
Photochemistry of metal ion-olefinic systems

Item Type text; Dissertation-Reproduction (electronic)

Authors Wong, Ting-man, 1938-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:00:18

Link to Item http://hdl.handle.net/10150/565303

http://hdl.handle.net/10150/565303


PHOTOCHEMISTRY OF METAL ION-OLEFINIC- SYSTEMS

by

Ting-man Wong

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF CHEMISTRY

In Partial Fulfillment of the Requirements 
For the Degree of

DOCTOR OF PHILOSOPHY '

In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9 7 4



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE

I hereby recommend that this dissertation prepared under my

direction by ______TING-MAN WONG______________________________

entitled PHOTOCHEMISTRY OF METAL ION-OLEFINIC SYSTEMS

be accepted as fulfilling the dissertation requirement of the 

degree o f _________ DOCTOR OF PHILOSOPHY____________________

& Q 2 7 I U /
Dissertation

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:*

/ a - T - 7 ?

/ 2 - 6 - 7 1

/ a  / i / 7

f/tJ - f?- A i  Vxcr7"3

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination.



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library,

Brief quotations from this dissertation are allowable without 
special permission^ provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by . 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author.



TO MY PARENTS



ACKNOWLEDGMENT

The author wishes to express his appreciation and thanks to 

Dr* Lee B* Jones for his guidance and assistance in the direction of 

this research.

In addition, special thanks are given to Dr, Michael Barfield 

for his many helpful discussions*

Financial support from the National Science Foundation, General 

Electric Company, Minnesota Mining and Manufacturing Company, and The 

DuPont Company is gratefully acknowledged.



TABLE OF CONTENTS

Page

LIST OF TABLES  ........... ...................... ......... . . vii

LIST OF ILLUSTRATIONS . . . .  ...........   .viii

ABSTRACT . . .  ................... . . . . . .  .............. ix

HISTORICAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1

INTRODUCTION TO PHOTOCHEMISTRY OF CYCLIC MONOOLEFIN-TRANSITION
METAL COMPLEXES . . . . . . . . . . . . . . . . .  .......... . 7

RESULTS . . . . . . . .    . . . . . . . . . . . . . .  20

Irradiation of Substituted Cyclohexenes in the
Presence of Palladium (II) Chloride . . . . . . . . . . . .  21

Irradiation of Substituted Cyclohexenes in the
Presence of Various Transition Metal Salts . . . . . . . . .  37

DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43

EXPERIMENTAL . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49

Materials . . .  . . . . . . . . . . . . . . .  . . . . . . . . .  5 0
Copper (I) Chloride . . . . . . . . . . . . . . . . . . . . . .  50
Nickel (II) Chloride 0 ........ . . . . . . . . . . . . . . . .  51
Preparation of 15 2-Dime thyIcyclohexene 9 

ls 6-Dimethylcyclohexene'and 1-Methyl-
2-methylenecyclohexane . . . . . . . . . . . . . . . . . . .  51

■ Preparation of 1-Methylcyclohexene and
Methylenecyclohexane . . . . . . . . . . . . . . . . . . . . .  52

Irradiation of 156-Dimethylcyclohexene in the
Presence of Palladium (II) Chloride . . . . . . . . . . . .  52

Irradiation of 152-Dimethylcyclohexene and 
1-Methyl-2-methyleneeyelohexene in the
Presence of Palladium (II) Chloride , . . . . . . . . . . .  53

Irradiation of Substituted Olefins in
the Absence of Metal Salts . . . . . . . . . . . . . . . . .  53

Thermal Reactions . . . . . .  . . . . . . . . . . . . . . . .  . 54

v

' /



vi

TABLE OF CONTENTS--Continued

Page

Irradiation of Olefin-Palladium Chloride Systems
in Acidified and Non-acidified Ether Solution . .......... 54

. Photosensitization of Substituted Cyclohexenes .......... . . . 55
Investigation of the Effect of Methyl Substituents

on the Olefin-Palladium (II) Chloride Coupling . 55
Study of the Effect of the Concentration of

Solutions on the Photoconversion................. .. . . . 56
Study of the Effects of Palladium Chloride on

O'- and p-Pinene .  .......... * ..................  . . . 56
Irradiation of Exo- and Endo-cyclic Olefins in

the Presence of Copper (I) Chloride . . . . . . . . . . . . 57
Thermoreaction of Exo- and Endo-cyclic Olefins in

the Presence of Copper (I) Chloride........................57
Irradiation of Exo- and Endo-cyclic Olefins in the 

Presence of Nickel (II) Chloride and Rhodium
(III) Chloride .        . 57

Thermoreaction of Exo- and Endo-cyclic Olefins in 
the Presence of Nickel (II) Chloride and
Rhodium (III) Chloride (aq)  ...............  58

UV Spectra of Cyclohexenes and Their Complexes
with Palladium Chloride     . . . . . .  58

LIST OF REFERENCES . . . . . . . . . . . . . .  ...................  59



LIST OF TABLES

Table

1.

2.

60

7*

10.

11.

12,

Typical Values of £ for Atoms

Results of the Irradiation of Substituted Olefins 
in the Presence of Palladium (II) Chloride . . . «

Results of the Irradiation of Substituted Olefins
in the Absence of Metal Salts and Sensitizers . , «

Results of Heating of Substituted Olefins with PdClr
under Stirring in the Absence of UV Light . . . . ^

Results of Irradiation of 01efin-PdCl_ Systems in 
Acidified and Nonacidified Ethyl Ether Solutions . , . ,

Photosensitized Irradiation of Substituted Cyclohexenes

Results of the Irradiation of Cyclic Olefins in
the Presence of Palladium (II) Chloride . . . . . . . .

Irradiation of Cycloolefins in Different Concentrations 
in the Presence of Palladium (II) Chloride . . . . . . .

Results of Irradiation of and |3-Pinenes in Ethyl 
Ether Solution in the Presence of Palladium (II)
Chloride . . .. « . . . . . . . « .

Results of Irradiation of Exo- and Endo-cyclic Olefins 
in the Presence of Various Transition Metal Salts . .

Results of Heating Exo- and Endo-cyclic Olefins with 
Various Transition Metal Salts in Ethyl Ether Solution 
at 35°C under Stirring . . . . . . . . . . . . . . . .

Limiting Angle of Twist to Cycloalkene T^ States as 
Estimated from Dreiding Models . . . . . . . . . . . .

Page 

. 11

. 27

. 28

. 30

. 31

. 33

. 36

. 38

. . 39

. . 41

. . 42 

. . 46

vil



LIST OF ILLUSTRATIONS

Figure Page

1. . Diagram of X-ray Structure of ls5-Cyciooctadiene-
Copper(I) Chloride Complex  ................. » e 5

2. Typical Energy Level Diagram for an Unsaturated
Compound without Heteroatoms . . . . . . . .  .............  8

3. Potential Curve for Twisting of Ethylene . . . . . .  ........  13

4. Scheme for the Formation of Photoproducts from 
the Irradiation of l-Methylcyclohexenes and 1- 
MethyIcycloheptenes in Alcoholic Solution in
the Presence of Aromatic Sensitizers . . . . . . . . . . . .  15

5., Scheme for the Formation of Photoproducts from
the Irradiation of 2-Norbornene in Xylene-Methanol
M! 1X  t U  r e  17

6.; The Ultraviolet Spectra of (a) 1,2-Dimethyl-
j cyclohexene-PdCl^ in Ethyl Ether and (b) 1,2-
j Dime thyIcyclohexene in Ethyl Ether  ............ 22

The Ultraviolet Spectra of (a) 1-Methylcyclo- 
hexene-PdCl in Ethyl Ether and (b) 1-Methyl-
cyclohexene in Ethyl Ether . . . . . . . . . . . . . . . . .  23

The Ultraviolet Spectra of (a) Cyclohexene-PdCl^ 
in Ethyl Ether and (b) Cyelohexene in Ethyl Ether . . . . .  24

9o - Proposed Qualitative Scheme for the Formation of 
Photoproducts from the Irradiation of the 1,6- 
Dimethylcyclohexene-PdCl^ System . . . . . . . . . . . . . .  44

viii



ABSTRACT

Irradiation of l-methyIcyclohexenes in ethyl ether solution in 

the presence of palladium(II) Chloride produced corresponding exocyclic 

olefins, as well as reduction products. Studies of ultraviolet spectra, 

solvent effects and photosensitization led to the conclusion that the 

reaction most likely occurs from an electronically excited triplet state 

which is produced by the irradiation of an olefin-palladium chloride 

complex. The reduction products are produced by hydrogen abstraction 

from solvent and the exocyclic olefins are formed by double bond isomeri

zation in the excited state. The major factor causing the double bond 

rearrangement is probably that the exocyclic double bond can twist 

relatively freely to. a more stable position in the excited state while 

endocyclic double bonds in rings containing less than eight carbon atoms

would:be prohibited from twisting to that geometry by ring stain.
!

ix



HISTORICAL

The photochemistry of olefins has recently been widely mentioned 

(Turro 1967, Calvert and Pitts 1966, Billing 1966, Neckers 1967, Chapman 

1967, Swenton 1969, Woodward and Hoffmann 1970, Angel 1972)„ Photochem

ical reactions have provided many ways to yield products not easily ob

tained by thermochemical processes. The stereospecificity of photo

chemical and thermal reactions led to the consideration of orbital sym

metry as the governing factor for concerted reactions (Woodward and 

Hoffmann 1965a, 1965b, 1965c, 1970).

Photochemical reactions occur when compounds selectively absorb

photons of specific.energy. This absorbed energy then activates partic-
i

ular bonds or particular molecules (Turro 1967). The nature of the 

activation process, the electronically excited state and the resulting

conformation of the reacting molecules are usually different from those
!

in thermal processes.

Direct and sensitized irradiations are the two general ways to 

produce electronically excited states in substrate molecules. Direct 

irradiation can be used when reacting molecules absorb light of wave

length longer than 210 nm because this is the practical lower limit for 

photochemical investigation conducted in quartz or Vycor vessels. Light 

of wavelength shorter than 210 nm will be filtered out by these vessels. 

Photosensitizations require the presence of a sensitizer which will

1
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absorb the incident light to produce an electronically excited state. 

Subsequently, the excited electronic energy will be transferred from 

the sensitizer to the reactant. Various types of aromatic and ketonic 

compounds operate efficiently■as sensitizers (Turro 1967).

~A third way for inducing electronic energy or transferring energy

to reacting molecules (most frequently olefins) is to irradiate an olefin

transition metal complex. Photochemical reactions of olefin-transition 

metal complexes have been investigated concerning photoaddition reactions 

(Srinivasan 1963, 1964; Angel 1972), and stereospecific reactions 

(Arnold, Trecker and Whipple 1965, Angel 1972).

radiation of olefin-metal complexes are the three main methods of gener

ating electronically excited olefins. Each of these methods can lead 

to different modes of reactions. For example, different modes of irradi

ation of myrcene lead to different products (Liu and Hammond 1964, 

Crowley 1962).

Therefore, direct irradiation, sensitized irradiation, and ir-



Different product distributions arising from the use of sensi

tizer and the olefin-transition metal complex illustrate different 

photochemical processes (Arnold, Trecker and Whipple 1965):

+

Sensitizer, ethyl ether 
2537 %

CuCl, ethyl ether 
2537 £

Direct irradiation

exo trans exo

12%

97%

0

exo trans endo

88%

3%

0

The identity of the transition metal ion used to produce the 

complex influences the course of the photochemical reaction (Srinivasan 

1964):

X = Z

Hg sensitized, 2537 ?\ or . 
CuCl, ethyl ether, 2537 $

Rh^Cl^, ethyl ether

2537 2

z = x  

\ _
+

y
+
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The photochemical dimerization of the norbornene-transition 

metal system (Lemal and Shim 1961; Bird and Colinese 1961; Trecker5 

Foote, Henry and McKeon 1966), the photochemistry of 1,5-cyclooctadiene- 

CuCl system (Baldwin and Greeley 1965; Haller and Srinivasan 1966; 

Whitesides, Goe and Cope 1969), and the photochemical dimerization of 

cycloolefins in the presence of transition metal salts (Angel 1972) have 

been investigated in detail.

The role of the transition metal salt has been described as a 

photosensitizer or alternatively, as a template in which the metal 

orbitals combine with olefin orbitals, giving a set of occupied molecular 

orbitals of the symmetry required for an allowed reaction path. Mango 

and Schachtschneider (1967) pointed out that "certain metal systems con

taining orbital configurations of the prerequisite energy are capable of 

rendering otherwise forbidden cycloaddition reactions allowed by provid

ing a template of atomic orbitals through which electron pairs of trans

forming hydrocarbon ligands and metal systems can interchange and flow 

into the required regions of space.11 In many cases Woodward-Hoffmann 

rules were applicable to the intermediate olefin-metal complexes to allow 

stereospecific chemical processes, such as cycloadditions or ring- 

opening isomerizations, which were forbidden in the absence of transi

tion metals (Merk and Pettit 1967). However, stereospecific reactions 

may also occur in a stepwise fashion, but with specific steps occurring 

in a concerted manner, each of which follows the Woodward-Hoffmann rules 

(Traunmuller, Polansky and Heimbach 1969).
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The preparation and stereochemistry of organometallie complexes 

have been systematically discussed (Coates, Green, Powell and Wade 1968) 

X-ray studies showed the structure of 1,5-cyclooctadiene-copper (I) 

chloride as depicted in Figure 1. The bridging chloride ligands and the 

tetrahedral stereochemistry of Cu (I) are the main features of this com

plex. l,5-Octadiene-Rh2Cl2 complex and bis-ethylene-Rh2Cl2 complex have 

similar stereochemistries (van den Hende and Baird 1963, Chatt and 

Venanzi 1957, Cramer 1962).

Cu

Cl

Cl

Cu

Figure 1. Diagram of X-ray Structure of 1,5-Cyclooctadiene- 
Copper(I) Chloride Complex. -- (van den Hende and 
Baird 1963)

Complexes with silver and cobalt salts have been reported by 

Coates (1960) and Winkhaus and Wilkinson (1961).

The main reason for studying the photochemistry of olefin- 

transition metal complexes was to investigate the photochemical trans

formations occurring from weakly coordinated complexes. Most mono- 

olefin-metal complexes are not isolable and it was decided to investi

gate several cyclic non-isolable complexes.



Photochemical dimerizations of several cyclic mono-olefins and 

cyclic conjugated dienes in the presence of transition metals have been 

investigated in detail (Lemal and Shim 1961, Bird and Colinese 1961, 

Trecker and co-workers 1966, Angel 1972)„ Investigations of photo

chemical rearrangements and isomerizations of cyclic dienes have also 

been reported (Srinivasan 1964; Haller and Srinivasan 1966; Whitesides, 

Goe and Cope 1969). It is of interest to investigate the unimolecular 

photochemical transformation of cyclic monoolefins in the presence of 

selected transition metal salts. Representative d^ and d ^  transition 

metal ions were used in these investigations.



INTRODUCTION TO PHOTOCHEMISTRY OF CYCLIC 
MONOOLEFIN-TRAN SITION METAL COMPLEXES

A particular bond or functional group of a molecule can be. 

excited by absorption of a photon of light. A solute molecule in the 

presence of large volume of transparent solvent can be activated by the 

use of exciting light of proper frequency (Turro 1967).

An excited molecule A* may dissipate the excitation energy by 

any one of the three general processes:

------ >. A + hvO
A*(exclted) _radiatlonless A heat

conversion o

chemical -— — productsreaction

- !! According to the Pauli Exclusion Principle, spins of two elec

trons occupying the same orbital are paired. Therefore, the ground state 

of a molecule with electrons paired in orbitals must be a singlet. In 

the excited state two electrons are orbitally unpaired. Therefore, a 

singlet excited state or a triplet excited state may result from the 

same electronic configuration of orbitals.

A typical energy level diagram for an unsaturated compound with

out heteroatoms is represented by Figure 2.

7
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For a molecule in the state t|/̂ to absorb light of frequency v5 

two conditions must be fulfilled:

1. There must exist a state ^  of higher energy so that

~ = hv (h = Planck's constant) (1)

2. The transition moment integral 

tl^R^dr (2)

which represents the electric dipole-moment change during the transi- . 

tion, must not equal zero. The electric dipole-moment operator R 

corresponding to the observed property of light absorption has the.form

R = e%?. (3)
i 1

where r_̂ is the vector corresponding to the dipole-moment operator for

electron i.
!
I If the above two conditions are met, the probability of absorp-

2 •tion is then proportional to the magnitude of IR^I • When the transi

tion moment integral R is equal to zero, the corresponding transition is 

"forbidden" and should not occur with high"probability. When R^O, the 

corresponding transition is "allowed."

Sometimes it is possible to estimate the magnitude of R without 

explicit calculation. Selection rules indicate the conditions under 

which the transition-moment integral R ^  is equal to zero. In practice, 

incomplete molecular wave functions are used to calculate R so that the 

selection rules thereby produced are only approximate (Sandorfy 1964).

Selection rules of electronic transition involve symmetry re

quirements, overlap requirements and spin requirements. Symmetry
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requirements indicate that the transition moment is equal to zero if the 

integrand in equation (2) is an odd function. The overlap requirement 

indicates that transitions between two orbitals without large amplitudes 

of their wave functions in the same region of space are overlap forbidden 

or space forbidden. Spin requirements state that the transition in which 

the spins of the two electrons remain paired is spin allowable and that 

the transition during which the spins become unpaired is spin forbidden. 

This selection rule is more rigorous than the symmetry and overlap re

quirements.

Singlet-triplet (spin forbidden) transitions are observed, how

ever, because perturbations mix pure singlet and pure triplet states and 

permit transitions between the "impure" singlet and "impure" triplet. 

These transitions are called intercombinational transition (Turro 1967), 

These,perturbations come from spin-orbital coupling which arises from 

magnetic interactions between the orbital motion of an electron and the 

electron's spin magnetic moment (Turro 1967),

' Important contributions to the extent of mixing are related to 

the energy gap between the involved triplet and singlet states,

|E - Eg|, and the spin-orbital coupling factor, Q , which depends on the 

potential field of the nucleus. The system which has a smaller value of

]E_ - E | and a larger value of £ would possess the more probable inter- T b
combinational transitions. When the electron is in an orbital close to 

the nucleus, especially to a nucleus of high atomic number, the value of 

£ is higher, and the spin orbital coupling is more pronounced. The 

values of £ for some atoms are accurately known. Some typical values of
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£ for atoms are given in Table 1. If it is assumed that the £ value for 

a molecule is equal to the sum of the £ values for atoms in that mole- 

cules, the intercombinational transition probabilities of a molecule may 

be estimated (Turro 1967)„

Table 1, Typical Values of £ for Atoms,

Atom C (cm 1)

Carbon 28

Nitrogen 70

Oxygen 152

Fluorine 272

Chlorine 587

Bromine 2460

Iodine 5060

Tin 2097

Lead 7294

A compound containing an olefinic link often undergoes cis-trans

isomerization when it absorbs light. In the photo-excited state of

ethylene, the destabilizing effect of the electron in the tt* orbital

outweighs the bonding energy of the electron left in the tt orbital. As

a result, the ground state molecular configuration with the two Pz
orbitals parallel to form a rr-bond is no longer the most stable configu

ration. For TT,TT* excitation, the spins may be parallel to give a singlet
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configuration or antiparallel to give a triplet configuration T̂ „

According to Mu11iken and Roothaan (1947), the excited molecule in

or T- would twist approximately 90° about the C-C axis to minimize the 1
destabilizing effect from the electron in the tt*  orbital and these con

figurations are the most stable orientation (Mu11iken and Roothaan 1947, 

Potts 1955)o

Figure 3 shows the potential energy curve of ethylene as a func

tion of the twisting angle between the two atomic orbitals. According 

to Mulliken and Roothaan (1947), the molecular configuration in the 

triplet state would be actually that in the ground state with about a

90° twist. Either the orthogonal S1 or T may serve as the site of cis-1 1
trans isomerization. Figure 3 also shows that thermal isomerization is 

possible for ethylene or similar compounds. One way requires lower

energy through intersystem crossing at points a and b. If the molecule
'

remains in the singlet state, higher activation energy is required 

(Turro 1967).

I According to Burnelle (1965), Walsh (1953) and Barfield (1967),
;

the model for twisted ethylene, which consists of two CH^ groups at 

right angles to each other, seems oversimplified. Some other factors 

should be involved in the electronically excited state of ethylene 

molecule. It seems existing treatments are inadequate to say precisely 

what the excited state geometry actually is.

For cyclic olefins with ring size lower than eight, the re

striction of the ring precludes the freedom to twist, and hence photo

chemical or thermal cis-trans isomerization cannot occur. Thus 

photochemistry of cyclic olefins has other features.



/
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S

■T

So ooo

Twist Angle

Figure 3, Potential Curve for Twisting of Ethylene . 
(Mu11iken and Roothaan 1947)
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Kropp (1966, 1967, 1969) and Marshall and Carroll (1966) have re

ported the photochemistry of aromatic sensitization of cyclic alkenes.

Irradiation of 1-methylcyclohexenes or 1-methylcycloheptenes in 

alcoholic solution in the presence of aromatic sensitizers produces cor

responding exocyclic isomers and ethers, the addition products of the 

alcoholic solvents. These reactions can be generalized as shown in 

Equation (4).
,(D)

hv
;CH ) ROD (CH )

n-2 sens.  ̂n-2

n = 6,7

OR (D)

n-2
(4)

The relative composition of the products after irradiation is 

dependent on ring size of the olefin, solvent and sensitizer. Both 

ether formation and isomerization occur in lesser amounts in the absence 

of photosensitizer (Kropp and Krauss 1967, Marshall and Carroll 1966). 

Mechanistic studies have shown that, in protic media, these reactions 

probably proceed by an ionic mechanism which may be visualized in 

Figure 4.

Labeling studies have shown that the hydrogen transfer in the 

above olefinic isomerization occurs predominantly intermolecularly 

(Kropp and Krauss 1967, Kropp 1969). The hydrogen incorporated at C-2 

comes from the hydroxyl group of the alcoholic solvent.

Irradiation of 1-methylcyclopentene and 2-norbornene in alcoholic 

solvent in the presence of aromatic sensitizer produces free radical re

actions, and reduction products are also obtained.
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H

Figure 4. Scheme for the Formation of Photoproducts from 
the Irradiation of 1-Methylcyclohexenes and 1- 
Methylcycloheptenes in Alcoholic Solution in the 
Presence of Aromatic Sensitizers.
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(CH3)2C6H4 50% 23% 12%

In the irradiation of 1-methylcyclopentene in a xylene-methanol-0-d 

mixture, no detectable amount of deuterium from methanol-0-d was in

corporated in either the products or recovered 1-methylcyclopentene 

(Kropp 1969). As indicated in Figure 5, irradiation of 2-norbornene in 

xylene-methanol mixture results in four radical type products in addi

tion to the formation of the exo-trans-endo and exo-trans-exo cyclodimers. 

Analogous results were obtained in xylene-2-propanol mixtures. Hydrogens 

abstracted to produce the four radical-type products appeared to come 

predominantly from the hydrogen that was originally attached to the 

carbinol carbon of the alcohol molecule, and very little came from the 

hydrogen on the methyl group of xylene. Irradiation in a t-butyl 

alcohol-xylene mixture or in benzene solution only produced the two 

cyclic dimers because under such conditions readily abstractable hydro

gens are not available (Kropp 1969).

It was found that irradiation of 1-methylcyclohexenes or 

-heptenes in aromatic hydrocarbons in the absence of any added hydroxylic 

substance effects an isomerization of the double bond to the exocyclic 

position. During this isomerization, a hydrogen must be lost from the 

methyl group and one incorporated at C-2. Labeling studies revealed 

that the principle mode of reaction involved an intemolecular transfer



Figure 5. Scheme for the Formation of Photoproducts from
the Irradiation of 2-Norbornene in Xylene-Methanol 
Mixture.
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of hydrogeno The active species undergoes hydrogen abstraction rather 

than protonation, and the newly incorporated hydrogen may be obtained 

primarily by destruction of a portion of the olefinic material (Kropp 

1967),

Protic and aromatic hydrocarbon mixtures of exocyclic, acyclic 

and larger ring cyclic olefins which are capable of forming both orthog

onal excited states and relatively unstrained trans isomers show no 

tendency to undergo either reduction or isomerization to exocyclic 

isomerso This inertness was interpreted as related to a shorter life

time or a lower energy for the vibrationally relaxed T^ triplet in these 

cases (Kropp 1969)c It was also concluded that the availability of a 

relatively unstrained orthogonal T^ triplet and the subsequent decay to 

either a cis or trans isomer served as an efficient means of removing 

energy from the.system and precluded intermolecular proton or radical 

abstraction.

With cyclohexenes and -heptenes in protic media either the 

orthogonally oriented T^ triplet intermediate or, if formed, a highly 

strained, ground state trans-eyeloaIkene achieves relief of strain by 

rapid protonation. In aromatic hydrocarbon media, isomerization reac

tions suggest mechanistic features parallel with those of ionic behavior
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in protic media, with the exception that the reactive species undergoes 

hydrogen abstraction rather than protonation.

With cyclopentenes and norbornenes the twist of triplet 

species is restricted by ring strain. Decay can only lead to a cis 

olefin. Hence the.triplet state is sufficiently long-lived and ener

getic to participate in intermolecular processes (hydrogen abstraction 

in this case), With l-methylcyclopentene and 2-methy1-2-norbornene, it 

results in the formation of the corresponding saturated methylalkane 

accompanied by only small amount of exocyclic olefin (Kropp 1967, 1969), 

The investigation of the photochemistry of cyclohexenes in the 

presence of transition metals was initiated to determine if the reaction 

products were the same as those produced from direct irradiation or if 

the products were those of the sensitized photochemical reaction.

The effect of different transition-metal salts 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
8 10transition metals with d and d electronic configurations. Solvent 

effect will also be investigated in order to determine the reaction 

mechanism.

All photochemical reactions will be accomplished by using a 

Hanovia lamp. Thermal reactions will be carried out at the same tempera

ture as the photochemical reaction to determine if the reaction can by 

thermally induced.



RESULTS

The photochemistry of cyclic monoolefins in the presence of 

transition metal salts was investigated to determine the influence of 

transition metal salts, solvents and concentrations of solutions.

The cyclic monoolefins used for these studies were 1,2-dimethyl- 

cyclohexene, 1,6-dimethylcyclohexene, l-methyl-2-methylenecyclohexane, 

1-methylcyclohexene, cyclohexene, Q'-pinene and 3-pinene. The transition 

metal salts used were palladium (II) chloride, rhodium (III) chloride 

(aqueous), nickel (II) chloride (anhydrous) and copper (I) chloride. 

Anhydrous ethyl ether was generally used as solvent. Pentane and acidi

fied ethyl ether were also used in some cases to investigate solvent 

effects.

For simplicity in description, the following compounds will 

sometimes be represented by numbers:

20
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Irradiation of Substituted Cyclohexenes in 
the Presence of palladium (II) Chloride

When palladium (II) chloride was mixed with a liquid olefin, 

some palladium (II) chloride dissolved very slowly into the olefin by 

complexing with the olefin molecules. In ether or pentane solutions of 

olefins, palladium (II) chloride dissolved at a considerably decreased 

rate and the solubility was also lower,

A.solution of 1,2-dimethyIcyclohexene-palladium chloride complex 

was:prepared for irradiation by addition of 1,2-dimethylcyclohexene to 

palladium (II) chloride in a ratio of about 4:1, The mixture was agi

tated for a while before the addition of solvent so that the olefiir 

could complex with the metal salt. Time allowed for mixing was varied 

from three minutes to two hours without a significant influence on the 

experimental results. Figures 6, 7 and 8 show the ultraviolet spectra 

of the 1,2-dimethylcyclohexene-palladium (II) chloride complex, 1- 

methylcyclohexene-palladium (II) chloride complex and cyclohexene- 

palladium (II) chloride complex in anhydrous ethyl ether, 1,2-Dimethyl

cyclohexene, 1-methylcyclohexene and cyclohexene show no absorption 

maxima but have end absorption, while their palladium(II) chloride com

plexes cause increases in intensity, especially in the region of the 

absorption shoulder (2100-2500^,

The 1,6-dimethylcyclohexene-palladium chloride complex and the 

1-methyl-2-methylenecyclohexane-palladium chloride complex were pre

pared by a similar method.
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Figure 6. The Ultraviolet Spectra of (a) 1,2-Dimethyl-
cyclohexene-PdCl^ in Ethyl Ether and (b) 1,2-
Dimethylcyclohexene in Ethyl Ether.
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Figure 7. The Ultraviolet Spectra of (a) 1-Methyl-
cyclohexene-PdCl^ in Ethyl Ether and (b)
1-Methylcyclohexene in Ethyl Ether,
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Figure 8. The Ultraviolet Spectra of (a) Cyclohexene-
PdCl9 in Ethyl Ether and (b) Cyclohexene in
Ethyl Ether.
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Since stirring of the palladium (II) chloride solutions promotes 

thermal isomerizations which were reverse of the photoisomerizations, all 

photolyses of eyelohexenes-1ransition meta1 salt systems were carried 

out in a solution with an excess of metal salt at the bottom* A multi

wavelength Hanovia 450-W mercury arc lamp was used. The temperature in 

the photo-reactor was about 56°C, Since ethyl ether was used as solvent, 

the temperature of the reaction.mixture was about 35°C„ The photolysis 

of 1,6-dimethyIcyclohexene in the presence of palladium (II)chloride 

gave rise to four products. Three of them had shorter retention times 

on a 20% Dega column than that for 1,6-dimethyIcyclohexene, The product 

which had the shortest retention time had a molecular weight of 112 as 

determined by mass spectrometry. The nmr spectrum of this substance was 

identical with the standard spectrum of trans-1,2-dimethyIcyclohexane.

The product corresponding to the second peak in the spectrum from gas- 

liquid chromatography (glc) also had a molecular weight of 112 as de

termined by the analysis of its mass spectrum. The spectrum was very 

similar to that ov£ trans-1,2-d ime thy Icy c lohexane. Its nmr spectrum was 

identical with the standard spectrum of <cis-1,2-dime thy Icyc lohexane.

The product corresponding to the third peak in Dega glc spectrum had a 

retention time identical to that of authentic 1-methy1-2-methylene- 

eyelohexene6 Nmr studies verified that this product was l-methyl-2- 

methylenecyclohexane6 The fourth product had a longer retention time 

than that for the starting 1,6-dimethylcyclohexene. Mixed glc analyses 

using both Dega and SE-30 columns show that this retention time was 

identical with that for authentic 1,2-d ime thyIcyclohexene.



26

Photolysis of 1,2-dimethyIcyclohexene in the presence of 

palladium chloride in ethyl ether solution gave rise to only one major 

product. Nmr studies demonstrated that this product was 1-methyl-2- 

methylenecyclohexane. Mixed glc analysis on Dega and SE-30 columns 

showed that trans- and cis-l,2-dimethylcyclohexane were also formed in 

small amounts.

The exocyclic olefin, 1-methyl-2-methyleneeyelohexane, after 

coupling with palladium (II) chloride, produced only two reduction pro

ducts, i.e., cis- and trans-1,2-dime thylcyc lohexane upon irradiation in 

ethyl ether solution. These results are summarized-in Table 2.

Chemical reaction could not be detected when ether or pentane 

solutions of olefins 3, 4 and 5 were heated at refluxing temperature in 

the absence of metal salts. Irradiation of these solutions in the 

absence of metal salts and sensitizers did not produce significant 

reaction. Results are summarized in Table 3.

However, when 1-methyl-2-methylenecyclohexane was stirred with 

palladium chloride in ethyl ether solution at its refluxing temperature 

(35°) without irradiation, in addition to the production of the two re

duction products, isomerization occurred to produce 1,2-dimethylcyclo- 

hexene and 1,6-dimethylcyclohexene, which is more thermodynamically 

stable than the exocyclic olefin. At room temperature the only product 

observed was the most stable isomer, 1,2-dimethylcyclohexene. Apparently 

the reduction and isomerization of l-methyl-2-methylenecyclohexane are 

temperature-controlled. When pentane was used as solvent, only 1,2- 

dime thylcyc lohexene and 1,6-dimethylcyclohexene were formed. Reaction



Table 2. Results of the Irradiation of Substituted Olefins in the Presence of Palladium (II) 
Chloride.*

Olefin Solvent Time
(hr)

Yield %

cc a Ethyl
Ether 80 19 17 32 20 12

a Ethyl
Ether 72 4 1 28 65

b Ethyl
Ether 75 24 24 50

c Pentane 72 5 7 88

These data were calculated from glc„
aAn 0.7 gram portion of the olefin in 50 ml of anhydrous ethyl ether.
3An 0.12 gram portion of the olefin in 15 ml of anhydrous ethyl ether. 
'An 0.15 gram portion of the olefin in 30 ml of pentane.



Table 3." Results.of the Irradiation of Substituted Olefins in the Absence of Metal Salts 
and Sensitizers.* .. ......... ......

Yield %

5

99

99

94

93

Olefin Solvent Time
(hr)

Ether 75

(_/ Ether 74

\x
Ether 75

M Pentane 50

Data were calculated from glc spectra.
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was much slower than that with ethyl ether as solvent and reduction 

products were not detected byjglc* It was possible, therefore, that the 

hydrogens that were abstracted by the olefin to form reduction products 

may come from the methylene groups in an ethyl ether molecule«

When 1,2-dimethylcyclohexene and.1,6-dimethylcyclohexene were 

stirred with palladium chloride in ethyl ether solution at refluxing 

temperature without irradiation, only 4 to 6 percent of reduction 

products were obtained. These results are summarized in Table 4.

A comparison of the irradiation of the 1,2-dimethyIcyclohexene- 

PdCl^ system and l-methylcyclohexene-PdGl^ system in non-acidified ethyl 

ether solutions with those in acidified ethyl ether solutions is shown 

in Table 5. The results did not show significant differences for the 

1,2-dimethylcyclohexene-PdCl^ system in non-acidified and acidified 

ethyl ether solutions. However, for 1-methylcyclohexene, less conver

sion was found in acidified solution than in non-acidified solution. 

Products of reduction and isomerization were found in all of these cases 

and ionic products, such as the ether resulting from the addition of the 

ethoxy group of the solvent to the olefin, were not detected. These 

results would indicate that the reaction mechanism for the photolysis 

of the substituted cyclohexene-PdCl^ systems in ethyl ether solution was 

not ionic but most probably radical in nature, and the reduction products 

were obtained through the abstraction of hydrogens from methylene groups 

of ethyl ether molecules. It was. not clear how the reduction product 

(Ca. 57o) was formed when compound 5 and palladium chloride were irradi

ated in pentane solution. The newly incorporated hydrogen atoms are



Table 4. Results of Heating of Substituted Olefins with PdCl. under Stirring in the Absence 
of UV Light.*

Yield %

Olefin Solvent Time
(hr) Temperature

5 Ether 48 35 6 93

5 Pentane . 48 36 100

4 Ether . 53 35 4 96

3 Ether 48 35 2 6 18 33 41

3 Ether 48 UV Light 14 10 1 20 55

3 . Ether 65 18 23 76

. 3 Pentane 48 36 42 27 30

*Data were calculated from glc spectra.



Table 5. Results of Irradiation of Olefin-PdCl- Systems in Acidified and Nonacidified 
Ethyl Ether Solutions.*

Olefin Solvent Time
(hr)

Yield %

Others

Ether 72 23 44 22 11

Acidified 
Ether 72 21 46 27

Ether 70 47 24 28

o Acidified 
Ether 70 5 90

Data were calculated from glc spectra.
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probably produced by destruction of a portion of the olefinic material 

(Kropp 1967)9 and the reactive species for hydrogen abstraction is most 

likely an electronically excited state olefin since no reduction product 

was detected when compound 5 and palladium chloride were stirred in 

pentane in the absence of light at the same temperature*

Photosensitization of compounds 4 and 5 by toluene also gave 

rise to products 1, 2 and 3 as shown in Table 6* The formation of re- 

duction products and the absence of any products of ionic type suggest 

that the reactive species is a triplet intermediate which undergoes

hydrogen abstraction rather than protonation in the photosensitized 

reaction in ether solution.

The exocyclic olefin, compound 3, is thermodynamically less 

stable than endocyclic olefins 4 and 5 (Turner and Garner 1958),

Compound. 3 was stirred with palladium chloride in ethyl ether solution 

at refluxing7temperature, rearrangement occurred to produce isomers 4 

and 5. At room temperature (lower than 20°C) only compound 5 was formed, 

however* The activation energy for the isomerization of compound 3 to 

compound 4 is most likely higher than that for isomerization to compound

5* As a result, compound 5 is the only product formed at lower tempera

ture* Compound 5, however, isomerized to the exocyclic olefin 3, but 

not to compound 4, under photolysis conditions and, under the same con

ditions, compound 4 isomerized mostly to compound 3. A small amount of 

compound 5 was produced* This would indicate that the exocyclic olefin

3 could be more stable in the electronic excited state than the endo-

cyclic olefins 4 and 5. This would probably be the driving force for



Table 6. Photosensitized Irradiation of Substituted Cyclohexenese*

Yield %

Olefin Solvent Sensitizer Time
(hr)

& a Ether Toluene 45 7 13 79

b b Ether Toluene 8 11 34 13 37

"'Data were calculated from glc spectra*
^Irradiation was conducted using a Hanovia lamp.
^Irradiation was conducted in a Rayonet Photochemical Reactor using 2537 & low pressure 
mercury arcs*

coCO
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the isomerization of compound 5 to compound 3 but not to compound 4.

The formation of small amount of 5 in addition to the formation of larger 

amounts of 3 in the photolysis of 4- might imply that compound j> would 

be more stable than 4. The exocyclic olefin 3 isomerized to endocyclic 

olefin 4 and 5 only when the palladium (II) chloride solution was 

stirred. It is possible that the thermal isomerization occurred on the 

surface of the moving granular palladium (II) chloride.

In thermal processes, i.e., when endocyclic olefins were stirred 

with palladium (II) chloride in ether solution, cis-1,2-dimethylcyclo- 

hexane was the major reduction production. The formation of trans-1,2- 

dimethylcyclohexane became significant only in the irradiation of sub

stituted endocyclic olefins 4 and 5, or in the thermal process when the 

exocyclic olefin 3 was stirred with palladium chloride to form endo

cyclic isomers. These would lead to the point that the transition 

structures 9 and 10

9 10

might be the reactive species or precursors to form the trans and cis 

reduction products with approximately equal opportunities and to isomer- 

ize to other olefins. In some cases, the cis isomer was the major
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product over the trans form. This may be due to a concerted reduction 

of the olefinic-metal complexes

in which the metal atoms should be always situated on the other side of 

the two methyl groups.

Results of the irradiation of cyclohexene, 1-methylcyclohexene 

and 1,2-dimethylcyclohexene, which are coupled with palladium chloride 

in ethyl ether solution, are shown in Table 7. It appeared that cyclo

hexene had the highest conversion while 1,2-dimethylcyclohexene had the 

lowest when they were irradiated under the same conditions. It seems 

that the steric effect of the substituted methyl groups prevents effec

tive coupling with palladium chloride.

It was determined that the photoreaction occurred in the liquid 

phase of the solution. When UV light was focused only on the upper part 

of the solution rather than on the lower part of the solution where the 

palladium chloride settled, the photo-reaction still occurred. When the 

time of irradiation was lengthened, the proportion of the reduction 

products became larger. In addition, it was also found that the concen

tration of the olefinic solution also affects the total conversion and 

the proportion of products in photolysis. With the 2,6-dimethylcyclo

hexene-pa] ladium chloride system in ethyl ether solution, the proportion 

of reduction products was larger when the solution was more diluted.



Table 7. Results of the Irradiation of Cyclic Olefins in the Presence of Palladium (II) 
Chloride.* __:—

Olefin

Yield %

(hr) O  O Others

o Ether 72 44 28 28

6 Ether 72 29 24 46

E then 72 13 34 53

All samples were prepared in the same concentration.
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Without mechanical stirring, the more concentrated solution gave lower 

total percentage-conversion. The same result was obtained for 1,2- 

dimethyIcyclohexene„ These results are shown as in Table 8,

When the UV lamp was abnormally dim, or when the water-cooled 

Vycor immersion well accumulated precipitates, the photo-conversion and 

the proportion of exocyclo-olefinic products became low and the cis re

duction product became the only major product*

In order to obtain exocyclic olefins by irradiation of corre

sponding substituted endocyclic olefins, it seems necessary to allow the 

olefin contact with palladium (II) chloride before the addition of the 

solvent*

In contrast, cv- and (3-pinenes appeared to be inert when under

going irradiation in ethyl ether solution in the presence of palladium 

chloridee There was no detectable formation of a photodimer or of any 

ionic- or radical-type addition products, and no photoisomers was 

detected in this system* p-Pinene isomerized to form cr-pinene when being 

stirred with palladium chloride in ethyl ether solution* But this 

isomerization was relatively slow in comparison to that observed for 

compound 3. Probably steric effects in. O'- and g-pinene molecules pre- 

vent an effective coupling with palladium chloride. The results are 

given in . Table: 9,. .

Irradiation of Substituted Gyclohexenes in the 
Presence of Various Transition Metal Salts

The irradiation of 152-dimethyleyelohexene5 1,6-dimeihylcyclo-

.-hexane and 1-methy 1-2-methylenecyclohexane in the presence of copper (I)



Table 8.- Irradiation of Cycloolefins in Different Concentrations in the Presence of 
. Palladium (II) Chloride. ____

Yield 7,

Olefin Solvent Concentration

4 Ether a 2 2 20 57 19

4 Ether. b 10 10 25 42 11

4 Ether c 24 33 18 18 5

£ Ether* a d 31 trace trace 67

Ether* b d 39 trace trace 59

; 5 ; Ether* c d . 54 trace trace 44

The olifin was dissolved in ether then PdCl_ was added,, and the lamp was dim some time.
3. ' ' ' ■ • "An 0.2 ml portion of the olefin was mixed with PdClg then 20 ml of dry ether was added.
^An 0.1 ml portion of the olefin was mixed with PdCl. then 20 ml of dry ether was added, 
cAn 0,05 ml portion of the olefin was mixed with PdCl then 20 ml of dry ether was added.
dThe peak, of this compound was overlapped by the peak of the solvent in glc.

Lo00



Table 9. Results of Irradiation of a - and g-Pinenes in Ethyl Ether Solution in the Presence 
of Palladium (II) Chloride.

Yield %

Olefin Conditions Temperature Time
(hr)

UV, stirring 35° 48 85 15

UV, still 35° 72 100

UV, still 35° 72 100

Dark, stirring 35° 48 100

w
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chloride9 nickel chloride and rhodium (III) chloride was conducted in 

ethyl ether to determine the effect of other transition metal ions on 

the photo-reaction. Table 10 presents the results with these olefins in 

the presence of"these'transition-metal salts. The results of correspond

ing thermal processes under the same conditions except in the absence 

of UV light are presented in Table 11 for comparison. Irradiation of 

these olefins with copper (I), chloride and nickel (II) chloride gave rise 

only to reduction products. Rhodium (III) chloride exhibited good 

ability to catalyze the exocyclic olefin to its endocyclic isomers 

thermally; it also favored the production of reduction products under 

irradiation.



Table 10, Results of Irradiation'of Exo- and Endp-cyclic Olefins in the Presence of
Various Transition Metal Salts.

Solvent SaltsOlefin

.3 Ether CuCl 48 3 20 77

4 Ether CuCl 48 5 93

5/’V Ether CuCl 49 5 93

3 Ether NiCl2 48 12 31 44

3 Pentane NiCl2 64 100

4 Ether NiCl2 61 6 92

5 Ether NiCl2 74 trace 10 trace 88

3 Ether RhCl
(aq)

50 3 22 2 25 48

4 Ether RhCl
(aq)

66 trace 20 2 72 4

5 Ether RhCl
(aq)J

66 4 33 7 y 2 53



Table 11« Results of Heating Exo- and Endo-cyclic Olefins with Various Transition Metal
Salts in Ethyl Ether Solution at 35°C under Stirring.

Yield %
TimeOlefin

I  2 3 4 5

3 CuCl 52 100

4 CuCl 48 100

5 CuCl 49 100

3 ' NiCl 48 7 31 62

4 NiCl 61 100

5 NiCl 74 trace 99

3 RhCl3(aq) 50 trace 5 1 32 61

4 RhCl3(aq) 75 trace 92 7

5 . RhCl3(aq) 75 trace 7 92



DISCUSSION

As described in the Results section, cyclic olefins, when coupled 

with palladium chloride in ethyl ether solution, undergo reductive re

actions via hydrogen abstraction. The reactive species could be radicals 

in the ground state or in an electronically excited state. With 1- 

methyIcyclohexene and its derivatives after coupling with palladium 

chloride, corresponding exocyclic olefins were formed under irradiation 

conditions.

As for the mechanistic picture, from the foregoing data a radical 

mechanism is outlined in Figure 9 for the irradiation of the 136- 

dime thy Icyc lohexene -palladium (II) chloride system. The irradiation of

1,2-dimethylcyclohexene-palladium (II) chloride could be explained by a 

similar scheme except the reaction did not show apparent isomerization 

to 1,6-dime thyIcyclohexene.

1-Methylsubstituted endocyclic olefins with five- six- and seven- 

membered rings underwent isomerization to give corresponding exocyclic 

olefins upon photosensitization by aromatic compounds (Kropp 1967). 

Similar isomerization appeared in the 1-methylcyclohexene-palladium (II) 

chloride system upon Irradiation as discussed above. The driving force 

for • such isonierizatlons could be that the electronic excited states of 

: the exocyc11e ole fins are more stable than those of the corresponding, 

endocyclic olefinss It was pointed cut that severe repulsion between

43



44

PdCl

  Pd - -

.-PdCl,

\
.Pd

hv
-PdCl,

\/

\ -H

* A h

+ 2H 
- PdCl,

xk
X y

+H

V

W
Figure 9, Proposed Qualitative Scheme for the Formation 

of Photoproducts from the irradiation of the 
1,6-Dimethylcyclohexene-PdCl^ System.
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the electrons occupying the rr and tt* olefin resulted in a preferred 

orthogonal conformation for the excited state (Mu11iken and Roothaan 

1947, Potts 1955). Although acyclic and larger ring cyclic olefins are 

relatively free to assume an orthogonal triplet geometry, small ring 

cyclic olefins have severe restrictions on the freedom to twist.

Examination of Dreiding models shows that cycloheptene has two 

extreme conformations, a boat form and a chair form. As outlined in 

Table 12, these two forms have different limiting angles of twist along

ChairBoat

2the axis of the two sp carbons. According to Mulliken and Roothaan 

(1947), the twist angle of state in ethylene should be in the vicinity 

of 90°. This conformation can be reached by chair-form cycloheptene, 

cyclooctene and its higher homologs, but such large distortions should 

be prohibitive for boat-formed cycloheptene, cyclohexene and its lower 

homologs. Although there is an equilibrium between the boat form and the 

chair form in solution, an electronically excited molecule of boat-form 

1-methy1eye 1oheptene would not exist long enough to rearrange to the

Therefore, in seeking for lower energy structure in the T̂  state, those

1-methyIcycloaIkenes that are prohibited from attaining their lower
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Table 12. Limiting Angle of Twist to Cycloalkene T^ States 
Estimated frbm Dreiding Models.* _

as

Cycloalkene Twist Angle, 
Degrees Cycloalkene Twist Angle, 

Degrees

Cyclopentene 12 Cycloheptene 
(Boat Form) 78

Cyclohexene 45 Cycloheptene 
(Chair Form)

Cyclooctene
101
140

energy conformation by twisting would isomerize to the corresponding 

exocyclic olefins which are relatively free to twist to the more stable 

conformation. In addition, the real limiting angles of twist may be 

smaller than those as shown in Table 12 because the potential energy 

caused by twisting may increase drastically when the rings are twisted 

close to the limiting angle.

Another point of interest is the change in ultraviolet absorption 

spectra of cyclohexenes when they are coupled with palladium (II) 

chloride. In the ultraviolet absorption spectrum of cyclohexene, the 

weaker absorption in the region 210-250 nm was assigned to the ^ 

absorption (Potts 1955). Absorption spectra of cyclohexene-palladium 

(II) chloride, 1-methylcyclohexene-palladium (II) chloride and 1,2- 

dimethylcyclohexene-palladium (II) chloride exhibited intensified 

absorption in this region. These phenomena may be explained by the large 

.value of the spin-orbital coupling factor.C for the palladium atom which 

is, coupled with the olefin 1c double bond. Trie large value of £



47

facilitates singlet~triplet transitions, including absorption

and S- 'T-. intersystem crossing, l l
Different ratios of products were obtained when different sensi

tizer or different concentrations of solutions were used in photolysis. 

Similarities were found, however, in a comparison of the products in the 

photolyses of 1,2- and 1,6-dimethyIcyclohexene in the presence of 

palladium (II) chloride and in the presence of toluene in ethyl ether 

solution. It is assumed, therefore, that the reactive species may be a 

triplet olefin in the alkene-palladium (II) chloride system. This 

is supported by the enlarged absorption in UV spectra.

An interesting sidelight in this investigation was that the exo- 

cyclic olefin 3 isomerized to compounds 4 and 5 when it was stirred with 

palladium (II) chloride in ethyl ether solution at the refluxing tempera

ture, and that at room temperature only compound 5 was produced. Simi

larly, p-pinene isomerized to Qf-pinene. These may be useful in organic 

synthesis.

When the exocyclic olefin 3 was stirred in ethyl ether solution 

with rhodium (III) chloride (aq), palladium (II) chloride, nickel (II) 

chloride (anhydrous) and copper (1) chloride, respectively, isomerization 

occurred only in the first two cases. Apparently, rhodium (III) chloride 

and palladium (II) chloride activate the hydrogen atom on the carbon o 

to the double bond, while nickel (II) chloride and copper (!) chloride 

da,not. The reaction of compound 3 with.palladium (II) chloride or 

rhodium '(III) chloride (aq) probably gaxrê inltia-lly the- -expected ole fin 

complex, which was unstable and lost a hydrogen atom to yield a rr-enyl
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PdCl

4

complex which then formed the endocyclic olefins 4 and 5. This reaction 

also occurred when compound ̂ 3 was stirred with palladium (II) chloride 

in pentane solution in which no hydrogen source was available from the 

solvent.



EXPERIMENTAL

Mass spectrometric measurements of neat samples were determined 

with a Hitachi-Perkin-EImer Model RMU-6E Double-Focusing Mass Spectro

photometer, Nuclear magnetic resonance (nmr) spectra of carbon tetra

chloride solutions were determined with a Varian A-60 or T-60 spec

trometer using tetramethy1silane or chloroform as internal standards,. In

frared spectra were determined with Perkin-Elmer Model 137 Spectrophotom

eters using either neat or carbon tetrachloride solution between silver 

chloride plates or sodium chloride cavity cells. Ultraviolet spectra 

were determined with a Gary Model 14 Spectrophotometer using anhydrous 

ethyl ether as solvent. Gas chromatographic separations and analyses 

were carried out with a Varian Aerograph Model A-90-P3 using helium as 

a carrier gas. The chromatography columns used were a 10 foot 20% Dega

column absorbed on 60/80 mesh acid washed chromosorb W 3 a 10 foot 15%

SE^30 column absorbed on 80/100 mesh Anakrom ABS and a 10 foot 0.25%

SE-30 column absorbed on 80/120 mesh glass beads.

Samples were irradiated in a water-cooled Vysor immersion well 

with a Hanovia 450-W medium pressure mercury arc lamp. Vycor reaction 

tubes were used.

Reaction products were .concentrated by carefu 1. .disti 1 la11 oh of 

the solvent 9 ether or pent ana,, on a. water bath of 47-50^0 through a one 

meter spiral.:metal 'column.. .-Ratios ::of. -products, were obtained: from ;glc 

analysis,

49



Materials

Mallinckrodt A.R. anhydrous ethyl ether was used without further 

purification. Commercial pentane was purified by stirring with concen

trated sulfuric acid for ten days until freshly added acid remained 

colorless, then stirred over anhydrous potassium carbonate, and finally 

distilled at 35°C. Matheson Coleman & Bell powdery palladium chloride

was dried in an oven at 100° overnight then stored in a dessicator prior

to use. Rhodium (III) chloride (aq) was used as received. Cyclohexene 

was purified and collected by glc on a small scale. All purified sol

vents and compounds except ethyl ether were checked for purity by glc

prior to use.

Copper (I) Chloride

The procedure described by Fernelius (1946) was used. Copper

(II) chloride (10 g, 0.074 mole) in 10 ml of water was added slowly to

a solution of sodium sulfite (7.6 g, 0.069 mole) 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 sodium sulfite solution,

glacial acetic acid, absolute ethanol and finally with six 15 ml portions

of ether^ After removing the ether, the copper (I) chloride was placed
oin an oven for 30 min at 110 yielding 5=3 g of water insoluble white 

crystals, The copper (I) chloride was stored iti.a- dessicator over 

calcium chloride.
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Nickel (II) Chloride 

Nickel (II) chloride hexahydrate was ground to powder in a mortar 

and then dehydrated in an oven at 150° under decreased pressure until 

the original green color changed to yellow. It was cooled down and 

transferred to a dessicator prior to use.

Preparation of 1,2-Dimethylcyclohexene,
1$6-DimethyIcyclohexehe and 1-Methyl-

2-me thyle ne eyelohexane

Magnesium (8.7 g, 0.36 g. atom) in 60 ml of dry ether reacted 

with methyl iodide (51.0 g, 0.36 mole) in 60 ml of dry ether solution 

to form a Grignard reagent, which then reacted with 2-methyIcyclohexanone 

(38.8 g, 0.34 mole) in 60 ml of dry ether. The adduct was hydrolyzed 

with saturated ammonium chloride solution to form 1,2-dimethylcyclo- 

hexanol. The alcohol formed was extracted three times with ether. The 

ether solution was washed with water solution of sodium thiosulfate to 

remove the iodine which was formed from the iodide ions in the solution. 

After removing the ether, the alcohol obtained was heated at 190-210° 

under stirring with 3 g of potassium bisulfate and 0.3 g of copper 

powder which was used to prevent the polymerization of the alkene. Dur

ing the heating, the alcohol was dehydrated to form olefins which was 

distilled out through a Vigreux column. The temperature -of the distill

ing vapor was not.higher than 130°. The amount of distillate collected 

was 5. J g/ The distillate was a mixture of 1 -methyl- 2 -me thy lane eye lo - 

hexane, ls6‘-dimethylcyclohexene and l52-dimethylcyclohexene which came 

out in the same order in glc on a 20?o Dega column, 10" x 1/4’% at 78 C
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in the ratio of 3:4:5* Separation and collection were accomplished 

with the same column,. These products have been identified by their nmr 

spectra.

Preparation of 1-Methylcyclohexene and 
Methylenecyclohexane

Magnesium (1.2 g9 0,05 g, atom) in 30 ml of dry ether reacted 

with methyl iodide (7,1 g, 0,05 mole) in 30 ml of dry ether solution to 

form a Grignard reagent, which then reacted with cyclogexanone (4,9 g, 

0,05 mole) in 30 ml of dry ether solution. The adduct was hydrolyzed to 

form 1-methyIcyclohexano1, The extraction and dehydration processes 

were similar to those in the preparation of 1,2-dimethyIcyclohexene,

The temperature of distillating vapor was not higher than 105°, The 

distillate, 2.9 g being collected, was a mixture of methylenecyclohexane 

and 1-methylcyclohexene, They came out in the same order in glc of 20% 

Dega column, 10' x 1/4", at 70°C in the ratio of 6:94. Separation and 

collection were accomplished with the same column. These products have 

been identified by their nmr spectra.

Irradiation of 1,6-Dimethylcyclohexene in 
the Presence of Palladium (II) Chloride *

The solution was prepared by shaking 0,7 g of 1,6-dimethylcyclo

hexene with excess palladium (IT) chloride for 15 minutes.* Then 50 ml 

of dry, ether was added. The irradiation was carried out in Vycor using 

a Hanovia 450-W medium pressure mercury arc cooled by waterjacked Vycor 

immersion cell. The temperature of the reactor was about 54°. At this 

temperature the ether would reflux slowly under a coil condenser which.
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with one end blocked with a cock stopper loosely, was set at the top of 

the reaction tube. The temperature of the reaction solution was supposed 

to be about the boiling point of the solution (ab. 35°). Palladium 

chloride was settling at the bottom without being stirred up during 

irradiation. After irradiation the photoproducts were concentrated by 

careful distillation of the solvent through a one meter metal spiral 

column on a water bath of 45-50°. Products were separated by glc of 20% 

Dega column and identified by their nmr spectra. Mass spectra were taken 

for the two reduction products, which turned out to be trans- and cis-

1,2-dimethylcyclohexane. Results are summarized in Table 2.

* Irradiation of 192-Dimethylcyclohexene and 
l-Methyl-2-methylenecyclohexene in the 
Presence of Palladium (II) Chloride

i Solutions were prepared as before. Irradiation was carried out 

in the same condition as that for 1,6-dimethylcyclohexene. Products were 

identified by their retention times in glc analysis on Dega and SE-30

columiis. Results are summarized in Table 2.I

Irradiation of Substituted Olefins in 
the Absence of Metal Salts

Ether solutions were prepared by dissolving 0.14 g of 1,2- 

dimethylcyclohexene, 1,6=d imethyIcyclohexene and 1-methy1-2-me thy1ene- 

cyclohexane in 20 ml of dry ether and pentane, respectively. The ir

radiation was carried out as before. Products were identified, by their 

retention times in glc analysis on Dega and SE-30 columns. Results are 

-summarized in Table 3.
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Thermal Reactions

Complexes were prepared by stirring 0.2 g of 152-dimethyIcyclo- 

hexene, 1,6-dimethylcyclohexene and 1 -methy1-2-methyleneeyelohexane with 

excess palladium (II) chloride, respectively, for 3 hr. Dry ether or 

pentane (30 ml) were added to each. Reaction tubes that were wrapped 

with black tapes to prevent possible photoreaction were put into the 

photoreactor to attain similar reaction temperature as those in photo

reaction. Magnetic stirrings were continued for 48 hr or more.

Products were analyzed by glc. Results are summarized in Table 4.

Irradiation of Olefin-Palladium Chloride,Systems in 
Acidified and Non-acidified Ether Solution

The acidified ethyl ether was prepared by bubbling hydrogen 

chloride into dry ethyl ether for a few minutes. The Van Waters & Rogers 

universal pH indicator paper showed that the pH value of the acidified 

ether was about 3.

A 0.05 g portion of 1,2-dimethyIcyclohexene was shaken with an 

excess of palladium (II) chloride in each of two Vycor reaction tubes 

for 5 minutes. One of these tubes was added with 20 ml of acidified 

ether. Another tube was added with the same amount of non-acidified dry 

ether. These two samples were irradiated simultaneously for 72 hr. The 

products were analyzed by glc, and the results are summarized in Table 5.

By similar procedures, two samples were made each with 0.12 g 

of 1-methyIcyclohexene, excess palladium chloride and 20 ml of acidified 

or non-acidified ethyl ether solution. The two samples were photolyzed 

simultaneously. Products were analyzed by glc and the results are
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summarized in Table 5. The same preparation, photolyses and analyses 

were done for cyclohexene, and the results are also summarized in 

Table 5.

Photosensitization of Substituted Cyclohexenes

A 0,1 g portion of 1,2-dimethyIcyclohexene and 0.15 g of toluene 

were dissolved in 15 ml of dry .ether. Sensitized photolysis was carried 

out with 2537 S lamps in a Rayonet Reactor. Products were analyzed by 

glc.

Another portion of 0.4 g of 1,6-dimethylcyclohexene and 0.15 g 

of toluene was dissolved in 8 ml of dry ether. Irradiation was carried 

out with a Hanovia lamp., Products were analyzed by glc.

Results are summarized in Table 6.

Investigation of the Effect of Methyl 
Substituents on the Olefin-Palladium 

(II) Chloride Coupling

Portions of 0.1 g of cyclohexene, 1-methyleyclohexene and 1,2- 

dimethyIcyclohexene were mixed with palladium chloride and laid for 2 hr 

with occasional shaking, respectively, in three Vycor tubes. Then 20 ml 

of dry ether was added to each of them. After 72 hr of irradiation, 

solvent was carefully removed by distillation on a water bath of 45-50° 

through a one meter metal spiral column. Products were analyzed by glc 

and the results are summarized In"Table 7.
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Study of the Effect of the Concentration of 
Solutions on the Photoconversion

To three reaction tubes 0.2 ml, 0.1 ml and 0.05 ml of 1,6- 

dimethylcyclohexene were added and shaken with excess of palladium 

chloride for one minute. Then 15 ml of dry ether was added to each 

tube. After 70 hr of irradiation, ether was removed carefully as 

described previously. Products were analyzed by glc.

A similar experiment was done with 1,2-dimethyIcyclohexene.

The olefin was added to dry ether without shaking with palladium 

chloride beforehand, and the lamp was sometimes dim during irradiation. 

The ratio of the products was found different than that as usual. Re

duction products became predominant. Double bond isomerization was 

suppressed.

Results are summarized in Table 8.

Study of the Effects of Palladium 
Chloride on or- and (3-Pinene

A portion of 1 g of $~pinene was shaken-with excess palladium 

chloride for 15 minutes, and then 60 ml of dry ether was added. Ir

radiation was carried out with a medium pressure Hanovia lamp for 72 hr. 

Glc analysis showed that no reaction occurred.

Another sample was prepared in the same way and was stirred with 

a magnetic bar ..during irradiation .for 48 hr = Glc analysis showed that 

: 15% of the starting B-plnene isomerized to orpinene. Similar isomeriza

tion did not occur when the sample was stirred in the .dark.

Results are summarized in Table -9.



Irradiation of Exo- and Endo-cyclic Olefins in 
the Presence of Copper (I) Chloride

Portions of 0.1 g of 1 -methy 1 -2-methyleneeyelohexane«, 1,2- 

dimethylcyclohexane and 1,6-methylcyclohexene were stirred with copper 

(I) chloride respectively in three reaction tubes for 2 hr. Then 20 ml 

of dry ether was added to each tube. Irradiation was carried out with 

a Hanovia lamp with a continuous stirring of the solution. Products 

were concentrated by careful distillation of the solvent as described 

previously. Results of glc analysis are summarized in Table 10. #

Thermoreaction of Exo- and Endo-cyclic Olefins in 
the Presence of Copper (I) Chloride

Portions of 0.1 g of 1-me thy1-2-me thyle ne eyelohexane, 1,2- 

dimethylcyclohexene and 1,6-dimethylcyclohexene were stirred with copper 

(I) chloride, respectively in three reaction tubes for 2 hr. Then 20 ml 

of dry ether was added to each tube. Each reaction tube which was 

wrapped with black tape to prevent possible photoreactions was settled 

in the photoreactor to reach the same temperature as that in photo- 

reaction. Solutions were stirred continuously for two days. Analysis 

of glc showed that no detectable reaction occurred. Results are summa

rized in Table 11.

irradiation of Exo- and Endo-cyclic Olefins 
in the Presence of Nickel (II) Chloride

and Rhodium (ill) Chloride
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Thermoreaction of Exo- and Endo-cyclic Olefins in 

the Presence of Nickel (II) Chloride and 
Rhodium (III) Chloride (aq)

The preparation of solutions and reaction conditions were similar 

to those with copper (I) chloride. Results of glc analysis are summa

rized in Table 11.

• UV Spectra of Cyclohexenes and Their Complexes
with Palladium Chloride

A few drops of cyclohexene, l-methylcyclohexene and 1,2-dimethyl^ 

cyclohexene were shaken with small amount of palladium (II) chloride, 

respectively in three small test tubes. They were allowed to stand 

overnight and the color of the solutions gradually changed to yellow. 

Portions of 0.005 ml of the solutions from each tube were transferred to 

volumetric flasks by a microsyringe and were diluted by addition of 20 ml 

of dry ether to the cyclohexene-PdCl^ system, 200 ml of dry ether to the 

l-methylcyclohexene-PdCl^ system, and 200 ml of dry ether to the 1,2- 

dimethylcyclohexene-PdCl^ system, respectively. UV spectra were taken 

for each of these solutions as shown in Figure 4, 5 and 6.

Solutions of the three olefins were prepared in the same concen

trations as the corresponding complexes. UV spectra were taken for each 

of these solutions as shown in Figure 4, 5 and 6.
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