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ABSTRACT 

The products from the irradiation of cyclohexene and copper(I) 

chloride, copperCI) bromide and iridium chloride have been identified. 

The reaction yields three dimeric products: tvans,tr<ccns3tvccns-

2 7 . 2 7 
tricyclo[6.4.0.0 ' ]dodecane, cis3eis3trans-tricyclo[6.4-.0.0 ' ]-

dodecane and 3-cyclohexylcyclohexene. Cyclohexanol has also been 

identified as a reaction product. These products arise in different 

ratios when the irradiations are carried out in ethyl ether, cyclo-

hexane, tetrahydrofuran and t-butyl alcohol. The photochemical 

reaction of cyclohexene in the presence of silver acetate or nickel 

chloride yields 3-cyclohexylcyclohexene. 

These reactions illustrate the use of transition metals for 

producing electronically excited olefin substrates. Olefin reactions 

occurring from excited states produced by transition metal salts 

can lead to different modes of reaction than olefins from excited 

states produced by either direct or sensitized irradiations. A 

proposed qualitative reaction scheme for this reaction is presented. 

The irradiation of 1,3-cyclohexadiene in the presence of selected 

transition metal salts leads to the formation of fifteen compounds, 

ten of which have been identified as [2+2] and [4+2] cycloaddition 

products of 1,3,5-hexatriene and [H+2] cycloaddition products of 

1,3,5-hexatriene and 1,3-cyclohexadiene. A minor product, 1,3,7,9-

cyclododecatetrene is assumed to arise from two Cope rearrangements 

xii 
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from a C2+2] cycloaddition product. This series of reaction products 

depends on the presence of the transition metal salts. 

The reaction is proposed to arise from the electrocyclic ring-

opening of 1,3-cyclohexadiene followed by complexation of the 1,3,5-

hexatriene by the transition metal salts. The resultant complex 

facilitates the subsequent cycloaddition reactions. 

Product ratios can be changed by varying the identity of the 

transition metal salts, solvents and the wavelengths of the incident 

light. 

I 



HISTORICAL 

The photochemistry of olefins has recently been the subject 

of much attention (Calvert and Pitts, 1966; Dilling, 1966; Neckers, 

1967; p. 98; Chapman, 1967; Swenton, 1969; Woodward and Hoffman, 1970). 

The interest for studying the reaction of olefins has varied. Many 

synthetically useful reactions have been developed in this field of 

research. Photochemical reactions yield products not easily obtained 

by ground state chemical methods (Griffin and Verber, 1960; Roth and 

Peltzer, 1965). Photochemical reactions have played important roles 

in the synthesis of strained cage compounds such as cubane (Eaton and 

Cole, 1964). The trends noted in the stereochemical results for 

photochemical and thermal reactions led to the consideration of orbital 

symmetry as the governing factor for concerted reactions (Woodward and 

Hoffmann, 1965a, -b, -c, 197Q). 

Photochemical reactions occur when tht. compounds involved 

obtain the energy of the photons by energy transfer processes (Turro, 

1965, p. 2). The nature of the activation process and the resulting 

electronic and conformational states of the reacting molecules (Turro, 

1967) are often greatly different from the thermally excited states. 

Two general techniques are currently in use to populate electronically 

excited states in substrate molecules: direct and sensitized 

irradiations. 

1 



2 

Direct irradiation techniques can be used when the reacting 

molecule absorbs energy less than 210 nm because this is the 

practical lower limit for organic photochemical investigations con

ducted in quartz or Vycor vessels. Sensitized reactions require 

the presence of a compound which will absorb the indicent light and 

subsequently transfer the electronic energy to the reactant. Various 

types of aromatic and ketonic compounds operate effectively as 

sensitizers (Lui, Turro, and Hammond, 1965; Kropp and Krauss, 1967). 

A third method for inducing electronic energy or transferring 

energy to reacting molecules (most frequently olefins) is currently 

showing promise. The primary light absorbing species is an olefin-

transition metal complex. Photochemical reactions using transition 

metal salts have been investigated concerning photoaddition reactions 

(Srinivasan, 1963, 1964), and photoaddition and elimination of metal 

carbonyl compounds (von Gustorf and Grevels, 1969). An interesting 

side light of olefin-transition.metal complexes is the stereospecific 

reactions which have been reported (Arnold, Trecker, and Whipple, 

1965). Several photochemical reactions of olefin-transition metal 

complexes have been reported (Schonberg, 1968) in synthetic organic 

photochemistry. 

In principle, there are then three methods of generating 

electronically excited olefins: direct irradiation, sensitized 

irradiation, and excitation of olefin-metal complexes. Each type 

of reaction can lead to different modes of reaction. For 
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example, 1,4-butadiene leads to the following products depending 

on the mode of irradiation (Srinivasan, 1966). 

\J 

gas phase 

2537 X 
-> • A HC=CH + H_ 

T ^ 
other products 

ethyl ether 

2537 %. 
— dimers 

Sensitizer, 

ethyl ether, 
E > 53 cal/mol 
2537 % 

The gas phase reaction is sensitive to pressure and temper

ature changes, while the triplet sensitized reaction depends on the 

energy of the triplet sensitizer. 

The differences in product distribution arising from use 

of sensitizer and the olefin-transition metal complex illustrate 

the difference in the chemical pathway and are shown here (Arnold, 

Trecker, and Whipple, 1965): 

r 
o 



Sensitizer, ethyl ether 
2537 % 

CuC&, ethyl ether 
2537 % 

exo, trans 3 exo 

12% 

97% 

endo y trans3exo 

88% 

3% 

The identity of the transition metal salt has influenced 

the course of the photochemical reaction (Srinivasan, 1964): 

Sensitizer, 2537 X or 

CuCit, ethyl ether, 2537 ̂  '• 

RhC£„. ethyl ether |! 
21 : >> i 
2537 8 y 

The mechanistic interpretation of the irradiation of the 

olefin-transition metal complexes in solution is a matter of current 

controversy. The mechanism for the photochemical dimerization of 

norbornene-CuCS, has been investigated (Trecker, Foote, Henry and 

McKeon, 1966) and a termolecular reaction between an excited linear 

norbornene-copper(I) chloride complex with two ground state norbornene 
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molecules from a tetrahedral transition state has been proposed. 

However, von Gustorf and Grevels (1969) present evidence for O-

bonded organometallic intermediates. The photochemical reaction 

of 1,5-cyclooctadiene in the presence of Cu(I) chloride has been 

studied in detail. Baldwin and Greeley (1965) propose that this 

reaction proceeds by an allylic radical intermediate, while Haller 

and Srinivasan (1966) prefer an intramolecular radical process 

involving diradical species. 

Whitesides, Goe, and Cope (1969) investigated the photolysis 

of l,5-cyclooctadiene-copper(l) chloride complex suspended in 

ethyl ether and propose that, in their case, the complex reacts 

from a photoisomerized trans, trans or eis ,trcms-l,5-cyclooctadiene 

complex. 

The role of the transition metal salt has been described as 

a photosensitizer or alternately as a template for the reaction by 

providing a means of mixing the olefin ir-orbitals with appropriate 

metal orbitals (Mango and SchachtSchneider, 1967). Olefin cyclo-

addition reactions in the presence of transition metals were con

sidered to be a special case where the Woodward-Hoffmann rules 

were applicable since the reactions appeared to yield stereospecific 

products (Merk and Pettit, 1967). However, there is the possibility 

that the stereospecific reactions occur in stepwise processes 

involving intermediates (von Gustorf and Grevels, 1969), but the 

specific steps occurring in a concerted manner following the 
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Woodward-Hoffmann rules (Traunmuller, Polansky and Heimbach, 1969). 

The preparation (.Fischer and Werner, 1963} and stereo

chemistry of organometallic complexes, including olefin metal complexes, 

have recently been reviewed (Cotton and Wilkinson, 1966, p. 873; and 

Coates, I960, p. 25). Of special interest is the stereochemistry of 

copperCD complexes which are either linear two-coordinate complexes 

or four-coordinate complexes which are invariably tetrahedral. 

Figure 1 shows the structure of (C^gH^CuCJi)^, an insolable 

copper(I) complex which has been studied by X-ray diffraction methods. 

The bridging chloride ligands are a characteristic feature of 

these complexes. 

Similar stereochemistry has been observed for other 

chelating diolefin ligands. The bromide containing species also 

should contain the bridging species as well as a tetrahedral 

stereochemistry about the copper atoms. 

CA 

lit/ 

Cu Ju 

Figure 1. Diagram of X-ray Structure of 1,5-
Cyclooctadiene-CopperCl) Chloride 
Complex Cvan den Hende and Baird, 1963). 
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Complexes with silver cobalt salt have been reported by 

Coates (I960), Winkhaus and Wilkinson (1961). 

The main reason for studying olefin-transition metal 

complexes was to investigate the photochemical transformations 

occurring from weakly coordinated complexes. Most monoolefin-metal 

complexes are not insolable and it was decided to investigate the 

cyclic non-isoiable olefinic complexes. Studies in this area would 

greatly expand the scope of organic photochemistry if stereospecific 

reactions of the olefin or reactions catalyzed only by the transition 

metals could be effected. The results of the few examples cited above 

indicate that stereospecific reactions occurring only in the presence 

of transition metal ions are possible. 

Two types of systems were investigated to determined the 

types of reactions occurring: cyclic monoolefins and conjugated 

cyclic diolefins. The effects of various transition metal salts 

were investigated. Representative d®, d*, and J10 transition metals 

were used in these investigations. 

A series of solvents of varying polarity were used to study 

the effect of the solvent on products, product distribution and 

the amount of conversion of olefin to photoproducts. The nucleophilic 

character of the solvent could have large effects in the formation 

of the weak olefin-transition metal salt complex. 

The effect of solvent and the transition metal salt were 

of interest since results of these investigations might provide 



information into the scope of the reaction and might provide 

insight into mechanistic considerations. 

The ultraviolet spectrum (uv) of several of these 

olefin-transition metal complexes were obtained. The spectral 

shifts to longer wavelengths is a positive indication that 

complexes have formed in the solvent. 



INTRODUCTION TO PHOTOCHEMISTRY OF CYCLIC 
MONOOLEFIN-TRANSITION METAL COMPLEXES 

The photochemistry of monoolefins has been of limited 

interest due to the inability of these molecules to absorb light 

energy with wavelength below 21Q nm. The irradiation of olefins 

in the Schumann region of the ultraviolet spectrum normally results 

in fragmentation, polymerization, or cis-trans isomerization reactions 

(Fonken, 1967). Consequently, the photochemistry of monoolefins has 

been restricted until recently to photosensitized reaction (Chapman, 

1967), or the reactions of olefins conjugated with carbonyl groups 

(Neckers, 1967, p. 98). 

Few sensitized reactions of cyclic monoolefins have been 

reported except for olefins containing electron withdrawing groups 

(Neckers, 1967, p. 142). Typical reactions are: 

Q C: _> rvr̂  
sensitizer 

a hv > 
sensitizer 

hv . 

sensitizer 

9 
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Bradshaw (1966) reported a sensitized reaction of cyclohexene 

with acetone yielding a variety of products: 

CH 

I 
q+Ch3j_ch3_J=? >(X3 O-r* 

L 

OI 

ch3 

CH, 

This reaction is essentially a photoaddition and photoreduction 

occurring as a result of free radical abstraction by the excited 

triplet acetone molecule: 

0 
hv 

0» 

I 
-> CH3— C-CH3 

Q > O 

0" 

CH-—C-CH3 + [ JJ -> f II + CH-*— tH—CH, 

UJ 
"T-

CH 
0-

- I 
[ •> v V- C—CH 

O "T =vL 
CH„ 3 \ /" ?—Ch3 

I 
CH 
3 
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This is the typical fate of the irradiation of olefins 

with ketonic sensitizers. 

Benzene derivatives have recently been used as sensitizers 

for a variety of montoolefins (Kropp and Krauss, 1967; Kropp, 1969; 

Marshall, 1969). The reactions of several cyclic olefins 

studied in aromatic solvents and aromatic solvents containing various 

alcohols led to the ionic addition of the alcoholic solvent to 

cyclohexenes and cycloheptenes. Reactions in aprotic media led to 

the dimerization of the six- and seven-membered cyclic olefins. 

compounds is discussed in terms of either an orthogonal triplet 

cyclohexene or a trans-cyclohexene intermediate. 3oth species would 

be highly reactive due to the strain about the double bond. Cia , 

taa«s-cycloocta-l,5-diene has been reported (Cope, Howell, and Knowles, 

1962) to form dimers upon standing due to the strain about the 

carbon-carbon double bond: 

The mechanistic interpretation of the formation of these 
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The indicated stereochemistry has been predicted but not 

yet verified. The reactive intermediates have been proposed as 

either triplet state olefins (Brown, 1966) or highly polarizable 

singlet excited states (Wulfmann and Kumei, 1971). 

Wilzbach and Kaplan (1971) report the 1,2- and 1,4-cyclo-

addition of open chain olefins to benzene sensitizers: 

The reactive species involved in these dimerizations are still in 

question, but it has been postulated that the electronically excited 

olefin could be the active species rather than a high energy ground 

state species. 

The photochemistry of olefins in the presence of transition 

metals was discussed previously. The irradiation of several cyclic 

monoolefins using copper(I) bromide has been reported by Trecker 

et al. (1966). The results for the photochemistry of several olefins 

are shown in Table I. 

R 1 -> 
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TABLE I. Preparative-Scale Irradiations of Norbornene Derivatives 
and Cuprous Bromide 

Olefin Irradiation 
time hr Yield of Dimer, % 

Norbornene 

eao-Dicyclopentadiene 

2-Methyl-2-norbornene 

Norbornadiene 

3,6-Epoxy-l-cyclohexenel 

7.2 

3.9 

5.0 

6.2 

1.3 

142 

120 

231 

22 

67 

38.4 

26 .6  

39.1 

none 

none 
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Mango and Schachtschneider (1967, 1971) have proposed the 

use of orbital symmetry conservation rules in predicting C2+2] cyclo-

addition reactions for monoolefins. The argument is based on the 

consideration of the geometry of the olefin-transition metal complex. 

The mixing of the olefin 7T-orbitals with the appropriate metal 

d-orbitals depends on the direction of the d-orbitals, hence on the 

configuration of the olefin-metal complex. Orbital correlation 

diagrams for three configurational possibilities of olefin-transition 

metal complexes are shown in Figure 2. 

Orbital correlation diagrams are presented for three stereo

chemical situations. Allowed transitions are those which result in 

an overall gain of energy resulting from the cycloaddition reaction 

or the lack of symmetry restrains by the ligands. In the linear 

case, the reacting ligands are restricted from proceeding along the 

reaction coordinate from the a + tt-tt (AS) to the d^ + a* (AS) 

state. In this case the non-reacting ligands would be left in a 

degenerate state thus leading to a non-allowed process. 

In the square planar case, the AS orbital is of higher 

energy. The required exchange of electron pairs between transforming 

ligands and metal places electron density into a spacial configur

ation unfavorably creating transformation restraints. Allowing the 

electron pairs to flow into the SA state (tta) would be to allow 

the possibility of creating a complex in an excited state. This 

case seems to be one more of ligand field effects than "allowedness" 

of the symmetry considerations. 
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Correlation Diagrams for the Orbital Crossing of Linear. 
Tetrahedral and Square Planar Olefin-Transition Metal 

Complexes. 
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In the tetrahedral case, however, symmetry restrictions to 

ligand transformation do not exist. Also the relocalization of 

metal cZ-orbital electron density in the complex is also more favorable 

due to the symmetry with respect to the reacting ligands. These two 

factors would tend to add to the driving force of the cyclobutane 

formation. 

These orbital correlation diagrams predict that the tetra

hedral complex would allow a cyclobutanization to occur, while 

cyclization of the linear and the square planar complex would be 

essentially non-allowed processes. The non-allowed reactions can, 

however, be effected by several possible means. One method suggested 

by Mango and Schachtschneider is by the use of photons by "either 

effecting ligand rearrangements to a nonresrrictive geometry or 

displacing restrictive ligands from the primary coordination sphere". 

The authors also argue that stepwise processes could be occurring 

which would remove the ligand-field restrictions of the complex. 

The interest in the following investigation is to determine 

if simple monocyclic olefins will react photochemically in the 

presence of transition metal salts. The investigations concern the 

lability of cyclopentene, cyclohexene, cycloheptene, cyclooctene, 

and cyclododecene using copper(I) chloride, copper(I) bromide, 

copper(II) chloride, iron(II) chloride, silver acetate, nickel 

chloride and palladium chloride as representative transition metal 

salts. The various transition metal salts are to be investigated 
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to determine if there is any correlation between photoproducts and 

the identity of the metal ion. The effect of the polarity of 

various solvents on the copper(I) chloride reaction will also be 

investigated. 

The complexes formed between the monocyclic olefin and the 

transition metal are not isolable. Therefore, the technique to be 

utilized in this work is to generate the complex in solution and 

irradiate with an ultraviolet lamp without prior removal of the 

excess olefinic ligand. One indication that a complex forms in 

solution is the spectral shift in the ultraviolet region of the 

olefin-transition metal mixture (Trecker et al. 1966). The 

solubility of the various olefins in copper(I) chloride solutions 

will also be used as an indication of complex formation. 

The effect of the incident wavelength was investigated 

by using both a Srinivasan-Griffin Photochemical Reactor emitting 

light in the 2537 %. energy region and a Hanovia 450-W medium 

pressure lamp emitting light at various wavelengths except for the 

o 
2537 A energy region. Pyrex tubes were used in selected experiments 

o 
to filter out light with wavelengths longer than 3000 A. 

Studies were conducted to determine if the photochemically 

induced reactions can also be thermally induced. 

Lastly, the possiblity of ring-opening of the cyclobutane 

ring in the presence of transition metal salts were also investigated. 

This would amount to a retrocycloaddition reaction. 
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This type of reaction has several implications from 

the point of view of overlap between strained carbon-carbon bonds 

possessing partial p-character and transition metal <f-orbitals. 

Studies of this type may be used as a diagnostic tool to detect 

partial p-character in strained systems. 

It would also be of interest to be able to correlate the 

strained bond ring openings with the Woodward-Hoffmann rules. 

This would aid in interpreting the ring-opening reaction as 

a concerted or stepwise process depending on the stereochemistry 

of the products. Few reactions of this type are known so that 

not enough examples are known to establish trends. This work 

would be an attempt to extend research into this area. 

The photochemistry of conjugated olefins differs sub

stantially from that of monoolefins. Conjugated olefins absorb 

light above 215 nm. The ability to absorb light in this useful 

region of the spectrum directly has greatly facilitated the 

investigation of conjugated olefins. 

Initially, the photochemistry of conjugated olefins 

was investigated from a view of synthesis of unusual compounds 

(Coulson and Stewart, 1964). Early investigators produced 

a wealth of chemical information but did not have a unifying 

theory to explain the experimental results. Reaction mechanisms 
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were usually presented in terms of either radical or dipolar 

intermediates. These types of reactions were not adequate to 

explain the stereospecific results of many photochemical as 

well as ground state reactions. 

A unifying theory to explain the stereochemical results 

of many olefin reactions was proposed by Woodward and Hoffmann 

(1965a, -b, -c, 1970). Woodward and Hoffmann proposed that the 

course of polyene chemistry pertaining to cyclization, ring-

opening reactions, additions of two olefinic units, bond 

migrations and migration of atoms could be explained in terms 

of the orbital symmetry of the compounds undergoing a concerted 

reaction. A set of selection rules based on both the orbital 

symmetry of the Tr-orbitals and on the symmetry properties 

of the compounds was presented to predict the course of 

reaction. Orbital correlation diagrams were constructed for 

various systems to predict the feasibility of a given chemical 

transformation from either the ground state or the excited 

state of a molecule. 

The selection rules for electrocyclic reactions have 

allowed the prediction of new reactions as well as providing a 

basis for the explanation of many other reactions. The success 

enjoyed by the orbital symmetry rules is a large advance in 

justification of atomic and molecular orbital theory. 
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The basis for the predictions of the orbital symmetry is a 

result of calculations based on modified Linear Combination of Atomic 

Orbital (LCAO) calculations, or extended Huckel calculations. These 

calculations applied to various electronic states of olefins yield 

the orbital symmetry as well as orbital amplitude and other information 

(Salem, 1966; and Streitweiser, 1961). 

The general rules to predict the mode of cyclization or a 

ring-opening reaction have been prepared as shown in Table II. As 

indicated in Table II, the thermally allowed reaction for a conjugated 

diene is a conrotatory ring closure. This means that the highest 

occupied Tr-orbitals being converted to a a-bond must rotate in the 

same direction or undergo a conrotatory rotation in order to effect 

a bonding situation (from molecular orbital theory only orbitals of 

like sign can overlap to form a bonding situation). 

The same molecule would have a different orbital symmetry for the 

lowest occupied excited state which would result from some form 

of electronic excitation. 
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TABLE II. Cycloaddition Selection Rules 

No. of pi-
electrons^) Thermal Photochemical Example 

4q + 2 

4q 

4q 

Conrotatory 

Disrotatory 

ais-trans 
trans-ais 

. a CIB-OZS 
trans-trans 

Disrotatory 

Conrotatory 

ais-trans3' 
trans-trans 

ais-trans 
trans-ois 

Butadiene-Cyclobutene 

Hextriene-Cyclohexadiene 

Ethylene Dimerization 

Ethylene-Butadiene 

a. Preferred mode 
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If the four atoms attached to the terminal carbons were different, 

the mode of rotation to form the ring-closed product would lead to 

different stereoisomers. 

Similar correlations exist for other conjugated systems, 

including cyclopropyl and cyclopentyl cations and anions. (Woodward 

and Hoffmann, 1970, p. 45). 

Orbital correlation diagrams for conjugated dienes have 

been presented by Woodward and Hoffmann in the previously cited 

references. The correlation diagrams for a diene are presented 

in Figure 3. 

To explain the correlation diagram several considerations 

must be made. The dashed horizontal line through the center repre

sents the division between the ground state and the excited states 

of a molecule. The a, it, ir*, and a* are the atomic orbitals being 
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Figure 3. Correlation Diagrams for the Electrocyclic Ring Closure 

of Butadiene. 
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considered during the transformation and X^» X2> Xg > an<i X^ 31,6 

designations for the four states of the butadiene units. The A 

(asymmetric) and S (symmetric) refer to the molecular symmetry of 

bonds and orbitals involved. Thus an asymmetric configuration in 

one molecule must convert to an asymmetric confirguration in a 

new molecule. 

If in the process of undergoing a transformation, the highest 

occupied orbital must correlate with an. excited state of the same 

symmetry, the reaction is not allowed (Symmetry non-allowed process). 

Thus the ground state of butadiene corresponding to X2 an̂  asymmetric 

(A) must correlate with tt* and since this process in a disrotatory 

mode requires energy, the reaction does not proceed in an allowed, 

concerted reaction. The conrotatory reaction cccurs in a concerted 

reaction since the state correlates with the c(S) ground state. 

This process does not require a large activation energy and is an 

allowed process. 

Cycloaddition reactions where two olefins combine to 

cyclize or to undergo cycloreversions also obey orbital symmetry 

rules and orbital diagrams for these processes have been developed 

(Woodward and Hoffmann, 1970, p. 65). The orbital correlation diagram 

for an ethylene and a diene is shown in Figure 4. This orbital 

correlation diagram indicates that X2^) correlates with O^(A) and 

doing so results in a more stable situation. The reaction occurs 

from the ground state and thus a (2+4) cycloaddition is thermally 



FIGURE 4. Cycloaddition of Ethylene with Butadiene. 
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allowed. The concerted ring formation for the excited state would 

energy and is considered to be a non-allowed reaction. 

It should be pointed out that many reactions occur which 

are not symmetry allowed. These reactions may occur by other modes 

such as the processes involving radical formation mentioned pre

viously. However, these reactions usually must overcome a relatively 

larger activation energy than symmetry allowed concerted reactions 

predicted by the Woodward and Hoffmann rules. 

basis of the ideas of the orbital correlation rules and orbital 

symmetry presented above. For example, 1,3-cyclohexadiene undergoes 

several photochemical reactions which can be correlated with the 

Woodward and Hoffmann rules (Srinivasan, 1961; Hammond, Turro and 

Lui, 1963; Valentine, Turro and Hammond, 1964). 

occur from to <J*(S). This would entail the expenditure of 
3 3 

The chemistry of various polyenes can be explained on the 

Liquid phase 

Sensitizer 

hv 
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The formation of 1,3,5-hexatriene is an example of a ring-opening 

reaction, while the formation of the bicyclo[3.1.0]hexene occurs 

from an excited state [M-+2 ] cycloaddition process which is symmetry 

allowed from this ais-triene. 

The sensitized reaction is an example of an excited state 

allowed [2+2] cycloaddition reaction yielding two cyclobutane pro

ducts. The other product comes from thermally allowed [2+4-] Diels-

Alder cycloaddition reaction. 

Other photochemical reactions of dienes which are not corre

lated by Woodward and Hoffmann rules are gas phase reactions which 

result in fragmentation and ais-trans isomerization reactions. Other 

conjugated cyclic diene reactions are shown below (Heller} Auld and 

Salisbury, 1967). 

hv ^ Q > w 

hv, Sensitizer ft 
"—^ U I J U + II 

hV •'//SSv rf* . 
> 
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The reactions of cycloheptadiene and 1,3-cyclooctadiene also 

lead to isomerization. These isoraerizations can be correlated by the 

symmetry rules for sigmatropic migrations. 

The investigation of the photochemistry of 1,3-cyclohexadiene 

in the presence of transition metals was initiated to determine if 

the reaction products were the same as from direct irradiation or if 

the products were those of the sensitized photochemical reaction. 

The reactions of seven carbon or larger conjugated dienes are much 

simpler than for 1,3-cyclohexadiene. The photochemistry of 1,3-cyclo-

heptadiene and 1,3-cyclooctadiene in the presence of transition metal 

salts was also of interest to compare with the 1,3-cyclohexadiene 

results. 

In addition to the cyclic conjugated olefins indicated in 

the diagram, the effect of transition-metal salt on the products or 

product distribution will be investigated. One correlation which is 

to be investigated is the ability of the olefins to form complexes 

with transition metals with d® and cf10 electronic configurations. 

g 
Perhaps some d cases would also be capable of forming complexes 

7 9 with olefins. However, d and d ions should not form complexes 

with olefins and several of these cases will also be investigated. 

The effect of solvent on the reaction will also be investi

gated. There is a possibility that the polarity of a solvent may 

either prevent a reaction by coordination of the solvent with the 

metal salt in preference to the olefin or the solvent may quench 
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the primary photochemical process. Changes in product identity and 

product distribution will be used to determine solvent effects. 

The effect of various wavelengths of light and the possibi

lity that some of the reactions may occur thermally will also be 

investigated. This will be accomplished by using both Hanovia lamps, 

low pressure Srinivasan-Griffin Photochemical Reactors using G8TS 

2537 % lamps in Vycor reactors and Pyrex reactors to filter out 

light below 3000 A . 

Thermal reactions will be carried out in sealed tubes at 

the same temperature as the photochemical reaction to determine if 

I the reactions can be thermally induced. 

j 
i 



RESULTS OF MONOOLEFIN PHOTOCHEMISTRY 

The photochemistry of cyclic monoolefins in the presence 

of transition metal salts was investigated to determine the influ

ence of solvents, transition metal salts and the effect of light 

of various wavelengths on the type of photoproducts formed. 

The cyclic monoolefins used for these studies were cyclo-

pentene, cyclohexene, cycloheptene, cyclooctene, cyclododecene, 

and 1-methylcyclohexene. The transition metal salts used were 

copper(I) chloride, copperCU bromide, silver acetate, nickel 

sulfate, hexaquoiron(III) chloride and palladium chloride. The 

compounds used to determine the effect of solvents were i-butyl 

alcohol, tetrahydrofuran, ethyl ether and cyclo'nexane. 

Irradiation of Cyclohexene-
copper(l) Chloride 

The cyclohexene-copper(I) chloride complex was prepared for 

irradiation by addition of excess copper(I) chloride to cyclohexene. 

The solution upon stirring gradually became light yellow in color. 

Figure 5 shows the ultraviolet spectrum of the cyclohexene-copper(I) 

chloride complex in cyclohexane. Cyclohexene absorbs weakly at 

220 nm, while the cyclohexene-copper(I) chloride complex causes an 

increase in the intensity and a shift of the absorption maxiumum 

to 234 nm and gives rise to a new series of absorbances between 

270 nm to 4-50 nm. Similar spectral properties were observed for 

30 
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FIGURE 5. The Ultraviolet Spectra of Ca) Cyclohexene-CuCA in Cyclohexane and 
(ill Cyclohexene in Cyclohexane. 
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the complex in ethyl ether. Other cyclic monoolefins exhibited a 

shift in the absorption at 220 nm. Attempts to obtain an infrared 

spectrum of the complex were unsuccessful. 

The solubility of copper(I) chloride in olefins was deter

mined by mixing the salt with an excess of the olefin and stirring 

for 4 hr. After centrifuging the transition metal salt, 2 ml aliquots 

were transferred to prepared test tubes and the olefin was evaporated. 

The amount of salt remaining was determined and the solubility was 

extrapolated to weight of copper(I) chloride per 100 ml of olefin. 

Table III presents the results of the solubilities of copper(I) 

chloride in various olefins. 

The solubility of copper(I) chloride in cyclohexene was 

determined to be 0.4-3 g 100 g at 23°. The solubility of the complex 

is less in cyclohexene or ethyl ether, as evidenced by the formation 

of a precipitate in attempting to prepare a 2% solution of cyclo-

hexene-copper(I) chloride for ultraviolet spectral determinations. 

The solubility of the complex in a solvent was not determined due 

to the inability to prepare an isolable complex. 

The photolysis of cyclohexene in the presence of copper(I) 

chloride irradiated using 2537 %. light and a multi-wavelength Hanovia 

4-50-W mercury arc lamp gave rise to three dimeric cyclohexene pro

ducts, cyclohexanol, a green precipitate of inorganic orgin. These 

products were formed in all the solvents tested. When ethyl ether 

was used as a solvent, free radical recombination products were also 
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TABLE III. Solubility of Various Olefins in Copper(I) 
Chloride and Copper(I) Bromide 

Olefin Solubility9 (g/100 
Copper(I) Chloride 

i 
g olefin x 10 ) 
Copper(I) Bromide 

Cyclopentene 6.4 6.9 

Cyclohexene 4.3 -

1-Methylcyclohexene 0.8 3.2 

Cyclooctene 84.6 42.5 

1,7-Octadiene 5.8 8.3 

1,3-Cyclohexadiene 2.2 1.1 

a. Solubilities at 25° 
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detected in the irradiation mixture. Most of the photolyses were 

carried out with a fixed amount of cyclohexene and copper(I) chloride 

was added throughout the irradiation. Typical conversions of cyclo

hexene to photoproducts ranged between 1% and 4%. The yield of photo-

products was increased to 15% by continued irradiation with stirring 

of the photolysis solution with excess copper(I) chloride. Photo-

products were separated using preparative gas liquid chromatography 

(glc) and structural assignments were made on the basis of spectral 

data and comparison with authentic samples. All of the dimeric photo-

products had molecular weights of 164. 

The major dimeric photoproducts (48-70%) which had the shortest 

retention time on an 18% GE-SE-30 column showed strong infrared 

absorptions at 2940, 2860 and 1430 cm~\ This suggested that the 

compound was a saturated hydrocarbon. The nuclear magnetic resonance 

(nmr) spectrum (Figure 6) showed absorptions only at t8.25 and x 8.80 

which confirmed that the compound was a saturated hydrocarbon. The 

molecular weight of the compound was determined by mass spectral 

methods to be 164 with the base peak at m/e 82. The isotope ratios 

are consistent with a molecular formula of Cj_2^20" ^ tricyclic 

alkane is the only structure consistent with these spectral data. 

The base peak at m/e 82 in the mass spectrum of this compound 

indicates that the compound is probably a cyclobutane isomer derived 

from the dimerization of cyclohexene. A comparison of the nmr 

spectrum of this compound with those of trans,ais,trccns-tricyclo-

[6.4.0.02,7] dodecane ^(Figure 8), ci8,cr£s,c-£s-tricyclo[6.4.0.02 
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FIGURE 6. HA-100 MHz Nmr Spectrum of trans, trans, trans-
Tricyclo[6.'+.0.0 »^]dodecane. 
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FIGURE 7. HA-100 MHz Nmr Spectrum of da ,ais,c£e-Tricyclo-
[6.4.0.0^» ]dodecane. 
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OO 

FIGURE 8. HA-100 MHz Nmr Spectrum of trans ̂ais,trans-
Tricyclo[6.4.0.0*]dodecane. 

10 x 

10 T 

FIGURE 9. HA-100 MHZ Nmr Spectrum of ais,ois,trans-
TricycloCs.0.02>7]dodecane. 
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2 7 
dodecane £ (Figure 7), and ais,trans,trans-tricyclo[6.4.0.0 ' ] 

dodecane £ (Figure 9) shows that the major photoproduct is not one 

of these configurational isomers. Mixed glc analyses using both 

GE-SE-30 and Carbowax 20-M columns show that the major photoproduct 

had a shorter retention time than compounds and The 

2 7 possibility of a ring system other than a [6.4.0.0 ' ] ring system 

was discounted after considering the results of pyrolysis studies 

of the compound at 350°. Cyclohexene was the major component 

2 7 recovered from the pyrolysate, indicating that a [6.4.0.0 ' ] ring 

system was present. Only two possible isomers remained for consider

ation: compounds and Both isomers contain five different 

types of protons and cannot be separated on the basis of the symmetry 

of the nmr spectral results. However, Dreiding models of compounds 

and ̂  indicate that £ is considerably more strained than On 

this basis, the major photoproduct is concluded to be trans, trans, trans -

2 7 
tricyclo[6.4.0.0 ' ]dodecane, compound 1. 

* I 3 
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This structure is compatible with the nmr spectrum if one 

assumes that the cyclobutyl protons are similar in conformation to 

axial cyclohexyl protons (Doughty and Lillien, 1966) and these 

protons are shifted upfield to T 8.80 by anisotropic magnetic fields. 

An inspection of Drieding models of compound shows that this 

assumption is reasonable. 

The second photoproduct separated from the reaction mixture 

yielded different results during the course of the research. The 

first series of reactions yielded a compound which had infrared 

absorptions at 2940, 2860 and 1460 cm~^" indicating that it was a 

saturated hydrocarbon. The nmr spectrum of this compound showed a 

4-proton absorption at x 7.63 which suggested the presence of a 

cyclobutane ring and a broad complex peak at x 8.45 containing 

16 protons. Mass spectral studies verified that the compound was 

a C^2^20 ŝomer a base peak at m/e 82. The spectral information 

again requires that the compound be tricyclic. Comparison of spectral 

data with the data obtained from authentic samples of ^ and 

2 7 
verified that this isomer was ois ,o£s,c£s-tricyclo[6.4.0.0 ' ]-

dodecane ̂  . 

In later series of reactions, ̂  was not produced. Instead, 

a third isomer was obtained which showed infrared absorptions at 

2940, 2860, 1460 and 1440 cm \ The nmr results of this isomer 

showed a one-proton absorption at x 7.95 and a broad absorption 

peak at x 8.10 to 8.80 containing 19 protons. The mass spectral 
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results verified that the compound was also a C12H2Q isomer with 

a base peak at m/e 82 . Comparison of the spectral data with that of 

the configurational isomer ^ and ̂  verified that the isomer was 

identical to compound j^. Mixed glc analyses on both GE-SE-30 and 

Carbowax 20-M colvimns showed that the retention time of the authentic 

sample and the photoproduct were identical. 

The authentic samples of ̂  £ and ̂  were prepared by a series 

of chemical reactions of known stereochemical results. The following 

reaction sequences demonstrate the assigned stereochemistry for each 

of the isomers of interest. Isomer ̂  could not be prepared by a 

series of known reactions. 

Compound ̂  was prepared by the hydrogenation of compound £ 

of known stereochemistry prepared by the method of Valentine et al. 

(1964). Compound £ was prepared by irradiation of 1,3-cyclohexadiene 

in the presence of a triplet sensitizer. 

O g-acetonaphthone 

hv 
other products 

£ 

£ PtQ2 /H2 > OX) 
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The stereochemistry of was based on comparison of compound Q 

prepared by Valentine et al. (1964) with the work done by Eaton 

(1963) on the dimerization of 3-cyclohexenone. The nmr of compound 

£ is shown in Figure 8. 

Compound ̂  was prepared by utilizing a photochemical valence 

isomerization of a conjugated diene forming a cyclobutene isomer % 

described by Dauben et al. (1966). The Woodward-Hoffmann electro-

cyclic selection rules can be used to predict the stereochemistry of 

OO Acetophenone 
-> 

8 
% 

* 

Pt02/H2 or 

Diimide 

The stereochemistry of was studied extensively by Dauben et al. 

(1966) and established the cia-cyclobutene stereochemistry. Compound 

£ was reduced by catalytic hydrogenation and diimide reduction to 

the same product. The sterochemistry of the diimide reduction is 

known to be a stereospecific ots-addition from the least hindered 

approach (Battiste, 1964). The results of the diimide reaction also 

verify that the catalytic hydrogenation process does not promote 
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isomerization of the cyclobutene isomer. The nmr spectrum of Q is 

shown on Figure 7. 

Compound /+ was prepared by a reaction sequence described by 

Moore and Moser (1970) for the preparation of the trans -cyclobutene 

isomer ,10. Catalytic hydrogenation of ̂ 0 results in compound M-. 

Br Br 

Attempts to reduce 10^ using diimide were unsuccessful. How

ever, since catalytic hydrogenation did not isomerize J3, it is assumed 

that ̂  was not isomerized. If ^C) had been isomerized, it is reasonable 

to expect that one of the other isomeric cyclobutanes would have 

resulted. The nmr spectral data for compound 4 shown in Figure 9^ was 

not similar to any of the other isomers synthesized including the 



42 

major photoproduct. All twenty protons of compound ̂  are chemically 

distinct and in view of the low symmetry group, C^, this isomer 

would be expected to have a complex nmr spectrum. The nmr spectrum 

for has the expected complex proton spectrum consistent with the 

assigned stereochemistry. 

Mass spectral results of compounds ̂  through 4 were studied 

in detail (See Figures 10 through 13.) All of the dimers had a 

parent peak of m/e 164 and a base peak of m/e 82. This indicates 

that fragmentation of the cyclobutane ring is common to all these 

isomers: 

m/e 82 

In addition, all samples had intense peaks at m/e 67 and 54 which 

correspond to the cracking pattern for cyclonexene. The cracking 

pattern of is different from that of compounds ̂  through ̂  in 

that there are several major peaks (>15% RE) between the parent 

peak, m/e 164 and m/e 82. This cracking pattern is very similar 

to the cracking pattern for 1,7-cyclododecadiene (Saltiel, private 

communication, 1971). The following cracking pattern for ̂  is 

suggested to accommodate the data. 



_ + 
e 

smaller 
fragments 

A fourth dimeric product also produced in minor amounts 

showed infrared absorptions at 3050 and 1660 cm in addition to 

the expected C-H and C-C stretching and bending frequencies, 

indicating that unsaturation was present. An nmr spectrum showed 

absorptions at T 4.45 and T 4.72 each containing one proton area 

and a complex series of absorptions between t 8.10 andT 8.82. The 

mass spectrum verified that the compound was a C-j_2^20 isomer with 

a base peak at m/e 81. Based on the spectral information, the pro

posed structure for this isomer is 3-cyclohexylcyclohexene 

3-Cyclohexylcyclohexene and 1-cyclohexylcyclohexene were both 

prepared for comparison of spectral data with the photoproduct. The 

mass spectral, infrared and nmr data of the photoproduct were 

identical to those obtained for 3-cyclohexylcyclohexene. Mixed glc 

analyses using both GE-SE-30 and Carbowax 20-M columns showed that 

the retention time of the photoproduct and 3-cyclohexylcyclohexene 

were identical. 

to 
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A fifth minor photoproduct with a short retention time on a 

GE-SE-30 column possessed infrared absorptions at 3350, 2940, 1080, 

960 and 880 cm which suggested the presence of an -OH group. The 

nmr spectrum showed singlets at T 5.80 and T 6.40 with one proton 

area each and a complex series of peaks between x 8.15 and x 8.70. 

The infrared and nmr spectra were identical with Sadtler spectra 

Nos. 14 and 7, respectively. Mixed glc analyses using GE-SE-30 and 

Carbowax 20-M columns using authentic cyclohexanol verified the 

structural assignment of this product as cyclohexanol. 

Two minor photoproducts were obtained when ethyl ether 

and tetrahydrofuran were used as solvents. The products from the 

ethyl ether irradiation were reported by Srinivasan (1964) to be 

stereoisomers of 2,3-diethoxybutane and 3-ethoxy-2-butanol. The 

tetrahydrofuran photoproduct is assumed to be a tetrahydrofuran 

dimer produced by a free radical recombination reaction. Table IV 

presents a summary of the compounds produced by the irradiation of 

cyclohexene and copper(l) in ethyl ether. A summary of the spectral 

data for the cyclohexane photoproducts is also presented in this table. 

The cyclohexene-copper(l) chloride complexes were irradiated 

under a variety of conditions. Table V presents the results of 

the irradiations. An inspection of these data shows that copper(I) 

chloride must be present in order to effect a photoreaction. Copper(II) 

chloride does not initiate the formation of photoproducts. Irradi

ations of the complex using ethyl ether as a solvent in Pyrex yielded 



TABLE IV. Mass, Nmr and Infrared Spectral Results of the Photoproducts from Cyclohexene-
Copper(I) Chloride and Copper(I) Bromide Irradiations. 

Mass Spectra 
Product Parent Molecular _-j_ 

Formula Base Peak Nmr(x) Infrared (cm- ) Remarks 

CeO 
no 
CtO 
CK3 
V>0H 

Parent 164 

C12H20 
Base: 82 

Parent 164 

C12H20 
Base: 82 

Parent 164 

C12H20 
Base: 82 

Parent 164 

C12H20 
Base: 81 

8.25 8H(s) 2940(s) Pyrolysis at 350° produces 
8.80 12H(t) 2860(s) cyclohexene 

1430(s) 
1450(m) 

7.95 lH(m) 2940(s) Identified by comparison 
8.10 2860(s) with an authentic sample 
8.80 19H(m) 1460(m) 

_ 14U0(s) 

7.63 4H(s) 2940(s) Identified by comparison 
8.45 16H(m) 2860(s) with an authentic sample 

1440(s) 
- 1310(m) -  .  . . . .  

4.45 lH(m) 3050(m) Identified by comparison 
4.72 IH(m) 2940(s) with an authentic sample 
8.10 2860(s) 
8.40 38Hfm) IRfiOfm) .  . . .  . . . . . .  

5.80 lH(s) 3350(s) Identified by comparison 
6.40 lH(m) 2940(s) with an authentic sample 
8.15 2860(s) 
8.70 llH(m) 1440(s) 

-p 
cn 



TABLE V. Results of the Irradiation of Cyclohexene and Copper(I) Chloride under 
Varying Conditions and in Different Solvents 

Irradiation Conditions Irridation 
or Solvent tirae(hr) 

Thermal Reaction, 48 13 0 0 0 0 0 

Direct irradiation, ether 50 0 0 0 0 0 

Ether in Pyrex 48 0 0 0 trace 95 

Ether, nitrogen purged 24 to 100 48-51 9-18 10 9-11 10 

Ether, freeze-thaw degassed 48 48-59 11 16 21 5 

Neat 30 95 trace trace trace -

Cyclohexane 24 55-59 11-15 8-12 8-12 -

tevt-Butyl alcohol 24 45-48 9-23 5-10 19-23 -

Te trahydrofuran 48 65-70 6-11 4-6 8-14 -

Copper(I) Chloride,ether 48 0 0 0 0 0 

5-7 
a. One series of experiments yielded cie3ci8Joi8-tvi.c.yclo[.§.h.Q.Q ' ]dodecane, but these 

results could not be duplicated thereafter. 

b. 2-Ethoxy-2-cyclohexylethane. 

CtOOOO-O 0*"~b 
I it z 

•p 
cn 
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only the dimeric ethyl ether products, indicating that light below 

300 nm is needed to effect a photoreaction of the cyclohexene-copper(I) 

chloride complex. The reaction did not occur thermally at 50°. The 

photoproducts obtained from all the photoreactions after the first 

series carried out in Vycor tubes were the same regardless of the 

solvent, but the ratios of products differed. The percentages of 

photoproducts obtained were insensitive to the method of removing 

oxygen, i.e., nitrogen purging or a freeze-thaw degassing technique. 

Indeed, purging was not required at all to sustain the photoreaction. 

As mentioned previously, compound ̂  was obtained during one 

series of irradiations, but these results could not be reproduced 

after this initial sequence. Instead, compound was produced 

reproducibly after this initial reaction sequence. The explanations 

for this change in photoproducts are presented later. Compound ^ 

was prepared by a different sequence of reactions which will be 

reported in a later section dealing with cyclohexene-aromatic compound 

irradiations. 

Irradiation of Cyclo'nexene in the 
Presence of Various Transition Metal "Salts 

The irradiation of cyclohexene in the presence of copper(I) 

bromide, silver acetate, nickel sulfate and palladium chloride was 

conducted in ethyl ether to determine the effect of other transition 

metal ions on the photoreaction. Some surprising results were 

obtained in these series of reactions. Table VI presents the results 

of cyclohexene in the presence of these transition metal salts. 



TABLE VI. Results of the Irradiation of Cyclohexene and Silver Acetate, Nickel 
Sulfate, Palladium Chloride and Copper(I) Bromide and Iron(III) Chloride 
in Ethyl Ether 

Irradiation Conditions Irradiation 
time(hr) 

Copper(I) Bromide 

Silver Acetate 

Nickel Sulfate 

Silver Nitrate*5 

Palladium Chloride 

Hexaquoiron(III) Chloride 

140 

120 

36 

12 

72 

60 

a 

a 

5.2 

0 

a 

a 

11.8 

0 

only product a 

only product a 

a 

0 

29.6 

0 

Others 

59.2 

0 

a. Less than 3%. 

b. Resulted in a silver mirror which terminated the reaction. 

-F GO 
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CopperCl) bromide resulted in the same series of photoproducts 

as were produced in the copperCl) chloride reactions. The ratios of 

photoproducts differed but not substantially. This would be expected 

based on the identity of the transition metal ion. The bromide could 

change the nature of the complex, but this effect does not seem to 

be substantial. 

Palladium chloride also formed some of the same products as 

the copperCl) chloride, but in drastically different proportions. 

The use of this salt led to some dimeric products, but resulted in 

a preponderance of free radical reaction products. 

Silver acetate and nickel sulfate both resulted in the for

mation of only 3-cyclohexylcyclohexene and cyclohexanol. The other 

photoproducts were not detected. The irradiation in the presence 

of silver nitrate resulted only in the fcrmation of a silver mirror 

in the Vycor container. Glc analysis of this solution did not 

show the presence of photoproducts. 

Photoproducts from these reactions were identified by mixed 

glc analysis with the cyclohexene-copper(I) chloride photoproducts. 

Irradiation of Various Cyclic 
Monoolefins in the Presence of 
CopperCl) Chloride and 3romide 

The effect of ring size on the photochemistry of olefin-

transition metal complexes was investigated by irradiation of 

cyclopentene, 1-methylcyclohexene, cycloheptene, cyclooctene and 

cyclododecane. The only transition metal salts used in these 
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investigations were copper(I) chloride and bromide. All of the 

cyclic monoolefins investigated with the exception of cycloheptene 

failed to react when irradiated under the same conditions as cyclo-

hexene. Table VII reports the results of these irradiations. 

Cycloheptene formed three photoproducts which could not be 

adequately separated using glc techniques. All products had parent 

peaks at m/e 188 which corresponds to two cycloheptene units minus 

four mass units. All three products had infrared maxima at 304-0 cm \ 

a doublet at 2960 and 2920, 2850, 1645, 1450, 1400 and 1260 cm-"*". 

The first compound recovered from a GE-SE-30 column had nmr absorptions 

at T 4.45, x 7.45, and a series of complex bands between x 8.2 and X 

9.0. The second photoproduct contained absorptions at x 4.90, 5.3 and 

T 5.5, 7.1, 7.5, and a series of complex peaks between x 8.2 and 8.9. 

The sample prepared for nmr analysis of the third photoproduct was 

dilute, but absorptions at x 5.0, 7.6, and two complex absorptions 

between x 8.2 and 8.9 were noted. All three nmr results showed a 

sharp singlet at varying chemical shifts. The integrations in all 

of the nmr spectra were poor due to the low concentration. This 

resulted from the extremely low conversion of olefin to photoproducts. 

In spite of the spectral information obtained, definite structures 

for the photoproducts could not be assigned. Due to the low conversion 

yields and the difficulties encountered in collecting sufficient 

photoproduct for spectral analysis, no further work was done on 

this system. 



TABLE VII. Results of the Irradiation of Various Olefins with 
Copper(I) Chloride and Copper(I) Bromide in Ethyl Ether 

Olefin Irradiation 
time (hr) 

Results 

Cyclopentene CuC& 
CuBr 

144 
96 

No reaction 
No reaction 

Cycloheptene CuC& 
CuBr 

144 
96 

No reaction 
Three products whose structure could not 

be determined due to small amount of 
product produced. Molecular weight 188 

Cyclooctene 96 No reaction 

Cyclododecene 144 No reaction 

1-Methylcyclohexene 144 No reaction 



Irradiation df Mixed Cyclohexene-
Cyclic Monoolefins in the Presence 
of Copper^I) Chloride and Bromide" 

The irradiation of mixed olefin systems was conducted using 

copper(I) chloride in ethyl ether in Vycor tubes. This series of 

experiments was conducted to determine if there were any cross products 

formed between the two olefins, especially products containing cyclo-

butane portions. 

Three olefin combinations were investigated: cyclohexene 

with cyclopentene, cycloheptene and cyclooctene. The samples were 

processed as described in the experimental section using an excess of 

the five-, seven-, and eight-carbon cyclic olefins. 

Table VIII presents the results of the mixed olefin irradiation. 

In all three cases, the typical cyclohexene dimeric products formed. 

The ratios of the cyclohexene photoproducts were generally what one 

would expect from a sample containing cyclohexene only. The mixed 

cycloheptene and cyclooctene systems did not yield any cyclohexene-

olefin cross products nor did they form homodimeric photoproducts. 

The cyclopentene-cyclohexene mixture did not result in the 

formation of cross olefin products. The products formed were 

analyzed by nmr and mass spectral methods. The structural assign

ments were made on this basis as well as by comparison of spectral 

data with that of authentic compounds. 

The first product collected from the irradiation mixture 

had a molecular weight of 156. The isotope ratios of the parent 



TABLE VIII. Results of the Irradiation of Mixed Cyclohexene Cyclic Monoolefins in the 
Presence of Copper(I) Chloride and Bromide in Ethyl Ether. 

Resultant Percentages of Photoproducts3 

Olefins Irradiation 
time (hr) 

Cyclopentene CuCA 36 36 8 7 5185 21 

Cycloheptene CuBr 96 49 10 10 

Cyclooctene CuCA 96 48 12 9 -

a. The other product formed in the last two reaction conditions was cyclohexanol. 

b. 3,3'-bicyclohexenyl 

c. 3-(3-Cyclopentenyl)cyclohexene 

d. 3,3'-Cyclopentenyl 

e. 2-ethoxy-2-cyclohexylethane 

in 
CO 
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were consistent with the molecular formula C Q̂HJ Q. ^he nmr spectrum 

showed two complex absorptions at T 8.0, 8.4 and a triplet at T 8.95. 

The structure most consistent with these data is 2-ethoxy-2-cyclohexyl-

ethane. Due to a dilute nmr sample, adequate integration was not 

possible. 

A second product isolated had a molecular weight of 134. The 

mass spectral data were consistent with a molecular formula of 

1̂0̂ 14" nmr sPectrum showed absorptions at T 4.45 containing four 

protons, t 7.5 containing two protons, x 7.8 containing four protons, 

and a complex series of peaks at x 8.1 to 8.7 containing four protons. 

The structure consistent with these spectral data is 3,3'-bicyclopentyl. 

A third peak consisted of a compound with a molecular weight 

of 148. The nmr spectrum showed absorptions at x 4.4 and a complex 

series of protons between x 7.4 to 9.0. Due to the complexity of the 

peaks, an accurate integration of-the various peaks could not be made, 

but the ratio between olefinic and aliphatic protons was close to 1:3. 

The structure proposed which is consistent with the spectral data is 

3-cyclopentenylcyclohexene. 

All other photoproducts were compared with authentic compound 

and the data are given elsewhere in this report. 

Irradiation of Cyclohexene in the 
Presence of Various Aromatic Solvents 

Kropp and Krauss (1967) recently reported the formation of 

cyclobutane isomers of cyclohexene by irradiation of this olefin 
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in aromatic solvents. The specific isomers formed under these 

conditions were not reported by these authors. It was decided to 

investigate these reactions since the products might be the same 

or similar to those produced by the irradiation of cyclohexene 

in the presence of transition metal salts. It should be pointed 

out that only cyclohexenes and cycloheptenes underwent these 

reactions. 

A series of reactions was conducted using various aromatic 

solvents as sensitizers to determine what products were formed and 

the effect of triplet energy on the product ratio. 

The reactions were run under the conditions described in the 

experimental section. Table IX presents the results of the irradi

ations using cyclohexene and five aromatic compounds. The identifi

cation of the compounds was accomplished by separating the compounds 

followed by nmr and mass spectral analyses. Product identification 

was simplified since all possible isomers were previously identified 

by preparation of authentic samples. 

Examining the tabulation of results in Table IX, one notes 

several trends. Sensitizers must have triplet energies of more than 

61 kcal/mol (>78 kcal/mol according to Kropp and Krauss, 1967). In 

general, the amount of compound decreases with increasing triplet 

energy while the yield of compound ̂  decreases substantially. 

Compound remains relatively constant except for the case using 

mesitylene, while 3-cyclohexylcyclohexene increases at the expense 

of compound £ as the triplet energy decreases. Another trend noted 



TABLE IX. Results of the Irradiation of Cyclohexene in the Presence of Various Aromatic 
Solvents 

Aromatic Energy Irradiation —i /\s. 

Sensitzer ttoChr) !.JUj IjOj IJ^XJ Li-lJ 

k -W; 

Benzene 84 48 15.4 40.0 7.3 22.3 

Toluene 82 72 17.6 39.8 7.2 35.5 

Xylene 81 96 18.3 35.9 17.7 13.8 

Mesitylene 80 120 18.6 23.8 7.8 50.0 

Napthalene 61 192 0 0 0 0 

a. Neckers (1967) p. 47 

tn a> 
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is that conversion of cyclohexene to products increased as methyl 

substituents were added to the benzene nucleus. This was due in 

part to the reduced tendency of the more substituted compounds to 

form colored products which resulted in self-absorptoion of the 

incident light by the solvent. 

Attempted Ring-opening for trans 
trans, trans-1r Ley doL6.4.0 ."0^»7]~ 

dodecane Using Transition Metal SaTts 

The ring-opening reaction of the title compound (^.) was 

attempted by placing this compound in an nmr tube in carbon tetra

chloride and using either copper(I) chloride, copper(I) bromide, 

silver acetate, palladium chloride or Mscarbonyl&iaCtriphenyl-

phosphine)iridium(O). An nmr of the sample was taken immediately 

after mixing and periodically over a period of several months for 

the copper(I) chloride and silver acetate samples. 

After allowing all of the samples to stand at room temper

ature for a minimum of 30 days, the samples were placed in a constant 

temperature bath at 50° for 72 hr followed by nmr analyses. 

An indication of changes occurring in the sample was given 

by the change in the nmr spectrum of compound Ring-opening re

actions would be expected to yield olefinic products which would 

be easily detected by nmr analysis. The decrease in peak ratios 

of aliphatic protons would also indicate the occurrence of a reacxion. 

In all cases studied, changes were not detected in the 

nmr spectrum of compound under the conditions investigated. 
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Other solvents were not used due to the difficulties involved in 

obtaining nmr spectra. Perhaps deuterated solvents can be used 

as solvents to study these reactions. Polar nmr solvents such as 

trichloroacetic acid can possibly change the chemical characteristics 

of the system and were not used for this reason. Further studies of 

these ring-opening reactions would be an area of interest to be 

investigated further. 



DISCUSSION OF MONOOLEFINIC PHOTOCHEMISTRY 

The photochemistry of cyclic monoolefins has been investi

gated to determine if reactions occur in the presence of transition 

metal compounds. In those cases where reaction products formed, the 

identity of the photoproducts was undertaken. Another phase of 

the research work involved the mechanistic aspects of the reaction. 

To help elucidate this aspect of the project, photochemical reactions 

of the olefin using different metal salts, solvents and other known 

sensitizers were utilized as reported in the results section. 

The irradiation of cyclopentene, cyclohexene, 1-methyl-

cyclohexene, cycloheptene, cyclooctene and cyclodecene in the 

presence of copper(I) chloride resulted in the formation of products 

only in the case of cyclohexene and cycloheptene. The amount of 

conversion of cycloheptene to photoproducts was less than 0.1%. 

For this reason, adequate product identification was not possible. 

The irradiation of cyclohexene in the presence of copper(I) 

chloride has been shown to be a novel dimerization reaction. The 

photoreaction occurred under a variety of conditions employing 

various solvents and transition metal salts. Three cyclohexene 

dimers were identified in the reaction mixture: trans,trans Brans

on 2 7 
tricyclo[6.4.0.Q ' ]dodecane(^), ais ,trans ,trans-tricyclo[6.4.0.0 * ]-

dodecane(^), and 3-cyclohexylcyclohexeneC,^). Other products identified 

59 
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were cyclohexanol, 2,3-diethoxybutane and 3-ethoxy-2-butanol. The 

percentage of each product depends on the identity of the transition 

metal salt, solvent and wavelength of the incident light. An inspect

ion of Table V shows that the relative percentage of compound ̂  varies 

between 5% and 95%. The low percentage figure for compound ^results 

by irradiation in the presence of palladium chloride in ethyl ether. 

This system yields mostly the free radical ethyl ether dimerization 

products identified in many reactions involving ethyl ether. The 

conversion of cyclohexene to photoproducts ranged between 0.5% to 

15% depending on the conditions of the reaction. 

The presence of selected transition metal salts with cyclo

hexene is necessary for the formation of photoproducts. This obser

vation is intrepreted as an indication of the necessity of olefin-

transition metal salt complex formation. To investigate this 

assumption, ultraviolet spectra of various olefin-copper(I) chloride 

complexes were obtained. The formation of a complex would be 

indicated by a spectral shift in the absorption band of the olefin 

(Trecker et al. 1966). The appearance of absorption bands at 270 

nm and 380 to 450 nm in the ultraviolet spectrum of cyclohexene 

with added copper(I) chloride shown in Figure 5 indicates the 

formation of a complex. Similar spectral shifts for cyclopentene 

and cyclododecene in Figures 10 and 11 also indicate the formation 

of complexes for these olefins in the presence of copper(I) chloride. 

However, these two olefins did not form photoproducts. The reason 
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FIGURE 10. The Ultraviolet Spectra of (a) Cyclopentene, (b) Cyclopentene 
Plus Copper(I) Chloride. 
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FIGURE 11. The Ultraviolet Spectra of (a) Cyclododecene, (b) Cyclododecene 
Plus Copper(I) Chloride in Ethyl Ether. 
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for the failure of these and other olefins to form photoproducts 

will be considered later in the discussion. The stoichiometry and 

absorption coefficient of the olefin-copper(l) chloride complexes 

could not be determined due to the inability to isolate these labile 

complexes. 

It is of interest that only copper(I), palladium, silver and 

nickel salts yielded dimeric photoproducts, while copper(II) and 

iron(III) salts did not lead to photoproducts. Although the silver 

and nickel salts did not produce identical products, they would be 

expected, along with copper(I) and palladium, to react on the basis 

Q 
that a and d complexes can form back-bonding complexes. Transition 

5 7 9 metals with d , d , or d electronic configurations do not tend to form 

this type of complex. Accordingly, olefin transition metal complexes 

are known for the first type, but not the second type of electronic 

configuration. The results were consistent with the view that an 

organometallic complex must form in order to effect a photochemical 

reaction. 

The role of the transition metal salt is not catalytic. This 

conclusion is based on the observation that only fixed amounts of 

products were obtained from a given volume of irradiated copper(I) or 

palladium saturated cyclohexene. The yield of dimers could be 

increased by continued irradiation with excess transition metal salts 

or by periodically adding more transition metal salt. The results 

of these experiments suggest that an equilibrium exists between the 

cyclohexene-transition metal salt and the complex during irradiation, 
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but the details of the equilibrium are not known. Equations (1), (2) 

and (3) outline a suggested equilibrium sequence for the formation of 

the olefin-copper(I) chloride complex (Trecker et al. 1966). A 

green precipitate was formed during the irradiation, but this copper 

chloride species displayed no catalytic activity. 

Olefin + CuCA ^ v (CuCA) (olefin) 

(1) 

Olefin + (CuCJl) (olefin) ̂ ^ (CuC&) (olefin)^ 

(2 )  

2(CuC&) (olefin)2 ^ [(CuCfl.) (olefin)2]2 

(3) 

The stereochemistry of the cyclohexene-copper(I) chloride 

complex is not known with certainty. The sterochemistry of four-

coordinate copper species corresponding to (^) shown above would 

be tetrahedral (Cotton and Wilkinson, 1966, p. 825). Assuming 

that a tetrahedral complex exists, the stereochemistry of the 

complexes in solution may be similar to other isolated copper(I) 

chloride complexes (van de Hende and Baird, 1963). A proposed 

tetrahedral complex (^) is shown on the following page. The 

silver acetate and nickel sulfate complexes could also form 

tetrahedral complexes, but examples of this type of organometallic 

complex have not been reported. 
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' t 

ry  

PalladiumCH) is reported to form square planar complexes 

with olefins much like platinum salts. These complexes can also be 

square planar dimeric species. According to Mango and Schacht-

schneider (1971), the square planar configuration should not undergo 

an allowed [2+2] photoaddition reaction. Under photochemical condi

tions, however, the stereochemistry of this complex could distort 

to the tetrahedral form which leads to an allowed photoaddition 

reaction. 

chloride in various solvents (see Table V) show that the ratio of 

products is solvent dependent. The irradiation of neat cyclohexene 

saturated with copper(I) chloride resulted in a stereoselective 

reaction to yield product ^, but the conversion of cyclohexene to 

products was less than Q.5% for this system. The use of tetrahydro-

furan as a solvent increased the amount of product relative to other 

products, while the ratios of products obtained for the other solvents 

The results of the irradiation of cyclohexene-copper(I) 
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are similar. The reaction of cyclohexene in the presence of 

copper(l) chloride can be made more selective by choosing the proper 

solvent, i.e., neat or in tetrahydrofuran. 

The identity of the transition metal salt is also shown to 

influence the course of the reaction. Several variables seem to 

be involved in the effect of the transition metal salt on the photo

chemistry of cyclohexene. The percentages of dimers obtained using 

copper(l) chloride or bromide are similar. Palladium chloride yields 

the same products, but in different percentages. Changing over to 

silver acetate and nickel sulfate with the larger anionic moieties, 

produces 3-cyclohexylcyclohexene as the only photoproduct. These 

results are interesting since the effects may be due to either the 

cation size or the effect of the anionic moiety. A closer inspection 

of the data shows that the cations associated to halogens result in 

the cyclobutane isomers, while the silver acetate and nickel sulfate 

result in 3-cyclohexylcyclohexene. Halogen containing compounds are 

known to form bridging species (Cotton and Wilkinson, 1966, p. 883, 

1010). This ability to form dimeric complexes which place the olefinic 

units in close proximity to each other may be more of an influence 

than cation ionic radius. Although there is some effect noted for 

cation atomic diameter, as shown by the difference of product ratios, 

this does not seem to be the factor determining the formation of the 

various products identified. 

The crystal structure of the copper(I) chloride and bromide 

are known to affect the reactivity of these actions. If the copper(I) 
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salts are prepared by allowing them to stand in dilute sulfurous 

acid overnight, the resulting salt is not photochemically active, 

i.e., photoproducts do not form upon irradiation of the prepared 

system. The copper(I) salts also lose reactivity upon aging as 

noted by the decreased conversions of photoproducts using aged 

(about two months) or commercial copper(I) salts. Determination 

of the factors involved in the differences would involve X-ray 

diffraction studies and were not attempted during this study. 

However, this type of crystal structure difference may be responsible 

for the difference in photoproducts observed during the first irradi

ation yielding product ^ instead of Product ,j+ was identified in 

the reaction mixture reproducibly thereafter. 

The role of the transition metal cation was previously 

described as either a sensitizer or a template from which the reaction 

can occur (Mango and Schachtschneider, 1967; Hogeveen and Vogler, 1967) 

by mixing of olefin and metal orbitals. In this case, the reaction 

would occur while the olefinic portions were still coordinated to 

the metal in either a concerted or stepwise process, or possibly 

react via an excited olefinic species separated from the metal 

complex. In the second case, the transition metal would be acting 

as a sensitizer in a manner comparable to a sensitizer such as 

acetophenone or benzene. 

One method for synthesizing cyclobutane-containing dimers 

of cyclohexene was described by Kropp and Krauss (1967). They 
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describe the formation of the cyclobutane from highly strained 

trans-cyclohexene or from an orthagonal triplet cyclohexene species. 

Either one of these two strained entities would tend to react 

spontaneously. The aromatic sensitizer is reported to be in a 

triplet state. 

A series of reactions using cyclohexene and aromatic 

sensitizers was conducted and the products have been identified. 

Table IX presents the results of these investigations and it was 

used to help elucidate the question of the mode of reaction by 

the olefin-transition metal complex. The same products formed under 

both reaction conditions, except that compound Q formed in the presence 

of the aromatic solvents only. The ratios of products from the 

cyclohexene-aromatic compound irradiation were markedly different 

from the transition metal induced reaction. The products from the 

sensitized reactions arise from individual excited species. It is 

of interest to note that compound ^ did not form under any of the 

conditions noted. 

A comparison of the ratios of products from the copper(I) 

catalyzed and the aromatic sensitized irradiation indicates that these 

reactions occur from an excited olefinic species of similar geometry. 

However, the differences in product distribution suggests that the 

overall processes are not identical. If the excited olefinic moiety 

from the olefin-metal complex was free to react as in the aromatic 

sensitized case, similar product ratios would be expected. The fact 
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that compound ^ also forms suggests that a second factor is affecting 

the reaction. This factor is believed to be continued coordination 

of the excited olefin to the metal cation. 1-Methylcyclohexene also 

forms cyclobutane isomers when irradiated in xylene, but does not 

react in the presence of transition metal salts. This is interpreted 

as steric inhibition in complex formation by the methyl group. 

The reaction is undoubtedly influenced by the transition 

metal cation. A proposed mechanistic scheme was presented previously 

(Angel, 1970). In view of recent work, an updated qualitative reaction 

sequence to account for the product distribution obtained from the 

irradiation of cyclohexene is presented in Figure 12. It is proposed 

that the transition metal salt, e.g., copper(I) chloride and the olefin 

form a light-absorbing species (^). The complex activated by the 

incident light results in a complex capable of forming the 

dimeric species as shown in equations (8), (9) and (10). The excited 

state complex forms a sigma bond between two cyclohexene units 

followed by a stepwise, intramolecular radical process leading to the 

observed products ^ and The confirguration of the final photo-

product depends on the configuration of the hydrogens attached to the 

carbons when the initial sigma bond is formed. The major photoproduct 

(^.) forms if the hydrogens are initially trans to each other as shown 

in equation (8) followed by an intramolecular radical ring closure 

with the second two hydrogens in a trans conformation to give the 

transttrans,trans-isomer This isomer may have formed in preference 
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Figure 12. Proposed Qualitative Scheme for the Formation of 
Photoproducts from the Irradiation of Cyclohexene-
Copper(I) Chloride. 
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to the more stable trans,018 ̂rcms-isomer % due to some unspecified 

effect by the copper atom on the diradical prior to formation of the 

cyclobutane ring. Isomer ̂  may arise from the most sterically favor

able conformation at the time of ring closure. 

The formation of compound ̂  results from the ring closure of 

the diradical with the second two hydrogens in a aia relationship. 

The formation of the third photodimer % can be depicted as 

a six-center hydrogen abstraction reaction of the initial sigma 

bonded dimer as shown in equation (10). Consideration of Dreiding 

models shows that this reaction is spatially feasible. 

This proposed reaction sequence is further supported by the 

results of mixed cyclohexene-cycloolefin reactions shown in Table 

VIII. The cross products of the mixed olefins were not detected by 

glc techniques. Only the expected cyclohexene products were obtained 

with the exception of cyclopentene-cyclohexene which yielded free 

radical recombination products in addition to the cyclohexene cyclo

butane isomers. These results suggest that cyclohexene dimers ^ 

and ̂  result from an olefinic unit affected by the transition metal ion. 

A second possible reaction sequence might result by a modified 

reaction similar to the xylene sensitized reaction sequence proposed 

by Kropp and Krauss (1967). In this case, the olefin would be 

excited while part of the olefin-metal complex, but would thereafter 

separate from the cation. The cation would still exert an influence 

on the triplet olefin perhaps by ir-d orbital overlap or perhaps by 
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electrostatic attraction of a dipolar excited olefinic specie which 

would interact spontaneously with the second excited olefinic unit 

in close proximity to each other to yield compound Compound ̂  

could arise from the reaction of excited olefin with a ground state 

olefin located in the solvation shell of the complex. Compound ̂  

could form using this scheme by first forming Compound ̂  being 

highly strained would immediately ring-open to give a diradical 

species which would yield ̂  in a manner described in equation (10). 

This scheme would account for the influence of the cation on the 

product ratios but does not explain the absence of product Q in 

this product sequence. However, this scheme does have some attractive 

features which account for the observed product distributions. 

The results of the silver acetate and nickel sulfate reactions 

could be due to the formation of monomeric tetrahedral complexes. 

Possibly product ^ is dependent on the formation of £ as shown in 

equation (10) previously. The idea of ionic radius difference 

proposed previously (Angel, 1970) does not appear valid in view of 

the data obtained for various transition metal salts. 

The free radical type products observed for the reactions 

using ethyl ether could be due to a reaction between the transition 

metal salt and ethyl ether. A second possible interpretation could 

be that an excited cyclohexene molecule reacts to form a cyclohexyl 

radical by abstracting a hydrogen from ethyl ether. The coupling 

product of these two free radicals was not detected except in the 

mixed cyclopentene-cyclohexene irradiation. 
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The failure of olefins other than cyclohexene and cyclopentene 

to form photoproducts may be due to the fact that the excited cyclic 

olefins of seven carbons or larger, can deactivate by undergoing ais-

trans isomerizations in preference to dimerization reactions. Free 

radical reactions would be the preferred mode for cyclopentene. These 

observations would be compatible with those of Kropp and Krauss (1967) 

and Marshall and Carroll (1966). 

The attempted ring-opening reactions of compound using 

several transition metal salts did not result in any detectable 

reaction at the temperatures studies. It was proposed that the highly 

strained tricyclic isomer might readily ring-open under the influence 

of a transition metal salt similar to the ring-opening reaction of 

cubane. This ring-opening reaction would in effect be a reversal of 

the cycloaddition reaction. The cubane ring-opening reaction is 

postulated to occur by overlap of the strained carbon-carbon bonds 

possessiong p-character with metal d-orbitals. The resulting complex 

could then undergo the observed ring-opening reaction. 

In the present investigations, one could possibly explain 

the failure to observe ring-opening in compound to the lack of 

sufficient p-character of the strained cyclobutane unit. Compound 

is the most strained cyclobutane isomer formed in the cyclohexene 

dimerization series. Other available isomers would be less likely 

to ring-open due to less inherent strain and were not studied. 



SUMMARY OF MONOOLEFIN PHOTOCHEMISTRY 

The irradiation of cyclic monoolefins in the presence of 

transition metal salts results in reaction of only cyclohexene and 

cycloheptene. The reactions arise from an olefin-transition metal 

o 
complex excited by light with wavelengths of less than 3000 A. 

Three dimeric products formed during the irradiation of 

cyclohexene in the presence of various transition metal salts: 

2 7 trans, trans ,trans-tricyclo[6.4- .0.0 ' ]dodecane eis,trans, trans -

2 7 tricyclo[6.4.0.0 * ]dodecane^; and 3-cyclohexylcyclohexene^, were 

the major photoproducts identified. 

In the proposed reaction sequence, the observed photoproducts 

arise from a stepwise reaction involving the formation of a diradical 

species coordinated to the transition metal salt. 

Other cyclic monoolefins do not react due to other more 

favorable reaction pathways involving either ais-trans isomerizations 

or free radical reactions. 

The second proposed reaction pathway accounts for all of the 

observed photoproducts, but does not account for the absence of 

product This reaction pathway assumes attraction of the excited 

olefinic specie by the cation. Further work would be necessary to 

elucidate this reaction pathway. The reason for the absence of pro

duct ̂  would help in further consideration of this reaction pathway. 
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A major consideration of this mechanism would be to determine 

if free excited species or transition metal constrained species 

were present. Product ̂  would have to arise from a highly excited 

ground stc.te reaction in order to form an all cis-isomer. 



RESULTS OF PHOTOCHEMISTRY OF CONJUGATED DIENES 

The photochemistry of cyclic conjugated dienes and one 

example of a linear conjugated dien were investigated to deter

mine the types of products formed in the presence of transition 

metal salts. The photochemistry of cyclic conjugated olefins 

under these conditions will be compared to the photochemistry under 

other conditions such as sensitized and direct irradiations. 

The cyclic olefins used in these studies were 1,3-cyclohexa-

diene, 1,3-cycloheptadiene, 1,3-cyclooctadiene and 1,3-pentadiene. 

The transition metal salts used were copper(I) chloride, copper(I) 

bromide, anhydrous nickel chloride, silver acetate and palladium 

chloride. Other parameters investigated were the effect of solvents 

and wavelengths. Wavelength studies were conducted using 2537 % 

lamps and a Hanovia 450-W medium pressure lamp in Vycor and Pyrex tubes. 

Irradiation of 1,3-Cyclohexadiene-
coppertI) Chloride 

The preparation for irradiation of l,3-cyclohexadiene-copper(I) 

chloride was accomplished by adding an excess of copper(I) chloride 

to the olefin. The solution turned light green upon mixing. How

ever, attempts to obtain ultraviolet spectra of the complex were 

unsuccessful since the large absorbance of 1,3-cyclohexadiene required 

a large dilution to keep the absorbance peaks on scale. The absorbances 
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due to the complex were most likely obscured by the large excess of 

1,3—cyclohexadiene. Attempts to isolate the complex were not made 

due to the difficulty in obtaining this type of complex. 

The solubilities of 1,3-cyclohexadiene in copper(I) chloride 

and copper(I) bromide were found to be 0.22 and 0.11 g of metal salt 

per 100 g of olefin, respectively. Again, the solubility decreases 

when solvents are added. This was evidenced by the formation of a 

white suspension when solvents were added to metal salt saturated 

1,3-cyclohexadiene. 

Before irradiating 1,3-cyclohexadiene in the presence of 

transition metal salts, preliminary investigations were carried out 

to determine the reactions occurring in the absence of the transition 

metal salt. These included thermal reactions occurring at 50° 

(reactor temperature) and photochemical reactions in Pyrex glassware. 

Table X presents the results of these investigations. In all of 

these cases, dimeric 1,3-cyclohexadiene products did not form. The 

reactions occurring and the products formed under direct irradia

tion conditions were presented in the introduction. 

The irradiation of 1,3-cyclohexadiene in the presence of 

copper(I) chloride in ethyl ether yielded a yellowish solution. 

After removing the copper salt by filtration, the solution was con

centrated by careful distillation. Glc analysis showed that a complex 

mixture containing up to fifteen different products had resulted. 

A 20% FFAP column was finally used to effect sufficient separation 



TABLE X. Results of the Irradiation of 1,3-Cyclohexadiene and Copper(I) Chloride under 
Various Conditions 

Q 
Irradiation Conditions Conversion Per Cent Products Formed 

or Solvents a»^ per cent 123456789 10 

Direct Irradiation 0d ---------

Direct Irradiation in Pyrex 0^ ---------

Thermal Reaction, 50° 0^ ---------

Ethyl Ether6 20% 5.0 4.4 12.5 14.0 5-19 18.0 9.5 7.8 3-•8 5 

Tetrahydrofuran 15% 3.6 6.7 13.6 16.2 13.0 19.0 10.4 7.9 _d _d 

tevt-Butyl alcohol 9.4% 1.1 2.8 14.1 10.6 ' 16.0 23.7 15.7 6.6 6, .1 7 

Cyclohexane 9.5% 11.2 4.6 10.0 9.8 15.9 29.9 15.4 6.7 
_d _d 

Ethyl ether in Hanovia lamp 18% - - 31 30 4 - - - 8 4. 5 

a. Srinivasan-Griffin Irradiator unless otherwise noted. 

b. Vycor reaction vessels unless otherwise noted. 

c. See Table XI for identification of product number with chemical. 

d. No dimeric photoproducts formed. jjJ 

e. Average two runs. 
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to purify and identify ten different compounds present in major 

amounts, i.e., 5% or greater of the total mixture. These same 

products formed in varying amounts in all solvents used in these 

investigations. Most of the irradiations were done by periodically 

adding copper(I) chloride and cleaning the Vycor tubes or transferring 

the solution to clean Vycor tubes. All samples were purged using 

nitrogen gas before irradiation. Conversion of 1,3-cyclohexadiene 

to photoproducts was about 20% excluding the formation of six carbon 

ring closure products which were not analyzed. The percentages of 

some photoproducts varied from irradiation to irradiation. Table X 

presents the results of the irradiations. The structural assignments 

of the photoproducts separated were based on spectral data and 

comparison of hydrogenated photoproducts with authentic samples 

prepared by known chemical routes. 

The compounds which were separated for analysis all had 

several characteristics in common. All had molecular weights of 160 

with base peaks at m/e 80 and showed infrared absorptions at 3040-3060 

and 1590-1635 cm~^" indicating the presence of olefinic units. All 

showed absorption bands from T 3.5 and 5.3 verifying the presence of 

olefinic and vinyl protons. The ratio of olefinic, vinyl and alphatic 

protons for the various compounds analyzed helped in structural 

assignments of the various compounds. The isomers separated and 

identified will be presented in the order in which they eluted from 

a 20% FFAP 10 ft column. In many cases, the individual olefinic proton 
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ratios could not be determined due to dilute nmr samples and over

lapping olefinic peaks. In these cases, the ratios of olefinic to 

aliphatic protons was used to assign structures. 

The first photoproduct to be collected and analyzed had a 

molecular weight of 160 with other peaks at m/e 80 (base), 79, 91 

and 77. The isotopic ratio of the parent was consistent with a 

molecular formula of The sample showed infrared absorptions 

in carbon tetrachloride at 3060, 294-0, 2860, 1665, 1390, 1270 and 

1230 cm \ The nmr spectrum (Figure 13) showed a four proton 

absorption at T 3.7-4.5, an eight proton absorption at T M-.9-5.3, 

and a four proton absorption at x 7.6. The chemical shifts suggest 

the presence of vinyl groups. All absorption peaks were complicated 

multiplets and coupling constants could not be determined. Considering 

the unique proton ratios, the structure most consistant with these 

data is trans, trans,trans ,trccns ,1,2,3,4-tetravinylcyclobutane^i. 

ft 

The stereochemistry of compound ̂  was assigned on the basis that any 

other cyclobutane isomer would have isomerized on the glc column to 

divinylcyclooctadienes. Indeed, a product eluting slower than compound 

^ is believed to arise by thermal rearrangement of a vinylcyclobutane 

isomer on the glc column. 
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FIGURE 13. HA-100 MHz Nmr Spectrum of trans,trans,trans-
Tetravinylcyclobutane. 

0 1 2 3 5 7 8 9 10 t 6 

FIGURE 14. HA-100 MHz Nmr Spectrum of 3,4,5-Trivinylcyclohexene. 
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The second isomer to be isolated contained infrared absorptions 

at 3060, 3000, 2940, 2860, 1665, 1390, 1290, 1260 and 1010 cm'1. This 

indicated the presence of olefinic units. The molecular weight of the 

compound was determined by mass spectral methods to be 160 with other 

peaks at m/e 80 (base), 79, 91 and 77. The molecular formula of C12H16 

was consistent with the isotopic composition of the parent peak. The 

sample prepared for nmr analysis was too dilute to obtain acceptable 

proton integration. The nmr spectrum (Figure 14) shows proton absorptions 

at x 4.0-4.5 and x 4.9-5.3 verifying the presence of olefinic protons 

and vinyl groups. Other proton absorptions at x 7.3, 7.9 and 8.5 

were also present. Comparing the ratio of olefinic to aliphatic 

protons resulted in the structural assignment for compound 

Stereochemical assignments could not be made based on the available 

information. The amounts of photoproduct present were insufficient 

to allow collection for catalytic hydrogenation studies. 

A third compound collected was prepared in major amounts 

by irradiating with a Hanovia 450-W lamp. This compound showed 

infrared absorptions in carbon tetrachloride at 3060, 3000, 2940, 

2860, 1590, 1350, 1275, 1225 and 980 cm-1 indicating the presence 
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of olefin and aliphatic protons. The molecular weight was deter

mined by mass spectral analysis to be 160 with other peaks at m/e 80 

(base), 79, 91, 106 and 78. A molecular formula of c12Hi6 was con_ 

sistent with the isotopic ratios of the parent peak. The nmr spectrum 

(Figure 15) was complicated due to several overlapping coupling 

constants. Proton absorptions at t 3.5-4.3 (2 protons), t 4.4-4.7 

(4 protons), x 4.9-5.2 (4 protons), x 7.5 (1 proton), t 8.0 (4 protons), 

and T 8.2-8.7 (1 proton) verified the presence of olefinic protons. 

The absorptions again verify the presence of both the distinct vinyl 

protons and olefinic protons. The relative proton areas suggest the 

presence of two vinyl groups and four internal olefinic protons. 

Ultraviolet studies of this compound were inconclusive. The structure 

assigned for product is shown below. 

genation. The molecular weight of this compound was 168, compatible 

with a molecular formula ^12^24* Nmr analysis showed absorptions 

at x 8.7, 8.8 and 9.1. These data verified the presence of a cyclo-

hexyl group as this is the only structure consistent with this 

data. The structural assignment for the hydrogenated product is shown. 

Sufficient amounts of ̂  were collected for catalytic hydro-
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FIGURE 15. HA-100 MHz Nmr Spectrum of Vinyl-S-foutadienyl-
cyclohexene . 
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The structure of 16 was verified by the synthesis of this 

compound by a series of known reactions. This information is 

additional data for the structural assignment of product ^15. The 

chemical reactions are presented in the experimental section. 

The fourth compound separated from the mixture also repre

sented a major amount of the photoproducts formed using a Hanovia 

450-W lamp. This compound showed infrared absorptions in carbon 

tetrachloride at 3060, 3000, 2960, 2860, 1635, 1230 and 990 cm-1 

indicating the presence of olefinic and aliphatic groups. The 

molecular weight was determined by mass spectral analysis to be 

160 with major peaks at m/e 80 (base) 79, 91, 78 and 106. A 

molecular formula of was consistent with the isotopic ratios 
1^ lb 

of the parent peak. 

The nmr spectrum (Figure 16) was complicated by the large 

amount of peak overlap. However, integration over general spectral 

regions helped. The absorptions at x 3.5 to 4-.3 (6 H) and T 4.9 

to 5.3 verified the presence of vinyl and olefinic groups. Six 

protons each in two proton areas centered at T 7.3, 7.9 and 8.M-. 
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FIGURE 16. HA-100 MHz Nmr Spectrum of 3-Vinyl-5-butadienylcyclo-
hexene. 
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The nmr spectrum and mass spectrum of this compound were similar to 

compound ̂ . The absorptions at T 3.5 and 4.9 and the characteristic 

vinyl coupling constants verified the presence of vinyl groups. 

Sufficient amounts of this compound were collected for 

hydrogenation and spectral analysis of the hydrogenation product. 

The molecular weight of the compound was determined by mass spectral 

analysis to be 168 with a molecular formula of ̂ 2^24' These spectral 

data along with the nmr spectrum suggests the presence of a cyclohexyl 

ring. Comparison of the mass spectral data with literature data (Atlas 

of Mass Spectral Data, 1969) verifies that the hydrogenated compound was 

l-n-butyl-3-ethylcyclohexane. The other two possible isomers were 

prepared by a series of known reactions and were found not to be the 

same as the hydrogenated isomer. The hydrogenated isomer is assigned 

structure ̂ 7. 

The photoproduct can now be assigned structure ̂  with a 

high degree of confidence. 
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The stereochemical arrangement of the side chains could not be 

determined from the sepctral data. However, application of the 

Alder rule suggests that the trans-isomer is most likely. 

The next three compounds separated had very similar spectral 

data which suggested that they might be stereoisomers of one another. 

The first two compounds had infrared absorptions at 306Q, 3000, 2940, 

2860, 1600, 1390, 1265 and 1230 cm~\ suggestion the presence of 

olefinic and aliphatic protons. The infrared spectrum of the third 

compound was not obtained. The mass spectral results were also the 

same for all three compounds. The molecular weights were all 160 with 

a base peak at m/3 80 (base) and large peaks of almost equal intensity 

as the base peak at m/e 79, 91 and 78. 

The nmr spectra were also very similar but provided informa

tion which allowed the assignment of a basic structure. All compounds 

contained proton absorptions at T 3.6-4.5 and T 4.9 to 5.3 which 

verified the presence of vinyl and olefinic protons. The ratios of 

these protons verified the presence of two vinyl groups. The ratio 

of olefinic-vinyl protons to aliphatic protons suggested that these 

compounds were isomers of 5,6-divinylbicyclo[2.2,2]oct-2-ene. The 

identity of one of the three isomers could be determined by hydro-

genation of each of the three isomers followed by mixed glc studies. 

The endo- and earo-divinyl compound would yield the same compound 

while the traws-divinyl isomer would be different. Sufficient amounts 

of each of the three compounds were collected with difficulty due 



to the small amounts which were present and their tendency to poly

merize upon standing during preparative glc collections. Sufficient 

amounts were hydrogenated and glc studies were carried out. The 

first of three isomers was found to be different from the other two. 

Figure 17 shows the nmr spectrum of compound ̂  which was assigned 

the structure of £r>arte-5,6-divinylbicyclo[2.2.2]oct-2-ene. 

The structure of the other two isomers could not be assigned 

unequivocally. However, application of the Alder rule predicts that 

the formation of the exo-isomer is most favorable. The next compound 

eluted was formed in greater amounts than the third compound in this 

series and was assigned the structure endo-5-6-divinylbicyclo[2.2.2]-

oct-2-ene20. The nmr spectrum of this compound is presented in 

Figure 18. 



>—> 

1Q 1 

! FIGURE 17. HA-100 MHz Nmr Spectrum of trans-5,6}-Divinyl-
I bicyclo[2.2.2]oct-2-ene. 
! 
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FIGURE 18. HA-100 MHz Nmr Spectrum of endo-5,6-Divinyl-
bicyclo[2.2.2]oct-2-ene. 
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The final isomer in this series of three compounds must 

then be exo-5,6-divinylbicyclo[2.2.2]oct-2-ene9. Figure 19 pre

sents the nmr of compound ̂ . 

& 
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FIGURE 19. HA-100 MHz Nmr Spectrum of exo-5,6-Divinyl-
bicyclo[2.2.2]oct-2-ene. 
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Unfortunately, sufficient amounts of these three compounds 

could not be collected for hydrogenation followed by mass spectral 

analyses. A molecular weight of 166 would have verified the pre

sence of the bicyclic system. However, the developing pattern of 

Diels-Alder condensations supports these structure assignments. 

The next product in the elution series had a molecular weight 

of 160 with a molecular formula consistent with Other 

important peaks were at m/e 80 (base), 79 and 91. Infrared spectra 

of this compound were not obtained. The complex nmr spectrum 

(Figure 20) shows a one proton absorption at T 3.5-4.0, two proton 

absorptions at T 4.0 to 4.5 and at T 4.8 to 5.3. This suggests the 

presence of one vinyl group and an olefinic group. Two other broad 

absorptions at T 7.6 and T 7.8 to 8.8 containing four and seven 

protons, respectively, verified the presence of a large number of 

aliphatic protons. Considering the ratio of vinyl, olefinic and 

aliphatic protons, structure ̂  was suggested for this compound. 

The stereochemistry for this compound was not assigned. 

ft 
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FIGURE 20. HA-10Q MHz Nmr Spectrum of 6-Vinyl-
tricyclo[6.J'a2.0 ,7]decene. 
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Other structures were considered, but this structure was chosen as 

the most probable. This compound could arise from an allowed [2+2] 

cycloaddition reaction from compound 15 under photochemical conditions. 

15 
r\A, 

Transition metal 
salt 

Perhaps this transformation was also aided by the presence of the 

transition metal salt. 

The last compound present in amounts large enough to collect 

and analyze had infrared absorptions at 3060, 2940, 2860, 1635, 1400, 

1265 and 1230 cm \ again suggesting unsaturation in this molecule. 

The molecular weight determined by mass spectral analysis was 160 with 

major peaks at m/e 80 (base), 79 and 91. The molecular formula of 

^12^16 was comPa't̂ ê with the isotopic ratios of the parent peak. 

The results of the nmr analysis (Figure 21) shows a fairly simple 

spectrum. Proton absorptions at T 3.6-3.9 and T 4.0 to 4.7 con

taining eight proton absorption at T 7.8 suggested the presence of 

olefinic protons. Vinyl groups were not present due to the absence 

of proton absorptions at T 5.0. The only structure compatible with 
« 

these data is 1,3,7,9-cyclododecatetrene 23. 
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FIGURE 21. HA-100 MHz Nmr Spectrum of 1,3,7,9-Cyclodecatetrene. 
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Sufficient amounts of this compound were collected for hydro-

genation. Mass spectral results verified the expected molecular 

weight of 168 and comparison of literature data (Atlas of Mass Spectral 

Data, 1969) verified that the hydrogenated compound was cyclododecane. 

The nmr spectrum of the hydrogenated compound contained only one proton 

absorption at T 8.7 consistent with the assigned product structure. 

A volatile component which formed in significant quantities 

during the irradiation was collected in ethanol for ultraviolet 

analysis. The ultraviolet spectrum of this compound showed absorptions 

at 247.5, 255.0 and 265.0 nm. These absorption peaks verified that 

this compound was l,3,5-hexatriene24 (Hershenson, 1959). 

Qt 
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The spectral characteristics of the cie and trans-isomers are too 

similar to allow assignment of a specific isomer. It is reasonable 

to expect both isomers under these irradiation conditions. 

The tabulation of the spectral results discussed above are 

presented in Table XI. Polymer information was noted in all reactions. 

Irradiation of 1,3-Cyclohexadiene 
' ifl Various Solvents 

Ethyl ether was usually the solvent of choice in irradiating 

1,3-cyclohexadiene in the presence of various transition metal salts. 

However, it was of interest to determine the effect of various solvents 

on the photochemistry of 1,3-cyclohexadiene. Some solvent effects 

were noted for the cyclohexene-copper(I) chloride system. 

Three solvents of varying polarity were used in addition to 

ethyl ether. Table X presents the result of the irradiation in tetra-

hydrofuran, t-butyl alcohol and cyclohexane using copper(I) chloride 

as the salt of choice. Product distribution was determined by mixed 

glc analysis with a sample of known product distribution prepared in 

ethyl ether. Percentages of products were calculated by cutting and 

weighing the glc chromatograms. 

In general, product distribution did not vary greatly for 

most photoproducts. Occasionally, a product was not detected or 

detected in small amounts. This was true of product ,y.. A larger 

difference was noted in the per cent conversion of the diene to total 

photoproducts. The per cent conversion varied from 9.5% to 20%. 



TABLE XI. Mass, Nmr and Infrared Spectral Results of the Photoproducts from 1,3-Cyclo-
hexadiene Copper(I) Chloride, Copper(I) Bromide, Silver Acetate, Nickel Chloride, 
and Palladium Chloride Irradiations in Various Solvents 

Product 

to 

Mass Spectra 
Parent Molecular 
Formula Base Peak 

Nmr Infrared Remarks 

160 

C12H16 
80b 

79 
91 
77 
78 

3.7-4.5 4H(m) 
4.9-5.3 8H(m) 
7.6 4H(m) 

3060(w 
2940(s 
2860(s 
1665(m 
1390(s 

C12H16 £ 
79 
91 
77 

4.0-4.5 
4.9-5.3 
7.3 
7.9 
8.5 

3060(w 
2940(s 
2860(s 
1390(s 
1010(m 

160 

JX'Xsj, C12Hlf> 
' 80s 

79 
91 
106 
78 

3.5-4.3 2H(m) 
4.4-4.7 4H(m) 
4.9-5.2 4H(m) 
7.5 lH(m) 
8.0 4H(m) 

3060(w 
3000(w 
2940(w 
2860(m 
1590(m 

' 160 

J C12H16 
80b 

79 
91 
78 
106 

3.5-4.4 6H(m) 
4.9-5.3 4H(m) 
7.3 2H(m) 
7.9 2H(m) 
8.4 2H(m) 

3060(w 
2960(s 
2860(s 
1635(m 
990(m 

Structure assigned on the basis 
of terminal vinyl to internal 
vinyl at aliphatic proton ratios. 

Structure assigned on the basis 
of proton ratios. 

Structure assigned on the basis 
of comparison of hydrogenated 
analog with authentic sample. 

Structure assigned on the basis 
of comparison of mass spectral 
results of hydrogenated product 
with literature data. 

<o <o 



TABLE XI, Continued 

160 

C12H16 
80 
79 
91 
78 

160 

C12H16 
80b 

79 
91 

3.6-4.5 4H(m) 
5.9-5.3 4H(m) 
7.6 2H(m) 
8.0-8.8 6H(m) 

3.5-4.5 
4.9-5.3 
7.4 
8.0-8.4 
8.7 

& 

ft 

160 

C12H16 
80 
79 
91 
78 

160 

C12H16 
80 
79 
91 
141 

3.5-4.0 2H(m) 
4.4 2H(m) 
4.9-5.3 4H(m) 
7.6 2H(m) 
8.1-8.5 6H(m) 

3.5-4.0 lH(m) 
4.0-4.5 2H(m) 
4.8-5.3 2H(m) 
7.6 4H(m) 
7.8-8.8 7H(m) 

2060(w) Structure assigned on the basis 
2940(s) of vinyl-olefinic proton ratios. 
2860(m) Stereochemistry assigned on mixed 
1600(m) glc of hydrogenated analogs. 
1395(s) 

3060(w) Structure assigned on the basis 
2940(s) of vinyl-olefinic proton ratios. 
2860(w) 
1600(w) 
1390(s) 

Structure assigned on the basis 
of vinyl-olefinic proton ratios. 

Structure based on most likely 
structure, considering the ratio 
of vinyl and olefinic protons. 



TABLE XI, Continued 

160 

Cl2Hl§ 
80 
79 
91 

3.6-3.9 2H(m) 
4.0-4.7 6H(m) 
7.8 8H9m) 

3060(w) 
2940(s) 
2860(m) 
1635(m) 
1400(s) 

Identified by comparison of 
ultraviolet spectra with 
literature data 

Structure assignment tenative due to poor integration 
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The conversion of 1,3-cyclohexadiene was terminated by self-absorption 

due to a yellow color which developed during the irradiation. How

ever, complete conversion could be effected by distillation and reirradi-

ation in the presence of transition metal salts. 

Effect of Wavelength on the 
Photochemistry of 1,3-Cyclo-
hexadiene-copper(I) Chloride 

An experimental variable of significance in photochemical 

studies is the wavelength of light needed to effect a transformation. 

In these investigations the irradiation of 1,3-cyclohexadiene in 

Vycor tubes using both 2537 % light sources and a multi-wavelength 

Hanovia 450-W lamp and Pyrex tubes were used to determine which 

portions of the spectrum effected a chemical transformation. Table 

X presents the results of these investigations. The data show that 

irradiation in Pyrex does not lead to the formation of photoproducts. 

o 
Irradiation in Vycor using 2537 A and Hanovia 450-W lamps show a 

large difference in product distribution. Only three products were 

formed in greater than 8% amounts using the Hanovia 450-W lamp. The 

product distribution using the 2537 A lamps is much more extensive. 

Irradiation of 1,3-Cyclohexadiene 
in the Presence of Various 
Transition Metal Salts' 

The other major influencing factor in these studies was the 

nature of the transition metal salt. Copper(II) chloride, copper(I) 

bromide, anhydrous nickel chloride, silver acetate and palladium 
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chloride was used. Table XII presents the results of the irradiation 

of 1,3-cyclohexadiene in the presence of these salts in ethyl ether. 

Copper(II) chloride did not give rise to photoproducts under 

the irradiation conditions. This observation is the same as that 

noted for cyclohexene. 

The other transition metal salts used gave rise to the same 

products which were reported above, but in some cases, one of the 

products was not detected. The largest effect was noted in the 

product distributions for the various salts used. For example, 

product was prepared in 1.7%, 18.2%, less than 1% and 25.0% depending 

on the salt used. These trends are noted for all the irradiations. 

One can vary the product distribution to obtain one compound or 

another by irradiating in the presence of different salts. 

Another factor affected by the transition metal salt is 

the amount of conversion of the diene to the photoproducts. How

ever, the conversion could be increased by distillation followed by 

reirradiation. 

Irradiation of 1,3-Cycloheptadiene 
and 1,3-Cyclooctadiene in the" 
Presence of Copper(I) Chloride 

Samples of these two conjugated cyclic dienes were processed 

in the same manner as the 1,3-cyclohexadiene. After irradiation, glc 

analyses were obtained to determine product distributions. The 

irradiation of 1,3-cycloheptadiene resulted in only one product. 

There were no products noted at retention times expected for dimeric 



TABLE XII. Results of the Irradiation of 1,3-Cyclohexadiene and Various Transition 
Metal Salts in Ethyl Ether. 

g c 
Transition Metal Salt ' Conversion Per Cent Products Formed , 

per cent 123456789 10 

Copper(I) Chloride 0 _________ 

Copper(I) Bromide Nid® 1.7 1.8 15.3 15.5 19.6 24.8 11.7 3.2 2.9 2 
Hanovia 

Nickel Chloride 17 18.2 3.7 17.0 16.6 f 14.6 f 13.4 1.3 Nid 

Silver Acetate 10 f 4.8 7.1 7.2 6.4 17.2 9.3 9.4 2.1 7 

Pallidum(II)Chloride 5 25.0 2.9 4.7 7.5 6.4 6.0 3.1 7.3 25.7 15 

a. Srinivasan-Griffin Irradiator 

b. Vycor reaction vessels 

c. See Table XI for identification of product number with chemical structure. 

d. Some may have been lost during removal of solvent 

e. Nid (not determined) 

f. Less than 1% 
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products. The sample was collected and the nmr spectrum showed 

absorptions at T 4.0-4.1 (two protons), T 7.4- (two protons) and at 

T 8.6 (six protons). The nmr of this compound was identical to the 

literature spectrum (Chapman et al. 1962) for bicyclo[3.2.0]hept-6-ene. 

This is the expected electrocyclic ring closure product from the direct 

irradiation of this diene. 

The irradiation of 1,3-cyclooctadiene also yielded only one 

photoproduct. The nmr spectrum of this compound showed absorptions 

at T 4.05 (two protons), T 7.4 (two protons), and at T 8.6 (eight 

protons). The nmr spectrum of this compound is identical to the nmr 

spectrum (Dauben and Cargill, 1962) for bicyclo[4.2.0]oct-7-ene. 
\ 

This product was also the expected electrocyclic ring closure product. 

Irradiation of 1,3-Cyclohexadiene 
in the Presence of g-Acetonaphthone 

A sample of 1,3-cyclohexadiene was irradiated in ethyl ether 

in the presence of 8-acetonaphthone according to the procedure of 

Valentine, Turro and Hammond (1964). Three products were separated 

and identified as compounds ^ and 

These three compounds were not detected in the samples 

irradiated in the presence of transition metal salts. This was 

determined by mixed glc analysis of the two solutions. 
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Irradiation of 1,3-Pentadine in 
the Presence of Copper(I) 

'Chloride, g-Acetonapnthone and 
Direct Irradiation 

An example of the photochemistry of a linear diene was also 

investigated under several conditions cited above to determine if 

any difference in product distribution occurred. The samples were 

prepared in ethyl ether in the presence of copper(I) chloride or 
o 

8-acetonaphthone and irradiated in Vycor using 2537 A light. After 

sample concentration, comparison of glc chromatograms and mixed glc 

analyses were obtained to determine any differences in product 

distributions. 

In general, the same products were prepared in each case 

with small exceptions. Considering that over fifteen products were 

formed, the one or two product differences were not considered 

significant. The reason for the similarities may be due to the 

more rapid reaction of the direct irradiation products or possibly 
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that the same products would form regardless of the mode of reaction. 

No further studies with this system were done. 

Irradiation of 1,3-Cyclohexadiene 
' and 1,3,5-Heptatriene in the 
Presence of CopperCI) Chloride 

The two olefins cited above were combined and irradiated 

using copper(I) chloride and 2537 % light to determine if cross-

products similar to the 1,3-cyclohexadiene products would also form. 

After concentrating the same, glc analyses were performed to determine 

if dimeric type products had formed. Five products were obtained 

with retention times expected for the dimeric products. Since the 

only object of the experiment was to detect dimeric products, no 

further product identification was performed. However, the glc 

analyses did show the presence of products with the anticipated 

retention times. 



DISCUSSION OF PHOTOCHEMISTRY OF CONJUGATED DIENES 

The photochemistry of 1,3-cyclohexadiene in the presence of 

several transition metal salts has been investigated to determine 

the types of products which can be expected from these reactions. 

The photochemistry of this system will be presented and then compared 

with the photochemistry characteristics observed under direct irradi

ation and triplet sensitized conditions. A proposed qualitative scheme 

to account for the observed product distribution will also be presented. 

The most striking feature of the majority of the nmr spectra of 

photoproducts was the presence of vinyl groups. The photoproducts 

with a molecular weight of 160 were obviously dimeric products of 

the 1,3-cyclohexadiene. The only reasonable method for obtaining 

the product distribution was by a Diels-Alder condensation of 1,3,5-

hexatriene with itself or 1,3-cyclohexadiene. For this to occur, 

a preliminary ring-opening reaction must occur as presented in 

equation (11). 

hv hv 

& 

(11) 
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This reaction sequence is documented (Srinivasan, 1961). This 

reaction occurs under direct irradiation conditions to form these 

and other electrocyclic ring closure products. However, under 

these conditions, the dimeric products formed in the presence of 

copper(I) chloride are not detected. 

The reaction sequences necessary to form the observed 

photoproducts are a series of thermally allowed [4+2] Diels-Alder 

reactions and photochemically allowed [2+2] cycloadition reactions. 

It is clear, however, that the transition metal salts are 

necessary to effect the observed reactions. Without the salts, 

fragmentation and aromatic products would result. 

»It is proposed that the transition metal salts stablize 

1,3,5-hexatriene by complex formation. These complexes allow the 

triene to exist for extended periods under irradiation conditions 

as noted by the accumulation of this product. The 1,3,5-hexatriene 

can then undergo Diels-Alder reactions with each other or with 

the 1,3-cyclohexadiene in solution. The product distribution cannot 

be explained on the basis of preference of one cycloaddition reaction 

to another due to the differences noted for various transition metal 

0 
salts. However, again only those transition metal salts with d and 

electronic configurations are active in promoting the photoreactions 

This is in agreement with the observations made for the cyclohexene 

system. Thus, the electronic configuration of the transition metal 

salt is of prime importance in these type of reactions. 
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Further studies of the product distributions obtained for 

the various transition metal salts might show some bias for one pro

duct over another product. These studies along with electron density 

distribution calculations and the stereochemistry of the complex 

would yield information needed to answer some of these questions. These 

studies would be beneficial also in helping to elucidate the nature 

of these complexes (e.g., stereochemistry, complex bond strength and 

olefin configuration). Several representative reaction sequences 

leading to the observed products under the influence of the transition 

metal salts are proposed below. 

One interesting reaction sequence which leads to two observed 

products is the [2+2] cycloaddition of 1,3,5-hexatriene shown in 

equation (12). 

Compound ̂  was not identified in the reaction mixture 

but compound ̂  could have formed by two Cope rearrangements of 

^ during glc separation. 



Ill 

$ 

A second type of reaction sequence involves cycloadditions 

of 1,3,5-hexatriene from various geometric isomers: 

!S 

Qi vt 
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Two closely related products resulting from the triene 

are: 

The next series of observed products are due to the con

densation of 1,3-cyclohexadiene and 1,3,5-dexatriene in the three 

possible conformations. These reaction products also reflect 

the fact that aia-trana isomerization of the triene has occurred 

in order to yield product 
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^ ? 
VI 

Compound 22 was not identified with certainty, and its 

structure was partially based on the possibility that compound 

underwent a [2+2] ring closure reaction to yield the observed product. 
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hv 

& & 

The observed product distribution does not represent all of 

the possible products which one can expect. However, several products 

were produced in amounts too small to collect and identify and these 

compounds could possibly be the other expected products. 

these reactions. This is well illustrated by comparing the results 

of the 3-acetonaphthone irradiation with the results of the transition 

metal irradiations. The products from the two reactions are different. 

The sensitized reactions result in dimerizations of 1,3-cyclohexadienes 

by a [2+2] and a [2+M-] cycloaddition reaction while the photoreactions 

in the presence of transition metal salts occur from 1,3,5-hexatriene. 

The product distribution studies show differences, but the effect is 

probably due to the nature of the olefin-metal complex rather than 

$ny effect due to sensitization. 

also illustrate that these same type of reactions occur for this 

analogous system even though the diversity of products does not occur. 

The transition metal salt does not act as a sensitizer in 

The studies using 1,3-cyclohexadiene and 1,3,5-heptatriene 
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Thermal reactions at the temperature of the irradiations 

did not yield any detectable products. Studies by Schenck and Stein-

metz (1962) show that temperatures close to 200° are necessary to 

effect the [2+4] cycloaddition reaction of l,3,cyclohexatriene. The 

1,3,5-hexatriene also does not form under these conditions. 

The studies of the photochemistry of 1,3-cycloheptadiene 

and 1,3-cyclooctadiene in the presence of transition metal salts 

show that the expected electrocyclic ring closure products arise. 

Other possible products such as [2+2] cycloadducts do not occur under 

the conditions studied. This would tend to emphasize the fact that 

the triene is the necessary reactive intermediate in the system. 

These two olefins cannot ring-open to give a triene. Investigations 

using 1,3,5-cyclooctatriene which can ring-open to a conjugated 

tetraene would extend the studies of the 1,3-cyclohexadiene system. 

Similar results would be expected from this system. 

The studies of 1,3-pentadiene in the presence of transition 

metal salts did not produce the desired results which were hoped 

for this system. It was anticipated that the transition metal 

salt would modify the reaction such that fewer products would be 

produced, or that several products would predominate. However, 

comparison of this system using copper(I) chloride with direct 

irradiation and a sensitized reaction shows that two new products 

of unknown structure plus all the other products form' in major 
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proportions. Perhaps the use of other transition metal salts would 

produce the desired results. Some technique for eliminating unwanted 

wavelenths may result in a smaller product distribution. Equipment 

to accomplish this was not available. 



SUMMARY OF PHOTOCHEMISTRY OF CONJUGATED DIENES 

The irradiation of 1,3-cyclohexadiene in the presence of 

selected transition metal salts resulted in a new series of reactions 

not previously known for this olefin. The use of transition metal 

salts is.believed to stabilize the ring-opened product by complex 

formation followed by [2+2] or [2+4] cycloaddition reactions. In 

addition, the transition metal ion may facilitate the cycloaddition 

reactions by changing the electron density distribution in the olefin. 

A variety of olefinic compounds not previously available 

were also prepared by these photochemical reactions. These studies 

extend the scope and usefulness of photochemical systems to prepare 

compounds difficult or impossible to prepare by other methods. 

Other olefinic systems studied do not undergo dimerization 

reactions in the presence of copper(I) chloride. This is attributed 

to the inability of these dienes to undergo cycloaddition reactions 

at lower temperatures even in the presence of transition metal salts. 

The irradiation of 1,3-pentadiene in the presence of copper(I) 

chloride did not offer advantages over the direct irradiation or 

sensitized reactions. The large number of products formed makes 

this a difficult system to study. 

Cyclic conjugated dienes such as 1,3-cycloheptadiene and 

1,3-cyclooctadiene undergo the expected electrocyclic ring closure 

117 
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to yield bicyclic ring systems. These ring systems can not form 

open chain olefins. The failure of these compounds to form dimeric 

products is in accord with observation that 1,3-cycloh'exadiene did 

not form dimers with itself to yield thermal C2+2] tetracyclic 

products. 



EXPERIMENTAL 

Monoolefin Chemistry 

Mass spectrometric measurements of neat samples were determined 

with a Hitachi-Perkin-Elmer Model RMU-6E Double-focusing Mass spectro

photometer. Nuclear magnetic resonance (nmr) spectra of carbon tetra

chloride solutions were determined with a Varian HA-100, A-60 or a T-60 

Spectrophotometer using tetramethylsilane as an internal standard. 

Infrared spectra were determined with Perkin-Elmer Models 137 and 337 

Spectrophotometers using either neat or carbon tetrachloride solutions 

between silver chloride plates or sodium chloride cavity cells. Ultra

violet spectra were determined with a Cary Model 14 Spectrophotometer 

using absolute alcohol or spectral grade cyclohexane as solvents. Gas 

chromatographic separations and analyses were carried out with a Varian 

Aerograph Model 90-P using helium as a carrier gas. The chromatography 

columns used were a 5 foot 18% GE-SE-30 column, a 5 foot 20% Carbowax 

20-M column, a 5 foot 20% silver nitrate-polyglycol column, a 5 foot 

DEGS column, and a 10 foot 20% FFAP column all absorbed on a 60/80 mesh 

acid washed Chromosorb P. Melting points were determined with a Mel-

Temp capillary apparatus and are uncorrected. 

Samples were irradiated with a Srinivasan-Griffin Photochemical 

Reactor using General Electric G8T5 or Rayonet RPR-2537 % lamps (The 

Southern New England Ultraviolet Co.) and a water-jacketed Vycor immer

sion finger containing a H5Q-W medium pressure mercury arc lamp.- Vycor 

and Pyrex reaction tubes were used. 

119 
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Materials 

Mallinckrodt A.R. dry ether was used without further puri

fication. Several preliminary experiments were conducted using 

ether passed through an alumina column and stored over molecular 

sieves. Mallinckrodt A.R. tetrahydrofuran was used without further 

purification and was stored over molecular sieves prior to use. 

Mallinckrodt t-butyl alcohol was prepared by distilling from sodium 

metal and stored over molecular sieves. Matheson, Coleman and Bell 

cyclohexane was purified by refluxing over sulfuric acid until 

freshly added acid remained colorless, washed with a dilute sodium 

bicarbonate solution, dried over calcium chloride, stirred over sodium 

for two days, and finally distilled through a 3-ft Vigreux column, 

collected and stored over molecular sieves. Matheson, Coleman and 

Bell acetophenone was distilled under reduced pressure, collected 

and stored over molecular sieves. Baker acetone A.R. was used 

wihtout prior purification. Aldrich B-acetonaphthone was used as 

received. Aldrich 1,3-cyclohexadiene was distilled prior to each 

use and stored over molecular sieves. Mallinckrodt cyclohexanol 

was used as received. Matheson, Coleman and Bell reagent grade 

benzene, toluene, xylene and mesitylene were stirred over sodium 

then distilled and stored over molecular sieves. Silver acetate, 

copperC.II) chloride, nickel chloride and palladium chloride were 

dried in an oven at 100° overnight then stored in a vacuum desiccator 

prior to use. Alpha Inorganics potassium t-butoxide and Foote 
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Mineral Co., methyllithium were used as received. Matheson, Coleman 

and Bell cyclohexene was distilled from sodium and stored over 

molecular sieves. Aldrich cycloheptene and cyclooctene were 

distilled and stored over molecular sieves prior to use. Columbian 

carbon cyclododecene was used ab received. All purified solvents 

and compounds except ethyl ether, 'fc-butyl alcohol and 3-acetonaphthone 

were checked for purity by glc prior to use. 

Copper(I) Chloride 

The procedure described by Fernelius (1946) was employed. 

Copper(II) chloride (10 g, 0.074 mol) in 10 ml of water was added 

slowly to a solution of sodium sulfite (7.6 g, 0.069 mol) in 50 ml 

of water. After the copper(I) chloride had separated from solution, 

the supernate was removed and the precipitate was transferred to a 

sintered glass filter funnel, washed successively with a dilute sodiun 

sulfite solution, glacial acetic acid, absolute ethanol g,nd finally 

with six 15 ml portions of ether. After removing the ether, the 

copper(I) chloride was placed in an oven for 30 min at 110° yielding 

5.2 g of water insoluble white crystals. The copper(I) chloride 

was stored in a desiccator over calcium chloride. 

Copper(I) 3romide 

A modification of the procedure described by Fernelius (1946) 

was used. Copper(II) bromide (16.5 g, 0.074 mol) in 10 ml of water 

was added slowly to a solution of sodium sulfite (7.6 g. 0.069 mol) 
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in 50 ml of water containing 1 ml hydrobromic acid. After the copper(I) 

bromide had separated from solution, the supernatant liquid was removed 

and the precipitate was added to one liter of water. The precipitate 

was transferred to a filter funnel, washed successively with 70 ml of 

a dilute acidic (HBr) sodium sulfite solution, glacial acetic acid, 

absolute alcohol and finally with six 15 ml portions of anhydrous 

ether. After removing the ether, the copper(I) bromide was placed in 

a drying oven at 110° for 30 min. The yield of the water insoluble 

pale yellow crystals varied between 5 and 6 g. The copper(I) bromide 

was stored in a vacuum desiccator over calcium chloride. 

Cyclopentene 

Into a 500 ml round-bottomed one-necked flask containing 

a distilling head and ice-cooled condenser were placed 250 ml of 95% 

ethanol, potassium hydroxide (35 g, 0.7 mol) and cyclopentyl bromide 

(100 g, 0.66 mol). The sample was heated and the distillate containing 

cyclopentene was collected in an ice-cooled 200 ml round-bottom flask. 

The ethanol was removed by washing the sample with three 200 ml aliquots 

of cold distilled water and the cyclopentene phase was separated and 

dried over calcium chloride. The cyclopentene was filtered, distilled 

carefully and stored over sieves in a refrigerator prior to use. 

28 About 50 g of a clear liquid (nQ 1.4-225) was obtained. A sample 

analyzed by nmr verified the identity of the sample. 
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2 7 
tygne,oiQ,frrawg-Tricyclo[6.4.0.0 ' ]dodecane 

The procedure described by Valentine, Turro and Hammond 

(1964) was employed. 

Into a base-washed Vycor tube with a ground glass top was 

placed freshly distilled 1,3-cyclohexadiene (2.5 g, 0.035 mol) 2-

acetonaphthone (0.27 g, 0.0016 mol) and 16 g of research grade 

n-pentane (Phillips Petroleum Co.). The sample was purged with 

nitrogen, then irradiated for 25 hr using a 450-W Hanovia lamp. 

Analysis by glc of an aliquot of the irradiated solution showed that 

all of the starting material had been converted to products. The 

n-pentane was removed on a rotatory evaporator with a water aspirator. 

The remaining solution was separated into two fractions using a 5% 

GE-SE-30 column. The glc purified major peak was transferred to a 

microware flask containing 54.2 mg of platinum oxide in ethanol. 

The sample was hydrogenated until no further hydrogen uptake was 

noted. The ethanol was removed and the remaining oil, which contained 

two components, was separated into pure fractions, using a 5% GE-SE-30 

column. The structure of the major component was confirmed by mass 

spectral analysis (Figure 22) and by comparison of nmr (Figure 8) 

and infrared spectral data with the data reported by Valentine, Turro 

and Hammond (1964). 

1,2-Dicyclohexyl-l,2-ethanediol 

The procedure described by Barnett and Lawerence (1935) 

was employed. 
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J CtO 

m/e 
FIGURE 22. Mass Spectrum of trans^cis,trans-Tricyclo-

[6.4.0.0 ' ]dodecane. 

170 
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Into a two liter round-bottomed one-necked flask fitted with 

a magnetic stirrer and a reflux condenser were placed cyclohexanone 

(200 g, 2.05 mol),aluminum C35 g, 1.32 mol), mercuric chloride (14 g, 

0.05 mol), and 200 ml of dry benzene and the mixture was heated on 

a boiling water bath for an hour with frequent shaking. The solution 

was then refluxed for an hour after addition of 170 ml of water and 300 

ml of hot benzene. The hot mixture was filtered through a Buchner 

funnel and the filter cake washed with 300 ml of hot benzene. The 

combined filtrates were concentrated with a rotatory evaporator with 

a water aspirator. Petroleum ether (30-60°) was added and crystals 

appeared upon placing the sample in an ice bath. The crystals were 

transferred to a Buchner funnel, washed with cold petroleum ether 

and dried. The yield of pinacol melting at 128-129° was 59 g (0.3 

mol, 29%). The melting point was in agreement with that reported by 

Barnett and Lawerence (1935). The infrared spectrum was consistent 

with this structure. 

1,1'-Bicyclohexenyl 

The procedure described by Trayvelis and Hergenrother (1964) 

was used to dehydrate the pinacol prepared as described above. 

Into a 200 ml round-bottomed one-necked flask was placed 

1,2-dicyclohexyl-l,2-ethanediol (5.0 g, 0.025 mol) and dimethyl 

sulfoxide (16.4 g, 0.2 mol) and the solution was refluxed at 160-190° 

in an oil bath for 16 hr. The sample was cooled, diluted with water 

and the mixture was extracted with petroleum ether (30-60°) and the 

extract dried with calcium chloride. 
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The product was purified by column chromatography. Five 

grams of the oil were recovered after removing the petroleum ether 

by rotatory evaporation and was transferred to a chromatography 

column containing 125 g of base-washed alumina (Merck and Co.). 

After loading the sample, the column was washed with 50 ml of pentane. 

This fraction was discarded. The l,l'-bicyclohexenyl was removed 

by elution with three 100 ml Portions of pentane. The combined 

pentane fraction was dried with calcium chloride followed by 

rotatory evaporation of the pentane. The remaining yellow oil was 

transferred to a microwave flask and distilled at reduced pressure 

through a short path micro-condenser. The distillation yielded 

27 
3.2 g of l,l'-bicyclohexenyl: bp 92-93° (1.4 nm) n^ 1.5352; infra

red maxima in carbon tetrachloride at 3050, 2920, 2860, 2845, 1430, 

1310, 1240, 1130, 920 and 860 cm-̂ . The nmr spectrum in carbon 

tetrachloride showed absorptions at 4.35 (s, 2 H), 7.85 (t, 8 H, 

J=1 Hz.), 8.40 (m, 8 H, j=l Hz.); ultraviolet maxima in cyclohexane 

at 235, 240 and 248 nm; mass spectrum shows the parent peak at m/e 

162, consistent with the formula The physical constants were 

consistent with those reported by Trayvelis and Hergenrother (1964) 

and Lauber (1954). An impurity amounting to approximately 2% was 

detected by glc and further purification did not remove the contaminant. 

2 7 oi8,ois,(3is-Tricyclo[6.4.Q.0 » ]dodecane 

The procedure described by Dauben and Cargill (1962) followed 

by catalytic hydrogenation was employed for the preparation of the 

title compound. 
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Into a Pyrex tube with a ground glass top was placed 1,1'-

bicyclohexenyl (l.Q g, 0.06 mol) acetophenone (1.0 g, 0.08 mol) and 

50 g of benzene. The sample was degassed by three freeze-thaw cycles. 

The sample was irradiated with a 450-W Hanovia lamp. Aliquots were 

taken for glc analysis to follow the course of the reaction. After 

84 hr of irradiation, 50% of the l,l'-bicyclohexenyl was converted 

to its cyclobutene valence isomer. Only one photoproduct was obtained. 

The benzene was removed by rotatory evaporation and the photoproduct 

was purified by preparative glc. The glc purified photoproduct, 56.6 

mg, was transferred to a microware flask containing 16.8 mg of 

platinum oxide in ethanol previously saturated with hydrogen. The 

sample was hydrogenated until no further hydrogen uptake was noted. 

The ethanol was removed and the remaining oil was purified by glc. 

The nmr spectrum (Figure 7) confirmed the presence of four cyclobutyl 

protons at T 7.65 and the absorptions at T 8.15 containing 16 protons 

were consistent with the assigned structure. The substance was con

firmed to be a saturated tricyclic compound by mass spectral (Figure 

23) and infrared analysis. The parent peak at m/3 164- is consistent 

with the formula '-22^20 * infrared maxima in carbon tetrachloride 

were at 2930, 2860, 1460, 1125, 915 and 870 cm-1. 

Diimide Reduction of ois-Tricyclo-
[6.2.0.0^,7]dodecene-l 

The dipotassium diazodicarboxylate was prepared by the 

method of Thiele (1892). A solution containing the cis-cyclobutane 
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Cnj 

FIGURE 23. Mass Spectrum of aistais,ais-Tricyclo-
[6.4.0.0 ' ]dodecane. 
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isomer (0.70 g, 0.0043 mol) was dissolved in methanol and one ml of 

glacial acetic acid was added. The sample was purged with nitrogen, 

then dipotassium diazocarboxylate (2.5 g, 0.012 mol) was added over 

3 hr in a nitrogen atomosphere. The reaction was terminated by diluting 

the sample with water and the mixture was extracted twice with pentane. 

The organic layers were combined and dried over sodium sulfate. One 

reduction product (45%), starting material (50%) and a minor unidenti

fied product were detected by glc. The major product was purified 

by preparative glc and analyzed by infrared, nmr and mass spectral 

techniques. The sample analyses were identical to those reported 

2 7 above for eis,cistois-tricyclo[6.4.0.0 ' ]dodecane. The major product 

yielded a colorless liquid with infrared absorbances in carbon tetra

chloride at 2950, 2860, 1480, 1460, 1110 and 910 cm~^; nmr absorbances 

at T 7.8 (one proton), T 8.1 (one proton), T 8.5 (eighteen protons); 

mass spectrum, parent m/e 164, major peaks at m/e (base) 82, 67 and 

54. Mass spectral analysis indicated C12H20' 

6,6-Dibromobicyclo[3.1.0 Jhexane 

The procedure described by Sonnenberg and Winstein (1962) 

was employed. 

Into a one liter round-bottomed three-necked flask fitted 

with a reflux condenser were placed cyclopentene (20.5 g, 0.3 mol) 

bromoform (75.5 g, 0.3 mol), and 50 ml of t-butyl alcohol. The 

solution was cooled to 0-3° in an ice bath. A solution of 450 ml 

of t-butyl alcohol containing potassium t-butoxide (47 g, 0.52 mol) 
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was added slowly (50 ml per hr) and the reaction was continued one 

hr after adding the base. To this solution was added 200 ml of 

water and 350 ml of pentane. The pentane layer was decanted and 

washed with 4x500 ml of water and dried over magnesium sulfate. 

The pentane was removed using a rotatory evaporator and the 

remaining yellow liquid distilled through a micro Vigreux column 

under reduced pressure (3mm). A series of fractions collected 

between 60-64° were combined. Twenty grams of a colorless liquid 

[n^ 1.5565, (lit. n^l.5568)] was recovered. 

2 7 ois ,ois,trans-Tricyclo[6.4.0.0 ' ]dodecane 

The procedure provided by Moore and Moser (1970) for the 

2 7 
preparation of trans-tricyclo[6.4.0.0 ' ]dodecene-l was employed 

followed by catalytic hydrogenation. 

Into a 100 ml round-bottomed three-necked flask were 

placed 6,6-dibromo[3.1.0]hexane (9.6 g, 0.064 mol) and 50 ml of 

ethyl ether. A solution of 28 ml of ethyl ether containing methyl-

lithium (0.06 moles) was added slowly in an ice bath and the 

reaction allowed to continue 1 hr after adding the components. The 

solution was quenched by adding 15 ml of water. The water was 

removed and the ethyl ether was dried over sodium sulfate. After 

removing the ethyl ether by rotatory evaporation, the remaining 

oil was distilled through a short path condenser under reduced 

pressure (0.6 mm). A fraction distilling at 60-62°, which 

crystallized upon cooling, was collected. The mass spectral 
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analysis (parent m/e 160) was in agreement with Moore's data for 

2 7 trans-tricycloC6.4.0.0 ' ]dodecene-l,ll. 

Sodium was added to an anhydrous ammonia solution containing 

0.8 g of the compound prepared above until the blue color persisted. 

After allowing the blue color to persist for one hour, the solution 

was quenched with methanol and water and stirred for a half hour. 

The reduced compound was extracted from the methanol-water solution 

using pentane and ether. After drying the solution over sodium 

sulfate, the volatile solvents were removed by rotatory evaporation 

yielding a colorless oil. Glc analysis using an 18% GE-SE-30 column 

showed that only one compound was present. The oil was analyzed by 

nmr and mass spectral techniques without further purification because 

glc analysis leads to the ring-opened l,l'-bicyclohexenyl. The nmr 

and mass spectral results were identical with those reported by Moore 

and Moser (1970). 

A solution of ethanol containing 50 mg of platinum oxide and 

2 7 290 mg of irans-tricyclo[6.4.0.0 ' ]dodecene-l was hydrogenated until 

no further hydrogen uptake was noted. After the catalyst was removed, 

the compounds were detected by glc analysis using an 18% GE-SE-30 

column. A minor component was found to be l,lr-bicyclohexenyl. The 

nmr spectrum (Figure 9) of the major product has a proton absorption 

at t 7.95 and a complex ninteen proton absorption between t 8.1 and 

8.8. The mass spectral analysis (Figure 24-) shows the parent at 

m/e 164 with a molecular formula consistent with C12H20" Infrarec* 
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maxima in carbon tetrachloride at 2930, 2850, 1460, 1125 and 900 

cnf^" verify the unsaturated nature of the compound.. The combined 

spectral data agree with the assigned structure for the title 

compound. 

2 7 
Attempts to reduce trcme-tricycloC6.4.0.0. ' ]dodecene-l 

using diimide invariably resulted in failure to effect reduction. 

The reduction was attempted under a variety of conditions which 

readily reduced the cis-isomer. 

3-Cyclohexylcyclohexene 

The procedure described by Bradshaw (1966) was used to 

prepare 3,3'-bicyclohexenyl which was partially hydrogenated to 

give 3-cyclohexylcyclohexene. 

Into a 100 ml Pyrex tube was place acetone(25 g, 0.4- mol) 

and cyclohexene (25 g, 0.3 mol) and the sample was purged for 5 

min with nitrogen. The sample was irradiated with Srinivasan-

Griffin Photochemical Reactor for one week. Aliquots were taken 

periodically for glc analysis to monitor the reaction. After one 

week of irradiation, 3,3'-bicyclohexenyl represented about 35% of 

the total sample. Excess acetone and cyclohexene were removed 

by rotatory evaporation. The remaining oil contained three pro

ducts was purified by preparative glc. The glc purified product 

(110 mg) in ethanol was transferred to a microware flask containing 

2Q.Q mg of platinum oxide previously saturated with hydrogen. 

The sample was hydrogenated until one equivalent of hydrogen was 
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absorbed. The ethanol was removed by rotatory evaporation and the 

sample was separated by preparative glc. In addition to the 

starting material, 3-cyclohexylcyclohexene and bicyclohexyl were 

obtained. The structure was consistent with nmr and mass spectro

metry results (Table III). The parent peak at m/e 164 is consistent 

with the formula C12H20' Ttie ^•n;frared mass spectrometry results 

were consistent with those reported by Wakeford and Freeman"(1964) and 

Cher, Hollingsworth and Browning (1964). 

1-Cyclohexylcyclohexene 

An ethanol solution of l,l'-bicyclohexenyl (1.1 g, 0.007 mol) 

was transferred to a microware flask containing 50 mg of platinum 

oxide previously saturated with hydrogen. The sample was hydro-

genated until one equivalent of hydrogen was absorbed. The ethanol 

was removed by rotatory evaporation and the remaining oil was 

separated by preparative glc. The nmr spectrum showed absorptions 

at T 4.70 (m, 1 H), and give overlapping absorptions at T 7.87, 

8.11, 8.30, 8.45 and 8.80. The mass spectrum results showed the 

parent peak at m/3 164 which is consistent with the formula 

The infrared maxima in carbon tetrachloride were at 3030, 2950, 

2860, 1660, 1550, 1450, 1330, 1250, 1230, 990, 915, 860 and 840 

cm-̂ . The infrared spectrum was found to be identical with 

Sadtler Spectrum No. 25Q55. 
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2 7 
ti>an8 jtrccns stpccns-Tricyclo[6.^.0.0 ' jjdodacane 

This photoproduct was produced during the irradiation of 

cyclohexene in the presence of copper(I) chloride. The nmr spectrum 

(Figure 6) was previously presented. Mass spectral analyses 

(Figure 25) were also obtained for this compound. 

Irradiation of Cyclohexene with Aromatic Sensitizers 

Cyclohexene was irradiated in the presence of benzene, toluene, 

xylene, mesitylene and naphthalene, used as triplet aromatic sensi

tizers. With the exception of the naphthalene experiment which was 

conducted using 5 g of naphthalene, 20 ml of cyclohexene and 30 ml 

of ethyl ether, samples were prepared using 20 ml of cyclohexene and 

30 ml of aromatic solvent. After purging the sample with nitrogen 

gas, the irradiations were carried out in Vycor using a Hanovia 4-50-W 

medium pressure mercury arc coooled by a water-jacked Vycor immersion 

well. The temperature was maintained at 50°. The solutions were 

irradiated until no further increase in product formation was noted 

as evidenced by glc analysis. The formation of products ceased when 

internal filtering caused by conversion of the aromatic compound 

to yellow colored products became prohibitive. After irradiation, 

the photoproducts were concentrated by careful distillation of the 

starting materials, followed by glc separation of the dimeric 

photoproducts. Table IX shows the distribution of photoproducts 

and triplet energies and Table IV summarized their spectral data. 

The naphthalene-sensitized reactions were processed in a manner 

similar to the other sensitized reactions. 
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Solvent Studies 

Samples prepared to investigate the effect of solvents 

were done in a manner similar to the preparative photolyses. 

Only the cyclohexene-copper(I) chloride system and the 

1,3-cyclohexadiene-copperCl) chloride system were studied in a 

variety of solvents. 

Samples were prepared by combining 50% by volume of the 

transition metal ion saturated cyclohexene in one of the solvents 

selected for its polarity. The solvents were ethyl ether, 

tetrahydrofuran, t-butyl alcohol and cyclohexane. All the 

photolyses were done in Vycor tubes in a Srinivasan-Griffin 

Photochemical irradiator. 

Attempted Ring-opening Reactions2o^ 
trans tais,trans-Tricyclo[6.4.0.0 ' Jdodecane 

The ring-opening of the title compound was attempted using 

copper(I) chloride, copper(I) bromide, silver acetate, palladium 

chloride, and tris(triphenylphosphene)-carbonyliridium(0) in carbon 

tetrachloride. A sample of the title compound was placed in an 

nmr tube containing 30 mg of the transition metal salt. The sample 

was analyzed periodically by nmr to monitor any changes in the nmr 

spectra of the tricyclo compound. After prolonged monitoring, the 

samples were heated to 50° for 4-8 hr in an attempt to effect a 

ring-opening at elevated temperatures. 
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'Ultraviolet Spectral Determination 

The ultraviolet spectra of the olefin-copper(I) chloride 

complex were obtained by obtaining Q.l ml of the copperCI) chloride 

saturated olefin to 2.5 ml of either ethyl ether or cyclohexane. 

Further dilutions to obtain a spectrum were usually necessary. 

Upon addition of more ethyl ether, a white precipitate assumed to 

be copper(I) chloride formed so that the molar absorption coeffi

cient could not be determined. 

Mixed Cyclohexene-Monoolefin Irradiations 

Cyclohexene was irradiated in the presence of cyclopentene, 

cycloheptene and cyclooctene individually in Vycor tubes using a 

Srinivasan-Griffin irradiator. The samples were prepared by 

combining 5 g of cyclohexene with 10 of selected olefin and 1 g of 

copper(I) chloride. After allowing the olefins and transition 

metal salt to mix for 30 min, 35 g of ethyl ether was added, the 

sample was purged with nitrogen gas and irradiated. After irradi

ation, the same was processed as described under the product 

studies section. 

Procedure for Exploratory Photolyses 

Exploratory photolyses of selected components were con

ducted by irradiating small amounts of materials in 8x1/2 in. 

Vycor test tubes sealed with foil-lined stoppers. The tubes 

contained up to 10 ml of the solution to be irradiated. Exploratory 
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irradiation solutions consisted of 40% by volume of the transition 

metal ion-saturated cyclohexene in a solvent, usually diethyl ether. 

After combining the components, the samples were purged with nitrogen 

and sealed with foil-lined stoppers. The samples were irradiated 

with a Srinivasan-Griffin Photochemical Reactor. Aliquots were 

taken for glc analysis throughout the course of the reaction to 

monitor the formation of products. Samples were degassed with 

nitrogen before continued irradiation. 

Preparative Photolyses 

Preparations of large amounts of photoproducts for structure 

determinations were done using 100 ml Vycor tubes with ground glass 

joints. Preparative irradiation solutions usually consisted of 

40% by volume of the transition metal ion-saturated olefin in diethyl 

ether. 

Samples were either purged with nitrogen or degassed using 

a freeze-thaw procedure. The irradiation of cyclohexene-copper(I) 

chloride was insensitive to the method of degassing. All cyclo-

hexene-copper(I) chloride photolyses were done using the Srinivasan-

Griffin Photochemical Reactor, but the preparation of authentic 

samples corresponding to the cyclohexene-copper(I) chloride photo-

products was done with a 450-W Hanovia lamp. Aliquots for glc 

analysis were usually removed from the sample to monitor the 

course of the reaction. Samples were purged by either degassing 

technique prior to continued irradiation. 
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Thermal Reactions 

Thermal reactions for the various transition metal ion-cyclo-

hexene systems investigated were done by transferring the mixed 

components to a base-washed glass vial with a foil-lined cap. The 

samples were sealed in foil to prevent possible reaction by light. 

The samples were placed in a constant temperature bath at 48°. The 

samples were analyzed for reaction products by glc. 

Product Studies 

Solutions of various olefins and the selected transition 

metal ion salt were allowed to react until no further increase in 

photoproducts was noted. The course of the reaction was followed 

by glc. After removing the ether under reduced pressure, the 

remaining oil was centrifuged to remove the precipitated metal 

salts and extracted twice using 1 M hydrochloric acid. The remaining 

sample was separated into pure components using preparative glc with 

a 5% GE-SE-30 column. Mass, nmr and infrared spectra were obtained 

for each purified photoproduct. Mixed glc studies using both a 5% 

GE-SE-30 column and a 20% Carbowax 20-M column were done with 

authentic samples whenever available. 

2 7 
Pyrolysis of trans^trans,trans-TricycloC6.0.0 ' ]dodecane 

Thirty milligrams of the title compound was transferred 

to a thick-walled 0.25x4- in test tube, evacuated and sealed with 

an oxygen-gas flame. The encapsulated sampled was placed in a 

steel jacket, then pyrolyzed for 17 hr at 350°. The sample turned 
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yellow, but a solid formed upon cooling. The capsule was broken and 

aliquots dissolved in diethyl ether were taken by glc analysis. Mixed 

glc studies were done with GE-SE-30 and Carbowax 20-M Columns. Authen

tic cyclohexene was used to identify the pyrolysis products. 

Determination of Conversion of 
Cyclohexene to Photoproducts 

The amount of conversion of cyclohexene to photoproducts was 

determined by an internal standard tenchique or by removing the solvents 

and starting materials and weighing the combined photoproducts. The 

percentages of each photoproduct were determined by integrating each glc 

peak by cutting and weighing each glc cutout with an analytical balance. 

The internal standard technique consists of irradiation known 

amounts of reactants, followed by the addition of a known amount of some 

suitable compound which has a thermal conductivity similar to the ther

mal conductivity of the photoproducts produced. A known amount of the 

solution is analyzed by glc and the ratios of the internal standard and 

the products of interest are obtained by integrating each peak. Knowing 

the amount of internal standard present in a given aliquot taken for glc 

analysis, the amount of products can be calculated. 

Conjugated Diene Chemistry 

1,3-Cyclohexadiene 

The procedure described by Vogel (1956) was employed. Into 

a 500 ml round-bottomed one-necked flask fitted with a reflux 
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condenser were placed cyclohexene (50 g, 0.61 mol), n-bromo-

succinimide (75 g, 0.42 mol), 200 g of carbon tetrachloride and 500 

mg of benzoyl peroxide. The solution was heated to refluxing for 

6 hr after which time the sample was cooled and the succinimide 

was removed by rotatory evaporation and the remaining oil was 

separated into various fractions under reduced pressure (0.6 mm). 

24 
The fractions collected between 45-50° were combined [n^ 1.5291 

20 
(lit. n^ 1.5300)]. The purified 3-bromocyclohexene (30 g, 0.19 

mol) was placed in a 200 ml round-bottomed one-necked flask filled 

with a reflux condenser containing quinoline (125 g) and heated 

for 12 hr at 140°. After the reaction was complete, 100 ml of 

pentane was added and the excess quinoline was removed by repeated 

extractions with 2 M hydrochloric acid and water until the highly 

colored oxidized quinoline was removed. The pentane solution con

taining 1,3-cyclohexadiene was dried over sodium sulfate. After 

removing the pentane by rotatory evaporation, the remaining yellow 

oil was separated into various fractions by distillation through 

a short path condenser using a soft flame. The fraction collected 

between 74-75° was taken for further use. Mass spectral and nmr 

analysis of this fraction confirm the identity of the 1,3-cyclohexadiene. 

Glc analysis indicated that about 2% of an unknown impurity was 

present. This material was used in conjunction with commercial 

1,3-cyclohexadiene for photochemical studies. 
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l-w-Butyl-2-ethylcyclohexane 

Into a 500 ml round-bottomed three-necked flask fitted with 

a reflux condenser, a 125 ml addition funnel and a motor stirrer were 

placed ethylbenzene (50 g, 0.5 mol) and 1 g of iron powder. The 

solution was stirred vigorously and bromine (95 g, 0.6 mol) was added 

over a 30 min period. After adding the bromine, the reaction was 

continued at 75-80° for an additional 1.5 hr. The solution was 

poured with vigorous stirring into 750 ml of ice cold 10% sodium 

hydroxide. The solutions were mixed well and the two phases were 

allowed to separate before the supernatant liquid was removed. To 

the residue was added 250 ml of glacial acetic acid and the sample 

was heated to effect dissolution of any solid. After mixing thoroughly, 

the sample was cooled to 5° and the resulting supernatant liquid 

decanted. The remaining liquid was distilled through a short path 

condenser. A sample taken for mass spectral analysis analyzed for 

m/e 185 which is consistent with brominated ethylbenzene. The 

20 refractive index (n^ 1.5460) is intermediate between o- and p-

ethyUbromobenzene. No further separation of the isomers was 

attempted at this point. 

Grignard grade magnesium turnings (6.6 g, 0.28 mol) were 

placed in a 200 ml round-bottomed three-necked flask fitted with 

a 125 ml dropping funnel, a reflux condenser and a motor stirrer. 

Nitrogen was passed through the flask assembly and the flask was 

dried using a soft flame. After cooling, a 2 ml of the mixed 
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ethylbromobenzene isomers (25 g,0.14 mol) was added in 20 ml of 

anhydrous ethyl ether. After the reaction started, the remainder 

of the compound in 100 ml of ether was added at a rate sufficient 

to keep the solution refluxing. The reaction was continued for 30 

min after adding the remaining solution. To this solution was 

added butyraldehyde (10 g, 0.15 mol) at a rate to prevent foaming. 

After cooling, the solution was poured into 100 ml of dilute hydro

chloric acid. After washing the organic layer with dilute sodium 

bicarbonate solution and water, the ether solution was dried over 

sodium sulfate. After removing the ether by rotatory evaporation, 

the remaining oil was distilled under reduced pressure. An infra

red analysis of the distilled oil showed the presence of an intense 

band at 3400 cm" corresponding to the expected hydroxy1 group. 

Five grams of the product prepared above was transferred to 

a 50 ml round-bottomed one-necked microware flask containing 25 g 

of phosphoric acid. The solution was refluxed at 200° for 20 min. 

Ethyl ether was added and the organic phase was separated and washed 

several times with water and dried over calcium chloride. The ethyl 

ether was removed and the remaining oil was analyzed by glc and 

found to consist of two components present in a 3:1 ratio. The 

two components were separated using a 20% FFAP 10 ft column and 

each fraction was analyzed by mass spectral techniques. Both 

were found to have a parent ion peak at m/e 160 which is consistent 

with a formula of C12H16 assigned to the unsaturated l-(2-ethyl-

benzene)butene. 
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The minor product (150 mg) assumed to be the OTtho-Lsom&r 

was placed in a 10 ml one-necked microware flask containing 50 mg 

of platinum oxide in 5 ml of acetic acid. The sample was hydro-

genated at atmospheric pressure until no further uptake of hydrogen 

was noted. After adding 10 ml of pentane, the sample was extracted 

with water washes and dried over sodium sulfate. After removing 

the pentane, the remaining oil was analyzed by glc. The sample, 

separated using a 20% FFAP column, was found to contain two components, 

each with a parent peak of m/e 168. The two components in a 6:1 

ratio are assumed to be the cis-and trans-isomers of l-rc-butyl-2-

ethylbenzene, respectively. 

The nmr spectrum of these compounds verifies their saturated 

nature. The major product, cis-l-n-butyl-2-ethylbenzene, contains 

two complex absorptions at between t 8.5-8.9 containing 16 protons 

and at t 9.18 containing 8 protons. The mass spectrum with a parent 

m/e 168 is consistent with the formula ^22^24" Other Peâ s 

mass spectrum occur at m/e 69 (base), 55, 43, 41, 83, 112 and 139. 

Infrared maxima in carbon tetrachloride were at 2950, 2860, 1440, 

1120 and 910 cm \ The spectral information is consistent with the 

assigned structure. The minor product was collected in small amounts, 

resulting in a dilute nmr sample. A mass spectral analysis was 

also obtained. The mass spectral analysis was similar to the major 

product. The nmr spectrum showed two complex absorptions centered at 

T 8.7 and 9.Q5, but the sample was too dilute to permit integration 

of the absorption areas. 
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l-n-Butyl-4-e thylcyclohexane 

The purified major product (250 mg) obtained from the previous 

synthesis was transferred to a 10 ml one-necked microware flask con

taining 50 mg of platinum oxide and 5 ml of acetic acid. The sample 

was hydrogenated at atmospheric pressure until no further uptake of 

hydrogen was noted. After adding 10 ml of pentane, the sample was 

analyzed by glc and found to contain two closely overlapping components. 

The two components present in about a 4:1 ratio were assumed to be 

the cis-and trans-isomers of l-n-butyl-4-ethylbenzene, respectively. 

The two components were separated using preparative glc techniques 

with a 20% FFAP column. Both components had a molecular weight of 168. 

The nmr of the major component, cis-l-n-butyl-4-ethylbenzene, 

contains two complex absorptions at T 8.5-8.9 containing 16 protons 

and at T 9.15 containing 8 protons. The mass spectrum with a parent 

peak at m/e 168 is consistent with the formula Cj_2^24* ®'t̂ er Peâ s 

in the spectrum are at m/e 69(base), 55, 43, 11 and 83. Infrared 

maxima in carbon tetrachloride were at 2950, 2860, 1140, 1120 and 

905 cm~\ 

The spectral data for these two isomers is consistent with 

the structures assigned. The ois and trans isomers were assigned 

on the basis of the most favorable situation of the benzene isomer 

on the catalyst during hydrogenation. 

These same two isomers were prepared by a different series 

of reactions involving the Friedel-Crafts acylation of ethylbenzene 
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with butyryl chloride followed by direct hydrogenation of the 

ketonic product using platinum oxide in acetic acid. Two isomers 

were obtained in different ratios, but the nmr and mass spectral 

data were identical for the saturated hydrocarbon prepared by 

both methods. 

Cyclododecane 

An authentic sample of cyclododecane was prepared for 

comparison purposes by the hydrogenation of Columbia Carbon cyclo-

dodecene using platinum oxide in ethyl alcohol. After removing 

the alcohol white crystals melting at 55-56° (lit. 61-62°) were 

obtained. The nmr spectrum shows one absorption at x 8.7. The 

mass spectral results were consistent with literature data (.Atlas 

of Mass Spectral Data, 1969). 

Hydrogenation of Photoproducts 

The photoproducts arising from the irradiation of 1,3-cyclo-

hexadiene using copperCl) chloride were collected using preparative 

glc techniques. The photoproducts were hydrogenated for comparison 

of spectral data of their saturated analogs with data on authentic 

samples. 

Samples were hydrogenated by transferring the purified 

product to a 10 ml microware flask containing 50 mg of platinum 

oxide and 5 ml of ethyl alcohol. The sample was hydrogenated 

until no further uptake of hydrogen was noted. After filtering 
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the catalyst, the ethyl alcohol was removed by rotatory evaporation. 

The remaining oil containing the hydrogenated product was purified by 

glc using a 2Q% FFAP 10 ft column. Mass spectral, nmr and infrared 

analysis of the purified compounds were obtained. Table III presents 

the results of the hydrogenation of several of the photoproducts. 

Irradiation of 1,3-Cyclohexadiene 
and 1,3,5-Heptatriene 

Into a Vycor tube was placed 1 g each of 1,3-cyclohexadiene 

and 1,3,5-heptatriene, 500 mg of copper(I) chloride and the solution 

was stirred for 30 min. Ethyl ether (50 ml) was added, the sample 

was purged with nitrogen gas and then irradiated in a Srinivasan-

Griffin Photochemical Reactor. Samples were taken periodically for 

glc analysis to monitor the course of the reaction. The results of 

glc analysis using a 20% FFAP 10 ft column showed the presence of 

six compounds in two overlapping peaks. No further product analysis 

was performed. 

Irradiation of 1,3-Cycloheptadiene 
and I,3-Cyclooctadi6ne in the Presence 
of Copper(I) Chloride 

Into a Vycor tube was placed 5 g of 1,3-cycloheptadiene or 

1,3-cyclooctadiene and copper(l) chloride and the sample was 

stirred for 30 min. Sufficient ethyl ether was added to bring 

the total volume to 50 ml. The sample was purged with nitrogen 

and irradiated in a Srinivason-Griffin Photochemical Reactor. 

Aliquots were taken for glc analysis to monitor the course of 
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the reaction. After completing the reaction, the copper(.1) chloride 

was removed by filtration and the ethyl ether was removed by careful 

distillation to prevent loss of any low boiling photoproducts. The 

photoproducts were separated by preparative glc techniques using a 

20% FFAP 10 ft column. The separated photoproducts were analyzed 

by nmr and mass spectral techniques. 

1,3-Cycloheptadiene 

The general procedure described by Vogel (1956) was followed. 

Into a 500 ml round-bottomed one-necked flask fitted with a reflux 

condenser was placed cycloheptene (10 g, 0.1 mol) N-bromosuccinamide 

(20 g, 0.1 mol) 200 ml of carbon tetrachloride and about 500 mg of 

benzoyl peroxide. The sample was refluxed for 6 hr after which the 

succinimide was removed by filtration. After removing the carbon 

tetrachloride, the remaining yellow oil was distilled at reduced 

2n 
pressure (6mm) into three fractions. A 15 ml fraction (n^ 1.5332) 

was collected between 65-72° (lit. bp^ 85°). 

The fraction collected was transferred to a 200 ml round-

bottomed one-necked flask containing quinoline (100 g, 0.77 mol). 

The sample was refluxed at 150° for 12 hr. After completion of 

the reaction, 50 ml of pentane was added and the excess quinoline 

was removed by extraction with dilute hydrochloric acid and water 

until the highly colored oxidixed quinoline was removed. The 

pentane solution was dried over sodium sulfate. The pentane was 

removed by careful distillation. The remaining oil was distilled 
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at atmospheric pressure using a soft flame. The fraction boiling 

between 112-123° Clit. 120-121°; n 1̂ 1.4974, nj7,5 1.5Q07) was 

collected. Glc analysis showed that only one component was pre

sent. Mass spectral (parent m/e 94) and nmr analysis, t 4.3 (four 

protons), x 7.8 (four protons), t 8.6 (two protons), verified the 

assignment of the structure as 1,3-cycloheptadiene. 

Irradiation of 1,3-Pentadiene with 
Copper(I) Chloride 

Into a Vycor tube was placed freshly distilled 1,3-pentadiene 

(2 g, 0.03 mol), 50 mg of copper(I) chloride and the sample was 

stirred for 30 min. Ethyl ether (50 ml) was added, the sample purged 

with nitrogen and the sample irradiated in a Srinivasan-Griffin Photo

chemical Reactor. Samples were taken periodically for glc analysis 

to monitor the course of the reaction. The samples were concentrated 

by careful distillation and used for mixed injections with solutions 

of 1,3-pentadiene irradiated under other conditions. 

Direct Irradiation of 1,3-Pentadiene 

A 10% ethyl ether solution of 1,3-pentadiene was transferred 

to a Vycor tube, purged with nitrogen gas and irradiated in a 

Srinivasan-Griffin Photochemical Reactor. 

Aliquots were taken periodically for glc analysis to monitor 

the course of the reaction. 

Samples were concentrated by careful distillation and used 

for mixed injections with solutions of 1,3-pentadiene irradiated 

under other conditions. 
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Irradiation of' 1,3-P6iltadiene 
with g-Acetonaphthone 

A 10% ethyl ether solution of 1,3-pentadiene was transferred 

to a Vycor tube containing 75 mg of (3-acetonaphthone. The sample 

was purged using nitrogen gas and irradiated in a Srinivasan-Griffin 

Photochemical Reactor. Aliquots were taken for glc analysis to 

monitor the course of the reaction. 

The sample was concentrated by careful distillation and 

used for mixed injections with 1,3-pentadiene photoproducts prepared 

under other condtions. 

Thermal Reaction of 1,3-Cyclohexadiene 

A 1 ml aliquot in ethyl ether from a sample prepared for 

irradiation using copper(I) chloride was transferred to a 1 ml of 

ground-glass volumetric flask, purged with nitrogen gas, wrapped 

in aluminum foil, and placed in a Srinivasan-Griffin Photochemical 

Reactor at 50°. The sample was kept at 50° for two days. The 

sample was analyzed by glc using 20% FFAP 10 ft column to monitor 

any changes occurring in solution. The sample was then allowed to 

stand at room temperature for a week before further analysis by glc. 

Irradiation of 1,3-Cyclohexadiene in Pyrex 

Samples were prepared in the same manner as for irradiation 

in the presence of transition metal salts in Vycor. Pyrex was 

chosen for irradiation to act as a light filter for light of wave

lengths shorter than 3Q0 nm. In essence, only light with wavelengths 
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greater than 300 nm could penetrate the sample container to cause 

photochemical reaction. Aside from the use of Pyrex, the samples 

were treated in a manner identical to an irradiation carried out 

in Vycor. 

Direct Irradiation of 1,3-Cyclohexadiene 

Samples were prepared for direct irradiation by combining 

1,3-cyclohexadiene (10 g, 0.12 mol) and 50 ml of ethyl ether in 

a Vycor tube. The sample was purged with nitrogen gas and then 

irradiated in a Srinivasan-Griffin Photochemical Reactor. 

Samples were taken for glc analysis to monitor the 

course of the reaction. The sample was purged before further 

irradiation. 

Irradiation of 1,3-Cyclohexadiene 
with ft-acetonaphthone 

The procedure described by Valentine, Turro and Hammond (1964) 

2 7 under the preparation of trans tais gratis-tricyclo[6.4.0.0 ' ]dodecane 

was employed. 

After removing the solvent, the components were separated 

using an 18% GE-SE-30 10 ft column into two fractions. The samples 

were collected for nmr analysis. The nmr spectra corresponded to 

those reported by Valentine, Turro and Hammond (1964). The nmr 

spectra were used as reference spectra for comparison with the 

photoproducts from the transition metal irradiations. Samples 

of the solution of photoproducts were also used for mixed injections 



153 

with the transition metal salts to determine if any of the photo-

products were common to both reactions. 

Irradiation of 1,3-Cyclohexadiene in the 
Presence of Transition Metal Salts 

Samples for irradiation were prepared by combining 1,3-cyclo-

hexadiene (10 g, 0.12 mol) and 250 mg of a selected transition metal 

salt in a base-washed Vycor tube. The solutions were stirred for 

10 min. The same transition salts used in the irradiation of cyclic 

monoolefins were also employed. To each sample was added 50 ml of 

ethyl ether or another selected solvent. The samples were purged 

with nitrogen gas, and irradiated in a Srinivasan-Griffin Photochemical 

Reactor. The progress of the reaction was monitored by taking aliquots 

for glc analysis. The samples were purged with nitrogen gas before 

further irradiation. The irradiation of the sample was occasionally 

discontinued to add more transition metal salt or to clean the sides 

of the tube due to accumulation of salt deposits. During long 

irradiations, it became necessary to transfer the solution to a 

clean Vycor tube. 

The solution was processed by removing the transition metal 

salt by filtration, followed by extraction using dilute hydrochloric 

acid and finally evaporation of the solvent. The concentrated 

photoproducts were analyzed and separated for spectral analysis 

using a 20% FFAP 10 ft column. The photoproducts had a tendency to 

polymerize rapidly unless a free-radical inhibitor was added to 

retard this tendency. 
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