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CHAPTER 1 

General introduction 

I.1 The photoahemistry of aZkenes 

During the last decades photochemistry is receiving much 
interest, which is strongly stimulated by reasons of energy
fixation originating from solar energy. In particular, organic 
molecules containing chromophoric groups are excellent systems 
for the conversion of light quanta into chemica! bonds. Con
siderable progress in the understanding of photochemical re 
actions of alkenes was achieved by the outstanding investigat
ions of Havinga and SahZatmann 1 of conjugated olefinic systems 
visualized in the photochemical isomerization of ergosterol 
into lumisterol and viae versa. The theoretical rationalization 
of the complementary behaviour under thermal and photochemical 
circumstances was made fully understandable by Woodward and 
Hoffmann 2 in their comprehensive study of reactions controlled 
by orbital symmetry considerations, already mentioned by 
Oosterhoff 3

• This approach offered the conditions for the 
synthesis of strained organic molecules by irradiation, from 
which the stored energy can be liberated only in the presence 
of metal catalysts under thermal conditions 4 • 

For compounds which contain only C=C chromophores, the 
lowest singlet electronic excitation (n + nx) corresponds with 
170-180 nm(~ 700 kJ/mol). The triplet excitation energy is 
considerably lower (~ 350 kJ/mol). In view of the large energy 
difference (S + T),the intersystem crossing in alkenes is 
quite unlikely. Merer and Mulliken's 5 calculations have showed 

that in both singlet and triplet state rotation about the 
central olefinic bond occurs since there is no effective n-

9 



double bond in the TI~-excited state. The energy minimum for 
this rotation is to be found in the perpendicular conformat
ion (Fig. I-1). The existence of this relaxed twisted 

E (kJ /rooie) 

î 
200 

îtfi lt 

Torsionol Angle ----

Fig. I-1 Energy vePsus rotation about the centra! bond in 
the excited states of ethylene; relaxed twisted 
state at TI/2 

("phantom") state also explains clearly the photochemical § 
to~ isomerization of olefins 6 • Calculations by Salem et al 1 

revealed that in the relaxed twisted state a relatively high 
charge separation may be present for the initiation of photo
chemical reactions. 

I.2 The photoahemiatPy of aayalia and ayalia mono-enes in 

pPotia media 

Investigations on alkene photochemistry have been 
limited mainly to acyclic systems in the presence of sensi
tizers6 • 8. Beside photoaddition to the sensitizer in certain 
cases, the only genera! pattern of behaviour to emerge was 
§ to ~ isomerization, a transformation arising from the ortho
gonal conformation of the triplet state. Other processes which 

10 



may arise from this peculiar geometry have been discovered by 

Kropp 9 and Marshall 10
, independently. lrradiation of p-menth-

1-ene l in methanol/p-xylene brought forth a mixture of the 

exocyclic derivative ~and the ethers 1 (Fig. I-2). Further 

hv 
+ 

2 3 

Fig. 1-2 Products of irradiation of p-menth-1-ene in methanol 

investigations 11 - 17 on this subject resulted in the following 

mechanistic picture. After attainment of the n-n~ triplet, 

rapid relaxation into the orthogonal oriented species occurs 

after which T +{S~}intersystem crossing to either the f or~
IS~} manifold can easily be achieved. Although acyclic and 

cyclic alkenes with a ring larger than cyclohexane are rela-
ti ve ly free to adopt an orthogonal triplet geometry and 

isomerize to a ground state olefin, the incorporation of the 
double bond in a small ring leads to severe restrictions on 

the "free rotor effect". The resulting ~-cycloalkene would be 

extraordinarily strained, and relief of strain via rapid pro

tonation occurs. This results in exocyclic alkene formation 
(proton abstraction) or ether forrnation (quenched by methanol). 
Radical abstraction from the solvent and/or dimerization of 
the product are the observed processes if an g-species cannot 
be accommodated 11 • 

1.3 The photoahemistry of aayalia and ayalia 1,5-dienee in 

protia media 

Photochemical reactions on acyclic 1,5-dienes, mainly 

1 1 



performed in the vapour phase, led to radical-induced re
arrangement products 1 8 (Fig. 1-3). Acetone sensitiz.ed irra
diation gives §to Z isomerization 19 • There are no reports on 
irradiations of acyclic 1,5-dienes in protic media, however, 

c hv 
+ +. B Hg 

Fig. I-3 Vapour phase irradiation of 1 ,5-hexadiene 

on cyclic 1,5-dienes there is quite some documentation. Re
search on these compounds is mainly based on compounds con
taining the c~.~)-1,5-cyclodecadiene skeleton, which are 
easily accessible as natural products (sesquiterpenes). The 
interrelation between conformation and product structure in 
cyclization of these natural products was elucidated by 
Suther 0 • Depending on the conformation adopted by the 
1,5-diene segment a crossed orientation (leading toa chair 
cyclohexane) or a parallel orientation (leading to a twisted 
baat cyclohexane) of the double bonds can be discerned. 
Crossed orientation leads to a trans-decalin and parallel 
orientation to a ais-decalin structure. The crossed orientation 

---
4a 5 4b 

Fig. I-4 Conformational dependence in the cyclization of 

(~)-caryophyllene 

12 

6 

Me 



is favoured. An excellent example of conformational dependent 
cyclization is the acid-induced cyclization of (~)-caryophyl
lene ± which leads, via two different conformations of (~)-

hv 

9 

11 hy 

hv -~-H CH3 + 
: H 
H 

1 11 

Scheme I-1 Photochemistry of C!)-caryophyllene 

caryophyllene, to the cyclization products caryolanol ~ and 
clqvene R (Fig. I-4) 21 • The same conformational dependence 

Fig. 1-5 Six-center mechanism for the 
intramolecular photochemical 
conversion of (~)-caryophyllene 

13 



occurs in photochemical experiments (Scheme l-1) 22
• Via the 

triplet state (~)-caryophyllene is in equilibrium with its 
Z-isomer 7. Both isomers react from the singlet state via a 
six-center mechanism as illustrated in Fig. I-5. Thus conform
er 4a yields ~and 1.Q., whereas from conformer 4b, the compounds 
9 and 11 are obtained. Another conformational dependent photo
chemical conversion is found on irradiation of isabelin 12 
and dihydroisabelin 11. (Fig. I-6) 23 • Although isabelin exists in 

~'èo~ 
co-o 

12 

~ . 
, hv 
co --

co-à · 

13 

H 
1 

~-:.o'co 

~ 
1 1 co-o 

H 

1+~--\0 
~ . ' co-o 

15 

+ ~--a 
~~o 
co-o 

16 

Fig. l-6 The photochemistry of isabelin and dihydroisabelin 

solution in the form of two conformers, viz. the crossed and 
parallel orientation of the endocyclic double honds, reaction 
to photoisabelin 14 proceeds only via a [n 2 + n2 J cyclo-

- s s 
addition reaction of the latter conformer. ln contrast with 
isabelin, dihydroisabelin in solution exists only in the 
crossed conformer. Irradiation of 11. yields in a small amount 
~ which is related to structure ..!.±· The major product is ~ 
which arises from a radical type of cyclization, followed by 
intramolecular hydrogen atom transfer (Fig. I-7). A comparable 

14 



13- -~o 

\ 
co 

----16 

Fig. I-7 Mechanism for the formation of 16 from dihydroisabelin 

photoproduct was found on the irradiation of dihydrocostunol
ide 17 24 • It may be of interest to mention that the compounds 

hv ---
0 

--

i and .!1. were also subjected to irradiation in protic solvents 
like isopropanol. Although a trans-annular interaction is 
present 25 between the double bonds, no protonation and ring 
closure to a trans-decalin has been found. Evidently, the 
interaction of the double bonds is so tight that intramolecular 
reaction is to be preferred to protonation and subsequent 
intramolecular cyclization. 

In this thesis the photochemistry of (§,§)-1,5-cyclodiene 
structures in protic and aprotic solvents is described. For 
comparison the photochemistry of an acyclic 1,5-diene struct
ure is also included. The results are outlined in Chapter II. 
In Chapter III the photochemistry of (§,§)-germacra-1(10),4, 
7(11)-trien-8-one is described •. In this compound the 1,5-diene 

15 



moiety is incorporated in a cyclodecadiene skeleton. Selective 

~to~ isomerization, because of the presence of a B,y-enone 

system, inhibits the photoprotonation. The photochemistry of 

(É,~)-germacra-1(10),4,7(11)-triene, the deoxygenated form of 
(~,É)-germacra-1(10),4,7(11)-trien-8-one, is described in 

Chapter IV. However, the endocyclic double honds in this 

compound are placed ideally for intramolecular reactions. 

From the experimental results it is clear that ground state 

conformations play a key role in the ultimate photoproducts. 

To diminish the interaction in the 1,5-diene moiety, investi
gation of the photochemical behaviour of cyclodienes with 

rings larger than ten is required. The synthesis of these 

(~,É)-1,5-cyclodienes (twelve to eighteen ring) is described 

in Chapter V. The photochemistry of these large membered 
rings is treated in Chapter VI. No photoprotonation is ob

served on irradiation in methanol. The primary process is É 

to ~ isomerization, whereas on prolonged irradiation radical 
reactions occur similar as to those in mono-olefin systems. 

16 
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CHAPTER II 

The phot:ochelllist ry of 

(E)- 2JJ -di:m.ethyl- 2,8-octadiene 

II.1 IntPoduetion 

As mentioned in the genera! introduction, no irradiations 
of acyclic 1,S-dienes in protic media have been reported. A 
suitable and easily accessible model compound for studying 
the effect of photochemical protonation would be (~)-2,6-

dimethyl-2,6-octadiene l· After photo-protonation of l by 
methanol, the resulting acyclic carbenium ion could cyclize 
to the cyclohexenyl carbenium ion 2a (Fig. II.1). 

Fig. II-1 Photo-protonation and possible cyclization of 

II.2 Synthesis of (E)-2,6-dimethyZ-2,6-oetadiene 

(~)-2,6-dimethyl-2,6-octadiene has been prepared starting 
from (~)-3,7-dimethyl-2,6-octadiene-1-ol (geraniol) i (Scheme 
II-1). Chlorination of geraniol with triphenylphosphine in 
refluxing carbon tetrachloride leads to the corresponding 
(~)-1-chloro-3,7-dimethyl-2,6-octadiene ±1

• Dehalogenation of 
i with lithium aluminum hydride gives the desired diene in 
36% overall yield starting from geraniol. 

19 



~OH ~Cl 
3 lt._ 

l UAIH4 

~ 
1. 

Scheme II-1 Synthesis of 

II.3 Irradiation of (E)-2,6-dimethyt-2,6-octadiene 

20 

Direct or p-xylene 2 sensitized irradiation of 1 did not 

hv 
Me OH 

hv 

Me OH 

Fig. II-2 Irradiation of 1 

x" 

__ hv___,_cH3o"1 _ l . 
MeOH /~~ 

§. OCH3 



result in formation of 2b, but gives the mono-methoxy-deri
vatives Sa and, in a minor amount, Sb (Fig. II-2). After pro

longed irradiation the di-methoxy-derivative ~ had been 
formed. 

II.4 Disoussion 

The formation of S and ~ indicates that protonation is 
the first step involved in irradiation of l· Moreover, the 
preference of formation of Sa to 5b indicates that a n-homo 
interaction must be present between the double honds. Because 
of stability, formation of the carbenium ion on C-6 would be 
preferred to position C-2. The nature of the n-homo type of 
stabilization may arise via a chairlike conformation Z3 (Fig. 
II-3). Protonation on irradiation in methanol results in a 

5 
3 Fig. II-3 Chair-like conformation of 

7 

partial disturbance of this conformation (C-3 changes from 
sp2 into sp3) and before reorientation occurs, which would 
lead to !• the open carbenium ion is quenched by methanol re
sul t ing in Sa. To enforce the interaction present in the 
former ion a more rigid structure, offered by cyclic (~,f)-

1,5-dienes, is required. The first unstrained structure that 
could be used for this purpose would be a (~.~)-1,5-cyclo

decadiene skeleton. Synthesis of these dienes represents a 
long and tedious synthetical route. Wharton~ describes a 
synthesis of (g,~)-1,S-cyclodecadiene using BH 3-induced ring 
opening of 2-anti-tosyloxy(4.4.0]bicyclodec-S-ene. However, 
an easy entry to 1,S-diene cyclic structures can be obtained 

21 



through related natura! products. Sesquiterpenes of the germa-

crane series contain the ,~) 1 ,5-cyclodecadiene moiety. The 

photochemistry of two representatives will be described in 

Chapter II! and IV. 

II.5 Experimental part 

General remarks 

1H-NMR data were obtained on a Varian T 60 s.pectrophoto

meter with TMS (6=0.00) as an internal standard. Irradiations 

were carried out in a nitrogen atmosphere, using a t!anau 

TQ718 high pressure mercury vapour lamp of 500 W. 

~(~)-1-chloro-3,7-dimethyl-Z,6-octadiene C±l 
A solution of 61.7 g of (~)-3,7-dimethyl-2,6-cctadiene-1-ol 

(O.CO mol) and 136.C g of triphenylphosphine (0.52 mol) in 
tetracarbonchloride was refluxed avernight. After evaporation 

of the solvent, the solid was extracted with n-pentane. Eva

poration of n-pentane and distillatian of the residue yielded 

46. 7 g of chloride .± (67. 7\). Bp 53 °c (0. S mm Hg). 1ti-NMR 

(CDC1 3): 1 1.62 (s,3,CH 3); 1 .70 (s,6,CH3); 1.92-2.25 (m,4, 

CH 2-CH 2J; 4.08 (d [J~B Hz) ,2,CH 2Cl); 4.93-5. 70 (m,2,olefinic 
H). 

- (~)-2, 6-dime thy 1-2, 6-octad iene C!) 

A mixture of 1.8 g of lithium aluminum hydride (0.047 mol) 

and 27 g of.± (0.157 mol) was refluxed for 4 h in 250 mL 
tetrahydrofuran. After the usual work-up, distillation afford

ed 11.4 g of_!_ (SZ.8i). Bp 54-55 °c (18 mm Hg). 1H-NMR (COC1 3): 

a 1.40-l.76 (m,1Z,CH3J; 1.87-2.23 (m,4,CHz-CHz); 4.87-5.40 
(m,2,olefinic Jf). 

-1rradiation of l 

A solution of 2 g of 1 in 650 mL of methanol was irradiated 
for 100 h at reflux temperature. The reaction was follo~ed by 

means of GLC, by which method at first an increase in the 

22 



yield of S was observed,after which the formation of 6 at - -
the expense of l could be established. After evaporation of 

the solvent, spinning band <listillation afforded sorne enriched 

mono-Sa and di~rnethoxy derivatîve .§_. 1H-NMR {CDC1 3) of 5a: 

ó 0.76-2.20 (m,18,aliphatic H); 3.10 (s,3,0CH 3); 5.08 (t {J= 

7 Hz),1,olefinic H). 1H-NMR (CDC1 3 ) of 52: ó 0.83 (m,20, 

aliphatic H); 3.10 (s,3,0CH 3): 3.17 (s,3,0CH 3 J. 

23 
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CHAPTER 111 

The photochelllistry of 

(~,~)-gerIIJ.acra-1 (10) ,4,7 (11)-trien-8-on.e 

III.1 Introduction 

III.1.1 Chemistry of (E,E)-germacra-1(10),4,7(11)-trien-8-one 

(~,E_)-germacra-1(10),4,7(11)-trien-8-one ! (germacrone) 
is the main constituent of the Bulgarian zdravets oil, the 
essential oil of geranium macrorhizum L. Germacrone was first 
isolated from zdravets oil in 1929 1

• After a number of false 
structural assignments 2 resulting in the name germacrol, the 
correct structure was established by Ognjanov 3 and Herout~, 
who renamed it germacrone. 1H-NMR studies confirmed the assign
ment 5 of the chemica! structure and furthermore established 

Fig. III-1 
3 

Conformation of 
germacrone ! 

the conformation as depicted in Fig. III-1. Acid catalyzed 
rearrangement of! results in selinenone lab,sb, 7 , Upon treat
ment with an ethanolic potassium hydroxide solution 8

, iso
germacrone ± is formed. Irradiation of germacrone was perform
ed by Take da et ai. 8 • Acetophenone sensi tized irradiation in 

ether leads to the 1(10)(~),4(§)-(i) and 1(10)(~),4(~)-
isomer (~). 
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2 
3 

0 

4 

III.1.2 Photoehemistry of enonee 

In the photochemistry of germacrone apart from the 1,5-
diene moiety the carbonyl group may play an important role. 
In l three types of enones can be distinguished, via. an a,S-, 
S,y- and a y,ó-enone. a,S-Enones are known to give inter aZia 
hydrogen abstraction and/or oxetene 9 formation. The latter is 
not likely to occur because of ring strain. Concerning the 
ene-one interaction in higher enones Cowan and Baum 10 demon
strated that the main photoreaction of~ with n=2-4, apart 

Jó"" 
C=O 

/ 
(CH2ln H 

>=< H Jó n=1-4 

6 
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from hydrogen abstraction, was § to ~ isomerization. This 
isomerization can be described by means of an exchange mecha
nism, requiring interaction between the donor and acceptor 
part of the molecule. In 2 (n=1) we are dealing with an other 
kind of intramolecular sensitization arising from the geo
metry of the 8,y-enone fragment. Intensive photochemical and 
theoretical work has been performed on 8,y-enones 11 • Extended 
Hückel calculations of Labhart and Wagnière 12 and CNDO/S cal
culations of Houk et aZ 13 revealed an interaction between the 
carbonyl and olefinic part. This phenomenon is explained in 
terms of orbital mixing (homoconjugation) of the n-n~ state 

with the "c=c-"~=C state. In the triplet state, apart from oxa
di-n-methane rearrangement, f to Z isomerization may also 
occur because of weakening of the double bond. 

III.2 Irradiation of germaarone 

Upon direct irradiation of 1 in both methanol and n

hexane 14 the solely isolable product was the c~.§)-isomer 4. 

hv 

n-hexane 

Fig. III-2 Selective photochemical isomerization of 

So, instead of proton addition by methanol, followed e.g. by 
intramolecular ring closure to a selinanone derivative of ~. 
§ to ~ isomerization is taking place. Inspection of a Dreiding 
model shown in Fig. III-1 clearly reveals that the 1(10)
double bond and the carbonyl group are non-coplanar, the local 
planes intersecting at an angle near 90 °c. Thus the con
formation is favourable to the 1 + 4 isomerization. Upon direct 
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irradiation the isomerization .of the 4-double bond is not pos
sible (vide supra). Energy transfer between this double bond 
and the carbonyl group is prohibited by the rigidity of the 
germacrone skeleton. Thus, whereas the 1(10)-double, bond can 
be sensitized intramolecularly• the 4-double bond cannot. 
However, isomerization of the 4-double bond can be brought 
about by external sensitization. As reported by Takeda 8 , irra
diation of l in ether with acetophenone as sensitizer resulted 
in isomerization to the 1(10)(~),4(~)-(i) and the 1(10)(~), 

4(~)-isomer (!!)· (Fig. III-3). 

hv/ether 

0 
Il 

)15-C-Cli-J 

4 

Fig. III-3 Sensitized isomerization ~f 

+ 

5 

Upon repeating this experiment we learned that besides 4 and 
~ compounds land 8 were formed as we11 15 , while the aceto-

OH CH3 
1 1 

ft- C CH 

OH OH 
1 1 

j1-c-c-,t 
1 1 1 1 
CH3 OEt CH3 CH3 

7 8 

phenone had been converted completely. Evidently, there is a 
competition between ether and 1 for the excited acetophenone. 
Upon irradiation of l in n-hexane with acetophenone as sen
sitizer, the 1(10)(~),4(~)-compound ~was the sole resulting 
isomer. The third isomer of!• 1(10)(~),4(~)-germacrone, 
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could not be isolated in either experiment. An explanation 
might be found in the rotational harrier to be passed through 

in going from § to ~· The two possible modes of § to ~ iso
merization are indicated in Fig. III-4. Dreiding models show 
that both modes are restricted by sterical hindrance. In mode 
1 the hydrogen atom has to pass through the ring, while in 
mode 2 the hydrogen atom conflicts with the isopropylidene 
group. However, mode 1 is possible when the 1(10)-double bond 

Fig. III-4 E to Z isomerization 
of the 4-double bond 

has the ~-configuration. Thus while bath i and i are accessible 
by direct or sensitized irradiation, 1(10)(§),4(~)-germacrone 

could not be prepared by either of these methods. Thus the 
interference of the carbonyl group seems to prevent the germa
crone in intermolecular protonation- and ring closure reaction. 
Reduction of the carbonyl group should alter the reactivity 
in such a way that the latter ring closure may occur. 

III.3 Experimental part 

General remarks 
1H-NMR data were obtained on a Varian EM 360A spectro

photometer using TMS (o=0.00) as internal standard. E,Z-isomer
ism was established with 13C-NMR. 13c-NMR data were ~e~orded 
on a Varian HA100 equipped with a Digilab FTS-NMR-3. Irradiat
ions were carried out in a nitrogen atmosphere, using a Hanau 
TQ718 high pressure mercury vapour lamp of 700 W. During 
irradiation the temperature was kept between 15 and 20 °c 17 • 

Reactions were followed with TLC. Microanalyses were carried 
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out in our laboratories by Messrs. P.L.M. van den Bosch and 
H. Eding • 

.... (É•E)-germacra-1(10),4,7(11)-trien-8-one Cl) 

Germacrone 1 was isolated from zdravets oil 16 as crystals 
which separated at room temperature. The filtrate was cooled 
to -15 °c and a second erop of crystals was obtained. The 
combined fractions of crude germacrone were recrystallized 
from 80\ ethanol to constant melting point (55.5-56 °c). In 
this way 450 g of pure germacrone was obtained from 1 kg of 
zdravets oil. c 15H22o (218.2); calcd c, 82.52; H, 10.16; o, 
7.32; found C, 82.63; H, 10.20; 0, 7.17. 1H-NMR (CDC1 3); 
o 1.43 (s,3,CH3); 1.60 (s,6,CH3); 1.72 (s,3,CH3); 2.13 (s,2, 
CH2); 2.90 (d (J=10 Hz),2,CH 2); 4.5-5.2 (m,2,olefinic H) . 

.... Germacra-1(10)(~),4(É) ,7(11)-trien-8-one (!) 

Germacrone (1, 2 g) dissolved in 650 ml n-hexane was irradiated 
through a duran filter for 20 h. After evaporation of the 
n-hexane, vacuum distillation afforded 1.20 g (60\) of 4. Bp 
84 °c (0.05 mm Hg). 1H-NMR (CDC1 3); o 1.50 (s,3,CH3); 1~60 
(s,3,CH3); 1.67 (s,3,CH3); 1.82 (s,3,CH3); 2.89 (d (J= 8 Hz), 
2,CH 2); 3.00 (s,2,CH2); 4.77-5.47 (m,2,olefinic H) . 

... sensitized irradiation of in ether 

Germacrone Cl, 1.5 g) and 2 g of acetophenone dissolved in 
650 mL of ether were irradiated through a duran filter for 
3 h. After evaporation of the solvent the residue was vacuum
distilled. The following fractions were collected: a. The two 
diastereomers of 3-ethoxy-2-phenyl-2-butanol Cl) (0.63 g; bp 
55-56 °c (0.05 mm Hg)), which were not separated 15 ; b. The 

c~.EJ-C!) and c~.~)-(~) isomers of germacrone l in a molar 
ratio of 3:4 (0.97 g; bp 84-85 °c (0.05 mm Hg)); e.2,3-Diphen
yl-butan-2,3-diol (~) (0.2 g; bp 110° C (0.05 mm Hg)). 

30 



_. (~,~)-germacra-1(10)4,7(11)-trien-8-one (i) 

Germacrone (l, 2 g) and 2 g of acetophenone dissolved in 650 
mL n-hexane were irradiated through a duran filter for 2.5 h. 
After evaporation .of the solvent distillation afforded 1.37 

g (6s.si) of~· Bp 84 °c (0.05 mm Hg). 1H-NMR (CDCl3); 0 1.67 
(s,6,CH3); 1.70 (s,3,CH 3); 1.77 (s,3,CH3); 3.08 (d (J•8 Hz\2, 
CH2); 3.17 (s,2,CH 2); 4.85-5.75 (m,2,olefinic H). 
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CHAPTER IV 

The photochelllistry of 

{!l;,!j;)-ger:rnacra- l (10) ,<i,7 (11}-triene 

IV. 1 Introductión 

As outlined in Chapter I, the ground state conformations 
of alkenes may be strongly reflected in the photochemical 
products. A good example for the photochemical recognition 

can be found in the work of liavinga 1 concerning the relation 

between the ground state conforrners of hexatriene and their 
photoproducts. With respect to the endocyclic double honds of 
(!',.§l-germacra-1(10),4,7(11)-triene ( (!?_,J;:)-germacrene] _1_ (for 

synthesis see Section IV.2), two conformers can be discerned: 

one in which they form a parallel (J.!) and one in which they 
have a crossed orientation C!!?J (Fig. IV-1). In contrast with 

3 

1 0 

Fig. JV-1 Parallel (~) an<l crossed 

(,!2.,É)-germacrene 

1 b 

conformation of 

!, the (f,~)-isomer ~can only adopt the parallel orientation 
(Fig. IV-2). Sutherîand 2 suggested that the stereochemistry 
of the acid-induced cyclization products is strongly related 
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Fig. IV-2 Parallel conformation of (f,~)-germacrene 2 

to the corresponding conformation of the substrates. Acid-in

duced cyclization of l resulted in formation of land 13
i 

whereas radicaJ,-induced photochemical reactions gave ~!,1o1. All 

4 

~ 
~ 

Sa: X • Z; PhS 

Sb: X • Cl : Z = CCl3 

these structures possess the trans-fused decaline configurat
ions and according to SuthePland the product formation is thus 
generated via the crossed conformer 1b. 

IV.2 Synthesis of (E,EJ-germacrene 

(É,~)-germacrene l has been synthesized according to 
Scheme IV-1. Reduction of germacrone ! with lithiumaluminum
hydride leads to the alcohol zs, which is converted into the 
acetate 8 ~ith acetylchloride in pyridine/ether. Reduction 
of! with lithium in liquid ammonia yields (~,~)-germacrene 1. 
Reduction methods which furnish 1 in a one step synthesis 
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~OH 
1. 

j 
CH3COCI 
pyridine 

r->L 
~·OAo 

! 

Scheme IV-1 Synthesis of (~.~)-germacrene 

starting from ~. like the Huang-Minlon modification of the 
Wolff-Kishner reduction and the Clemmensen reduction 6 , fail 
because of formation of isogermacrone 2. and selinanone .1.Q., 
respectively. 

0 

9 10 

IV.3 Irradiation of (E,E)-germaarene 

a. Direat irradiation of 1. (~.~)-germacrene in methanol 
was irradiated to complete conversion. Thin layer chromato-
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graphy indicated that three new products had been formed, 
two of them consisting of two isomers, thus resulting in five 
new p_roducts. Speet ral analysis (see Section IV. 5) indicated 
that the structures 11 to 15 were formed (Fig. IV-3). 

H H 

~+ cij)y + 

11 12 

+ + 

:J)y 
15 

Fig. IV-3 Direct irradiation of in methanol 

b. Sensitized irradiation of 1. Irradiation of l in me
thanol using p-xylene as sensitizer (9:1) mainly led to the 
formation of c1.1l-germacrene I and, in minor amounts, to the 
bicyclo [5.3.0]decane .!±and the anti-(ll) and syn-(12) isomer 
of the tricyclo[6.Z.O.O]decane structure (Fig. IV-4). Direct 
irradiation of isolated c1.1J-germacrene I in methanol only 
led to the formation of~ and.!± together with unreacted 1· 

IV.4 Disaussion 

The results mentioned can be compiled into a scheme in 
which the structure of the observed photoproducts is related 

37 



to the ground state conformers of 

q 
1 

hv 

Me OH 
p-xylene 

2 

and 2 (Scheme IV-2). The 

14 

Fig. IV-4 p-Xylene sensitized irradiation of in methanol 

[~ 2 + ~ 2 ] photochemical cycloaddition reaction leading to s s 
and 11, can be obtained from the parallel oriented (~.~)- and 
(~,l)-conformers, respectively. The occurrence of 11 in the 
direct irradiation of l arises from partial isomerization of 
the singlet excited state of l leading to ~· Compound is an 
"Ohloff" type rearrangement product 7 (see Section I.3). The 
reaction is taking place from the singlet excited state gene
rated from the crossed conformer 1b (Fig. IV-5). Both facts 

hv ... 

1b 13 

Fig. IV-5 Ohloff rearrangement of lb leading to 13 
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' 

cfPy hv 

H 
10 11 

---- Q< + 
hv ~ 

lB 

hv H 

2 ~ 
Scheme IV-2 Photochemistry of {~.~)-germacrene 



explain that .!l cannot be found in the sensitized irradiation 
of l· Product .!i is brought forward by a radical type of 
cyclization followed by intramolecular hydrogen transfer 8

•
9

• 

The necessary ais-geometry of the product can only arise from 
the crossed conformer and the parallel conformer ~ (Fig. 

IV-6). 

H 

hv _______..,.. 

H 

14 

Fig. IV-6 Formation of 14 out of 1b and 2 

Both lead to the same biradical intermediate .!§., which is 
converted into .!i by intramolecular hydrogen transfer. Compound 
~ is formed via a Cope rearrangement, with the same stereo
chemistry as the thermal Cope product 3

• Apparently, ~ is 
generated from the high vibrational manyfold ground states of 
the crossed conformer .!.Q_. So, the parallel conformer .!J! leads 
to l!• while the crossed conformer .!.Q_ effects the Ohloff type 
of rearrangement product .!l• the bicyclo[5.3.0]decane derivative 
li• and the thermal Cope product 1 . Product .!i is also formed, 
besides out of the (~.~)-isomer ~· 

The photochemistry of -germacrene demonstrates that, 
in addition to the importance of the ground state conformers, 
there exists a tight interaction between the two endocyclic 
double bonds of the 1,5-cyclodecadiene skeleton, leading toa 
preference of the intra- over intermolecular .reaction. The 
latter photoreaction is accessible by means of enlargement 
of the ring, i.e. in the photochemistry of c~.~)-1,5-cyclo
dienes with rings larger than ten. The synthesis and photo-
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chemistry of these compounds will be described in Chapter V 
and VI, respectively. 

IV.5 Struature eZuaidation of the produats formed by irra

diation of (E,E)-germacrene 

a. Compounds ..!..l and .11· The 13c-NMR (CMR) spectrum indi
cated that two compounds were present in a ratio of about 3:1 
(based on a comparison of 13c-peak intensities of simular type 
of carbons). Each compound contained a tetrasubstituted ole
finic bond. 1H-NMR revealed that the isopropylidene has been 
maintained. The conclusion to be drawn is that we are dealing 
with an intramolecular reaction of the two endocyclic double 
bonds. The presence of two singlet and two doublet signals 
for each compound in the aliphatic region of the CMR-spectrum 
confirmed this assignment. The reaction of two olefinic honds 
may occur in two ways 10 : a crossed one, comparable to (~.~)-

1,5-cyclooctadiene11, would lead with 1 to the tricyclo 
[5.3.0.0]decane 11'.., whereas a [n; + n;J cycloaddition reaction, 
comparable to that of isabelin 8 (Chapter I) results in the 
formation of the ais-anti-ais tricyclo[6.2.0.0]decane 11. 

H 

cM 
11 

Structure 11, in contrast to 17, has an isomer, namely the 
ais-syn-ai-;-derivative J1, arising from [n; + n; J cycloaddit
ion of the endocyclic double bonds of (~.~)-isomer l· A 
further confirmation of structures 11 and 12 could be found 
in their 1H-NMR spectrum. Dreiding models suggest that J1 has 
two 
the 
are 

angular methyl groups which are rather similar as far as 
neighbouring surroundings are concerned, while in 11 they 
more different. This is reflected in the 1H-NMR sp~trum; 
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for 11 two methyl singlets at ó 1.03 and ó 1.08 appear, while 
the methyl groups of !l resonance at o 0.68 and ó 0.82 ppm. 

b. Compounds .1J. and _!i. The second eluted product on 
column chromatography appeared, according to subsequent GLC 
analysis, to be composed of a 3:2 mixture of two compounds 
each with the same molecular mass as germacrene (m/e 204). 

Comparison of the multiplicity of the aliphatic signals in 
CMR indicated that the isomers had different skeletal struct
ures. The relative positions of the olefinic signals in CMR 
supported this indication. The olefinic parts for each com
pound contained three singlet and one triplet olefinic carbon 
atom. This inferred the presence of one tetrasubstituted and 
one exocyclic double bond in these compounds. 1H-NMR showed 
that the isopropylidene moiety was still present in both 
compounds. Thus, as far as the olefinic part is concerned, 
we may conclude that an intramolecular reaction of the two 
endocyclic double bonds took place which led to the formation 
of one exocyclic double bond. In the aliphatic region of the 
CMR-spectrum one high field carbon singlet (o=20.42 ppm) in
dicated that one product contained a cyclopropane ring. This 
was further confirmed by the existence of two carbon atoms 
with doublet and triplet multiplicity of JCH ~160 Hz. Thus, 
besides the already mentioned olefinic elements, one product 
contains a cyclopropane ring substituted as in 18. Photo-

chemical reactions of two olefinic bonds generating a cyclo
propane ring may arise via two kinds of reactions. The first 
one is the di-~-methane rearrangement 12 occurring in 1,4-
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dienes. This possibility can be rejected since such a reaction 
(see Fig. IV-7) would lead to .1.2. containing one endocyclic. 
double bond, which is in contradiction to the observed spectra. 

! 

hv --
Fig. IV-7 The di-~-methane rearrangement applied to 1 

The second possibility is the Ohloff six center mechanism 7 • 

This reaction applied to l (Fig. IV-5) would lead to a product 
which is in fact in agreement with the observed spectra. There
fore, the Ohloff type of rearrangement structure is assigned 
to product 12.· Substraction of the signals of product 12. from 
the combined CMR spectrum of the mixture of 12. and .11 revealed 
that besides the forementioned olefinic region, eleven signals 
with the following multiplicity had to be assigned: doublet 
(3), triplet (5) and quadruplet (3). This implies that two 
annelated ring systems are present and that accordingly one 
methyl group of l participated in the reaction. A comparable 
reaction was observed in the photochemistry of dihydroisabelin 8 

and dihydrocostunolide 9 • Applied to }È. this mechanism (Fig. 
IV-6) gives a product in agreement with the observed spectra 
of 14. 

a. Compound Jl· The third product obtained by column 
chromatography was one compound according to CMR. 1H-NMR and 
CMR revealed the existence of two vinylic parts with the 
structures i and ii. Like in compounds 11 to 14 the exocyclic 
isopropylid;ne moiety was still present-:-1H-NMR also revealed 
the presence of one singlet methyl group (ó=1.07 ppm). These 
elements combined suggest that a "Cope" structure lQ_ was 
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20 

formed. To clarify the attachment of the vinyl groups to the 
cyclohexane ring a comparison was made with y-elemene ~. 
which is the thermal rearrangement product of (É•É)-germacrene 
(Fig. IV-8). y-Elemene has the trans-divinyl geometry 2 as shown 

/::,. --
21 

Fig. IV-8 Thermal Cope rearrangement of l 

in Fig. IV-8. Comparison of the 1H-NMR and CMR spectra reveal
ed that the spectra of the products _!i and ~ were identical. 
Therefore, structure ~was assigned to compound _!i. 

IV.6 ExpePimentaZ part 

-.(É•É)-germacra-1(10),4,7(11)-trien-8-ol (7) 

To a stirred solution of 2.4 g of lithiumaluminumhydride 
(0.063 mol) in 400 mL of dry ether was added dropwise at O 0 c 
a solution of 25 g of germacrone ~ (0.115 mol) in 250 mL of 
dry ether. After 2 h additional stirring, the reaction mixture 
was allowed to warm up to room temperature. After decomposition 
of the aluminates and the usual work-up,distillation afforded 
23 g of pure z (91.2%). Bp (0.2 mm Hg)=110-112 °c. 1tt-NMR 
(CDCI 3J; ó 1.47 (s,6,CH3); 1.71 (s,3,CH3); 1.80 (s,3,CH3); 
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4.13-5.03 (m,2,olefinic H). 

-. (§,§)-germacra-1(10),4,7(11)-trien-8-acetate C!) 

Toa solution of 20 g of L (0.09 mol) and 7.2 g of dry pyri
dine (0.09 mol) in 200 mL of dry ether was added dropwise at 
0 °c, under vigorous stirring, a solution of 7.2 g of freshly 
distilled acetylchloride (0.09 mol) in 100 mL of dry ether. 
After 2 h additional stirring the mixture was allowed to warm 
up to room temperature and left overnight. After filtration 
of the pyridinium chloride, the organic layer was washed with 
water and a 10% sodiumbicarbonate solution. After drying and 
evaporation of the solvent distillation yielded 19.6 g of 8 
(82.4%). Bp (0.01 mm Hg)=97-99 °c. 1H-NMR (CDC1 3); o 1.50 -
(s,6,CH3); 1.7i (s,3,CH3); 1.80 (s,3,CH3); 2.00 (s,3,CH3CO); 
4.23-5.23 (m,2,olefinic H). 

-. (E•E)-germacra-1(10)4,7(11)-triene Cl) 

Toa stirred solution of 1.5 g of lithium (0.21 mol) in 750 
mL of liquid ammonia at -45 °c was added dropwise a solution 
of 10 g of! (0.038 mol) in 100 mL of dry dioxane. After 
stirring for 4 h solid ammonium chloride was added to dis
charge the blue colour and the ammonia was allowed to eva
porate overnight. The residue was diluted with water and 
extracted with ether. After drying and evaporation of the 
solvent,distillation afforded 5.1 g of 1 (65.8%). Bp (0.01 mm 
Hg)=64 °c. 1H-NMR (CDC1 3); o 1.53 (s,6,CH3); 1.72 (s,6,CH3); 
4.28-5.10 (m,2,olefinic H). 

- Direct irradiation of 1 

(§,E)-germacrene l (5 g, 0.025 mol) dissolved in 650 mL of 
methanol was irradiated for 10 h. After TLC indicated that 
l was not present any longer, the methanol was evaporated and 
the residue separated by means of column chromatography 
(silica gel, n-hexane). The following fractions were obtained: 
a. (1.39 g; 27.8%) containing compounds and 12 in a ratio 
of 3:1. Compoundll: 1H-NMR (CDC1 3); o 0.68 (s,3:°CH3); 0.82 
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(s,3,CH3); 1.61 (s,6,CH3); 13C-NMR (neat); o 132.65 (s); 121.00 
(s); 51.17 (s); 49.05 (s); 53.07 (d); 46.10 (d). Compound ..!l_: 
1H-NMR (CDC1 3); o 1.03 (s,3,CH3); 1.08 (s,3,CH3); 1.61 (s,6, 
CH3); 13c-NMR (neat); o 128.76 (s); 122.19 (s); 50.86 (s); 
47.11 (d); 43.80 (d); 41.86 (s). 
b. (0.95 g; 19%) containing compounds 13 and 14 in a ratio of 
3:2. Compound~: 1H-NMR (CDC1 3); o 1.ZO (s,3:CH3); 1.57 (s,6, 
CH3); 1.70 (s,3,CH3); 4.47-4.77 (m,2,olefinic H); 13c-NMR 
(neat); ö 147.11 (s); 133.35 (s); 126.07 (s); 110.10 {t); 
40.45 (d); 24.30 (t); 21.04 (d); 20.42 (s). Compound : 1H
NMR (CDC1 3); o 0.94 (d (J=4.2 Hz),3,CH3); 1.57 (s,6,CH3); 
4.47-4.77 (m,2,olefinic H); 13c-NMR (neat); o 152.45 (s); 
133.61 (s); 123.03 (s); 110.63 (t); 50.33 (d); 49.63 (d); 
41.95 (d). 
a. (1.66 g, 33.2%) consisting of compound Ji.· 1H-NMR (CDCI 3); 
ó 1.03 (s,3,CH3); 1.62 (s,6,CH3); 1.68 (s,3,CH 3); 4.53-5.10 
{m,4,olefinic H); 5.80 (dd (J=lO, 17 Hz),1,olefinic H). 13c
NMR (neat); ó 150.20 (s); 147.78 (d); 131.50 (s); 121.09 (s); 
112.71 (t); 110.59 (t); 40.45 (s); 53.73 (d) • 

... Thermal Cope rearrangement of l 

C!.!)-germacrene l (0.5 g, 0.0025 mol) was refluxed for 4 h. 
Column chromatography (silica gel, n-hexane) yielded 0.34 g 
(68%) of identical with 15 according to 1H- and 13c-NMR 
spectra • 

... sensitized irradiation of 1 

C!.!)-germacrene l (0.9 g, 0.0044 mol) was irradiated in 650 
mL of methanol/p-xylene (9:1) for 7 h. After evaporation of 
the solvent,column chromatography (silica gel, n-hexane) de
livered 0.11 g of (12.2%), 0.13 g of 11 + 12 (14.4%) and 
0.36 g of (~.~)-isomer 1 (40%). Compound 1: 1H-NMR (CDCI 3); 
o 1.63 (s,6,CH3); 1.69 (s,6,CH3); 1.87-2.50 (m,8,aliphatic H); 
2.77 (d (J=7 Hz),2,aliphatic H); 4.96-5.48 (m,2,olefinic H). 
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.,_ Direct irradiation of 2 

Isolated I (0.25 g, 0.0013 mol) was irradiated in 650 mL of 
methanol for 7 h. After evaporation of the solvent, column 
chromatography (silica gel, n-hexane) gives, besides not 

reacted 1• 0.05 g of.!...!.+ (20%) and 0.04 g of.!.± (16%). 
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CHAPTER V 

Synthesls of (~~)- l,54 cyclodie:nes 

V. 1 Introduation 

A useful method for the preparation of carbon-carbon 
honds in organic chemistry is the reaction of allylic halides 
with nickel (0) reagents. Since the first report in 1943 1 

numerous articles have been published on this subject 2 • The 
mechanism of this type of nickelcomplex formation can be des
cribed as shown in Scheme V-1. The 1,5-diene is formed by de-

~Br + Ni(COl4 

-2CO 

+2CO 

-CO A- B :;;;;:::.=c=o:::=: N(' r 
'co 

-CO 
+CO 

A-Ni-v, ,/ 
\ \ I 

ll. 

Scheme V-1 Mechanism of n-allylnickelcomplex formation 
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composition of the complex, induced by strongly coordinating 
solvents like dimethylformamide 3 , liquid ammonia 4 or water 5 • 

(Scheme V-2). In the final step of the reaction a radical-like 

j\_Nlv· ,' I \ \ ,' 

v 

s [ A/\, Ni~] I \ 's 

[ S........_Ni~] 
5/ ~ 

S = Solvent 

25 - +~ 

Scheme V-2 Decomposition of the TI-allylnickelcomplex 

decomposition is assumed 2 c• 6 • CoPey 1 extended the synthetic 
utility of these nickel complexes from inter- to intra-mole

cular coupling reactions. Using nickeltetracarbonyl as reagent 
it was possible to cyclize the (~,g)-3,3'-polymethylenebis
(allylbromides) l into the (g,É)-1,S-cyclodienes l· The react
ion appeared to be independent of the configuration of the 

n = 4,6,8,10 

Br~ 

(CH2ln 
Br~ 

~ 

starting diallyldibromide l· (~.~)- and (!,!)-isomers both 
reacted to form the (~,g)-1 ,S-cyclodienes. With nickeltetra
carbonyl the coupling is very selective in forming the C-C 
bond at the less substituted terminals. However, the eight
and ten-membered rings could not be synthesized in this manner. 
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The only resulting products appeared to be vinylcyclohexene 
and divinylcyclohexane, respectively. This observation has 
been applied in the key-step of the synthesis of the sesquiter
penic alcohol d, Z-elemenol (Fig. V-1) 8 • The serious disadvant
age of the reaction is the extreme toxicity of nickeltetra
carbonyl 9 which reduces the applicability especially when 
large quantities of the reagent are needed. A nickel complex 

~---h 

~OH 

Fig. V-1 Synthesis of d,Z-elemenol using Ni(C0) 4 

showing the same behaviour in intermolecular coupling react
ions 10 is bis(l,5-CycloüctaDiene)nickel (Ni(COD) 2). Although 
the dangerous properties of this substance have not been re
ported, handling it is easier because, in contrast to nickel
tetracarbonyl (a volatile liquid), Ni(COD) 2 is a solid. How
ever, the possibility of intramolecular coupling of bis-allyl
halogenides with Ni(COD) 2 has not been reported in literature 
so far. 

V.2 Synthesis of (E,E)-3,3'-poZymethyZenebis(allylbromides) 

The title compounds were synthesized according to Scheme 
V-3. Reaction of propargylalcohol with 2,3-dihydropyran gives 
2-(2-propyn-1-oxy)tetrahydropyran } 11 • The anion of l was gene
rated with n-butyllithium in hexamethylphosphortriamide/tetra
hydrofuran 12 which proved to yield better results than the 
formation of the anion using sodium in liquid ammonia 13 • Dial
kylation of the dibromide Br(CH2)n+zBr with the anion of l 
and subsequertt hydrolysis of the tetrahydropyranylether of ± 
in tetrahydrofuran/109. sulphuric acid gives the acetylenic 
diols 4. Lithiumaluminumhydride reduction of these diols in 
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l BuLi 

2 a-d ~2 ~ 

!:.: n - l "- n -8 

!! : n - 6 !! : n : 10 

Scherne V-3 Synthesis of (~.~)-3,3'-polyrnethylenebis(allyl -

bromides) 

1,2-dimethoxyethane results in the formation of the correspond
ing (E,E)-diolsl~. The assigned E-collfiguration of the diols 
is ba;ed on the method of synthe;is, 13C-NMR and infrared spectra 
(ahsorption at 960 cm-l and 1675 cm- 1). Finally, the dibromides 

2a-_2 were prepared frorn the diols i by brornination with phos
phorustribromide in the dark~ 

V.3 Cyclization of (E,E)-3,3 1 -poLymethylenebis(alZyZbromidesJ 

Ring closure leading to the (~,~)-1,5-cyclodienes l was 
accornplished by reaction of the dibromide 1 with Ni(COD) 2 in 
dimethylformamide. Reaction conditions for the intramolecular 
cyclization were based on Corey's 7 a work. Temperature control 
of the reaction appeared to he very important. When conducting 
the reaction at 65 °c a nickel mirror was deposited immediate
ly. At a lower temperature (-20 °c) the stability of the inter

mediate Ni(O)complex was too high. The best results were ob
tained when the reaction ternperature was kept at 30 °c. Except 
for the twelve ring, the cyclodienes were formed in good yield 
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NilCODl2 

b; 0 ~ 6 c: n-::: 8 d: n ~ 10 

Br,~ 

ICHz)0 

Br~ 

±-t'..- <!. 

Fig. V-4 Synthesis of lb-d using Ni(CODJ 2 

(Fig. V-4). Reaction leading to the tY.:elve ring 1 s out" of 2a 

appeared to be non-reproducible. The main products of the re

açtion were, according to mass spectra and 13c-NMR, the cyclo~ 
dimers ~ (mixture of g and I isomers) and the open chain 
products zand! (Fig. V~S). To check a possible configuration

al dependence, the (!,~J-isomer 2e was synthesized and its 

NilCOD!2 
2a 
~ 

ICH2i4 ICH2l4 
~ 

+ 

§. 

+ ~ICH2l4~ 

! 

Fig~ V-5 Attempted cyclization of dibromide 2a 

Ni(COD) 2 induced cyclization studied. The (.~.1)-isorner Ze was 

synthesized (Fig. V-6) by brornination of the (~,~)-isomer Se) 
which was prepared by reduction of 4a with hydrogen using the 
Lindlar catalystl 6 in ethanol. However, in a reaction of Ze 

wit:h Ni(COD) 2 the result was the same as with the (§,~)-
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H2 
4a HO 
- Lindlar 

Br __;=\__ (CH2 li.__;=\__ Br 

2e 

Fig. V-6 Synthesis of the (~,~)-isomer 2e 

isomer . Finally, (~.~)-1,5-cyclododecadiene ~was synthe
sized by reduction of (~.~.~)-1,5,9-cyclododecatriene 9. 

9 

V.4 Disaussion 

Comparison of the results presented here with those of 

~(CH2l4~ 
/Ni'-. /Ni'-. 

L Br L Br 

L = Ligand 1Q 11 

Fig. V-7 Formation of the bis(TI-allyl)nickelcomplex 11 
out of the di(TI-allylnickelbromide)complex 10 
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Corey 7 a reveals some striking differences with respect to the 

formation of (~,~)-1 ,5-cyclododecadiene J!!. Whereas with 
nickeltetracarbonyl J!! was formed, Ni(COD) 2 failed to yield 
this product. Instead, apart from the cyclodimers ~. the a
cyclic compounds z and ~ were formed. The nature of this dis
crepancy must lie in the formation of the bis(u-allyl) nickel 
complex.!..:!. (Fig. V-7). Whereas with CO as ligand, complex.!..:!. 
is formed out of .lQ. (compare Scheme V-1), with COD as ligand 
it is not formed. So, interaction between the two allylic ends, 
with loss of COD, does not occur, probably for steric reasons. 
Instead, a nickel complex l.f. (Scheme V-4) must be formed. By 
solvent coordination (Section V.1), decomposition of 11. occurs 
to form the nickelsalt ]l with terminal olefin group. This 
olefin group expels COD from the u-allylnickelbromide complex 

12 

~ 
/N~ (CHzl4 

Br ~ 

14 ./Ni 
- " S Br 

+S --

COD 
s 

1,5-Cyclooctadiene 
Solvent 

- COD 

15 

7 8 

Scheme V-4 Formation of the acyclic compounds 7 and 8 
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and acts as a ligand to form _!i. Decomposition with water 

gives the complex 12 which reacts further with water in two 

ways. Radical-like decomposition of 12 at the allylic part 

gives compound l (step ~) and at the terminal olefin furnishes 

~ (step~). The formation of the cyclodimers & arises from the 

coupling of two di(n-allylnickelbromide) complexes and their 

reaction to the corresponding bis(n-allyl)nickel complex. De

composition of the latter by coordination with the solvent 

yields &· 

V.5 Experimental part 

Genera! remarks 

Mass spectra were recorded with a Finnigan 4~00 GC-MS

system by electron ionizatiOn (70 eV) or chemica! ionization 

(reagent gas methane; 50 eV). HPLC separations were carried 

out with a Jobin Yvon Chromatospac Prep 100. 

--2-(2-propyn-1-oxy)tetrahydropyran 3 

Toa solution of 200 g of distilled 2,3-dihydropyran (2.38 

mol) and 0.5 mL of concentrated hydrochloric acid was added 

140 g of 1-propyn-1-ol (2.50 mol) within 0.5 h. After 2 h 

stirring at 60 °c the mixture was allowed to cool to room 

temperature and washed with saturated sodiumbicarbonate solut

ion and water. After drying over magnesiumsulphate, distillat-
o 1 ion yielded 250 g of~ (75%). Bp (9 mm Hg)=63-65 C. H-NMR 

(CDC1 3); ó 1.30-2.07 (m,6,CH 2cycl); 2.37 (s,1,acetylenic H); 

3.17-3.97 (m,2,-CH 2-ocycl); 4.10 (s,2,-CH 20J; 4.70 (t (J=2 Hz), 

1, -CH-0). 

--1,12-dihydroxy-2,10-dodecadiyne 4a 

To a solution of 135.5 g of pyranether 1 (0.97 mol) in 1200 mL 

of tetrahydrofuran (THF) and 450 mL of hexamethylphosphortri

amide (HMPT) was added dropwise, below 10 °c, 1.05 eq butyl

lithium (15t in n-hexane). After an additional 0.5 hof 
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stirring at room ternperature 1 134 g of 1,6~dibromohexane 
(0.55 mol] in 450 mL of HMPT was added dropwise below 25 °c. 
The reaction mixture was stirred for 2 h at room temperature 
after which the THF and n-hexane were evaporatcd* The residue 

was dissolved in water and extracted four times with ether. 
The combined ether fractions were washed with water and dried 

over magnesiumsulphate. After evaporation of the solvent the 
residue was hydrolyzed by stirring over night in THF/10\ 

sulphuric acid (7:1). Usual wor"k-up followed by bulb to bulb 
vacuum distillation and subsequent crystallization fram ether/ 

n-hexane, yielded 55 g of~ (53.6i). Mp 66 °c. C121i 18o2 
(194.3]. Calcd C, 74.19; H, 9.34. Found C, 73.86; H, 9.38. 
1

H-NMR (CDCl3l; ó 1.17-1.55 (m,8,-(CHzl4-); 1.97 (s,2,-0HJ; 

2.05-1.41 (m,4,-c=c-cH 2-J; 4.07-4.30 (m,4,-rn 2o-J. 

-.1, 14-dihydroxy-2, 12-tetradecadiyne 4b 

Prepared as described for ~· Yield 59. zi. Mp 78 °c. c14H22o2 
(222.3). Calcd C, 75.63; H, 9.97. Found C, 75.88; H, 9.99. 
1H-NMR (CDCl3); 5 1.10-1.63 (m,12,-(CBz)ç); 1.SZ (s,2,-0HJ; 

2.03-2.45 (m,4,-CEC-CHz-); 4.02-4.38 (m,4,-CHzO-). 

-.1)16-dihydroxy-2 1 14-hexadecadiyne 4c 

Prepared as described for ~- Yield 55.H. Mp 88 °c. c16H22 o 2 
(250.4). Calcd C, 76.75; H, 10.47. Found C, 76.78; H, 10.19. 
1H-NMR (CDCl3J; 6 1.10-1.62 (m,16,-(CHzla-l; 1.75 (s,2,-0H); 

1.98-2.38 (m,4,-CEC-CHz-J; 4.05-4.29 (m,4,-CHzO-) . 

.... 1, 18-dihydraxy-2,16-octadecadiyne 4d 

Prepared as described for ~, except that it polymerized upon 
distillation. îherefore the crude diyndio1 was used as such 
in the reduction step with lithiumaluminurnhydride to prepare 
1, 18-dihydroxy-2,16-octadecadicne Sd. 

-.(~,~) 1,12-dihydroxy-2,10-dadecadiene Sa 

Dodecadiyndiol 4a (22 g, 0.11 mol) dissolved in 250 mL of 1,2-
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dimethoxyethane (DME) was added dropwise below 10 °c to a 
stirred suspension of 25 g of lithiumaluminumhydride (0.66 mol) 
in 600 mL DME. After 16 h reflux the aluminates were decomposed 
by addition of 25 mL of water, 25 mL of 10 n NaOH followed by 
75 mL of water. Filtration of the aluminates and ev~poration 
of the DME yielded, after bulb to bulb vacuum distillation 
and crystallization from ether/n-hexane, 17 g of Sa (75.7%). 
Mp 41 °c. c12H22o2 (198.3). Calcd c, 72.68; H, 11.18. Found 

1 c, 72.50; H, 11.18. H-NMR (CDCl3); ê 1.02-1.71 (m,8,-(CH2)4-); 
1.71-2.22 (m,4,-CH2-C=C-); 2.98 (s,2,-0H); 3.81-4.17 (m,4, 
-cH2-o-); 5.37-5.74 (m,4,olefinic H). IR (KBr) 1676 and 970 
cm-1. 

-CE_,E.)-1,14-dihydroxy-2,12-tetradecadiene Sb 

Prepared as described for Sa. Yield 63.6%. Mp 54 °c. c14H26o2 
(226.4). Calcd C, 74.29; H, 11.58. Found C, 74.14; H, 11.47. 
1 H-NMR (CDCl3); ê 1.02-1.72 (m,12,-(CH2)6); 1.72-2.22 (m,4, 
-CHz-C=C-); 2.50 (s,2,-0H); 3.81-4.20 (m,4,-CHzO-); S.37-5.74 
(m,4,olefinic H). IR (KBr) 1678 and 970 cm- 1. 

-C!? .• E_)-1, 16-dihydroxy-2, 14-he.itadecadiene Se 

Prepared as described for Yield 50.7%. Mp 62-63 °c. 
c16H30o2 (254.4). Calcd C, 75.54; H, 11.88. Found C, 75.68; 

1 H, 12.15. H-NMR (CDCl3); ê 1.07-1.37 (m,16,-(CHz)8-); 1.45 
(s,2,-0H); 1.80-2.23 (m,4,-CH2-C=C-); 3.88-4.13 (m,4,-CH20-); 
5.44-5.69 (m,4,olefinic H); IR (KBr) 1680 and 960 cm- 1. 

-CE. -1,18-dihydroxy-2, 16-octadecadiene 5d 

Prepared as described for 5d. Yield, calculated from starting 
material 1,12-dibromododecane, 24.3%. Mp 72 °c. c18H34o2 
(282.5). Calcd C, 76.54; H, 12.13. Found C, 76.39; H, 12.32. 
1H-NMR (CDCl3 + 10% CD30D); 0 1.16-1.48 (m,20,-(CH2l10-); 
1.82-2.27 (m,4,-CH2-C=C-); 3.43 (s,2,-0H); 3.93-4.12 (m,4, 
-cH20-); 5.50-5.75 (m,4,olefinic H). IR (KBr) 1672 and 
962 cm- 1 
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..... (~.~)-1,12-dihydroxy-2,10-dodecadiene Se 

Diyndiol 4a (40 g, 0.206 mol) dissolved in 400 mL of ethanol, 
was hydrogenated over Lindlarcatalyst (2.4 g) poisoned with 
S drops of quinoline. After absorption of the theoretica! 
amount of hydrogen, the reaction was stopped. The ethanol was 
evaporated and the residual catalyst was filtered off over 
silica gel. Distillation (0.01 mm Hg, 170-200 °c) yielded 
21 g of Se (51.5%). 1H-NMR (CDCl3); 0 1.07-1.73 (m,8,-{CH2)4-); 
1.83-2.40 (m,4,-CH2-C=C-); 3.40-3.77 (broad s,2,-0H); 3.97-
4.27 (m,4,-CH20-); 5.27-5.63 (m,4,olefinic H). IR (nujol) 1665 
and 730 cm- 1 . 

..... (~·~)-1,12-dibromo-2,10-dodecadiene 2a 

Phosphorus tribromide (11.2 g, 0.04 mol) was added in the 
dark, within 0.5 h, dropwise to a solution of 10 g of diol Sa 
(0.05 mol) in 1io mL of dry ether. After refluxing 2.S hand 
stirring for 16 h at room temperature, the mixture was poured 
on crushed ice and extracted three times with ether. After 

• drying and evaporation of the ether 14.7 g of 2a (89.7%) was 
obtained, which was used without further purification 17

• 
1H

NMR (CDCl3); 0 1.00-1.67 (m,8,-(CH2)4-)i 1.67-2.27 (m,4,-CH2-
C=C-); 3.70-4.00 (m,4,-CH2Br); 5.50-5.80 (m,4,olefinic H) • 

..... (E,~)-1,14-dibromo-2,12-tetradecadiene 2b 

Prepared as described for . Yield 64.8%. 1H-NMR (CDCI 3); 
ö 1.06-1.57 (m,12,-(CH2)6-); 1.75-2.29 (m,4,-CHz-C=C-); 3.77-
4.01 (m,4,-CH2Br); 5.53-5.80 (m,4,olefinic H) • 

..... (E,~)-1,16-dibromo-2,14-hexadecadiene Ze 

. Prepared as described for Za. Yield 68.4%. 1H-NMR (CDC1 3); 
0 1.07-1.57 (m,16,-(CHzl3-li 1.77-2.30 (m,4,-CH2-C=C-); 3.76-
4.03 (m,4,-CH2Br); 5.47-5.76 (m,4,olefinic H). 
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... (~.~)-1,18-dibromo-2,16-octadecadiene 2d 

Prepared as described for 2a. Yield 80.7%. Mp (hexane)=28-29 
0 c. c18H

31
Br2 (408.3). Calcd C, 52.96; H, 7.90. Found C, 53.02; 

H, 7.96. H-NMR (CDCl3); ê 1.08-1.52 (m,20,-(CH2)10-); 1.83-
2.23 (m,4,-CH2-C=C-); 3.82-4.03 (m,4,-CH2Br); 5.55-5.82 (m,4, 
olefinic H) • 

.-c~.~)-1,12-dibromo-2,10-dodecadiene Ze 

Prepared as described for 2a. Yield 72.3%. 1H-NMR (CDC1 3); ê 

1.10-l.67 (m,8,-(CHz)4-); 1.80-2.40 (m,4,-CH2-C=C-); 3.77-4.10 
(m,4,-CH 2Br); 5.40-5.83 (m,4,olefinic H) . 

.-Bis(1,5-cyclooctadiene)nickel 

Into a 2 L five necked round bottom flask equipped with a 
distilling head, distilling inlet equipped with a threeway stop
cock, argon inlet, a rubber septum and a heavy magnetic stirrer 
bar, were placed 120 g of commercial anhydrous bis(acetyl
acetonate)nickel (II) (0.47 mol) and 1 L p.a. toluene. Under 
a slow flow of argon the toluene was distilled from the flask 
to remove the last traces of water from the nickel salt. All 
volatiles were removed by evacuating the flask to 0.01 mm Hg 
and then filled with argon. This procedure was repeated three 
times. Afterwards, 300 mL of toluene and 290 mL of 1,5-cyclo
octadiene was distilled into the flask under a slow flow of 
argon (a 50 mL forerun of both solvents was discarded). By 
means of a syringe needle 20-30 g of 1,3-butadiene was bubbled 
into the reaction mixture. At O 0 c 247 mL of a 25% solution 
of triethylaluminum in toluene was added over a period of 4 h. 
After the addition the stirring at 0 °c was continued for 2 h, 
during which time the deep green suspension changed into a 
yellow-brown suspension. The supernatant solution was sucked 
away by means of a needle connected with a round bottom flask 
evacuated at 0.01 mm Hg. The yellow solid was washed two times 
with toluene and two times with ether (both distilled directly 
into the reaction flask), while the mother liquor was removed 
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by the forementioned technique. The last traces of solvent were 
removed by evacuating the flask at 0.01 mm Hg. The yellow 
Ni(COD) 2 was isolated from the reaction flask in an argon 
atmosphere. Yield 99.8 g (77.7%) 18 • 

-.Attempted synthesis of (f,f)-1,5-cyclododecadiene la 

Ina helium atmosphere 40 g of Ni(COD) 2 (0.146 mol) was sus
pended in 2.5 Lof dry dimethylformamide (presaturated with 
helium). At 30 °c 10 g of dibromide ~ (0.033 mol) dissolved 
in 2 L DMF was added over a period of 30 h by means of a 
peristaltic pump. After addition the mixture was stirred for 
30 h. Then the whole mixture was extracted continuously (in a 
percolator) with hexane for 16 h. The hexane layer was iso
lated, washed with water, dried and the hexane evaporated. 
After removal of the 1,5-cyclooctadiene by vacuum distillation 
at 40 °c, the residue was separated on silica gel (Merck H 60, 
n-hexane). The following fractions were collected: a.The two 
acyclic comp~unds Zand~ (1.4 g), m/e 166 and 168, respect
ively; b. the mixture of E and Z isomers of the cyclodimer 6 
(1.3 g), m/e 328. 1H-NMR (cnc1 3) of&,; o 1.10-1.50 (~,16, 
aliphatic H); 1.73-2.20 (m,16,allylic H); 5.13-5.42 (m,8, 
olefinic H). 

-.(g,E)-1,5-cyclotetradecadiene 1b 

Prepared as described for .!!.· Yield 30.5%. 1H-NMR {CDC1 3); 
0 1.03-1.53 (m,12,-(CH2)6-); 1.77-2.33 (m,8,-CH2-C=C-); 5.07-
5.43 (m,4,olefinic H). m/e 192. IR (nujol) 969 cm- 1• 

-.(E,g)-1,5-cyclohexadecadiene 1ç_ 

Prepared as described for .!!.· Yield 25.2%. 1H-NMR (CDC1 3); 
.o 1.10-1.53 (m,16,-(CHz)3-); 1.80-2.27 (m,8,-CH2-C=C-); 5.17-
5.47 (m,4,olefinic H). m/e 220. IR (nujol) 963 cm- 1• 

-.(g,g)-1,5-cyclooctadecadiene !!! 
Prepared as described for .!!.· Yield 47.3%. 1H-NMR (CDC1 3); 
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ó 1.07-1.53 (m,ZO,-(CH2l10-J; 1.77-2.17 (m,8,-CHz-C=C-); 5.17-
5.47 (m,4,olefinic H). m/e 248. IR (nujol) 967 cm- 1 . 

.,._Reduction of (~,g,g)-1,5,9-cyclododecatriene 9 

Commercial available g (Aldrich C9,750-4) was recrystallized 
from cold ethanol 19 to yield the solid 9 (mp 27-30 °c). Re
duction of 20 g of g with 10% Pd/C in ethanol yielded a mixture 
of hydrogenation products from which 6.1 g of (30.1%) could 
be isolated with HPLC. 1H-NMR (CDC1 3); ó 1.00-1.66 (rn,8, 
-(CH2) 4-); 1.66-2.33 (m,8,-CH 2-c=C-); 4.83-5.07 (m,4,olefinic 
H). IR (nujol) 965 cm- 1• m/e 164. 
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CHAPTER VI 

The photochemistry of {~~)- 1,5-cyclodienes 

VI.1 Introduction 

Among the numerous reports about photochemical reactions 

of olefins containing two or more isolated double honds, only 

a few deal with cyclodienes. The photochemical reactions of 

1 ,3-cyclodienes, apart from ~to ~ isomerization, are adequate

ly predictable by means of the Woodward and Hof fmann rules 

for electrocyclic reactions 1
• In the same way 1 ,4-cyclodienes 

may undergo the [TI; + TI;] cycloaddition reaction 2 or the di

TI-methane rearrangement 3
• Photochemical experiments with 1,6-

cyclodienes resulted in [TI; + TI;] cycloaddition 4 • The photo
chemistry of 1 ,5-cyclodienes was dealt with in Section I.3. 

As an extension, the photochemical behaviour of the ten- and 

twelve-membered rings is presented here. According to Traynham 5 , 

2 3 4 

5 

Fig. VI-1 Irradiation of (É,~)-1 ,5-cyclodecadiene 6 
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sensitized irradiation of (§,~)-1 ,5-cyclodecadiene l leads to 
isomerization into the (~.~)-isomer ±· However, Gotthardt 6 re
ports a mixture of l to ~ upon sensitized irradiation of l 
(Fig. VI-1). Irradiation of l in the presence of metal 
catalysts like iron pentacarbonyl 7 resulted in isomerization 
to the (§,§)-and (~.~)-1,6-cyclodecadiene. Sensitized irra
diation of (§,§)-1,5-cyclododecadiene caused only §to~ 
isomerization 6 , "due to rapid relaxation of the triplet state 
to the singlet ground state, thus precluding photochemical 
dimerizations or intramolecular cycloaddition reactions'' 6 • 

Irradiations in protic media of 1,5-cyclodienes larger than 
cyclodecadiene have not been reported. 

Because of the absence of any intramolecular reactions in 
the sensitized irradiation of (§,§)-1,S-cyclododecadiene, the 
possibility of photochemical protonation in the direct irra
diation of the cyclodienes with rings larger than ten carbon 
atoms, still remains. The results of these irradiations are 
presented in this chapter. 

VI.2 Irradiation of (E,EJ-1,5-ayalodienes 

Irradiations (sensitized and direct) were performed in 
nitrogen atmosphere at 0 °c, because of formation of Cope re
arrangement products at a higher temperature. The only react
ion which occurred upon the irradiation of the (§,§)-1 ,S-

6a-d 

g; n = 4 

!r n = 6 

ç_: n = 8 

Q.: n = 10 

1a - d 

Fig. VI-2 Irradiation products of the (§,§)-1,S-cyclo
dienes 6a-d 
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cyclodienes 6a-~, was ~ to ~ isomerization as was concluded 
from the formation of the (~.~)-derivatives and the (~,f)-

derivatives 8a-d (Fig. VI-2). The presence of these isomerized 
products was-;s~ablished with 13C-NMR (upfield shift of ea 

5 ppm for the allylic carbon atoms) and infrared (~, 960 cm- 1 ; 
-1 

~. 730 cm ) . 
hydrogenation 

6a 
hv 

Furthermore, the isomerization was confirmed by 

of the reaction mixture with Pd on carbon and by 

c8 or ~ + 

g !Q 

c~ or CJ + 

11 12 

• - ~"""'-(CH2l5CH3 + 
13 

CH30IC~ 

I 

~(C~2lq 

14 p = 4 • q = 3 

15 p = 5 . q = 2 

14 

Fig. VI-3 Irradiation products of the prolonged irradiation 
of 6a 
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comparison of the hydrogenation product with the corresponding 
cycloalkane. 
In the irradiation of the (É•É)~1,5-cyclododecadiene 6a\ thin 
layer chromatography revealed the presence of a small, non
isqlable amount of another product. Prolonged irradiation of 
6a until the complete conversion of 6a and its isomers, gave 
a plethora of products. With the aid of column chromatography 
the main products were isolated and subsequently identified 
(Fig. VI-3). Through spectral analysis (see Section VI.5) no 
distinction could be made between 9 or 10 and 11 or 12. 
Neither was it very distinct which isomer, 14 or was 
formed predominantly. 

VI.3 Meahanism for the formation of the photo-produats of 

(E,E)-1,5-ayaZododeaadiene 

The mechanism for the formation of the photo-products 2 
to~ and .l± or Jl. is shown in Scheme VI-1. The primary pro
cess upon the irradiation of 6a, is E to ! isomerization 
leading to a mixture of 6a-8a. As a secondary proce~s, in the 
biradical J.&. a [1,2) H shift and subsequent ring closure toa 
cyclopropane ring may occur. This hydrogen shift can take 
place in two ways: path ! which yields .l.Q and~ and path ~ 
which gives 2 and .!.l· The products Q to~ can react further 10 

to give the biradicals 17a and 17b. These isomerize to 
the biradical ~via a [1,5] H shift 11

, which by 6-scis
sion11 gives the radical ~and subsequent radical-quench-
ing by methanol 12 yields the compound .l± or Jl.. The predominant 
presence of a ais-substituted cyclopropane moiety, in combi
nation with a 1-double bond (2,.1.Q/l)_,~ = aa 2), plus the sole 
appearance of a trans-substituted cyclopropane ring in .l± or 
J2., indicates that the trans-E or trans-Z combination is more 
reactive than the ais-! combination, probably as a result of 
ring strain. The mechanism for the formation of the allenic 
compound .!lis shown in Fig. VI-4. A [1,3] H shift in the 
isomers 6a- 13 gives the acyclic deconjugated product~· 
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i p - scission 

~). 
·• . 

Scheme VI-1 Mechanism for the formation of the photo
products 9 to 12 and 14-15 · 

Two subsequent [1,3] H shifts then lead to the formation of 
the conjugated allene-olefine 13. 

[1,3]H [1.3)H 

[1.3]H • == ~\_[CH2l4CH3 
20 

- • := ,........=-"'-ICH2l5CH3 

13 

Fig. VI-4 Formation of the allenic compound 13 

VI.4 General disaussion 

Resuming we can say that, within the group of investigated 
acyclic and cyclic 1,5-diene systems, only in the case of (~)-
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2,6-dimethyl-2,6-octadiene photochemical protonation has been 
taking place. The change to a rigid structure like (~.~)

germacrene had the disadvantage that the endocyclic double 
honds were ideally placed for various types of intramolecular 
reactions. Ring enlargement of the (~.~)-1,5-cyclodienes to 
rings larger than ten carbon atoms, immediately led to such 
a large flexibility of the skeleton that intramolecular re
actions in which the double honds both simultaneously par
ticipate, did not occur any longer. Instead ~ to ! isomer
ization becomes the primary process in both the direct and 
sensitized irradiation experiments. A secondary process was 
the radical formation which also occurs in acyclic olefins. 
The inability of the two double honds to engage in intra
molecular reactions was also demonstrated in an acid-induced 
(non-photochemical) cyclization reaction. Whereas (~.!)-1,5-

cyclodecadiene is easily cyclized to a decalin system with 
trifluoroacetic acid 5 , reaction of (~.~)-1,5-cyclododecadiene 
6a with trifluoroacetic acid only results in the recovery of 
6a. 

VI.5 Structure eZucidation of the products formed by irra

diation of (E,E)-1,5-cyalododeaadiene 

a. Compounds ~ to Mass spectrometry indicated two 
products (GLC 2:1) with m/e 164. The main product contained, 
according to 1H-NMR, a ais-fused cyclopropane ring (ö=-0.25 
ppm, 1 proton). The presence of the cyclopropane ring was 
further confirmed by 13c-NMR and infrared (1020 and 3080 cm- 1). 
The main product further held a !-double bond (IR 705 cm- 1). 
These facts led to the structures 9 or .l.Q. for the main product. 
In the minor product was, according to 1H-NMR, a trans-fused 
cyclopropane ring present. From the spectra of the mixture it 
could not be elucidated whether the configuration of the 
double bond was ~ or ~· Thus, the minor product was assigned 
the structure 11 or 12. - -

b. Compound ~· From infrared data an allenic fragment 
appeared to be present (1970 and 1070 cm- 1). Moreover, 1H-NMR 
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and infrared indicated that another double bond was present 
in conjugation with the allenic fragment. This resulted in the 
assignment of structure ~ (see Fig. VI-4). 

a. Compounds l.i- Mass spectrometry indicated that 
methanol substitution occurred (m/e 196). This was confirmed 

1 -1 by H-NMR (ö 3.00 ppm; -OCH3) and IR (1100 cm ; C-0 stretch). 
Apart from that it was established with 13c-NMR and infrared 
that a cyclopropane ring was present. 1H-NMR revealed that the 
latter was trans-substituted and that the compound held an 
allylic part (R-CH 2-C=CH2). These fragments combined, together 
with the mass formula from mass spectrometry, showed that a 
c6H12 fragment had to be present. Infrared indicated that no 
methyl groups were present (no absorption between 1370-1385 
cm- 1), so the forementioned fragment must be a one or two 
polymethylene chain. This leads to the construction of compound· 

.l.i or 22_ (Scheme VI-1). 

VI.6 Experimental part 

Genera! remarks 

Irradiations were carried out in a nitrogen atmosphere, 
using a Hanau TQ718 high pressure mercury vapour lamp of 
500 W. During irradiation the temperature was held at O 0 c. 
~to~ isomerism was established with infrared and 13c-NMR. 
Infrared spectra were recorded on a Perkin-Elmer 237 spectro
photometer . 

.... rypical procedure for the sensitized irradiation 

Compound 6a (0.5 g, 0.003 mol) was irradiated for 15 h in 
650 mL methanol/p-xylene (12:1). After evaporation of the 
solvent and column chromatography (Woelm silica gel, n-hexane) 
of the residue, 0.4 g of a mixture of the c~.~)-isomers 6a-8a 
was obtained. 

--rypical procedure for the direct irradiation 

Compound 6a (0.5 g, 0.003 mol) was irradiated for 15 h in 
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650 mL of methanol. After evaporation of the solvent and 
column chromatography of the residue, 0.25 g of a mixture of 
6a-8a was obtained • 

.... Prolonged irradiation of 6a 

Compound 6a (1.5 g, 0.009 mol) was irradiated for 40 h in 650 
mL of methanol, using a Hanau TQ718 high pressure mercury 
vapour lamp of 700 W. After evaporation of the solvent, column 
chromatography with hexane yielded two fractions; fraction a 

consisting of~ to _!1 (0.40 g) and fraction b containing 
compound .:!J. (0.09 g). After elution with hexane, dichloro
methane gave a third fraction a (0.27 g) containing compound 
1.i-,!2 (for spectral details, see Section VI.5) . 

.,_Typical reduction procedure 

Reduction of 0.4 g of a mixture of 6a-8a (arising from irra
diation) with 10% Pd on carbon in ethanol yielded, after 
column chromatography (silica gel, hexane), 0.4 g of cyclo
dodecane. 1H-NMR (CDC1 3): 1.30 14 • 

--Attempted thermal acid-induced cyclization of 6a 

(~,É)-1,5-Cyclododecadiene 6a (0.5 g, 0.003 mol) and 2 mL of 
trifluoroacetic acid in S mL of tetrahydrofuran were stirred 
overnight. After the usual work-up, 6a was recovered un
changed. 
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Summary 

This thesis deals with the photochemistry of cyclic and 
acyclic 1,5-dienes. The products formed are mainly arising 
from intramolecular photochemical reactions, which appear to 
be solvent-independent. Even under protic conditions none of 
the cyclic compounds like (~.~)-germacra-1(10),4,7(11)-triene 
cyclizes in a trans-annular way. Upon irradiation in methanol 

the comparable acyclic compounds like (~)-2,6-dimethyl-2,6-
octadiene give the two mono-methoxy-adducts and the di-methoxy
adduct. 

However, direct irradiation in methanol of (~.~)-germa
cra-1 (10),4,7(11)-trien-8-one, where the diene system is in
corporated in a cyclodecadiene ring, causes isomerization of 
the 1(10)-double bond to the 1(10)!,4~-isomer. This isomer
ization is sensitized intramolecularly via the S,y-enone 
fragment. The complete isomerized (!,!)-product can be ob
tained only by intermolecular sensitized irradiation (p
xylene). 

The non-sensitized irradiation experiments in methanol 
of (~.~)-germacra-1(10),4,7(11)-triene show that intramolecular 
reactions between the double honds in the 1,5-diene skeleton 
occur with a higher quantum yield than the observed ~ to ! 

isomerization in c~.~)-germacra-1(10),4,7(11)-trien-8-one. 
Even under protic conditions intramolecular reactions are 
preferred to protonation leading to trans-annular cyclization 
products. Moreover, it appears that the ground state con
formations of the endocyclic double honds play an important 

role in the formation of the photo-products. All intramolecular 
photochemical reaction products can be related to either the 
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crossed or the parallel conformation of its (f,f)-isomer. 
Besides,the reactions of ring systems with more than ten carbon 
atoms are studied. 

The synthesis of these ring systems is accomplished by 
intramolecular coupling of (§,§)-3,3'-polymethylenebis(allyl
bromides), with bis(1,5-cyclooctadiene)nickel(O). In this way 
the fourteen, sixteen and eighteen ring can be prepared in 
good yield. Synthesis of the twelve ring in this manner fails, 
therefore it is prepared by reduction of (g,g,g)-1,5,9-cyclo
dodecatriene. 

Upon irradiation of the (.§.,§)-1,5-cyclodienes in methanol 
the primary process appears to be g to ~ isomerization. A 
prolonged irradiation experiment of the twelve ring shows 
that radical-type reactions, arising from secondary processes, 
occur like in mono-olefinic systems. The reason for the dif
ferent behaviour of the (§,.§.)-1 ,5-cyclodienes with respect to 
the 1,5-cyclodecadiene system must originate in its intra
molecular flexibility which stimulates É. to ~ isomerization 
as the primary process. From model studies with the acyclic 
systems it appears that photochemical protonation probably 
occurs due to a, via ~-~ homo interaction, stabilized chair
like conformation. In the cyclic systems these preferred con
formations for photochemical protonation are not realized, 
owing to É. to ~ isomerization and intramolecular photochemical 
reactions. 
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Sainen.vattin.g 

In dit proefschrift wordt de fotochemie van cyclische 
en acyclische 1,5-dienen beschreven. De gevormde producten 
zijn in hoofdzaak ontstaan door intramoleculaire fotochemische 
omzettingen. Deze omzettingen blijken onafhankelijk van het 
oplosmiddel te verlopen. In géén der cyclische verbindingen, 
zoals (!!.,!!.)-germacra-1 (10),4,7(11)-trieen, is het zelfs onder 
protische condities gelukt fotochemische trans-annulaire 
cyclisaties te realiseren. De vergelijkbare acyclische ver
bindingen, zoals (!!.)-2,6-dimethyl-2,6-octadieen, leveren, bij 
bestraling in methanol, de twee mono-methoxy adducten en het 
di-methoxy adduct op. 

Directe bestraling van (É.•!!.)-germacra-1(10),4,7(11)
trieen-8-on in methanol, waarin het dieensysteem aanwezig is 
als een cyclodecadieen ring, geeft echter aanleiding tot 
isomerisatie van de 1(10)-dubbele band naar het 1(10)~,4!!.

isomeer. Deze isomerisatie wordt intramoleculair gesensibili
seerd via het S,y-enon fragment. Alleen door intermoleculair 
gesensibiliseerde bestraling (p-xyleen) kan het volledig ge
isomeriseerde (~,~)-product worden verkregen. 

De niet-gesensibiliseerde bestralingsexperimenten van 
cg,É)-germacra-1(10),4,7(11)-trieen in methanol tonen aan, 
dat intramoleculaire reacties tussen de dubbele banden in het 
1,5-cyclodecadieen skelet met een veel grotere quantenopbrengst 
verlopen dan de waargenomen ~ isomerisatie in (!!, -germa
cra-1(10) ,4, 7 (11 )-trieen-8-on. Zelfs onder protische omstan
digheden worden intramoleculaire reacties geprefereerd boven 
protonering leidend tot trans-annulaire cyclisatieproducten. 
Voorts blijkt, dat de conformaties van de grondtoestand van 
de endocyclische dubbele banden een belangrijke rol spelen 
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bij de vorming van de fotoproducten. Alle intramoleculair ge
vormde fotochemische reactieproducten kunnen afgeleid worde~ 
van de gekruiste of parallelle voorkeursconformaties van de 
dubbele banden in de grondtoestand van c~.~)-germacra-1(10), 
4,7(11)-trieen, of de parallelle conformatie van zijn (!,!)
isomeer. Bovendien zijn reacties bestudeerd van ringsystemen 
met meer dan tien koolstofatomen. 

De synthese van deze ringsystemen komt tot stand door 
intramoleculaire koppeling van c~.g)-3,3'-polymethyleen-bis

(allylbromiden) met bis(1,5-cyclooctadieen)nikkel(O). Op deze 
WlJZe zijn de veertien, zestien en achttien ringsystemen in 
goede opbrengst te synthetiseren. De twaalf ring kan niet op 
deze manier bereid worden en is daarom verkregen door reductie 
van (~.~.g)-1,5~9-cyclododecatrieen. 

Bij bestraling van de (~.~)-1,5-cyclodiënen in methanol 
blijkt ~-! isomerisatie het primaire proces te zijn. Een lang
durige bestraling van de twaalf ring toont aan, dat radicaal
achtige reacties optreden, afkomstig van secundaire processen, 
zoals die voorkomen in mono-alkeen systemen. De reden voor 
het afwijkend gedrag van de (~.~)-1,5-cyclodiënen, ln verge
lijking tot het 1,5-cyclodecadieen systeem, moet gelegen zijn 
in de intramoleculaire flexibiliteit, hetgeen g-! isomerisatie 
als primair proces tot gevolg heeft. Uit modelstudies voor de 
acyclische systemen is gebleken, dat fotochemische protonering 
waarschijnlijk optreedt als gevolg van een door n-n homo
interactie gestabiliseerde stoelconformatie. In de cyclische 
systemen worden deze voorkeursconformaties voor fotochemische 
protonering niet gerealiseerd ten gevolge van g-! isomerisatie 
en intramoleculaire fotochemische omzettingen. 
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