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ORGANIC PHOTOCHEMISTRY
General Introduction:
The reactions caused or initiated by the absorption of visible & ultraviolet light are termed as the photochemical reactions. For example, formation of glucose in green plants by the reduction of  in presence of chlorophyll (a plant pigment) and sunlight is a well studied photochemical reaction known as the photosynthesis — which is the basic reaction that sustains life on the plant kingdom.

It has been observed that many organic syntheses which are not easily accessible by the conventional chemical methods can be easily performed by photochemical paths, thus, organic photochemical reactions are very import not only for academic interest but also in synthetic organic chemistry.
Photochemical Versus Thermal Reactions:
In photochemical reactions a molecule is raised to an electronic excited state by the absorption of a photon of appropriate wavelength and undergoes photochemical transformations. 
The difference between a photochemical reaction and an ordinary thermal reaction is that in a photochemical reaction individual molecules are promoted to highly energised or excited state without affecting the surrounding molecules, whereas in thermal reactions all molecules are affected by the distribution of heat applied to them. Thus, selective excitation of individual molecules by electromagnetic radiation of visible or - region is a unique characteristic of photochemical reaction. 
Secondly, in a photochemical reaction, chemical changes take place in energy rich molecules accompanied by the loss of energy from the excited species, whereas in thermal reactions activation energy is gathered in small fractions from the environment. 
The chemistry of the excited molecules is quite different from that in the ground state and it is often possible to change the course of a reaction by activating the reactants by light rather than by the application of heat.      
Electronic Excitation:
A combination of two atomic orbitals (to form a bond) produces two molecular orbitals (), a lower energy MO known as the bonding molecular orbital () which accommodates both the electrons in the ground state () of the molecule. The other orbital having higher energy and a nodal plane as well is called antibonding molecular orbital () which remains vacant, as shown in the figure given below.
Since the photochemical reactions are induced by the absorption of - light ( to ) energy by the molecules, and the process involves the promotion of electrons from bonding to the corresponding antibonding orbitals. The antibonding orbitals belong to  bonds are represented as  respectively.
The non-bonding () electrons are generally not involved in bond formation. Therefore, there are no antibonding orbitals to them as . However, excitation can also promote a non-bonding electron to either  or  MO . 
Classification of Electrons:
For majority molecules, electrons fall into one of the following 3- classes:
1) -  Electrons,
2) - Electrons, and
3) - Electrons (non-bonding electrons), which plays no role in the bonding of atoms into molecules. 
In chemical Terms: 
A single bond between atoms, such as , etc. contains only - electrons. A multiple bond, such as , etc. contains - electrons. Atoms right to the - atom in the periodic table, notably , and the halogens possess - electrons. 
Energy Content: 
In general the - electrons are most firmly bound to the nuclei and hence require a great deal of energy to undergo transition, while - electrons require less energy, the- electrons usually (but not invariably) requiring less than the - electrons. Thus, the transitions —
 			Falls in vacuum 
 	Appear near borderline of the near and far  
 			Falls near  regions
These generalizations are schematically shown below —


Note: 
(1) Saturated hydrocarbons i.e. alkanes containing - bonds only can undergo only  transitions, do not give rise to spectra with any analytical interest since, they fall outside the generally available range. For example —
 Transition for , .   
, . 
(2) Groups containing - electrons attached with the saturated system shows both  and  transitions and in addition also tends to increase the wavelength of  absorption. For example, for —

Similarly, we can consider —
1) The attachment of group containing- electrons with unsaturated system (for example - unsaturated ketone)
2)  Isolated double bond,
3)  Conjugated double bond, etc. 
Detailed studies for these are generally studied along with UV – Vis spectra.
Modes of Dissipation of Energy, Excited States: —
() Singlet & Triplet States: Jablonski Diagram 
Nearly all stable molecules have even number of electrons with spins paired in their ground state. When paired, they have no net electron magnetic moment due to opposite spins. These non-magnetic states are known as the singlets (abbreviated by the symbol  etc. for different energy states).
Absorption of light of appropriate energy (i.e. wavelength), causes excitation of electrons (from the ) without any change in electron spins. Therefore, electron spins remained paired in the excited state but in different orbital e.g. . This state is commonly called excited singlet state or - state. Such singlet state () can be converted to another excited state by inverting one of the electron spins, and this results to a new excited state (with two unpaired electrons, ) in which the electronic magnetic moments do not quench (). This new excited state having a net magnetic moment is called a triplet state or  for which . From the above explanation it is obvious that the direct excitation of ground state () to a triplet state is never possible and thus,  is invariably populated via , the excited singlet state.
The entire process of electronic excitation can be well explained by taking the example of ethylene molecule, in which the absorption of correct wavelength () of light causes promotion of one of the - electrons to - state as depicted in the figure given below.


The term singlet and triplet originated from the fact that singlet states don not split in the applied magnetic field whereas triplet states have three possible orientations as shown in the figure given below. 


Further, it is obvious that a triplet state with unpaired electron spins is more stable than a singlet state, because two electrons in the same orbital cause repulsion and instability in the species.
The excited states are not stable, and they must react or decay to ground state. The various decay processes are shown in the figure given below.


From the figure, it is obvious that decaying of energy takes place by the following two radiations less processes —
1) Internal conversions (): The decay of one excited state to another state of same spin multiplicity such as  is known as internal conversion, whereas 
2) Intersystem crossing (): The decay with change in spin multiplicity such as  is known as intersystem crossing (ISC).  
Usually, excited singlets and triplets () have the same electronic configurations to a first approximation. The triplets lie at somewhat lower energy level than the singlets due to less electron-electron repulsion in triplets. 
It is found that decay of  to ground state () also occurs but at much slower rate than decay from higher states to the next lower excited states. Therefore,  have the longest lives than other excited states and therefore, these states are responsible for photochemical changes. When we compare  excited states, it is found that  states have especially long lives because their decay back to the ground state () requires not only energy loss but also reorientation of an electron spin (which can only occur through an agency called the matrix or a de- quencher). The various decay processes were schematically represented by Jablonski, and hence the above diagram is known as the Jablonski diagram.          
() Fluorescence & Phosphorescence: It has been observed that the  excited states of many molecules live long enough before deactivation by emission of light (which is reverse to light absorption) can occur. This type of emission resulting from - state is called fluorescence. It has been observed that most of the fluorescent emission lies at longer wavelengths and the band looks like mirror image of as shown in the figure given below. 


The fluorescence is usually very weak or undetectable except in small molecules, for example, diatomic molecules or rigid molecules such as aromatic compounds. The fluorescence rates are quantitatively related to the intensities of  transitions in absorption. The intense fluorescence exhibited by a yellow dye fluorescein, has a brilliant greenish fluorescence due to its intense first absorption band.
Since,  has lower energy than , it is not converted back to . Therefore, it may either undergo a chemical reaction or return back to a ground state  by emission of a photon. This slow emission from  excited state is called phosphorescence. The lifetimes of fluorescence is usually of the order of , against  for the phosphorescence.
Photochemical properties of  States: 
Since,  states differ in energy contents and also in electronic configurations; therefore, they are expected to show different photochemical properties. For example, - state of - butadiene undergoes valence isomerisation to (I) and (II), whereas - state prefer its dimerization to (III), (IV) and (V) by energy transfer as shown below. 

     
The conversion of  is energetically gainful and a slow process in accordance to spectroscopic rule that change in multiplicity is a forbidden process. If the singlet state is sufficiently long-lived as in aromatic and carbonyl compounds, the  change () occurs with a high degree of efficiency. Intersystem crossing is more efficient in molecules where the energy gap between  is small, as in benzophenone with .     
() Franck-Condon Transition/ Principle:
Although quantum mechanics imposed no restrictions on the change in vibrational quantum number during an electronic transition, hence the vibrational lines in a band are not equally intense. The shapes of absorption band associated with the intensities of vibrational transitions and the functions of the equilibrium bond length about the approximately harmonic oscillation occur. 
Since, at normal temperature most of the molecules resides in the zero vibrational level of the ground state and only a small fraction () occupies the higher vibrational levels. Again, since the wave function for the zero vibrational level has a maximum at the centre, the region of maximum population, therefore, the most probable transition is that which originates from the centre of vibrational level, i.e. . The time taken for an electronic transition is of the order of , whereas the time period of vibration is about , which is nearly  times as slow. As a consequence, the internuclear distance does not change during electronic transition. Hence the transition process can be represented by a vertical line which is parallel to the potential energy axis. This forms the basis of Franck-Condon Principle, which states that — “electronic transitions are so fast in comparison to the nuclear motion that immediately after the transition, the nuclei have the same relative position and momentum as they did have just before the transition.” The principle implies that it is difficult to convert electronic energy rapidly into vibrational kinetic energy and the most probable transitions are those for which the momentum and position of the nuclei do not change very much. The most probable transition appears at the most intense absorption time. 
Two types of electronic band structures are observed in the diatomic molecules. The difference between these two cases is in the position of the energy minima of the excited electronic states as compared to the excited ground state. In the first case, the potential energy is minimum for excited state at nearly the same internuclear distance (figure ()) as that the ground state. When the molecules is in the ground state, absorbs radiation, it is likely to be at its equilibrium internuclear distance (). Therefore, the vertical line representing the electronic transition originates at  for  level. As the two potential energy curves have the similar shape and , the  transition will be most probable and the intensities of the spectral line will be maximum for this transition. The intensities of the spectral lines corresponding to , etc. transitions decrease substantially. 
The most common type of electronic spectrum for a diatomic molecule is one in which the minimum of potential energy curve for the excited state is at a larger internuclear distance, than for the ground electronic state. In this case, the most probable transition is , because the probability density in  level is the maximum at . The intensity of the other transition will be less. So, we get a plot as shown in the figure  and .             
If the molecule is raised to an energy above its dissociation energy (), the absorption will be continuous and the molecule dissociates within its vibrational period. The transition from discrete line to the continuum is called the convergent limit. If the potential energy curve for excited state is shifted even more to the right a considerable part of the absorption band will be continuous. 
Few transitions are also possible from other positions of  level, adding to the width absorption band. Moreover, those molecules which are able to reside in higher vibrational levels in the ground state  undergo vibrational transitions of lower probabilities and form a part of the absorption band.
The dissociation energy of a molecule can be determined with more accuracy from its electronic spectra. It is calculated from the convergent series of the spectra. Since, the dissociation energy of a diatomic molecule may take place in excited state, it is necessary to know the energy states of the atom, in order to calculate the dissociation energy from the limit of continuous absorption. The energy approach by various potential energy curves at infinite internuclear separation corresponds to different energies of excitation of two separate atoms. The excitation energy of the atom is subtracted to obtain the dissociation energy in the ground state. 
For example, the dissociation energy of  molecule has been determined from its - spectrum. The continuous absorption begins at . One of the - atoms produced in the excited state with an energy of , above the ground state and the other atom in the excited state. Therefore, the dissociation energy of the two atoms in the ground state is . 			//
() Energy Transfer/ Photosensitization: 
Majority of the photochemical reactions involves a photo-sensitizer, and the well studied example is the photosynthesis. In photosensitized reaction, one type of molecule is known as the donor () that absorbs the light of characteristic wavelength and excited to transfer its energy to another type of a molecule known as acceptor (). In this energy transfer process, the donor (sensitizer) molecule returns to the ground state and the acceptor molecule () raised to the excited state, that can either undergo emission or a photochemical reaction. This process is known as the Photosensitization.
The following conditions must be fulfilled for the donor-acceptor relationships in such type of photosensitization reactions —
1) The donor- excited state must have sufficient life time to be able to transfer its energy to the acceptor molecule. For instance, triplet state having longer lifetime than singlet is favoured over the latter.
2) The transfer of energy from D to A () will occur only if the energy of the latter is smaller than that of the former. The most common sensitizer benzophenone, for example, has  states with energies  and  respectively. This is more than - state. 
3) Generally, the multiplicities of  (excited states) are the same.   
The actual transfers of energy from D to A takes place through collisions, provided above conditions are fulfilled. A general energy transfer reaction is as given below —

 
() Intramolecular Energy Transfer: 
Substituted aromatic ketones and aldehydes are able to transfer excited energy from one part to the other part of the same molecule. Such reactions are known as intramolecular energy transfer reactions. For example, —
The energy transfer from the carbonyl group to carbon-carbon double bond is observed in the - - isomerisation of - hexen-- ene, as shown below — 


Quantum Efficiency or the Quantum Yield ():
According to Einstein’s law of photochemical equivalence, one molecule would react with each quantum absorbed, but it is hardly seen in practice. The reason for this is that it follows two processes —
1) The primary process: Here, the light is absorbed by the molecule to produce the excited molecule. If the absorbed energy is higher than the bond energy of the molecule, dissociation occurs to generate free radicals. This generally involves the fission of  single bond (bond energy), a quantum of  with higher energy than bond energy will bring about homolytic fission. The primary process the law of photochemical equivalence and is followed by —   
2) The Secondary process: Here, the products of primary process undergo further reaction to complete the process. In some cases the 1st process decays fast and in some others it can also react with molecules in the , thereby giving  or more.   
The total of these two processes is called quantum efficiency or quantum yield, represented by the symbol . This is defined mathematically as —

The value of ‘’ is rarely a unity in actual practice. Its value varies from  or more. If , it indicates that the reaction is a chain reaction whereas  shows either a non-chain process or a reversible reaction. The quantum yield is measured by a process called actinometry. A ferrioxalate actinometer permits calculation of the amount of light falling on the compound undergoing a photochemical reaction. 			//     
Photochemical Reactions:
[Important: The additional terms frequently used in the study of photochemical reactions are —
() Photolysis: It denotes the breaking of a covalent bond by the application of light energy () to produce free radicals and sometimes small molecules are eliminated. In few cases photolysis produces ions also.
() Flash Photolysis: Flash photolysis is a process in which reaction mixture is irradiated by light of high intensity lasting for a fraction of a microsecond ()]
Photochemical reactions involving secondary processes are of various types namely —
1) Elimination, 
2) Substitution, 
3) Addition, 
4) Dimerization, 
5) Rearrangement, etc. 
Elimination Reactions: Photochemical elimination reaction processes are of two types —
1) Norrish type I elimination, and 
2) Norrish type II elimination
Norrish Type I Photochemical Elimination Process:
Photochemical reactions of Ketones and Aldehydes involving the cleavage (fission) of -  and carbonylic carbon (), followed by the elimination are classified as the Norrish type I process. For example, — 
[] Photolysis of symmetrical Ketones (like acetone): Symmetrical ketones undergo photolysis in vapour phase in two ways —
() At room temperature: At room temperature, symmetrical ketones such as acetone, absorbs light to form  excited state with  cleavage of acetone to form acetaldehyde, methane, biacetyl and hexane- - dione by the union of two acetonyl radicals. This reaction involves the following - steps — 

 
() At elevated temperature or in Vapour phase: At high (elevated) temperature or in vapour phase, acetone on irradiation by - - radiation undergoes decarbonylation to form ethane as illustrated below — 


[Important: The  single bond is the weakest bond in acetone. The excited states are  but the decomposition via  is the most efficient. The quantum yield is close to unity.]
[] Photolysis of unsymmetrical Ketones (for example, ethyl methyl ketone i.e. butanone): Photolysis of unsymmetrical ketone i.e. irradiation of unsymmetrical proceeds through the formation of more stable radical (here ethyl radical). Thus, —


Norrish Type II Photochemical Elimination Process:
Long chain containing aliphatic ketones having - - atoms upon irradiation (i.e. on photolysis) forms a - membered cyclic transition state () followed by the abstraction of - - atom and cleavage of the molecule to generate an alkene via enol intermediate. Spectroscopic studies have shown that the disappearance of starting ketone and appearance of an alkene and a ketone (smaller) in the product occur simultaneously (i.e. concerted reaction). 


The photolysis reactions of ketones and aldehydes involving - hydrogen followed by - cleavage are known as the Norrish type II photolytic reactions. 
Photolysis of Cyclic Ketones:
Photolysis of cyclic ketones involves the  excitation of the carbonyl group followed by - fission. The resulting biradical may either abstract - - atom to form an unsaturated aldehyde or eliminates  to generate a new biradical which gives different products.
For example, photolysis of cyclopentanone — Irradiation of cyclopentanone results in the formation of carbon monoxide, cyclobutane, pent-4-enal and ethylene


Intramolecular - abstraction with - cleavage is known as Norrish type III reaction. 
Similarly, photolysis of cyclohexanone derivative — Irradiation of cyclohexanone results in the formation of carbon monoxide, unsaturated aldehyde and cyclopentane derivt.   


Photochemistry of Aldehydes: 
Photolysis of aldehydes involves the formation of formyl and alkyl radicals in the primary process followed by the formation of alkane and  in the secondary process. Thus —

			       Aldehyde 			Alkyl radical 	Formyl radical
Now, 

		
Important Note: The above mentioned products are actually formed in photochemical elimination reactions, provided the reactions are carried out in vapour phase and in inert aprotic solvents.
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Figure: Orientation of molecular magnetic moment in the Triplet state of a
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47.5.4. PHOTOLYSIS OF COMPOUNDS CONTAINING NITROGEN

Azo compounds containing nitrogen-nitrogen double bond eliminate nitrogen molecule in gaseous

phase (¢=1). The formation of N=N provides the strong driving force as it is a highly stable
product. For example,

‘x

hy

(1)  H;C—N=N—CHj; 2CH; + Nt
(g-p)
Azomethane
H;C—CH;
Ethane
:® 6 h
@ H,C==N=N: (g‘;') :CH; + N,
Diazomethane Methylene

The methylene can be trapped by alkenes to form cycloalkanes as we have learnt under concerned
chapter on alkenes.

Barton reaction*. Long chain alkyl nitrites having 8-hydrogen atoms form a six mer_nbered cyclic
Iransition state (T.S.). This transition state results to an oxime or a nitroso dimer. This reaction is




image19.jpeg
known as Barton reaction, after the name of its discoverer.

-N=0
0=NC? CHR v o} CHR
4 - i B i)
R-CH  'CH, R-CH H, R-CH CH,
B / N
CH, 2 CH
Alkyl nitrite Transition state
‘NOH :N<O o_—.ﬁ.—\‘
H R Rearrangement CI)H EHR v I}; EZR
R—CH H}Hz R—CH H, — 2
\ /
7 \CHZ/ CH;
Oxime

Alkyl nitrites devoid of 8-hydrogen atoms on photolysis eliminate nitric oxide and form alcohol and
aldehyde, as shown below :

CH3CH,0-N=0 ————> CH;CH,0- + -N=O

CHJ(;_]i‘:% + ———> CH;CH=0/¥HCH;CH;OH
H -O—CH,CH; Acetaldehyde  Ethyl alcohol

47.5.5. PHOTOCHEMICAL REDUCTION REACTIONS

The conversion of benzophenone into benzopinacol by taking hydrogen from the solvent is an
example of photochemical reduction. This conversion is carried out by irradiating a solution of
benzophenone in 2-propanol with light of wavelength 345 nm. At this wavelength only benzophenone
undergoes n-n* transition followed by hydrogen abstraction from 2-propanol to give benzopinacol.

2C¢HsCOCeHs + CH3C|HCH3 +> (CsHs),C—C(CHs), + ch—ﬁ—CH3
OH H OH
Benzophenone  2-Propanol Benzopinacol Acetone

Mechanism. Several mechanisms have been proposed for this reduction of benzophenone into benzopinacol
but only one which is widely accepted involve four steps :

21 5Co b - .
H HsCé (sl)"—“—" H5C6>o=o(r)
nzopbmm 1
CH3),CHOH (ISC=Inter System Crossing)
Step (2) [(Caﬂs)zC=qE‘Tl) s G coi (CHy),C—0H
a fa Benzhydry! radical
By s 0 OTREE B L
 Step @) (CHC-OH + (CehC=0 —————> (CH)C=0 + (CeHyG-0H
s Medi - il Acetone  Benzhydryl radical
('1 Mok BRI (C6H5)2(!3‘*?(C6H5)2

ot OH OHOH
yl radicals (two) Benzopinacol ;J
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i Evidence in support of abo S —-——

excited- One molecule reacts wi‘t,]e;, mechanism. (1) Two molecules of benzophenone in step (1) are
mpolecule in ground state reacts with2£p;0panol to form b_enzhydryl radical in step (2) and second
0) Thus quantum yield of this reactiq -hydroxy propyl radical to generate benzhydryl radical in step

practice~ n is expected to be (¢.=2) and this value is actually obtained in

invo! : ; .
() The lvement of triplet state in this process is evident from the fact that

Benzophen i
@ phenone in the presence of benzhydrol also gives benzopinacol on irradiation.
2[(C¢Hs),C=01" n
[ 6515)2 ](Tn) + 2(CeHs),CHOH ——— 2(CgHs),C-OH + (C6H5)ZE_E(C6HS)2
Benzophenone Benzhydrol Benzhydryl radical HOH

(b) Even if the photoreduction of benzophenone is carried out in low concentration of benzhydrol,

the quantum yield is still appreciable, implying that excited state has relatively long life time, showing a
triplet rather than a singlet state.

(c) Fluorescence ha_s never been observed for benzophenone solutions. This shows that singlet
state (S) decays too rapidly to react with benzhydrol in solution.

(1?) Calculations have further supported that benzophenone’s singlet (S;) undegoes intersystem
crossing (ISC) to benzophenone triplet (T)) so rapidly that it fails to show fluorescence.

(3) The formation of pinacol by the dimerization of hydroxy-2-propyl radical [(CHz),C—OH] in step
(2) is also expected. But the absence of this product could be explained on the basis of the life time of
this radical which is too short to combine with another radical to form a dimer. Whereas benzhydryl
radical has a relatively long life (due to resonance stabilization) to form benzopinacol (dimer).

The other main point about this reduction is the structure of
benzophenone triplet state which have two possibilities (n, ©*) H5C6>ér_ ‘ H5C6> .'T_‘tO
and (m,n*). The n, ©* has more free radical character than HsCs™ ™ 4 HsCs¢
nn*. Therefore, n,m* abstracts hydrogen atom comparatively (n,m*) (m,m*)
easily. Whereas aromatic ketones which are not readily reduced

are believed to be in m,m* triplet state as shown aside.

By selecting the light of proper wavelength, the above mentioned reduction reactions could be
carried out with large number of aliphatic and aromatic ketones in general. For example,

hv
C—C(CH3); + CH3C
2CH;COCH3 + (CH: CHOBE e (CH3)2| (f( 3)2 3COCH;3
OHOH
Acetone 2-Propanol Pinacol Acetone

| ON REACTIONS / PATERNO-BUCHI REACTION
| #755. pHOTOCYCLO ADDIT!

when irradiated with light of suitable wavelength undergo

4 ounds
Paterno-Biichi reaction. Carbonyl comp This reaction is known as Paterno-Biichi reaction after the

|
| 8
|| @eloaddition reactions with olefins to g1V¢ oxetane.
\ "ame of its discoverer.

' R’ R’
508 (f/ B el
/j:l')\ i /(I: L 3 o
4 '
R K LB
RK . Alkene Oxetane
e

adt g ili i rbonyl ox:
: o # in character and an electrophilic centre is created on cai oxygen
The T in this reaction is 7T

1 state in

!N,‘ on photoexcitation.
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However, in some comjugated ketones it is difficult to distinguish between n-n* anq ,_

o - : it m*
transitions. The available evidence supports the participation of both the excited states in thig case,

Carbonyl compounds undergoing Paterno-Biichi reaction can also be photar(“duccd on irradiatj,
in presence of protic solvents like 2-propanol, leading to the formation of P“‘aml?_‘ds €Xplaingq
earlier. Whereas carbonyl compounds which show inability to undergo PhOtOCYCI(? addition also p,,
inertness towards photoreduction. These observations explain that both the reactions are initiateq by
the same type of excited state and that is a triplet species (T).

Mechanism. The mechanism of Paterno-Biichi reaction can be outlined as follows :

HCocm,
B i
(Asymmetric alkene 0
(CgHg)C=0 —, [CeHsne=0]',  —5 [(CeHs),C=0] Loymnere = we[ Qo
(Sp) (Ty) Hy Cells

When an asymmetric alkene is used in cyclo-addition with ketone theoretically we expect two products. The
other product not given above is actually obtained but only in minor quantity (10%). The preferential
formation of the major product (90%) can be accounted on the basis of the stability of the intermediate
biradical, as indicated below :

. spin inversion O
[(CeH920=0fy, ) + (CHy,C=CH, —————> (Csﬂs)zg IC(CHy), =2 H.Ce] |,

HsCs CH;
Stable biradical (Both are terriary) Major (%0%)
CH3 o CH3;

Hsf CH; HsCe. | H;
Hsﬁ:) 1CH, > H,ce C—CH

Less stable biradical Minor (10%)
(one primary radical)

Evidence in support of above mechanism. Photoexcited benzophenone with either cis- or frans- 2-

butene gives the same mixture of both isomeric oxetanes. If it would have been a concerted mechanism
in which both bonds were formed simultaneously, different products would have been obtained in cach
case. The formation of above products confirms the formation of intermediate bir

. . adical in which
stereochemistry is lost.

CHy

HSC6\ hy H;sC, (l)
=0 + H3C-CH=CH-CH; ——2—5 "5%6 e
HsCs’ 4 3 HiCe O "CH—CHy

Benzophenone 2-Butene / \
o0—r"Hs i cx,
! 'i('h\cl- + HSC(y
HsCe”

CH; HsCs CH;

Acetylenes also give similar type of reactions to form products vig the formation of unstabl
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wetene as shown below :

. O—C—C4Hg n
5 C—CyH e
HoC0 + NN kil S -g—cmon
5Cs C—C4Hg n HsCe” 7Y
Benzophenone 5-Decyne l
(0]
—C4Hg n
1409 4 H;C (f
o 5Ce, b |
SCC=CCCiHon «— Hc C CCaHlon
H5C6 C4H9n o
2-n-Butyl-1, 1-diphenyI-1-hepten-3-one Oxetene (unstable)

47.5.7. PHOTO INDUCED REACTIONS OF o, B-UNSATURATED KETONES

The o,B-unsaturated ketones having carbonyl group in conjugation with carbon-carbon double
bond (=G=G=G=0) creates 2r BMOs (m; and ) of which m, is the HOMO, and two = ABMO

(m; and 7y) in which 73 is the LUMO. This causes a less energy difference between n—-HOMO and
wLUMO states. Thus less energy (light of longer wavelength) is needed for m, m* transition to
oceur. Of course there is no change in the energy level of n-orbital but the lowering of n* orbital level
shifts the n, @ transition to longer wavelength. A typical o, B-unsaturated ketone gives two absorption
maxima, one at 220 nm (m,n*) and other at 310 nm (n,m*). The excited state of these ketones have more
. n* and n, 7* triplet character, even if there is an initial n,n* excitation.

HOMO = Highest occupied

0 i [o)
2 molecular orbital
o 1SC LUMO = Lowest unoccu_.lpied
307 molecular orbital
e 716y by (Ty) [ABMO = Antibonding molecular
‘ 2Cyclopentenone b ’ orbital

In example given below, photocyclodimerization between a,B-unsaturated ketone and an alkene
addition occurs across double bond. This reaction is initiated by m,n* transition.

0 9 [0}
D b bl

Cyclohexenone ~Cyclopentene
Iradiation of cyclopentene and cyclohexenone give adduct in 2 : 1 cis : trans ratio.

[¢] 1 (0]

HEE

H H

i

HiH

Cyclohexenone  Cyclopentene Major (¢is) Minor (trans)
yclohex
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Substituted alkenes like 1,1-dimethoxy ethene and alkynes also undergo analogous photocycloadditioy,
in a stereoselective fashion.

0
H H
+ e v
CH OCH:
H3CO)1\0CH3 ot 2 ocH,

H OCH3
Cyclohexenone 1,1-Dimethoxy ethene Y

(0] (0]
CHj
C—CH; "
| —
C—CHj;
Cyclohexenone 2-Butyne CHj

Irradiation of cyclopentenone gives head to head(I) and head to tail (IT) dimer in equal proportion.

(0]

(0]

@ an

Photochemical rearrangements in o,B-unsaturated ketones and cyclic dienones. These compounds
undergo various types of rearrangements when irradiated with light of appropriate wavelength. For
example, 5-methyl-3-hexen-2-one (containing y-hydrogen) undergoes double bond migration (provided
the light is not intense enough to cause dissociation). In this reaction, the presence of y-hydrogen is
essential to form a six-membered cyclic transition state, followed by hydrogen abstraction and its
transfer to oxygen to give an enol that tautomerizes to 5-methyl-4-hexen-2-one.

H
0 xFok (o7 l Tautomerizes (0]
|-). B = = |

1
a,B-Unsaturated ketone Six membered T.S Enol

5-Methyl-4-hexen-2-one

The most widely studied rearrangement reaction of substituted dienone is the photochemical
rearrangement of 4,4-diphenylcyclohexa-2,5-dienone. This compound upon irradiation in aqueous dioxane
gives four products (I to IV) as shown below :

Ol 0 H H o
Ph
6 2 hy OH
BT T
: O > T i ) + iL/YPh
Ph ™
Ph” “Ph Ph Ph =
Ph

_Diphenylcyclohexa-
: & m o w
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M;;l;amsm Zimmerman et.al. have proposed the following mechanism for the formation of these products
(Ito

FR% .
4 B4
Q X @ o @ @
(Spm mverswn)
PHCPh Ph Ph

So) (SREES ) ('l'l,n, 3 )

A Phenyl
Ph 4, Ph Ph mlgrauon
Ph Ph

l?P‘“ P (A) M (So)
mnversion

S Pl
HoR B ;)
electron 2
mlgranon Ph
Ph
:0F HO:
_ Phenyl | _ 1w
Ph mlgratlon
)

*—m

g
5

Ph
(L]
B [e]
:0:
(0]
& (6]
C”?lecm é_\f( S I=<$ _mo_(~ oH
Ph_—’> Transfer = & Ph
Ph
IV
sl A) Ketene av)

Other rearrangement reactions which occur thermally or in the presence of catalyst can also be
performed photochemically e.g., benzidine, Orton and Fries rearrangements. These were given in

Concerned chapters.

47.5.8. PHOTOCHEMISTRY OF ALKENES

(@) Photodimerization. Like o, - _unsaturated ketones, olefins also undergo dimerization. This reaction
MVolyes the generation of an excited triplet molecule. This molecule reacts with a ground state

—
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7. TLINY.
molecule of olefin to form a dimer. For example, acetone sensitized photodimerization of norbornen,

hv
——————
: @ acetone

Norbornene Dimer

(b) Photosensitization of Butadiene. A mixture of three dimers is obtained on phatosensiti;e,i
irradiation of 1,3-butadiene. This reaction involves energy transfer from trllplet sta‘te (Ty) of Sensitizer
to triplet state (T;) of 1,3-butadiene. It is obvious that T state of 1,3-butadienes (gzs— and trans) gre of
lower energy than the T state of sensitizer (e.g., benzophenone). Therefore, triplet energy transfer
takes place efficiently to butadiene conformers.

F
trans-1,3-Butadiene — NS
sensitizer S,
\ 7 —

III
cis-1,3-Butadiene I o

(¢) Cis-trans isomerisation. This cis = trans transformation of olefins can be effected by the direct
irradiation with w.v. light or in the presence of a sensitizer. This conversion can either take place through
a singlet or triplet excited species. It has been observed that isomerism in triplet state (T,) possess
lower energy barrier for rotation around carbon-carbon bond. In actual practice triplets are frequently
involved in this conversion, as simple olefins absorb light at about 200 nm. Therefore,it is easy to sensitise
these reactions by a sensitizer (triplet donor). For example,if benzophenone is the sensitizer (donor), the
mechanism of cis—= trans- isomerisation of stilbene (acceptor) may be given as follows :

HsCe . [H5C6\ ] [H5C6 J*
@ >Cc=0 =) — >c=0
T Wy me” sy el )

Benzophenone (sensitizer)

H.CE % H H HsCq H HiA T
(i) [ >C=O} + >c= ale il >C-0. | + Nollod
HsCo HCs™ " Cells HsCs™~ (So) HsCs™  CeHs
sensitizer cis-stilbene (Tw)
HsCs ¥ HSCHIH HsC H T
P C SCeW. .
(i) [Hscﬁ >C=0] i 2 =C(C SRR (0 H;c_c< :
o V) i CeHs | .
sensitizer trans-stilbene So) (Ty
H H HC *
@) Jeeg > e
HsCq CeHs ) Hf s o
cis- ; trans- T
1:pin inversion lspin inversion
H H
So=cC HsCs_ _H
HsCs CeHs (So) He \Coﬂs (So)
cis-stilbene (93%)

trans-stilbene (7%)

This isomerisation can also be effected by the direct irradi

Gihens ation of the solution of either cis- of
trans- stilbenc.
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47.5.9. PHOTOCHEMICAL OXIDATIONS

Generally photo~pxidation with oxygen requires a sensitizer. Even if oxygen is a triplet (diradical)
in its ground state it does not add to dienes. For example, alkene like 4-methyl-2-pentene which
possesses an allylic hydrogen gives the “allyl isomerised” hydroperoxide only when it undergoes

photosensitized* oxidation. This reaction involves a cyclic transition state followed by abstraction of
hydrogen to form hydroperoxide.

CH; CH;
£ W % RN
HsC O(Ty) Photosensitizer HsC 0(sy) L H
HsC HC H HyC
4-Methyl-2-pentene Transition state
cH, /
S
C
H:{ 3C O\H

[a hydroperoxide product]

Linear polynuclear hydrocarbons, however, add oxygen in the absence of a sensitizer. In these
cases the substrate itself acts as a sensitizer. For example,

o] QOGS E SIC |

(So) Sy) (Ty)
Anthracene

SRR T + Oggy ———> 4
Sensitization step (S1)

Anthracene-9, 10-peroxide

Photochemical oxidation can be seen in heterocyclic compound (Furan) and in terpenes. For example,

v, 0y
TN LAY R @ (i WA
0O (0)
Furan

p-Cymene

Photo oxidation may take place either by a direct process, where light is absorbed by the substrate or
indirect process (Photosensitized process) where light absorbed by a molecule other than that reacts
called a sensitizer. The reaction is said to occur via triplet state of excited molecule.

Therefore, it may be concluded that photochemical reactions provide a new route for the synthesis
of large variety of organic compounds. It also helps us to explain the phenomena like phosphorescence, '

Uorescence bioluminescence and energy transfer processes.
S TN
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