doublet at 1382 cm * (1385 and 

1373 cm ■*") indicating gem-dimethyl on a saturated carbon atom. The 

N.M.R. spectra (Fig. 2) showed a singlet at 5.45 ppm indicating a vinyl 

proton and a singlet at 1.18 ppm corresponding to high field methyl 

protons. It could be anticipated that the eight methyl protons would 

be equivalent, giving rise to a singlet. The mass spectra (Fig, 3) 

showed a predominant base peak centered at 110 m/e, and a 220 m/e peak 

(relative intensity 1%) was observed when the temperature of the chamber 

was lower than 60°C but disappeared at a temperature of 80°C. This 

should indicate that the dimer was ionizing back to the starting mater

ial.

not above 60°C. Formation of cyclooctadiene derivatives from sensi-

Other lines below 110 m/e arising from this compound were present in 

the starting material. The gross structure of the compound



Figure 2. N.M.R. of Sensitized Reaction
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Figure 3. Mass Spectrum of Sensitized Reaction.
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1,1, 2,2', '5,5, 6,6-octainethyl-3,7“cyclooctadiene, M.P, 590C<? was as

signed to the major product of the photosensitized reaction^

The irradiation mixture of degassed neat tetramethyIbutadiene 

became cloudy after 96 hours of irradiation* The undegassed sample 

did .not change color throughout the irradiation period 0 Crystalline 

solids started to appear on the walls of the vessels of undegassed 

sample after three days of irradiation* The same observation was made 

by Srinivasan (20).

All four photoproducts (see Fig* 4) found in the degassed sam

ple were detected in the undegassed sample * There was not any large 

difference between the percentage yield of products in the degassed and • 

the undegassed samples (Table I). A rate plot showed a second order 

reaction in both cases (Figs. 5 and 6). A plot of percentage yield 

against time showed a linear relationship in both samples (Figs. 7 and 

8).
Four products were detected in both samples (Fig. 9); two of 

these products were found in minor amounts and were not isolated. The 

other two products were separated by preparative V.P.C. using 8% TCEP. 

The first collected fraction was a crystalline solid and the second one 

was liquid* The N.M.R. spectra (Figs. 10 and 11) of the solid and 

liquid fractions indicated that each of the two compounds were isomeric 

mixtures*
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1. Starting material; 2. and 3. cis- and trans-isomers of unsensitized 
reaction; 4. photosensitized reaction.

Figure 4. U.V. Absorption Spectra of Photoproducts .
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TABLE I

PERCENTAGE YIELD AND KINETICS OF DEGASSED AND UNDEGASSED
SAMPLES OF NEAT, UNSENSITIZED REACTION

Degassed Undegassed
Hours Solid Liquid Solid Liquid

Fraction Fraction Fraction Fraction

25 . 4,24 2,82 3,73 4,08

73 12,65 6,45 12,10 6,76

97. 18,15 . 9.65 16,35 10,50

121 18,15 9,03 20.20 12,10

174 25,40 15,73 22.58 14.11

Kinetics

25

73

97

121

174

0.0465

0.0405

0,0361

0.0364

0.0294

1 
A

21.50 

24.70 

27,80 

27 . 40 

34.00

0.0461

0.0406

0.0366

0.0339

0.0317

!_
A

21.70 

24.50 

27.10

29.70 

31.30

A second order kinetics is represented by the equation
d(A)
(A2)
Kt

K dt

(A) (A )
where A is the concentration of the starting compounde A plot of 
t vs 4 ° is shown in Figures 5 and 60
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Structural Assignment

CH. ,CHCH

CH CH m

■CH
CH

CH

CH

CH

CH
CH

CH

CHCH

CH
4- CH

CH CH

CH
CH

CH "*11

CH

CH CH

Figure 9. Structures of Photoproducts of Unsensitized
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CH CH
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'CH3 tized 

Benzophenone CHCH

CH
CH

CH rn

CHCH
CH

CH

CH
CH

CH

Figure 9.--Continued.

Structural assignment was made by analyzing the U.V., I.R., 

and mass spectra of the compounds (see below).



n

Figure 10. N.M.R. of Solid Fraction.



Figure II... N.M.R. of Liquid Fraction.

o
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Solid Fraction

The melting point ranged from 870 - 89°C. Maximum absorption
oon U.V. spectra was centered at 2140 A. The I.R. showed medium ab

sorption at 1400 cm  ̂ and 1445 cm (methyl on saturated carbon atom) 

(Fig. 12). The mass spectra showed cracking pattern identical to that 

of the starting material. The 110 m/e was predominant. The 121 m/e 

appeared but was not rationalized (Fig. 13). Apparently the assigned 

structures(structures3a, b) were unstable in the bombardment chamber of 

mass spectrometer.

The N.M.R. spectra showed two doublets at 5.37 and 5.20 ppm 

(vinyl protons), overlapping doublets at 2.50 ppm which appeared as a 

triplet and a series of four doublets at 1.78, 1.78, 1.66, and 1.60 ppm 

(vinyl methyls) and three sharp singlets at 1.08, 1.02, 0.94 ppm (sa

turated methyls) with the center peak being the largest (see Fig. 10).

Decoupling 

2(a) CH

c h 3-

CH.

3 / " 3

/h

-HX CH.
-CH,

UX

CH3 " Al CH3

irradiation of the vinyl, peak at 5.37 

ppm collapsed the allylic doublet at 

2.56 to a singlet and two vinyl methyl 

peaks at 1.76 and 1.60 ppm to singlets.
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irradiation of vinyl peak at 5.20 ppm 

collapsed the allylic doublet at 2.44 

ppm to a singlet and the two vinyl 

methyl peaks at 1.76 and 1.66 ppm to 

singlets.

This sort of behavior is consistent with the assigned structure but to 

rule out completely the alternate structures 3a and b the theoretical 

spectra for an AA'XX' spectra for the two isomers was calculated (Table 

II), and the mass spectra of both compounds were consulted. The fact 

that no m/e peaks at 136 occurs in the mass spectrum of solid fraction 

and does in the liquid fraction clearly indicates that a tetramethyl 

ethylene can be lost by the latter mixture and confirms the assignment.

It was not possible to purify completely the solid mixture but 

a 60:40 mixture could be obtained (Fig. 10). A study of Buchi Dreiding 

models of 2a and b showed that 2a would show a singlet saturated methyl 

group whereas 2b would be likely to show two types of saturated methyl 

groups. It is clear that from the spectra that the center saturated 

methyl (see Fig. 10) corresponds to the 40% compound and therefore is 

the trans-product 2b, thus allowing the specific assignment of all 

peaks in the spectra to 2a or b. The assignment of the cis-(N) or 

trans-vinyl methyl peaks may then be done on the basis of previous 

work (1).

2(b)
CHHACH

CH

CHCH
CHHA'CH
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TABLE II

THEORETICAL CALCULATION OF PEAK INTENSITY FOR THE MOLECULE:
CH„HACH

CH NX CHCH HX'
CH

CHHA'

This system is an AA'XX1 system.
Transition energies for an AA'XX' system for AA' portion of the spectrum 
No. Transition Energy Relative Intensity

%N

-%N

5 + k(K2 + L2 . 2sin 0s

6 - i>K + %(K2 + L2 2n cos 0S

7 4- 1>K - %(K2 + L2)4
2cos 9s

8 - - h(K2 + L2 sin Os

9 w + k(M2 + L2 • 2Q sin 9s

10 - %M + %(H2 + L2>*
2cos 0s

11 %M - %(M2 + L2 2cos 0s

12 - %M %(M2 + L2 2cos 0s

K, L, M, N are defined as follows: 

K = JAA' + JXX»

L = JAX - JAX'

M = JAA' - JXX'

N = JAX + JAX'

cos2Qs 1 ------  x y
sin29s

cos20a 1 ------  x -
sin20a -L

K 1
L X (K2 + L2)^

M x ____1_____L ,..2 . .2,%(M + L )
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Table II.--Continued.

JXX1 =0, 1 or 4 cps assigned

JAX = 10 cps from spectrum

JAX1 - 0 cps assigned

JAA1 = 0 cps assigned

The formulae given above are used to calculate the transition 
energies and relative intensities of AA* portion of spectrum 
using JAX = 10 cps and JXX* = 0 cps.

No. Transition Energy Relative Intensity

1

5 2
2
3

- 5 2
4

5 + 5  .5

6 + 5  .5

7 - 5 .5

8 - 5 .5

9 + 5  .5

10 + 5 .5

11 - 5 .5

12 - 5 .5

£•H
V)

g4->

12 Plot of Intensity vs T. Energy 12 T.E,
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Liquid Fraction

There was a maximum U.V. absorption at 2090 X (see Fig. 4). At 

temperatures of 80° the compound showed a mass spectrum identical with 

the starting material (Fig. 14). At a higher temperature, 100°C, 136 

m/e appeared. Raising the temperature resulted in an increased intens

ity of the 136 m/e. The appearance of 220 m/e was barely detected. 

Apparently the dimer (3a, b) was ionizing back to the starting mater

ial .

i

2

The appearance of 136 m/e was significant (Fig. 15). The dimer might 

be ionizing to more stable conjugated compounds.

+

136 m/e84 m/e

The N.M.R. indicated that a mixture of the cis- (3a) and trans- (3b) 

isomer was present. Spectra showed two very complicated doublets in 

the vinyl region and two sets of quartets in the allylic region (see 

Fig. 11). Decoupling the low field vinyl protons reduced only the low 

field allylic quartet to an apparent singlet. Decoupling the high 

field vinyl protons reduced only the high field allylic quartet in the 

same manner. Clearly this was a mixture of cis- and trans-isomers.
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Figure 14. Mass Spectrum of Starting Material.
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The. two outer peaks of each set. of,the allylie quartet were almost - the

same..height9. and they were larger than the inner peaks6 Theoretical 

calculation of the intensity of the allylic protons corresponded with 

the observed spectra (Table III)G The vinyl methyl region of the spec

trum showed four doublets at 4e88.9 4,82, 4Q59S and 4e53 ppmc Decoup

ling the low field vinyl protons reduced the two outside vinyl methyl 

doublets to sharp singlets* The fact that the methyls are shifted so. 

far apart is taken as an indication that some special shielding of 

these protons is occurring in one isomer and not the other* Buchi 

Dreiding models clearly indicate that in the cis-isomer 3a and not in 

the trans-isomer 3b the cis-vinyl methyls (N) could be shielded by the 

Pi electron system of the adjacent double bondse This suggests that 

the high field allylic protons can be assigned to the trans-isomer which 

can be rationalized by a similar argumente It is not possible to make 

a very strong argument for the assignment of the saturated methyls in 

3a and b* The four lines observed for the allylic protons can be ra

tionalized by considering the part of an AAdXX1 system (Table 111)e 

' The difference between the photoproducts derived from the 

photosensitized and the unsensitized reaction is worth mention* The 

formation of a cycloootadiene derivative as a major product is favored 

by a triplet sensitizer while the formation of a cyciobutane derivative 

is favored by a singlet sensitizer* The fact that there was no cyclo- 

octadiene derivative formed in the unsensitized reaction would be con^ 

sistent with the fact that the direct formation of a triplet state in 

diene systems is forbidden* The same products were in both degassed
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TABLE III

THEORETICAL CALCULATION OF PEAK INTENSITY FOR THE MOLECULE;
HA CHCH

CH HX
HA'CH

HX'CH
3.

JAX
JAA'

7 cps from spectrum JAX'
0 cps assigned JXX'

0  cps assigned 
7 cps from spectrum

No. Transition Energy- Relative Intensity

1

2

3

4

5

6

7

8 
9

10

11
12

3.5

-&N

8.425

1.425

1.425

8.425

8.425

1.425

1.425

8.425

0.01

1.02

1.02

0.01

14 o -1---- 4-

14

Note; The same method used to calculate the transition energies and 
peak intensities for Table II is used to calculate the transition 
energies and peak intensities of the molecule.
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and undegassed sampleso This would point out that oxygen did not play 

any role in the reaction. It would indicate that these reactions did 

not involve triplet state formation. The low yield of products may be 

due to the crowded nature of the molecule. Under the experimental con

ditions employed5, it can be shown that irradiation of neat tetramethyl- 

butadiene can lead to-head-to-head, and■head-to-tail dimerizations while 

sensitization will yield cyclooctadiene derivatives as major products.



Benzophenone

Figure 16. Postulated Mechanism
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CH
CHCHCH3 neat CHCH

CH -> CH— CH3  

_/:"3
CH. c=c

^CH.

|H3/0=C( 3
CHr-C-C CH

4  c n U - d  ch„
3 1 " W  3CH XCH.

CH_  / K f 3
^ H3CHX CH=

^CH^XCH \v\3

? v < 3CHrf<cH/H3
^H.

\CH.

Figure 16.--Continued.
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