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ABSTRACT

The intermolecular and intramolecular 1,3- 
photocycloadditions of olefins to benzene derivatives were 
examined in order to determine what effect ring func- 
tionalization and proximity of the double bond had on the 
process. The functionalities of interest were methoxyl 
and carbomethoxyl groups because of their significant 
interaction with the electronic structure of benzene.
Both singly substituted (anisole and methyl benzoate) and 
ortho-disubstituted.(methyl 2-methoxybenzoate) cases were 
examined. Finally, the effects of solvent polarity were 
also studied.

For the intermolecular examples, the photocyclo- 
addition of cyclopentene to benzene, anisole and methyl 
benzoate, with cyclohexane or methanol as diluent, were 
examined. In the first two cases, no novel photochemistry 
was observed in either solvent. For methyl benzoate, 1,3- 
photocycloaddition occurred, but without the specificity 
generally observed for this process. The 1,2-cycloaddition 
mode was not.observed in cyclohexane, but was the pre
dominant process in methanol. This is attributed to 
solvent stabilization of the polar intermediate involved.. 
The disubstituted aromatic, methyl 2-methoxybenzoate, was

xii
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completely unreactive with cyclopentene, cyclohexene and 
allyl methyl ether.

The intramolecular reactions produced the most 
informative and novel photochemistry. The absence of 
olefin-aromatic cycloaddition for 4-phenylbut-l-ene, in 
conjunction with the efficient intramolecular 1,3̂ - 
photocycloadditions of 5-phenylpent-l-ene and phenyl but-
3-enyl ether, clearly demonstrates that a three methylene 
separation of the olefin and aromatic moieties is required 
for intramolecular 1,3-cycloaddition to occur. However, 
photochemical addition of methanol to the aromatic ring of
4-phenylbut-l-ehe under conditions that did not cause 
methanol addition to toluene does imply that the double 
bond interacts significantly with the aromatic excited 
state, probably via a weak exciplex. The specificity of 
the intramolecular 1,3-photocycloadditions of S^phenylpent- 
1-ene and phenyl but-3-enyl ether contrasts with the mixture 
of isomers obtained in cases of intermolecular 1,3- 
photocycloaddition of olefins to disubstituted benzenes.
This isomerism is.a result of stepwise formation of the 
intermolecular 1,3-adducts, whereas the specificity of the 
intramolecular reaction suggests a completely concerted 
pathway. The two methylene distance proved to be sufficient 
for intramolecular 1,2-photocycloaddition to occur on 
photolysis of methyl 2-(but-3-enyl)benzoate in methanol.
The efficient intramolecular 1,3-photocycloaddition of



xiv
methyl 2-allyloxybenzoate and 1,4-photocycloaddition of 
methyl 2-(but-3-enyloxy)benzoate are the first examples of 
photocycloaddition to a difunctionalized benzene ring. In 
addition, the 1,4-photocycloaddition is only the second 
example where this usually very minor process predominates. 
Both reactions are shown to emanate from the tt-tt* singlet 
state of the aromatic ring.

These results, as well as existing data, can be 
analyzed in terms of a qualitative picture of the reaction 
topology. In this analysis, factors that affect the 
intermediate exciplex structure and stability are judged to 
be at least as important as the electronic structure of 
the aromatic moiety in determining the mode (1,2 or 1,3 or 
1,4) and regiochemistry of photocycloaddition.



INTRODUCTION

Twenty-five years ago it was widely believed that 
benzene was stable to UV irradiation. However, in 1957 
Bryce-Smith and Blair reported the photoisomerization of 
benzene to fulvene. A few years later, the same group 
serendipitously discovered the 1,2-photocycloaddition of 
maleic anhydride to benzene (Bryce-Smith and Angus 1959).

O
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Many other photocycloaddition reactions of olefins and 
benzene were subsequently reported. The most fascinating 
for theoreticians and experimentalists alike has been the
1,3-photocycloaddition process.

©
+ hv

This surprisingly efficient reaction was uncovered 
simultaneously by two groups working independently. Bryce- 
Smith, Gilbert, and Orger (1966) reported the isolation of 
a 1,3-adduct of cyclooctene and benzene (1).

©

+

The adduct was characterized most notably by the spectral 
evidence for the vinylcyclopropane chromophore. This
moiety was evidenced by the UV shoulder at 219 run (e = 2800)

-1 -1the IR absorptions at 3040 cm and 1600 cm , and the two
proton singlet at 5.5 ppm in the 60 MHz "*"H NMR. Several 
other olefins were found to give 1:1 adducts with similar 
spectral properties.
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Kaplan and Wilzbach (1966) reported a similar reac

tion in the same year for cis-but-2-ene, eyelopentene and
2.3-dimethyIbut-2-ene. In addition, their paper was the

Tfirst of many in which a detailed correlation of H NMR 
spectral features and 1,3-adducts was reported.

Since these initial publications, a tremendous 
number of olefins have been observed to 1,3-cycloadd to 
benzene. A list of the simpler alkenes that undergo this 
reaction is given in Table 1. Monoolefins, however, are not 
the only species that can add 1,3 to benzene. Acetylenes 
(Liu and Krespan 1969), 1,3-dienes (Kraft and Koltzenberg 
1967) and 1,4-dienes (Bryce-Smith and Gilbert 1977) also 
form 1,3-photocycloaddition products with benzene. The 
whole field of benzene photochemistry was recently reviewed 
by Bryce-Smith and Gilbert (1976, 1977), and there is 
little to add to their exhaustive report. However, a few 
salient details pertinent to the work discussed herein will • 
be summarized.

Much work has been devoted to the mechanistic 
details of this photoreaction. One of the early questions 
was: why does 1,2-cycloaddition prevail for some olefins and
1.3-addition for others? Initial attempts to explain this 
phenomenon grew out of the fact that polar solvents enhanced
1,2-cycloaddition but did not affect the 1,3 process. 
Bryce-Smith, Gilbert, Orger, and Tyrrell (197.4) postulated 
that the mode of addition could be predicted on the basis
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Table 1. Ionization potentials and quantum yields ($) of 

adduct for mono-olefins that form 1,3- 
photocycloadducts with benzene (IP = 9.24 eV).

Olefin
IP in 
eV *1,3 Reference

Ethylene 10.5 0.1 1
Propylene 9. 73 0.1

exb and endo
1

Isobutylene - - 2
cis-But-2-ene 9.13 0.40

1,2 also formed 
*1,2/*1,3 = 0o15

3, 4, 5

trans-But-2-ene 9.13 0.33
1,2 also formed 
*1,2/$1,3 = 0,33

3, 4, 5

2-Methylbut-2-ene - - 2
2,3-Dimethylbut-2-ene 8.3 0. 03

1,2 predominates 
- 8

3

Pent-l-en-4-ol mixture of. 1,3 
adduct isomers

6

Vinyl acetate 0.2
mixture of 1,3 
adduct isomers

6

Ethyl vinyl ether 8. 6 0.06
1,2 predominates. 
*l,2/'fl,3 = 3 -3

3

trans-1,2- 
Dimethoxyethene

8. 04 0.03
1,2 predominates
*1 ,2/*!,3 = 1 -3

3

Vinylene carbonate 10.08 70% yield of 1,3 
adducts endo/exo = 
5

7

Methylenecyclobutane - - 8
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Table 1.--Continued

Olefin
IP in 
eV *1.3 Reference

Cyclobutene 0.1
1,4 also formed 
$1,3//$1,4 = 13°2

3, 9

1,2-Dimethylcyclobutene — 0.10 
endo/exo = 3

10

3,4-DimethyIcyclobutene — - 11
2,3-Dichlorocyclobutene - - 12
3,4-Dichlorocyclobutene - - 13
Cyclopentend 9.02 0.17 endo 

0.02 exo
3, 14 .

Cyclohexene 8 . 94 barely detectable 3
Cycloheptene 8.86 0.16 endo 

0.11 exo
3

cis-Cyclooctene 8.75 0.31 endo
0.07 exo
1,2 also formed
h , 2 /5,l,3 " °-24

3

trans-Cyclooctene 8.51. 0.28
1,2 predominates
h y h . s  v 1-3

3

c i s'- Cy c lononene 8.78 0.13 3
Norbornene - 0.27 endo 

0.05 exo
15

Key to references: (1) " Mirbach, Mirbach, and Saus (1977);
(2) Bryce-Smith and Gilbert (1977); (3) Bryce-Smith, Gilbert,
Orger, and Tyrrell (1974)? (4) Srinivasan (1971b); (5)
Morikawa, Brownstein, and Cvetanovic (1970); (6) Gilbert and
bin Sumsudin (1975) ; (7) Heine and Hartman (1975) ; (8)
Srinivasan (1974); (9) Srinivasan (1971a); (10) Srinivasan,
Cornelisse, and Merritt (1973b); (11) Srinivasan (1971c);
(12) Allred and Beck (1973); (13) Srinivasan et al. (1975);
(14) Srinivasan, Cornelisse, and Merritt (1973a); (15)
Srinivasan (1972).
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of the difference in ionization potential between the arene 
and the olefin. While this approach is often valid, perusal 
of the results in Table 1 will show several exceptions. A 
more reasonable suggestion made by Mirbach et al. (1977) 
was that the difference in electron affinity was responsible 
for the observed mode of addition.

the stereoselectivity and regiospecificity that are generally 
observed. As can be seen by examining the data in Table 1, 
olefins preferentially add to give the endo adduct. When 
the benzene ring is substituted, the endo adduct is the only 
isomer observed. Some examples are the photocycloaddition 
of cyclopentene to toluene to give _2 (Srinivasan et al.
1973b) and to anisole to give 2 (Srinivasan, Merritt, and 
Subrahmanyam 1974).

Two remarkable characteristics of this reaction are

2

o c h 3



The reaction products illustrated above also demonstrate the 
regiospecificity of the reaction. Srinivasan and co
workers (197 3b) did a rather extensive study of the 
structures of the 1,3-cycloadducts of cyclopentene with 
toluene, the xylenes, and mesitylene. In all cases, the 
only isomers found were those in which the sites of addition 
were the positions ortho to a methyl group. Even more 
definitive was the fact that 1,2-dimethylcyclobutene per
sisted in adding to the 2 and 6 positions of toluene, albeit 
in low yield, to give 4.

CH

hv
CH

CH

CH

The methoxyl group exhibits the same directing effect, but 
to a much greater degree. The results of photocycloaddition 
to the methyl anisoles (Srinivasan and Ors 1977) amply 
demonstrate this. Invariably the olefin would add to the 
positions ortho to the methoxyl group in preference to 
ortho to the methyl group.
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o c h 3

There are a few exceptions to these rules, most of
which are the results of work recently published by Bryce- 
Smith et al. (1978). The 1,3-cycloadduct of cis-cyclooctene
to toluene is not exclusively endo, although endo stereo
chemistry prevails (endo:exo = 7:1). More startling though, 
is that this olefin adds to the 1 and 5 positions of toluene 
to give _5. These workers found additional exceptions when 
other substituents such as fluorine or trifluoromethy1, 
were present on the benzene ring.

Similar aberrations are observed in the only 
reported example of an intramolecular 1,3-photocycloaddition 
(Morrison, Ferree, and Grutzner 1971) . When

5
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cis-6-phenylhex-2-ene is photolyzed, the ethylene moiety 
adds to the 1 and 5 or 1 and 3 positions, rather than 2,6, 
as does the trans isomer.

Another important point is the multiplicity of the 
excited species that leads to 1,3-cycloaddition. It has 
been well established by theoretical analysis and experiment

to 1,3-cycloaddition, as well as 1,2- and 1,4-cycloaddition 
(Bryce-Smith and Gilbert 1977 and references therein). The 
earliest suggestion was that the first excited singlet 
rearranged in a concerted fashion to give the diradical 
termed Prefulvene (6̂) , which was then trapped by the olefin 
(Bryce-Smith and Longuet-Higgins 1966).

that the first excited singlet state of benzene (̂ B2u) leads
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olefin -------
1,3-add net 

6

Subsequent analysis with orbital correlation diagrams 
demonstrated that 1,3-cycloaddition could proceed in a 
concerted fashion directly from the ^B2U state (Bryce-Smith 
1969, Bryce-Smith and Gilbert 1977).

The efficiency and specificity of the intramolecular 
and intermolecular reactions led Morrison, Ferree, and 
Grutzner (1971) to suggest that an exciplex was formed 
prior to cycloaddition. Kinetic data obtained by Srinivasan 
and Ors (197 6) also implicated the intermediacy of an 
exciplex, but to date no exciplex fluorescence or other 
direct evidence has been found.

The current understanding of photochemical cyclo
addition to benzene can be summarized as in Figure 1. This 
scheme has reasonably good predictive validity except in the 
cases of functionalized benzenes and 1,4-cycloadditions 
where little is known. There is also a gap in the knowledge 
of intramolecular photoreactions. This particular avenue 
was opened by the work of Morrison's group (Morrison and 
Ferree 1969, Morrison, Ferree, and Grutzner 1971), but to



Figure

WHEN ELECTRON AFFINITIES 
ARE SIMILAR

Intermediate bonding 
step followed by cyclo- 
propyl ring closure 
accounts for mixture of 
isomers formed in some 
cases (Srinivasan and 
Ors 1977).v

WHEN ELECTRON 
AFFINITIES ARE 
QUITE DIFFERENT

L

i. Possible mechanistic scheme for the photocycloaddition of olefins to 
benzene.



date has not been further explored. The only other example 
of intramolecular 1,3-cycloaddition is the process uncovered 
by Sullivan in 1973.

o °2ch3 hv
CH3OH

In fact, the work presented here was originally 
aimed at unraveling the mechanistic aspects of this excep
tional example of 1,3-photocycloaddition. It was necessary 
to be aware of the individual effects of the oxygen 
functionality, the carbomethoxy functionality and the close 
proximity of the double bond in order to begin to understand 
how these factors acted in concert to give the reaction 
observed. Thus, these various pieces became the object of 
an organized study aimed at further understanding of the 
photocycloaddition processes of substituted benzenes.



RESULTS

Synthetic Procedures
The various compounds whose photochemistry was

studied were synthesized by known methods. Many of them 
had been prepared before tand are well characterized in the 
literature. The synthetic utility of the method of Rieke 
(1977) for generating and using active magnesium is worth 
noting. In the carboxylation step shown below, this 
particular procedure worked well when standard Grignard 
methods resulted in poor yield.

Attempts at synthesizing methyl 2-(but-3-enyl)benzoate via 
a coupling reaction between lithium diallylcuprate and 
methyl a-bromo-ortho-toluate were also unsuccessful.

1. "Activated Mg"
2. C02

COjCHj
Ĥ Br E t 2°

-20°C

13
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The 1,3-Photocycloaddition of Cyclopentene

to Benzene
The work of Srinivasan et al. (1973a) was repeated

in order to obtain reference spectral data for the 1,3- 
cycloadduct. The data obtained (Table 2) are all in good 
agreement with that published by Srinivasan et al. (1973a). 
Of particular note are the data characteristic of the 
vinyicyclopropane chromophore. In the UV spectrum this
structural feature is evidenced by the shoulder at 220 nm.

-1 -1The IR absorptions at 3050 cm and 1600 cm are also
typical of this moiety.

The 60 MHz H NMR spectra of this compound
Figure 2) and other photoproducts to be discussed are too
complex in the aliphatic region to be useful. For this 

13reason the C NMR spectrum was obtained for this adduct
of known structure to assist in the structure elucidation
of other, related compounds. The line positions relative
to tetramethylsilane (TMS) and assignments appear in Figure

133 and Table 3. The assignments are based on known C 
chemical shift-structure correlations (Wehrli and Wirthlin 
1976, Breitmaier and Voelter 1974), the off-resonance line 
multiplicities and reported proton, chemical shifts obtained 
at 220 MHz (Srinivasan et al. 1973a, 1973b).

The three absorptions farthest upfield are due to 
the cyclopentyl methylene carbons 8, .9, and 10. This is 
evident from the off-resonance decoupled spectrum in which
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Table 2. UV, IR, H NMR and mass spectral data for the

1,3-photocycloadduct of cyclopentene and benzene.

4

10

UV cm
NMR
EEE

MS m/e 
parent 
base 

others

Xmax = 220 ^  
log e = 3.48

3050, 2950, 5.57 (s, 2H, H-2,3) 146
2880, 1600, 2.30-3.5(m, 3H) 91
1465, 1445, 1.0-2.3(m, 9H) 77
1350
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Figure 2. 60 MHz H NMR spectrum of the 1,3-photocycloadduct of cyclopentene and
benzene.
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Figure 3. Reconstructed "^C NMR spectrum of the 1,3-photocycloadduct of cyclopentene 
and benzene.
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13Table 3. C NMR chemical shifts and line assignments for 
the 1,3-photocycloadduct of cyclopentene and 
benzene.

<

5 / \  7

3

yl8
\i \
Vill------̂ io

Chemical shift 
in ppm

Multiplicity with off- 
resonance decoupling Assignment

26.4 t C-10
30.2 t C-9 (11)
30. 9 t C-ll (9)
32.5 d C-y (5)
33.0 d C-5 (7)
43.0 d C-6
49.4 d C-8
52. 8 d C-l
63.7 d C-2

130.9 d C-3
135.8 d C-4



each of these lines is split into a triplet. The three 
cyclopropyl carbons give rise to the next three resonances. 
That these are the cyclopropyl carbon lines, as opposed to 
the other xnethinyl absorptions, is supported by the magni
tude of the splitting observed in the off-resonance spectrum. 
It is well known.that C-H coupling constants can be 
correlated with the hybridization of the carbon atom. Due 
to the strain in the cyclopropyl ring, there is increased 
s character in the C-H bond and JC_H = 160 Hz for cyclo- 
propanes. The C-H coupling constant usually observed for 
sp hybridization is about 130 Hz. Although the line 
separation observed in an off-resonance decoupled experi
ment is not equal to the coupling constant, carbons of like 
hybridization tend to have approximately the same magnitude 
of splitting. The methylene and other methinyl carbon lines 
in this spectrum are split by 60-65 Hz, whereas the absorp
tions at 32.5, 33.0, and 43.0 ppm are each split by about 
80 Hz, indicating that they are due to the cyclopropyl 
carbons. The proton at C-5 consistently occurs further 
downfield than the other cyclopropyl protons in the many 
cycloadducts characterized by Srinivasan et al. (1973b).
Thus the 43.0 ppm line is assigned to C-5. The "*"H NMR- 
structure correlations generated by these authors were used 
in an analogous fashion to establish the rest of the line 
assignments.
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Also of interest in this system was the effect of

solvent on the reaction. Irradiation of eyelopentene and
benzene in the same proportions, but with methanol as
solvent, did not result in any change in the photochemistry.

1Specifically, neither the gas chromatogram nor the H NMR 
spectrum revealed any product resulting from incorporation 
of methanol.

The 1, 3-Photocycloaddition of Cyclope'ntene
to Anisole

This particular cycloaddition has been extensively 
studied (Srinivasan et al. 1974, Srinivasan and Ors 1976).
It was repeated, as before, to obtain reference.spectral 
data. The reported chemical yield was 85%; however, the • 
best yield of 3_ obtained in this work was 17% (isolated) ,

lThe IR, H NMR and mass spectral data (Table 4, Figure 4)
are in accord with those previously reported. In addition, 

13the C NMR spectrum was obtained (Figure 5) and the 
chemical shifts and line assignments appear in Table 5,
The data are analogous to those of the benzene-cyclopentene 
adduct. The absorption for C-5 is shifted far downfield as 
expected, but the C-l line is shifted upfield slightly.

As with the previous system, the nature of the 
photoproducts observed was invariant on changing the solvent 
from cyclohexane to methanol.
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Table 4. IR, NMR and mass spectral data for the 1,3-

photocycloadduct of cyclopentene and anisole.

12OCH

4

6 - m e t h o x y t e t r a c y c l o u n d e c - 3 - e n e

MS m/e 
parent

-1 base
IR cm NMR ppm , others

3050, 2900, 5.67(2H, H2 and H3) 176
2850, 1600, 3.33(3H, s, H12) 108
1445, 1390, 3.13(3H, m) 109, 91
1240, 1135, 2.05(2H, m) 78, 55
1095,
1010

1030 1.50(6H, m)
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Figure 4. 60 MHz H NMR spectrum of the 1,3-photocycloadduct of cyclopentene to
anisole.
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Figure 5. Reconstructed NMR spectrum of the 1,3-photocycloadduct of cyclo-
pentene and anisole.
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Table 5. C NMR chemical shifts and line assignments for 

the 1,3-photocycloadduct of cyclopentene and 
anisole.

12OCH

4

Chemical shift Multiplicity with off-
 in ppm  resonance decoupling Assignment

26.8 t C-10
29.7 t C-9 (11)
30.2 t C-ll (9)
36.9 d C-7 (5)
39.1 d C-5 (7)
49.2 d C-8
55.3 d C-l
56.1 q C-12
60.6 d C-ll
95.8 s C-6

130.3 d C-3
134.9 d C-4
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The Photochemical Cycloaddition of Cyclopentene

to Methyl Benzoate 
Preliminary results of the photocycloaddition of

cyclopentene to methyl benzoate have only recently been 
published. Bryce-Smith et al. (1978) have reported that 
the principal mode of addition was 1,2 to give diene 8y 
analogous to the diene formed by the addition of olefins to 
benzonitrile (Buchi et al. 1963, Cantrell 1977).

In addition, two minor 1:1 adducts were detected but un
identified. The work reported here is in agreement with 
the results of Bryce-Smith, although some additional details 
have been uncovered.

cyclohexane resulted in very little photoproduct formation. 
Approximately 98% of the methyl benzoate was recovered after 
72 hours of photolysis. Analysis by GC revealed that three 
products were formed, but only one was present in sufficient

spectral data appear in Table 6.
The molecular weight (parent ion m/e = 204) suggests 

that the compound is a 1:1 adduct of the olefin to methyl 
benzoate. Although the product was contaminated with

Irradiation of cyclopentene and methyl benzoate in

amounts for characterization. The IR, NMR and mass
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Table 6. IR, H NMR and mass spectral data for the 1,3- 

photocycloadducts of cyclopentene and methyl 
benzoate formed in cyclohexane

9a and 9b

‘ 10

isomeric mixture of 
3- and 4-carbomethoxytetracyclo[6.3.0.0.^'^0. ' ]undec-3-ene

— 3_IR cm
3025, 2940, 
2850, 1700, 
1610, 1440, 
1350

NMR ppm
6.80(1/2H, J=3Hz, H3) 
6.60(1/2H, J=3Hz, H2) 
3.70(3H, s, H13) 
1.20-3.40(12H)

MS m/e 
parent 
base 

others
204
81
105, 91, 
77
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solvent and some aromatic starting material, the IR and
"*"H NMR (Figure 6) are consistent with a 1,3-cycloaddition
product. Two olefin absorptions, each integrating as 1/2
of a proton, appear in the "̂H NMR spectrum, suggesting that
a mixture of two isomers was obtained. Their downfieId
chemical shifts in conjunction with the ester carbonyl IR

-  %absorption at 1700 cm indicate that the two isomers are 
probably 9a and 9b.

9a

The 60 MHz "*"H NMR spectrum is insufficient to 
definitely assign endo or exo geometry to these isomers. 
However, the fact that they survived the GC conditions 
(injection port temperature of 250°C) strongly implies that 
they are the endo adducts.

In contrast to the work of Bryce-Smith et al. (1978), 
no 1,2-cycloadducts were formed from irradiation in cyclo- 
hexane. Preliminary data on the two minor products of 
photolysis in cyclohexane indicated that neither resulted 
from cycloaddition.



500 200 100400 300 0 Hi

methyl 
benzoate

\  CHC13
\  I / C6H6

TMS

6 0 4 0 3.08 0 7.0 2.0

Figure 6. 60 MHz 1H NMR spectrum of the 1,3-photocycloadducts of cyclopentene and
methyl benzoate formed in cyclohexane.
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Irradiation of methyl benzoate and cyclopentene in 

methanol did produce the 1,2-cycloadduct as the major 
product, along with at least three other products. Optimum 
GC conditions for complete separation of all products were 
not found; however, use of FFAP liquid phase allowed isola
tion of fractions sufficiently pure for structural identifi
cation. The spectral data are presented in Table 7.

The NMR spectrum of the 1,2-cycloadduct (Figure 
7) corresponds well to the data reported by Cantrell (1977), 
and it is reasonably certain that this adduct is indeed 
diene 8. However, there is an additional methoxy1 absorp
tion slightly farther downfield (3.77 ppm) and an olefinic 
absorption centered around 7.30 ppm. These data suggest 
that another 1,2-cycloadduct such as 10a or 10b might be 
present.

CHX>

10b

Once again the question of endo or exo stereochemistry 
arises. It is well established (Bryce-Smith, Gilbert, 
Orger, and Tyrrell 1974; Gilbert and Taylor 1977; Cantrell 
1977) that in cases where the olefin is a donor and the 
aromatic species an acceptor, endo stereochemistry is 
observed. If the olefin is the acceptor (maleic



Table 7. IR, H NMR and mass spectral data for the 1,2- 
photocycloadduct and the 1,3-photocycloadduct 
of cyclopentene and methyl benzoate formed in 
methanol.

Compound IR cm 1 NMR ppm
MS m/e 
parent

3010, 2910, 5.40-6.00(4H, m) 204
2850, 1720, 3.67(3H, s)
1580, 1435 2.60-3.35(3H, m)

1.20-2.20(6H)

8

3050, 2920, 5.75 (1H, J=5 Hz)
2850, 1720, 5.47 (1H, J=5 Hz,
1640, 1600, 3.67(3H, s)
1440 2.75-3.20(2H, 

1.20-2.60(9H)
m)



200 100 0 Hi300500 400
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3.0 2.06.0 5.0 4.080

Figure 7. 60 MHz 1H NMR spectrum of the 1,2-photocycloadduct of cyclopentene and
methyl benzoate formed in methanol.

u>



32
anhydride-benzene), then exo addition is preferred. Bryce- 
Smith, Gilbert, and Tyrrell (197 4) have shown that this 
preference is also present in the ground state, and can be 
observed as an upfieId (acceptor ethylene, exo addition) 
or downfield (donor ethylene, endo addition) shift of the 
olefinic proton absorption in the NMR spectrum of a mixture 
of the aromatic compound and the ethylene. Unfortunately, 
in this case no changes in the spectrum of cyclopentene 
were observed on addition of methyl benzoate. It is most 
likely that cyclopentene is the donor, so endo geometry was 
assumed.

The other products isolated by.-GG were:-the result 
of 1,3-addition. One of the fractions corresponded to the 
isomeric mixture of 9a and 9b that was obtained in cyclo- 
hexane. The other was a 1,3-adduct in which the double 
bond protons absorb in approximately the same place as in 
the anisole and benzene adducts. Each proton has a distinct 
chemical shift, however, one occurring at 5.47 ppm and the 
other at 5.75 ppm. They are coupled to one another with a 
coupling constant of 5 Hz. Compounds 11a, 11b, 11c, and 
lid represent the possible isomeric structures for this
1,3-cycloadduct.
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11a lib

lid11c

e=-c o 2c h3

The pattern of the olefinic absorptions in the NMR 
spectrum (Figure 8) is reminiscent of that of the benzene- 
cyclopentene adduct at high field (220 MHz) in which H3 
occurs downfieId of H2 and H2 is more highly coupled 
(Srinivasan et al. 1973a). On this basis lid appears to be 
the most reasonable possibility, but further data are 
required to unambiguously assign a structure to this 1,3- 
cycloadduct.

As with the previous intermolecular reactions, no 
solvent incorporation into the products was observed.



500 400 300 200 100 0 Hi
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Figure 8. 60 MHz 1H NMR spectrum of the 1,3-photocycloadduct of cyclopentene and
methyl benzoate formed in methanol.
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Attempted Photocycloaddition of Cyclopentene 

to Phenyl Acetate
The successes noted with the photocycloaddition of 

olefins to anisole prompted the investigation of the 
behavior of cyclopentene and phenyl acetate. Irradiation 
of these compounds in methanol resulted in two products, _12 
and 13_. Based on comparison with GC retention times and 
H NMR spectra of authentic materials, _12 and JL3 were found 

to be phenol and ortho-hydroxyacetophenone. Thus photo- 
Fries processes occurred before or in preference to cyclo- 
addition.

OH

'CH

1312

Attempted Photocycloaddition of Various Olefins 
to Methyl ortho-Anisate

The photoreactivity of benzene, anisole, methyl 
benzoate and the allyl ether of methyl salicylate suggested 
that intermolecular olefin cycloaddition to methyl ortho- 
anisate would be an observable, if not relatively efficient, 
process.

Initially, cyclohexene was chosen as the olefin on 
the basis of its availability. Several concentrations with
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methanol as diluent were tried without success. The 
aromatic compound proved to be completely inert under these 
conditions and the only compounds isolated appeared to be 
olefin dimers and trimers. As discussed earlier, it has 
been found that cyclohexene is particularly inert with 
respect to 1,3-photocycloadditions (Srinivasan and Ors 1976).

Cycldpentene has often been the olefin of choice for
1,3-photocycloaddition reactions, thus it was used in this ■ 
investigation. Reactions were carried out with a variety 
of concentrations, with cyclohexane or methanol as solvent. 
Regardless of the glassware (Pyrex or quartz), lamp (low or 
medium pressure) or temperature used, no olefin to aromatic 
cycloadducts were observed. It was thought that trace 
oxygen, not removed by purging with nitrogen, might be 
quenching the aromatic excited state before reaction could 
occur. However, even after rigorous degassing with three 
freeze-pump-thaw cycles, no cycloadducts were formed.

In an attempt to duplicate more closely the struc^ 
ture of the olefin moiety, allyl methyl ether was prepared 
and used as the ethylene. As with the cyclic olefins, 
however, no cycloaddition was observed under any condi
tions, including prolonged irradiation. Solutions that had 
been rigorously degassed prior fo photolysis did produce a 
blue color subsequent to irradiation and removal of solvent. 
The compound producing the color was unstable. Decomposi*- 
tion, as indicated by a color change from blue to brown.
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occurred within an hour at room temperature. Attempts to 
isolate the blue material were unsuccessful.

Photolyses of cyclopentene with the meta and para 
isomers of this aromatic compound also failed to produce 
cycloadducts

The Photochemistry of 4-Phenylb'u't"l-ene
The photochemistry of 4-phenylbut-l-ene in the gas 

phase and in solution (diethyl ether, hexane) has been 
studied by Salisbury (1971).. The compound exhibited some 
reactivity in the gas.phase, but was essentially inert in 
the liquid phase. In the course of this work, 4-phenylbut- 
l-ene was irradiated in cyclohexane and the results were 
the same as Salisbury's. A small amount of polymeric 
material was isolated, and characterized by H NMR.- The 
aromatic region was still intact, the olefin absorptions had 
disappeared and a broad hump was present in the aliphatic 
region. Thus, polymerization through the double bond, not 
decomposition of an unstable adduct, gave rise to this 
product.

Irradiation of the butenylbenzene in methanol pro
duced some interesting results. GC analysis revealed that 
85% of the original material had been consumed and that 
three major photoproducts had been formed. The product
mixture was composed of 30% 14y 15% 25, and 50% 1_6. The 

1IR, H NMR and mass spectra of these three (Table 8) show



Table 8. IR, NMR and mass spectral data for the photoproducts resulting from 
the irradiation of 4-phenylbut-l-ene in methanol.

MS m/e
parent

— 1 base
Compound IR cm NMR ppm others

a
Bu— ,

CH

14

CH

Bu
15

3050, 2980, 6.15(1H, J=6 Hz) 164
2925, 2910, 4. 80-6. 00 (4H, m) 91
2840, 1640, 4.10(1H, bs, H4) 149
1600, 1440, 3.32(3H, s, H7)
1380, 1180, 1.40-2.20(6H)
1110,
920

1090, 0.85(1H, J=8 Hz,
J=4 Hz, H6exo)
O.lOdH, t, J=4Hz, H6endo)

3050, 2950, 5.83(1H, bs, H2) 164
2919, 2820, 5.30-6.00(1H, m) 91
1640, 1600, 4.70-5.15(2H, m) 149
1440, 1350, 4.03(1H, bs, H4)
1185, 1100, 3.30(3H, s, H7)
1080, 915 2.12(4H)

1.73(2H, m)
0.85(1H, J=8.6 Hz,
J=6.8 Hz, J=4 Hz, H6exo) 
-O.lOdH, q, J=4 Hz, H6endo)



Table 8.— Continued

MS m/e
parent

Compound IR — 1cm NMR ppm
base

others

>1 3040, 2980, 5.30-6.10(1H, m) 164/ 2900, 2810, 4.75-5.20(3H) 91/ 1640, 1600, 4.00(1H, bs, H4) 149, 109
/ > x 1440, 1350, 3.20(3H, s, H7)
K X 1185, 1094 , 2.25(4H)

/'bcHj 920 1.70(2H, m)\---/ 0.85(1H, J=8.6 Hz,
Bu

16
J=6.8 Hz, J=4 Hz, H6exo) 
-0.16(1H, q, J=4 Hz, H6endo)

Bu = -CH2CH2CH=CH2

U)
VD
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that they have several structural features in common. The 
strong, sharp absorption around 3.36 in the NMR's 
(Figures 9, 10, and 11) and the parent ions of m/e = 164 
indicate that a molecule of methanol was incorporated into 
the photoproducts. The NMR spectra also show that although 
the aromatic ring is no longer present, the double bond of 
the butenyl chain was not affected. Indeed, a prominent 
peak common to all the mass spectra is at m/e = 109, which 
corresponds to loss of the butenyl group. Finally, the 
absorptions at very high field in the NMR spectra are 
consistent with protons attached to a cyclopropyl ring. 
Thus, the three compounds are believed to be isomers in 
which the basic structural unit is the bicyclo[3.1.1, ] hex-
2-ene below.

+  - o c h 3 - j — c h 2c h 2c h = c h 2

The occurrence of the methiny1 absorption at approximately 
4 ppm indicates that this proton is not only a to the 
methoxyl group, but allylic as well. Thus the methoxyl is 
located at C-4. The stereochemistry at this carbon is 
revealed by the weak coupling of H4 and H5. IF H4 and H5 
were cis, then would be about 6 Hz and if they were
trans, the coupling constant would be about 2 Hz (Katz,



Figure 9 60 MHz NMR spectrum of product 14 of the photolysis of 4-phenylbut-
3-ene in methanol.
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Figure 10. 60 MHz H NMR spectrum of product _15 of the photolysis of 4-phenylbut-
3-ene in methanol.
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Figure 11. 60 MHz 1H NMR spectrum of product 16 of the photolysis of 4-phenylbut-
3-ene in methanol.
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Wang, and Acton 1971). The broad singlet observed in all
three spectra is most consistent with H4 and H5 being trans,
thus the methoxy1 has exo stereochemistry.

An additional structural feature is the position
of the butenyl group. This can be deduced by consideration
of the multiplicities of H6 . and H6 , and the chemicalenao exo
shifts of the olefinic absorptions. The H6encj0 absorption 
is distinct in all the products because it is shifted up- 
field as a result of diamagnetic anisotropic shielding by 
the double bond. In L4 this proton absorption appears as a 
triplet and in 15» and _16 as a quartet. This can be 
explained if the following structural assignments are made.

or

Bu
O C H

a

Bu

O C H

b
14

O C H

15

C H

Bu

16

In L5 and _16 H6en^o has a geminal coupling constant of 4 Hz 
as well as two vicinal couplings ^endo-l ^  ̂ Hz and 
J6endo-5 =  ̂ Hz. Thus, it appears as a quartet. In _14 
one of the vicinal interactions is removed and H6 
appears as a triplet. The splitting of H6 
this reasoning. In 15 and 16 H6

endo 
corroborates

exo
exo

is a complex multiple!
that is the result of splitting by three neighboring protons
with coupling constants J ^ = 4 Hz, J . = 8.6 Hz andJ gem vie
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Jv^c = 6.8 Hz. In L4 the 6.8 Hz coupling is absent and 
H6eXo appears as doublet of doublets. Unfortunately, 
neither models nor decoupling results made it clear which 
bridgehead proton corresponds to the 6.8 Hz coupling.
Thus, it was not possible to definitely assign 1_4 as 14a 
or 14b.

In analogy to the chemical shifts obtained for the 
vinyl protons in the 1,3-cycloadducts, H3 was assigned as 
the upfield olefin proton and H2 as the vinyl proton further 
downfield. Thus 1!5 was assigned the structure indicated 
because the higher field vinyl hydrogen does not appear and 
16 was deduced on the basis of the absence of the downfield 
absorption.

The photochemical addition of polar, protic solvents 
to benzene is not novel. Several groups have reported on 
such results (Kaplan, Ritscher, and Wilzbach 196 6;
Farenhorst and Bickel 1966; Bryce-Smith, Gilbert, and 
Longuet-Higgins 1967; Kaplan, Rausch, and Wilzbach 1972) , 
but only for acidic solvents or solvents to which a trace 
of acid has been, added. In an elegant series of experiments 
Kaplan et al. (1972) established that the observed products 
were actually the result of ground state solvolysis of 
benzvalene. In the work reported here acid was rigorously 
excluded from all reactions.
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c h 3oh
hv CH -3 OH  ^ > &,H

bcH3

It has been shown, however, that irradiation of
methanol causes acidic species to be formed (Marshall and 
Arrington 197 0; Cristol, Lee, and Noreen 1971). The acid 
generated was later demonstrated to be the result of photo
oxidation of methanol to formic acid when trace oxygen was 
present (Roussi and Beugelmans 1972). That this was not the 
cause of the photochemistry observed here was demonstrated 
by the fact that photolysis of toluene under the same con
ditions used for 4-phenylbut-l-ene did not result in photo
product formation.

In other cases where methanol incorporation into 
products was observed (see, for example Yates 1968, Kropp 
et al. 1973, Hixson and Garrett 1974, Morrison and Nylund 
1976), contaminated starting material was suspected as the 
source of trace acid, especially in the case of olefins. 
Purification of the phenylbutene by repeated distillation 
did result in a 50-60% reduction of product formation. 
However, irradiation of 4-phenylbut-l-ene in methanol that 
was 0.2 M in NaOCH^ still resulted in 5-10% conversion to
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products. Thus, the chemistry observed here is probably not 
due to the same process investigated by Kaplan et al. (1972).

The Photochemistry of 5-Phenylpent-l-ene 
As mentioned previously, intramolecular 1,3-photo- 

cycloaddition has been observed for 6-phenylhex-2-ene 
(Morrison and Ferree 196 9; Morrison, Ferree, and Grutzner 
1971). The structures of the resulting photoproducts were 
very sensitive, however, to the geometry about the double 
bond and the cis and trans isomers gave rise to different 
products.

C H

A
H

C H

B
from cis from trans

Because the work reported here involved terminal olefins, it 
was of interest to examine the photochemical behavior in the 
absence of the methyl group.

Irradiation of the pentenylbenzene in cyclohexane 
resulted in 90% conversion to photoproducts. The product 
mixture was composed of 90% of the major product and 10% 
minor products. The major photoproduct could not be 
separated from the starting material even by GC. As a
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result the spectral data presented in Tables 9 and 10 and 
Figures 12 and 13 were obtained on a mixture that was 5-10% 
contaminated with 5-phenylpent-l-ene. Though this may cause 
some doubt on the validity of the IR and mass spectra, it 
is reasonably certain, based on the NMR and 13C NMR data, 
that the intramolecular adduct 17 was formed.

A significant spectral feature that led to this 
assignment was the proton absorption at 0.78 ppm. In the 

NMR spectrum of the photoadduct C reported by Morrison, 
Ferree, and Grutzner (1971), there is an analogous absorp
tion at 0.76 ppm. On the basis of decoupling experiments, 
the absorption was assigned to H5. In C H5 is coupled to
H6 _ and H4 with the same coupling constant of 7 Hz and exo
hence, appears as a triplet. In 1_7 these two coupling 
constants are not equivalent. One is about 6.5 Hz and the 
other about 5.5 Hz. In addition, there is a smaller 
splitting of 4 Hz due to H6endo•

Another clue was the coupling to HI. Srinivasan 
et al. (1973b) have reported a splitting of 6-7 Hz for



Table 9. IR, H NMR and mass spectral data for the intra
molecular 1,3-photocycloadduct of 5-phenylpent- 
1-ene.

3

72

tetracyclo ■*""*"] undec-2-ene

IR — 1cm NMR ppm
3020, 2900, 5.63 (1H, J=5.5 Hz, J=2 Hz, H3)
2840, 1610, 5 . 4 3 (1H, J=5.5 Hz, J=2 Hz, H2)
1440, 1345, 1.10-2.65(11H)
1310, 925 0.78 (1H, J=6.5 Hz, J=5.5 Hz,

MS m/e 
parent
146
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Table 10. C NMR chemical shifts and line assignments for 

the intramolecular 1,3-photocycloadduct of 5- 
phenyIpent-1-ene.

3

Chemical shift Multiplicity with off-
 in ppm  resonance decoupling Assignment

24. 9 t C-8 (9)
25.8 d C-5
27.5 t C-9 (8)
31.7 t C-10 (6)
32.7 t C-6 (10)
42.8 d C-4
46.8 s C-ll
52.7 d C-7
58.5 d C-l

127. 9 d C-2
129.4 d C-3
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Figure 12. 60 MHz NMR spectrum of the intramolecular 1,3-photocycloadduct of
5-phenylpent-l-ene.
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Reconstructed J‘̂ C NMR spectrum of the intramolecular 1,3-photocyclo-
adduct of 5-phenylpent-l-ene.
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JH1-H7 and approximately 2 Hz for d"Hl-H7endo* The 
absorption in 11_ which corresponds to Hi appears as a 
doublet of doublets centered approximately at 2.5 ppm. 
Decoupling at 5.43 ppm to remove JH2-H1 simplified this 
absorption to a 2 Hz doublet. If this cycloadduct had 
structure D resulting from opposite presentation of the 
double bond, then an additional 6-7 Hz splitting should have 
been evident. Unfortunately, an overlapping absorption 
occurs just where one would expect the other half of the Hi 
absorption to be.

D

However, the fact that no significant change occurs in the 
overlapping line on decoupling implies that no absorptions 
are hidden. Also, if D were the structure, it would be
difficult to explain the multiplicity of H5.

13The C NMR data are consistent with 1/7 although 
one could rationalize the data to support any of the 
structures suggested. Significantly, however, the C-5 
absorption is shifted markedly upfield with respect to the 
analogous carbon in the benzene-cyclopentene adduct (C-6).
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 25,8 ppm3 2.5 ppm

This is in accord with the higher field H5 absorption 
observed in the NMR spectrum of 17.

Irradiation of 5-phenylpent-l-ene in methanol 
resulted in the production of a small amount of 17 and 
several products that had incorporated methanol. Approxi
mately 90% of the starting material was consumed, yielding 
a mixture of 10% 1_7, 50% of one "methanol containing" 
adduct 1_8 and 20% of another IjK The IR, NMR and mass
spectral data appear in Table 11. It was apparent from the
1 13H NMR spectra (Figures 14 and 15) and the C NMR spectra
(Tables 12 and 13) that the compounds were contaminated.
The NMR spectrum of .18 has four other peaks in the
region of the major methoxyl carbon (57.2 ppm) suggesting
that as many as four minor isomers could be present.
Product 1_9 appeared to be about 25% contaminated with the
previously eluted 18.
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Table 11. IR, H NMR and mass spectral data for the

photoproducts resulting from the irradiation of 
5-phenylpent-l-ene in methanol.

-1 MS m/e
Compound IR cm NMR ppm . . . . .... parent

3040, 2920, 5.50-6.20(2H, m)
2850, 1600, 3.82 (1H, bs)
1445, 1350, 3.33(3H, s)
1240, 1125, 2.40(2H, m)
1110, 1075, 1.00-2.00(10)
960, 860
3010, 2900, 6.02(1H, m)
2840, 1630,' 5.50(1H, m)
1445, 1245, 3.35(3H, s)
1185, 1075, 0.85-2.52(13H)
975, 960,
855
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Figure 14. 60 MHz 1H NMR spectrum of the major product of the irradiation of 5-
phenylpent-l-ene in methanol, 18.
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Figure 15. 60 MHz 1H NMR spectrum of the minor product of the irradiation of 5-
phenylpent-l-ene in methanol, 19.
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13Table 12. C NMR data for the major product of the
irradiation of 5-phenyIpent-1-ene. in methanol, 
18.

Chemical shift 
in ppm

Multiplicity with 
off-resonance decoupling ....

19.5 t
28. 0 t
31.5 t
33.5 t
39.9 d
53.3 s
57.2 g
60. 3 d
89.5 d

130.6 d
140.6 d
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13Table 13. C NMR data for the minor product of the
irradiation of 5-phenylpent^l-ene in methanol, 
19.

Chemical shift 
in ppm

Multiplicity with 
off-resonance, decoupling . . .

17.9 t
29.1 t
30.2 t
31.6 t
37.4 d
39.3 d
40.2 d
47.0 d
56.4 ' q
82. 6 d

123.7 d
138.7 d



In the "^C NMR spectrum of IJ3 10 major lines appear
and all are split in the off-resonance decoupled spectrum.
Of the 16 minor lines that appear, only one (at 53.3 ppm) 
remains a singlet in the off-resonance spectrum, suggesting 
that it is due to a quaternary carbon in the major constitu
ent. The twelfth carbon line is probably buried under one 
of the methylene absorptions, perhaps at 33.5 ppm, and is
most likely a triplet in the off-resonance spectrum, as no

13new lines occur. The absorption at 89.5 ppm in the C NMR 
and the absorption at 3.82 ppm in the NMR are consistent 
with a methinyl carbon a to both a methoxyl group and a 
double bond.

bond is present. Thus, in contrast to the butenylbenzene 
results discussed previously, cycloaddition occurred prior 
to or concurrently with methanol addition. Based on these 
data the structure of lj3 is tentatively assigned as 18a

C| ̂  89. 5 ppm
c — o c h 3

H   3.8 2 ppm

Both the and "^C NMR data confirm that only one double

below.
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Structure 18b would be consistent if two methinyl carbon 
lines were hidden, and no quaternary carbons were present.
In each of these cases, the orientation of addition of the 
double bond to the benzene ring is presumed to be the same 
as observed for the cycloadduct formed in cyclohexane (1_7) . 
It is possible that other modes of cycloaddition could have 
taken place, but this possibility is not considered likely.

Although photoproduct _19 was contaminated with 18, 
there were no other isomers present and subtraction of the 
appropriate lines in the NMR spectra allowed some structural 
interpretation. No quaternary carbons appear in the 1^C NMR 
spectrum, signifying that if is derived from 1/7 then the 
hydroxyl proton of methanol must end up at C-ll. The 
position of the methoxyl group is more difficult to deter
mine. A small absorption at 3.8 3 ppm occurs in the NMR 
of _19, but this can be attributed to the contamination by 
18. Thus no proton absorption appears that would be 
characteristic of a methine a to an oxygen. However, in the 
■^C NMR spectrum an absorption is present at 82.6 ppm and is 
split into a doublet in the off-resonance spectrum. A 
structure such as the one below might explain this.



62
If 19_ were formed in such a way that the hydrogen at C-5 
were endo, it is possible that its absorption would be 
shifted upfield as a result of shielding by the double bond 
and be buried underneath the methoxyl absorption.

Clearly, neither structure 18b nor lj) represents an 
unambiguous assignment for these photoproducts, but they 
are consistent with the data at hand. A more efficient 
separation in conjunction with high field H NMR would 
help solve this structural problem.

That products 18̂  and IS) are derived from the 
initially formed 1,3-photocycloadduct 3/7 was conclusively 
demonstrated by irradiation' of 3/7 irr meihaTtbiv '/The photo
products of the second photolysis were the same as those 
formed by direct irradiation of 5-phenylpent-l-ene in 
methanol. Further evidence that methanol incorporation was 
a secondary process was the formation of a green color as 
methanol was removed from the phqtoproduet mixture. Such 
green colors are observed in the acid catalyzed ring opening 
of the benzene-cyclopentene adduct and the anisole- 
cyclopentene adduct (SriniVasan and Ors 1977).

The Intramolecular 1,3-Photocycloaddition of 
Phenyl But-3-enyl Ether

Irradiation of this oxygen homolog of the previously 
discussed compound in cyclohexane resulted in a single 
photoproduct. The compound was thermally labile and attempts 
to purify it by GC resulted in the formation of several



decomposition products. Column chromatography on silica 
gel was successful in purifying the compound, and the UV,

Table 14.
These data are consistent with an intramolecular

1,3-cycloadduct. That the product is monomeric is confirmed
by the parent peak of m/e = 148 in the mass spectrum. The
vinyl cyclopropane chromophore is evidenced by the UV
absorption at 228 nm and the IR peaks at 3050 cm and 

-1 11595 cm . In the H NMR (Figure 16), the two olefinic 
protons absorbing at 5.62 ppm indicate that there is only 
one double bond. Based on these data, the work of Morrison, 
Ferree, and Grutzner (1971) and the results of the 
photolysis of 5-phenylpent-1-ene, one might expect the 
structure to be one of the following.

IR, NMR and mass spectral data obtained are shown in

20c20a 20b

However, the rather strong directing effect of oxygen, as 
exemplified in the intermolecular cycloadditions to anisole, 
would imply that structure 20c is the most likely possi-
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Table 14. UV, IR, H NMR and mass spectral data for the 

intramolecular 1,3-photocycloadduct of 
phenyl but-3-enyl ether.

3
20

MS m/e 
parent 
base

UV IR cm NMR ppm others
Amax=228 nm 3050, 2920, 5.63(1H, J=1.5 Hz, H4) 148
loge = 3. 48 1595, 1020, 5. 60 (1H, J=l.5 Hz, H3) 91

950, 855 4.05(1H, J=10 Hz, H9) 170, 77
4.00 (1H, J=10 Hz,

J=2 Hz, H9)
3.13 (1H, J=7.5 Hz,

3J's=2 Hz, H5)
2.68(1H, m)
2.53(1H, bs)
1.2-2.30(5H)
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Figure 16. 60 MHz NMR spectrum of the intramolecular 1,3-photocycloadduct of
phenyl but-3-enyl ether.
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The one hydrogen absorption centered around 3.13 ppm

1in the H NMR spectrum proved to be the key to solving this 
problem. The chemical shift is consistent with an allylic 
methinyl proton that is shifted slightly farther downfield 
by being g to an electron withdrawing atom such as oxygen 
(Silverstein and Bassler 1967). Structure 20a has no proton 
that would correspond to this absorption. Allylic proton 
absorbs at 1.76 in the carbon homolog of 20a (Morrison, 
Ferree, and Grutzner 1971) and there is no reason to 
believe that the oxygen would significantly affect its 
chemical shift. The bridgehead proton occurs at 1.85 
ppm and it is unlikely that -a g oxygen substituent could 
shift this absorption an additional 1.3 ppm downfield. The 
allylic methines in 20b suffer from similar problems. H 
occurs at 2.78 ppm in the carbon homolog (Morrison, Ferree, 
and Grutzner 1971), but is too far away from the oxygen to 
be significantly shifted. H^, which absorbs at 1.86 ppm in 
the all carbon system, would have to experience an un
usually large shift in order to be consistent. Thus
structures 20a and 20b can be ruled out. Proton H in   • --- a
structure 20b is close enough to the oxygen to be con
sistent with the 3.13 ppm absorption.

A problem arises however, when one considers the 
observed splitting pattern. On initial inspection the 
absorption appears to be a doublet of quartets, but a closer 
look reveals fine splitting (0.3-0.5 Hz) in the larger peaks
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of the two quartets. This is the result of coupling to 
three protons with only slightly different coupling 
constants 2 Hz) and to one proton with a larger coupling 
constant of 7.5 Hz. As shown in Figure 17, decoupling by 
irradiation at the olefinic absorption (5.63 ppm) removes 
two of the smaller couplings leaving a doublet of doublets. 
This is most consistent with a structure such as 2_0, since 
Ha in 20c would appear as a doublet on removal of the 
olefinic interactions.

3

On the basis of previous assignments (see below) the
large coupling constant is assigned as J c._
smaller one as JH5-H6 endo

CHHo
He

H5-H6 and the
exo

Morrison, Ferree, and 
Grutzner (1971)

in 20d JH5-H6 = 2 Hz
endo
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Undecoupled
l u

Irradiation at 96 Hz 
downfieId of TMS

Irradiation at 338 Hz 
downfield of TMS

3.13 6

Figure 17. Results of homonuclear decoupling on the 60 MHz 
H NMR spectrum of the major product of the 

photolysis of phenyl but-3-eny1 ether.
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Kaplan and Wilzbach (1966)
in 20d JH5-H6

5 Hz

exo
7.5 Hz

The "^C NMR data (Table 15, Figure 18) are also
consistent with this structure. The assignments were made 
on the basis of the previously observed data for 1,3- 
cycloadducts and standard chemical shift data. Note that 
the C-l absorption again occurs significantly farther up- 
field than the other cyclopropyl absorptions.

The Intramolecular 1,2-Photocycloaddition of 
Methyl 2-(but-3-enyl)benzoate

The photolysis of the title compound produced one 
major photoproduct 2JL, two minor products and a large 
amount of polymeric material. The ^H NMR spectrum of the 
polymeric material indicated that it resulted from decomposi
tion of the major adduct. Of the volatile products, only 
21 could be obtained in amounts sufficient for charac
terization. The ^H NMR and other spectral data are given 
in Table 16 and Figure 19. On the basis of these data, 
compound ,21 was deduced to be the intramolecular 1,2- 
cycloadduct shown below.



70
Table 15. NMR chemical shifts and line assignments for

the intramolecular 1,3-photocycloadduct of 
phenyl but-3-enyl ether.

9

3

Chemical shift Multiplicity with off-
in ppm resonance decoupling Assignment
25. 4 d C-l
26.7 t C-8
32. 6 t C-6
46.9 d C-2
53.4 d C-7
58. 8 d C-5
69.6 t C-9
88.8 s C-ll

128.1 d C-4
130.6 d C-3



TMS

100120140160180
ppm

Figure 18. 13Reconstructed C NMR spectrum of the intramolecular 1,3-photocyclo-
adduct of phenyl but-3-enyl ether.
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Table 16. UV, IR, H NMR and mass spectral data for the 

intramolecular 1,2-photocycloadduct of methyl
2-(but-3-enyl)benzoate.

10

1 2

11 12  e=-c o 2c h 3

21

10-carbomethoxytricyclo[4.3.1.0.^'^^]deca-6,8-diene

UV
^max=2 ® 0 nm 
loge=4.23

-1 NMR ppmIR cm
3020, 2940, 5.30-6.00(3H,
2840, 1710, 3. 70(3H , s)
1660, 1580, 1.10-3.33(8H)
1430, 1260
1195, 1150
1085, 1055
870

MS m/e 
parent 
base 

others
190
91
65, 77, 
131, 149
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Figure 19. 60 MHz 1H NMR spectrum of the intramolecular 1,2-photocycloadduct of
methyl 2-(but-3-enyl)benzoate.
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That this was an intramolecular addition is con

firmed by the parent peak of m/e = 190 in the mass spectrum. 
The position and splitting pattern of the three olefinic 
protons in the "*"H NMR spectrum indicate that neither the 
double bond nor the aromatic portion of the initial compound 
remained intact. The UV absorption at 280 nm indicates 
that the double bonds are conjugated with one another.

A 1,4-cycloadduct such as the one below might be a 
possibility. It was ruled out because the olefinic proton 
Ha would mandate an absorption at approximately 7.1 ppm in 
the NMR spectrum and this was not observed.

Ho

The Intramolecular 1,3-Photocycloaddition of 
Methyl 2-Allyloxybenzoate

The intramolecular 1,3-photocycloaddition of the 
double bond in the allyl ether of methyl salicylate to the 
aromatic ring was first reported by Sullivan (1973). His 
work was repeated without difficulty and appropriate adjust
ments of the experimental conditions (i.e., use of the low 
temperature Hanovia immersion apparatus) allowed for 100%
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conversion of the starting material to a mixture of photo
products. The mixture was composed of 70% of the major 
product 22y 20% of an isomeric mixture of 23a and 23b, and 
10% methyl salicylate (24) .

hv
c h 3oh

0,0

^ c o 2ch
2 3a and b22

+

OCH

24

The spectral and chemical evidence presented in 
Sullivan's dissertation are consistent with the proposed 
structure; however, 22a and 22b also fit these data.

22a

10

OCH
2

CO,CH 22b
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Compound 22a would result from an analogous 1,3-addition 
process with opposite presentation of:the double bond. 
Structure 22b could arise as a result of 1,4-cycloaddition, 
followed by methanolysis of the vinyl ether. All have the 
ketal linkage and one double bond required by Sullivan's 
chemical evidence. All structures are also consistent with 
the UV and IR data that indicate .that the double bond and 
the ester are not conjugated. Finally, all are consistent 
with the substitution experiments that fix the position of 
the double bond (Sullivan 1973). Some differences do begin 
to occur, however, on inspection of the "*"H NMR and the 
mass spectral data.

One of the striking features in the "*"H NMR spectrum 
(Figure 20) is a one hydrogen absorption at 1.40 ppm. This 
is somewhat father upfield than one would expect and 
Sullivan attributes this to the diamagnetic anisotropic 
effect of the double bond. Indeed, if one makes a model of 
22, the endo proton at C-10 hangs in the shielding.cone of 
the double bond. Models of 22a and 22b reveal that these 
structures too, have the requisite geometry for anisotropic 
shielding. In 22a it is the endo proton at C-10 that would 
be shielded and in 22b the C-10 proton syn to the double 
bond would be affected. For 22a, an inconsistency arises 
on consideration of the multiplicity of the 1.40 ppm absorp- 
tion. It is clearly seen (especially in the 100 MHz H NMR) 
that this upfield proton is split by three other hydrogens
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1Figure 20. 60 MHz H NMR spectrum of the intramolecular 1,3-photocycloadduct of
methyl 2-allyloxybenzoate.
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with coupling constants of 12, 7, and 5 Hz. ^^endo "*"n 22a
would be coupled to HlO to account for the geminal inter-exo
action of 12 Hz. The magnitude of the other coupling 
constants suggests that there are, in addition, two vicinal 
interactions.. However, HlO in structure 22a has only one 
vicinal neighbor and 5 Hz would be an unusually large value 
for long range coupling.

Structure 22a was conclusively eliminated on the 
basis of mass spectral data collected on a series of methyl 
substituted and deuterated photoproducts. The key feature 
of the mass spectrum of this adduct is the extremely large 
base peak that occurs at m/e = 157. This results from the 
loss of a CgH^ neutral fragment, mass =67. By noting 
whether a substituent is lost in the neutral fragment or 
retained in the fragment ion, one can deduce which atoms 
give rise to each fragment. The methyl substituted deriva
tives were prepared by photolyzing the appropriately 
substituted aromatic. The deuterated derivative was pre
pared by irradiating the unsubstituted starting material 
in CH^OD. The mass spectral data obtained are shown in 
Table 17. It is readily apparent from this fragmentation 
data that for structure 2_2 atoms 4, 3, 2, 10, and probably 
1 are lost in the neutral fragment and atoms 8 and 9 are 
not.
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Table 17. Mass spectral data for the 1,3-photocycloadducts 

of substituted methyl 2-allyloxybenzoates.

10

CO-CH

3

hv ^CHo0H ^

22

Compound m/q parent peak m/e base peak
22 224 157
2-CH3 238 157
3-CH3 238 157

Q1 225 157
10-CH3 238 157

maui00 238 171
9-CH3 238 171

y
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For structure 22a to lose the analogous atoms (5, 4, 3, 2, 
and 10), a rather improbable five bond cleavage would be 
required, including the one atom excission of 10. As a 
result of these data and the NMR inconsistency structure 
22a was no longer considered.

Structure 22b fits the NMR satisfactorily, as 
H10Syn has a geminal and two vicinal protons to account for 
the observed splitting. Doubt is cast on the structure, 
however, by the mass spectral data. If compound 22b arose 
as a result of methanolysis of a vinyl ether such as 22c, 
the photolysis carried out in CH^OD would place a deuterium 
at C-9. The previous data show that C-9 is lost in the 
neutral fragment and the carbomethoxyl group is retained in 
the fragment ion. A structural rearrangement prior to or 
during the fragmentation would have to be proposed for 22b 
to fit the mass spectral data.
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CO0CH

22c

OCH

13Obtention of the C NMR spectrum of this cyclo-
adduct (Figure 21) provided data that conclusively eliminate
22b and confirm _22 as the correct structure. The chemical
shifts and line assignments are given in Table 18. If 22b
were the correct structure, there would be six methinyl
carbons or six doublets in the off-resonance decoupled
spectrum. A quick inspection reveals that there are but
four doublets in the spectrum. The rest of the data are
completely consistent with structure 22.

Some additional information was obtained as a result
of the irradiation of methyl 2-allyloxybenzoate in CH^OD.
Only one deuterium was incorporated in the product, which
was 75-80% deuterated as determined by mass spectrometry.

2Also of significance is that the H only occurs at C-5.
This is deduced on the basis of the NMR spectrum. The
absorption at 1.40 ppm retains the same relative area and

2its coupling pattern does not change, thus the H does not 
occur at positions 1, 10, or 9. The absorptions due to the 
protons at C-8 and the olefinic protons H3 and H2 also
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Figure 21. Reconstructed NMR spectrum of the intramolecular 1,3-photocyclo-
adduct of methyl 2-allyloxybenzoate.
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Table 18. C NMR chemical shifts and line assignments for 

the intramolecular 1,3-photocycloadduct of 
methyl 2-allyloxybenzoate.

H,CO
H,CO,C-

3

Chemical shift 
 in ppm____

Multiplicity with off- 
resonance decoupling Assignment

27. 3 t C-10
28.5 t C-4
34. 8 d C-9
36.9 d C-l
47.1 q C-13
51. 5 q C-12
56.7 s C-5
71. 0 t C-8

105.1 s C-6
122.7 d C-2 (3)
126.5 d C-3 (2)
171.4 s C-l



84
retain their relative integrations and splitting patterns.
Thus the deuterium must be at C-4.

It would be of interest to know whether the deuterium
was specifically endo or if a mixture of isomers resulted.
2H NMR would reveal this by the number of peaks appearing

2in a proton decoupled spectrum. The H spectrum contained
only one line (at 4.5 ppm upfield of the CDClg absorption)
that split into a 2 Hz doublet in the undecoupled spectrum.
This is consistent with only one type of stereochemistry
being present. It is possible, due to the narrow field 

2over which H absorbs, that both endo and exo detiteriums 
^w-ould have nearlyxthe same chemical shift. This is con
sidered unlikely though, since, under the same conditions, 
the endo and exo deuterium signals for norbornane were 
resolved.

The Intramolecular 1,4-Photocycloaddition of 
Methyl 2-(but-3-enyloxy)benzoate

The photolysis of this compound produced one single
photoproduct in virtually quantitative yield. The compound
proved to be very unstable and decomposed under GC and
column chromatography conditions. Initial photoreactions
were performed in quartz using the Srinivasan-Griffin
reactor and resulted in decomposition products and secondary
photoproducts. These impurities could not be separated from
the desired product because of its lability. Irradiation
as a dilute solution (methanol solvent) in the Pyrex



85
immersion apparatus with cooling allowed for complete
reaction to one product. The IR, "*"H NMR and mass spectral
data are given in Table 19, the NMR spectrum in Figure 
22, and the "^C NMR data in Table 20 and Figure 23. The UV
spectrum showed only end absorption.

The H NMR spectrum reveals that both the double 
bond and the aromatic ring had reacted, probably intra- 
molecularly. This was confirmed by the parent ion in the
mass spectrum at m/e = 206 and the appearance of only 12

13 1lines in the C NMR spectrum. Features in the IR, H NMR
13and C NMR spectra give strong evidence that a vinyl ether

is part of the structure. The very intense C=C stretching
absorption at 1680 cm in the IR and the proton absorption

][_at 4.80 ppm in the H NMR spectra are characteristic of the
"1 3vinyl ether, but the C NMR data were the most revealing.

Of the four olefinic absorptions, two characterized the 
vinyl ether. One occurred at very high field, 89.5 ppm, 
and the other at very low,field, 160.9 ppm. In the off- 
resonance spectrum, the high field line split into a 
doublet and the low field line remained a singlet. These 
data are consistent with a structural arrangement as in a 
below. The other.two double bond carbons absorb in the 
usual range and appear as doublets in the off-resonance 
spectrum. That no UV absorption was observed at wavelengths 
longer than 200 nm suggests that none of the unsaturated
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Table 19. IR, H NMR and mass spectral data for the intra

molecular 1,4-photocycloadduct of methyl 2-(but-
3-enyloxy)benzoate.

12 13
e = -c o2ch3

25

3 88-carbomethoxytricyclo[5.3.1.1 ’ ]-4-oxaundeca-2,9-diene

IR — 1cm NMR ppm
2050, 2970, 6.02(2H, s, H9,10)
2920, 2870, 4.80(1H, J=7 Hz, J=2
1725, 1680, 4.00(2H, m, H5)
1450, 1430, 3.67(3H, s, H13)
1375, 1250 3.53(1H, J=6 Hz, HI)

1.10-2.65(5H)

MS m/e 
parent 
base 

others
206
110
152, 147, 
111, 109, 
105, 100, 
91
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Figure 22. 60 MHz H NMR spectrum of the intramolecular 1,4-photocycloadduct of
methyl 2-(but-3-enyloxy)benzoate.
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Table 20. NMR chemical shifts and line assignments for

the intramolecular 1,4-photocycloadduct of methyl 
2-(but-3-enyloxy)benzoate.

04
12 13

e = - c o 2c h 3

Chemical shift Multiplicity with off-
 in ppm  resonance decoupling Assignment

31.1 t C-ll
33.4 d C-7
34. 9 t C-6
46.2 d C-l
52.0 q C-13
56.2 s C-8
69.5 t C-5
89.5 d C-2

134.3 d C-10
140.3 d C-9
160.9 s C-3
175.4 s C-12
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Figure 23. Reconstructed NMR spectrum of the intramolecular 1,4-photocyclo-

adduct of methyl 2-(but-3-enyloxy)benzoate.
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O--c

chromophores are conjugated. On the basis of these data 
two structures would be possible.

2

10

9

25a

E=— C O 2 C H 3
10

25

Structure 25a would result if a 1,3-cycloadduct had 
been formed, followed by a novel rearrangement of the 
cyclopropyl group with a hydrogen shift.

hv 9>25a

A 1,4-cycloaddition process would generate 25.
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On first inspection 25a is the most consistent with 

the data. Specifically, it best explains the observed 
coupling to the vinyl ether proton H2. It is usually the 
case that two geminal protons have different vicinal 
coupling constants to the same proton, as a result of 
different dihedral angles. This would be the case in 25a 
where the protons at C-3 would have couplings of 6 and 2 Hz 
with H2. In 2_5, jh1_h2 could easily be 6 Hz, but the 2 Hz 
coupling would require a long range interaction of some 
sort.

To clarify the data the 4-methyl derivative of 
methyl 2-(but-3-enyloxy)benzoate (shown below) was prepared

C O ,C H

H ,C

and irradiated. The product was not as clean as expected, 
probably due to decomposition catalyzed by trace acid 
present as the phenol. However, the vinyl ether absorption 
in the ^H NMR spectrum was clearly visible and, as expected, 
appeared as a doublet. The larger interaction had been 
removed, leaving the 2 Hz coupling constant. A completely 
unexpected result was that the methyl absorption was a 
singlet. If the methyl group were attached to C-3 in 25a
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it would have appeared as a doublet. These findings led to 
decoupling experiments which revealed that the 6 Hz coupling 
was due to a methine partially hidden under the strong 
methoxyl absorption. The chemical shift of 3.53 ppm is 
consistent with a proton such as HI in 25,, that is a to two 
double bonds. The allylie methylene in 25a would have been 
buried under the mass of protons around 2.2 ppm. Thus, 25 
is the structure of the adduct.

An inconsistency remains, however>■ as a result of 
the symmetry of _20. If Hi and H2 couple then it would be 
expected that Hi and H10 would couple in a similar manner. 
Construction of a model of 25̂  reveals that the strain 
induced by the third ring bends the bicyclo[2.2.2.]octadiene 
ring structure out of symmetry. A 90° dihedral angle 
between Hi and HlO was not obtained, but the distortion 
could have made this interaction unobservable.

In order to ascertain the multiplicity of the 
aromatic excited state responsible for this photochemistry, 
a triplet sensitized experiment was carried out with 
acetophenone as the sensitizer (Ê , .= 74 kcal/mole) . If the 
triplet state of the aromatic moiety (ET = 78 kcal/mole) 
were responsible for the reaction, addition of the sensi
tizer should increase the amount of product produced in a 
given time.

After ten hours of irradiation, a blank run showed 
18% conversion of the starting material to product 25. The



solution containing the acetophenone was run concurrently 
and showed a 10% conversion of starting material to 25. 
Thus, the first excited singlet state is implicated as the 
photoreactive species.

It has been reported in the literature that dienes 
such as piperylene quench the singlet excited state of 
aromatic molecules as well as the triplet state (Salisbury 
1971, Cantrell 1977 and references therein). Thus triplet 
quenching experiments were not performed.



DISCUSSION

In this study three particular influences on the 1,3- 
photocycloaddition of olefins to benzene were examined.
These variables were solvent, arene substitution that either 
depleted or enhanced the electron density of the aromatic 
ring, and the molecularity of the reaction.

Solvent effects were of interest for two reasons.
In reactions that involved polar intermediates, enhancement 
of reaction was expected on switching solvent from cyclo- 
hexane"to methanol. A protic, polar solvent was used with 
the hope that polarized or polarizable intermediates could be 
trapped and isolated as the methyl ethers.

The effects of the electron donating oxygen 
substituent were published by other workers during the 
early portion of this investigation and are confirmed here.
A preliminary report on the effects of the carbomethoxy 
group was published just recently (Bryce-Smith et al. 1978); 
however, further details were desired and are included here.

Finally, the.results of holding the double bond in 
close proximity were of great interest. In fact, this is 
the factor that produced the most informative and novel 
photochemistry. Thus, this discussion will be organized 
such that the effects of solvent and arene substitution on

94
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the intermolecular reactions will be compared and contrasted 
with the results obtained for the intramolecular cases.

For the aliphatic series, there are several points 
to bring out. As previously described (Srinivasan et al. 
1973b), alkyl substitution serves to enhance both the endo 
stereoselectivity and the regiospecificity of the 1,3^ 
photocycloaddition. The former can be rationalized to be a 
result of increased steric hindrance to exo approach. The 
recently reported (Bryce-Smith et al. 1978). lack of specific 
city in the cycloadditidn of cis-cyclooctene to toluene 
(endo;exo 7:1) is not as startling as the authors claim.
For cyclobutene and cyclopentene the.plane of the cycloalkene 
ring is parallel to the plane of the aromatic ring, thus 
addition is very sensitive to steric effects such as the 
hindrance of a methyl group. For small, linear olefins, 
such as cis-but-2-ene, steric hindrance is not as much of a 
problem and, although endo stereochemistry is preferred, it 
is not exclusively observed with toluene (Bryce-Smith and 
Gilbert 1977). If one makes a model of cyclooctene in the 
preferred conformation (26, Ferguson 1973), and then simu
lates an approach with maximum orbital overlap with the 
aromatic system, it is readily seen that the bulk of the 
cyclooctene ring is perpendicular to the aromatic ring. The 
portion parallel to the ring is the equivalent of cis-but-2- 
ehe. Thus, it is not exceptional that cyclooctene shows a. 
lack of specificity.
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(CH

26

The regiospecificity of 1,3-photocycloaddition is 
not so easily explained. In analogy to ground state benzene 
chemistry one might say that the alkyl group is "electron 
donating" and for this reason activates the ortho positions. 
This implies that there is a polar nature to the cyclo- 
addition. This is somewhat contrary to the lack of effect 
of solvent polarity on the reaction in hydrocarbon systems 
(Bryce-Smith, Gilbert, Orger, and Tyrrell 1974), but a 
subtle effect could well affect product structure without 
significantly affecting the quantum yield. The deviation 
of the eyelooctene-toluene system from this generally 
observed regiochemistry will be dealt with presently.

The inclusion of the double bond in the same 
molecule does not alter the preferred mode of cycloaddition. 
The stereochemistry of addition is, of course, fixed as exo. 
That the regiochemistry of the 1,3-cycloadduct of 5- 
phenyIpent-1-ene is the same as that observed for the trans 
isomer of 6-phenyhex-2-ene suggests an interesting possi
bility. It could be that cis-cyclooctene and cis-6- 
phenylhex-2-ene have similar conformational or steric



problems in adding to the 2 and 6 positions since they both 
add at the same unusual sites, as illustrated below.

Models do not reveal any obvious steric strain or un
favorable conformational changes in cycloaddition 2,6 
about the substitution for either olefin. Thus, this 
interpretation remains somewhat speculative. There has 
been no report of the regiospecificity, or lack of it, 
shown by cis-but-2-ene in photocycloaddition to toluene.

A principal objective here was to clearly establish
the minimum distance at which cycloaddition would occur.
The results obtained are in complete agreement with those of

9 H3
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Morrison, Ferree, and Grutzner (1971), Salisbury (1971), and 
the recent work of Gilbert and Taylor (1978) which imply 
that the three methylene distance is the point at which 
cycloaddition will occur. This was not an altogether un
expected result in light of the work of Hirayama (1963) on
diphenylalkanes of the general formula Ph(CH2) Ph. Hirayaman
found that maximum exciplex emission and most efficient 
quenching of arene fluorescence occurred for n = 3. Pre
sumably this was due to the parallel geometry of the phenyl 
rings that allowed for optimal orbital overlap. As yet, 
no work has been done on the intramolecular photocycloaddi- 
tion of longer chain alkenylbenzenes.

With respect to shorter distances, models show that 
for a two methylene distance, a 1,3-adduct would be quite 
strained regardless of the site of addition (see structures 
below) and the model of an adduct from allylbenzene is 
impossible to make.

However, the question remains whether or not the double bond 
and aromatic ring interact at all. Early reports from
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Morrison, Pajak, and Peiffer (1971) on l-phenylbut-2-ene 
and from Salisbury (1971) on 4-phenylbut-l-ene indicated 
that there was no spectroscopic evidence for any interaction 
of the excited singlet state of the aromatic with the olefin. 
Both groups do report, however, a small (^ 20%) decrease in 
the fluorescence quantum yield with respect to toluene. 
Subsequently, Morrison, Grutzner, and Scully (1973) reported 
on the photochemistry of 2-methylenebenzonorbornene (2_7) in 
cyclohexane solution.

This is essentially a rigid analog of allylbenzene.
Although the photoproducts obtained were later shown by 
xenon perturbation to be derived from a short lived triplet 
state (Morrison, Nylund, and Palensky 1976), the fluorescence 
quantum yield was reduced by 67% with respect to the dihydro 
analog, thus indicating a significant interaction between 
the aromatic excited singlet state and the olefin. Irradia
tion of 2_7 in slightly acidic methanol (Morrison and Nylund 
1976) produced three products that had incorporated 
methanol. The major product (_28) was shown by xenon 
perturbation to be singlet state derived.
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The fact that the aromatic excited state and the olefin can 
interact at this short distance supports the notion that for 
4-phenylbut-l-ene, methanol has trapped an intermediate 
stabilized by exciplex formation, Morrison and Nylund also 
suggest that 2j3 could be the result of "diffuse” exciplex 
formation. Thus, after initial excitation, a singlet 
exciplex is formed between the olefin and aromatic excited 
state. Because of the strain involved, olefin^aromatic 
bond formation is not observed. In the phenyl-butene case, 
the olefin merely seems to stabilize the aromatic long 
enough for molecular reorganization to occur, but is not 
sufficiently perturbed to react with methanol. That the 
structure of the exciplex is not well defined is demon
strated by the lack of specificity in methanol addition.

The appearance of methanol in the products of the 
photolysis of 5-phenyIpent-1-ene is definitely the result 
of methanolysis of the previously formed 1,3-cycloadduct 
17. Whether or not this is a photochemical or ground 
state solvolysis is not clear from the data at hand.
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CH3OH
trace H 

hv (?)
18_ and 1_9

17

The introduction of an oxygen substituent onto the
benzene ring does not produce any changes in the structures 
of the cycloadducts produced. In fact, enhanced yields are 
observed due to stabilization of the photoproduct to arene 
sensitized decomposition (Srinivasan et al. 1974). As 
demonstrated by the work of Srinivasan and Ors (1977), the 
oxygen exhibits a much stronger directing effect than the 
methyl group. Once again this might be a consequence of the 
electron donating power of the oxygen. However, in the 
first excited state this donor property is felt as strongly 
at the meta position as at the ortho position. Thus, one 
would expect products that were the result of addition at 
unusual sites, such as the 3,5-adduct (2J9) below.

O R

29
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Furthermore, other electron donating substituents (e.g., N) 
inhibit 1,3—photocycloadditioh (Bryce-Smith et al. 1978). 
Thus, the directing effect of alkyl and oxygen substituents 
is not a "donor" property. Another possibility is that 
these substituents stabilize the intermediate suggested by 
Srinivasan and Ors (1977) shown in Figure 1. One is still 
at a loss to explain why nitrogen does not also stabilize 
this intermediate.

The formation of an intramolecular 1,3-cycloadduct 
(20) from phenyl butenyl ether is the first such reaction 
to be reported for an oxygen substituted benzene. One might 
argue that the product obtained was completely -expected in 
light of the intermolecular photochemistry observed for 
anisole. However, for the two examples of intramolecular 
photocycloaddition already published, one resulted in unusual 
regiochemistry (cis-6-phenylhex-2-ene, Morrison, Ferree, 
and Grutzner 1971) and the other gave a different mode of 
addition (1,4 instead of 1,2) than had been previously 
observed for the intermolecular case (Gilbert and Taylor 
1978).

The intramolecular 1,3-cycloadduct of phenyl but-3- 
enyl ether has the same regiochemistry as the all carbon 
homolog (1/7) with respect to the aromatic ring and differs 
only in that the sites of attachment on the double bond are 
reversed. This result, in conjunction with the data for 
other intramolecular reactions and several intermolecular
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reactions (see Figure 24), reveals a significant difference 
between the intramolecular and the intermolecular 1,3- 
photocycloadditions. Recalling the partially bonded inter
mediate discussed previously, it is possible that two 
isomers could be formed depending on how the cyclopropyl 
ring closed. This is illustrated below for the case of 
meta-methylanisole and cyclopentene.

In all intermolecular reactions where such isomerism is 
possible, it is indeed observed and the isomers are produced 
in roughly equal amounts. If the intramolecular mechanism 
were strictly analogous to the intermolecular case, then 
these reactions would also yield mixtures of isomers. In 
general this is not the case, although cis-6-phenylhex-2-ene

O C H
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Figure 24. Isomerism in the formation of 1,3-photocyclo- 
adducts.
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is an exception. These data are summarized in Figure 24. 
Models do not indicate either isomer of the intramolecular 
additions to be more strained than the other. The greater 
specificity of the intramolecular reaction is interpreted to 
be the result of a rapid concerted process during which the 
existence of the exciplex is very brief. The intermolecular 
reaction is probably concerted to the point of cycloaddition; 
however, cyclopropyl ring closure may well be a separate, 
though fast, step.

The intermolecular 1,3-photocycloaddition of cyclo- 
pentene to methyl benzoate apparently involves■a polar 
intermediate for one isomer (lid), since it is formed in 
methanol but not in cyclohexane. The diversity of products 
suggests that no particular intermediate is specifically 
stabilized to any large degree. The most interesting effect 
observed here is the complete absence of 1,2-cycloaddition 
in cyclohexane and its predominance in methanol. It is well 
known that the 1,2 process is enhanced by polar solvents, 
but this is a particularly striking example of solvent 
stabilization of a polar intermediate.

The intramolecular reaction is exceptional for two 
reasons. It is the first example of an intramolecular 1,2- 
photocycloaddition and the product (21) appears to be the 
more strained of two possibilities (^0 and . 21.) based on 
models.
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It is relatively easy to adjust the conformation of a model 
to allow for olefin orbital overlap at the 1 and 2 positions. 
This would lead to _30. Great difficulty is encountered in 
trying to center the olefin over the 1 and 6 positions and 
maintain the planarity of the aromatic ring. Evidently, 
there is a significant amount of deformation of the aromatic 
ring in the intermediate exciplex.

That an exciplex is indeed involved in the cyclo- 
additions to methyl benzoate is implied by the specificity 
of the reaction and the large amount of work done on the 
cycloaddition of olefins to aromatic nitriles, for which 
the intermediacy of an exciplex has been conclusively demon
strated (Mizumo, Pac, and Sakurai 1974 and references 
therein; Cantrell 1977 and references therein).

Synthetic difficulties prevented the examination of 
the behavior of an olefin at the three methylene distance.
A more promising synthesis is underway at this writing. It 
will be interesting to see if 1,2-cycloaddition prevails 
or if 1,4-addition occurs, analogous to the unexpected 
results of Gilbert and Taylor (1977, 1978).
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The intramolecular cycloadditions observed for the 

salicylate ring system have no precedence in the literature. 
The electronic spectra are usually interpreted in terms of 
charge transfer states (Sullivan 1973 and references 
therein), and these arguments formed the basis for the 
mechanism initially proposed for the 1,3-cycloaddition of 
the allyl ether of methyl salicylate (Figure 25).

Sullivan postulated that the eyeloaddition occurred 
from a triplet state. This conclusion was based on an 
unusual interpretation of the results of sensitization 
experiments. The data show a marked decrease in the amount 
of cycloadduct formed and a concomitant increase in the 
production o£ methyl salicylate. However, this was inter
preted by Sullivan to be a result of preferential energy 
transfer to the olefin, and the fact that the cycloaddition 
still occurred meant that the triplet state did lead to the 
observed reaction. A more likely interpretation is that 
allyl aryl ether cleavage is the only triplet reaction 
and the cycloaddition reaction prevails because the olefin 
traps the singlet excited state before intersystem crossing 
can occur. This might also explain the lack of reactivity 
of the salicylate system to intermolecular cycloaddition.
By the time cyclopentene or other olefin encountered an 
excited methyl o-anisate with the proper orientation, inter- 
system crossing to the triplet state would already have 
occurred, and thus cycloaddition would not take place.
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Finally, sensitization experiments on methyl 2-(but-3- 
enyloxy)benzoate also result in a decreased yield of cyclo- 
addition. There are no interfering side reactions here, so 
the singlet excited state is clearly implicated. That there 
is only a 40% reduction in yield is a tribute to the 
rapidity with which the double bond intercepts the singlet 
state.

The involvement of charge transfer contributions in 
the excited state cannot be disputed. Sullivan's analysis 
in those terms does well in explaining the location of 
addition of the double bond and methanol. However, it 
cannot explain the very efficient 1,4-cycloaddition observed 
because the electronic structure of the aromatic system is 
the only factor considered.

The results obtained in this study strongly suggest 
that these two processes can be understood within the frame
work of the theory suggested by Srinivasan and further 
developed here. The 1,3-cycloaddition can be explained by 
methanolysis of the strained intermediate formed by addition
in the usual fashion (as in Figure 26). Consistent with

2 2 this is the fact that only one H is observed in the H NMR
of the 1,3-cycloadduct when formed in CH^OD. If Sullivan's

2mechanism were followed one would expect exo and endo H to 
be observed.

The 1,4-photocycloaddition process is rather rare 
and is usually a minor path when observed. The only other
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Figure 26. Proposed mechanism for the formation of the major product of photolysis
of methyl 2-allyloxybenzoate in methanol.
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case where intramolecular 1,4-addition predominates is that 
of phenethyl vinyl ether shown below (Gilbert and Taylor 
1978).

Cyclobutene also gives a 1,4-adduct with benzene, but it 
accounts for only 10% of the product mixture. The fact that 
this pathway does occur in unsubstituted cases indicates 
once again that functionalization of the aromatic ring is 
only one variable of many that determine the direction of 
cycloaddition. Perhaps more important are the effects of 
unfavorable conformations and other strains on the structure 
of the exciplex.

discussed here in one diagram is both an ambitious and naive 
undertaking. However, the wide variation in photoproducts 
observed as a result of subtle variants in structure, and 
the learned opinion of Derek Bryce-Smith that 1,2-, 1,3-, 
and 1,4-cycloadditions all occur from the same excited state, 
justifies such an attempt.

To attempt to explain the varied photochemistry
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The contention here is that the various cycloaddi- 

tion processes, both intermolecular and intramolecular, of 
monoolefins to benzene can be explained on the basis of a 
multidimensional reaction topology that is schematically 
represented in two dimensions in Figure 27. Common to all 
processes is excitation of the aromatic molecule to its 
first excited state followed by exciplex formation with the 
olefin. From this energetic high the exciplex views a 
potential surface of several dimensions through which it 
will pass via the energetically most favorable pathway to a 
minimum in the surface. At this point two possibilities 
-exist. If the minimum touches or almost touches a maximum 
in the potential surface of the ground state of the product, 
the Born-Oppenheimer approximation breaks down, internal 
conversion becomes extremely rapid and the exciplex proceeds 
directly to the ground state product. Alternatively, the 
minimum could correspond to the excited state of the product 
and slower deexcitation (internal conversion or fluorescence) 
would occur to give the product.

The divergence in the nature of the products formed 
is a result of the influence of many variables on the 
structure of the exciplex and hence, on the shape of the 
potential surface. The difference in the electron affinities 
of the olefin and the aromatic is very important and, in 
the case of 1,2-cycloaddition can cause ground state com
plexes to form, thus fixing the structure of the exciplex
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the cycloaddition of olefins to benzenes —  See pp. 111-114 for 
detailed explanation.

H
U)



114
prior to excitation. However, the energy of stabilization 
of exciplexes is typically fairly small, and what are 
apparently minor perturbations can cause significant differ
ences in the structures of observed products. Factors such 
as inter- or intramolecularity of the reaction, steric and 
conformational requirements, vibrational state of the 
excited aromatic, and polarity of the solvent may have 
pronounced effects on the course of photocycloaddition.

There are, of course, problems with a diagram such 
as Figure 27. For example, the pathways indicated for 1,2- 
and 1,4- cycloaddition imply that the exciplex must pass 
through a minimum corresponding ±o._a ,.1,3-adduct. -This is 
not the case. Such a minimum may exist on the potential 
surface for these addition.modes, but not necessarily along 
the preferred pathway. Clearly Figure 27 is a very 
qualitative picture of this aspect of benzene photochemistry. 
Nevertheless, it does help explain the results discussed 
here and elsewhere.



EXPERIMENTAL 

‘ General
All melting points were taken on a Mel-Temp capil

lary apparatus and are uncorrected„ Infrared spectra (IR) 
were obtained on Perkin Elmer models 137 and 337 
spectrometers using either neat samples between sodium 
chloride plates, or deuter©chloroform solutions in matching 
solution cells. Polystyrene was used as the standard. 
Ultraviolet spectra (UV) were recorded using a Cary 14 
spectrophotometer.. Proton nuclear magnetic resonance 
spectra ( H NMR) were obtained at 60 MHz with a Varian T-60 
spectrometer, at 90 MHz with a Bruker WH-90 spectrometer and
at 100 MHz with a Varian HA-100 spectrometer. Carbon-13

13 'nuclear magnetic resonance spectra (_ C NMR) were 'obtained 
at 22.62 MHz with the Bruker WH-90 instrument.- Unless 
indicated otherwise, all NMR spectra were obtained in 
deuterochloroform (CDClg) or carbon tetrachloride (CCl^) 
solution.with tetramethyIsilane (TMS) as the internal 
standard. Mass spectra were determined on a Hewlett 
Packard quadrupole mass spectrometer, model number 5930,

Gas chromatography was performed on a Varian 
Aerograph chromatograph, model A-90-P3, The column packing 
materials used were 10% GC-SE30 adsorbed on 60/80 mesh 
Chromosorb W-AS (column A), 10% Carbowax 20M adsorbed on
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60/80 mesh Chromosorb W-AW (column B) and 5% FFAP adsorbed 
on 80/100 mesh Chromosorb P (column C). Columns A and B 
were 3 m in length and column C was 2 m long. All columns 
were made from 1/4" (od) aluminum tubing. In.all cases 
where column chromatography was used, the adsorbent was 
70-230 mesh silica gel obtained from ICN Pharmaceuticals, 
Inc.

All chemicals used were of reagent quality and were 
used as supplied by the manufacturer with the exclusion of 
the following items. Diethyl ether (ether), .tetrahydrofuran 
(THF) and cyclohexane were dried by refluxing for 1 h over 
lithium aluminum hydride and then distilled under nitrogen. 
Methanol was dried in a similar fashion with sodium 
methoxide. Benzene, anisole, methyl benzoate and phenyl 
acetate were freshly distilled just prior to use. 
Bromosuccinimide was recrystallized from benzene. Commercial 
nitrogen was first dried by passage through anhydrous 
calcium sulfate (Drierite), and then trace oxygen was 
removed by passage through a column of activated BTS 
catalyst. The BTS column was activated by heating to 
120°C and passing hydrogen gas through until the evolution 
of water ceased.

Two types of apparatus were used for the photolysis 
experiments. . For small scale and preliminary investigations 
a Rayonet Srinivasan-Griffin reactor equipped with 16,
2537 A mercury vapor lamps (low pressure) was used.
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Solutions to be irradiated were placed in cylindrical 
quartz or Pyrex tubes, and the tubes suspended in the center 
of the reactor. Stirring was accomplished with a magnetic 
stirrer. The solution temperatures were typically 35-40°C 
-due to the heat generated by the lamps. For investigations 
at lower temperatures a Pyrex immersion apparatus was used. 
This consisted of a Hanovia 450 watt mercury lamp (medium 
pressure) placed inside a. cooling jacket through which tap 
water was circulated. The lamp and jacket were immersed 
in the irradiation solution contained in -a reaction vessel, 
and then the entire apparatus was placed in a -22°C iso
propanol bath. The bath was maintained at that temperature 
with circulating methanol that was cooled by a refrigerator. 
The temperature of the irradiated solution was thus main
tained between 10-15°C as indicated by a thermocouple.

Preparation of Methyl ortho-Anis ate 
The procedure used was a variation of the Williamson 

synthesis described by Allen and Gates (1955).
Dimethyl sulfate (32.0 g, 0.25 mol), methyl 

salicylate (38.0 g, 0.25 mol), and potassium carbonate 
(35.0 g, 0.25 mol) were combined with 250 mL of acetone in 
a 3-necked flask equipped with a mechanical stirrer and a 
reflux condenser, and refluxed for 24 h.

When cooled, the inorganic salts were filtered 
away and the acetone removed under reduced pressure. The
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remaining liquid was dissolved in chloroform, washed with 
10% sodium hydroxide, and then with water. The solution 
was dried, the chloroform removed under reduced pressure, 
and the crude methyl ether distilled in vacuo to yield 
36.6 g (88%) of pure methyl ortho-anisate: bp 84-86°C/0.20 
mm; lit. bp 127°C/11 mm (Miller 1889). The NMR spectrum 
was consistent with the structure.

Preparation of Allyl Methyl Ether 
The ether was prepared via a Williamson synthesis 

according to procedures described in Vogel's (1965) text.
Sodium (23.0 g, 1.0 mol) was dissolved in 150 mL 

of dry methanol in a 3-necked flask equipped with a 
mechanical stirrer, addition funnel, and nitrogen inlet. 
Allyl bromide (121 g, 1.0 mol) was added slowly with cool
ing. Upon completion of the addition, the reaction mixture 
was stirred and refluxed for 1 h. The crude ether was 
then distilled off until the temperature in the distilling 
head reached the boiling point of methanol. Several chunks 
of clean sodium were then added to the distillate and the 
allyl methyl ether fractionally distilled to yield 55.8 g 
(77%): bp 46-48°C; lit. 46°C (Irvine, MacDonald, and Soutar 
1915). Analysis by gas chromatography revealed that the 
ether contained approximately 5% methanol.
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Preparation from sodium allyloxide in allyl alcohol 

and dimethyl sulfate resulted in a poorer yield (55%), but 
pure product after fractional distillation.

Preparation of Methanol-0-d 
O-Deuterated methanol was prepared by the decomposi

tion of magnesium methoxide with deuterium oxide. One mole 
of the magnesium methylate was prepared from magnesium 
(24.3 g, 1.0 mol) and a large excess of methanol. The 
mixture was refluxed until all the magnesium dissolved and 
the excess methanol was removed. Deuterium oxide (20.0 g, 
1.0 mol) was added and the paste obtained was warmed and 
stirred for 1 h. The deuteromethanol was removed under 
reduced pressure. The crude methanol-d^ was fractionally 
distilled to yield 27.6 g (86%). Analysis by gas 
chromatography indicated less than 1% water. Based on 
the NMR spectrum, the methanol was 90% deuterated.

Preparation of 4-Phenylbut-l-ene 
This hydrocarbon was prepared via a Grignard 

coupling reaction between benzylmagnesium chloride and 
allyl bromide (Morrison, Ferree, and Grutzner 1971).

Magnesium turnings (0.5 mol, 12.2 g) were placed 
in a flask equipped with a reflux condenser, addition 
funnel and nitrogen inlet. The turnings and apparatus 
were then flame dried while purging with nitrogen. After 
cooling, the magnesium turnings were covered with 50 mL of
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dry ether. Benzyl chloride (0.5 mbl,.63.3 g) was dissolved 
in 100 mL of ether and placed in the addition funnel.
Enough halide was" added to initiate the reaction, and the 
addition rate adjusted to maintain reflux. After the 
spontaneous reflux ceased, the solution was heated for 30 
min to insure completion of reaction. Upon cooling, the 
Grignard reagent was transferred to a clean, dry flask under 
positive nitrogen pressure. A glass wool plug filtered off 
unreacted magnesium particles.

Allyl bromide (0.41 mol, 50.0 g) was dissolved in 
50 mL of ether in an addition funnel; This solution was 
added slowly to the benzylmagnesium chloride solution under 
nitrogen atmosphere with gentle heating. There is a signifi
cant induction period, after which the reaction commences 
with great vigor. The remaining allyl bromide solution is 
added at such a rate as to maintain reflux. When the 
addition was complete, the mixture was refluxed for 1 h.
On cooling, the excess Grignard reagent was decomposed with 
dilute HC1. The aqueous layer was extracted with ether, 
and the extracts combined with the original ether layer.
The solution was washed, dried and the solvent removed.
The product was vacuum distilled to yield 30.9 g (57%) of 
pure butenylbenzene: bp 25-40°.C/0.65 mm; lit. bp 64°C/10 mm 
(Andre 1911). The NMR and IR spectra were consistent with 
the structure.
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The homologous compound 5-phenyIpent-1-ene was 

prepared in a similar fashion from but~l'-en-4-ylmagnesium 
bromide and benzyl bromide. The yield was 63%: bp 85-90oC/ 
0.40 mm? lit. bp 77-78°C/10 mm (Braun, Deutsch, and • 
Schmatloch.1912). The structure was further confirmed by 
the NMR spectrum.

Preparation of Methyl 2-(but-3-enyl)benzoate
Methyl 2-(but-3-enyl)benzoate was prepared by 

successive Grignard reactions on a,2-dibromotoluene. The 
dihalide was prepared by a procedure analogous to one 
previously described (Vogel 1965).

N-Bromosuccinimide (26.7 g, 0.15 mol) was added to 
200 mL of carbon tetrachloride. 2-Bromotoluene (.25,7 g>
0.15 mol) was added to the solution and washed in with 50 mL 
of CCl^. Benzoyl peroxide (0.2 g) was added as a catalyst, 
and the reaction was heated to reflux. Reflux and stirring 
were maintained until the succinimide formed floated on top 
of the solution: The succinimide was filtered off and the
CCI4 removed under reduced pressure. The resulting clear 
liquid was distilled to yield 33.6 g of product (89%),

The boiling point range was poor, 60-130°C/0.30 mm, 
and the NMR spectrum indicated impurities absorbing in the 
aromatic region. Based on the integration the product 
obtained was estimated to be 70% a,2-dibromotoluene. The 
impure dibromide was used without further purification.
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Alkylation to produce 2-(but-3-enyl)bromobenzene was 

achieved via a Grignard coupling reaction between the 
previously prepared dibromotoluene and allyl magnesium 
bromide, which was prepared as follows.

Magnesium (19.4 g, 0.8 mol) was placed in a flask 
equipped with a reflux condenser, addition funnel and 
nitrogen inlet. The magnesium and apparatus were flame 
dried while purging with nitrogen. After the apparatus 
cooled, 250 mL of dry diethyl ether were added. Allyl 
bromide (36.3 g, 0.3 mol) was dissolved in an equal volume 
of ether (26 mL) and placed in the addition funnel. Enough - 
of the allyl bromide solution was added to initiate the 
reaction, and the rest added at such a rate as to maintain 
reflux.

When the addition was complete, the mixture was 
refluxed for 30 min to insure completion of reaction. The 
reaction mixture was cooled to room temperature .and 
transferred to a clean dry flask with positive nitrogen 
pressure.

The a ,2-dibromotoluene (15.0 g, 0.060 mol) was 
dissolved in 30 mL of ether and added slowly via an addition 
funnel. After the addition was complete, the solution was 
refluxed for 1 h, cooled to room temperature, and the excess 
Grignard reagent quenched with saturated ammonium chloride 
solution. The ether layer was separated, washed, dried, and 
the solvent removed under reduced pressure. The alkylation
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product was distilled in vacuo to yield 9.8 g (77%) of pure 
2-(but-3-enyl) bromobenzene: bp 52-54°C/0.30 mm. Due to the 
large excess of allylmagnesium bromide this reaction should 
have been virtually quantitative. Thus the purity of the 
a,2-dibromotoluene must have been approximately 80%.

The desired 2-(but-3-enyl)benzoic acid was obtained 
by carboxylation of the Grignard reagent generated from the 
previously prepared aryl halide. To assure best possible 
yield, activated magnesium powder, prepared according to the 
method of Rieke (1977) was used to make the organomagnesium 
reagent.

Potassium metal (6.26 g, 160 mol), 200 mL of dry 
THF, anhydrous magnesium chloride (MgClg'xHgO, 8.00 g,
84 mmol), and powdered potassium iodide (13.94 g, 84 mmol) 
were placed in a three necked flask equipped with a con
denser, mechanical stirrer, and nitrogen inlet. The 
apparatus had been previously flame dried under nitrogen 
atmosphere. The reaction mixture was heated to reflux, 
slowly, to avoid excessive foaming. The solution turned 
dark gray after 30 min; however, refluxing was continued 
for two more h to insure completion of the reduction. The 
aryl bromide (7.3 g, 34.6 mmol) was slowly added to the 
refluxing magnesium dispersion over a period of 45 min. 
Formation of the arylmagnesium bromide was quite vigorous 
and produced an even darker, more viscous mixture. After 
the addition was complete, refluxing was continued for 0.5 h.



124
After cooling to room temperature, the thick reac

tion mixture was poured into a large excess of dry ice and 
stirred until the solution reached room temperature. The 
residual Grignard reagent was quenched with saturated 
ammonium chloride in the cold (0°C), under an inert 
atmosphere. Addition of the NH^Cl solution was continued 
until the aqueous layer was acidic to litmus. The THF and 
water layers were separated and the aqueous layer extracted 
twice with ether. The THF and ether extracts were combined 
and extracted with 10% bicarbonate solution. The bi
carbonate solution was cooled to 10°C and maintained at 
that temperature while acidifying with dilute HCl. The 
carboxylic acid came out as an oil and was taken up in 
ether. The ether solution was dried, and the solvent 
removed under reduced pressure. The acid crystallized
after several days in the refrigerator to yield 4.2 g of

1product (71%): mp 25.5-26.5°C. The H NMR spectrum of the 
compound was consistent with the structure.

Esterification was accomplished by refluxing the 
2-(but-3-enyl)benzoic acid (4.2 g, 25 mmol) with sodium 
methoxide (30 mmol generated by dissolving 0.70 g of sodium 
in the solvent) and dimethyl sulfate (3.78 g, 30 mmol) in 
methanol for 2 h. The cooled reaction mixture was taken up 
in ether, washed with bicarbonate, dried, and concentrated. 
The slightly yellow oil was distilled in vacuo to yield
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2.95 g of the ester (63%) : bp 65-68°C/0.30 mm. IR, NMR, and 
mass spectra were consistent with the structure.

Preparation of Methyl 2-Allyloxybenzoate
The procedure of Claisen and Eisleb (1913) was used 

to prepare this allyl aryl ether.
Allyl bromide (12.1 g, 0.10 mol), methyl salicylate 

(15.2 g, 0.10 mol), and potassium carbonate (14.0 g , 0.10
mol) were combined in a flask equipped with a reflux
condenser and magnetic stirrer, and refluxed for 24 h.

After cooling, the insoluble salts were filtered 
away and the acetone removed under reduced pressure. The 
remaining oil was taken up. in ether, washed with 10% sodium
hydroxide solution and water. The ethereal solution was
dried, the ether removed, and the crude allyl ether vacuum 
distilled. The yield was 13.6 g (71%): bp 154-156°C/13 mm; 
lit. bp 163°C/20 mm (Claisen and Eisleb 1913). The NMR 
spectrum was consistent with the structure.

Phenyl but-3-enyl ether and methyl 2-(but-3-enyloxy)- 
benzoate were prepared in a similar fashion, but were 
refluxed for 72 h. The yields and physical constants were 
as follows:

Phenyl but-3-enyl ether: 28% yield; bp 65-67°C/
0.70 mm; methyl 2-(but-3-enyloxy)benzoate: 25% yield;

1bp 94-96°C/0.20 mm. The H NMR spectra of these compounds 
were consistent with their structures.
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Preparation of Methyl 5-Methyl-2-allyloxybenzoate and 

Methyl 4-Methy 1-2-allyloxybenzoa'te
These ethers were prepared according to procedures 

in Vogel's (1965) text and the method will be described for 
the 5-methyl isomer.

The sodium salt of meta-cresol was prepared by 
dissolving sodium metal (11.5.g, 0.5 mol) in 150 mL of dry 
methanol, then adding meta-cresol (54.0 g, 0.5 mol), and 
stirring for 1 h. The methanol was removed with a rotary 
evaporator and the remaining salt was dried under vacuum 
overnight.

The salt was crushed into a powder, and placed in a 
flask under a carbon dioxide atmosphere. The CC^ was a 
commercial grade, dried by passage through concentrated 
sulfuric acid. The flask was heated to 180°C with a Woods 
metal bath. The thick, pasty mixture was stirred by hand 
using a stirring rod inserted through a rubber septum.
After 3 h, the temperature was raised to 220°C and main
tained at that temperature for 20 h.

After cooling the residue was dissolved in water and 
then acidified with dilute HC1. The crude acid was extracted 
with ether. The ether solution was dried and the solvent 
removed. The acid was recrystallized from chloroform to 
yield 22.7 g of pure meta-cresotic acid (30%): mp 174-1770C; 
lit. mp 174-175°C (Lyons and Reid 1917) . The yield of pa'ra- 
cresotic acid was 11% of the theoretical: mp 151-152°C;
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lit. xnp. 147°C (Lyons and Reid 1917) . The NMR spectra of 
the acids were consistent with their structures.

The methyl ester was prepared by Fischer esterifica- 
tion. The meta-cresotic acid (15.2 g, 0.10 mol) was 
dissolved in 50 mL of methanol and 4 mL of concentrated 
sulfuric acid were added as catalyst. The mixture was 
stirred- arid refluxed for 12 h. Upon completion, the solvent 
was removed and the crude product dissolved in ether. The 
ether solution was washed with water, dried, and the solvent 
removed. Vacuum distillation afforded 13.0 g of the ester 
(78%);. bp 75-77°C/0.18 mm? mp 2 6-27QC; lit. mp 27-28°C 
(Lyons and Reid 1917) . For the methyl ester of pa'ra- 
cresotic acid the yield was 81%: bp 109-lll°C/0.40 mm; 
lit. bp 122-124°C/14 mm (Lyons and Reid 1917). The NMR 
spectra of the esters we,re consistent with their structures.

The allyl ethers were prepared as with methyl 
salicylate. The yields were 74%: bp 114-115°C/0.20 mm; 
lit., bp 95-96°C/0.06 mm (Sullivan 1973) , and 70%: bp 103- 
105°C/0.25 mm; lit. bp 93-94°C/0.05 mm (Sullivan 1973) for 
the meta and para isomers, respectively.

General Procedure for Photolyses 
For studies of the intermolecular cycloaddition 

reaction, the following procedure was used. A solution was 
prepared from the aromatic compound, the olefin and a 
diluent such that the molar ratio was 1.25:3.0:3.0,
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respectively. The solution was placed in a quartz or Pyrex 
tube (50-100 mL total volume) for reaction in the Rayonet 
reactor or in the reaction vessel of the Hanovia apparatus 
(200 mL volume). Deoxygenation was accomplished by bubbling 
nitrogen through the solution for 15-30 min, depending on 
the volume. The tube or vessel was then sealed with a 
rubber serum cap and irradiated for 48-72 h. Investigation 
of the intramolecular processes involved essentially the 
same procedure, although the solutions were more dilute. 
Typically a 0.05-0.10 M solution of the compound in 
methanol or cyclohexane was used.

When the irradiation.was complete, the solvent was 
removed with a rotary evaporator and, in the case of the 
intermolecular studies, any unreacted aromatic compound was 
removed by vacuum distillation. The photoproduct mixture 
was then analyzed by TLC, GC and.NMR. Several photoproducts 
were thermally unstable and would decompose or rearrange, 
especially under GC conditions. Thus, preliminary charac
terization before large scale separation and purification 
of the adducts was essential. The final separation involved 
using preparative GC, column chromatography (CC), or a 
combination of the two techniques.

The specific conditions for the photolysis and 
work-up of each system studied are detailed in Table 21 
(intermolecular) and Table 22 (intramolecular).



Table 21. Photolysis conditions and separation procedure for intermolecular
reactions.

Olefin Aromatic Solvent (molar ratio ) Apparatus Time(h) Vessel Separation procedureoo cyclohexane (3:1.25:3) 
methanol (3:1.25:3)

SG
SG

72 Vycor GC(B, 40 110°)
48 quartz GC(B, 40 110°)

3 cyclohexane (3:1.25:3) 
>, methanol (3:1.25:3)

SG
SG

72 Vycor CC(chloroform)
72 quartz CC(chloroform)

O
^ 2 ^ 3  cyclohexane (3:1. 25:3)

methanol (3:1.25:3)

O C C H .

SG

SG

72 quartz CC(benzene) followed
by GC(C, 60, 160)

72 quartz GC(C, 60, 160)

cyclohexane (3:1.25:3) SG 72 Vycor GC(B, 60, 130)

129



Table 21.— Continued Photolysis conditions and separation procedure for inter-
molecular reactions.

Olefin Aromatic Solvent (molar ratio ) Apparatus Time(h) Vessel Separation procedure

O
0

C ° 2 C H 3 cyclohexane (3:1.25:3) 
O C H  methanol (10:1:10)

3 methanol (1:10:10) 
methanol (1:1:10) 
methanol (3:1.25:3)

c o 2c h 3
O C H .

<r°2C H 3

methanol (3:1.25:3)

methanol (10:1:10) 
methanol (1:10:10) 
methanol (1:1:10)

OCHg methanol (3:1.25:3) 
methanol (3:1.25:3)

SG
SG
SG
SG
SG
HA

SG
SG
SG

SG
HA

72
72
72
72

168
168

72
72
72

72
168

Vycor
Vycor
Vycor
Vycor
quartz
Pyrex

Vycor
Vycor
Vycor

quartz
Pyrex

These photolyses were 
all treated identi
cally CC(gradient 
elution with hexane, 
benzene, chloroform, 
methanol) followed by 
GC(C, 75, 165)

as above

as above

C ° 2 C H 3
methanol (3:1.25:3) SG 72 quartz GC(C, 75, 165)

(para isomer
treated
identically)

aMolar ratio of olefin:aromatic:solvent.



Table 21.--Continued Photolysis conditions, and separation procedure for inter-
molecular reactions.

^SG = Srinivasan-Griffin apparatus; HA = Hanovia immersion apparatus.

CCC(solvent) = column chromatography and the eluting solvent; GC(column, flow rate in mL/min, 
temperature in °C) = gas chromatography and the conditions used.



Table 22. Photolysis conditions and separation procedure for intramolecular
reactions.

Solvent (concentration) Apparatus3 Time in h Vessel Separation procedure

cyclohexane (0.1 M) SG 72 quartz GC(B, 40, 130°)
methanol (0.1 M) HA 48 Pyrex GC (B, 40, 130°)
methanol (0.1 M) SG 48 quartz CC(benzene, chloro

form) followed by 
GC (B, 40, 130°)

cyclohexane (0.07 M) SG 48 quartz GC (B, 40, 115°)
methanol (0.07 M) SG 48 quartz GC(B, 40, 125°)
methanol (0.07 M) SG 48 Pyrex GC(B, 40, 125°)

cyclohexane (0.1 M) SG 72 quartz CC(chloroform)
methanol (0.1 M) SG 72 quartz CC(chloroform)

methanol (0.05 M) SG 48 quartz GC(C, 50, 160°)
methanol (0.1 M) HA 48 Pyrex GC (C, 50, 160°)

Compound

c o 2c h3



Table 22.— Continued Photolysis conditions and separation procedure for intra
molecular reactions.

Compound Solvent (concentration) aApparatus Time in H Vessel Separation procedure^

methanol (0.05 M) 
methanol-O-d (0.05 M)

HA
SG

72
72

Pyrex
Vycor

GC(C, 60, 165°) 
GC(C, 60, 165°)

,<̂ N'C02ch3

6^ cyclohexane (0.05 M) SG 72 quartz
r C 0 2CH methanol (0.05 M) SG 72 quartz -
i| methanol - H (0.05 M) SG 72 quartz -
J methanol (0.025 M) HA 72 Pyrex -

aSG = Srinivasan-Griffin apparatus; HA = Hanovia immersion apparatus.

^CC(solvent) = column chromatography and the eluting solvent; GC(column, flow rate in mL/min, 
temperature in °C) = gas chromatography and the conditions used.
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Sensitized Irradiation of Methyl 2— 

(But-3-enyloxy)benzoate
- 3A 5.0 x 10 M solution of the title compound was 

prepared with methanol as the solvent. The solution was 
divided into two portions and each placed in a Pyrex tube. 
One was degassed, sealed and used as a blank. The other 
was made 4.4 x 10  ̂M in acetophenone (E^ 74 kca1/mol), 
degassed and sealed. The two tubes were irradiated simul
taneously in the Srinivasan-Griffin reactor. After 12 h 
of irradiation, the solvent was removed and the extent of 
conversion of starting material to product was determined 
by 1H NMR.
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