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ABSTRACT

Conjugated dienes are shown to undergo photosensitized di-
merization reaction, photosensitized cross addition reaction, and
photosensitized inter - or intramolecular addition to olefins. Struc-
tures of isoprene, piperylenes, 2,3-dimethylbutadiene dimers,
butadiene-1, 3-cyclohexadiene, 1,3-cyclohexadiene~cyclopentene
cross adducts, and myrcene photoisomers have been assigned '
(some in parts). The mechanism of the dimerization reaction, which
is closely related to the other reactions, has been studied in detail
with isoprene as the representative system. It was found that in
order to explain the results consistently, several postulates are
necessarily invoked. They include the non-interconvertible stereo-
isomeric triplets of conjugated diene, the unusual stable nuclei
configuration of diene triplets, new assignments of the O-O com-
ponents of singlet-triplet transition of dienes, and ''nonvertical"
energy transfer from sensitizer to diene molecules. Evidence is
presented in support of the mechanism in which only one diene

triplet is involved in such a bimolecular reaction.
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INTRODUCTION

The field of photochemistry seems to have received a
stimulus in the recent decade. New reactions and even new
classes of reactions arc being brought forth at a torrid pace.
Playing a significant role in this rapid surge of photochemistry is
the study of photochemical reactions of conjugated dienes. Al-
though the study is still actively pursued by many research
groups, the reports in the past few years have been so numerous
and mechanistic studies have been in sufficient detail, that it is
now possible to categorize photochemical reactions of conjugated
dienes. Before plunging into a review of the reactions, the proc-
esses of excitation and deactivation with butadiene as the represent-
ative system will be summarized briefly.

Conjugated dienes absorb only in the ultraviolet region. The
O-0O component of the singlet-singlet transition of 1, 3-butadiene,
for example, is at 2170 & (1); therefore, the first excited singlet
state is about 132 kcal/mole above the ground Istate. The for-
bidden singlet~triplet tranéitions can normally be ob_ser\;ed only
under special conditions, e.g. in solvents with heavy atoms or

under high oxygen pressure. In the case of butadiene, A ax of
m
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the longest wavelength absorption band is at 4800 A, which was
assigned as the O-O component by Evans (2). The spectroscopic
triplet state is, therefore, 60.0 kcal/mole above the ground state.
A simple energy diagram of butadiene is shown in Figure I.

In Figure I, ways to populate the excited states and paths of

517

Fig. 1

relaxation to the ground state are also indicated. Paths (a) and (b)
are the allowed and forbidden absorptions; path (¢) is the energy
transfer step. Path (d) is radiationless deactivation following
internal conversion from the excited singlet (Sl) to the ground

state; paths (e) and (f) represent radiationless deactivation following
intersystem crossing from an excited state (S1 or Tl) to a state

(T, or So) of different multiplicity. Emission from the excited

1
states is not included in the figure, since there is no evidence in the

literature for emission from dienes. Any of the following excited

states may conceivably undergo chemical reactions: (1) the excited
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gsinglet state, Sl’ (2) the triplet state, Tl’ (3) a vibrationally excited

ground state formed after conversion from S, to S, (path d), (4)

1

a vibrationally excited triplet state formed after crossing from Sl
to 'I‘1 (path e), or (5) a vibrationally excited ground state formed

after crossing from T, to SO' Molecules in state (5) are quite

1
different from those in state (3), since ''cooler' molecules are
produced by crossing from T, than from Sl.

Of all the known photochemical reactions of dienes, only a
few have been studied in sufficient detail that one can unequivocally
assign the state in which reaction occurs. It will, nevertheless,
be interesting to examine each type of reaction closely.

Photochemical reactions are generally brought about by
direct irradiation and conjugated dienes are no exception. Theo-
retically, it is evident from the diagram that under such conditions
reactions could take place in any one of the five states. However,
from the study of cyclization of myrcene (this thesis), intersystem
crossing of dienes appears to be an inefficient process; therefore,
by direct irradiation, only étates (1) and (3) are important. More
recently, photo;sensitized reactions of dienes have attracted much
attention (3,4,5). In these cases the initial excited species of
diene is believed to be the triplet state (Tl) (3, 4); therefore,

reaction can take place only in states (2) and (5). Since photo-

sensitized reactions are of prime interest in this work and will be
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discussed in detail later, only results from direct irradiation will
be reviewed in this section,

One of the better known and the most thoroughly studied
reactions of conjugated dienes is formation of cyclobutenes. Wind-
haus et al. (5) first observed that pyrocalciferol and isopyrocal-
ciferol isomerize upon irradiation to give photo-products of unknown
structure. Daubenet al. (6)later were able to make definitive struc-
tural assignments of the photoproducts (reactions 1 and 2) and thus
established the first examples of cyclobutene formation via

irradiation.

HO HO

Numerous reports of such reactions have been published
since. Represgntative are the works of Srinivasan, Crowley, and

Dauben et al., who obtained corresponding cyclobutenes from
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simple dienes such as 1,3-butadiene (10), isoprene (8), 2,3~
dimethylbutadiene (8,9), myrcene (9), 1,3-cycloheptadiene (11la),
1, 3-cyclooctadiene (8), and dicycloheﬁcenyl (9). In some instances,
other minor products were also produced. Recently Dauben and
Coates (11b) showed by an unambiguous degradation that photo-

levopimaric acid also contains the cyclobutene group.

(3)

l

O O L X
!
%55%555

!
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!

!

!

(9)

OO —

(10)
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In the case of 2, 3-dimethylbutadiene, reaction proceeds
both in the vapor phase and in solution. In the vapor phase, it was
shown that the quantum yield of the reaction is independent of oxygen
and nitric oxide and the possibility of triplet intermediates is dis-
missed. Also pnoteworthy is the fact that yields increase with the
pressure of inert gas in the system. This was taken as indication
that formation of cyclobutenes involves singlet states of dienes to
produce products in vibrationally excited ground states. The inert
gas serves the purpose of stabilizing '"hot" cyclobutenes by remov-
ing excess vibrational energy. By contrast, reactions 8 (12) and
9 (13) can also be sensitized. Obviously, under the latter experi-
mental conditions, singlet states cannot be exclusively responsible
for formation of cyclobutene.

Ergosterol and lumisterol, the 9, 10-anti-analog of pyro-
calciferol and isopyrocalciferol, behave differently upon irradi-
ation (14). Instead of bond formation, bond cleavage occurs to give

trienes.

—_— # X (11)



—_—> | > (12)
HO H

In general, compounds with the 1, 3-cyclohexadiene structure

appear to prefer the fission reaction rather than cyclobutene
formation. Reports in the litera.turé are numerous. Representative
examples are the isomerization of 1,3 -cyclohexadiene (15, 16),

o-phellandrene (15), 5,6-dimethyl~-1,3-cyclohexadiene (17), and

palustric acid (11) (reactions 13.-16)."

© — | : (13)

) .
? — \,‘ (14)
S
[:j: —_ I/ (15)

(16)

"COOH
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In the vapor phase, the efficiency of reaction (12) was shown to be
independent of the pressure of inert gas introduced (18). Since
singlet states are too short-lived to be quenched through collision,
Srinivasan (18) interpreted the results to mean that the reactant and
the product formed initially are in excited singlet states.

The factors controlling the course of reaction of 1,3~
cyclohexadienes (valence isomerization or ring-opening) have been
of interest to several research groups (19). It is agreed that ring-
opening is the general reaction. Valence isomerization occursonly
when the conformation of the ground state molecule is specially
favored for bond formation between the end carbon atoms of the
diene unit. Itis interesting to note the result recently reported by
Fonkon and Mehrotra (20) that irradiation of bicyclo(4,4,0]-1,3-

decadiene leads to two products (reaction 17). If both products are

O — 0 o W

indéed primary photoproducts, this would be the first example of
simultaneous formation of cyclobutene and hexatriene products.
Formation of bicyclobutane is probably a general reaction
of dienes constrained in transoid configur_atlon(s). Onirradiation of
3,5

A -cholestadiene, Dauben and Willey (21) isolated a monomeric,

saturated hydrocarbon, which, they believe, has a structure
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containing the bicyclobutane moiety. Bicyclobutane has also been

X - D s

isolated as a minor product on direct irradiation of butadiene in
solution (10). Again, results of inert gas quenching experiments in
the vapor phase led Srinivasan (10) to postulate that the formation
of bicyclobutane arises from the singlet state of butadiene.

Dienes in their respective singlet states have been suggested
as intermediates in all the reactions discussed above. Reaction in |
vibrationally excited ground states (state 3) is almost an unknown
process in solution. In the vapor phase, '"hot'" molecules have
been suggested as the reactive intermediates for reactions whose
qua'ntum yields decrease with increase of inert gas pressure, the
function of which is to remove excess energy from the "hot"
molecules. For dienes, as exemplified by 1, 3-cyclohexadiene (18)
and butadiene (22), fragmentation is the typical reaction under such

conditions.

O — Q=

—_— C4H6 +CZ-H2

(19)
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AN —> CH2=C=CH-CH3

—_—
CH, +CH, | (20)

— CH2=CH-C'='CH + H2

Besides the reactions discussed above, dienes also par-
ticipate in other photochemical reactions. Examples are: cis-
trans isomerization of piperylenes (8), cycloaddition of butadiene
(23), and hydrogen migration of 4-methyl-1, 3-pentadiene (24).
However, generality and mechanistic studies of thése types of

reactions are yet to be investigated.

A ——— /\) (21)

AF —_—> g\\'“l'etc. (22)
M—e R — /k) | (23)

Since diene singlets do not cross efficiently to triplet states,
studies of triplet state reactions of dienes generally involve indirect
excitation of diene molecules by means of triplet excitation transfer
from sensitizer to substrate. An ideal substrate for sensitized

reactions is one having a large separation between excited singlet
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and triplet states s0 as to bracket the corresponding energy level
of the sensitizer. If this requirement is satisfied, an appropriate
filter system can insure that light will be absorbed exclusively by
the sensitizer and thus exclude the possible complication of singlet
state substrate reactions. Conjugated dienes with the two lowest
excited states separated by more than 70 kcal/mole satisfy this
condition.

At the time this work was initiated, several photosensitized
reactions of conjugated dienes were reported in the literature.
These include the sensitized isomerization of the piperylenes (3)

and the sensitized dimerization of butadiene (4) and cyclopenta-

diene (5). The dimerization reactions are of particular interest

AN /J : (21)

ANF —> 45/49/ \(24)
P

) — L%M%
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here. In the case of butadiene, the product composition is
dependent upon the sensitizer employed (4) (Table I), but such
dependence was not observed with cyclopentadiene (5). This work
was started with the objective of seeking satisfactory explanations

for these contrasting results.

Table I. Butadiene Dimer Compositions (4)

Sensitizer trans cis cyclohexene
Benzil 49 % 8 % 43 %

2, 3-Pentanedione 44 12 42
Acetophenone 82 14 4

B -Acetonaphthone | 76 17 7

A word must be said about the two mechanisms that have
been proposed to explain photosensitized reactions. The firstis
the energy transfer mechanism (25), in which one believes that
reaction of the substrate is preceded by a discrete step involving
transfer of triplet energy from a donor (excited sensitizer) to the
substrate. The necessary conditions for the triplet energy transfer
process are: (1) the excess energy of the donor must be higher than
the energy required for thg transition (of whatever nature) in the
acceptor, and (2) there must be actual contact between the donor

and acceptor molecules.
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The second mechanism was originally proposed by Schin-
berg (26) and is currently vehemently advocated by Schenck. This
mechanism has recently been discussed in detail by Schenck and

Steinmetz (27). The complete scheme is repeated here:

Sens + hv - Sens
1 .
Sens - Sens + hv
1
Sens - Sens
1
Sens - Sens
1
Sens + A - .Sens-A.
3
Sens - Sens + hv
3
Sens + A - .Sens-A.
.Sens-A. - Sens + A
.Sens~-A. + B - Sens + AB
Sens1 + Q - Sens + Q
3
Sens +Q - Sens + Q

In this mechanism the reactive species is a diradical with the
sensitizer bonded tolthe substrate. According to Schenck, all
sensitized reactions can be explained by this mechanism.

At the present moment, there is no evidence in the literature
to establish unequivocally the mechanism of sensitized réactions.
There are indications, however, that the energy transfer mechan-

ism is the preferred one, and most reaction courses are more
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‘clearly visualized and can be more easily understood in terms of
the energy transfer mechanism. The approach in the present dis-
cussion will center attention on the energy transfer mechanism.
However, a discussion of ''"prejudice' against the Schenck mechan-

ism will also be presented.
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RESULTS
I, Separation and Identification of Dimers of Isoprene

Photosensitized dimerization of isoprene leads to formation
of seven products, 1, 2, 3, 4, 5, 6, and 7. An eighth product may
have been formed but never amounted to more than 1% of the mix-
ture of dimers. Pure or nearly pure samples of the seven photo-
dimers were obtained by preparative vapor chromatography.
Structural assignments have been made, largely on the basis of
n.m.r. spectra.

Eighteen cyclodimers of isoprene can be formulated.
Structures may be grouped as twelve cyclobutanes, four cyclo-
hexenes, and two cyclooctadienes. All of the cyclobutanes contain

two terminal vinyl protons (CII_=C) plus zero to two other vinyl

2
protons. Each cyclohexene contains only one vinyl group, and one
or two other vinyl protons. These key features, which are reflected
in the n.m.r. spectra, together with the observed thermal re-

arrangements of the cyclobutane products, lead to rapid reduction

of the problem of structural assignments.
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Detailed description of the n.m.r. spectra, and other
information which led to eventual assignment of structures have
already been published (28). To avoid repetition, detailed argu-
ment will not be presented here, except that the final assignments
will be summarized.

Among the seven photodimers, three possess the cyclo-
butane structure. They are trans-1,2-dimethyl-1, 2-divinylcyclo-
butane, 1, trans-l-isopropenyl-2-methyl-2-vinylcyclobutane, 2,
and trans-1, 2-diisopropenylcyclobutane, 3. The two dimers with
cyclohexene structures are l,4-dimethyl-4-vinylcyclohexene, 4,
and l-methyl-4-isopropenylcyclchexene (dipentene, or limonene),
5. The remaining two are cyclooctadienes, 2,4-dimethyl-1,5~

—

cyclooctadiene, 6, and 2,5-dimethyl-1,5~cyclooctadiene, 7.

- ' — —
# . —
1 2 3
)\/hu
e e ol ONNG
4 5 7 | 6

The observed thermal rearrangements (29) of the cyclobutane

dimers are:
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|
5
O

Dimerization of isoprene was also studied by Trecker et al.

(30) with benzil as sensitizer. Similarly, they reported formation
of se\}en dimers. However, they failed to recognize the presence
of diisopropenylcyclobutane in the product mixture, and instead
reported to have isolated a mixture of dipentene and diprene, 5a.
No products of low= boiling point could be detected in the
product mixtures; therefore, compounds such as methylcyclo-
but[ene, methylbicyclobutane are not formed in the sensitized reac-

1
tions. b : b | i

I, Dependence of Product Composition upon Sensitizer

Thirty sensitizers in all were used to study their effects

upon the distribution of isoprene dimers. The choice of sensitizers
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is such that their energies are evenly separated. Thirteen of them
have triplet energies greater than 60 kcal/mole, eleven between 50
and 60 kcal/mole, and six less than 50 kcal/mole. Structures of
these sensitizers are quite different, including 19 ketones, 3 alde-
hydes, 3 o -diketones, 4 aromatic hydrocarbons, and 1 halo-
hydrocarbon.

All sensitizers give product mixtures containing the seven
photodimers, although with varying amounts . Table II contains
the complete results, where the dimer compositions are expressed
as thc sum of pcrcentages of cyclobutanc and cyclooctadiene dimers
(denoted as T from here on). The reason for such a choice will
become evident in the discussion section. Table III shows per-
centages of individual dimers of ten randomly chosen sensitizers.

Several other compounds were also used as sensitizers.

Both cis and trans stilbenes formed an adduct with isoprene accom~-

panied by very inefficient formation of isoprene dimers. Eosin is
almostinsoluble in isoprene. Solution of acridine in isoprene
turned green after irradiation, and l-amino-4-nitronaphthalene
apparently initiated polymerization of isoprene upon irradiation.
Both o - and B -naphthils are efficient sensitizers for the.reactions,
and the composition of dimers formed (£ = 57, 58, respectively)

agrees with the postulate that these sensitizers cxist as an
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Table II. Dependence of Composition of Isoprene Dimers
on Sensitizer

Sensitizers ET(kcal/ mole)(32') 5
1 cyclopropylphenylketone 74.7 92
2 propiophenone 74.06 93
3 acetophenone 73.6 92
4 1,3, 5-triacetylbenzene 73.3 92
5 benzaldehyde 71.9 90
6 o-dibenzoylbenzene 68.7 92
7 benzophenone 68.5 93
8 thioxanthone 65.5 92
9 anthraquinone 62.4 91
10 flavone 62.0 90
11 Michler's ketone 61.0 91
12 2-acetylfluorene 60.8 91
13 acetylbiphenyl ~ 60.6 90
14 g -naphthylphenylketone 59.6 81
15 g-naphthaldehyde 59.5 76
16 B-acetonaphthone 59.3 81
17 ag-naphthylphenylketone 57.5 75
18 o-acetonaphthone 56.4 66
19 w-naphthaldehyde 56.3 60
20 biacetyl 54.9 52
21 2,3 -pentanedione 54,7 49.
22 benzil 53.7 - 45
23 9-fluorenone 53.3 ‘ 43
24 1,2,5, 6-dibenzanthracene 52.3 38

25 pyrene 48.7 36
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Table II. (continued)

Sensitizers ET(kcallmole)(32)
26 benzanthrone 47
27 3-acetylpyrene 45
.28 9, 10-dimethyl-1, 2~ 44.4
dibenzanthracene
29 anthracene 42,5
30 9, 10~dibromoanthracene 40,2

“ Sum of percentages of 1, 2, 3, 6, and 7.

b2

35
51
58

87
94
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Table III. Selected Examples of Isoprene Dimer Composition

cyclopropyl-
phenylketone

benzophenone
thioxanthone
flavone
B-acetonaphthone
a-acetonaphthone
9-fluorenone
pyrene
4-acetylpyrene

9, 10-dibromo-~
anthracene

foo

28.0

29.0

28.6

26.2

26.3

19.6

12.7

12.1

13.5

30.8

o

30.5

30.1

26.0

28.3

27.2

19.5

11.7

12.4

15.3

33.8

6.4

7.9

7.8
14.5
27.0
42.5
45.4
36.6

3.6

i4.6

18. 4

12.3

61

23.3

25.2
28.9
28.1
18.2
17.4
14.1

9.5
15.7

21.8
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equilibrium mixture of stereocisomers which have different triplet

energies (31). Azulene failed to sensitize the reaction.

III. Quantum Yield of Dimerization of Isoprene

In determination. of quantum yield of the dimerization reac-
tion, a method which requires neither an independent actinometer
solution nor a monochromatic light source was adopted. This
method involves determination of the yields of dimers after irradi-

ation of solutions containing isoprene of varying concentration for
the same period of time (33_).

Quantum yield (%) of the reaction and concentration of

diene are related in the way shown in equation 13 (for details, see

Discussion section).

1.1

+ 1

W"W
ol

_..l_ (13)

% r [D]

)
)

In equation 13, a represents efficiency of intersystem crossing of

sensitizer, D is diene, and k_, kr are, respectively, constants of

d
deactivation to the ground state and reaction to form dimers.

Putting

total dimers formed (DZ)
& =

total quanta absorbed (T)
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one can rewrite equation 13:

T _ 1,1 Sa_1
Dz a a kr [D]

or
S S a1
D2 aT aT kr LD

The concentration of diene , [D], is known, and amounts of dimers,

.

D

2 formed can be measured. From the value of the intercept of

b,

the samples can be calculated. Studies were made with three

1
a plot of —— versus T%ﬁ , the total light quanta (T) absorbed by

sensitizers, benzophenone (a - 1.00), B-acetonaphthone (a = 0.85),
and fluorenone (a = 0.92) (32a). The results are listed in Table IV,
and the plots shown on page 78 . . In the case of benzo-
phenone as sensitizer, total quanta absorbed were also calibrated
with the benzophenone-benzhydrol actinometer. Resuits from both
methods agreed reasonably well.

It is difficult to eétimate the accuracy of the numbers deter-
mined by this method. The relative errors between the points
within a run are probably sméll, and up to the accuracy of v.p.c.
analysis. However, the absoiute values of quantum yield may be
less accurate because of the larger error involved in obtaining

values of intercepts.
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Table IV. Yields of Dimers by Varying Concentration of Isoprene

a. Benzophenone as sensitizer (0.1M)

Conc. of Isoprene 1 ) Dimer Yield 1
(D] M DI D, {moles) D,

-4 ' 3
9.22 0.109 7.65x10 1.31x10
6.25 0. 160 5.86 1.71
3.91 0.259 4.09 2.44
3.12 0.320 3.42 2.92
2.92 0.340 3.26 3.07
2.81 0.356 3.14 3.18

Intercept = 4.95 x 102

T =2,02x 10’3einstein
At 10M /D, = 1.25x 10° D, =8.00x 107 moles
% = 0,40

Total quanta (T) determined by benzophenone-benzhydrol actin-
ometer = 2.39 x 10-3 einstein -

b. B-Acetonaphthone as sensitizer (0.05M)

Conc. of Isoprene 1. Dimer Yield 1
(D] M ' (D] D2 (moles) DZ
8. 99 0.111 2. 07x10"> 4.83x10%
6.66 0.150 1.66 6.02
4,66 0.215 1.32 7.58
3.33 0.300 0.910 1.10x10
2. 66 0.376 0.760 . 1.30

Intercept = 1.28 x 102

T=9.1x 10‘-3 einstein
At 10 M, 1/D2 = 4,46 x 10° D_=2.24x% 10'3 moles

2
& =0.25
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Table IV. (continued)

c. Fluorenone (0.05M) as sensitizer

Conc. of Isoprene Dimer Yield

L

(D] M [D] D2 (moles)
8.99 0.111 4. 63x10:§
6. 66 0.150 3.75x10
4. 66 0.215 2. 82x10 7
3.33 0.300 2.07x10
2.66 0.376 1.74x10

Intercept = 6.33 x 10
T = 1.72x10° % einstein
At 10M 1/D2 = 200 D_=5.0x 10"

= 5.0x 10-3 = 0.29
1.72x 10-2

Ui

2

2.16x10
2.66x10
3.54x10
4,83x10
5.75x10

AV SV oS WV OV
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V. Effect of Azulene on Dimerization of Isoprene

Azulene conveniently possesses a ''window'' in its absorp-
tion spectrum in the region 3550-4200 & (e <50) (34). Therefore,
using light of wavelength in this region and with solutions of suf-
ficiently high concentration of sensitizer relative to that of azulene,
study of the effect of azulene upon the dimerization reaction without
introducing the complication of internal filtering is possible.

With benzophenone as sensitizer, the study was carried out
in two ways: first, with a constant concentration of azulene and
varying amounts of isoprene; then, with a constant concentration of
isoprene, but varying amounts of azulene. The highest concentra-
tion of azulene used was lxlO"ZM while the benzophenone concentration .
was 2 x 10 © M. Under these experimentai conditions and together
with the use of a filter system which allows transmission of light
near 3660 A only, at most onc pcr cent of light was absorbed by
azulene. Results are listed in Tables V and VI. The plots are
shown on pages 80, 8l. When biacetyl was used as sensitizer, a
uranium filter glass was used which permits transmission of light
of wavelength above 3350 A. Thercfore, in these runs azulene
absorbed part of the light, especially in the long wavelength region
where the extinction coefficient is high. However, internal filter-

ing should not affect dimer composition. Results are listed in
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Table V. Quantum Yield (¢) of Dimerization of Isoprene with

D)

2.

2‘

. 28

.63

.47

.64

. 14

48

15

Constant Concentration of Azulene {5 x 10

0.

0.

. 299

«234

.216

. 162

. 141

117

107

2
[D]

0.137
0,178
0.224
0.275
0.350
0.403

0.465

Sensitizer: benzophenone (0.1M)

30

£
3
3.34

4.28

4.63

8.54

9; 35
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Table VI. Quantum Yield (2) of Dimerization of Isoprene with

Varying Concentrations of Azulene

(Az]M 8 1/8

10x10™> 0,206 4,86
7.6 0.230 4.34
5.2 0.249 4.01
2.6 0.289 3.46
1.1 0.289 3.36
0 0.326 3.07

Sensitizer: benzophenone (0. 1M)

Concentration of isoprene = 6. 86M
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Table VII.

Solutions of isoprene (2M) and benzophenone in hexadecane
(M=3.34 cp. ) were irradiated with or without azulene (5 x 10-3M).
Quantum yields of dimerization under these conditions are 0.121 and
0.098, respectively. Corresponding values with isopentane (7 =
0.223 cp ) as solvent are 0.122 and 0.101 (extrapolated from Figure
V. Variation of Sensitizer Concentration and Isoprene

Concentration

Effect of concentration of sensitizer on product composition
was studied with several low-energy sensitizers. With the excep-
tion of biacetyl, the range of sensitizer concentration was rather
small, generally limited by solubility of sensitizers. Results are
tabulated in Table VIII. Table IX contains results of study of the
effect of concentration of isoprene upon product composition.

Apparently, there are no significant differences among the com-

positions of dimers.

VI. Physical Methods to Study Diene Triplets

Experiments designed to induce phosphorescence from
dienes and to detect diene triplets by flash photolysis were per-
formed. The results will be presented in connection with dis-
cussion on nature of diene triplets. Direct singlet-triplet absorption
spectra of dienes were taken using solvents containing heavy atoms.
The results agree with the values reported by Evans (2) and
Kellogg (35) in their studies of singlet-triplet absorption enhanced

by high pressure oxygen. It was found that solutions of



30

Table VII. Effect of Azulene on Dimer Composition

conc. of sensitizer = 0. 100M

Sensitizer [Az]M z
benzophenone 5x 10-3 95.6+0. 7
benzophenone --- 92.640. 4
=3 slesk
biacetyl 5x 10 54.5+1.0
sk
biacetyl - 48.7+1.6

Jo

Average value of 8 samples

ek
Average value of 6 samples
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Table VIII. Dimer Composition by Varying Concentration of

Sensitizers '
Sensitizer Conc. (M) z (%)
p-acetonaphthone 0.500 80
0.125 , 80
0.032 80
x
biacetyl 40% 51
20% 52
5% 52
0. 100
fiuorenone 0.1500 43
0.0375 41
0.0075 42
pyrene 0.230 v 37
0.086 36
0.020 36
0.010 36
sk
benzanthrone saturated 35
0.015 35
0.0076 36
9, 10~dibromoanthracene 0.0600 94.41‘
94.2
Ave. 94.3
0.0180 95.7
96.0
95.9
Ave. 95.9

% '
Percentage by volume
Kk

~ 0,03 M

TRepeated analysis of the same sample.
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Table IX. Dimer Composition by Varying Concentration
of Isoprene

a. Benzophenone as sensitizer
conc. = 0.100M
solvent: isopentane

[D]M T
7.28 92
5.63 92
4.47 92
3.64 93
3.14 93
2.48 92
2.15 ' 93
1.98 93

b. Biacetyl as sensitizer
conc. = 0,100 M

solvent: benzene

[D!IM T
9.13 50
6.65 49
4.75 50

3.66 49
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isoprene in ethyl iodide (1M) absorb weakly in the long wavelength
region (\ max 4770, 4430, 4150 A). Intensity of these absorptions
increased by eight times when a four-to-one mixture of isoprene
and methylene iodide was used. The singlet-triplet absorption of
myrcene in ethyl iodide is structureless, and therefore not

informative.

VII. Photosensitized Dimerization of Piperylenes,

2,3-Dimethylbutadiene, and Other Dienes

Piperylenes: -~ Irradiation of commercial mixture of piperylenes

(wg_ig_NS: 1) in the presence of photosensitizers gives at least

15 products as shown by v.p.c. analysis. The composition of
product mixtures again varies with choice of sensitizer. In the

case of benzophenone or any other high-~energy sensitizer, three
products are predominant (_8_, 52%:; 9. 22%; 10, 8% of total amounts
of dimers). They were isolated by preparative v.p.c. method. The
yields of these three dimers decrease when low-energy sensitizers
are used. Therefore, by analogy to other dimerization reactions
and from consideration of their n.m.r. spectra,* these compounds

have been assigned with the following structures: trans-1,2-

" Detailed description of the n.m.r. spectra has been published
elsewhere (28).
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dipropenylcyclobutane, 8; trans-1l-methyl-3-propenyl-2-vinyl-
cyclobutane, 9; and trans-1,2-dimethyl-3, 4-divinylcyclobutane, 10.
The extremely complicated structures of the n. m.r. spectra of
these compounds indicate that the isolated fractions were probably

mixtures of stereoisomers as shown in the drawings.

ZxT
P =

10

No attempts have been made to identify the other dimers..

2,3 -Dimethylbutadiene

Irradiation of the diene with sensitizers leads to formation
of dimers (11 - 17). Sufficient quantities of the four major prod-
ucts (_1_2_, 13, 15, _’:;7_) were isolated for spectral measurements,
Whicﬁ provided information for preliminary structural assignments.

Sensitizers of energy less than 60 kcal/mole give larger amounts

of 15 in product mixtures, and lesser amounts of all other six
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;iirners (Table X). Such variation immediately suggests that 15 is
probably a cyclohexene derivative. The structure, 1,2,4-tri-
methyl-4-isopropenylcyclohexene, is the only possible structure
of 2,3 -dimethylbutadiene dimers containing cyclohexene rings.
Indeed, the n.m.r. spectrum of 15 agreed with such structure.
It consists of a multiplet centered at T 5. 13 (relative area 2.0), a
broad band between 7 7.80-8.55 superimposed by two singlets at
T 8.16 and 8.33 (relative area 15.0), and a singlet at T 8.95
(relative area 3.1). The n.m.r. spectrum of compound 17 con-
sists of only two singlets centered at 7 7.67 and 8.35 of ratio 7.6
to 11.5. Obviously no vinyl protons are presentin 17. However,

its infrared spectrum shows weak absorption due to carbon-carbon

double bond (6.10 ). Based on this information, compound 17 has
been assigned the structure 1, 2,5, 6-tetramethyl-1, 5-cycloocta~-
diene. The n.m.r. spectra of 12 and 13 both showed low-field to
high-field proton ratio of ~1:4. By analogy with results of other

diene systems, the following structures are tentatively assigned.
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Table X. Composition of 2, 3-Dimethylbutadiene Dimers

(in percentages)

Sensitizer
acetophenone
benzophenone
B-acetonaphthone
biacetyl

pyrene

2.9

0I9

0.4

.1

.2

36

34

20

13

27

27

35

59

70

1.0
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N\

-

1, 2-Dimethylcyclobutene was not detected in product mix-

tures of these sensitized reactions.

2, 5-Dimethyl-2; 4-hexadiene: No reaction couid be detected (by

v.p.c. and n.m.r. methods) after prolonged irradiation of the

diene in the presence of benzophenone.

3-Methylenecyclohexene: 3-Methylenecyclohexene prepared by

the procedure of Bailey (35) was irradiated with photosensitizers.
Product mixtures contain at least three dimers as shown by v.p.c. |
The products seem to be quite unstable. So far they have not been

isolated successfully.

VIII. Photosensitized ercloaddition of Mixed Dienes
Photosensitized cross addition of mixed dienes has been

studied. The system investigated in most detail is the .butadiene-l, 3-

cyclohexadiene systefn. Irradiation of a mixture of the two dienesin the

presence of sensitizer gives in addition to the corresponding di-

mers of the two dienes three
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new products (_BS_, 19, 20} in the rgtio 43:6: 1. The two major
components have been isolated by preparative v.p.c. method.

The n.m.r. spectrum of 18 shows low-field signals in the
region of T3.9-5.4 of relative area 5.00, and high-field signals
in the region of 77.0-8.9 of relative area 8.92. 7-Vinylbicyclo-
[4 2.01-5~0ctene, 2, and 5-vinylbicyclo[2.2.2}2-octene, b, are
the only two structures of cross adducts between butadiene and

cyclohexadiene with proton ratio 5 to 9. Compound 18 cannot be a

o o™
2 b
bicyclol 2. 2. 2]0c.tene because its n. m.r. spectrum does not have
the low-field signals of two protons in the region 73.5-4.0, where
signals of vinyl protons in bicycle[ 2.2.2] octenes are generally
observed* (e.g. in the parent compound, such absorption appears
as a multiplet centered at 73.8). By elimination, 18 probably has
the gross structure of a. | The n. m.r. spectrum of 19 shows sig-
nals between T 3.9-5.3 and 6.6-8.8. of relative area 5.00 and 8.82.
For the same reason, 19 probably has the gross structure of a.
Both cornpoundé 18 and 19 undergo facile thermal rearrange-

ment. Rearrangement of 19 at 120° leads to formation of one new

b
Such correlation was first observed by D. Valentine.
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compound, while rearrangement of 18 gives three new products,
one of which is identical with the thermal product from 19. Activa-
tion parameters of these rearrangements have been measured by
C. DeBoer (41) (Table XI). Distribution of products and activation
parameters of these rearrangements are reminiscent of those

observed for the 1,2-divinylcyclobutanes. In the latter cases, it

-

= A
—

o

was reported that the cis-isomer rearranges solely to 1, 5-cyclo-
octadiene; while the trans-isomer gives 4-vinylcyclohexene in
addition to the cyclooctadiene. Activation parameters of these
reactions were also reported (29) (Table XI). The difference in
entropy of activation of rearrangement of the two divinylcyclo-
butanes was attributed by Hammond and DeBoer (29) to the differ-
. ence in mechanisms in operation. They believe that cis-divinyl-
cyclobutane rearranges in a concerted manner, while the trans-
isomer proceeds through a less rigid diradical intermediate. By
analogy, one would expect that in 19 the substituents at 1 and 8

positions are cis to each other, and in 18, trans; and compound 19
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Table XI. Activation Parameters of Thermal

Rearrangements of Four Compounds . (41)(29)

Compound Mfcﬁcd/mok) AS*eAL
18 34.5 - 1.8
_}2 27.7 - 6.5

cis~1, 2~-divinyl- 23.1 -11.7

cyclobutane

trans-1, 2-divinyl- 34.0 - 1.2

cyclobutane
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rearranges by way of a concerted mechanism giving a product with
the structure bicyclo{ 4.2.2]-3,7-decadiene, Ei Indeed, the
n.m.r. spectrum of the thermal product derived from _1_9_ agrees

with this structure. Therefore, the rearrangement of 19 can be

formulated as follows. *

19 21

The three thermal products derived from 18 are formed in the ratio
45: 40: 15. Hydrogenation of the major product gives cis-decalin
exclusively; therefore, it probably has the structure cis-bicyclo-
[4.4.0]-2, 8-decadiene, 22. Its n.m.r. spectrum agrees with the
assignment. The second most abundant material is identical with
21, by comparison of v.p.c. retention time and n. m.r. spectrum
with the product from thermal rearrangement of 19. The minor
product probably is 5-vinylbicyclo[ 2.2.2]octene, 23, because its
n. rnr spectrum shows a band of complicated structure (2 protons)

between T 3.5~-4.0, a region characteristic of signals of vinyl pro-

tons in bicyclo[ 2.2.2]octenes (vide supra) in addition to signals of

e
Information at hand is not sufficient for speculation of stereo-
chemistry of the ring junction in 19.
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: *
three vinyl protons at slightly higher field. The structure of 18

and its rearrangement can be formulated as follows.

T QO A

18 22 21 23

The third product was not isolated.

Product distribution of cross adducts has been examined by
varying relative amounts of dienes, and by employing sensitizers
of different triplet excitation energies (benzophenone, biacetyl,
and fluorenone). Formation of cross adducts is generally accom-
panied by simultaneous formation of dimers. Only when the concen-
tration of one diene is much lower than the other (for butadiene, less
than 1/20 of cyclohexadiene; for cyclohexadiene, less than 1/50 of

butadiene), then the corresponding dimers are not observed.{4la).

als
b

Assignment of trans ring junction in 18 is an attempt to incorpor-
ate the result of exclusive formation of 22 with no trans isomer.
This result can be rationalized by assur;i—ng that minimum move-
ment of the allyl radical in the intermediate is a requirement in
closure of the diradical from trans ring fused 18. Under similar
conditions, the cis ring fused compound might be expected to lead
to the trans isomer of 22.
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Relative vields of the three cross adducts remain the same under
most conditions (Table XII). However, with solution of concentra-
tion of cyclohexadiene less than 1 per cent of butadiene and with

fluorenone as sensitizer, a new product, X, is formed as shown

ata
<

by v.p.c. " The yield of the new product relative to other cross
adducts increases as the amount of cyclohexadiene is further
decreased. Unfortunately, this compound was formed in too small
quantities for isolation.

Other diene mixtures were studied only in preliminary
forms. In the case of mixtures of 1,3 -cyclohexadiene and 3~
methylenecyclohexene, at least one cross adduct was formed; and
butadiene 3-methylenecyclohexene mixture gave at least four cross

adducts on irradiation. These products have not been isolated.

IX. Photosensitized  Intermolecular Addition of Diene Triplet

to Olefin

A number of cross additions of diene triplets to olefins were
carried out with very limited success. No cross adducts were
obtained when solutions containing cyclopentadiene, isoprene, or

1,3 -cyclohexadiene and sensitizer in olefins such as cyclohexene,

y,

L
Another new product might have been formed; but the amount
formed is less than one-fourth of X.
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Table XII. Distribution of Cross Products of Butadiene and

1,3~Cyclohexadiene (Solvent benzene)

1%

Sensitizers Dienes (%) Products (%)
CH, CgHy 1819 20
acetophenone 36 4 98 2
' : 20 20 98 2
benzophenone 90 10 97 3
50 50 98 2
99 1 98 2
biacetyl 36 4 98 2
20 20 98 2
fluorenone 95 5 98 2
99 1 © 98 2
99.5 0.5 97 2

NO-
~1
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norbornene, and l,5-hexadiene were irradiated with light only
absorbecd by thc sensitizer. However, irradiation of a solution of
15:1 cyclopentene~1, 3-cyclohexadiene mixture containing 0.02M B~
acetonaphthone led to formation of three new compounds in addition
to the photodimers of cyclohexadiene. The new compounds were
formed in the ratio 4: 2:1. The major component was isolated by
v.p.c. in sufficient amount to permit measurement of its n.m.r.
and infrared spectra. A mixture of the major product and the
second most abundant material was also isolated. Features of the
spectra* of the mixture are similar to that of pure material, and
hydrogenation of the mixture gave a single product having v.p.c.
retention time identical with that of the product from hydrogenation
of the major product, Consequently, it is believed that the com-

2,6

pounds are the two stereoisomers of tricyclo(5.2.2.0 1-8-un-
decene, 24. The minor component has not been isolated in sufficient

amount for identification.

24

" Details of the n.m.r. spectra have been published (37).
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X. Photosensitized Intramolecular Addition of Diene Triplet

to Olefin

A much more promising situation was encountered when
intramolecular cycloaddition of a diene unit to a double bond was
attempted. Mpyrcene, containing the two necessary function groups
and being readily available, was the first compound studied.

Irradiation of a 2 per cent solution of myrcene in n-hexane
or benzene containing benzophenone, B -acetonaphthone, or fluor-
enone leads to formation of a single product wij:h a quantum yield
of 0.05 in the case of benzophenone (37). For reasons outlined
below, the product is believed to be 5, 5—dimethy1-l-vinyl-

bicyclol 2. 1. 1Jhexane, 25.

hv

sens.

The }Shotoproduct is easily isolated and purified by frac-
tional distillation through spinning band column, or by preparative
v.p- c. The structure is clearly indicated by the n.m.r. spectrum.
The low-field signals are multiplets of ABC pattern characteris‘tic.:

of vinyl groups (relative area 3.0). Two strong, unsplit signals
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at 7 8.86 and 9.25 have relative areas of 3.1 and 2.9. The signals
obviously belong to two isolated methyl groups and have chemical
shifts virtually identical with those of the corresponding methyl
groups in 26 (78.89 and 9.30). A doublet with total area 1.1 is
centered at T 9.03 with a coupling constant of 0.8 cps. This signal
is probably the most definitive of the spectrum. Structures 25 and

27 are the only products of internal cycloaddition which would have

—

l

26 27

S ———

intact vinyl groups. There is no precedent for the expectation
that any of the single protons of 27 would absorb at very high field.
On the other hand, the spectra of bicyclof 2. 1. 1]hexane (38) and
its derivatives (39) have high field signals (7 9. 13 in the parent
compounds and 9. 11 in 26 (39)) attributed to the endo protons on

methylene bridges. A slightly distorted AZB group (relative area

2

2.0) centered at T 7.69 must include the exo-methylene and bridge-
head protons. .

The assignment was confirmed by degradation of the photo-
product to known compound. Ozonization of the photoproduct fol -
lowed by oxidative work-up gave a solid of low melting point, the

n.m.r. spectrum of which agrees with the structure 28. The acid,
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28, was reduced by lithium aluminum hydride to give another low
melting solid with strong camphor~like odor. Its n.m.r. spectrum
agrees with the structure 29. From the alcohol, 29, both the
tosylate, 30, and brosylate, 31, were prepared. Reaction of 30
or 31 with lithium aluminum hydride followed by hydrolysis gave a
a product mixture of two compounds in 5: 1 ratio. The minor
product is identical with the alcohol, 29. The n.m.r. spectrum of

the major product is identical with the reported spectrum of 26 (39).

N o, H,O, GOOH
—— >
28
LiAlH CH _OH
28 —_— 2
23
X=T ,30
29 _XCl H_OX s’ —
—_— : 2 X=B ,31
ya ' ==
LiAlH
30 or 31 ——t +29
26

The hydrocarbon 25, on heating, reverts to myrcene.
Activation energy of this rearrangement is 35 kcal/mole (40).
Several attempts were made to generalize such reaction.

The hydrocarbon, 2-phenyl-1, 4-pentadiene,was synthesized.
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However, irradiation of this compound with or without sensitizer
did not give any new product as shown by n.m.r. Preliminary
results on irradiation of 3-methyl-1,4, 6-heptatriene with sensitizer
show that besides a rapid reaction, possibly the cis-trans isomer-
ization, three new products are formed at a slower rate. These

have not been isolated and characterized.



49

DISCUSSION

The mechanisms of all the photosensitized reactions studied
in this work have many points in common. In the following dis-
cussion the mechanism of the dimerization reaction will be con-
sidered in detail. For other cycloaddition reactions, only points
characteristic of the reactions will be mentioned.

In their discussion of the mechanism of photosensitized
dimerization of butadiene and cyclopentadiene, Hammond and
Turro (4, 5) proposed the following simple scheme, where asterisks
represent triplet states.

hv *
S - -39S

3

S 4~z oS+~
N* + A~ —~—-Dimers
The three equations of the scheme represent, in the lan-
guage of the energy transfer mechanism, the three essential
steps of a photosensitized reaction. These include excitation of
sensitizer followed by intersystem crossing to the triplet state,
energy transfer from the excited sensitizer to substrate, and

reaction of the excited substrate. However, it is obvious, as

recognized by Hammond and Turro, that without further
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modifications, this scheme fails to account for the observed vari-
ation of butadiene dimer composition when different sensitizers
were used.

Results of the present study show that such variation also
occurs in isoprene, 2,3 -dimethylbutadiene, and piperylenes (42).
Isoprene has been used as the model system for conjugated dienes
and has been studied in most detail. It is believed that not only can
a successful explanation for the variation of dimer composition
now be oifered, but also as a result of this work, the mechanism of
the sensitized dimerization reaction, the energy transfer process,
and the nature of the diene triplets are better understood. Further-
more, perhaps as a bonus, the present study has opened synthetic

routes to compounds which would otherwise be difficult to prepare.

Nature of the Diene Triplets and Mechanism of Energy Transfer

Results show that the variation of composition of the seven
dimers of isoprene follows the pattern that any change which
increases the yield of 1, also increases the yields of 2, 3, f)_, and
7, and decreases the yields of 4 and 5, the two derivatives of
cyclohexene. Apparently the variation involves two parameters;
i.e., there is one precursor which reacts to give predominantly

cyclobutanes and cyclooctadienes and another which reacts to give
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relatively large amounts of cyclohexenes. The pattern of variation
is shown in Figure II, in which the percentages of the total yield
represented by the sum of yields of 1, 2, 3, 6, and 7 is plotted
against the SO-Tl excitation energies of the sensitizers. Sensi-
tizers having relatively high triplet energies all give the same
results; those having excitation energies of 60 kéal/mole or less
give a variety of results. A minimum shows up near 50 kcal.
With sensitizers of energies less than 50 kcal, more cyclobutanes
and cyclooctadienes are again formed, resulting in a rise on the
left side of the curve. This behavior is reminiscent of that ob-
served in the studies of photosensitized cis-trans isomerization of
unsaturated compounds (43). In the latter cases, the results have
been partially explained by the assumption that the substrate system
can undergo two or more transitions. It is not immediately ob-
vious that a similar explanation applies to dienes such as butadiene

and isoprene. However, reflection shows that there should be two

transitions originating from the s-trans and s-cis forms of the

dienes. Fu;‘thermore, the lowest excited states of the dienes
should have large barriers to rotation about the central bonds. The
last conclusion follows from the fact that excitation involves pro-
motion of an electron from an orbital which is antibonding between
carbon atoms 2 and 3 to an orbital which is bonding between those

centers {44). It was reported by Evans (2) that the longest wave-
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length absorption observable in butadiene and isoprene occurs at
20,830 crn-'1 (59.6 kcal/mole) and 21,000 cm-1 (60.0 kcal),
respectively, and these bands were assigned to the SO--T1 trans-
itions. These transitions undoubtedly arise from light absorption
by molecules in trans configurations. The corresponding transitiqn
of 1,3 -cyclohexadiene occurs at 18,350 Cm-l (52.5 kcal).* This
lower value of transition energy is probably typical of cis-1,3-
dienes. The data of Figure II are consistent with the assumption
that high energy sensitizers ( >60 kcal) transfer their triplet
excitation indiscriminately to the dienes at rates comparable to
the rate of collision of molecules in solution. Since in the ground
state isoprene is predominantly in the transoid configuration (45),
a correspondingly excess number of trans-triplets are produced
which in turn react with isoprene to give cyclobutanes and cyclo-
octadienes. When the energy of the sensitizer falls below 60
kcal, transfer to produce trans-triplets becomes inefficient, and
relatively large amounts of cis-triplets are produced, thus giving
larger quantities of cyclohexenes on reaction with isoprene.

With sensitizers of energies lower than 50 kcal, energy
cannot be transferred efficiently to eitﬁer isomeric form.of the

diene. A severe drop in the rate of reaction would be expected,

" A value of 53.5 was originally reported by Evans. This number
is a redetermined value by Kellogg (35).
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and eventually, with sensitizers of sufficiently low energies (5-6
kcal ""endothermic"), energy transfer to the diene molecules
might be expected to be so inefficient that for practical purposes
the reaction could no longer be sensitized. This does not agree
with our experimental results completely. The reaction proceeds
even with sensitizers of energy as low as ~40 kcal, although ata
somewhat reduced rate; furthermore, the dimer composition again
becomes rich in cyclobutanes and cyclooctadienes as indicated on
the left side of the curve. A mere consideration of excitation
energies of isoprene isomers to their respective spectroscopic
triplets is insufficient to account for these observations. Additional
explanation must be offered to explain the apparent ""endothermic"
sensitized reaction, or more appropriately the apparent '""endo-
thermic' transfer of triplet excitation to the dienes.

'"Endothermic'" energy transfer is not entirely a new obser-
vation. Sandros and BHckstrém (46), in their study of quenching
of biacetyl phosphorescence, nO'ticed that compounds with triplet
energies as much as 6 kcal higher than that of the donor can still
quench biacetyl phosphorescence albeit with reduced efficiency.
Their results are reproduced in Figure III. The solid lin.e marks
the triplet energy of biacetyl. Points to the rightoftheline cor-

respond to compounds with higher triplet energies than the donor;
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Fig. III. Rates of quenching of biacetyl triplet (kq) VS,
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thus, for these cases, the quenching process is ""endothermic."
Quenching rates apparently drop sharply in this region. Since the
quenching process cannot be attributed to reactions involving bi-
acetyl triplets and these carefully chosen inert quenchers, they
believe that, similar to low-energy quenchers (points on the left
side of the line), physical processes of energy transfer are respons-
ible for the quenching, except that under such circumstances the
acceptors are being excited from higher vibrational levels of the
ground state. In all cases, they believe, the coupled transitions of
donors and acceptors obey the Franck-Gondon principle. Such a
mechanism of "endothermic' energy transfer is not, however,
applicable to the diene systems. Particularly, it fails to account
for the fact that sensitizers of energy as low as 40 kcal (e.g. 9, 10-
dibromoanthracene) can still sensitize the reaction. To be con-
sistent with the dimer composition, such sensitizers would have to
excite transoid diene molecules with 20 kcal per mole of vibrational
energy more efficiently than to excite cisoid molecules with 10
kcal of vibrational energy. It is absurd first to suspect the pos-
sibility of having such hot molecules at room temperature, and
then to hope that _‘_cg_a—g__s_tripléts can be formed more efficiently with
such energy differences. However, the possibility of '""endothermic"
energy transfer processes with energies of donor and acceptor

closely matched is not excluded.
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During the course of this work, ''endothermic'' sensitized
reactions were also observed in many systems in these labor-
atories. Such a process has been studied in exhaustive detail in
the stilbene system by J. Saltiel (47,48). Photosensitizers with
energies lower than that required for spectroscopic transitions of
the stilbene isomers were found capable of initiating the isomeriza-
tion reaction. Data on the photostationary compositions demand a
low-energy excitation path which was described as excitation of

cis-stilbene molecule in its ground state directly to the trans-

triplet (or some form resembling it) (48). Obviously, such an
excitation process does not obey the Franck-Condon principle.
The term '""non-vertical" excitation has been used for processes as
such. Figure IV describes this process together with relative
energy levels of the ground state stilbenes and their respective
spectroscopic triplets. Reflection on relative energy levels of

E
the cisoid and transoid forms of diene and their respective

"Various approaches have been used to estimate distribution of
transoid and cisoid butadiene at room temperature. Results ob-
tained do not agree exactly although ail works suggest that cisoid
diene is present only in minor quantity. Temperature dependence
study of infrared spectrum of butadiene vapor indicates transoid
diene is more stable by 1.7+0.5 kcal/mole (49). Chemical method
using the assumption of retention of configuration of allyl radical
gives values of 93-97% of transoid diene at room temperature (50).
Raman spectroscopy study indicates presence of minor amount of
cisoid diene (51); while micro-wave (52) and electron diffraction
(53) techniques failed to detect cis-diene. Calculation by Aston and
Szasz arrived at the result of trans-butadiene being more stable by
2.3 kcal/mole (54). There were no similar detailed studies on
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spectroscopic triplets points out immediately (see Fig. V) that such
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""non-vertical' excitation is not energetically feasible in the diene
system, although not excluding "non-vertical'' excitation of a dif-
ferent nature.

It is well known that for molecules whose equilibrium nuclear
positions in the excited state are considerably different from that of
the ground state, the 0-0 transition, or even a transition to higher
vibronic levels, is often too weak to be observed because of Limita-

tions ascribed to the Franck-Condon principle. The acyclic dienes

isoprene. The only related work is the infrared measurement at
room temperature giving the result that trans-isoprene is predom-
inant at room temperature (45). The value used here (2 kcal) is

a reasonable estimated value.
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can hardly be considered as rigid molecules. This, plus the fact
that singlet-tri})let transition is itself a highly forbidden process,
gives reason té suspect that the obser;\red absorption by Evans (2)
and others (35) is due to transitions to higher vibronic levels with
the 0-0 cornponeﬁt much too weak to be seen. Our results, par-
ticularly from the experiment with biacetyl as sensitizer, strongly
support this suspicion. The 0-0 phosphoresqence band of biacetyl
is at 5210 A (32), with a corresponding triplet energy 54.9 kcal.
This value is lconvenientl'y between the s‘pectroscopic triplet state
energies of the isomeric dienes. Biacetyl was found to be an
efficient sensitizer giving product mixture containing 52% of cyclo-
butane and cyclooctadiene dimers. Table VIII shows that this com-
position is independent of the concentration of biacetyl used. If the
0-0 separation between the trans -triplet and its ground state were
60 kcal, it is expected that trans-triplets of isoprene will t'ransfer
exéitation reversibly to unexcited biacetyl molecules at a much
faster rate than the corresponding process from the Ei_s__—triplets,
the latter being energetically unfavorable. Consequently, in solu-
tions containing high concentrations of biacetyl, fewer trans-
triplets would survive to undergo dimerization; the product mixture
therefrom should contain less cyclobutanes and cycloctadienes than

in a solution of low biacetyl concentration. Obviously, this is not

in agreement with the experimental results.
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The biacetyl result and other results obtained in this work
can be consistently explained by assuming the absorption of 60 kcal
corresponds to excitation to high vibratioﬁal levels of the triplet
state, and the 0-0 cncrgy difference is significantly lower. For
reasons to be clarified, it is asserted here that the 0-0 transition in
transoid isoprene is at least 20 kcal lower than the assigned value of
60 kcal, and in cisoid isoprene ~ 13 kcal lower than the value
assigned for 1,3 -cyclohexadiene (52.5 kcal), taken as typical for a

cis-1,3-diene. Furthermore, it is proposed that the low-energy path

of forming diene triplet is the direct excitation of ground state iso-
meric molecules to lower or even to the lowest vibrational level of

the corresponding triplets. Such an excitation process is also ''non-
vertical.'" One rule will be imposed on this process, which is in
agreement with the present knowledge of rates of energy transfer,
that its rate is slower than those when the Franck-Condon principle
is not violated. All excitation paths and relative energy levels are
described in Figure VI in the form of idealized poiertial curves.
Solid lines are transitions which obey the Franck-Condon principle,
and should, in principle, include excitation of diene molecules at
excited vibrational levels as well as the zero vibrational level.
Dotted lines represent excitations which do not obey the Franck-

*
Condon principle.

o

Present results cannot exclude a non-vertical process of exciting,
e.g., cisoid diene to lower vibrational level of trans-triplet., How-
ever, there are no obvious advantages to introducing processes as
-such.
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Energy diagram of butadiene

, vertical excitation
y non-vertical excitation
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Fig. VI.
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The estimation of the 0-0 transition energy of the trans-
triplet being lower than 40 kcal is demanded by the result that

9, 10-dibromoanthracene (E_, = 40.2 kcal) can sensitize the reaction,

T
giving almost exclusively products produced by the trans-triplets.
The presence of cyclohexene dimers, coupled with the apparent
difference of dimer compositions of 9, 10-dibromoanthracene and
anthracene, its closest neighbor, indicates that cis-triplets are
still produced, but rather inefficiently. Itis interesting to note the
results of studies of the effect of sensitizer concentration upon
dimer composition {Table VII). In most cases, variation of con-
centration of sensitizer showed no influence upon dimer composition
(e.g., B-acetonaphthone, biacetyl, pyrene, benzanthrone); however,
the results of 9, 10-dibromoanthracene seem to indicate increase of
cyclobutane and cyclooctadiene dimer yields when .ahigher concen-
tration of sensitizer was used. Such variation is reminiscent of
results of photosensitized isomerization of stilbenes (43, 47), that
for low-energy sensitizers photostétioﬁary compaoasitions depend
upon the concentration as well as the energy of the sensitizers.
This result is also what would be éxpected for the biacetyl experi-
ment, had the 0-0 component of singlet-triplet absorption of iso-
meric dienes had values as high as reported by Evaﬁs (2). A
plausible explanation for this observed variation is that cis-triplets,

and not the trans, can transfer triplet excitation reversibly to
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ground state 9, 10-dibromoanthracene molecules. Such an explana-
tion immediately suggests that the 0-0 coinponent of the SO_TI
transition of cisoid isoprene has a value close to 40 kcal/mole, and
that of transoid is lower. It will be interesting to see whether
sensitizers with even lower triplet energies can produce a product
mixture void of cyclohexene dimers.

In an attempt to obtain direct information concerning the 0-0
transition energies of dienes and the propez-:'ties of the triplets,
several experiments were carried out to detect diene triplets.
Phosphorescence spectra normally provide direct information in
regard to positi'on of the 0-0 component in singlet-tripiet absorp-
tion. However, not a single case of diene has been reported to
phosphoresce. This, among other possible reasons, may only
reflect inefficiency of intersystem crossing in dienes. Attempts,
therefore, were made to ind\;.ce phosphorescence of isoprene By
populating the triplet state via energy transfer from benzophenone
triplets. Failure to détect any emission provides no useful informa-
tion except that radiationless deactivation of diene triplets to the
respective ground states is probably a fast process. Similar nega-
tive results were obtained in flash photolysis studies. Employing a
flash-photoelectric apparatus, no triplet-triplet abso>rpti_on from

either isoprene or benzophenone was detected from 4000 to 6000 A.
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Isoprene was present in sufficient amount to quench rapidly all
benzophenone triplets. Failure to observe absorption by diene
triplets may be due to short lifetimes of the triplets (a minimum
lifetime of 10 usec is required for detection of triplet-triplet
absorption on the above flash apparatus). The resgult is also inter-
pretable if diene triplets only absorb in the ultraviolet region or if
the extinction coefficients in the visible are small. Both of these
experiments actually proved only one trivial point, i.e., benzo-
phenone triplets were quenched by diene molecules.

It remains to examine possible structures of diene triplets
in their equilibrium position, to see whether the assumption thaf
vertical excitation leads to ""hot! triplet is justified. Because of
redistribution of electron density following excitation, the equilib~
rium carbon-carbon bond distances in an excited molecule will very
likely be different from those in a ground state molecule. How-
ever, on this ground alone, one would not expect vertical excitation
to lead to triplets with high vibrational energy as required by the
experimental results. The positions of the nuclei at equilibrium in
the excited state must be quite different from those of the ground
state so that absorption may lead to '""hot' triplets. Perhaps the
best noted example that a molecule has a vastly different nuclear

geometry in the excited state is ethylene (55). In its ground state,
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the most stable structure is with the methylene groups lying in the
same plane to ensure maximum overlap of the m electrons; but in
the excited state (singlet or triplet state), the most stable structure
is one with the rnetl;ylene groups perpendicular to each other, thus
minimizing repulsion between the unpaired electrons. Excitation
by absorption leads to high-vibrational (tortional) levels of the
excited state. According to calculation, the perpendicular and the
planar triplets of ethylene have an energy difference of as much as
110 kcal/mole (55). Electronic repulsion should also be important
in determining nuclei configurations of dienes in excited states;
but here the effect of this contribution is obscured because of. the
complication of resonance energy. Among possible structures of
diene triplets, the two that are believed most probable are con-
sistent with information about diene triplets obtained from photo-
chemical studies. Omne is with both methylene groups perpendicular
to the plane formed by the m electrons of CZ-C3 carbon atoms
(Fig. VIIa). In such a structure, the two unpaired electrons aré
essentially localized at the end methylenel groups. With the two
electrons far apart, electronic repulsion energy should be at a
minimum; however, this gain is accompanied by a loss of reso-

nance energy. The second possibility is one with only one end

methylene in the perpendicular position, and the remaining end
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VFigure VIIb

methylene group lying in the same plane as the 7 electrons of the.
central carbon atoms, thus to form an allyl radical (Fig. VIIb).
Greater repulsive energy is expected for such a structure; how-
ever, the allyl radical should provide resonance stébilization.' Due
to lack of knowledge of the relative importance of the contributions of
these two factors, one cannot indicate a preference vbetween the

two structures. Itis pertineﬁt to mention that both of these
structures can readily accqﬁnt for the observation of _c_;}i—trans
isomerization of piperylenes when irradiated in the presence of

photos ensitizers (3).
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A word must be said about the apparent inconsistency
between the results of Sandros and BHckstrdm (44) and those
reported here concerning the rates of triplét energy transfer when
the energy of the donor is slightly greater or equal to that of the
acceptor. According to the results and interpretation presented
here, the rate of energy transfer should be the same for donor-
acceptor pairs of equal energies or for pairs with the donor of
slightly higher energy, and both equal to the rate of collision.
Results of Sandros and Bickstrdm seem to suggest that the donor
must have at least ~3 kcal excess energy to ensure maximum rate
of energy tra.ns‘fer. The difference can be rationalized by consider-
ation of the difference in structure of acceptors involved in these
studies. All the quenchers used by Sandros and BHickstrom are
rigid molecules whose 0-0 transitions are well defined by their
phosphorescence spectra. With such quenchers, it is conceivable,
as clearly demonstrated by these authors in one case, to have
reversible energy transfer from the excited quencher molecule to
ground state sensitizer. Values of the observed quenching con-
stants should then be smaller than the actual values. The data
reported by them were not corrected for the reversible process.

In the case of dienes, because of rapid deactivation to lower

vibrational levels, reversible energy transfer from diene triplets
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is not possible. Since the reversible energy transfer process is
important only when the energies of the donor and acceptor are

closely matched, only in this region is the "'inconsistency'' noticed.

Scheme of the Photosensitized Dimerization of Conjugated Dienes

The complete scheme of the photosensitized dimerization
with incorporation of the discussed background knowledge and
postulates regarding 'stereoisomeric diene triplets, nature of the
""non-vertical' excitation processes, and relative rates of energy
transfer from sensitizers of varying triplet energies to dienes will
now be presented. It is necessary to describe the reaction by a

*
minimum of eleven steps.

£
% kz . %
S + A~ > S+ A m {2)
%
AN o

*A cyclic diene would be a special case in this scheme where
sequences 2, 4, 6, 8, and 10 (or 3, 5, 7, 9, and 11 as the case may
be) do not appear. In the case of dienes such as the piperylenes,
the scheme will be more complex because of four possible transi-
tions:

SN — A f,'\\___._.;{=‘\_
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Such complication is reflected in the study of photosensitized
isomerization of the dienes (3).
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The same as the simple scheme postulated by Hammond and
Turro, equation 1 is a short notation showing excitation of sensitizer
by absorption followed by intersystem crossing to its triplet state,

S . The energy transfer step is now represented by four equations,

(2) - (5), with emphasis on the difference of excitation from the
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s~trans and s-cis forms of the diene. All excitations lead originally

to vibrationally excited triplets (denoted by subscripts, m, n, etc.),
but are accomp‘anied by subsequent rapid loss of vibrational energy.
Consequently, only triplets in the lowest vibrational levels (denoted
by the subscript o) participate in the subsequent reactions. To .
avoid complication in the following derivation, steps (2) and (4),
as well as (3) and_(S) shall be distinguished in such a way that steps
(2) and (3) only involve excitation of molecules in the zero vibrational
level in accord with the Franck-Condon principle, whereas steps
(4) and (5) include vertical excitation of vibrationally excited
molecules as well as all '""non-vertical" excitation processes. In
this way, only one substrate is involved in each of the steps in (2)
and (3), and the rate constant should be equal to the rate of collision
regardless of the nature of the sensitizer.

Following this scheme, it can be shown that the ratio of the
relative rates of formation of cyclobutane (C4) and cyclooctadiene
(C8) dimers to cyclohexene dimers (Cé) can be expressed by equa-

tion 12 (see Appendix for the derivation).

Rate (C ,+C ) (k,+k,) L]
Rate (C,) T ) [ (12)

K is the ratio of probabilities of forming cyclobutanes and cyclo-

octadienes to that of cyclohexenes in solutions of equal concentra-
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tions of the two isomeric triplets. Itis essentially a constant in
all cases (see below). Both kz and k3 are equal to the rate of col-
lision and by definition are independent of the nature of sensitizer.
Rate constants k4 and k5 are dependent upon sensitizer. Howe;rer,
for a specific sensitizer under consideration, all quantities in (12)
are constants; therefore, the ratio is independent of the concen-
tration of the sensitizer and in agreement with the results of the
biacetyl experiment. Clearly, the ratio also should not depend
upon the concentration of diene. This is verified experimentally

A,
b
-

(Table IX) Equation 12 also readily accounts for the variation

of dimer composition when different sensitizers are used. For
sensitizers having sufficiently high energy to allow vertical excita~-
tion (and k2>>k4, k3>>k5), exp?ession 12 can be simplified to

the form:

~ K e —————
Rate (C()) - [ ﬂ]

At constant temperature, the relative amounts of transoid and

B This result also dismisses an alternative explanation for the vari-
ation of product mixture by assuming different sensitizers would
produce diene triplets possessing varying vibrational energy, which
on reaction with diene molecules would give corresponding dimer
compositions. Lowering the concentration of diene, however,
should allow the '"hot'' triplets to cool off before reaction.
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cisoid isoprene are always the same; therefore, the dimer com-
" position should be independent of the nature of the sensitizer as
verified by experimental results (E‘ig. II). With sensitizers of
energy between 50 and 60 kcal, process 2 becomes energetically

impossible. Expression 12 becomes:

Rate(C4+C8) N k4 [N]

—

Rate (C6) k3 [ N\ ]

Since k4 is dependent upon sensitizer, the dimer composition is
expected to vary accordingly. This is verified experimentally,
and the good monotonic correlation of dimer composition versus
triplet energy of sensitizer as shown in Figure II suggests that the

dependence is such that k, is proportional to ET of sensitizers.

4

With sensitizers of energy less than 50 kcal, process 3 also

becomes energetically impossible, and the ratio now becomes:

Rate (C4+CS) . k4 [N]
Rate (Cé) %(5 [/,—\\:l

Since both k4 and k5 are dependent upon the energy of sensitizer,
and since there is no way to estimate the dependence of the two
constants upon the energy of a senbsitizer, it is difficult to predict

from the expression the direction of change of dimer composition

in this energy region. However, the monotonic relation suggests
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that k4 and k5 are proportional to sensitizer tﬁplet energy; the
fact that low-—energ‘y sensitizers again give dimer mixtures rich
in cyclobutanes and cyclooctadienes indicates that k5 decreases
more rapidly than k4 upon decrease of sensitizer energy. With
sensitizers of energy less than the 0-~0 transitions of both isomeric
triplets, one would expect the reaction not to be sensitized.
Experimentally, this was tested with one compou'nd, namely,
azulene (ET~30-39 kca.l).* Indeed, no dimers were formed even
after long periods of irradiation. This result, unfortunately,
cannot be interpreted without ambiguity because failure to sensitize
the reaction can also be due to inefficiency of intersystem crossing
of‘ azulene.

The effect of quenchers (reactions 10 and 11) has not begn
considered and will be postponed unﬁl the next section because the

importance of these processes is most clearly exhibited in

quantum yield studies.

o .
This value is determined from the fact that azulene quenches

anthracene triplets (E,, = 42.5 kcal) at a diffusion-controlled rate
but has no measurable effect upon those of naphthacene (ET = 29.3

keal) (56).
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Quantum Yield and Mechanism of the Addition Step of the

Dimerization Reaction

In the previous section, it was assumed that the addition
step of the dimerization reaction involves a diene triplet adding to
another diene molecule in the ground state. Although this assump-
tion appears reasonable, experimental results are needed to
exclude other possible mechanisms, in particular those involving
two triplets. It has been observed that quantum yields of the réac-
tion are dependent upon concentration of diene. Such dependence is
not expected for a mechanism involving two triplets, but is con-
sistent with the assumed mechanism.

In consideration of quantum vields of the reaction, only
the total dimer yield is of interest. Therefore, in this section no
effort will be made to distinguish the products of the two isomeric

‘triplets and to simplify the scheme only one form of diene triplet

als

" will be considered. The complete scheme of the reaction now

B

takes the simple form:

* There is reason to believe that the reactivity of the two isomeric
diene triplets is very much the same. That the dimer composition
is independent of diene concentration demands a K with a similar

independence. To be consistent with the definition of K (Appendix),
k,=k,_,, and k_=k_; i.e., the reactivity and lifetimes of the isomeric

triplets must be ‘the same. Under such circumstances, K=(2-p)/p.
ks sk kdl
The step S ———>5 is justifiably omitted here and also in the
complete reaction scheme, because under experimental conditions

kt [S*][D]is always much greater than kq: [(s™].
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In the presence of a quencher, this step must be added:

, k
D+ -3+ - D1q

In the above steps,D represents diene and D_ represents all the

2
dimers.

The quantum yield of dimer formation in the absence of

quencher is

ak [D1D)
§ = —

sk ) S
k [D 1D+ k,(D ]

where a is the efficiency factor of intersystem crossing in the

sensitizer. Alternately,

k
1 1 1 d 1
TSt ik T (13)

In the case of dimerization involving two triplets, the

reaction step is replaced by:

k
* % T
D +D ——m— D2
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Following a similar procedure, one obtains:

k
é-:-;l‘--l--i-'l—{'é’——l';k— (14)
r [D ]

*
Assumption of steady-state concentration of D gives
%2 %
kr[D ] +kd [D |=1Ixa

%
where I is the intensity of the light source. Solving for D ’

explicitly, one obtains

2
-k +\/k +
a d 4alkr
2k :

r

D)=

Expression 14 can now be rewritten as

2
2

-1
( +J1+4a1kr/kd)

o]
1
&=
+
SR

(15)

A distinct difference between expressions 13 and 15 is that in
expression 13, -g— is directly proportional to f%-j , while in
expression 15, -;— is not dependent upon the concentration of
diene. This difference offers an easy experimental approach to
ascertain the mechanism of the reaction.

As discussed previously, expression 13, and similarly

expression 15, can be written as below:



K

1 ] 1 a1

i.L, L ¢ 1 (16)
D,~ aT ' aT k_ ]

i 1 1 2

= = et = - (17)
D, aT aT ( {1+4a1kr/kd2)

The term DZ, to be consistent in units, is the total number of
moles of dimers formed during irradiation, and T is the number of
einsteins of light quanta absorbed by each sample. Results of the
study with three sensitizers are plotted in Figure VIII. The
dependence of dimer yield upon the concentration of isoprene is
clearly shown; therefore, the mechanism involving two triplets
can safely be discarded.

In the presence of a quencher, the quantum yield of dimer-

ization is equal to:

ak_[D'1[D]
T
¢ = % % * (18)
kr[D J[D] +kd[D J+kq[D JLR]

and, by inversion of terms,

k k
l.1,4 1 g [Q] ,
3 a+akr [D]+ ak_ D] ° (19)

Experimentally, this expression has been verified in two ways.

First, with a constant concentration of quencher and varying con-
1 1

centration of isoprene, a plot of & versus D] gave a straight
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Figure VIII. Yield of dimers (DZ) with varying concentrations
of isoprene
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line (Fig. IX); second, with a constant concentration of diene,
and varying amounts of quencher, a plot of é‘— versus [QR] again

gave a straight line (Fig. X). The quencher used in both experi-
ments was azulene and the sensitizer was benzophenone.'

Values of kd/kr and kq/kr can be obtained from slopes ancvl
intercepts of the plots. If any one of the rate constants is known,
absolute values of all the rate constants can be calculated. An
attempt was made to estimate the magnitude of the quenching
constant, kq. The similarity of the values obtained with both
isopentane (T = 0.223 cp) and hexadecane (T = 3.34 cp) as solvents
suggests kq is significantly smaller than diffusion controlled, but
provides no information about the absolute value. Since ways of
estimating either kd or kr are not presently available, absolute
values for the remaining rate constants cannot be assigned.

An interesting aspect of the quenching experiments is the
variation of dimer composition upon addition of quencher. Table
VII shows that with benzophenone as sensitizer, Z increases from

92.6 + 0.4% of total yield of dimers to 95.6 + 0.7% when the

. ) -3
solution contains 5 x 10 "M of azulene. Such variation becomes

sk
An extremely fast process of quenching benzophenone singlets by

azulene could also explain these results. However, such a pro—
cess cannot account for the observed variation of dimer composition
(vide infra).
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Figure X. Quantum yield of dimerization by varying concentrations
of azulene
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more evident with sensitizers which give more cyclohexene
dimers; for example, the corresponding numbers with biacetyl
as sensitizer are 48.7 + 1. 6% and 54.5 + L. 0%. Such variation
indicates preferential quenching; i.e., the cis-triplets are

%
quenched at a faster rate than the trans.

The Diradical Intermediate

Since it has been firmly established that a triplet and a
ground state diene molecule are involved in each addition step of
the dimerization reaction, one can safely assume the existence of
a diradical intermediate prior to formation of final products.

Such a discrete intermediate is needed to provide for change of
spin multiplicity prior to ring closure. In other words, the dimer-
ization reaction is a two-step reaction.

Photochemical reactions via direct irradiation are known
not to be selective. The reason for such non-selectivity is obvi-
ous since reactive intermediates in photoreactions always have
considerable excess energy. However, experience with the sensi-

tized reactions indicates that this generalization cannot be applied

Non-vertical deactivation of diene triplets is probably involved
in these quenching processes.
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to sensitized reactions and that, in general, triplet state reactions
are more selective. Structures of all the photo-dimers of dienes
are in accord with low-energy intermediates involving two allylic
radicals. For instance, all the cyclobutanes formed are deriv-
atives of 1, 2-divinylcyclobutane with no 1,3 -substituted cyclo-
butanes, products which would require higher energy intermediates
with only one allylic radical. Selectivity in addition is also shown
in the distribution of cyclobutane dimers of piperylenes. The
major product corresponds to addition of the less hindered ends
of the diene to give a diradical inter mediate with the methyl groups
situated at the loci of the odd electrons, the better position for
methyl group contribution to stabilization of allylic radicals. Dis-
tribution of isoprene cyclobutane dimers shows selectivity due to.

NN —> + etc

methyl stabilization in the diallylic intermediates; steric hindrance

is unimportant in this case.
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Cross Addition of Dienes

It has been shown that the ability of acyclic dienes to exist
in the transoid and cisoid configurations brings about the interest-
ing variation of dimer composition. It should be intriguing to
investigate the cross addition reaction of dienes constrained in
transoid and cisoid configurations. Relative amounts of the dienes
can then be controlled at will. Such studies were started with
mixtures of 1,3-cyclohexadiene and 3-methylenecyclohexene. The
study was not successful and was discontinued mainly because
pure products could not be isolated for identification. However,
v.p.c. analysis showed the appearance of one new product whose
formation is independent of the sensitizer.

The mixture of butadiene and 1, 3~cyclohexadiene, except
for the presence of a small amount of cisoid butadiene, is essenti~

ally as satisfactory a system as the one mentioned above. In this
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case the products formed have lower boiling points and are suf-
ficiently stable for isolation and identification. This system was
studied in more detail.

The mechanism of the cross addition reaction is believed
similar to the dimerization reaction in that it invoilves excitation
of a diene molecule by means of energy transfer from a sensitizer
followed by addition of the triplets to a ground state molecule to
produce either a dimer or a cross adduct. Low-energy sensitizers
are expected to produce mostly cyclohexadiene triplets whereas
high-energy sensitizers are expected to produce diene triplets in
amounts proportional to concentrations of the two dienes in solu-
tion. The fact that invariant amounts of the cross adducts of buta-
diene and cyclohexadiene are formed is unexpected. Such invari-
ance would normally suggest the presence of one common inter -
mediate for all three products. Consideration of the nature of the
intermediates indicates this is indeed the case. The relative
amounts of the two diene triplets formed depend upon relative diene
concentration and upon sensitizer employed, but the same inter-
mediate is produced after reaction of the triplets with diene
molecules. However, in a solution containing cyclohexadiene in
low concentration, one would expect low-energy sensitizers to

produce significant amounts of cis-triplets of butadiene, which on
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reaction with cyclohexadiene produce different intermediate and
also different product(s). This has been verified experimentally. On
irradiation of a solution containing butadiene and cyclohexadiene
(99: 1 by volume) with fluorenone as sensitizer, in addition to the
three cross products observeci before, a new product was detected
by analytical v.p.c. The retention time of this compound is

slightly shorter than that of the minor product formed beforé.
However, this new product is not formed in sufficient quantity for

isolation.
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Photosensitized Addition Reactions of Conjugated Dienes to Olefins

The purpose of studying the addition reactions of dienes to
olefins is to generalize reactions of diene triplets. Results show
that the reactivity of olefins as '"triplet~dienophiles' is too inef-
ficient to compete with the diene molecules. Substituted olefins
(e.g. vinyl acetate and ketene acetal) were also tested as potential
dienophiles in such reactions, but were found‘to be inefficient (57).
Although isolation of cross-adducts was possible in one instance
(1,3-cyclohexadiene-cyclopentene), the low yield of cross-adducts
makes such reactions of little significance in synthetic applications.

The results from studies of myrcene, however, suggest
that such reactions may be useful when addition takes place intra-
molecularly. The formation of 5, 5-dimethyl-1-vinylbicyclof2,1, 1]-
hexane as the only product in the sensitized reaction came as a
surprise, since Crowley (9, 58) reported that the direct irradiation

yields at least nine products, two of which were identified. This

e O

52% 9%
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difference in results may be taken as a clear demonstration that,
at best, diene siﬁglets intersystem cross to the triplet state inef~
ficiently. In the direct irradiation, the reaction proceeds ecither
by way of the singlet state or higher vibrational levels of the
ground state.

On the grounds that many other photochemical reactions
involve six-membered transition states (e. g., the Barton reac-
tion (59) and the ketone reduction reaction (60)), one would expect
that the primary reaction of myrcene involves bond formation

between C3 and C_ with B-pinene as a possible product. This was

8
not observed experimentally. However, the structure of the bi-
cyclic product is in accord with an intermediate which is the most

stable diradical that can be formed from myrcene via internal

addition.

¢ T

> e —
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Myrcene, containing an acyclic conjugated diene unit,
should also exist as an equilibrium mixture of molecules with

transoid and cisoid diene configuration. Energy transfer should
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again lead to stereoisomeric triplets which may react differently.
However, results show that both high-energy (benzophenone) and
low-energy (fluorenone) sensitizers give the same product. This
invariance of product composition is not surprising in the case of
myrcene since the normal cis -triplet product would have a double
bond at the bridge head position and is probably too strained to
form. On the other hand, the cis-triplet is geometrically as vul-
nerable as the trans-triplet to formation of diradical
intermediates whichlead to the product. It is suggested that with
certain favorably constructed trienes, e.g., 1,3, 7-octatriene,

variation of product composition can again be observed as a func-

tion of sensitizer energy.

X
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The Question of Possible Applicability of the Schenck Mechanism

to Photosensitized Reactions of Conjugated Dienes

In the introductory section it was pointed out that the major
differences between the Schenck mechanism (or more de scriptiv’el};,
the diradical addition-elimination mechanism) and the energy
transfer mechanism are: (1) the former does not involve energy
transfer as an essential step in a sensitized reaction; and (2) the
former implies that the reactive intermediate is a diradical formed
by addition of a sensitizer to a substrate molecule, rather than the
triplet state of the substrate. Although the Schenck mechanism
cannot be un.equivocally excluded at present, there is evidence
which suggests that this mechapisrn does not represent the major
course of the sensitized reaction. Only those results pertaining tb
reactions of dienes will be used as evidence against the Schenck
mechanism in the following paragraphs.

The rates of energy transfer from high-energy sensitizers
(ET = 60 kcal/mole) to quenchers have been measured both by
chemical (61) and physical methods (62), and are of the same order
of magnitude as the rate of diffusion. This process therefore
involt}es an activation energy of no more than 2 kcal/mole. 1Itis
difficult to conceive that a process of bond formation, as required

by the Schenck mechanism, could involve such a low activation
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energy when one realizes at the same time that excited molecules
often were not efficiently quenched by substances reactive toward
radicals and having high triplet energies.

It appears that the only reasonable way to account for the
observed variation of dimer composition with choice of sensitizer
in terms of the Schenck mechanism is to assume that the sensitizer
structure is determinant in product formation of the diradical
inter mediate. However, such an explanation cannot account for
the observed correlation between product composition and triplet
energies of sensitizers, particularly in the high-energy region where
sensitizers of vastly different structures gave the same product
composition.

Another strong argument against the Schenck mechanism
arises from the study of the photosensitized isomerization of the
piperylenes. Excited sensitizers would be expected to add either
at the 1 or 4 positions of piperylenes. Only addition at the 1 posi-
tion could lead to isomerization, because addition at the 4 position,
although less hindered, is expected to provide for retention of
stereochemistry because of the stability of the resulting allyl radi-
cal. Such an effect should be evident in quantum yield studies.

The fact that the sum of the quantum yields for the cis to trans and

trans to cis quantum yields in the sensitized isomerization is unity(63)

strongly argues against such a mechanism.
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EXPERIMENTAL
Materials:

Benzene (B. & A., Reagent Grade) was used without further puri-
fication in most of the work. The benzene used in flash-photolysis

experiments was supplied by Dr. A. Fry.

Butadiene (M. C. & B., Instrument Grade) was used without further

purification.

1,3-Cyclohexadiene was prepared by the method used by J. Warken-

tin (64). Distillation through spinning band column gave >99%

purity.

Cyclohexene (M. C. & B., Reagent Grade) was used without further

purification.

Cyclopentadiene was prepared by cracking endo-dicyclopentadiene

(M. C. & B.) before each use.

Cyclopentene (Columbia Chemical) was used without further puri-

fication.

2, 3-Dimethylbutadiene (Columbia Chemical) was distilied and the

fraction boiled at 68.5-70.0° was collected for use.
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2, 5-Dimethyl-2, 4-hexadiene (M. C. & B., Practical Grade) was

distilled once for preliminary work, Pure sample was obtained by

v.p.c. method on Carbowax 20 M columns.

Ether (Mallinckrodt, anhydrous) was used without further purifica-

tion.
Ethanol (absolute) was used without further purification.

Ethyl iodide (M. C. & B., Reagent Grade) was first passed through

alumina column, then distilled for use.
Hexadecane was purified and supplied by Dr. H. Waits.

'n-Hexane (Phillips, Pure Grade) was used without further purifica-

tion.

1,5-Hexadiene (Columbia, Reagent Grade) was used without further

purification.

Isopentane (Phillips, Pure Grade) was used without further purifica-

tion.

Isoprene (Phillips, Pure Grade) was distilled before use, bp 33.0°
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3-Methylenecyclohexene was prepared by the method reported by

Bailey et al. Product was distilled through spinning band column,

b.p. 109-110°C.

Methylene iodide (M. C. & B., Reagent Grade) was passed through

alumina column before use.

' 3-Methyl-1, 4, 6-heptatriene, an oligomer of butadiene, was kindly

given by Dr. S. Otsuka (65). The sample consists only of the trans

isomer, b.p. 117°.

Myrcene (Alderich, Technical Grade) was distille;d under aspirator
pressure thraugh a 10" Vigreux column {90% pure). The impurities
do not interfere with the photochemical reaction; therefore, for
preparative runs, such purity is satisfactory. For quantitative
work, pure sample was obtained by preparative v.p.c. method using

either Apiezon J or Carbowax 20M column.

Norbornene (Alderich Chemical) was used without further purifica-

tion.

2-Phenyl-1,4-pentadiene was prepared by reaction of vinyl mag-

nesium bromide with 2-phenyl-allylbromide. The n.m.r. spectrum

of the product shows correct proton ratios.
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Piperylene (M. C. & B., Technical Grade) was distilled before

use, b.p. 42.0°,

B-Acetonaphthone (Eastman Kodak, White Label) was recrystallized

~from ethanol, m.p. 50.5-50.8° (hot stage).

Acetophenone (M. C. & B., Reagent Grade) was distilled. The

fraction boiled at 35-36°/1-2mm was collected for use.

Anthraquinone (Eastman Kodak, Sublimed) recrystallized from

acetic acid.
Azulene (Calbiochem)was used from the bottle, m. p. 110°.

Benzil (M. C. & B., Reagent Grade) was recrystallized from

ethanol, m. p. 96.5-96.8°C.

Benzophenone (M. C. & B., Reagent Grade) was recrystallized

twice from ligroin (60-70 ), m. p. 48.2-48.5° C.

9-Fluorenone (M. C. & B., Reagent Grade) recrystallized from

methanol, m. p. 85.4-86.0°C.

Michler's ketone (Eastman Kodak, Practical Grade) was recrys-

tallized from methanol.
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a-Acetonaphthone, 4-acetylbiphenyl, 2-acetylfluorene, cyclopropyl-

phenyl ketone, o-dibenzovlbenzene, propiophenone, thioxanthrene,

and 1,3, 5-triacetylbenzene were purified and supplied by Dr. A. A.

L.amola.

3-Acetylpyrene, . benzanthrone, a-naphthaldehyde, ornaphthyl-

phenyl ketone, B-naphthylphenyl ketone, o- and B-naphthils, and

pvrene were purified and supplied by Dr. J. Saltiel.

Biacetyl and 2, 3 -pentadione were distilled by Dr. N. J. Turro.

Benzhydrol and 9, 10-dibromoanthracene were purified by Mr.

F. G. Moses.

Benzaldehyde was purified by Dr. W. Hardham.

Anthracene (M. C. & B., Reagent Grade), 1, 2,5, 6-dibenzanthra-

cene { Aldrich Chemical } , 9, 10-dimethyl-1, 2-dibenzanthracene

(Eastman Kodak, Chemical), and flavone (Aldrich, Research Grade)

were used without further purification.
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General Procedure of Preparation of Dimers of Dienes

Solution of sensitizer (0.05M) in neat diene is distributed
into previously constructed test tubes (Pyrex, 15x125mm). After
at least two freeze-degas-thaw cycles, the tubes are sealed. They
are placed around a pyrex immersion well, and irradiated with a
200 awatt Hanovia lamp. No extra filter syétems are ﬁeeded, for
the pyrex vessels are adequate to filter off all the light that can be
absorbed by dienes. Length of irradiation period varies with
dienes, but irradiation is generally continued sufficiently long to
ensure at least 60% conversion. The contents of the tubes are then
combined and vacuum distilled before being subjected to separation
into components by vapor phase chromatography method.

This procedure was used to prepare dimers of isoprene,
2, 3-dimethylbutadiene and piperylenes. Details on separation and
properties of dimers of isoprene and piperylenes have been pub-
lished. Dimers of 2,3 -dimethylbutadiene were partially separated
on 1,2, 3-tris-(2-cyanoethoxy)propane columns. The four major
products (12, 13, 15, 17) were collected. Structures of the n.m.r.
spectra of the four compounds have been described in the Results
section. Infrared spectrum of 12 shows absorptions at: 3.24 (w),

3.31 (w), 3.37 (.s), 3.49 (s), 3.66 (w), 5.63 {w), 6.09 (s), 6.90 (s),
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7.18 (s), 7.85 (w), 8.07 (m), 8.72 (w), 9.2 (w), 9.4 (w), 9.95 (m),
10.5 (s), 10.7 (s), 11.3(s), 11.9 (w)u; of 13: 3.24 {m), 3.37 (s),
3.48 (s), 3.66 (w), 5.59 (w), 6.11 (s}, 6.90 (s), 7.30(s), 8.03 (m),
8.67 (w), 8.77 (m), 9.4 (m), 9.6 (w), 10.0 (w), 10.5 (w), 11.4 (s),
11.9 (w) w; of 15: 3.23 (m), 3.36 (s), 3.41 (s), 3.65 (w), 5.58 (w),
6.08 (m), 6.13 (m), 6.90(s), 7.25 (s), 8.03 (w), 8. 1.1 (w), 8.62 (w),
8.74 (w), 9.3 (w), 10.6 (m), 11.2(s), 12.0 (w) u; of 17: 3.37 (s),
3.45 (s), 3.66 (w), 5.98 (w), 6.10 (w), 6.70 (m), 6.91 (s), 7.24 (s),
8.32 (w), 8.81 (w), 9.45 (m), 10.41(w), 11.2 (m) .
Anal. Cale. for C__H_ : C, 87.73; H, 12.27.

127207
Found for 12: G, 87.51; H, 12.24; for }_35 C, 87.59; H,

12.35; for 1_5_: C, 87.64; H, 12.31; for _}1: C, 87.44;

H, 12.12.

Determination of Isoprene Dimer Composition

Preparation of samples and analyses of composition of
dimer composition were performed with the following general pro-
cedure. Solutions of 2-3 ml of isoprene containing 0.05M sensitizer
(saturated solution, in c‘ases where sensitizers were not very solu-
ble in isoprene) were introduced into pyrex test tubes (13x100 mm)
which had been constricted about 20 mm from .the top. The samples

were then degassed with three freeze-degas-thaw cycles. The tubes
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were then sealed. Irradiation of the sampies was carried out in an
apparatus knqwn as the "merry-go-round,' designed by F. G.
Moses. Essential parts of the apparatﬁs are: an immersion well
with a 450-watt Hanovia medium pressure mercury lamp, a turn-
table surrounding the well and with holes for samples to be irradi-
ated. All these are placed in a constant temperature water bath.
For this study the bath temperature was maintained between 27-29° .
Nc; additional filter systems were used; the_pyrex test tubes and
immersion well were adequate to prevent transmission of light below
2900 A. Irradiation period varied with the nature of sensitizer. In
general, approximately 5-10% conversions were obtained before
tubes were opened for analyses.

Analytical v.p.c. method was used for analyses of the
iéradiated samples. The seven dimers could be separated in parts
on several columns, although not in one case were the dimers com-
pletély separated. Carbowax 10M column (6', 15% on firebrick, 70° )
had the advantage of having short retention time; however, it could
only separate the seven dimers into five components (__1_, 2, 2& 4, 5,
6 & 7). Apiezon J column (6', 12% on firebrick, 80° ) separated the
seven dimers into six components, failing to separate compounds 6
and 7 or;lyw B, B'-oxydipropionitrile or 1, 2, 3-tris-(2-ethoxypropion)-

nitrile column separates compounds 6 and 7, but does not separate
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3 and 4 completely. For determination of ‘product composition,
Apiezon J c:olgmn was used, since the relative yields of compounds
6 and 7 were found to remain constant for all sensitizers. For
quantum yield determinations, Carbowax column was used. Peak
areas of the chromatographs were meaéured by the triangie approx-

imation me thod.

Quantum Yield of Dimerization of Isoprene

Samples for quantum yield studies were prepared by intro-
ducing 0.3 ml stock solution (1.00M) of sensitizer in benzene and
proper amounts of isoprene into pyrex test tubes (13x100mm) pre-
viously constricted near the top. Isopentane was added until all tubes
contained solutions of 3 ml in volume. Concentratiqn of sensitizer
in all tubes was 0.1M. Degassing procedure was the same as
described before. Irradiation was carried out in a modified
"merry-go-round' apparatus, the turn-table of which contains
windows of uniform dimensions of 3/4'" x 1/4". These windows
reduce reflection from the edges of the tubes and simultanéously
promise equal amounts of quanta absorbed by all samples. Irradi-
ation was continued to approxirnately 5% conversion. Vapor phase
chromatography was used for analyses of the irradiated samples

. (Carbowax column, 6', 15%, 70° ). Benzene in the solution served
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the purpose of an internal standard to calibrate absolute yield of
dimers. It was noticed that relative peak areas of benzene to
dimers cannot be used directly for calibration of concentration of
dimers. The use of a correction factor of 1.41 was found necessary.
Peak areas were again measured by the triangle approximation
method. Three sensitizers were used for quantum yield measure-
ments. They were benzophenone, B-acetonaphthone, and fluorenone.

During the run with benzophenone as sensitizer, tubes
containing benzophenone and benzhydrol were irradiated simultane~
ously for independent calibration of light intensity. Details of using
this actinometer system were already in the literature (66), and will
not be elaborated on here. Samples were prepared by adding 0. 60
ml benzene solution of benzophenone (0.5M), 1.20 ml benzene solu-
tion of benzhydrol (0.5M), and 1.20 ml of benzene into constricted
pyrex test tubes (13x100mm). Volume measurements were made
with the aid of automatic syringe attachments for reproducibility.
The tubes were degassed and sealed. The tubes were irradiated
one at a time (6 altogether) and sufficiently long to give
10% conversion in each tube. Since only approximately 1/20 of the
irradiation time of isoprene was needed to irradiate these éamples,
average number of quanta per unit time absorbed by the samples was

used to calculate total quanta by the iscprene tubes.
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For runs when azulene was used, the samples were pre-
pared by the same method except that proper amount of benzene
solution of azulene was added with decréase of corresponding amount
of isopentane, so that the contents remained 3 ml in volume. Ir;
radiation was carried out in the modified "merry-go-round.' In
these runs, a combination of filter plate (Corning O-52 and 737) was
used, which allowed transmission of light of wavelength centered at

3650 A with width of half height of transmission peak of 50 A.

Preparation of Cross Adducts of Butadiene and 1,3-Cyclohexadiene

1. 3-Cyclohexadiene was found to dimerize more efficiently
than butadiene; therefore, in order to achieve optimum yield of
cross adducts, a mixture of 2: 1 in favor of butadiene was used in
preparative runs. The apparatus used for preparation of the cross
adducts was a modified immersion apparatus with the jacket fused
onto the well. A side.arrn leading to a pressure stop-cork was
attached to the upper part of thé jacket. The capacity of fhe appara-
tus was approximately 80 ml.

In a typical ru..n, sol_ution' of 10 ml of benzene containing
0.2 g Michler's ketone was intréduced into the apparatus through the
stop-cork with the aid of a dropper. This was followed by addition

of 19.1 g (0.24 moles) of 1, 3-cyclohexadiene by the same method.
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The stop~-cork was closed and the apparatus immersed in a Dewar
flask containing dry ice-acetone slurry. Approximately 40 ml (0.52
moles) of butadiene previously condensed in a round-bottomed flask
with a side arm was then poured into the apparatus fhrough a short
vinyl tubing connecting the pressure stop-cork and the side -arm of
the flask. The partial vacuum in the apparatus resulting from cool-
ing was found helpful for rapid flow of butadiene. The 'sto;;-cork was
closed. Before the apparatus was allowed to warm up, it was shaken
slowly to accelerate mixing of the contents. Then the apparatus was
placed in a water bath containing ice water mixture at the beginning
of reaction. Irradiation was carried out with a 200-watt Hanovia
medium pressure mercury lamp for 24 hours. The dienes reacted
nearly completely by the end of the irradiation period. The contents
were transferred to a round-bottomed flask and vacuum distilled.
The fraction boiled at 30-35°/3mm contained all the cross adducts
(17 g, 54% yield).

Preparative v.p.c. method was used for separations of
products. Satisfactory separation was achieved on 12' 1,2,3-tris-
(2-cyanocethoxy)propane column (26%, 90° ) The compound eluted
first was the major product (86% of all cross adducts). Thé product
was assigned the structure, trans-8-vinylbicyclo [4.2.0]-2-octene, 18.

(See Results section.) The n.m.r. spectrum of it shows the following
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absorption: complex groups of signals between 73.9-4.7 with strong
signal centered at T 4.4 (relative area 3.0), complex signals between
T 5.0-5.4 (relative area 1.9), a broad band between T7.1-7.9 (area
3.1), and complex structure between 77.9-8.9 (area 5.8). It
exhibits the following IR absorptions: 3.23 (m), 3.31 (s), 3.37 (s),
3.42(s), 3.50 (s), 5.49 (w), 6.09 (s), 6.93 (m), 7.02 (w), 7.36 (w),
7.70 (w), 7.83 (w), 8.01 (w), 8.08 (w), 8.22 (w), 8.32(w), 8.93
(m), 9.55 (m), 9.70 {w), 10.1(s), 10.5 (m), 11.0(s), 11.4 (m),
11.5 (m), 12.6 (w), 13.3 (w), 13.5 (m), 13.6 (m), 14.2 (s)
n?% = 1.4961.

The second component, which made up 12% of the total
cross adducts, was assigned the structure cis-8-vinylbicyclo-
[4.2.0)-2-octene, 19. The general feature of its n.m.r. spectrum
resembles that of 18 but shows more fine structure. The signals
due to vinyl protons fall in the region 73.9-5.3 (relative area 4.8),
with no single strong absorption, and the remaining signals are in
the range 6.6-8.9 (relative area 9.0). IR absorptions: 3.21 (w),
3.40 (s), 5.44 (w), 5.79 {w), 6.06 (m), 6.90 (s), 7.40 (w), 7.56
(w), 7.86 (w), 8.04 (w), 8.21_(w), 8.57 (w), 9.22 {w), 9.60 (W),
10.0 (s), 11.0 (s), 11.52 (m), 12.26 (w), 13.30 (s), 14.01 (m) w.

The third cross adduct (2%) was not isolated.

Anal. Calc. for C__ H

10°°14°
Found for _1_§: C, 89.36; H, 10.58. Found for 1_2:

C, 89.49; H, 10.51.
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C, 89.22; H, 10.53.

Thermal Rearrangement of the PhotoPrbduct 18

Compound 18 (17 g ) was refluxed in a round-bottomed
flask equipped with a condenser for two days. Vapor phase
chromatography analysis showed that the resulting solution con-
tained three products in approximate ratio 1:2: 2. They were
separated on Carbowax column (6', 35%, 110° ). The minor
product, a colorless liquid, eluted first on this column. The
n.m.r. spcctrum consists of the following signals: a band of com-
plicated structure between T 2.48-4.05 (relative area 2.1), groups
of multiplets between T 4.05-5.04 (relative area 2.9), and over-
lapping groups of signals centered at 76.60, 7.14, and 8.70 of
total area 7.0. Its infrared spectrum shows absorptions at:

3.22 (s), 3.36 (s), 3.41 (s), 5.46 (w), 6.06 (m), 6.80 (m), 6.87
(m), 7.03 (w), 7.28 (m), 7.75 (w), 8.52 (m), 8.76 (w), 9.58 (w),
10.02 (s), 10.30 (w), 10.51 (w), 10.99 (s), 11.63 (m), 11.77 (m),

12.13 (m), 12.31 (m), 12.70 (w) u .

The compound is tentatively assigned the structure 5-vinylbicyclo-
[2.2.2]-2-octene, 23. The second compound eluted from the
19.1

column is also a colorless liquid, n = 1.5099. Then.m.r.

spectrum consists of the following signals: a poorly resolved
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doublet centered at T 4.4 with several side peaks (area 4.0) and two
overlapping broad bands centered at T 8.0 and 8.4 (total area 9.9).
The infrared spectrum shows absorptions at: 3.34 (s), 3.47 (s),
6.05 (m), 6.88 (m), 7.00 (s), 7.23 (w), 7.53 (w), 7.70 (w), 7.88
(w), 8.14 (w), 8.36 (m), 8.52 (m), 8.76 (w), 9.20 (w), 8.46 (w),

9.97 (m), 10.60 (m), 11.2(w), 11.65 (m), 12.23 (w} p .

Together with the result from the hydrogenation experiment, this
compound is assigned the structure _c_ji-bicyclo[ 4.4.0]-2,8-deca~
diene, 22. The third product is a white solid of low melting point.
The structure of the n.m.r. spectrum is rather simple, consisting
of a quartet of nearly the same intensity and centered at 7 4.10
(relative area 0.9), a broad singlet centered at T 6.59 (relative
area 6.0), and a poorly resolved triplet centered at T7.28 (relative
area 4.0). The infrared spectrum shows absorptions at: 3.31 (w),
3,46 (s), 6.05 (w), 6.86 (w), 6.93 (w), 7.03 (m), 8.12 (w), 8.30

(w), 9.04 (w), 10.27 {w), 11.31 (m) .

The compound is assigned the structure bicyclo[4.2.2]-2, 6-deca-
diene, 21. This compound did not undergo photochemical reaction

when irradiated in the presence of acetone.
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Anal. Calc. for C10H14: C, 89.49; H, 10.51. Found for 23: C,

89.57; H, 10.44.Found for 22: C, 88.30; H, 11.74. Com-

pound 21 could not be obtained in sufficient pure form to

——

give satisfactory analysis.

Thermal Rearrangement of Photoproduct 19

Compound 19 (0.5 g) was heated in a sealed tube at 150°
for 1 hour. The contents of the tube solidified when allowed to cool.
Vapor phase chromatography analysis showed that the product was
homogeneous. The retention time was identical with the third
thermal product, 21, from 18. The n.m.r. spectrum is also

identical with that of _2_1_

Hydrogenation of Bicyclo[4.4.0}2, 8-decadiene, 22

Solution of the title diene (0.50 g) in ethanol with platinum
oxide was stirred under hydrogen atmosphere until uptake of
hydrogen was complete. Extraction of product from ether-water
mixture followed by evaporation of the dried ether layer yielded
colorless liquid. The crude product was distilled through molec-
ular distillation giving 0.24 g of product (45% yield). Vapor phase
chromatography analysis (Apiezon J column, 6' 14% 120° ) showed

that the product was homogeneous and the retention time was
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identical with that of an authentic sample of cis-decalin.

(Retention time of trans-decalin was considerably shorter on this

column.) The infrared spectrum of the product was also identical

_with that of cis~-decalin,

Photosensitized Addition of 1,3 -Cyclohexadiene to Cyclopentene

To previously constricted test tubes (15x200mm) were
added a solution of 30 ml cyclopentene, 2 ml 1,3-cyclohexadiene,
and 0.1 g B-acetonaphthone. After being degassed and sealed, the
tubes were irradiated for 24 hours. Another 2 ml of cyclohexa~-
diene were added. After being sealed, the tubes were irradiated
for the same period. All together, 10 ml of diene were added
in this manner. Vapor phase chromatography analysis (Apiezon
column 150° ) showed that cross adducts and dimers were present
in the irradiated solution in approximate ratio of 1: 4. The solution
was distilled. The fraction boiled at 30-35° /2-50mm contained all
adducts together with some amount of diene dimers. The three

cross adducts, formed in the ratio 4: 2: 1, were separated by v.p.c.

alp

" Authentic samples of cis- and trans-decalins were obtained by
separation of commercial decalin on Apiezon J column. The
infrared spectra of both isomers obtained in this way are identical
with those reported in the literature (67).
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Pure material of the major product was obtained. The signals of its
n.m.r. spectrum consist of two groups (T4.1-4.3, 7.4-8.6) in the
ratio 1.0: 7.3. Its infrared absorption shows absorpﬁons at 3.31
(m), 3.40 (sh), 3.41 (s), 3.52 (m), 6.40 (m), 5.58 (m), 6.94 (w),
8.00 (m), 8.30 (m), 9.95 (m), 10.21 (m) b . A mixture of the
major product and the second major one was also isolated. Struc=-
ture of its n.m.r. spectrum was similar to that of the major
product, but with proton ratio 1:6.3. Hydrogenation of the mixture
gave one product which had the same retention time as that of the
hydrogenated product from the major product. The minor product

was not isolated in significant amount.

5, 5-Dimethyl-1-vinylbicyclo[2. 1.1 Jhexane, 25

Myrcene (2.80 g), purified by preparative v.p.c. method
and B-acetonaphthone (0.4 g), were mixed with 100 ml anhydrous
ether. The solution was added to a pyrex immersion apparatus and
bubbled with nitrogen for 5 minutes. Irradiation was carried out
with a 200-watt Hanovia medium pressure lamp. After eight
hours, myrcene was found to have reacted completely. Ether was
removed by distillation throuéh a short Vigreux column at atmos-~
phere pressure. Product was distilled under aspirator pressure,

amount collected = 2.19 g (78%). The product was a colorless
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liquid, ny = 1.4641. Its n.m.r. spectrum has been described
in the Results section. Its infrared spectrum showed the following
absorptions: 3.23 (w), 3.39 (s), 5.46 (w), 6.09 (m), 6.79 (s), 6.86
(s), 7.03 (m), 7.22 (m), 7.31(s), 7.'16 (w), 7.80 (m), 8.03 (w),
8.37 (w), 8.86 (w), 10.06 (s), 10.99 (s), 11.60 (w), 11.99 {w),

12.58 (w), 14.40 (m) w.

Anal. Calc. for C10H16: C, 88.16; H, 11.84. Found: C, 87.96; .

H, 11.91.

For larger scale preparation, once distilled commercial
myrcene (90-95% pure) was used. The impurities were found not to
undergo photosensitized reactions. When the experiment was car-
ried out with high concentration of myrcene (up to 10%), isomeriza-
tion was accompanied by side reaction, possibly dimerization.
Different solvents were used (benzene, n-hexane, and ether). All
gave the photoproduct in good yield. The photoproduct was purified
first by refluxing solvent in maleic anhydride to remove unreacted
myrcene, then by fractional distillation through spinning band
column under aspirator pressure (97-98% pure), or by preparative

v.p.c. method on 6 ft. Apiezon J column (>99% pure).
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5,5-Dimethylbicyclo|2. 1. 1 hexane -1-carboxylic acid, 28

In a 300-ml round-bottomed flask was placed 11.0 g (0.081
moles) of the photoproduct, 25, and 200.m1 methylene chloride. The
flask was cooled to -78° . Ozonalysis procedure was similar to
that used by Henne (68). At the end of reaction, the solution turned
to purple in color. Methylene chloride was removed undef reduced
pressure and replaced by 60 ml ethyl acetate. To this solution 50

"ml of water, 3 ml conc. sulfuric acid, and 22 ml of 30% hydrogen
peroxide (0.2 moles) were then added. The solution was refluxed
overnight. Another 50 ml of water we?e added and the solution
was extracted with 4 Il)ortions of 100-ml ether. The combined ether
solution was extracted with 5% sodium hydroxide solution. Acidifica~-
tion of the basic extract, followed by extraction with ether and
evaporation of solvent, yielded colorless and viscous liquid. The
crude product was sublimed, giving 2.4 g (19.3% yield) white, fluffy
solid with melting point range 54-59° . The n.m.r. spectrum of
the solid showed the following signals: a group of overlapping peaks
between T7.5-8.6, two singlets at 18.70 and 9.07, and a doublet
centered at T 8.82 with splitting constant 8 c.p.c., and another

low field singlet at T -0.34.
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5, 5-Dimethylbicyclo[2. 1. 1 hexane-1-methanol, 29

Ether solution of the once sublimed acid, 32(3.3 g, 0.0214
moles) was added dropwise to an ether suspension of lithium alum-
inum hydride (0.76 g, 0.02 moles) contained in a three-necked
100-ml round-bottomed flask. After completion of addition, the
solution was refluxed for 2 hours, then allowed to cool to room
temperature. Water was added slowly to remove unreacted metal
hydride, followed by addition of 10% sulfuric acid. The ether layer
was washed and dried. After evaporation of ether, a viscous, color-
less liquid with strong camphor-like odor was obtained. From the
crude product, white, fluffy solid (1.90 g, 68%) of low melting point
was obtained by sublimation. The oily residue left in the sub-
limator weighed 0.20 g; its n.m.r. spectrum suggested that it
contains a mixture of alcohols. The n.m.r. spectrum of the solid
shows the following signals: singlets at T 6.44, 8.83, and 9.23 of
relative areas 1.8, 2.9, and 2.8, respectively; a doublet centered
at T 8.92 with splitting constant of 2.5 c.p.s. (relative area 1.0);
and a group of multiplets between 77.85-8.60 (relative area 6.3);
and another singlet of relative .area 1.0, the chemical shift_ of which

is dependent upon the concentration of the compound.
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5, 5-Dimethylbicyclo[ 2. 1. 1 Jhexane -1 -methane tosylate, 30

The tosylate was prepared by reaction of the alcohol, 29,
with tosyl chloride in pyridine. The tosylate is a viscous oil.

Attempts to cryst'a.llize failed.

5,5-Dimethylbicyclo{2. 1. 1 Thexane -1-methane brosylate, 31

The brosylate was supplied by A. Fry. It was prepared
by reaction of the alcohol prepared before with brosyl chloride in
pyridine. When given, the material had been recrystallized once
from n-heptane, m.p. 67.2-67.7° . For analysis the brosylate
was recrystallized once more from h-hexane.

Anal. Calc. for C. _H. OBrS: C, 50. 14%; H, 5.33%; Br, 22.24%;

1519
S, 8.93%. Found: C, 50.08%; H, 5.31%; Br, 22.29%; S,

8.88%.

1,5, 5-Trimethylbicyclo[2. 1. 1]hexane, 26

The tosylate prepared before was refluxed in ether with
excess amount of lithium aluminum hydride for 48 hours. After
conventional work-up, a poor yield of crude product was obtained.
It was a coloriess liquid, and obviously was a mixture of the title
hydrocarbon and the alcohol, 29, in approximate ratio of 3: 1 (by

n.m.r. spectroscopy). Positions of the three strong singlets
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(r 8.89, 9.04, and 9.30) in the n.m.r. spectrum are identical with
the chemical shifts of protons of the three methyl groups in 1,5, 5-
trimethylbicyclol 2. 1. 1] hexane as reported by Srinivasan (38). The

hydrocarbon had not been isolated.

Quantum Yield Determination of the Sensitized Reaction of Myrcene

Tubes (pyrex, 13x100mm) containing benzene solutions of
myrcene (1%) and benzophenone (0. 1M) were degassed and sealed.
Irradiation was carried out simultaneously with benzophenone~
benzhydrol actinometer tubes in the '"merry-go-round' apparatus.
The reaction was allowed to reach approximately 10% conversion
before the tubes were opened for analysis. Vapor phase chromat-
ography (Apiezon J column, 6', 14%, 90°) was used for analysis of
samples. Since at this concentration the amount of dimers formed,
if any, should be negligibly small, in calculation it was assumed
that the bicyclic compound is the only product from myrcene.

Quantum yield found is 0. 049.
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APPENDIX

Following the scheme on page 68 , the ratio of relative

rates of populating the isomeric diene triplets is:

R( waws ) TR o]

R(C ./~ ) GGtk [ 0]

(12a)

Assuming no dimers of cyclohexene structure are formed, the
probability of forming cyclobutane (C4) and cyclooctadiene (CB)
dimers from trans-triplets is:

kg [enr] [22]
R Lo ¥ )

or after simplification,

k, [2~=]
k, [»~~] Tk

8

Similarly, the probability of forming dimers from cis-triplets is:

k, [.~~]
k7 [~~] + k9

However, it is conceivable that C, and C8 dimers, as well as

4

cyclohexene (C 6) dimers, are found from cis~triplets. The
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probability of forming a C6 dimer from a cis-~triplet is:

k, [\ ]
P TNtk

and the probability of forming a C4 or C8 dimer from a cis-triplet

is k,_{, Ef\\]
(l-—p) k7 [//—\\] +k9

(p is a constant less than 1)

Therefore, the relative probability of forming different dimers

with equal numbers of the two isomeric diene triplets is:

Soled S DN
P(C,+Cy) ) k [T+ kg P kLN + X (128)
P(Cé) B kK, [/\]

This ratio is constant at constant concentration of diene. The
product of 12a and 12b gives the relative rates of forming

cyclobutanes plus cyclooctadienes versus that of cyclohexenes.

Rate (C +C ) (k2+'k ) [~
= K (12)
Rate (Cé) (k3+k5) VaN

Here K represents the ratio in expression 12h.
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PROPOSITION 1
The study of photosensitized isomerization of 3—methyl—-2, 4~
hexadiene is proposed. Results of quantum yield study should pro-

vide direct information about the structure of the diene triplet.

Two possible structures for diene triplets were suggested in
the discussion of dimerization of conjugated diene (1). In one structure
(structure 1), the end methyléne groups are in the perpendicular di-
rection with respect to the C,;, C, atoms; the second (structure II) has
only one methylene group oriented in the perpendicular direction
while the other remaining one falls in phase with the central carbon
atoms, thus forming an allyl radical. (The two structures are illus-
trated on page 65.) Obviously, both of these structures can readily

account for the observed photosensitized cis-trans isomerization of

l-substituted, e.g., piperylenes (2} and 3~ethylidenecyclohexene (3),
or 1,4-disubstituted, e.g., 2, 4~hexadiene (4), dienes. It is believed
that a detailed study of photosensitized isomerization of 1, 4~disubsti—
‘tuted dienes should provide direct information as to the correct
structure of diene triplets.

By invoking the criteria that the allyl radical retains its

stereochemistry (5, 6), it becomes obvious that each quantum can

*For simplicity a linear model was used for both structures.
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isomerize substituents at both ends of the diene unit if the triplet
resembles structure I; while with structure Il each quantum can en—
hance isomerization at one terminal only. This difference should
reflect itself in total quantum yields of inter-conversion of isomers.
It is believed that 3—-methyl-2, 4~hexadiene is the simplest and an un-
ambiguous system for such study. As shown in the drawing, this

diene can exist as four distinct geometric isomers. In the diagram,

i g
()

1Y

\)\7\
= \J\fl
P ]

’d N
horizontal and vertical conversions involve isomerization of one
terminal only, and diagonal conversions involve isomerization at
both ends. Evidently only triplets with structure I can accommodate
the latter processes. It is proposed that isomerization of the diene
in the presence of high energy sensitizer (ET > 60 kcal/mole) be
studied, and the quantum yields of conversion of each isomer to

otners be determined. A value of two of the sum of quantum vyields of

all processes (quantum yields of the diagonal processes should be
multiplied by two) would indicate that structure I correctly represents

the diene triplet; on the other hand, a value of one would favor _I_I as

the correct structure.
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PROPOSITION II
A convenient method for synthesis of dicyanocarbene is

proposed.

Behavior of pyridine oxide (and 2-picoline N—oxide) toward
light of different wavelengths has been studied in detail in the vapor
phase by N, Hata and I. Tanaka (1). Although quantum efficiency of
the reaction appears to vary with wavelength of incident light and
temperature of reaction, in all conditions the primary process of the
reaction appears to be decomposition of the N-oxide to pyridine and
oxygen atom. Irradiation of adenine-N-oxide in aqueous solution
gives several products. The two major ones are adenine and iso-
guanine (2).- This reaction probably involves a primary process

similar to that of the decomposition of pyridine oxide.

J— Qe
t
O

NHZ NHZ NHZ
Of\ X - N 2 N
0 — 0 00
N # kv A o N
H H

Recently the reaction of tetracyanoethylene oxide with pyridine
was reported (3) with isolation of an excellent yield (80%) of the ylide
I. Compound I contains an electronic structure similar to that of

pyridine oxide. It is proposed that irradiation of the ylide should
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generate the hitherto unknown dicyanocarbene.
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PROPOSITION III

Tricyclo] 2. 1. 1,02 9]

~2-hexene, IV, is proposed as a possi-
ble intermediate in the photochemical interconversion of xylenes and
related compounds, Labeling experiments should establish whether

the said compound or prisbane {L.adenberg benzene) is the correct

structure for the intermediate.

Photochemical interconversion of xylenes (in the vapor phase)
(1), and di~t-butylbenzenes (in solution} (2) have been reported re-
cently. Both reports show identical results in that starting with the
ortho isomer, the meta isomer is first formed followed by subse-

3

quent conversion to the para compound (see Table).

Photochemical Isomerization of o-Di-t-butylbenzene (2)

Time, Hr. orthao meta para

0 100% - -
6 80 20% Traces

18 60 30 10%
41 - 15 55 30
64 5 50 45
76 - 50 50
146 - 20 80
158 - 20 80

No discussion on the mechanism of isomerization of xylenes

was presented. However, in the case of di—ft-butylbenzene, the

authors suggested two mechanisms, ""photoinitiated 1, 2-migrations

¥ Much of the material related to this proposition was brought to this

proposer's attention through a discussion with Dr. A. A, Lamola and

Professor G. S. Hammond.
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of a t-butyl group or excitation of the benzene ring to a Ladenberg-

type structure with subsequent rearomatization to form the meta and

then the para isomer,' and they propose to distinguish the two

mechanisms by appropriate labeling with C'**. Both of these mechan-
isms, although not being inconsistent with the results, are not able to
account for all the observations satisfactorily. An alternative mech-
anism, which is more consistent with the results is proposed here.

It appears that a reasonable process of '""photoinitiated 1, 2-
migration of a t-butyl group' is homolytic cleavage between one t-
butyl group and the ring, followed by migration of hydrogen and recom-
bination of radicals. In view of the fact that the xylene isomerization
reactions were performed in the vapor phase with product mixture |
void of compounds like toluene and mesitylene, this process does not
seem likely, but, of course, not vigorously excluded. As suggested,
the C!* labeling experiment should easily establish the validity of
such a mechanism.

Bond reorganization is a more atiractive process. However,
prisbane (Liadenberg benzene) does not seem to be able to account

satisfactorily for the absence of direct conversion from the ortho to

the para compound without imposing special properties on prisbane.

Three prisbanes can be formulated from ortho di-substituted benzene,

two of which (I and II) are equivalent and lead to the desired product;
however, the third, III, should give the p-isomer as the only pro-
duct. Prisbane, therefore, can be the intermediate only if (i)_I_ and

II are selectively formed, or, (ii), _I_I_I, if formed, only reverts to
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the starting material. On the other hand, an intermediate containing
the tricyclo[ 2. 1. 1. 05’ 6]—2—hexene (IV) structure (van Tamelen ben—
zene™) can account for all the results without imposing any other

special requirement., With IV as an intermediate, isomerization

) 3

= A

v 4

involves bond formation between C; and C;, followed by bond breaking

between C; and C,. Thus, para isomer obviously cannot be formed

directly from ortho. Isomerization can be represented by the

following equation:
X _ X X X
0 -0 X0 I3
X X X X
\ \ v
Q No Change
X X

*In a footnote of a communication, van Tamelen considered but dis-
carded a compound of this structure as the possible photoisomer of

1,2, 4-tri-t-butylbenzene (3).
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The study of triplet—triplet energy transfer from benzene to
biacetyl in solution seems to support the van Tamszlen benzene as an
unstable photoisomer of benzene. * Lipsky (5) showed that the sen-

sitized emission of biacetyl decreases in intensity as the irradiation
is prolonged. However, after the solution is allowed to stand in the
dark for a short period, emission from biacetyl returns to the orig-
inal intensity. Lipsky suggested that probably the decomposition
products from bia}cetyl act as quenchers, thus diminishing biacetyl
phosphorescence. However, the reported decomposition products
from biacetyl are not potential quenchers (6). An alternative ex-
planation is that an unstable compound from benzene is formed which
competes with biacetyl to quench benzene triplets. Olefins have been
shown to quench benzene triplets efficiently (7, 8). Therefore, in this
respect, the van Tamelen benzene is a more reasonable intermediate
than prisbane. On the other hand, identification of the photoisomer
of 1, 2, 4-—tri-£—buty1benzene with the Dewar benzene structure (3)
(presumably the precursor to prisbane) appears to favor the prisbane.
In order to distinguish the two proposed intermediates, study
of the photosensitized isomerization of 1, 2—substituted benzene
labeled at the 3 and 4 positions is proposed. If the reaction proceeds

through the prisbane intermediate, the initially formed m=-isomer

*Dr. A. A. Lamola recently summarized the confusing observations
of photochemical behavior of benzene in solution (4). The probability

of formation of transients from benzene instead of biacetyl was also

discussed (see below).
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should not contain labels at adjacent positions. On the other hand, if
tha reaction proceeds through the van Tamelen benzene, 50% of the

m~isomer should contain the labels at juxtaposition.
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Deuterium, carbon 13, or fluorine (if the reaction course is

not altered in this case) can be used as labels for this study. In

any case, n.m.r. spectroscopy can be applied for analysis.
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PROPOSITION IV
Study of 1, 5-transannular migration of hydrogen in tropil-
idene and related compounds by means of nuclear magnetic reso-

nance spectroscopy is proposed.

Generality of uncatalyzed thermal 1, 5-hydrogen transfer in
dienes was demonstrated by Wolinsky et al. (1) with four different
systems, Recently numerous reports have appeared on hydrogen
migration in cyclic dienes and trienes which are believed to involve
similar 1, 5~hydrogen migration. 7-Monodeuterotrop ilidine isomer-
izes to 3—deuterotropilidene (2); 1, 3, 5~cyclooctatriene and 1, 3, 6-
cyclooctatriene equilibrate readily at temperatures above 120°
(3,4); and 7T-ethoxytropilidene isomerizes to its isomers at 150° (5).

Other related examples are isomerization of cis—l-methyl-2—vinyl-
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cyclopropane (6), and bicyclo| 6, 1, 0] nonadienes (4).

The activation energies of these reactions are surprisingly
low, generally around the vicinity of 30 kcal/mole. Such a low
activation energy allows an unique experiméntal method, i.e.,
temperature dependent n.m. r. spectroscopy to be used fovr follo\i(ing |
the process of hydrogen migration in compounds constructed spe-
cially favored for such studies. Tropilidene is a satisfactory
compound.

The low—-temperature n. m.r, spectra of tropilidene have
been reported (7, 8) and were shown to be temperature dependent.

At room temperature, signals of the methylene protons ( a triplet)
correspond to two equivalent protons, However, at temperatures
below —=150°, the two protons become non-equivalent. High-tempera-
ture spectra of trop ilidene have not been reported. It is believed
that above 200°, the n.m. r. spéctrum of tropilidene will again be
temperature dependent, and at sufficiently high temperatures all
protons will become equivalent. Tropilidene is known to isomerize

to toluene at high temperature; but the activation energy of this
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reaction (51. 1 kcal/mole) (9) is much higher than the hydrogen mi-

gration reaction so that it will not complicate the study.
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PROPOSITION V
Explanation is proposed for the 'inconsistent' photochemical
behavior of cytosine, cytidine, and cytidilic acid, Experiments are

suggested to test the validity of the explanation.

Aqueous solutions of cytosine, cytidine, and cytidylic acid
undergo photochemical reaction with disappearance of the character-
istic ~2700A absorption maxima and appearance of new absorption at
;\‘max 2400A (1,2, 3,4), The photoproduct is not stable, and reverts to
the starting material {at least partially in some cases) on standing.
Two structures have been suggested for the photoproduct. One is the
compound resulting from addition of water at the 4 and 5 positions,
which is analogous to the reaction product of addition of water to
uracil (1,2, 3). The other is a tautomer of cytosgine, whiclh conceiva-—
bly can be derived from the hydrated compound (5). The latter sug-

gestion seems unlikely because it fails completely in cases of cytidine
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and cytidylic acid, in which the 3 position is connected to a sugar
unit (3).

In the case of cytidine and cytidylic acid, the photochemical
isomerization and the reverse dark reaction apparently proceed
without side reactions because the ultra-violet absorption spectra of
aliquots of reaction mixture taken at different times exhibit isosebest-
ic points. On the other hand, cytosine does not give isosebestic points
(4). Apparently, in the latter case, hydration is accompanied by
side reaction(s). Recently, the identification of uracil in the product
mixture obtained from irradiation of cytosine in water was reported
(5). This reaction is accompanied by liberation of ammonia and for-
mation of other unidentified products. The ratio of uracil and ammo-
nia produced is approximately one. However, no mechanistic study

of this reaction was presented.

NH,

@]
: hy + NH,
of@ 70 Oﬁ T
H H

It appears that these photochemical reactions of cytosine, and
its nucleoside and nucleotide can be consistently accounted for by
the following mechanistic scheme. Cytosine probably exists in two
major tautomeric forms (I and II). Excitation of tautomer I leads to
addition of water at the 4 and 5 positions; while excitation of tautomer
II re sults in addition of water at the 5 and 6 positions, followed by .

dark reactions of liberation of ammonia and tautomerization,
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Cytidine and cytidylic acid cannot exist in tautomeric form II, since

in each case the 3 position ié substituted; therefore, on irradiation

hydrationis not accompanied by deammination. To test this mechan-

istic scheme, among other possible experiments, irradiation of
reaction

l-alkylated cytosine (7) is proposed. The major/course of this

compound should be deammination.
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