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Photochemical Reactions as 
Tool in Organic Synthes{ 

Photochemical methods serve as a useful a 

powerful complement to conventional synthetic metho( 

Nicholas J. Turro and Gary Schm 

A little more than a decade ago a 
vigorous interest in the photoreactions 
of organic molecules began to develop 
(1). That initial interest was followed 
by a tremendous research effort in the 
area of photochemical mechanisms (2) 
and was paralleled by remarkable and 
rapid technical breakthroughs in the 
generation and control of light, espe- 
cially in the areas of pulsed excitation 
which allow the study of dynamic pro- 
cesses with duration as short 10-12 
second (3). The new respectability, 
which resulted from the development 
of a mechanistic framework for photo- 
reactions, encouraged synthetic chem- 
ists, who may have originally viewed 
photoreactions as nonselective "cryp- 
topyrolysis," to explore the possible uses 
of photochemical methods in designing 
the synthesis of organic molecules. 

This article is concerned with the use 
of photochemical reactions as key steps 
in the strategy of the laboratory syn- 
thesis of organic molecules. We demon- 
strate that synthetic selectivity and con- 
trol are common in many photoreac- 
tions and that some of the unique 
aspects of the photochemical method 
allow unique opportunities for syn- 
theses. Indeed, in the area of genera- 
tion of reactive molecules possessing 
high energy content, photoreactions 
provide avenues for syntheses that are 
unparalleled by conventional synthetic 
methods. 

Some important aspects of photo- 
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those encountered in "conventional 
thermal chemistry" are required to un- 
derstand organic photochemical pro- 
cesses. 

In usual thermal synthetic methods 
of organic chemistry, heat provides 

a the activation required to cause reac- 
tion. Selection of the reaction path is 

jS obtained by appropriate choice of vari- 
ables, such as starting substrate struc- 
ture, reagents, and reaction conditions 

nd (for example, solvent, catalyst, and 
concentrations). In a photoreaction, the 
absorption of light provides most and 
sometimes all of the activation required 

s,ter to initiate reaction. In addition to the ster 
usual variables in thermal reactions, 
photochemical reactions possess several 
additional possibilities for controlling 
reaction selectivity, the most important 
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Fig. 1. A shorthand energy diagram. The 
various k's represent the following rate 
constants: kv, fluorescence; klc, radiation- 
less deactivation of singlet; kR1, chemical 
reaction from singlet; kp, phosphorescence; 
kTs, radiationless decay from triplet; ksT, 
intersystem crossing; and kR3, chemical 
reactions from triplet. 

are concisely summarized in an elec- 
tronic energy diagram (Fig. 1). In this 

diagram the energy of the lowest excited 

singlet state (Sl) is shown relative to 
the lowest energy triplet state (Tl) and 
the ground (usually singlet) state (So). 
In addition to energy, both Sx and T, 
possess a characteristic electronic con- 

figuration (which determines chemical 

reactivity) and lifetime (which limits 
reaction efficiency). The configuration 
of a state determines, in the main, the 

photoreactions that are possible for the 
state, but the lifetime determines wheth- 
er these reactions are efficient or can 
occur at all. 

In general, St states are shorter lived 
(T is the lifetime) than T, states (rs 
=10-7 to 10-11 second and T1 = 

10-~ to 10-- second, respectively) and 
have higher energies (E) [E(S) = 100 
- 50 kcal/mole and E(T1) - 80 to 30 

kcal/mole, respectively]. For compar- 
ison the strongest single bonds in mole- 
cules have dissociation energies of 100 
kcal/mole (for example, C-H and O-H 
bonds) and the weakest single bonds 
have dissociation energies of about 35 
kcal/mole (for example, 0-0 bonds). 
The dissociation energies of most other 
bonds in organic molecules fall in the 

range of 80 to 60 kcal/mole. 
Reactivity and efficiency principles. 

The state configuration approximation. 
An important generalization is the state 

configuration approximation. This prin- 
ciple assumes that St or T, (states) 
can be adequately described in terms 
of two electrons involved in the So 
Si or So -> T, processes, which deter- 
mine a configuration of electrons for 
each state. The chemical reactivity of 
the Si and T1 states are determined by 
the specific electronic configurations 
that can usually be considered to be of 
either the n,7r* or -r,7r* type (as dis- 
cussed below). The efficiencies of reac- 
tions of St and T1 are determined not 
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only by proclivity toward reaction, but 
also by lifetimes, since the efficiency of 
reaction represents a competition be- 
tween the rate of reaction and other 
means of decay. The competition is 
measured by the quantum efficiency of 
a reaction, which relates the number 
of product molecules produced per 
quantum of light absorbed. This quan- 
tity is determined by the ratio of the 
reaction rate and competing excited 
state decay rates. Fortunately, many 
photochemical reactions with low quan- 
tum efficiency still give a high chemical 

yield of product. Since St is usually 
much shorter lived than T1 we expect 
that S1 will not efficiently participate 
in bimolecular reactions, since the re- 
action of S1 in a bimolecular process 
will require very high concentrations 
of reactant in order to compete with 
unimolecular decay of Sl. Likewise, we 

expect that the longer lived T1 may 
participate efficiently in both unimolec- 
ular and bimolecular reactions. 

Pathways of molecular electronic 
excitation. Direct photoexcitation and 
photosensitization. It is an important 
fact that ordinary absorption of light 
serves to populate only S1 to any sig- 
nificant extent. Thus, population of T1 

requires an indirect pathway. Two 
methods for population of T1 are avail- 
able: (i) an intramolecular pathway, 
namely intersystem crossing, an S1 - 
T1 radiationless interconversion (that 
is, no light is emitted) and (ii) an inter- 
molecular pathway, namely triplet-trip- 
let energy transfer, a radiationless 
transfer of energy from one molecule 
to another. The latter is an example of 

photosensitization and is required when 
the substrate molecule possesses an in- 
herently inefficient S1 -> T pathway 
and can also be used to selectively 
quench T1 photochemistry. Table 1 
lists some typical chromophores with 
relevance to the processes discussed 
above. A guiding principle for the use 
of triplet-triplet photosensitization (4) 
is the rule that the rate of energy trans- 
fer from one triplet to another is main- 
ly determined by energetics, with exo- 
thermic energy transfer (triplet of 
donor > triplet of acceptor) occurring 
readily. 

Utilization of absorbed light energy: 
energy capture, exchange, storage, and 
release. One may view photoreactions 
in terms of a sequence of energy inter- 
changes or exchanges. First, the energy 
of a photon is captured by light absorp- 
tion, next the initial energy of the ab- 
sorbed photon is exchanged for vibra- 
tional and electronic energy until the 
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Scheme I 

S, or T1 state is reached. The elec- 
tronic excitation energy of S1 and T1 
may then be exchanged for bond ener- 
gies and be stored temporarily in the 
form of a high energy reactive inter- 
mediate or released as a stable isolable 
product is formed. The latter may be 
a molecule of high energy content 
which has itself stored a major frac- 
tion of the electronic excitation energy 
of St or T1 as bond energy. 

As an example of these ideas, con- 
sider the photochemical conversion of 
benzene (5) into bicyclo[2.2.0]hexa- 
diene (Dewar benzene) 1 (Eq. 1). A 

h 
r^j__ f^' 3a/1 (Dt 

' 
=. -(-0 keal/mole J 

high energy photon of, say, 125 kcal/ 
mole may be absorbed by benzene to 
produce a reactive singlet state of ben- 
zene. Some of this original photon en- 
ergy is lost to the environment as vibra- 
tional relaxation energy (heat), but a 
sizable fraction is stored in the strain 
energy of the product. Indeed, the heat 
of reaction for rearrangement of De- 
war benzene to benzene is exothermic 
by about -- 60 kcal/mole (6). 

This feature of energy exchange rep- 
resents a major theoretical distinction 
between conventional "thermal" reac- 
tions and photochemical reactions. In 
a sequence of thermal reactions, the 
thermodynamic requirement for an 
overall free energy decrease provides 
a severe limitation on the energy con- 
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tent of molecules which can be synthe- 
sized. In effect, energy must be stored 
in stages or as intermediates until the 

high energy molecule is constructed, 
that is, work must proceed uphill ener- 

getically. As the molecule becomes 
more energetic, usually the reaction 
conditions must become milder and the 
reaction temperature must become 
lower. 

In a photochemical reaction, how- 
ever, the general energy sequence is 
reversed. We start with a molecule that 
possesses an energy content equivalent 
to that of the absorbed photon and 
from this point the energy of the sys- 
tem drops in value. Thus, the excited 
molecule may explore reactions and 
generate molecules whose energies are 
well above those of the transition 
states for conventional thermal chem- 
istry of the substrate. It is virtually 
impossible to prepare Dewar benzene 
from benzene by any purely thermal 
sequence because of the very unfavor- 
able endothermicity of the reaction. 

Important excited state types: 7r,7r* 
and n,7r* states. It is possible to corre- 
late a wide range of photoreactions on 
the basis of classification by (i) excited 
state configuration and (ii) excited 
state multiplicity. In general, most ex- 
cited configurations can be classified 
as 7r,r* in nature (that is, the two "key 
electrons" are located above and below 
a molecular plane) or n,7r* in nature 
(that is, the n electron is located in 
the molecular plane and the 7* elec- 
tron is located above and below a 
molecular plane). 

We may exemplify (scheme 1) these 
classifications in terms of important 
resonance structures for a typical 7r,* 
state and a typical n,7r* state. 

Classification: photoreactions that 
make, break, or isomerize carbon-car- 
hon bonds. The syntheses of organic 
molecules may be considered to require 
two major kinds of reactions: those 
which make, break, or isomerize car- 
bon-carbon bonds and those which in- 
terconvert functional groups. We will 
consider here the use of photochemistry 
to effect reactions in the first category. 

Three types of conceptual frame- 
works for classification may be em- 

ployed to discuss photoreactions. First, 
we can employ a purely phenomeno- 
logical classification based on reaction 
types. This treatment recognizes that 
only a small set of truly distinct reac- 
tion types occur and that the over- 
whelming majority of photoreactions 
can be successfully classified in terms 
of this set. Second, photoreactions may 
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Table 1. Dynamic and energetic data for some organic molecules at 25 C. 

*olecEat ks i kTs? Molecule (kcal/ (kcal/ 
mole) mole) (se (e 

Benzene 115 85 107 106 
Naphthalene 90 61 107 106 

1-Fluoronaphthalene 89 60 10 ? 

1-Chloronaphthalene 89 59 108 ? 

l-Bromonaphthalene 89 59 101 ? 

1-Iodonaphthalene 89 59 1010 ? 
Anthracene 76 42 108 104 
Benzophenone 75 69 10?' 105 

Biacetyl 62 56 108 104 

Acetone 84 78 108 106 
* Singlet energy. t Triplet energy. $ Rate constant for conversion of singlet to triplet, order 
of magnitude only. This rate usually limits singlet lifetime in solution. ? Rate constant for 
pseudo unimolecular decay of triplet to ground state in solution. Strongly solvent dependent; order 
of magnitude only. 

be considered in terms of reactions of 

chromophores, the light absorbing units 
of molecules. This attitude uses some 

theory to sort out the ideas of what 
constitutes a chromophore and what 
its photochemistry is likely to be. With- 
in this theoretical framework, photo- 
reactions may be classified in terms of 
the typical reactions of each chromo- 

phore. Finally, a third approach con- 
siders photoreaction mechanisms and 
classifies reactions of individual chro- 

mophores on the basis of a small set 
of general mechanisms. 

Classification by reaction types. Al- 

though an interplay should and will 
occur among the three approaches- 
from the standpoint of photochemistry 
as a synthetic tool-the concepts of 
reaction types is probably the most 
useful. For example, almost all known 

photoreactions can be classified in terms 
of six types: cis,trans isomerization, 
fragmentation, reductive additions to 

multiple bonds, electrocyclic reactions, 
sigmatropic reactions, and cycloaddi- 
tion reactions. 

Of this group, only reductive addi- 
tion to multiple bonds and cycloaddi- 
tion reactions are intermolecular in the 
sense that two components are involved 
and that one component in the reaction 
is electronically excited and the other 
is in its ground state. The other reac- 
tion types are fundamentally intra- 
molecular in nature. 

From the standpoint of classification 
by reaction types we can now proceed 
to add new types of information that 
will make our system of thought more 
useful from the standpoint of a tool 
in synthesis. These include (i) realiza- 
tion of the fundamental differences be- 
tween photoreactions and thermal reac- 
tions, so as to better define the advan- 
tages and limitations of the method; 
(ii) elucidation of the classes of molec- 

ular structural types that are best syn- 
thesized by photochemical methods, 
and (iii) evaluation of synthetic strat- 

egies by consideration of known and 

probable photochemical mechanisms. 
Photochemical cis,trans isomerization. 

Photochemical methods for effecting 
cis,trans interconversions offer sev- 
eral variables for controlling the com- 

position of the product mixture. (i) 
Different absorption spectra of the cis 
and trans isomer allow the possibility 
of "pumping" of light specifically into 
one isomer and thereby driving the 
isomerization toward the nonabsorbing 
component; (ii) photosensitization al- 
lows the possibility of selectively trans- 

ferring energy to one of the two isomers 
and thereby "drive" the isomerization 
toward the isomer which is least af- 
fected by the photosensitizer; (iii) cis 
to trans isomerization of cyclic olefins 
(of ring size less than nine carbons) 
results in generation of a reactive, 
strained trans-cycloalkene which can be 
used as a reagent in syntheses. 

The photochemical interconversion 
of the stilbenes provides an example of 
methods (i) and (ii). Both direct ex- 
citation (7) and photosensitized excita- 
tion (8) can be employed to convert 
the thermodynamically more stable 
trans-stilbene into cis-stilbene (Eq. 2). 

(If a reaction occurs by both direct and 
photosensitized excitation, we employ a 
convention of placing parentheses about 
Sens. If the reaction only occurs by 
photosensitization, the parentheses are 
not included.) 

An example of method (iii) is the 
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photosensitized addition of protic sol- 
vent to cycloalkenes (9). The xylene 
sensitized addition of methanol to 
methylcyclohexene (Eq. 3) is believed 

H CH3 

hv . ROH, 

H 2 

H CH3 
H"- OR (3) 

to involve intermediacy of an exceed- 
ingly strained trans-cyclohexene (2) 
which is then attacked by solvent (10). 

In some cases the highly strained 
trans intermediate may be isolated or 
detected spectroscopically (11). 

Photochemical fragmentations. Pro- 
duction of carbon radicals, diradicals, 
carbenes, and other reactive intermedi- 
ates. Relatively weak bonds to carbon, 
dissociation energies (Ed) less than 70 
kcal/mole, can often be cleaved by 
photoexcitation. For example, the 
cleavage of carbon-iodine (Ed - 70) 
bonds results in formation of carbon 
radicals (12) that are very reactive 
toward hydrogen abstraction or addi- 
tion to form a carbon-carbon bond. The 
photoexcitation and loss of nitrogen 
from cyclic azo compounds is thought 
to generate a biradical (13). Photoex- 
citation and loss of nitrogen from diazo 
compounds (14) generates carbenes. 
Many analogous photoreactions that 
produce carbon radicals, biradicals, or 
carbenes have been exploited for use 
in syntheses. 

From the notions of modern photo- 
chemical theory, some useful syntheses 
involving photofragmentation can be 
designed. The idea of high energy inter- 
mediates that intervene between the 
electronically excited molecule and the 
isolated product is of great utility in 
developing a strategy for application 
of photoreactions. 

In the way of an example, consider 
the photochemical reactions of cyclo- 
butanone in a solvent such as methanol 
(Eqs. 4 to 7). The isolated products 

are all logically derived from one ini- 
tial reactive intermediate, the 1,4-bi- 
radical 3, formed by cleavage of the 
carbon-carbon bond position a to the 
carbonyl group of cyclobutanone (15, 
16). Since a mix of reaction products 
is obtained, we might conclude that the 
reaction will have little synthetic value. 
However, consideration of the type of 
substituents which will direct 3 more 
selectively toward one of the products 
enhances the synthetic power of the 
general class of photoreactions of cy- 
clobutanones. For example, consider 
the isopropylidene 4. If we hypothesize 
that a biradical is formed upon photo- 
excitation and a-cleavage of 4, we ex- 
pect that (i) since the biradical 6 will 
be more stable than 5, the former will be 
formed preferentially and (ii) since de- 
carbonylation and cycloelimination both 
require cleavage of an p2-sp2 bond, 
these processes should be less favored 
[relative to the reactions of the model 
biradical (3)] than ring expansion to 
the carbene 7. In fact 8, the carbene 
adduct of 7 and methanol, is formed in 
quantitative yield. 

, 0o 
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After further considerati 
expected chemistry of 1,4-b: 
lated to 3, appropriate stru 
stitution allows decarbonyl 
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b.' + CO +O' 
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a number of low temperature photo- 
fragmentations in matrices which have 
generated (14, 19, 20) the theoretically 
interesting molecules trimethylene meth- 
ane (Eq. 12) (21), benzene (Eq. 13), 
and a dimethyl a-lactone (Eq. 14). It 
is also possible to generate and sta- 
bilize carbenes (Eq. 15) under these 
conditions (22). 

. C __/CH 
' 

I + CHC , CO 
77?K -\ CH2 

77K 
2 

0 

CH3 
CH3 CH3 + Co2 

77K N 2 

CH2 

PhC=N2 -h--> Ph2C: + N2 
77?K 

(12) 

(13) 

(14) 

(15) 

Another example of a photochemical 
cleavage is Eq. 16. Cleavage of the 
carbon-iodine bond results in genera- 
tion of a phenyl radical (12) which 
attacks the ortho position of a neigh- 

.j" boring phenyl group to complete a 
(8) bond forming cyclization, and serve as 

the key step in the synthesis (23) of 
0 aristolochic acid, 9, a tumor inhibitor. 

^]+ c ̂ Irradiation of the cyclic azo compound, 
10, results in loss of nitrogen (24) and 

T probable formation of a biradical which 
FAVOR.ED closes in part to the remarkable ben- 

zene isomer prismane (Eq. 17). Pho- 
tolysis of the diazo compound 11 re- 
sults in loss of nitrogen and generation 

ion oaf the of a carbene which rearranges quantita- 
iracdals re- tively to the fl-lactam 12, a structural 
cturai sub- type commonly encountered in peni- 
lation (Eq. c-illns and cephalosporins (25). 
Eq. II 
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Photochemical reductive addition to 
multiple bonds. Intermolecular hydro- 
gen abstraction reactions of carbonyl 
compounds. Let us consider the n,r* 
triplet of ketones, which are capable 
of undergoing synthetically useful inter- 
and intramolecular hydrogen abstrac- 
tion reactions (26). These reactions 
convert the ketone into a ketyl radical 
which can then react further. For ex- 
ample, depending on the reaction con- 
ditions, the product of the initial hydro- 
gen abstraction may be an alcohol, a 
pinacol, or an adduct to a ketyl radical 
trap such as an unsaturated molecule. 
Thus, this reaction is a means of effect- 
ing carbonyl reduction and carbon- 
carbon bond formation (Eqs. 19-21). 

OH OH 

>---< (19) 

cyclopropanone (27) from 13 (Eq. 24) 
and of 15 (28) from 14 (Eq. 25) are 
examples of these methods. 

II 

H 

14 

011 0 

Ph-C + 1 

VACH2 A 

OH 

hv 

100% 

15 15 

The regio-specificity of the hydrogen 
abstraction step can be ascribed to the 
radical like half-filled n-orbital of the 
n,7r* state which shows preferred reac- 
tivity at the "edges" rather than the 
"faces" of the carbonyl function. As a 
result of this selectivity the 2,6-di-n- 
propylcyclohexanone undergoes exclu- 
sive cleavage (29) of the equatorial 
side chain and results in formation of 
the axial substituted cyclohexanone 16. 

tropic reactions is further evidence in 
support of this hypothesis. 

The following simple rule of reac- 
tion stereospecificity derived from or- 
bital symmetry consideration (30) holds 
almost without exception: Photoiniti- 
ated electrocyclic reactions involving 4n 
electrons proceed with preservation of 
stereochemistry at the reaction termini 
(disrotatory bond formation), whereas 
photoinitiated electrocyclic reactions 
involving 4n + 2 electrons proceed with 
inversion of stereochemistry at the re- 
action termini (conrotatory bond for- 
mation). 

As an example (31), the four-elec- 
tron electrocyclic ring closure of cyclic 
1,3-dienes to cyclobutenes proceeds 
smoothly because configurational pres- 
ervation (disrotation) at the reaction 
termini allows formation of a cis-fused 
cyclobutene (Eq. 27). On the other 

II 1[( 

(27) 

RH H 

=- C 
/ \ 

H 

,H OH 

\ - 
- 1N 

Carbonyl compounds posse 
hydrogen capable of forming 
membered transition state for h 
abstraction by the oxygen are 
of forming 1,4-biradicals whi 
then either fragment (Eq. 22) 
clize (Eq. 23). This intram 

o11 
R\C/-c/x 

OH 

R-C-C 
I c- C -X 

hydrogen abstraction has two i 
ate synthetic possibilities: (i) 
method of fragmenting bonds o 
a method of making small rings 
processes are known as type 2 c 
and cyclization reactions of I 
This reaction usually occurs to 
clusion of abstractions involving 
er or larger cyclic transition 
except in special cases (as discus 
low). The photochemical synth 
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ssing a An ingenious extension of the intra- 
molecular hydrogen abstraction has 
been developed into a method of re- 

capable mote functionalization (see below). 
Photochemical electrocyclic and sig- ich can 

m c atropic reactions. The majority of 

olecular known synthetically useful photoreac- 
tions involve triplet states. This situa- 
tion arises from the higher general effi- 
ciency of triplet reactions relative to 
singlet reactions and is usually the re- 
sult of the shorter singlet lifetime rather 
than lower singlet reactivity toward 

| (22) reaction. Electrocyclic reactions and 
x sigmatropic reactions (30) provide a 

major exception to the above general- 
ization because many singlet states pos- 

(23) sess a rate of electrocyclic and sigma- 
tropic reactions which is competitive 
with other singlet deactivation modes 

immedi- and most triplet states are not reactive 
as a toward concerted electrocyclic and sig- 

r (ii) as matropic processes. A simple hypothesis 
s. These which makes the reactivity difference 
:leavage between singlet and triplet understand- 
ketones. able is that electrocyclic and sigma- 
the ex- tropic reactions are concerted and 

g small- therefore capable of proceeding smooth- 
states, ly from reactant (singlet) to product 

ssed be- singlet. The high stereospecificity of 
lesis of photochemical electrocyclic and sigma- 

hand, the six-electron (4n + 2) elec- 
trocyclic ring closure or opening of 
1,3-cyclohexadienes must occur with 
stereochemical inversion (conrotation) 
at the reaction termini (30). Such a 
process is energetically feasible in the 
absence of structure restraints at the 
reaction termini. Consider, however, 
the contrasting behavior (Eqs. 28 and 
29) of isopyrocalciferol (methyl and 

h,) , 
disr7ot (28) 

RO RtO 

hvc 
conrot 

IIO 

H R 

IT~~~ (29) 

hydrogen at reaction termini cis) and 
ergosterol (methyl and hydrogen at the 
reaction termini trans). In the former 
case, a photoinduced four-electron elec- 
trocyclic ring closure to form a strained 
[2.2.0]bicyclohexene system occurs (32) 
to the exclusion of the apparently strain- 
releasing six-electron electrocyclic ring 
opening to form a 1,3-hexatriene. On 
the other hand, the latter reaction is 
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observed (33) in the case of ergosterol. 
The above rule for photoinduced elec- 
trocyclic reactions makes these results 
understandable since a six-electron ring 
of isopyrocalciferol must proceed with 
stereochemical inversion at a reaction 
terminus, thereby generating a trans 
double bond in a cyclohexene ring. 
Apparently the activation energy re- 
quired for such a process is larger than 
that for the four-electron ring closure. 
In the case of ergosterol, however, the 
conrotatory six-electron ring opening 
transforms a trans stereochemistry at 
the reaction termini to a strain-free 
cis-stereochemistry in the 1,3,5-hexa- 
triene product. 

Of the various photochemical sigma- 
tropic shifts which have been discov- 
ered over the last several years, the 
[1,2] shift to yield a cyclopropane 
probably has the greatest synthetic utili- 
ty. This reaction is particularly ubiqui- 
tous in 1,4-conjugated systems, and such 
cases have been dubbed "di-7r-methane 
rearrangements" (34). Most reported 
sigmatropic shifts appear to originate 
from singlet states, but [1,2] sigmatropic 
shifts are known to also proceed via 
triplets. The now "classical" photore- 
arrangements (35) of 2,5-cyclohexa- 
dienones to bicyclo[3.1 .0]hexenones 
(Eq. 30) are examples of [1,2] shifts. 

0 0 

h_ _ _ _ 0(30) 
(sens) .' Ph 

Ph 
Ph Ph 

Photochemizcal cycloadditions and cy- 
cloeliminations. The 2+2 photocycload- 
dition of unsaturated molecules is one 
of the most general and synthetically 
useful of all photoreactions (36). This 
reaction has been exploited as the key 
carbon-carbon bond-forming step in a 
large number of synthetic efforts. This 
photoreaction rivals, in its synthetic 
aspects, the thermal 4+2 cycloaddition, 
the venerable Diels-Alder reaction. The 
intramolecular variation of the photo- 
chemical 2+2 cycloaddition is usually 
more reliable than the intermolecular 
pathway. As in the case of most photo- 
reactions, this generalization probably 
derives from the fairly short lifetimes 
of the electronically excited states of 
unsaturated compounds, rather than 
from a lack of reactivity toward cyclo- 
addition. 

The 2+2 photochemical cycloaddi- 
tion may be achieved by either direct 
photoexcitation or photosensitization. 
Efficient intermolecular cycloadditions 
are usually photosensitized. Cyclic unsat- 
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urated molecules probably have longer 
lifetimes than acyclic molecules, which 
may explain why they are effective re- 
agents in photocycloadditions (37). For 
example, cyclopentenones (Eq. 31) and 
other a,/8-unsaturated enones undergo 
a synthetically useful 2+2 cyclobutane- 
forming reaction (37). Some important 
applications (38-44) of these reactions 
are listed in Eqs. 32-38. 
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0 t 
troponH ox -tropol one 

lntramolecular 2+2 photocycloaddi- 
tions are usually reliable if the olefinic 
bonds can close without producing an 
exorbitant amount of strain. A particu- 
larly intriguing example of this reac- 
tion was employed in the first synthesis 
(45) of an all carbon "cube" structure 
(Eq. 39). A key in the synthesis (46) of 
P-trans-bergamotene 18 is a photo- 
sensitized intramolecular 2+2 cycload- 
dition to yield 17. 
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The reverse of the 2+2 reaction, that 
is, 2+2 photocycloeliminations, has 
proved to be a useful method for the 

( 5) preparation (47-49) of a number of 
theoretically important molecules such 
as bullvalene (Eq. 41), pentalene (Eq. 

t < 7 ~~h- ? + (41) 

(36) 

42), and cyclobutadiene (Eq. 43). In 
the latter two cases the ability to initi- 
ate the cycloelimination photochemical- 
ly at low temperatures and in a solid 
matrix is crucial, since both pentalene 
and cyclobutadiene are exceedingly re- 
active toward self-dimerization. 

37 _ 
ohv 2 O (42) 

LI hv- 1+ co2 (43) 

Somre further extensions of classifi- 
cations. Now that we have considered 
the reaction types that are commonly 
encountered in organic photoreactions, 

(3S) we shall discuss briefly some further 
applications of these reactions (i) in 
important general problems in synthe- 
sis, such as the design and use of photo- 
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sensitive protecting and activating 
groups, (ii) in situations where differ- 
ential excitation can lead to different 
photoreactions from one substrate as 
the result of selective direct or photo- 
sensitized excitation, and (iii) in the 
synthesis of a fascinating family of the- 
oretically intriguing but difficultly ac- 
cessible molecules, the (CH), annu- 
lenes. 

Photosensitive protecting and activat- 
ing groups. An interesting idea of great 
potential for synthesis, but at present 
underexploited, is the notion of a photo- 
sensitive protecting or activating group 
(50). The general idea is to protect a 
functional group or activate a specific 
reaction path by use of a chromophore 
which is thermally stable, but which 
can be removed readily by irradiation. 
Fragmentation reactions in general are 
candidates for use as photosensitive 
protecting or activating groups. 

For example, any photoreaction that 
yields an olefinic double bond is poten- 
tially useful in this regard. Thus, the 
type 2 cleavage (Eq. 22) and retro- 
cycloaddition reactions of cyclobuta- 
nones (Eq. 5) and other cyclic systems 
(in addition to being olefin syntheses 
in their own right) can serve to mask 
a double bond. The conversion of cy- 
clopentanones into y,8-unsaturated alde- 
hydes (51) makes the former mole- 
cules "protecting" or "activating" 
groups for enals (Eq. 44). 

6q 
Aromatic nitro compounds contain- 

ing benzylic hydrogens in the ortho 
position are light sensitive and are, 
therefore, potential light-sensitive pro- 
tecting groups for amino, carbonyl, and 
sulfhydryl functions in amino acids and 
proteins. An interesting example of the 
utility of this type of reaction, which 
possesses a further novel feature of 
being amenable to adaption to a light- 
sensitive solid polymer support (Eq. 
45), is found in the protection of a 
hydroxyl group in D-glucose. Thus, the 

N02 
HO?-H2 

C2 

HO OI0 

HO OH . OH 02NO 
CHO 

CH CH 
3 H OIL 

oI ^H "^ H HIO 

0 
a o.Ac 

b 1( 

Scheme 2 

irradiation of 2-nitrobenzylglycosides 
can be used to generate the parent re- 
ducing sugars in good yield (52) under 
conditions that do not affect o-benzyl 
groups. 

The same kind of reaction (Eq. 46) 
has been employed (53) as a photo- 
sensitive protecting group for alde- 
hydes and ketones. 

OH 

11 F 0 
NO02 

0 

AR \ 

0r ) 

I 11 + H20 

2NO 

(46) 

Photochemical functionalization of 
remote carbon atoms. For many years 
chemists have marveled at the occur- 
rence of many natural processes that 
proceed with high reaction speed and 
high selectivity. A novel branch of 
chemistry called "biomimetic" chem- 
istry (54) attempts to imitate natural 
chemistry in a manner that will result 
in useful new ideas for organic syn- 
thetic processes. For example, a com- 
monly observed enzymatic process is 
one in which functionality is selectively 
endowed to one or two carbon atoms 
from a large number of apparently 
"synthetically equivalent" (that is, un- 
activated) carbon atoms. A particular 
case is found in steroid metabolism in 
which selective activation of carbon 
atoms is quite frequently observed. 
However, comparably selective syn- 
thetic methods are unavailable to the 
practicing organic chemist. Present 
theories of the high selectivity of such 
natural metabolic processes usually in- 
voke special proximity effects of the 
reagents undergoing reaction. The re- 
action partners are held in an appro- 
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priate configuration for selective reac- 
tion in, say, an enzyme-substrate 
complex. 

The latter ideas have been elegantly 
transposed into the realm of useful 
organic synthetic procedures. A par- 
ticularly striking example (54) of a 
spectacular, successful system employ- 
ing biomimetic chemistry is given in 
the photochemistry of the steroid.deriv- 
ative benzophenone acetic acid ester of 
cholestan-3-ol (19). Upon irradiation, 
this molecule (Eq. 47) undergoes a 
selective internal photoreduction-pho- 
toxidation that results in the highly 
selective introduction of a carbon-car- 
bon double bond between C-14 and 
C-15. 

C6 6 
55% 

(47) 

O11 

Oil 

The high selectivity of the reaction 
is due to the fact that the carbonyl 
oxygen of the benzophenone must 
reach and abstract a hydrogen atom to 
initiate the reaction. Inspection of 
molecular models (scheme 2a) suggest 
that hydrogen atoms on the bottom 
or side of the steroid are considerably 
less hindered than the top or side that 
has the angular methyl groups serving 
as a barrier to close approach to the 
hydrogen atoms by an attacking re- 
agent. Thus, attachment of the benzo- 
phenone reagent to an a-hydroxy group 
at C-3 assures that attack by photo- 
excited benzophenone reagent can only 
occur from the underside of 19. Fur- 
thermore, models indicate that although 
seven axial hydrogen atoms of 19 are 
potentially available for abstraction, 
only the hydrogen atom at C-14 is 
optimally situated for abstraction. After 
abstraction of the C-14 hydrogen atom, 
two major possibilities exist for the 
ketyl-carbon radical pair which is pro- 
duced: (i) coupling to form a carbon- 
carbon bond or (ii) transfer to form 
a double bond between C-14 and C-15 
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and an alcohol from the benzophenone 
reagent. Only the latter occurs for 19, 
presumably because collapse for the 
carbon-carbon bond would result in a 

relatively strained system. The latter 
path is known to occur, however, in 
other systems for which the energetic 
barrier to closure is more facile. A key 
point in the synthesis is the apparent 
location of the benzophenone reagent 
relative to the abstractable hydrogen. 

Another interesting example (55) of 
this proximity effect is given by the 

photoisomerization of taxinine 20 into 
the isomer 21 (Eq. 48). In this case a 

tO oI _ 

H OAc 
OAc 

20 
OIl OI 

( C (SAc 

(~OAc 

21 

remote hydrogen is abstracted by the 
c-carbon of the r,7r* (triplet) state of 
the enone chromophore. The carbon 
radicals formed by this abstraction can 

couple because of a favorable geometry 
(scheme 2b) which brings them close 

together. The proximity requirement is 

again demonstrated in the photochem- 
istry of the closely related ketal 22, in 
which the a-carbon and the abstracta- 
ble hydrogen are "pushed apart" be- 
cause of the conformational reorgani- 
zation which is forced upon the 
molecule by ketal formation. Photoex- 
citation of 22 does not lead to internal 

hydrogen abstraction (55) but instead 
to another reaction of cyclohexenones: 
a [1,2] sigmatropic rearrangement to 
23. The efficient photopathway avail- 
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able to 20 having been removed, 22 
seeks the "next best" reaction pathway, 
one with well-established precedent 
(35). 

A spectacular application of a prox- 
imity effect was achieved in a three- 

step synthesis of aldosterone (56) in 
which the irradiation of nitrite 23 
causes functionalization of the C-18 
methyl group of oxime 24 (Eq. 50). 

00 0h ( 

5(.% 0 

[ 21 

22 

ihv 
......... 

23 

(5( ) 

Here the photochemistry is quite ordi- 

nary: homolytic cleavage of a nitrite 
bond, followed by alkoxy radical hy- 
drogen abstraction from C-18 (scheme 
2c). However, the selective activation 
of the nitrite group under very mild 
conditions is not possible by nonphoto- 
chemical means. 

Differential singlet and triplet reac- 
tivity. Direct versus photosensitized ex- 
citation. Direct photoexcitation of an 

organic molecule may result in reaction 
from S1 or T1, depending on the com- 

petition between the rate of reaction of 
S1 and intersystem crossing from S1 to 
T1. For molecules which do not pos- 
sess an efficient S1 -> T, conversion, 
photosensitization of T1 by an elec- 
tronic energy transfer mechanism is 

required to populate TI. Efficient popu- 
lation of T, requires a photosensitizer 
which itself forms triplets efficiently and 
which can efficiently transfer triplet 
excitation. Thus, most good photosensi- 
tizers (57) possess a high intersystem 
crossing efficiency, a high triplet energy, 
and a relatively long triplet lifetime. 

We have seen that direct photoexcita- 
tion of 1,3-dienes results in a stereo- 

specific electrocyclic closure of the sin- 

glet state (Eq. 51). Photosensitization of 

1,3-cyclooctadiene (58) results in cis-- 
trans isomerization. The product may be 
converted by direct photoexcitation (Eq. 

34 

37 34 33 

3(3 35 

Sc e 4 

Scheme 4 

52) to a trans fused bicyclic product. 
As an example of the synthetic use 

of differential singlet-triplet reactivity 
is the ability to effect different photo- 
reactions from S1 and Ti. The direct 

photoexcitation (59) of /3,y-unsaturated 
enones (Eq. 53) usually results in a 
[1,3] sigmatropic shift (possibly a con- 
certed singlet reaction), whereas pho- 
tosensitization (Eq. 54) usually results 
in a [1,2] sigmatropic shift (probably 
a triplet reaction). 

. hv 
SXINGLlT 

2. ?I II 

-TRIPLET Sens 

\ 1hv >, S 7NGLET 7 
X ? ^'s 

'H^~~~~~~~~~~~~~~~- 

0 

Ki>Yi/oiC 

II 

(51) 

(52) 

(53) 

( 54 ) 

Confortmational effects in organic pho- 
toreactions. According to the Franck- 
Condon principle, the excitation of an 
electron from one orbital to another 
occurs much more rapidly than changes 
in nuclear geometry. Thus, different 
conformers, upon direct or photosensi- 
tized excitation, produce different elec- 
tronically excited molecules. These iso- 
meric excited states may no longer be 
conformers in the sense that they react 
or decay faster than conformational 

equilibration. When the latter situation 
obtains, conformational effects on pho- 
toreactions become apparent. 

A particularly informative case is 
found in the direct (60) and photo- 
sensitized (61) photoexcitation of 1,3- 
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butadiene. The latter molecule (scheme 
3) is shown to exist as a rapidly equil- 
ibrating mixture of single bond trans 
and single bond cis conformers with 
the former predominating strongly. 
Direct excitation of the cis conformer 
probably results in electrocyclic ring 
closure to cyclobutene, whereas the 
photoexcited trans isomer probably is 
the precursor of bicyclobutane. Upon 
photosensitization, the two conformers 
are converted into cis and trans triplets 
which are not conformers because of 
the increased bonding between C-2 and 
C-3, which restricts interconversion and 
effectively renders the two triplets as 
configurational isomers with respect to 
their chemical properties. In effect, the 
trans triplet reacts with ground state 
butadiene to form 1,2-divinylcyclobu- 
tanes (formation of a cyclohexene from 
the trans triplet would require forma- 
tion of a trans double bond in the cyclo- 
hexene!), whereas the cis triplet reacts 
with ground state butadiene to yield 
mainly vinylcyclohexene. Interestingly, 
photosensitizers are known which are 
capable of selectively photoexciting the 
cis-butadiene, and thereby resulting 
in high yields of vinylcyclohexene prod- 
ucts (62). 

Another striking example of the ef- 
fect of conformation on photoreac- 
tions, which can be useful in photo- 
synthesis of organic molecules, is the 
effect of wavelength on photoproducts 
formed from conjugated polyenes (Eq. 
55). Irradiation (63) at 254 nm of 

CD X,,300nm 
29 
N 

27 X 

L J ()?(55) 

the diene 29, use of light greater than 
300 nm will result in complete con- 
version to 29. 

Photochemical syntheses of (CH)n 
annulenes. Photochemical reactions 
have played a crucial role in the devel- 
opment of the "even" annulenes, a 
family of hydrocarbons which have the 
general formula (CH)n for which n is 
an even number equal to or greater 
than 4, that is, cyclobutadiene, benzene, 
cyclooctatetraene, and the higher an- 
nulenes. Both photosyntheses and pho- 
toreactions of this set of hydrocarbons 
have provided a wealth of interesting 
chemistry (64, 65). 

Cyclobutadiene, the [4] annulene, has 
been synthesized (49, 66) by several 
different photofragmentations (Eq. 43). 
Substituted cyclobutadienes have also 
been prepared by analogous reactions. 
These reactions can be run at extremely 
low temperatures or in rigid media. 
Such unusual conditions are required 
for the trapping of cyclobutadienes, 
which, as was mentioned earlier, have 
an enormous reactivity toward self- 
dimerizations. The photochemical prep- 
aration of cyclobutadienes at low tem- 
peratures and in solid matrices allows 
detailed study of their spectroscopic 
properties. 

The valence isomers of benzene, that 
is, benzvalene (Eq. 56), Dewar ben- 
zene, and prismane (Eq. 17) were all 
first prepared via synthesis in which 
a photoreaction was used as the 
exclusive or as the key step in the 
synthesis (67-69). For example, benz- 
valene (69) may be prepared by direct 
irradiation of benzene via a photoelec- 

0 

tions of valence isomers of aromatic 
molecules have been described (65). 

Cyclooctatetraene, the eight-carbon 
annulene, is a stable molecule, in con- 
trast to the higher annulenes. Upon 
photosensitized excitation, cyclooctate- 
traene undergoes a photoelectrocyclic 
reaction of the hexatriene-bicyclo- 
[2.1.0]pentene variety to yield (69) the 
remarkable molecule semibullvalene 
(32). This material undergoes a series 
of rapid and unrelenting thermal [1,3] 
sigmatropic shifts which equilibrate all 
of the carbon atoms in the molecule. 

During the last decade, many pho- 
toreactions involving ten-carbon annu- 
lenes have been described. Both all cis- 
and mono-trans- [ten carbon] annulenes 
(34 and 35, respectively) are involved in 
a rather intriguing interconnected set 
(scheme 4) of photoisomerizations 
(64). Thus, photoelectrocyclic ring 
opening of the decatetraene 33 yields 
34 (conrotatory ring opening). The 
latter annulene can be photoisomerized 
to the mono-trans isomer 35 which, in 
turn, is reversibly photointerconvertible 
with the decatetraene 36. At very low 
temperatures the latter undergoes in- 
ternal photocycloaddition to the inter- 
esting structure 37. 

Several photoelectrocyclic reactions 
have also served as methods of prepar- 
ing 12-carbon annulene (70) (Eq. 58). 

(58) 
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28 

the 1,3-cyclohexadiene 27 results in an 
electrocyclic ring opening to the triene 
28, whereas excitation of 27 with light 
of wavelength greater than 300 nm re- 
sults in electrocyclic ring closure to 29. 
These contrasting results are inter- 
preted as being due to direct photoexci- 
tation of different conformers with the 
different energy quanta, that is, longer 
wavelength light specifically excites 
molecules whose conformations are well 
suited to 1,4-closure and shorter wave- 
length light excites molecules that have 
the terminal ends of the triene chromo- 
phore in close proximity. Incidentally, 
since the cyclobutene absorbs at shorter 
wavelength than either the triene 28 or 
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trocyclic isomerization of the butadiene- 
bicyclobutane type. Dewar benzene 
may be prepared (67) via a photoelec- 
trocyclic butadiene-cyclobutene rear- 
rangement of 30 followed by an elec- 
trochemical bisdecarboxylation (Eq. 57). 
Prismane has been prepared via the 
photofragmentation of the polycyclic 
azo compound 10 (Eq. 17). Many other 
examples of photochemical prepara- 

Conclusion. This article represents 
only a brief glimpse into one of the 
fascinating aspects of the chemistry of 
electronically excited molecules. More 
exhaustive coverage of synthetic appli- 
cations of photochemical reactions may 
be found in texts and reviews. We 
summarize here by noting that classi- 
fication of reliable photoreactions is 
possible, but that the most effective ap- 
plication of the classification scheme 
requires a familiarity with some of the 
special features of the chemistry of 
electronically excited states. Thus, 
knowledge of the properties of singlet 
and triplet states, the factors which de- 
termine photochemical efficiency and 
reactivity, and the special technical 
aspects of photochemical procedures 
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such as selective direct and photosensi- 
tized excitation and photoexcitation at 
low temperatures or solid matrices make 
photochemistry a useful tool for the 
construction of organic molecules. It is 
our hope that the material and flavor 
of this article will whet the intellectual 
and experimental appetites of research- 
ers who are concerned with various 
aspects of the synthesis of organic 
molecules. 
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