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ABSTRACT 

 

SYNTHETIC AND MECHANISTIC PHOTOCHEMISTRY OF ALKOXY 

ANTHRAQUINONES: POTENTIAL UTILITY IN DRUG DELIVERY AND 

SYNTHETIC METHODOLOGIES 

     

    This dissertation delves into the mechanistic details of the photochemical reactions of 

alkoxy-anthraquinones in various media in order to devise potential applications of these 

photoreactions.  Chapter 1 includes an introduction to the concept of photons, the 

electromagnetic spectrum and excitation of molecules from ground to excited state 

through photon absorbtion.  Further, the spin states related to a molecule in its excited 

state and the mechanism behind the phenomenon of intersystem crossing are discussed.  

An introduction to the well established photoreactions of carbonyl compounds gives a 

prior knowledge of the expected type of photoreactions involving quinones. Initial work 

by Blankespoor, relating to the photochemistry of 1-alkoxy-anthraquinones and its 

potential as a possible alternative for existing photo dynamic therapy agents, are also 

discussed in this section.  The chapter concludes with a note on the generation of alkyl 

radicals via PTOC ester decarboxylation and its utility in synthesis. 

    Chapter 2 describes the development and optimization of a water soluble caged 

anthraquinone that can release a biocidic aldehyde, 4-HNE, upon photolysis. The impact 
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of variations in substitution, conditions and additives on the course of the mechanistic 

pathways involved in the process are discussed.   

    The effect of type and position of anthraquinone substituent on the efficiency of 

Blankespoor type photochemistry, has been investigated through NMR-scale 

measurements of the relative quantum yields of polybenzyloxy-9,10-anthraquinones. 

Significant anomalies reflected in these measurements inspired a detailed investigation of 

the photoproducts and identification of the mechanistic routes related to these 

photoproducts. These are detailed in Chapter 3.  Several new photoreactions, not 

previously observed in the photochemistry of alkoxy-anthraquinones, surfaced during this 

study. Attempts to gain higher selectivity for one photoproduct over the others have been 

described here.  

     Chapter 4 reveals the potential synthetic application of alkoxy-9,10-anthraquinone 

photochemistry.  In an effort to increase the selectivity for 1-carbonyl-9,10-anthraquinone 

over photo-Claisen rearrangements, during the photolysis of alkoxy-9,10-anthraquinones, 

a new method of generating an alkyl radical with fewer carbons than the alkoxy group at 

the 1-position has been discovered.   The attempts to trap this alkyl radical as an alkane or 

alkyl halide, which provided a way to convert alcohols or alkyl halides to alkanes or alkyl 

halides with one carbon less  is described.  This serves as a complementary method to the 

conversion of carboxylic acid or acid chlorides to alkanes with one carbon less, via photo 

decarboxylation PTOC ester. 

    Finally, Chapter 5 summarizes the findings of the project and describes its future 

directions. 
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                                                                   CHAPTER 1 

                                               

                                                INTRODUCTION   

 

1.1 Introduction to Photochemistry: 

     Photochemistry is the branch of science that relates to the interaction of matter with 

light. This interaction triggers a chemical or physical transformation which is termed a 

photoreaction. Systematic studies of photochemistry date back to the early 19th century 

when Grotthus and Draper formulated the first law of photochemistry that states that in 

order to undergo a photochemical reaction, a substance needs to absorb light.1,2 Later, in 

the early 20th century, through the development of the quantum theory of light, Johhans 

Stark and Albert Einstein hypothesized that the absorption of light by matter takes place 

in discrete packs of energy called photons.1  Photons consist of an oscillating electric field 

component and an oscillating magnetic field component that are orthogonal to each other 

and to the direction of the propagation of the electromagnetic wave. This led to a 

meaningful observation: that absorption of one photon can activate only one molecule of 

the substance to undergo a photochemical or a photo-physical process.  This is known as 

the second law of photochemistry.1,3 This correlation between the number of absorbed 

photons and the number of activated molecules gave way to the concept of ‘quantum 

yield’ that reflects the efficiency of a photochemical reaction.4   In a simple way, quantum 

yield can be defined as the fraction of the photochemically excited molecules that  

undergo a given chemical transformation or process.     
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1.1.1 Electromagnetic spectrum: Photochemical window 

    Electromagnetic waves, including visible and ultraviolet light waves, are a discrete 

pack of energy or photons that have an electric and a magnetic component.4  During the 

propagation of the wave, these two components continuously flip directions and the 

frequency of this flip is what we know as frequency of the wave, ν.  The higher the 

frequency, the shorter is the wavelength and the higher the energy of the wave.  The 

electromagnetic spectrum refers to the representation of the electromagnetic radiation in 

the decreasing or increasing order of frequencies or wavelength.  Photons with 

wavelengths ranging from 400 nm to 700 nm can be detected by the human eye and 

hence are termed visible light.  This region, along with the one from 100 nm to 400 nm, 

i.e. ultraviolet (UV) region, and the one from 700 nm to 2500 nm, i.e. near infrared (near 

IR)  region, are the functional limits for most photochemical reactions.  Most of this 

region, specially starting from the near UV region towards longer wavelengths falls under 

the category of non-ionizing radiation.  Sources of light for performing photochemical 

reactions can vary from sunlight to low, medium and high pressure mercury lamps, 

monochromatic light and lasers. 

                

Figure 1:  Range of electromagnetic spectrum in wavelengths and frequencies 
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    When a molecule in the ground state absorbs a photon in the visible or UV region, it is 

elevated to an electronically excited state.  This excited state of the molecule can emit 

energy in the form of heat or light to return to the ground state or, alternatively, to an 

intermediate species which can either return to the ground state by further loss in energy 

or it can go to different photo products through subsequent dark reactions.  This can be 

visualized as shown in Scheme 1.4  A photochemically active molecule S can absorb a 

photon with a specific wavelength λ1 to go to excited state S* which can emit heat or a 

photon of longer wavelength/lesser frequency (v2) to go back to the ground state S.  

Alternatively, S* can emit heat or a photon of longer wavelength (v3) to go to 

intermediate I*.   I* can go in two directions.  It can go back to the starting molecule S or 

to products P1, P2 or P3 through dark reactions.      

                     

Scheme 1: Schematic representation of the possible pathways a molecule can undergo 
upon absorption of a photon: S = Reactant, S* = Excited state of reactant, h = Planck’s 
constant, ν1, ν2, ν3 = frequencies, P1, P2, P3 = Photoproducts, I = Intermediate.      

 

    The efficiency of a reaction is reflected in the percent yield of the reaction.  However, 

along with the traditional chemical yield, another type of yield, the quantum yield, is 

significant when photochemical reactions are studied.  In Scheme 1, the chemical yields 

of products P1, P2 and P3 would depend on the rate of forward and backward reactions for 
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inter-conversion between each pair of products.  The quantum yield would depend on this 

inter-conversion of P1 and P3 with P2, as well as on the rate of the back reaction of the 

intermediate I to go back to starting material S through dark reactions.  Thus, quantum 

yield can be defined as the number of moles of S undergoing a certain process such as 

intersystem crossing (ISC) or fluorescence emission or alternatively, formation of moles 

of a product, for each mole of photon absorbed by the system.  Quantum yield (Φ) can be 

represented by Equation 1.4,5          

        Φ = Moles of product formed (or moles undergoing a process)                         Equation 1  

                                   Moles of Photons absorbed 
 
 
1.1.2 Mechanism of excitation of molecules by absorption of photons: 

 

    When a molecule absorbs a photon, depending on the energy of the photon, the 

molecule can experience different outcomes. A photon from the infrared region can cause 

bond vibration while one from the microwave region can cause bond rotations.  Similarly, 

photons from the radiowave region reorient the spins of the nuclei in a magnetic field. 

Ultraviolet and visible photons are capable of electronic excitation of the valence 

electrons of the atoms in the molecule.  Valence electrons are the heart of chemical bonds 

as these bonds are formed through the sharing of valence electrons (covalent) between 

two species or the donation of valence electrons (ionic) from one species to the other. 

Hence, photo-excitation of these bonds or the overall molecule depends on the ability of 

those electrons to absorb energy to go to a higher energy orbital. A photon needed to 

break a chemical bond with bond dissociation energy BDE, is characterized by the 

equation shown below.1,4 
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                              E =   hν        or   E = hc/λ                                        Equation 2 

    Here h is Planck’s constant and c is the velocity of light, both of which are constants. 

Thus, how much energy a photon can impart to a molecule is determined by the 

wavelength (λ) or the frequency (ν) of that photon.  If this energy is equal to or greater 

than BDE, the photon is capable of disrupting the bond.  Covalent bonds can possess 

energy varying from ~50 kcal/mol to ~150 kcal/mol depending on the atoms involved 

and the type of bond multiplicity.  For example, the bond dissociation energy of a C-H 

bond in ethane is 101.1 kcal/mol.6,7  If that much energy is introduced into the ethane 

molecule, it would dissociate into an ethyl radical and a hydrogen radical by the 

homolysis of a C-H bond, as shown in Equation 3.                                 

                               CH3CH2-H → CH3CH2· + H·                                Equation 3   

                              E = ΔH = 101.1 kcal/mol (423.0 kJ/mol) 

 

    This can be further illustrated with a potential energy curve diagram for the ground 

state and the excited electronic state of a diatomic molecule X-X, such as Br2 and Cl2.  

The Franck-Condon principle states that due to the heavier protons in the nuclei of atoms, 

electronic excitation takes place faster than the time nuclei need to respond to it.4   In 

other words, when a molecule is excited from a ground state to an excited state, the 

electron undergoes a vertical transition to that particular vibrational level of the excited 

state that corresponds to the same distance of the nuclei in the ground state.  It is worth 

mentioning here that both the ground and the excited states consist of several vibrational 

energy levels, each of which consists of several rotational energy levels.  
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   In Figure 2, the horizontal axis shows the inter-nuclear distance, or bond length, 

between the atoms in a diatomic molecule X-X, and the vertical axis represents  

increasing energy. As represented in Figure 2, when the molecule in the ground state 

absorbs a photon, it is excited to the 3rd vibrational level of the excited state, which shares 

the same bond length with the ground state in this case.  From here the excited molecule 

can go in several directions.  It can release heat to come down to the zero vibrational 

level of the ground state.                      

                  
    

E
(e

ne
rg

y)

 

Figure 2:
 

Potential energy diagram for a diatomic molecule X-X being excited by 
absorption of a photon. 

 

    Alternatively, it can lose energy to come down to the zero vibrational level of the 

excited state and then release a photon of lower energy to come back to the vibrational 

level of the ground state that has the same bond length as the zero vibrational level of the 

excited state.  This is termed fluorescence. In case of molecules for which there is another 

excited state available at a lower energy, first a transition called inter system crossing 



7 
 

(ISC) takes place to take the molecule to that excited level followed by vibrational 

relaxation. Subsequently, the release of a photon from that excited state takes the 

molecule to the ground state and this is termed phosphorescence.  On the other hand, if 

the energy of the initial photon was enough to take the ground state molecule to a 

vibrational level (of the excited state) that sits above the dissociation energy of the 

molecule, it will undergo homolysis to give a pair of X. radicals.    

    A molecule can absorb a photon of specific energy only when a possible energy 

transition of equal magnitude exists within the molecule itself.  Thus, visible or UV light 

can be absorbed by molecules only when the energy gap between a filled electronic level 

and an empty electronic level equals the energy of the absorbed photon.  So it is the 

presence of the appropriate electronic energy levels within the molecule that decides 

whether it will absorb light or not. Those molecules that absorb visible light are called 

chromophores.         

                                      

                   Figure 3:   Electronic energy levels present in a typical chromophore  
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   A chromophore that can absorb a photon could possess electronic energy levels as 

shown in Figure 3.4,8   Electronic transitions are allowed between energy levels of the 

same symmetry.  Thus, the transition of an electron from a filled σ bonding orbital to an 

empty σ* antibonding orbital requires the highest amount of energy which can be 

injected by photons of wavelength less than ~150 nm. In molecules such as alkanes, this 

is the only possible electronic transition.  This is also called a vacuum UV transition as 

the energy required is higher than 200 nm at which point molecular oxygen starts to 

absorb.8   Hence a vacuum is required to study σσ* transitions.  Due to the difference in 

the symmetry of the σ and π orbitals, σπ* and πσ* transitions are forbidden and such 

cases are rarely observed.  

     The most commonly observed transitions that account for the photo-excitation of 

organic chromophores are ππ* and nπ* transitions.  The ππ* transition is seen in 

molecules with an unsaturated center or unsaturated π bond such as alkenes, carbonyls or 

benzene.  This transition has a high intensity due to its allowed symmetry.  The energy of 

a photon for such a transition might vary from ~150 to ~250 nm. For example, saturated 

ketones have an intense absorption at around 150 nm while non-conjugated alkenes 

absorb around 170- 200 nm. With increasing conjugation, the energy of photon for π  

π* transition decreases further.  Benzene, for example, has an absorption band at 254 nm. 

This shift towards longer wavelength with increasing conjugation is called a 

bathochromic shift. With the presence of a hetero atom in the molecule, two other 

transitions might be possible.  These are called n σ* and nπ* transitions.  The first 

one is observed in molecules with a hetero atom but without unsaturation. It has an 

absorption wavelength longer than the σ σ* transitions.  For example, water has an 
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absorption peak around 167 nm and methyl chloride has an absorption peak at 169 nm.  

On the other hand, n  π* has the least energy requirement.  Such transitions are 

observed in molecules such as ketones. Saturated aliphatic ketones can absorb around 

280 nm and this can further shift towards red with the incorporation of other 

auxochromes. Auxochromes are group of atoms attached to a chromophore and can 

modify the ability of the chromophore to absorb light.  However, both these transitions 

that take place from the non-bonding orbital to the antibonding orbitals are symmetry 

forbidden and hence the intensity is low.  

 

1.1.3 Spin of electrons in excited states: Singlet and Triplet states 

    Spin is an intrinsic property of all subatomic particles, including electrons.  Spin 

relates to the spin angular momentum of the particles.4,9  A molecule is in the singlet state 

when the spins of all the electrons are paired, i.e. the sum of the spin of all the electrons is 

zero,  and a molecule is in the triplet state when one set of electrons has unpaired spins.  

This can be stated in terms of total spin angular momentum. While in the ground state, 

most molecules have no unpaired spin.  Electrons can have spins of + ½ or – ½; so the 

total spin is typically zero in the ground state. When the molecule absorbs a photon, an 

electron is promoted to a higher energy orbital that takes the molecule to an excited state 

where spins can remain paired or become unpaired.  In the first case, the total spin 

angular momentum would still be zero (S = 0) and spin multiplicity (M = 2S + 1) is 1.  

Then the molecule is said to be in an excited singlet state. Alternatively, if the electrons 

are not paired, the total spin angular momentum would be S = 1, and spin multiplicity is 

M = (2S + 1) = 3.  Thus, in total, three spin angular quantum numbers (ms= -1, 0, +1) are 
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possible for that excited state and the molecule is said to be in the excited triplet state.   

The energy of an excited triplet state is lower than that of an excited singlet state due to 

the fact that it is easier to keep two unpaired electrons apart from each other compared to 

two electrons with paired spins. Lower coulombic repulsion results in lower energy.10 

Thus, higher energy is needed to promote an electron to a higher energy state keeping its 

spin unchanged, since the electron will always try to come down to pair up with the 

electron of the opposite spin that it left behind in the lower energy level. Thus, the singlet 

excited state possesses higher energy. Inter-conversion between singlet and triplet state, 

which is termed as intersystem crossing (ISC), is a slow or forbidden process due to the 

requirement of spin flip going from one state to the other.   

                     

Figure 4: Spin multiplicity of the ground state and different excited states  

 

1.1.4 Jablonski Diagram:  

 

    Equipped with the knowledge of the excited singlet and triplet states, one can 

comprehend the Jablonski diagram forwarded by Polish physicist Aleksander Jablonski to 

illustrate the electronic transitions in molecules.4  In this diagram, the energy of the 

electronic states are depicted along the vertical axis while the spin states are grouped 
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along the horizontal axis. Radiative transitions are shown with straight arrows and non-

radiative ones are shown with squiggly arrows. Figure 5 shows a typical representation of 

the Jablonski diagram.   
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Figure 5.  A Jablonski (Energy State) Diagram.4 (1) Absorption from S0 to S1. (2) S1 
Energy State. (3) Fluorescence. (4) Radiationless transition (i.e. heat). (5) Singlet state 
reaction. (6) Intersystem crossing. (7) T1 Energy state. (8) Phosphorescence. (9) 
Radiationless transition (i.e. heat). (10) Triplet state reaction. (11) Absorption S0 to T1. 
(12) Ground state orbital configuration (S0). (13) Singlet orbital configuration (S1). (14) 
Triplet orbital configuration (T1). 

    

    If we consider ψ and ψ* as the bonding and antibonding molecular orbitals, a molecule 

in its singlet ground state (So) will have both the electrons paired in the bonding 

molecular orbital ψ.  When a photon of appropriate energy is absorbed by the molecule, 

an electron from a bonding, or nonbonding, molecular orbital is promoted to an 

antibonding molecular orbital ψ*,  without any change in its spin,  resulting in the first 

excited singlet state (S1).  From this state the molecule can go in several directions.  First, 

the singlet state can release a photon of longer wavelength to come back to the S0 state, a 
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phenomenon known as fluorescence (3).  Fluorescence takes place from the lowest 

vibrational level of the S1 state after vibrational relaxations, which accounts for the 

decrease in energy from the initially absorbed photon.  Since S1S0 is a spin allowed 

transition, it is fast. Also a non-radiative emission termed ‘internal conversion’ (IC) from 

the S1 state to the S0 state is possible in the form of released heat (4).  Alternatively, the 

molecule in the S1 energy state can participate in singlet state photochemical reactions (5).  

In another phenomenon (6) called ‘Inter system crossing’ (ISC), the molecule can 

transfer from the S1 state to an excited triplet state T1 (7) which requires a spin flip.  

Because of the spin forbidden nature of this process it is slow.  Both the bonding and the 

antibonding molecular orbitals would possess electrons with unpaired spin in the triplet 

excited state.  From this state, the molecule can undergo non-radiative IC (9) or radiative 

emission called phosphorescence to go back to the singlet ground state S0.  Due to spin 

forbidden nature, both of these processes are slow and that is why phosphorescence can 

be observed long after absorption, unlike fluorescence, which is fast.  Alternatively, the 

triplet excited state can take part in triplet state reactions (10).   

    Although a molecule can absorb a photon of even higher energy to go to even higher 

singlet and triplet states such as S2, S3, S4 etc. and T2, T3, T4 etc. respectively, it has been 

established that most of the photochemistry happens from either the S1 or T1 state as the 

higher energy levels undergo fast internal conversions to fall to these two lowest energy 

excited states.  The separation between the S1 and the T1 states depends on the nature of 

the transition.  For a ππ* transition, the separation between the two types of excited 

states is higher than that for an nπ* transition.  This can be observed in Table 1 which 

includes molecules with 1(π, π*) and 1(n, π*) type of S1 and T1 states.         
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     Table 1: Energy gap between the S1 and the T1 states of different types of molecules.11     

  

1.1.5 Inter System Crossing (ISC): Heavy Atom Effect     

     As mentioned above, crossing over from the excited singlet state to an excited triplet 

state requires the excited electron in the molecule to undergo a change in spin, which is a 

forbidden process.  Hence it is important to understand the mechanism behind the 

execution of such a process.  Any change in the spin of an excited state electron will 

result in a change in the spin angular momentum of the electron.   However, following 

the principle of conservation of momentum, any change in the spin angular momentum 

will need to be compensated by a parallel change in another angular momentum of the 

system.  Thus, a rearrangement, or mixing, of the spin angular momentum and the orbital 

angular momentum of the electron takes place which is termed ‘spin-orbit coupling’.10,11  

This coupling is the driving force behind the ISC of an excited singlet state to an excited 

triplet state.  For elements down the periodic table, the distinction between the spin 
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angular momentum and the orbital angular momentum becomes less significant and spin-

orbit angular momentum emerges as a more meaningful consideration. Thus, the 

presence of these heavier elements facilitates the spin-orbit coupling in the system, 

resulting in faster ISC. However, it is worth discussing how ISC takes place in the 

absence of heavy atoms. El Sayed’s rule provides some insight into this mechanism.10  

This rule states that, when two inter-converting energy states are both either (π, π*) or (n, 

π*) then ISC is slow or forbidden and when both are not of the same type, then ISC is 

favored.  If both are of the same type, then change in orbital angular momentum is not 

possible to accommodate any change in spin angular momentum which discourages the 

ISC process. This can be explained by the following example in Fig 6.4  

 

    

 

 

 

 

 

 

 

Figure 6: Spin- orbit coupling allowed A) 1(n, π*)  3(π, π*) and forbidden B) 1(n, π*) 
3(n, π*) 



15 
 

              

 

Figure 7:  Intersystem crossing in dimethyl vs. diphenyl ketones.10 

 

     Here the case of a carbonyl chromophore is presented. As mentioned above, for a 

carbonyl chromophore, the S1 state usually arises from the transition of a nonbonding 

electron to the π* antibonding orbital, resulting in a 1(n, π*) excited state.  Now this S1 

state may undergo an ISC depending on the configuration of the T1 excited state.  If the 

T1 state is (π, π*) then a change in orbital angular momentum is possible while going to 

T1 state from S1 state. However, if the T1 state is (n, π*), a change in orbital angular 

momentum won’t be possible while going from S1 to T1.  Hence, ISC will be slow in this 

case.  However, if there is a suitable substituent that can make the molecule possess a T2 

state which is (π, π*) and comparable in energy to the S1 state, then a S1  T2 ISC is 

possible.  This could be the case with diaryl ketones, which undergo ISC much faster 

than dialkyl ketones.  The impact of spin-orbit coupling on the ISC is reflected in the 

high quantum yields for carbonyl compounds such as benzoquinone (φISC=1) and 

anthraquinone (φISC=1) against the low quantum yields of the ISC for hydrocarbons such 

as benzene (φISC=0.2) and pyrene (φISC=0.3).4,11  Bromonapthalene provides an excellent 
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example of heavy atom induced spin-orbit coupling that results in a high quantum yield 

of  ISC (φISC = 1) while naphthalene itself has a lower quantum yield of ISC (φISC=0.29).   

 

1.1.6 Photosensitization: Transfer of excited state energy                      

                 

S1

T1

+

a

b c

d
e

f   

Scheme 2: Possible product formation from the S1 and T1 states of butadiene.12 

 

    Photosensitization is the process where energy is transferred from an excited triplet 

state of a molecule that can easily undergo ISC, known as photosensitizer, to the triplet 

state of another molecule that cannot otherwise attain the triplet state by itself.  This is 

explained in Figure 8 for a system involving benzophenone and butadiene.  The S1 state 

of butadiene may rearrange to give cyclic products ‘b’ and ‘c’ and the T1 state can 

dimerize to give ‘d’, ‘e’ and ‘f’ (Scheme 2).  However butadiene absorbs poorly at 

wavelengths longer than 250 nm, which cannot impart enough energy to attain either 

excited state and as such no photochemistry is observed when light of longer wavelength 

is used. 
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    However, if benzophenone is mixed with butadiene and then irradiated, benzophenone 

can very easily absorb at longer wavelengths. Due to the high quantum yield of the ISC 

for benzophenone, it easily crosses over from the S1 to the T1 excited state.  Since the T1 

of butadiene lies close to that of benzophenone, when these molecules collide, energy 

transfers from the T1 state of benzophenone to that of butadiene.  The T1 butadiene 

subsequently can undergo triplet state reactions to dimerize to compounds ‘d’, ‘e’ and ‘f’.       

                     

S1

S0

T1
T1

S1

energy transfer

74 kcal/mole
69 kcal/mole

120 kcal/mole 60 kcal/mole

S0Benzophenone Butadiene
 

Figure 8: Triplet energy transfer from benzophenone to butadiene; mechanism of 
photosensitization.12 

 

    The excited state energy transfer from one molecule to another during 

photosensitization thus involves one molecule that works as an acceptor and the other as 

a donor.  Transfer of energy from the donor T1 to the acceptor T1 takes the donor T1 to the 
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ground state and this can be termed as quenching of the donor T1 state.  The overall 

process is as shown in Equation 4.     

    3[Donor]* + [Acceptor]                        [Donor] + 3[Acceptor]*               Equation 4 

1.2 Photochemistry of carbonyl compounds: 

    Carbonyl compounds represent one of the most important classes of compounds that 

have been extensively studied from a photochemical and photophysical standpoint.10,12 

Both gas phase and solution phase photochemistry of this type of molecule have been 

investigated and it has been observed that there are significant differences in the 

photochemistry of the carbonyl group between these two phases.12  This owes to the fact 

that in the gas phase the excited states are not easily dissipated due to the lower 

probability of molecular collisions compared to that in solution. As discussed above, four 

different excited states are possible for carbonyl compounds: two singlets and two triplets. 

These are 1(n, π*), 1(π, π*), 3(n, π*) and 3(π, π*). There is a significant difference in 

energy between the singlet states, and the one that is lower in energy, i.e., 1(n, π*) is the 

usual S1 state. Since both triplet states lie close to each other, depending on the 

substitution, the T1 excited state could be either of 3(n, π*) or 3(π, π*). In saturated 

carbonyls  3(n, π*) is the lowest triplet state but in conjugated carbonyls or aryl carbonyls 

3(π, π*) is often closer to the S1 state and thus ISC to this triplet state is favored. Since 

both of these triplet states reside quite close to the S1 state, ISC is very much facilitated, 

especially in conjugated and aromatic ketones and most of the carbonyl photochemistry 

takes place from the triplet state. 
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1.2.1 Hydrogen abstraction reactions of carbonyl compounds: 

    Hydrogen abstraction is one of the most commonly observed reactions of 

photochemically excited carbonyl compounds.10,12  The photoreduction of benzophenone 

(100) to benzopinacol (101) using isopropyl alcohol as a solvent under sunlight is a 

classic example of this type of chemistry.  Due to the unpaired spins in the excited triplet 

state, the electrons in this state act independently, behaving essentially as a 1,2-diradical 

which can abstract a hydrogen atom from solvent or other hydrogen donor.  

 

Scheme 3:  Hydrogen abstraction reaction in the photoreduction of benzophenone.  
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    Scheme 3 presents the events that take place in the course of a conversion of 

benzophenone to benzopinacol.  A benzophenone molecule 100 absorbs a photon to go to 

the excited singlet state 102 which then undergoes a fast intersystem crossing into the 

excited triplet state 103.  The triplet then abstracts hydrogen from the solvent isopropanol 

to produce radicals 104 and 105.  Now another molecule of the benzophenone 100 

abstracts a hydrogen atom from the hydroxyl group in radical 105 to give acetone and 

produce one more 104 radical.  These two radicals then dimerize to yield benzopinacol 

101.  The quantum yield of benzopinacol formation is close to 1.4  

    That this reaction involves a triplet state is confirmed by using naphthalene as a triplet 

quencher.  Naphthalene does not absorb at the wavelengths that cause nπ* transition in 

benzophenone and this indicates the involvement of triplet state energy transfer to 

naphthalene which is responsible for the decrease in quantum yield.  Thus triplet state 

hydrogen abstraction is a key step in the photoreduction of a carbonyl group to an alcohol 

group.  

     The preference of the abstraction of the C-H hydrogen over that of the O-H hydrogen 

in this example is dictated by the lower bond dissociation energy of the C-H bond for 

isopropanol.  In general, the hydrogen abstraction would take place from the hydrogen- 

containing bond in the hydrogen donor that has the lowest bond dissociation energy.  

Such a process would be exothermic and spontaneous. Endothermic hydrogen abstraction 

from a strong C-H bond such as that in benzene is rarely observed.  Depending on steric 

effects, the radical pair created during hydrogen abstraction may engage in bonding with 

each other.  Alternatively, the radical generated from the carbonyl can abstract H radical 

from another molecule of the hydrogen donor resulting in the dimerization of the latter.  
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1.2.2 Norrish Type II Photoreactions: 

    Unlike the previous example in Scheme 3, where hydrogen abstraction is taking place 

in an intermolecular fashion, intramolecular hydrogen abstraction can also take place in a 

carbonyl compound with a suitably positioned hydrogen. In 1937, Ronald Norrish 

reported a reaction where a carbonyl group in the electronically excited state 107 can 

abstract a hydrogen atom at the γ-position resulting in a 1,4-biradical 108, which has been 

termed a Norrish Type II reaction.4,10,12  The biradical 108 can either undergo cyclization 

to 109 or it can undergo a fragmentation reaction to yield an enol 111 and an alkene 110. 

The enol 111 can further tautomerize to give another carbonyl compound 112.  The 

intramolecular hydrogen abstraction is driven by a six-membered transition state as seen 

in Scheme 4.  Quenching experiments have suggested a singlet excited state being 

involved in the case of ketones in most of the cases, while a triplet state may be involved 

for aldehydes.  
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Scheme 4: Norrish Type II reaction followed by cyclization/fragmentation of 1,4-
biradical. 
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  1.2.3 Norrish Type I Photoreactions: 

    In gas phase photoreactions of carbonyl compounds, the most dominant reaction is a 

Norrish type I reaction, which refers to the homolytic cleavage of a C-C bond at the α-

position to the carbonyl group.4,10,12  However this reaction is observed in solution phase 

as well, although to a much lesser extent.  The feasibility of this reaction in solution 

depends on the stability of the radicals formed during homolysis.  Quenching studies 

have shown that this homolysis can take place from both singlet and triplet states.  The 

radicals formed can go in several directions.  Scheme 5 summarizes the typical pathways 

a Norrish type I photo-cleavage may follow.            
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   Scheme 5: Norrish type I photocleavage and fate of the radicals generated. 

  

    As seen in Scheme 5, a carbonyl compound 113 can absorb light to go to the excited 

singlet state, which can undergo ISC to go to the excited triplet state 115.  A homolytic 
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cleavage of the bond between the carbonyl carbon and the carbon α to this group, results 

in radicals 116 and 117.  The radical pair 116 and 117 may rearrange in three ways.  In 

the first, radical 117 can undergo a decarbonylation reaction to give an alkyl radical 118, 

which can bond with radical 116 to give alkane 119.  In another possible pathway, radical 

116 can abstract a hydrogen atom from 117 before it decarbonylates, resulting in an 

alkane and a ketene (120), respectively.  In yet another possibility, the acyl radical 117 

can abstract an H radical from 116 to yield aldehyde 122 and alkene 123.  The initial C-C 

bond homolysis can take place from either the singlet or the triplet excited state.  

    Apart from these photoreactions, there is another major type of photoreactions of the 

carbonyl group: cycloaddition reactions with alkenes.  However, this does not come 

under the scope of our project and will not be discussed here.  

  

1.3 Anthraquinone Photochemistry: 

    Anthraquinones belong to a class of compounds called quinones that are conjugated 

cyclic diketones.  The simplest in the series is benzoquinone, which has one six 

membered ring, while those with two and three of such rings are known as 

naphthoquinones and anthraquinones, respectively.  Quinones, including anthraquinone, 

are ubiquitous in nature, especially being involved in electron transport systems. 

Anthraquinones are aromatic and even though several isomers of anthraquinones are 

known, the most common is 9,10-anthraquinone, which has the carbonyl groups in the 

central ring.  They are present in nature as natural pigments and also as anthracyclines, a 

large class of antibiotic molecules.  
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           Figure 9: Different types of core structures of the quinone family 

 

     Figure 10 represents a few examples of anthraquinones in nature. Alizarin is a well 

known dye which was initially isolated from the roots of Rubia cordifolia plants.  

Emodine is an anthraquinone derivative responsible for the red color of Rheum 

rhabarbarum (rhubarb) plants. Idarubicine and epirubicine are examples of anthracycline 

antibiotics produced by Streptomyces bacteria.13
                            

                           

    

 Figure 10: Anthraquinones in nature as natural pigments and anthracycline antibiotics. 
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    Anthraquinones, like other quinones, possess the ability to act as electron acceptors. As 

such, anthraquinones are prone to reduction to dihydroxy-anthracene, which on the other 

hand, can be oxidized back to the initial anthraquinone in the presence of oxygen 

(Scheme 6). The forward reaction, i.e., the reduction, could result from either a hydrogen 

abstraction reaction or a proton coupled electron transfer reaction.14   These two probable 

mechanisms are presented in Scheme 7 using an alkoxy-anthraquinone model. 

.                               

 Scheme 6: Redox behavior of 9,10-anthraquinone and 9,10-dihydroxyanthracene. 

 

         

+

 

Scheme 7: Probable pathways for reduction of anthraquinone carbonyl group.14 
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    As discussed above, the excited triplet state of 1-methoxy-9,10-anthraquinone 124 can 

undergo hydrogen abstraction directly to give the biradical 125, which can undergo 

subsequent reactions. On the other hand, an electron transfer can take place from the 

methoxy oxygen to the carbonyl carbon to give a negative charge on the carbonyl oxygen 

resulting in 126 from 124.  Radical ion 126 can go to the biradical 125 in two steps.  First, 

a proton transfer from the methyl group of 126 to the negatively charged oxygen can shift 

the negative charge to the alkoxy carbon resulting in 127, which then donates an electron 

to the alkoxy oxygen resulting in the biradical 125.  

.                

Scheme 8: Photolysis of alkoxy anthraquinones by Blankespoor.14,15   

    Intrigued by the question about which of these two possible pathways is actually 

operative in the photochemistry of 1-methoxy-anthraquinones, Blankespoor pursued the 

photolysis of 1-methoxy-2-methyl-9,10-anthraquinone in several protic and non-protic 

solvents.  He observed that when 128 is photolyzed in a protic solvent, it undergoes 

demethylation to give a high yield of 129, with methanol being the best solvent for this 

reaction.  On the other hand this reaction doesn’t occur in non-protic solvents such as 

chloroform or CCl4.  Being unable to determine the fate of the detached methyl group, he 
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opted for the photolysis of a higher analogue 130, which again resulted in the formation 

of 129 along with a new product 131.  Thus, an aldehyde was found to be ejected from an 

alkoxy anthraquinone. Blankespoor used deuterated methanol as the solvent to photolyze 

128 and found that 129 is not the primary photo-product in the reaction.  He observed an 

acetal product 132 which actually turned into 133, the deuterated form of 129, on 

exposure to atmospheric air and purification using acidic silica (Scheme 9). 

   

Scheme 9:  Primary photoproduct in the photolysis of alkoxy anthraquinone in deuterated 
methanol and subsequent acetal hydrolysis.14   

 

 

 

Table 2: Rate of disappearance of benzylic –CH2 group with different substituent.14 

No. X           Y Φdis kdis X 10
3  s-1 

134 H              H 0.39   1.94 

135 H              D 0.34   1.70 

136 OCH3        H 0.11   0.668 

137 CN           H  0.39   1.70 

138 CF3              H 0.34   1.77 

139 CH3             H 0.34   1.82 

140 Cl             H 0.49   1.97 
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    Blankespoor found that the rate of disappearance, kdis for 128 in methanol at 308 nm 

was 1.94 x10-4 s-1 while that for the deuterated form of 128, i.e. 1-OCD3-9,10-

anthraquinone, was 0.883x 10-4 s-1.  This shows that transfer of the hydrogen atom is the 

rate determining step.  Thus, the possibility of an e-/H+ transfer reaction being involved is 

ruled out because in this method the electron transfer step would be the rate determining 

step. Simultaneously, Blankespoor measured the rate constants for the disappearance of 

several 1-benzyloxy anthraquinones with different substituents on the benzene ring, 

during their photolysis in methanol. This study reflected a trend that withdrawing 

electron density from the vicinity of the benzylic CH2 groups makes the reaction faster 

while increasing electron density in that region slows down the reaction.  This is obvious 

from Table 2 where a much slower rate of disappearance of 136 is observed due to the 

electron donation by the methoxy substituent on the benzene ring, compared to molecules 

137-140 all of which have electron withdrawing groups.  These observations indicated 

the formation of a positive charge on the carbon adjacent to the ethereal oxygen in the 

alkoxy group.  The substituent effect also supported ruling out the e-/H+ transfer process.  

Thus, the hydrogen abstraction step was confirmed to be the initiation step in this 

reaction sequence.  Blankespoor hypothesized that a single electron transfer (SET) 

process to transfer an electron from the CH2 group in the biradical 125 would generate a 

zwitterion, which could be trapped by the solvent molecules in a fast reaction.  Thus, he 

came up with the mechanism shown in Scheme 10 that could convert an alkoxy-9,10-

anthraquinone to 1-hydroxy-9,10-anthraquinone with parallel conversion of the alkoxy 

group to an aldehyde.  Using a trace amount of anthracene quenched the photoreaction 

suggesting a triplet state being involved in the process.14 
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    According to this mechanism, 1-alkoxyanthraquinyl ether 141 on exposure to light 

absorbs a photon to go to an excited singlet state.  ISC takes it to the excited triplet state 

which undergoes a hydrogen abstraction reaction to produce the biradical 142. This 

biradical has a very short half-life and it undergoes a single electron transfer (SET) 

reaction that converts it into zwitterion 143.  This zwitterion can be trapped by solvent 

molecules, such as water or alcohol, to give the acetal 144.  On exposure to atmospheric 

oxygen the dihydroxy anthraquinyl group of acetal 144 gets oxidized to the anthraquinyl 

acetal 145. Subsequent acetal hydrolysis can release the aldehyde, 147, along with 1-

hydroxy anthraquinone (146). 

 

Scheme 10: Photochemical release of aldehyde from 1-alkoxy-9,10-anthraquinones.14,15 

    

 To test the hypothesis of a fast single electron transfer (SET) step, a radical clock 

experiment was conducted as shown in Scheme 11.  Photolysis of 148 in methanol under 

anaerobic conditions gave 129 and aldehyde 149 while no trace of the vinyl ether 
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biradical was found.  This suggests that the single electron transfer step is faster than the 

ring opening reaction for the cyclopropyl methyl radical, which has a rate constant of 7x 

107 sec-1.  However, this gave only the lower limit for the SET step.  Therefore 150 was 

photolyzed under the same conditions as 148 and it was observed that the hydroxyl 

anthraquinone and the aldehyde were minor products while a new rearranged product 151 

emerged as the major product through the cyclopropane ring opening reaction. While the 

rate of the ring opening reaction of trans-phenylcyclopropylmethyl radical is 3x1011 s-1, 

allowing an adjustment for the stabilization by the aryloxy group to be one order of 

magnitude, the single electron transfer step must be at least approximately of the order of 

109 sec-1.  The minute amount of hydroxyanthraquinone and aldehyde from 150 supports 

this assumption.    
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Scheme 11:  Radical clock experiments for lifetime measurement of 1,5-biradical formed 
by δ- hydrogen abstraction in alkoxy anthraquinones.16 
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    Blankespoor also observed that having a sterically bulkier substituent at the 2-position 

could significantly increase the rate of disappearance of the 1-alkoxy anthraquinone 

during photolysis.14   He noted that while 128 has a rate of disappearance of 1.45 x 104s-1, 

substituting the methyl group at the 2-position with a H atom can decrease this rate to 

0.239x 104 s-1 and changing it to a benzyl group can increase the rate to 2.66 x 104 s-1.  

The reason behind such a steric effect is that, having a bulkier group at the 2-position 

pushes the alkoxy group at the 1-position closer to the carbonyl carbon at the 9-position 

and this facilitates the δ-hydrogen abstraction process.  This being the rate determining 

step, the overall reaction becomes faster with a bulkier group at the 2-position. 

    The release of an aldehyde from a photochemically excited 1-alkoxy-9,10-

anthraquinone has found several useful applications.  Blankespoor initially showed how 

this reaction sequence in Scheme 10 can be used for solid phase synthesis of aldehydes 

and ketones.17,18  Using alkyl halides or alcohols to alkylate the 1-hydroxy anthraquinone 

bound to a polymer, ketones or aldehydes could be photochemically released with 

regeneration of the polymer bound hydroxyanthraquinone. Further, they went on to 

synthesize β-alkynals from 1-alkynoxy-9,10-anthraquinone using the same strategy.19  

The Jones group used this methodology to successfully release a biocidic aldehyde, 4-

hydroxynonenal (4-HNE), from a caged anthraquinone with potential application in 

Photodynamic Therapy (PDT) as shown in the Scheme 12.20
   

                         

Scheme 12:   Photochemical release of 4-HNE from a caged anthraquinone.  
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1.3.1 Photodynamic therapy and the possible role of anthraquinone photochemistry: 

    

 Photodynamic therapy is a type of treatment of diseases that relies on the biocidic ability 

of singlet oxygen, formed in cells through the effective energy transfer by a 

photosensitizer drug to the oxygen present in tissue.21  The oxygen found in biological 

systems and in the earth’s atmosphere is triplet oxygen and relatively less reactive.  

However, when this ambient oxygen is turned into singlet oxygen, it becomes very 

reactive and thus kills cells by damaging various cellular components. PDT 

photosensitizers usually localize at, and so target, non-DNA components such as the 

nucleolus, mitochondria, lysosomes, etc. in cells.21,22 .   

    The complete process involves three main steps, namely: drug application, incubation 

and photoactivation.  The drug here is a photosensitizer, which is applied to the location 

either in the form of an ointment or an intravenous injection.  In the second step, a 

definite incubation period is allowed for the building up of a specific concentration of the 

drug in the desired places.  In the final step, the site in which the diseased cells are 

located is irradiated with a suitable wavelength, which initially excites the photosensitizer, 

and this, in turn, transfers energy to the triplet oxygen present in the living tissues. This 

energy transfer, called triplet–triplet annihilation, converts the triplet oxygen to singlet 

oxygen that eventually kills the cells.  

    The method usually uses red or blue light though the later is not preferred due to its 

limited penetration into the skin.  As such, photosensitizers that absorb the red light 

frequency are the best candidates.  Also, laser, intense pulsed light, light emitting diodes 

etc. can be used. For outer target sites, such as skin cancer, direct irradiation is possible; 
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fiber optics are used for delivering light at inner organs or tissues. Oncology, 

dermatology and cosmetic surgery are the most important fields where photodynamic 

therapy is used for treatment.21,22 

    Several different types of photosensitizer drugs are used for PDT, and these can be 

mainly classified as porphyrins, chlorophylls and dyes.21 Some of the commercially 

available photosensitizers for PDT are visudyne, photofrin, levulan, foscan, metvix etc.  

Some important characteristics of these PDT photosensitizers are that they should be 

absorbing light at a longer wavelength to allow deeper penetration by the light source, 

should give a high quantum yield of singlet oxygen, should be chemically stable and 

resistant to photobleaching, and should be non-toxic in the absence of light.  

    PDT has certain advantages over regular chemotherapy, as it is more localized and the 

biocidic activity can be controlled by directing light only to the desired sites for a specific 

period of time.  Also, it is a much cheaper method with a comparatively much faster 

recovery period.  However, there are certain limitations of this method and one of those is 

its complete reliability on the production of singlet oxygen.  Especially in the case of 

cancer cells, hypoxic conditions develop in the cells, which limit the production of singlet 

oxygen and thus decreases the efficiency of the process.   As such, an alternative method 

that is independent of the presence of oxygen is desirable. The Jones group came up with 

the strategy of using Blankespoor photochemistry to release biocidic aldehydes from 

caged anthraquinones as shown in Scheme 11 as a possible solution to this oxygen 

dependency of PDT.20 Unsaturated aldehydes such as 4-HNE are biocidic due to their 

ability to bind to adenine and guanine bases in DNA and thus can kill cells by disrupting 

the structure of DNA .23,24  
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Fig 11: Some commonly used photosenzitizers in PDT. 
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1.4  Photochemical Claisen Rearrangement: 

    Claisen rearrangement usually refers to the rearrangement of an allyl vinyl ether to a 

γ,δ-unsaturated carbonyl compound.  While the thermal version of this reaction is a [3,3] 

sigmatropic rearrangement progressing in a concerted manner, the photochemically 

induced Claisen rearrangement usually follows a radical formation pathway.25 

                                

Scheme 13: Thermal vs. photochemical Claisen rearrangement of allyloxy benzene. 

    The comparison between the thermal and the photochemical Claisen rearrangement 

reactions of allyloxy benzene is depicted in Scheme 13.  In the thermal process, a 
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concerted [3,3] sigmatropic rearrangement that involves the breaking of a C-O sigma 

bond and the formation of a new C-C sigma bond, gives 155 from 154.  However, the 

photochemical Claisen rearrangement is not a concerted process and proceeds through  

C-C bond homolysis taking place from the excited singlet state.  Involvement of the 

singlet excited state was confirmed by use of 1,3-pentadiene as a triplet quencher, which 

didn’t affect the quantum yield of products 160 and 162.  The radical pair 157 behaves as 

a caged pair and the allyl radical can reattach at the ortho or para position of the 

phenoxide radical resulting in 155 and 161, respectively.  A keto/enol tautomerization of 

the H atom at the ortho or para position to complete the aromaticity of the benzene ring 

yields the 1-hydroxy-2-allyl benzene 160 or 1-hydroxy-4-allyl benzene 162.  On the other 

hand, cage escape by the initial radical pairs can result in phenol 159 through hydrogen 

abstraction from solvent.  Triplet sensitizers such as acetophenone increase the quantum 

yield for 159, which suggests that cage escape takes place from an excited triplet state.25  

    Despite significant examples of photo-Claisen rearrangement in the alkoxy ethers of 

benzene and naphthoquinones present in the literature, Blankespoor did not observe 

similar reactions in the case of 1-alkoxy-9,10-anthraquinones.  The Jones group reported 

the first instance of such a rearrangement being observed in alkoxy anthraquinones.26   

However, they were not able to isolate the photo-Claisen rearranged product as it was 

merely an intermediate and it further rearranged to give another product, which was in 

fact a minor product along with the usual Blankespoor products.  This is illustrated in 

Scheme 14.   

    As shown in the Scheme 14, 1-prenyloxy-9,10-anthraquinone, 163, was irradiated in 

1:1 acetic acid/water as a solvent, in the absence of oxygen.  Along with the major 
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products 146 and 164, 11% of 167 was observed.  On the other hand, when 163 was 

thermally converted to the Claisen rearranged product 168, which was then isolated and 

irradiated separately, 26% of 167 was obtained. This observation supported the 

assumption that the rearranged product 167 has to go through an intermediate 168, which 

is produced in situ through a photochemical Claisen rearrangement.   

 

Scheme 14: Claisen rearranged intermediate in the photochemistry of 1-prenyloxy-9,10-
anthraquinone.26 

 

1.4.1 Photochemical generation of alkyl radicals: 

 

    Despite the numerous examples of photochemically generated carbon centered radicals 

available in the literature, there has been a severe dearth of useful methods for the 
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generation of alkyl radicals specifically in a synthetically applicable manner.  The 

Norrish type I reaction, as discussed previously, is one such method of generating alkyl 

radicals, though it has limited synthetic utility.  Reducing alkyl halide by hydrated 

electrons is a possible way to generate alkyl radicals.  However, this needs scavengers for 

the byproducts (hydroxyl radical and hydrogen atom).  

                     

Scheme 15: Photodecarboxylation of PTOC ester to generate alkyl radical that is trapped 
with solvent molecules.27-34  

 

    One significant example in this limited pool of synthetically useful alkyl radical 

generating reactions is the photochemical decarboxylation of PTOC (Pyridine-2-thione-

N-oxycarbonyl) esters; introduced by Derek Barton.27,28,30   PTOC esters can be prepared 

by a reaction between an acid chloride with the sodium salt of N-hydroxypyridine-2-
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thione. Dicyclohexyl carbodiimide (DCC) coupling of a carboxylic acid with the 2,2'-

disulfanediylbis(pyridine 1-oxide)  provides another way of synthesizing these molecules. 

PTOC esters are thermally and photochemically unstable.   Heating a PTOC ester at 60-

700 C can disrupt the weak N-O bond of the thione moiety, recovering the aromaticity of 

the pyridine ring.  The same can be achieved by using UV/Vis light as PTOC esters 

absorb light from 360-400 nm, resulting in the generation of a highly unstable acyloxy 

radical.  This acyloxy radical can undergo a fast decarboxylation step resulting in the 

generation of the alkyl radical.  Thus, this method also provides a two step methodology 

for converting a carboxylic acid or an acid chloride to an alkyl radical with one carbon 

less, which can be trapped by hydrogen or halide radical donors as shown in Scheme 15. 

 

1.5 General Aims of the project:  

  

    Hydrogen abstraction reactions cascaded with single electron transfer reactions have 

provided tools to organic photo-chemists to access many complicated chemical pathways 

and have also helped in mechanistic studies.   Anthraquinones possess the ability to work 

as hydrogen atom abstractors as well as electron acceptors.  Hence, we have adopted 

anthraquinones as suitable candidates for investigating the impact of several 

environmental parameters such as solvent, heavy atoms and substituents on the 

mechanistic outcome of the hydrogen abstraction and SET reactions and how these 

parameters can be used to manipulate the photochemical behavior of an anthraquinone 

chromophore.  In the course of this study, we intended to develop useful photochemical 

synthetic methodologies and investigate their applicability towards developing better 

solutions towards existing chemical problems.  



40 
 

 

Specific aim 1: Optimizing a water soluble caged anthraquinone for releasing biocide 
photochemically under physiological conditions 

    4-HNE, an unsaturated aldehyde that could be released from a caged-anthraquinone 

developed in the Jones group, was projected as a possible alternative to the existing PDT 

under hypoxic conditions.  However, it suffered from two major drawbacks, water 

insolubility and lack of sufficient photoactivity under long wavelengths.  In order to make 

this a physiologically viable strategy, we proposed to investigate and develop conditions 

for optimizing the water solubility and long wavelength photoactivity of these caged 

anthraquinones and to evaluate the efficiency of release of biocidic aldehydes from these 

anthraquinone cages.   

Specific Aim 2: Investigating the new photochemical pathways operative for substituted 
poly benzyloxy,-9,10-anthraquinones  

    Blankespoor type photochemistry, a sequence of hydrogen abstraction reaction and 

SET reaction, had been the only known photochemical pathway for alkoxy 

anthraquinones.  However, exceptionally high quantum yields observed for substituted 

poly benzyloxy-9,10-anthraquinones during the optimization process in Specific Aim 1 

inspired a detailed investigation of other possible photochemical pathways undergone by 

these molecules. 

Specific Aim 3:  Develop a synthetically useful methodology for the generation of alkyl 
radicals 

    In an attempt to gain control on the photochemical pathways followed by alkoxy 

anthraquinones, we would develop a synthetic method for converting an alcohol or an 

alkyl halide to an alkane or alkyl halide with one carbon atom less.  
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authored by Saurav J. Sarma and Paul B. Jones.  All the experiments were performed in 
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manuscript was undertaken by Paul. B. Jones.  The original draft of the manuscript has 

been reformatted to comply with the requirements of this dissertation.  
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2.0 Abstract: 

 

    During the course of our study on the photochemistry of 1-alkoxy-9,10-anthraquinones, 

we have developed a second generation of a caged 4-hydroxy-trans-2-nonenal (4-HNE). 

As we optimized the anthraquinonyl chromophore to achieve water solubility, we studied 

the photochemistry of various substituents to understand their effect on the 

photochemistry.  We observed a significant heavy atom effect that severely reduced the 

rate of oxidative cleavage of the alkoxy group.  Based on the results of our substituent 

study, we designed a new caged 4-HNE that is soluble under physiological conditions, 

and that releases 4-HNE photochemically in high yield. 

 

2.1 Introduction: 

    Development of photolabile “caged” molecules, including carbonyl compounds, with 

biological relevance has received greater attention over the last few years.35-57
   Ideally, a 

caged molecule is inert, can be delivered in a highly specific temporal and spatial manner, 

and subsequently can be photolyzed under either aerobic or anaerobic conditions to 

release the bioactive molecule.  Such a design would have application in synthesis, 

biophysics and photodynamic therapy (PDT), which relies on photosensitization of 

porphyrins under aerobic conditions for the production of singlet oxygen.21
   Indeed, the 

requirement of oxygen for PDT limits its use, since many tumors operate under hypoxic 

conditions.58-60
   While several of the caging strategies address this limitation, many of 

them to date require ultraviolet light and/or produce highly toxic by-products.35-57  To 
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address these issues, our lab recently developed a strategy for releasing caged bioactive 

aldehydes, such as acrolein and 4-hydroxy-trans-2-nonenal (4-HNE), that is oxygen 

independent.20 These caged molecules are based on the 1-alkoxy-9,10-anthraquinonyl 

chromophore, whose absorption of light tails out to about 450 nm.  4-HNE, a product of 

both enzymatic and non-enzymatic lipid peroxidation,61-68 in particular is known to 

hinder cell functions severely.  At high enough concentrations (>100 ppm),  this results in 

cell death.69,70 

    A drawback to the photorelease strategy for 4-HNE described above is the lack of 

solubility of the caged molecule under physiological conditions.  Our goal has been to 

develop a second generation that is water soluble and photochemically releases 4-HNE in 

high yield.  The mechanism of this photo reaction for 1-alkoxy-9,10-anthraquinones has 

been previously described in detail.14-17,26  Briefly, the photochemical oxidative cleavage 

of 1-alkoxy-9,10-anthraquinones proceeds via an intramolecular δ-hydrogen abstraction 

(Scheme 16).  Excited triplet 201 initially abstracts a δ-hydrogen to produce 202. This is 

followed by electron transfer that gives zwitterion 203. The zwitterion can be trapped by 

a nucleophile, usually solvent, to produce acetal 204, which is relatively stable to 

hydrolysis.14  However, upon oxidation of hydroquinone 204 to anthraquinone 205, 

hydrolysis occurs readily.  The result is a 1-hydroxyanthraquinone 206, and an aldehyde. 

We report below the results of our study of the effect of substituents on the 

photochemical oxidative cleavage of 1-alkoxy-9,10-anthraquinones.  The observed 

effects are explained best by the influence of the various reaction factors on the fate of 

the diradical intermediate 202.  The behavior of diradical intermediates is known to have 

a significant impact on the outcome of many photochemical reactions.71-81  The study 
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resulted in the optimization of a water soluble caged 4-HNE that photochemically 

generated 4-HNE in high yield at various pHs. 

 

           

Scheme 16: Blankespoor mechanism for photochemical release of aldehydes.  

2.2 Results and discussion: 

2.2.1 Synthesis: 

    In order to increase the water solubility of the anthraquinones, we planned to introduce 

multiple carboxylate substituents to the anthraquinone. Our initial target was the 

dicarboxylate corresponding to di-nitrile 210, which we planned to prepare from 208 as 

shown in Scheme 17. Unfortunately, cyanation of the bromide in the 2-position 

of 208 could not be accomplished under any of the conditions we attempted.  In contrast, 

cyanation of the bromide in the 4-position proceeded in good yield.  The regioselectivity 
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of the reaction was established by crystallography.  Hydrolysis of nitrile 209 to give 

carboxylate 211 went smoothly.  The corresponding sodium salt (212) was quite soluble 

in water (>10 mM easily achieved). 

 

 

Scheme 17: Reagents and conditions: (i) Br2, NaOAc, AcOH, reflux, 97%; (ii) BnBr, 
TBAF, DMF, rt, 93%; (iii) CuCN, DMF, 80 °C, 74%; (iv) NaOH, EtOH, reflux, 93%. 

 

    With a water soluble anthraquinone in hand, we proceeded to investigate the 

photochemistry of 211 and 212.  Photolysis of these two compounds in methanol did, 

indeed, result in cleavage of the benzyl group.  However, this reaction was surprisingly 

inefficient, and yields were much lower than expected, presumably due to the lack of 

steric bulk in the 2-position.  Previous studies have shown that an alkyl group in this 

position accelerates the desired photochemical reaction16 while minimizing unwanted 

side reactions.26 

    Thus, we turned to anthraquinones with a 2-propyl group.  The propyl group is easily 

installed in the 2-position by Claisen reaction of 1-allyloxy-9,10-anthraquinone and 
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hydrogenation of the resulting alkene.20,26 Anthraquinone 213 was brominated in 

quantitative yield to give 214, which was alkylated with benzyl bromide to 

give 215 (Scheme 18).  Benzyl ether 15 was cyanated with CuCN to give nitrile 216, 

which was hydrolyzed to afford acid 217. 

 

 

 
Scheme 18: Reagents and conditions: (i) Br2, NaOAc, AcOH, 50 °C, 100%; (ii) BnBr, 
TBAF, DMF, rt, 93%; (iii) CuCN, DMF, 80 °C, 99%; (iv) NaOH (or KOH), EtOH, 
reflux, 78% (217). 
 
 
    For synthesis of water soluble caged HNE, the benzyl group of 216 was removed 

photochemically to give 220 (Scheme 19). The phenol was then alkylated with 1-

bromonon-2-en-4-ol (221)20 using TBAF to give nitrile 222.  Finally, 222 was hydrolyzed 

to give caged 4-HNE 223, which could be converted to the corresponding potassium 

salt 224 by treatment with KH in dry THF.  This salt was freely soluble in aqueous 

systems at concentrations lower than 10 mM. 
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Scheme 19: Reagents and conditions: (i) hν (366 nm), MeOH–air, 75%; (ii) 221, TBAF, 
DMF, rt, 74%; (iii) KOH, EtOH, reflux, 65% (223). 

 

2.2.2 Photochemistry: 

 

    In order to compare the effects of the substituents, each anthraquinone benzyl ether 

was photolyzed and the relative rate of disappearance of starting ether determined.  Since 

measurement of product formation is inherently unreliable in this system due to a series 

of dark reactions subsequent to the primary photochemical step, the rate of disappearance 

of starting ether was monitored by following the reduction of the distinctive benzyl 1H 

NMR singlet.  Each anthraquinone was photolyzed alongside 2-propyl-1-benzyloxy-9,10-

anthraquinone, 225, which was used as a standard reaction.16
   The photocleavage reaction 

of 225 has been studied both by Blankespoor et al. and our laboratory and is well 

understood.  Photolyses were performed in triplicate in solvent mixtures of DMSO–

methanol or DMSO–water using a 150 W Hg/Xe lamp in combination with a grating 

monochromator at a wavelength of 405 nm (±5 nm).  All compounds were normalized to 

the absorbance of a 5 mM solution of 217 at 405 nm.  Data was analyzed by 1H NMR 
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relative to the internal standard 2,4,6-trimethylbenzoic acid or its corresponding sodium 

salt for photolyses in D2O.  The data was plotted as time (min) against ln([AQ]o/[AQ]t), 

where [AQ]o is the integral value at t = 0 and [AQ]t is the integral value at time point, t. 

Linear regression was performed on the data to give a straight line; R2 values were 0.95 

or higher.  The slope of the linear regression was used as the relative rate. See the 

experimental section for complete details of the photolyses. 
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Scheme 20: Reagents and conditions: (A) hν (405 nm), 4 : 1 CD3OD–DMSO-d6; (B) hν 
(405 nm), 4 : 1 D2O–DMSO-d6. See Table 3 for relative rates and additional details. 
 
 
    In general, electron-withdrawing substituents para to the benzyloxy group slowed the 

rate of the photoreaction relative to 225.  This attenuation is modest, with the relative 

efficiency only approximately halved going from 225 to 216, 217 or 218 (Table 3, entries 

1, 3–5).  The relatively high efficiency exhibited by 219 shows that the effect of 

the para electron-withdrawing group is due to a resonance effect, as the photolysis of a 

molecule with a carboxylate that is not electronically tied to the benzyloxy group, but is 

sterically closer, actually proceeds more efficiently than in the standard reaction. The 
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increased relative rate of 229 over 225 (1.55 : 1), is presumably due to the slight increase 

in steric bulk of the 2-substituent in 229 (entry 8). 

 

 

 

 

 

 

 

 

 

 

Table 3. Relative rate of the disappearance of the benzyl group. The monochromater used 
was set at 405 nm (± 5 nm). *211 was not irradiated in direct comparison with the other 
compounds listed, but an estimate of the ratio was made by comparing the rate of 211 and 
1-benzyloxy-9,10-anthraquinone (see reference 11).  aFor solvent conditions, see Scheme 
20. 

 

     The molecule with a bromide in the para position, 215, reacted with the least 

efficiency with a relative rate of 0.21 (entry 2).  Along with the results of photolysis 

of 211, this suggested a heavy atom effect.  To test this hypothesis, experiments were run 

with 225 in the presence of iodoform at concentrations of 0, 28, 55, 110 mM (entries 1, 

9–11).  Increasing the concentration of iodoform led to a proportional decrease in relative 

Entry Substrate Solventa Additive Relative Rate 

1 225 A - 1.00 

2 215 A - 0.21 

3 216 A - 0.50 

4 217 A - 0.58 

5 218 A - 0.46 

6 218 B - 1.02 

7 211 A - < 0.05* 

8 229 A - 1.55 

9 225 A 28 mM CHI3 0.56 

10 225 A 55 mM CHI3 0.25 

11 225 A 110 mM CHI3 0.19 

12 225 A 110 mM CHCl3 1.02 

13 218 B 50 mM LiCl 1.08 

14 218 B 100 mM LiCl 1.47 

15 218 B 250 mM LiCl 1.47 

16 218 B 100 mM LiI 0.39 

17 218 B 100 mM CsI 0 
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efficiency for the reaction.  A control experiment with 110 mM CDCl3 resulted in no 

decrease in the relative efficiency (entry 12). Clearly, the forward reaction rate is 

decreased in the presence of heavy atoms. 

Photolyses of 218 in 1: 4 DMSO-d6–D2O with 0, 50, 100, 250mM LiCl; 100 mM LiI; 

and 100mM CsI were carried out to measure the effect of ionic strength on the rate of the 

photocleavage (entries 6, 13–17).  Increasing the ionic strength of the solution led to 

modest increases in reaction rate that leveled off between 100 and 250 mM.  When the 

added salt included a heavy atom (LiI or CsI), the reaction was slowed.  A concentration 

of 100 mM CsI completely stopped the reaction over the photolysis time examined, 

which is consistent with our heavy atom observations above. 

2.3   Mechanistic rationale: 

    The mechanistic model put forward in Scheme 21 explains the observations in the 

photolysis of anthraquinones bearing electron-withdrawing groups para to the benzyloxy 

group and the heavy atom effect. The effect of a para electron-withdrawing group 

(entries 3–5) should destabilize the benzylic cation, reducing the rate of the single 

electron transfer (SET) (Scheme 6, path a—the forward, productive path) and, thus, the 

overall efficiency of the reaction.  However, upon photolysis in D2O, the rate 

of 218 increased to a rate comparable to the standard reaction (225 in methanol–DMSO, 

entry 1).  This is presumably due to increased stabilization of the zwitterion by the more 

polar solvent D2O (compare entries 1, 5 and 6).  Increasing the ionic strength would add 

additional stabilization to the zwitterion, resulting in slightly increased relative rates 

compared to the photolysis without salt (entries 6, 13–17).  Thus, the more polar 
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environment and increased rate of SET can overcome the inhibiting effect of the 

conjugated carboxylate. 

          

Scheme 21: Mechanistic proposal for the heavy atom effect. 

   
  From further analysis of our data, we hypothesized that the observed effect of heavy 

atoms increased the rate of intersystem crossing (ISC) from either T1 anthraquinone 

(path c) or by a back hydrogen abstraction from the triplet diradical (path b). 

Anthraquinones undergo ISC with a quantum efficiency of 1.82  Thus, heavy atoms 

should not significantly affect the efficiency of reaching the T1 excited state from which 

the initial hydrogen abstraction occurs.  However, back hydrogen abstraction to give 

starting material requires a second ISC in going from the triplet diradical to the singlet 

diradical. Return to ground state anthraquinone from the T1 state requires ISC as well. 



52 
 

This spin-flip could be facilitated by a heavy atom effect that would accelerate 

paths b and c without affecting path a.  The result would be diminished efficiency in 

oxidative cleavage of the 1-alkoxy group.  Thus, paths a, b and c are partitioned based on 

the relative rate of ISC and SET, with any increase in ISC or decrease in SET favoring 

paths b and c, the reverse reaction, in terms of desired product. 

    To test these possibilities, both racemic and optically active anthraquinone 231 were 

prepared by Mitsunobu alkylation using sec-phenethyl alcohol, which is commercially 

available as both the racemate and as an enriched enantiomer (Scheme 22). 

Compound 231 was prepared without the 2-propyl group to decrease the steric bulk at 

this position and to reduce the efficiency of pathway a, since our goal was to study the 

possibility of path b.  Photolysis of optically active 231 allowed testing of racemization. 

If path b operated, recovered 231 following photolysis should have a lower optical 

activity than the starting material.  Thus, 231 with 99.8% ee was photolyzed in a Rayonet 

reactor using 419 nm lamps in benzene–methanol containing 250 mM CHI3.  At 72% 

conversion, recovered 231 had an optical purity of 88% ee. This confirms that 

path b does operate in this reaction, although the experiment did not rule out path c.  It 

seems likely that both pathways b and c are responsible for the reduction in rate of 

oxidative cleavage of the alkoxy group in the presence of heavy atoms. However, 

experiments conducted later revealed that a C-O bond homolysis is possible during the 

photolysis of alkoxy anthraquinones and in such cases, the reattachments of the resulting 

alkyl radical to the planar anthraquinonyloxy radical might be responsible for the 

observed racemization. Details of these C-O homolysis during photolysis of alkoxy 

anthraquinones, leading to Claisen rearranged products, are discussed in chapter 3.    
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Scheme 22:  Reagents and conditions: (i) Ph3P, DIAD, THF, 1-phenylethanol; (ii) hν, 
(419 nm), MeOH–PhH–CHI3. 

 

2.4 Caged 4-hydroxynonenal (HNE): 

    Given our observations above, we determined that the optimum 4-HNE releasing 

molecule would be soluble in aqueous systems and free of heavy atoms.  Despite the 

deleterious effect of having an electron-withdrawing group attached to the anthraquinone 

itself, the synthetic difficulty in working with 229 led us to 224 as a suitable water 

soluble caged 4-HNE candidate.  Hence, we studied the photochemistry of 224 in 

buffered solutions at pH 5.0, 7.0 and 9.0, respectively.  We also carried out a comparison 

of 224 with the previously prepared 232 and 225 using the conditions and procedures 

described in Scheme 20 and Table 3.  The results of this study are shown in Table 4.  By 

dissolving the caged HNE 224 in aqueous solvent, which is not possible with caged 

HNE 232, the photorelease of HNE was rendered more efficient by a factor of 

approximately three (3.96–1.25, Table 4, entries 4 and 2, respectively). 

   The caged 4-HNE 224 was freely soluble at 10 mM in all buffers studied and the yields 

of 4-HNE were high in all systems.  4-HNE was obtained in 84%, 87% and 97% yield in 

pH 5.0, 7.0, and 9.0 buffers, respectively (Scheme 23).  Separation of 4-HNE 
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from 233 was accomplished by simple chemical extraction. In addition, 233 can be 

recycled to make additional caged aldehydes. 

 

 

 

 

 
Table 4. Relative rate of the disappearance of caged HNE. The monochromater used was 
set at 405 nm (± 5 nm). aFor solvent conditions, see Scheme 20. 
 
 
 

 

 

Scheme 23 Reagents and conditions: (i) hν (419 nm), buffer; (ii) petroleum ether 
extraction; (iii) 1 N HCl, ether extraction. See text for yields. 

 

2.5 Conclusions: 

    Substituent effects were observed on the rate of photocleavage of 1-alkoxy-9,10-

anthraquinones with electron-withdrawing groups in conjugation with the quinone 

Entry Substrate Solventa Relative Rate 

1 225 A 1.00 

2 224 A 1.25 

3 232 A 2.10 

4 224 B 3.96 
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slowing the reaction.  A significant heavy atom inhibition was also observed. The effect 

of solvent and ionic strength had a slight accelerating effect on the reaction.  These 

observations are consistent with the efficiency of the reaction being determined by the 

partitioning of the triplet 1,5-diradical between single-electron transfer (SET) and 

intersystem crossing (ISC).  Factors that favor SET accelerate the reaction while those 

favoring ISC slow the reaction.  Using this data, we designed a water soluble caged 4-

HNE that photochemically released 4-HNE in high yield using visible light.  Our 

previous work has shown that the photochemical cleavage proceeds under both aerobic 

and anaerobic conditions.20  Hence, this second generation of caged aldehydes represents 

an important advance in PDT agents that can be photo-activated with visible light and 

under hypoxic conditions.  Initial investigations on the biological viability of these agents 

are underway.  Additionally, synthetic work continues to extend the chromophore of 

these agents toward longer wavelengths, which will increase their utility in biological 

systems. 

2.6 Experimental section 

2.6.1 General 

    Unless otherwise indicated, all reagents and solvents were obtained commercially and 

used without further purification.  Melting points were measured on a Meltemp II 

apparatus and are uncorrected. Thin-layer chromatography was performed on silica gel 

(250 μm thickness doped with fluorescein) unless otherwise indicated. The 

chromatograms were visualized with UV light (254 nm or 365 nm). Column 
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chromatography was performed using silica gel (60 Å) or basic alumina (58 Å).  HPLC 

analyses were carried out using a Shimadzu LC-10AT LC with SPD-10AV UV–Vis 

detector and a Daicel Chiracel OD-H column with an eluent of 95 : 5 hexane–iPrOH.  1H 

and 13C NMR spectra were run on a Bruker 300 MHz or 500 MHz NMR spectrometer. 

All photochemical reactions were carried out in Pyrex glassware.  Preparative solutions 

were stirred by magnetic stirring throughout photolysis.  Anaerobic reactions were 

degassed by three cycles of freeze–pump–thaw; the solutions were not backfilled with Ar. 

Solutions were photolyzed in borosilicate NMR tubes, unless otherwise indicated, using a 

monochromator (Oriel) set to 405 nm with a 10 nm bandpass in conjunction with a 

focused 150 W Hg/Xe lamp. 

 

 2.6.2 Synthesis 

1-Benzyloxy-2-propyl-9,10-anthraquinone  225 (Method A). 

     To a yellow-orange solution of 21326 (3.76 mmol) in 1 : 1 DMF–THF (38 ml) was 

added benzyl bromide (15.0 mmol) and TBAF (7.51 mmol).  The solution turned a deep 

purple and was stirred for eight hours.  The reaction was considered finished when the 

reaction mixture had turned back to a yellowish color.  The crude mixture was diluted 

with EtOAc, washed with 1 N HCl, extracted with EtOAc (2 × 100 ml), washed with 

water (3 × 200 ml), washed with brine (200 ml) and concentrated via rotary evaporation. 

The crude solid was recrystallized from hexanes to give yellow needles (1.0 g, 76%).  mp 

98.0–99.5 °C (hexanes); found C, 80.6; H, 5.7.  Calc׳d. for C24H20O3: C, 80.9; H, 5.7%; 

IR (nujol) 3400–2400, 3032, 2924, 1684, 1674, 1593 cm−1; ε (405 nm) 1325 

M−1 cm−1; δH (300 MHz, CDCl3, Me4Si) 0.93 (t, J = 7.4 Hz, 3H, CH3), 1.58–1.71 (m, 2H, 
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CH2), 2.67–2.72 (m, 2H, Ar-CH2), 5.05 (s, 2H, OCH2), 7.34–7.47 (m, 3H, Ar-H), 7.60–

7.64 (m, 3H, Ar-H), 7.73–7.82 (m, 2H, Ar-H), 8.12 (d, J = 7.9 Hz, 1H, Ar-H), 8.25–8.33 

(m, 2H, Ar-H); δC(125 MHz, CDCl3) 183.2, 182.7, 157.5, 145.5, 137.2, 135.6, 134.9, 

134.1, 133.8, 133.4, 132.7, 128.5, 128.3, 128.1, 127.3, 126.6, 125.9, 123.6, 76.2, 32.5, 

23.3, 14.0. HRMS (EI): found MNa+ 379.1302, C24H20O3Na+ requires 379.1305. 

 

1-Benzyloxy-4-bromo-2-propyl-9,10-anthraquinone  215.  

    Using Method A, 214 (7.28 g, 21.1 mmol) gave yellow-orange crystals (8.5 g, 93%). 

mp 123.0–125.0 °C (hexanes);  found C, 66.05; H, 4.3; Br, 18.65. Calc׳d. for C24H19BrO3: 

C, 66.2; H, 4.4; Br, 18.4%. IR (nujol) 3030, 2954, 1675, 1593, 1568 cm−1; ε (405 nm) 

792 M−1 cm−1; δH (300 MHz, CDCl3, Me4Si) 0.93 (t, J = 7.3 Hz, 3H, CH3), 1.56–1.68 (m, 

2H, CH2), 2.61–2.66 (m, 2H, CH2), 5.04 (s, 2H, OCH2), 7.36–7.46 (m, 3H, Ar-H), 7.55–

7.58 (m, 2H, Ar-H), 7.73–7.79 (m, 2H, Ar-H), 7.85 (s, 1H, Ar-H), 8.18–8.25 (m, 2H, Ar-

H); δC (75 MHz, CDCl3) 182.5, 182.3, 157.5, 145.9, 142.3, 136.8, 134.1, 133.8, 133.7, 

133.6, 130.1, 128.6, 128.5, 128.4, 128.3, 126.8, 126.7, 117.2, 76.9, 32.1, 23.1, 14.0. 

 

1-(4-Hydroxy-2-nonenyloxy)-4-cyano-2-propyl-9,10-anthraquinone  222.  

     Using Method A, 220 and 22120 (226 mg, 0.776 mmol) gave a yellow solid (241.9 mg, 

74%). mp 90.0–92.0 °C; found: C, 74.95; H, 6.9; N, 3.1. Calc׳d. for C27H29NO4: C, 75.15; 

H, 6.8; N, 3.25%. δH (300 MHz, CDCl3, Me4Si) 0.88–0.92 (m, 3H, CH3), 1.01 (t, J = 7.4 

Hz, 3H, CH3), 1.25–1.55 (m, 8H, 4 CH2), 1.64–1.75 (m, 2H, CH2), 2.75–2.80 (m, 2H, 

CH2), 4.15–4.24 (m, 1H, CHOH), 4.59 (d, J = 5.8 Hz, 2H, OCH2), 6.22 (dd, J = 15.6, 6.0 
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Hz, CH), 6.00–6.09 (m, 1H, CH), 7.79–7.86 (m, 2H, Ar-H), 7.92 (s, 1H, Ar-H), 8.22–

8.27 (m, 1H, Ar-H), 8.28–8.32 (m, 1H, Ar-H). δC (75 MHz, CDCl3) 181.6, 160.8, 145.7, 

141.1, 138.3, 135.6, 134.8, 134.2, 134.0, 132.1, 127.6, 127.2, 126.8, 124.9, 118.0, 106.9, 

72.0, 63.7, 37.1, 32.3, 31.7, 25.0, 23.0, 22.6, 14.00, 13.97. HRMS (EI) found MH+ 

454.1981; C27H29O4H
+ requires 454.1989. 

 

1-Benzyloxy-2,4-dibromo-9,10-anthraquinone 208.    

    Using Method A, 20783 (26.2 mmol) and benzyl bromide (104.7 mmol) 

gave 208 (11.52 g, 93%). mp 172.0–174.0 °C (CH3OH); found: C, 53.4; H, 2.6; Br, 33.8. 

Calc׳d. for C21H12Br2O3: C, 53.4; H, 2.6; Br, 33.9%. δH (300 MHz, CDCl3, Me4Si) 5.16 (s, 

2H, OCH2), 7.35–7.47 (m, 3H, Ar-H), 7.69–7.73 (m, 2H, Ar-H), 7.75–7.81 (m, 2H, Ar-

H), 8.16–8.23 (m, 2H, Ar-H), 8.30 (s, 1H, Ar-H); δC (75 MHz, CDCl3) 181.9, 181.4, 

155.7, 144.6, 136.0, 134.13, 134.07, 133.7, 133.4, 131.9, 130.0, 128.9, 128.6, 127.3, 

127.0, 126.8, 117.6, 76.1. HRMS (EI) found MNa+ 494.9022; C21H12Br2O3Na+ requires 

494.9025.  

 

2-(1-(Benzyloxy)-9,10-anthraquinonyl)-acetic acid 229.    

    Using Method A, 2-allyl-1-hydroxy-9,10-anthraquinone (1.0 g, 3.79 mmol) and benzyl 

bromide (15 mmol, 2.56 g) gave 2-allyl-1-benzyloxy-9,10-anthraquinone (229a) (584 mg, 

1.65 mmol, 44%). Crude alkene 229a (250 mg, 0.70 mmol) was dissolved in 

dichloromethane (30 mL) and cooled in a dry ice–acetone bath. Ozone was bubbled 

through the solution until a persistent blue color was observed. Dimethyl sulfide (10 mL) 
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was added and the cold bath removed. The solution was allowed to stir for 6 h. The 

solution was concentrated in vacuo to give a yellow solid. The solid was dissolved in 

CHCl3 (5 mL) and precipitated by the addition of hexane (10 mL). The solid was 

collected by filtration and washed extensively with hexane. The crude aldehyde (229b) 

was carried on without further purification. Crude yield: 222 mg, 0.62 mmol, 89%. 

Aldehyde 229b (154 mg, 0.43 mmol) and 2-methyl-2-butene (6 mL) were dissolved in 

tBuOH (25 mL) and cooled in an ice–water bath. To this solution was added, dropwise, a 

solution of NaH2PO4 (415 mg, 3.06 mmol) and NaClO2 (442 mg, 3.86 mmol) in water (8 

mL). The resulting mixture was allowed to warm to ambient temperature and stir 

overnight (14 h). The reaction mixture was poured into 0.1 M HCl (aq.) (100 mL) and 

extracted 3 × 50 mL with EtOAc. The combined organic layers were washed with water 

(1 × 50 mL), brine (1 × 50 mL), dried over MgSO4 and concentrated in vacuo to give a 

yellow solid. The crude solid was recrystallized from hot hexane–EtOAc to give the 

desired acid as yellow crystals (80 mg, 0.22 mmol, 50%). δH (300 MHz, DMSO-d6, 

Me4Si) 11.3 (bs, 1H, OH), 8.19 (m, 2H, Ar-H), 8.08 (d, J = 8.1 Hz, 1H, Ar-H), 7.72 (m, 

2H, Ar-H), 7.62 (d, J = 8.1 Hz, 1H, Ar-H), 7.49 (d, J = 6.6 Hz, 2H, Ar-H), 7.30 (m, 3H, 

Ar-H), 5.00 (s, 2H, OCH2), 3.66 (s, 2H, CH2). δC (75 MHz, DMSO-d6) 183.1, 182.9, 

175.3, 158.1, 137.2, 137.1, 136.6, 135.7, 135.2, 134.6, 134.1, 133.0, 129.10, 129.05, 

128.5, 127.8, 127.1, 126.3, 124.1, 60.8, 35.9. HRMS (EI) found MNa+ 395.0884; 

C23H16O5Na+ requires 395.08990. 

1-Benzyloxy-2-bromo-4-cyano-9,10-anthraquinone  209 (Method B).    

    To a suspension of 208 (2.12 mmol) in DMF (21 ml) was added cuprous cyanide (4.24 

mmol). The reaction mixture was then heated to 75 °C and stirred for 22 hours. The 
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reaction was considered complete by TLC (1 : 1 EtOAc–hexanes). The crude mixture 

was diluted with ethyl acetate (250 ml), washed with 1 N HCl (250 ml), water (2 × 250 

ml), brine (100 ml), dried with MgSO4, and concentrated via rotary evaporation. The 

crude solid was then preabsorbed onto basic alumina and purified through a basic 

alumina plug (3 : 1 CHCl3–hexanes to neat CHCl3) to give a yellow solid (571.3 mg, 

74%). mp 238.0–240.0 °C. δH (300 MHz, DMSO-d6, Me4Si) 5.12 (s, 2H, OCH2), 7.35–

7.48 (m, 3H, Ar-H), 7.62–7.65 (m, 2H, Ar-H), 7.92–8.00 (m, 2H, Ar-H), 8.16–8.22 (m, 

2H, Ar-H), 8.76 (s, 1H, Ar-H). δC (75 MHz, DMSO-d6) 180.6, 180.5, 158.4, 143.5, 136.9, 

136.1, 135.0, 134.4, 133.7, 131.8, 128.6, 128.39, 128.36, 128.3, 126.8, 126.5, 126.3, 

116.6, 107.1, 75.9. HRMS (EI) found MNa+ 439.99065; C22H12BrNO3Na+ requires 

439.989273. 

 

1-Benzyloxy-4-cyano-2-propyl-9,10-anthraquinone 216.    

     Using Method B, 215 (2.30 mmol) gave 216 as a pure yellow solid (864.1 mg, 99%). 

mp 158.0–160.0 °C (hexanes); found: C, 78.26; H, 4.85; N, 3.62. Calc׳d for C24H19BrO3: 

C, 78.72; H, 5.02; N, 3.67%. IR (nujol) 3058, 3032, 2943, 1676, 1592, 1528 cm−1; ε (405 

nm) 438 M−1 cm−1; δH (300 MHz, CDCl3, Me3Si) 0.92 (t, J = 7.3 Hz, 3H, CH3), 1.54–

1.67 (m, 2H, CH2), 2.64–2.69 (m, 2H, Ar-CH2), 5.09 (s, 2H, OCH2), 7.36–7.46 (m, 3H, 

Ar-H), 7.51–7.54 (m, 2H, Ar-H), 7.82–7.85 (m, 2H, Ar-H), 7.92 (s, 1H, Ar-H), 8.28–8.33 

(m, 2H, Ar-H). δC (75 MHz, CDCl3) 181.5, 180.8, 160.9, 145.9, 141.1, 136.3, 135.6, 

134.7, 134.2, 134.0, 132.0, 128.64, 128.56, 138.4, 127.3, 127.2, 126.8, 118.0, 106.9, 77.4, 

32.2, 22.9, 13.9. HRMS (EI) found MNa+ 404.12579; C25H19NO3Na+ requires 

404.125712. 
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1-Benzyloxy-2-bromo-9,10-anthraquinone-4-carboxylic acid 211. (Method C).     

    To a suspension of 209 (2.06 mmol) in 74% EtOH (18 ml) was added a 2.5 M solution 

of NaOH (8.24 mmol). The reaction mixture, which reddened over the course of the 

reaction, was refluxed for 35 minutes and was considered complete via TLC (1 : 1 

EtOAc–hexanes). The reaction mixture was poured into 3% H2SO4 (4 ml), forming a 

yellow precipitate. The crystals were cooled to 0 °C, filtered, and washed with water (2 × 

30 ml). The yellow crystals were then dried in vacuo (768.7 mg, 93%). mp 214.0–

216.0 °C (CH3OH). IR (nujol) 3300–2450, 3033, 2924, 1682, 1674, 1594, 1538 

cm−1; ε (405 nm) 1380 M−1 cm−1; δH(300 MHz, DMSO-d6, Me4Si) 5.07 (s, 2H, OCH2), 

7.37–7.48 (m, 3H, Ar-H), 7.66–7.68 (m, 2H, Ar-H), 7.88–7.99 (m, 2H, Ar-H), 8.10–8.21 

(m, 2H, Ar-H), 8.21 (s, 1H, Ar-H). δC (75 MHz, DMSO-d6) 181.7, 180.9, 168.6, 155.4, 

136.4, 136.3, 134.8, 134.2, 133.9, 133.3, 132.0, 131.3, 128.5, 128.3, 128.2, 127.6, 126.9, 

126.7, 126.2, 75.1. HRMS (EI) found MH+ 436.99912; C22H13BrO5H
+ requires 

437.001912. 

 

1-Benzyloxy-2-propyl-9,10-anthraquinone-4-carboxylic acid 217.     

     Using Method C, 216 (0.865 mmol) gave 217 as a yellow solid (268.6 mg, 78%). mp 

153.0–156.0 °C (CH3OH). The sodium or potassium salt (218 or 219, respectively) was 

obtained by treating 217 in THF with 1 equiv. of the corresponding metal hydride, 

stirring and concentrating.  Found C, 74.60; H, 4.89. Anal. calc׳d. for C22H20O5: C, 74.99; 

H, 5.03%. IR (nujol) 3500–2400, 3034, 2922, 1695, 1592 cm−1; ε(405 nm) 870 

M−1 cm−1; δH (300 MHz, CDCl3, Me4Si) 0.95 (t, J = 7.3 Hz, 3H, CH3), 1.59–1.72 (m, 2H, 

CH2), 2.68–2.73 (m, 2H, Ar-CH2), 5.06 (s, 2H, OCH2), 7.36–7.48 (m, 3H, Ar-H), 7.57–
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7.61 (m, 2H, Ar-H), 7.71 (s, 1H, Ar-H), 7.76–7.85 (m, 2H, Ar-H), 8.24–8.32 (m, 2H, Ar-

H). δC (75 MHz, CDCl3) 182.7, 182.2, 173.5, 158.9, 145.8, 136.8, 134.6, 134.4, 134.2, 

133.8, 132.4, 131.4, 130.0, 128.6, 128.4, 127.4, 127.0, 126.2, 76.8, 32.4, 23.1, 14.1. 

HRMS (EI) found MH+ 401.13822; C25H20O5H
+ requires 401.138351. 

 

1-(4-Hydroxy-2-nonenyl)oxy-2-propyl-9,10-anthraquinone-4-carboxylic acid (water 

soluble, caged 4-HNE) 223.   

    Using Method C, 222 (358 mg, 0.834 mmol) gave a yellow powder (244.8 mg, 65%). 

mp 163.0–170.0 °C (CH3OH). IR (nujol) 3420–2550, 3030, 3020, 2930, 1695, 1677, 

1592, 1557 cm−1; δH (300 MHz, CDCl3, Me4Si) 0.90 (m, 3H, CH3), 1.00 (t, J = 7.4 Hz, 

3H, CH3), 1.27–1.58 (m, 8H, C4H4), 1.63–1.76 (m, 2H, CH2), 2.74–2.79 (m, 2H, CH2), 

4.19–4.25 (m, 1H, CHOH), 4.55 (d, J = 6.0 Hz, 2H, OCH2), 5.93 (dd, J = 6.0, 15.4 Hz, 

1H, CH), 6.04–6.13 (m, 1H, CH), 7.61 (s, 1H. Ar-H), 7.73–7.83 (m, 2H, Ar-H), 8.19–

8.27 (m, 2H, Ar-H), 10.23 (bs, 1H, CO2H). δC (75 MHz, CDCl3) 182.7, 182.2, 172.8, 

158.8, 145.6, 137.7, 134.5, 134.8, 134.2, 133.8, 132.4, 131.2, 130.0, 127.3, 127.0, 126.1, 

125.6, 74.8, 72.2, 37.1, 32.5, 31.7, 25.0, 23.2, 22.6, 14.1, 14.0. HRMS (EI) found MH+ 

451.20948; C27H30O6H
+ requires 451.21152. 

 

4-Bromo-1-hydroxy-2-propyl-9,10-anthraquinone 214.      

    To a solution of 213 (22.5 mmol) in glacial acetic acid (11.2 ml) was added sodium 

acetate (67.4 mmol) and bromine (67.4 mmol). The reaction mixture was stirred under Ar 

at 50 °C for 4.5 hours and was considered complete when no starting material was visible 
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by 1H NMR. Distilled water (100 ml) was added to the reaction mixture, and it was 

cooled to 0 °C. The product was concentrated via vacuum filtration and dried in vacuo to 

give a yellow-orange powder (7.28 g, 94%). mp 134.0–136.0 °C (CH3OH). Found: C, 

59.07; H, 3.76; Br, 23.07. Calc׳d. for C17H13BrO3: C, 59.15; H, 3.80; Br, 23.15%. IR 

(nujol) 3300–2900, 3086, 3052, 2964, 2932, 1670, 1627, 1591, 1584 cm−1; δH (300 MHz, 

CDCl3, Me4Si) 1.02 (t, J = 7.3 Hz, 3H, CH3), 1.63–1.77 (m, 2H, CH2), 2.69–2.74 (m, 2H, 

Ar-CH2), 7.75 (s, 1H, Ar-H), 7.75–7.85 (m, 2H, Ar-H), 8.26–8.31 (m, 2H, Ar-H), 13.71 

(s, 1H, Ar-OH). δC(75 MHz, CDCl3) 188.4, 181.1, 161.6, 143.3, 140.3, 134.9, 134.2, 

133.8, 132.2, 127.8, 127.6, 126.5, 116.9, 113.2, 31.6, 22.0, 13.9. 

 

4-Cyano-1-hydroxy-2-propyl-9,10-anthraquinone 220.     

    A solution of 216 (1.70 g, 4.46 mmol) in 12 : 7 : 1 AcOH–MeOH–H2O (1.0 L) was 

photolyzed (MPL with UO2 filter, hv > 340 nm) in a 1 L immersion well. The reaction 

was considered complete after 2 hours via TLC (alumina, CH2Cl2). The reaction solution 

was concentrated in vacuo and purified via flash chromatography (silica, 3 : 1 CH2Cl2–

hexanes). The fractions containing product were combined and concentrated in vacuo to 

give a yellow solid (980.5 mg, 75%). mp 185.0–186.0 °C (CH3OH). Found: C, 74.22; H, 

4.43; N, 4.87. Calc׳d. for C18H13NO3 requires C, 74.22; H, 4.50; N, 4.81%. IR (nujol) 

3250–2800, 3072, 3055, 2964, 2932, 2218, 1674, 1638, 1589, 1580 cm−1; δH (300 MHz, 

CDCl3, Me4Si) 1.02 (t, J = 7.3 Hz, 3H, CH3), 1.67–1.79 (m, 2H, CH2), 2.73–2.80 (m, 2H, 

Ar-CH2), 7.81 (s, 1H, Ar-H), 7.84–7.91 (m, 2H, Ar-H), 8.30–8.39 (m, 2H, Ar-H), 13.62 

(s, 1H, Ar-OH). δC (75 MHz, CDCl3) 188.6, 180.1, 163.9, 141.1, 139.7, 135.5, 134.7, 

133.7, 133.1, 133.3, 132.3, 128.0, 127.1, 118.2, 115.9, 102.3, 31.6, 21.9, 13.9. 
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1-(1-Phenylethyl)-9,10-anthraquinone 231.    

    To a solution of 206 (1.32 g, 5.9 mmol) in dry THF (120 mL) under Ar in an oven 

dried flask was added, sequentially, Ph3P (1.94 g, 7.4 mmol), 1-phenylethanol (1.07 g, 

8.8 mmol) and DIAD (2.50 g, 10.3 mmol). The solution was stirred at 60 °C for 1 h. The 

solvent was removed in vacuo and the residue subjected to column chromatography over 

silica (hexanes–EtOAc). Compound 231 thus obtained was recrystallized from methanol 

to give yellow crystals (1.25 g, 3.8 mmol, 64%). (S)-231 could be prepared using the 

same procedure but starting with (R)-1-phenylethanol instead of the racemate. Optical 

purity was determined by analytical HPLC. mp 92.0–93.0 °C; found C, 80.34; H, 4.86. 

Calc׳d. for C22H16O3: C, 80.46; H, 4.91%. IR (nujol) 3064, 3052, 3044, 2987, 2935, 1668, 

1662, 1584, 1495 cm−1; δH (300 MHz, CDCl3, Me4Si) 1.82 (d, J = 6 Hz, 3H), 5.53 (q, J = 

6 Hz, 1H), 7.19 (d, J = 9 Hz, 1H), 7.28 (d, J = 9 Hz, 1H), 7.35 (t, J = 8 Hz, 2H), 7.51 

(q, J = 7.5 Hz, 3H), 7.77 (dtd, J = 1.5 Hz, 3.9 Hz, 8 Hz, 2H), 7.89 (d, J = 6 Hz, 1H), 8.24 

(dd, J = 1.5 Hz, 6 Hz, 1H), 8.34 (dd, J = 1.5 Hz, 4 Hz, 6 Hz, 1H); δC (300 MHz, CDCl3) 

183.7, 182.4, 158.9, 142.5, 135.9, 135.3, 134.6, 134.4, 133.3, 132.7, 129.0, 128.0, 127.4, 

126.7, 125.9, 122.5, 121.5, 120.0. HRMS (EI) found MNa+ 351.0982; 

C22H16O3Na+, requires 351.0992. 

 

2.6.3 Relative quantum yields (rates) of 225, 215, 216, 217, 218, 229. 

     UV–VIS spectra were taken of all compounds at 250 μM. Absorbances were 

normalized to the absorbance of 217 at 405 nm at a concentration of 5 mM. The molar 

absorptivities of 225, 215, 216, 217, 218, and 229 were 1325, 792, 438, 870, 1876, 1345, 

respectively. The necessary concentrations of  225,  215, 216,  218 and 229 were 
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calculated to be 2.75 mM, 4.60 mM, 8.31 mM, 4.0 mM, and 2.5 mM, respectively, using 

Beer's law. Experiments probing the heavy atom effect used 0, 28, 55, 110 mM iodoform, 

and 110 mM chloroform against 225. All substrates were dissolved in 1 : 4 DMSO-d6–

CD3OD or 1 : 4 DMSO-d6–D2O. Due to the lack of solubility of 216 in this solvent 

system at 8.31 mM, this substrate was diluted to 4.16 mM. 2,4,6-Trimethylbenzoic acid 

(1 equiv.) was added to each sample as an internal standard; the sodium salt of 2,4,6-

trimethylbenzoic acid (1 equiv.) was used for the D2O sample. Stock solutions of each 

sample were prepared; for each experiment, 500 μl was transferred to an NMR tube. 

Then, a 0 minute 1H NMR was performed with a relaxation delay of 5 seconds and 64 

scans. The aromatic protons of the internal standard (δ 6.87, 2H) were integrated against 

the benzyl signal (δ 5.05, 2H) of each substrate. The samples were irradiated with a 

monochromator by Oriel Instruments (model # 66901) equipped with a grating 

monochromator (model # 77250). The monochromator was set to 405 nm with a 10 nm 

bandpass. The samples were placed in a foiled chamber 20 cm from the slit. Time points 

of 4, 8, 12, 16 and 20 minutes were taken. All samples were run with and rates referenced 

to 225. 

2.6.4 Release of 4-HNE in aqueous solution.  

    224 (0.0819 mmol) was dissolved in a buffered solution (pH 5.0, 7.0, or 9.0; 32.7 mL) 

and irradiated with a Rayonet reactor (16 lamps with peak emission at 419 nm) for 2.5 

hours. The aqueous solution was extracted with petroleum ether (3 × 60 ml). The 

petroleum ether was concentrated in vacuo to give 4-HNE. The aqueous layer was then 

diluted with diethyl ether and acidified with 1 N HCl. NaCl (s, 1 g) was added, and the 

aqueous layer was extracted with diethyl ether (2 × 60 ml). The organic extracts were 
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combined, dried with MgSO4, and concentrated in vacuo to give 233. 1-Hydroxy-2-

propyl-9,10-anthraquinone-4-carboxylic acid 33. mp 243.0–250.0 °C dec. δH (300 MHz, 

DMSO-d6, Me4Si) 0.93 (t, J = 7.4 Hz, 3H, CH3), 1.56–1.68 (m, 2H, CH2), 2.65–2.70 (m, 

2H, Ar-CH2), 7.51 (s, 1H, Ar-H), 7.91–7.96 (m, 2H, Ar-H), 8.09–8.12 (m, 1H, Ar-H), 

8.19–8.23 (m, 1H, Ar-H), 13.14 (bs, 1H, Ar-OH). δC (75 MHz, DMSO-d6) 188.8, 181.1, 

170.2, 159.9, 137.9, 135.2, 135.0, 134.5, 133.2, 132.4, 127.1, 126.8, 126.5, 114.7, 31.0, 

21.8, 13.8. HRMS (EI) found MNa+ 333.07492; C18H14O5Na+ requires 333.07334. 

 

2.6.5 Determination of the %ee of the recovered 231 after partial photolysis:   

    Enantiomeric excess or ee is defined as the excess of the mole fraction of one 

enantiomer (R or S) over that of the the other (S or R) in an enantiomeric mixture of a 

compound. This can be represented by the equation below.       

 

                  %ee =   ( [R – S] /  [ R +  S] ) x 100                                             Equation   6    

                 where R+S =1 , R/S= mole fraction of respective enantiomers 

      

   To check the %ee of racemic and chiral 231, the mole fractions of the enantiomers of 

231 in the respective mixtures in a solution of 95: 1 hexane/EtOAc were measured by 

recording the ratios of the area under the respective peaks for the two enantiomers in a 

HPLC plot. Then these ratios were used in equation 6 to calculate the %ee. Similarly the % 

ee was determined for 231, recovered after certain extent of reaction, which was 

calculated by the ratio of integration of starting material and product peaks in a crude 

reaction mixture. As seen in Figure 12, the racemic mixture had two peaks at 12.5 
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minutes and 17.4 minutes representing equal amounts of two enantiomers (a). The 

optically active R-231 had only one peak at 12.5 minute (b) but 231 recovered after 72% 

conversion (photolysis in benzene) showed a peak emerging at 17.4 minute (c) 

suggesting that racemization was occurring to certain extent during the photolysis. 

                  a)  

               b)  

          c)  

Fig 12: HPLC plots for a) racemic b) optically pure and c) recovered after photolysis of 

optically pure 231. 
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                                                    CHAPTER 3 

                                           

         Photochemistry of 1,n-Dibenzyloxy-9,10-anthraquinones  

  

                           Saurav J. Sarma and Paul B. Jones 

 

 

    

 

 

 

 

 

 

 

 

 

     Sections 3.1-3.6 of this chapter have been taken from the article published in the 

Journal of Organic Chemistry 2010, 75, 3806-3813. The original manuscript was co-

authored by Saurav J. Sarma and Paul B. Jones. All the experiments were performed by 

Saurav J. Sarma and writing was contributed in parts by both Saurav J. Sarma and Paul B. 

Jones. Submission of the manuscript was undertaken by Paul. B. Jones. The original draft 

of the manuscript has been reformatted to comply with the requirements of this 

dissertation.  
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3.1 Abstract 

     The photochemistry of a series of 9,10-anthraquinones with multiple benzyloxy 

substituents was investigated.  In polar solvent, the expected Blankespoor oxidative 

cleavage reaction was the major reaction pathway but, in most cases, several minor 

products were observed. In non-polar solvents, the abundance of these minor products 

increased dramatically. There were four types of product observed, with the favored 

reaction pathway changing significantly with minor changes in substitution on the 

anthraquinone. Several types of product require cleavage of the C-O bond on the 

benzyloxy group and, apparently, followed a photo-Claisen type mechanism. Others 

involved the expected 1,5-diradical but did not exhibit the single electron transfer usually 

observed in the Blankespoor type reaction. The results indicate the importance of 

considering the medium and photo-redox behavior in anthraquinone photochemistry. 

 

3.2 Introduction 

     Anthraquinones are an important and well-studied organic chromophore.84-94 

Anthraquinones absorb long wavelength UV and blue light and exhibit highly efficient 

intersystem crossing, making them useful triplet sensitizers.  Excited anthraquinones also 

act as electron and hydrogen atom acceptors.  1-Alkoxy-9,10-anthraquinones (301) 

undergo an intramolecular -hydrogen abstraction/SET sequence which leads to the 

oxidative cleavage of the 1-alkoxy group as an aldehyde (307, Scheme 24).15-19 The 

multi-step reaction involves a relatively slow -hydrogen abstraction to give diradical 

302, a reaction common to ortho-alkoxy phenones.95-99 In the case of anthraquinones, 
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Blankespoor established that the 1,5-diradical thus formed undergoes rapid SET to afford 

a zwitterion 303.  The zwitterion is then trapped by solvent with the resulting acetal (304) 

being hydrolyzed and the dihydroxyanthracene being oxidized in subsequent dark 

reactions to give an aldehyde (307) and 1-hydroxy-9,10-anthraquinone (306). 

 

Scheme 24: Blankespoor mechanism 

                

 

     The overall reaction shown in Scheme 24 has been used as an efficient means of 

preparing aldehydes in both solution and solid-phase17,18 and to release bioactive 

aldehydes.20,100 Our interest in this chemistry arises from a desire to photorelease 

bioactive aldehydes using visible light.100 The Jones lab previously reported the 

photorelease of caged 4-hydroxy-2-nonenal (4-HNE), as well as other -unsaturated 

aldehydes, from 2-alkyl-1-alkoxy-9,10-anthraquinones using visible light ( = 419 nm) 

and the investigation of the mechanism and factors affecting the rate of release.20,26,100   In 

an attempt to prepare anthraquinones that could carry out such photochemistry at a longer 
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wavelength, the study of anthraquinones bearing multiple alkoxy substituents was 

undertaken.   

    Anthraquinones that produce -unsaturated aldehydes upon photolytic oxidative 

cleavage generally exhibit both greater efficiency and more complexity than compounds 

in which a simple alkyl group is cleaved.  The reaction is sensitive to polar and heavy-

atom effects100 and can, in some cases, give significant quantities of rearranged 

products.20,26  Little is known about the effect of additional alkoxy groups on the 

oxidative cleavage reaction. In an early report on the photochemistry of 1-alkoxy-9,10-

anthraquinones,14 Blankespoor reported that di-methoxy-9,10-anthraquinones did 

undergo the oxidative cleavage, but at a reduced efficiency compared to an anthraquinone 

with only one methoxy substituent; e.g. 308 (Chart 1) underwent photodemethylation 

with an observed efficiency of approximately one order of magnitude greater than that for 

309.   

     To better understand the reaction, a series of poly-benzyloxy-9,10-anthraquinones was 

prepared and photolyzed at 405 nm. The reactions were monitored by following the 

disappearance of the starting anthraquinone by 1H NMR.  As in the case of 1-allyloxy-

9,10-anthraquinones, the photocleavage of the benzyloxy groups was not as simple as 

that for saturated alkoxy groups.     

 

3.3 Results and Discussion 

    Blankespoor reported the relative rate of oxidative cleavage for several methoxy and 

dimethoxy substituted anthraquinones.17  A general trend is that increasing steric bulk in 

the 2-position of 1-alkoxy-9,10-anthraquinones increases the rate of the oxidative 
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cleavage reaction.  Although data is limited, additional alkoxy groups directly attached to 

the anthraquinone appear to slow the reaction.  In order to conduct a more thorough 

substituent effect study, the series shown in Chart 1 was prepared.     

 

   

                                                                                      

 
Table 5: Relative rate of disappearance of benzyloxy group upon photolysis ( = 405 
nm) in CD3OD:DMSO-d6. 
 
            Compound            Relative rate             Compound            Relative rate     

                310                         1.0                                   314                      3.2       

                311                         1.6                                   315                      2.8   

                312                         5.5                                   316                      6.1                

                313                         2.5                                   317                     ----  

 

     Anthraquinones were compared by irradiation using monochromatic 405(±5) nm light.  

Each sample was prepared so that A405 was equivalent.  The solution of anthraquinone in 

CD3OD/DMSO-d6 was then irradiated and the disappearance of the 1-benzyloxy 

O

O

R1

R2

R3

R4

R5

Chart 1

308 R1 = OCH3; R2-R5 = H

309 R1 = R4 = OCH3; R2, R3, R5 = H

310 R1 = OCH2Ph; R2-R5 = H

311 R1 = R3 = OCH2Ph; R2, R4, R5 = H

312 R1 = R2 = OCH2Ph; R3, R4, R5 = H

313 R1 = R4 = OCH2Ph; R2, R3, R5 = H

314 R1 = R5 = OCH2Ph; R2, R3, R4 = H

315 R1, R2, R3 = OCH2Ph; R4, R5 = H

316 R1 = R2 = OC12H25; R3, R4, R5 = H

317 R1 = R3 = OC12H25; R2, R4, R5 = H



73 
 

methylene 1H NMR signal was followed over time.  Each experiment was repeated at 

least three times.  Relative rates were normalized to the "standard," 1-benzyloxy-9,10-

anthraquinone, 310.  In contrast to Blankespoor's comparison of 308 and 309, 

anthraquinones with multiple benzyloxy groups were all consumed faster than the 

standard (310), which had only one benzyloxy group.  Dibenzyl alizarin (312) was 

consumed most efficiently, which is consistent with the known effect of increased steric 

bulk in the 2-position.14   

     Two compounds with dodecyl ethers were irradiated to test the effect of the 

occurrence of an initial benzylic radical in 310-315.  The rate of cleavage of 1,2-

didodecyloxy-9,10-anthraquinone (316) was virtually identical to that of the 

corresponding di-benzyl ether.  However, the rate of consumption of 1,4-didodecyloxy-

9,10-anthraquinone (317) was essentially nil.  These results were consistent with the 1,2-

diethers both undergoing the Blankespoor-type reaction, while the fate of the 1,4-diethers 

depended upon the nature (stabilized or not) of the initially formed diradical.   

     The reactions were then run on a larger scale, so that products could be isolated.  

These reactions revealed that anthraquinones 311-315 were consumed more efficiently 

than 310 due to reactions other than the Blankespoor oxidative cleavage reaction.  In all 

cases, photolysis of 311-315 led to a mixture of products.  In methanol, the expected 

Blankespoor oxidative cleavage product was observed while in non-polar solvents, this 

product represented a minor pathway, if it was observed at all.  Also in all cases, the 

presence of oxygen led to the oxidative cleavage product being the sole product. 

  
      The unexpected products could be divided into five types (Chart 2).  The first (I) was 

a 1-hydroxy-9,10-anthraquinone that has not undergone rearrangement – the expected 
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oxidative cleavage product.  The second (II) was a 2-benzyl-1-hydroxy-9,10-

anthraquinone.  The third (III) type was a 10-benzyl anthrone, having a benzyl attached 

to what was formerly a quinone carbonyl carbon.  The fourth (IV) type was a 1-benzoyl-

9,10-anthraquinone.  The final (V) type was a cyclopentanol.  No starting anthraquinone 

produced all five types of products. Shifting the "second" benzyloxy group around the 

anthraquinone resulted in significant changes in which products were observed, their 

relative yields and favored product type.  While all five types of product have been 

observed previously in aryl ketone photochemistry, it is rare for a single chromophore to 

give them all or for switching between the reaction pathways to be sensitive to 

substitution. 

 

 

 
        Photolysis of 310 in anaerobic methanol until 310 was consumed as shown by crude 

NMR, produced three main products, 318, 319 and 320, with 318 being by far the major 

product, as expected, and 319 and 320 being produced in approximately equal amounts 

(Scheme 25).  Phenol 318, the expected product of the Blankespoor cleavage, and 319 are 
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known compounds and were easily identified by 1H NMR.  Alcohol 320 was identified 

by 1- and 2-D NMR experiments101,102 and must be the result of a reductive 

rearrangement, which bears some similarity to products observed in thermal reactions.103  

318 could be the result of either Blankespoor oxidative cleavage or a photo-Claisen 

process in which the radical pair underwent cage escape.25, 104-110 To test this, 310 was 

photolyzed in deoxygenated solvents that were less polar and non-nucleophilic (benzene 

and hexane).  The yield of 318 dropped dramatically and a fourth product (321) was 

formed.  

O

O

O Ph

419 nm

O

O

OH

O

O

OH

Ph

O
Ph

OH

O

Ph

O

O

PhO

Selectivity (1H NMR) : isolated yield

Methanol Benzene Hexanes

1.0 : 67%

0.20 : 9%

0.20*

0

1.0 : 36%

0.15 : 6%

0.35*

1.51 : 44%

1.0 : 19%

0.25 : 4.5%

0.70*

1.38 : 29%

*320 and 321 were difficult to separate quantitatively.Only 321 could be found as pure.

310 318

319

320

321

 

 
Scheme 25: Ratio of selectivity by 1H NMR and % yield of photoproducts from the  
photolysis of 310 in different solvents.    
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   The remaining benzyl ethers in Chart 1 were then similarly irradiated in the three 

solvents:  methanol, benzene and hexane, all rigorously deoxygenated.  The product 

distributions are shown in Schemes 26-29.  In all cases, alteration of the substituent 

pattern resulted in a change in product distribution.  Also in all cases, the yield of 

Blankespoor product (phenol) decreased with decreased solvent polarity.  Benzaldehyde 

was observed in every case that the Blankespoor product was observed.  No evidence, 

however, was seen for the formation of toluene, bibenzyl, or benzyl alcohol, possible by-

products of C-O homolysis in which the intermediate radicals escaped the solvent cage.   

    Photolysis of 1,2,4-tribenzyloxy-9,10-anthraquinone (315) gave a very complex 

reaction mixture.  It appeared that all three non-equivalent benzyl groups were cleaved.  

Signals in the 1H NMR were observed that were consistent with the oxidative cleavage 

product (Type I), photo-Claisen (Type II) and anthrone (Type III).  However, due to the 

high number of products obtained from photolysis of 315, the simpler di-substituted 

anthraquinones became our focus.  

 

Scheme 26: Ratio of selectivity by 1H NMR and % yield of photoproducts from the  
photolysis of 311 in different solvents.    

O

O

O

O

O

O

OH

O

Ph

O OH

O

O

O

OH

O

+ +

Ph
OH

419 nm
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Ph Ph Ph

Ph

Ph

Selectivity (1H NMR) : isolated yield
In methanol: 1.0 : 20% 1.0 : 20% 0.6 : 14%

In benzene: 1.0 : 30% 0.7 : 20% 0.8 : 22%

In hexane*: 1.0 1.3 1.9
* overall isolated yields were poor with apparent polymerization
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Scheme 27: Ratio of selectivity by 1H NMR and % yield of photoproducts from the  
photolysis of 312 in different solvents.    
 
  
    When the photolysis shown in Scheme 26-29 were carried out in oxygen saturated 

solution, the Blankespoor oxidative cleavage product was the major product.  The 

products obtained above were identified by 1D and 2D NMR techniques and/or by 

crystallization and X-ray diffraction.  The data that supports the structures shown above 

can be found in the Cambridge crystallographic database (CCD). 

    Reactions in hexane generally gave lower yields and "messier" crude NMR spectra.  

Each reaction described above was carried to completion, as evidenced by consumption 

of starting material.  To test the effect of reduced photolysis time and to check the mass 

balance of the reaction, 311 was photolyzed for 4 hours in deoxygenated benzene.  The 

crude 1H NMR spectrum indicated that 50% of the starting material had been consumed  
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and that the ratio of the three main products (322, 323, and 324) was the same as when 

the reaction was taken to completion.  Isolated yields of 311, 322, 323, and 324 were 

49%, 15%, 10% and 11%, respectively. 

 

419 nm
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O
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O
Ph

O

O

OH

O
Ph

Ph
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330

331

332

methanol benzene hexane

1.0 1.0 1.0

0.6 0.35 0.35

0 2.0 : 37% 1.0 :10%

0 2.0 2.0

0 0.8 0.25

* 328 and 331 are difficult to completely separate. 328 obtained as pure but 331 was found
with some 329 present in it. Structure inferred by similarity in 1D and 2D NMR experiments
with 324.  

Scheme 28: Ratio of selectivity by 1H NMR and % yield of photoproducts from the   
photolysis of 314 in different solvents.     
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Scheme 29: Photoproduct from photolysis of 313. 

 
    
     The simplest and cleanest reaction presented above was that of 313.  Cyclization of 

1,5-diradicals to form cyclopentanols is a well-studied photochemical reaction.95-97, 99, 111-

114  In the case of 313, the cyclopentanol 333 was the only product observed.  Presumably, 

the fate of excited 313 followed the mechanistic paradigm established by Wagner and 

others.95-99 The cyclopentanol was formed when 313 absorbed a photon and underwent 

ISC (intersystem crossing) to give the T1 (lowest triplet) state of the quinone (Scheme 

30).  The triplet quinone abstracted a hydrogen from the benzyloxy group to give a triplet 

1,5-diradical.  The triplet diradical underwent ISC to the singlet state, which then rapidly 

cyclized to give the cyclopentanol (333). 
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O Ph OH
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O Ph
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2. ISC
3. H-abs

1. ISC

2. cyclization

O

OHO
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triplet 1,5-diradical

OPh O
Ph

333313
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Scheme 30: Mechanism of cyclopentanol formation during photolysis of 313.  
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     This type of chemistry was only observed with 313.  Although 313 could not be 

dissolved in methanol, irradiation of 313 in wet acetonitrile, a more polar solvent in 

which Blankespoor-type chemistry should be feasible, still gave 333 as the major product 

(65%).  It was also unclear if the cyclization of 313 was favored due to an electronic or 

steric effect of the "second" benzyloxy group in the 8-position.  Thus, 334 was prepared 

and photolyzed (Scheme 31).  Having a methoxy group in place of the second benzyloxy 

group, 334 should have similar electronics to 334 but a different steric profile.  Photolysis 

of 334 in benzene was not as clean as that of 313.  However, the major product was again 

a cyclopentanol (335) corresponding to that expected from cyclization of the 1,5-diradical.  

Also formed were alkene 336 and phenol 337.   

 
    The alkene obviously came from the elimination of water from alcohol 335, while 337 

may have arisen through either oxidative cleavage or C-O homolysis followed by cage 

escape (see below).  When treated with acid, 333 also undergoes elimination readily.  

Presumably, the increased steric bulk of the 8-benzyloxy in 333 relative to the smaller 8-

methoxy in 335 slows the rate of elimination in 333. Taken together, 335 and 336 

accounted for approximately 90% of the material in the photolysis of 334.  Thus, it 

appeared that an alkoxy group in the 8-postion facilitates cyclization of the 1,5-diradical.  

A possible explanation is that the 8-alkoxy group forms a hydrogen bond to the hydroxyl 

group in the diradical, which would increase electron density around C-9.  The increased 

electron density on the C-9 radical should slow reduction of C-9 by SET from the 1-

alkoxy radical.  With SET slowed, the diradical has more time in which to cyclize, giving 

the observed product.   
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Scheme 31: Cyclization during photolysis of 334.    

  
    The formation of 1-benzoyl-9,10-anthraquinones (IV) can also be explained by 

invoking a 1,5-diradical as an intermediate and has precedent in the photochemistry of 

simpler phenones (Scheme 32).99,115,116 Formation of a 1,5-triplet diradical  proceeded as 

described above (Scheme 30).  Cyclization of the radical to form spiro-epoxide 338 

followed ISC to the singlet state.  The spiro-epoxide opened with regeneration of the 

quinone ketone to give alcohol 339.  A photo-redox reaction between the quinone and 

secondary alcohol gave ketone 340, which oxidized to the observed tri-ketone 321 upon 

exposure to air at the end of the reaction.  Alternatively, anthrahydroquinone 340 may 

reduce another anthraquinone in the mixture (see below).  The conversion of an alkoxy 

substituent to an acyl substituent is a potentially useful reaction in the synthesis of natural 

products such as mumbaistatins.117-119  

Scheme 32:  
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    Formation of 2-benzyl-1-hydroxy-9,10-anthraquinones (II) was readily explained by a 

photo-Claisen mechanism (Scheme 33).  Such a mechanism also provided an alternative 

route to produce 1-hydroxy-9,10-anthraquinones via cage escape of the initially formed 

diradical pair.25,104-110  Homolytic cleavage of the ether bond could proceed either from 

the S1 (lowest excited singlet) state or the T1 state, though it is energetically less feasible 

to occur from the T1 state due to the greater stability of the triplet.  Recombination of the 

benzyl radical to C-2, followed by keto-enol tautomerization, gave the Claisen product.  

Alternatively, the photo-Claisen step could follow reduction to the anthrahydroquinone.  

This possibility is discussed below.   
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Scheme 33: Mechanism of Photo-Claisen rearrangement. 
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    It was somewhat surprising that no photo-Claisen rearrangement to the 4-position was 

observed.  However there is evidence that similar systems give primarily rearrangement 

to the 2-position.104,109  Further, alkyl groups ortho to the anthraquinone carbonyl are 

well-known to be photo-oxidized.120-124 Apparently, migration of the benzyl radical to the 

4-position is a minor event and the product obtained from such migration is further 

transformed over the course of the reaction.  Attempts to isolate a 4-benzyl product in all 

reactions failed. 

    The observation of 2-benzyl-1-hydroxy-9,10-anthraquinone (319) from photolysis of 

312 was also puzzling.  If excited 312 underwent a photo-Claisen reaction as described in 

Scheme 33, it should result in an anthraquinone with a 1-keto group and two substituents 

on the 2-position (341).  Instead, the entire 2-benzyloxy group was lost.  The loss of the 

group can be explained by a second photochemical reaction, as shown in Scheme 34.  

The expected photo-Claisen product 341 underwent a second photochemical reaction - 

Norrish Type II cleavage via diradical 342 - to produce benzaldehyde and the observed 

product 319.125,126  Benzaldehyde was observed in this reaction, although it might also be 

produced from the Blankespoor oxidative cleavage reaction. Attempts to 

synthesize 341 or detect it unambiguously using NMR and MS of reactions at low 

conversion failed. 

 

Scheme 34:  
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     The most difficult products to explain are the benzyl anthrones (III), formed in several 

of the reactions described above. The observed anthrones can be classified in two types. 

The first type includes 324 and 331 where the benzyl radical adds to the carbonyl group 

on the opposite side of the cleaved C−O bond. The second type 

includes 320 and 326 where the benzyl radical adds to the carbonyl group closer to the 

original alkoxy groups on the anthraquinone ring. The anthrones mark not only a 

migration of a benzyl group but also an overall reduction. Two questions are raised by the 

possibility of reduction: (1) what is the reductant and (2) does reduction occur prior to 

benzyl migration, after the migration, or do the two processes occur simultaneously? The 

yield of anthrone was never higher than 50%, which led to the hypothesis that the 

reductant might be another molecule of quinone that had been reduced through some 

other means. The oxidative cleavage mechanism (Scheme 24) results in an 

anthrahydroquinone (304) that could serve as a reductant, as does the proposed 

mechanism for production of 1-benzoylanthraquinones (e.g., 340, Scheme 32). Any 

anthrahydroquinone might reduce, either thermally or photochemically, an equivalent of 

quinone.26  

    One can draw several plausible mechanisms for anthrone production, if prior reduction 

of the quinone is stipulated.  The simplest is that shown in Scheme 35.  In this 

mechanism, the quinone is first reduced to give 343, which then undergoes 

photochemical C-O homolysis.  From the radical pair 344, the benzyl radical can 

recombine directly with C-10 to give anthrone 320.  The benzyl radical could, 

alternatively, recombine ortho to the phenolate oxygen to give ketone 345, which should 

rapidly tautomerize to 346.  Oxidation of 346 when the reaction is stopped and opened to 
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air would give the observed photo-Claisen product 319.  However, anthrahydroquinone 

346 could reduce starting anthraquinone.  Such a redox pathway would provide a 

catalytic cycle where a single reduction early in the photolysis, via the Blankespoor 

pathway, perhaps, could lead to a relatively high yield of anthrone and photo-Claisen 

products.  Anthrahydroquinone 340, proposed earlier in Scheme 33, could also play the 

role of 346 in Scheme 35 or, indeed, initiate the redox cycle. 

 

           

Scheme 35: Mechanism of anthrone formation. 

 

 To test the mechanistic hypothesis in Scheme 35, anthraquinone 311 was 

photolyzed in 2:1 dioxane:water both alone and in the presence of sodium dithionite, a 

reductant (Scheme 36).127 In the presence of dithionite, the ratio of anthrone 

(324):Claisen (323):Blankespoor (322) was 1: 0.18 : 0 while without dithionite the ratio  
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was 1 : 3.2 : 3.6.  The photo-Claisen product, 323, was also formed under the reductive 

conditions, but the Blankespoor oxidative cleavage product 322 was not.  The lack of 322 

in the photolysis of anthrahydroquinone suggests that the observed photo-Claisen does 

not result in cage escape.  In turn, this suggests that the photochemistry of the 

anthrahydroquinone proceeds through an excited singlet state.   

 Several other minor products were observed in the presence of dithionite, 

although these were not identified.  The 1H NMR signals of these minor products were 

consistent with their being photo-Claisen type products where the benzyl group has 

reattached to the anthracene at carbons other than 2 or 10 positions (325).  Anthrone 324 

was clearly favored under reductive conditions, which supports our proposed mechanism, 

shown in Scheme 35.   

 

Scheme 36: Photolysis of reduced 311.  

 

   The second type of anthrone apparently does not go through this reductive mechanism. 

The participating benzyl group seems to have come from the homolysis of another alkoxy 
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anthraquinone molecule, and thus, this type of anthrone should be the result of an 

intermolecular reaction. Further studies are required to establish a general mechanism 

that explains the formation of this type of anthrone. 

 

 
3.4 Conclusions 

 
    Five different types of reaction products are observed in the photochemistry of 1-

benzyloxy-9,10-anthraquinones.  Four come at the expense of the expected oxidative 

cleavage described by Blankespoor.14-19  There are two explanations for the reduced yield 

of the oxidative cleavage products, both likely operative in most of the reactions 

described above.  The first is that the additional substituents or non-polar solvent slow the 

rate of 1,5-hydrogen abstraction relative to other pathways.  This must be the explanation 

for the photo-Claisen type and anthrone type products.  These products require a 

homolytic bond cleavage, which could not occur if anthraquinone underwent 1,5-

hydrogen transfer. 

    The second is that alternate pathways must arise that compete favorably with SET 

from the 1,5-diradical (formed by 1,5-hydrogen transfer).  This is the case for the 

cyclopentanol and 1-benzoyl products.  The intermediate 1,5-diradical is formed but 

undergoes cyclization prior to SET.  This is not entirely unexpected in less polar solvent, 

as SET is a polar process and we have previously shown that the rate of cleavage does 

depend on solvent polarity.100  Having additional electron-donating substituents on the 

anthraquinone could both be expected to stabilize the intermediate semi-quinone radical 

and slow electron transfer into the quinone.  Given the relatively fast cyclizations 
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observed, the effect of substituents on SET would not have to be great to dramatically 

alter the favored reaction pathway.   

    The observations described above present new reaction pathways for excited 

anthraquinones that mirror those observed in simpler phenones.  The results demonstrate 

the importance of considering the potential for redox chemistry between 

anthrahydroquinone and the corresponding anthraquinone in anthraquinone 

photochemistry.  They also demonstrate that relatively small changes in substitution 

pattern on the anthraquinone can dramatically influence the favored pathway.  The 

pathways provide potential for synthetic application in natural product synthesis and a 

mechanism to produce diradicals using visible light.  More work is needed to understand 

how substituents and medium direct the reaction down a particular pathway, so that 

synthetically significant yields can be reliably obtained.   

 

 

3.5 Experimental:  

 

 

3.5.1 General Procedure:  

    All reagents were of commercial quality and were used without purification unless 

otherwise mentioned. Methanol and benzene were dried by solvent distillation column 

and hexane was dried by distillation over calcium hydride (CaH2). All reactions sensitive 

to air and moisture were carried out under argon in glassware dried in oven at 120 ºC. 

Thin Layer chromatography (TLC) was performed on silica gel plates of 250 µm 

thickness and doped with fluorescent indicator. The chromatograms were visualized with 



89 
 

UV light (354nm and 365 nm). Column chromatography was performed using silica gel 

(60 A˚) or basic alumina (58 A˚) and 230-400 mesh. All photochemical reactions were 

performed in Pyrex glassware and solutions were magnetically stirred throughout the 

photolysis process. Anaerobic reactions were degassed by blowing argon for more than 2 

hrs. 1H and 13C NMR spectra were recorded on a Bruker 300 MHz or 500 MHz 

spectrometer using CDCl3 as solvent, unless otherwise mentioned. Chemical shift (δ) are 

given in ppm relative to TMS (0 ppm for 1H NMR) or the residual CDCl3 peak (at 7.26 

ppm. for 1H NMR or 77.0 ppm for 13C NMR). Coupling constants (J) are given in Hz. IR 

spectra were recorded on a FT-IR spectrometer from Perkin Elmer, using KBr pellets. 

Melting points were measured on a Meltemp- II apparatus and are uncorrected. To obtain 

HRMS data, samples were dissolved in 1:1 THF:MeOH with NaCl and analyzed by 

positive ion electrospray on a Bruker 12 Tesla APEX -Qe FTICR-MS with an Apollo II 

ion source. Fluorescence measurements were taken in a Perkin Elmer Luminescence 

Spectrometer.  

 

3.5.2 Photolysis:  

 

    For kinetic studies solutions, were photolyzed in borosilicate NMR tubes, unless 

otherwise indicated, using a monochromator (Oriel) set to 405 nm with a 10 nm bandpass 

in conjunction with a focused 150 W Hg/Xe lamp, keeping the solutions at a constant 

distance, 10 cm,  from the slit of the monochromator light source. For large scale 

reactions, a photoreactor fitted with 419 nm lamps (8 lamps surrounding the sample) 

were used. Solutions were magnetically stirred during photolysis.  
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3.5.3  Procedure for synthesis of alkyloxyl/aryloxy anthraquinones: 

 

1,2-Bis(benzyloxy) anthracene-9,10-dione (312). 

                                      

O

O

OBn
OBn

 

Method A: To a solution of  1,2-dihydroxy-9,10-anthraquinone (4.8 g, 20 mmol) in 100 

mL of 3:1 MEK and DMSO, 3 equivalents  of K2CO3 (8.3 gm, 60 mmol) was added. The 

reaction mixture was stirred with addition of 4 equivalents of benzyl bromide (9.5 mL, 80 

mmol) as it turns reddish brown. The solution was refluxed for 16 h and then quenched 

with 100 mL of 1N HCl added slowly in small portions. The organic layer was extracted 

with 3 fractions of 200 mL of toluene. The organic layers were combined together before 

washing with 3x200 mL of aqueous sodium bicarbonate solution followed by 200 mL of 

brine solution. Then the combined organic layer was dried over MgSO4 and concentrated 

in vaccuo. Flash column chromatography using silica as stationary phase and 8: 2 

Hexane/Chloroform followed by recrystallization from methanol yielded 3.55 g (42.3%) 

of yellow solid product.  mp 162-164 ºC; IR (KBr) 3065, 3034, 2873, 1674, 1591, 1575, 

1498, 1478, 1456, 1427, 1376, 1331, 1262, 1063, 1039, 970,  949, 913, 856, 760, 742, 

714   cm-1; ε405 =  3456 M-1 cm-1;  1H NMR (300 MHz; CDCl3) δ 8.29- 8.23 (m, 2H), 8.15 

(d, 1H, J= 8.6 Hz), 7.79-7.72 (m, 2H), 7.61-7.57 (m, 2H), 7.47-7.31 (m, 9H), 5.24 (s, 2H), 

5.17 (s, 2H) ppm; 13C NMR (300 MHz, CDCl3 ) δ 182.7, 182.4, 158.4, 148.6, 137.1, 

135.6, 135.2, 133.8, 133.5, 132.9, 128.9, 128.7, 128.4, 128.3, 128.1, 127.5, 126.6, 125.3, 
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117.7, 75.2, 71.2 ppm. HRMS (EI) calculated for C28H20O4Na+ [M+Na]+ 443.125380, 

found 443.125054. 

1,5-Bis(benzyloxy) anthracene-9,10-dione (314). 

                                                    

O

O

OBn

OBn  

Starting with 1, 5-dihydroxy-9,10-anthraquinone, 314 was obtained by using “Method A” 

as a yellow crystalline solid. mp 196-198 ºC;  IR (KBr) 3088, 3062, 3032, 2924, 2859, 

1662, 1584, 1497, 1438, 1381, 1325, 1260, 1191, 1170, 1110, 1080, 1069, 988, 859,805, 

766, 734, 710 cm-1; ε405 = 6452 M-1 cm-1;  1H NMR (300 MHz; CDCl3) δ 7.94 (dd, 2H, 

J=.64 Hz, J= 7.0 Hz), 7.68-7.60 (q, 6H, J= 8 Hz), 7.45-7.28 (m, 8H, J= 7.7 Hz), 5.34 (s, 

4H) ppm. 13C NMR (300MHz, CDCl3) δ 182.5, 158.7, 137.6, 136.3, 134.9, 128.7, 127.9, 

126.8, 121.6, 120.2, 118.6, 71.1 ppm. HRMS (EI) calcd for C28H20O4Na+ [M+Na]+ 

443.125380, found   443.125245. 

 

1,2,4-Tris(benzyloxy) anthracene-9,10-dione (315). 

                                                      

O

O

OBn
OBn

OBn  

Starting with 1,2,4-trihydroxy-9,10-anthraquinone, 315 was obtained by using “Method 

A” as a yellow solid. mp 148-149 ºC; IR (KBr) 3063, 3030, 2927, 2875, 1668, 1578, 
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1554, 1497, 1455, 1413, 1379, 1343, 1259, 1139, 1080, 1037, 1025, 977, 829, 735, 742 

cm-1 ; ε405 =  6653 M-1 cm-1 ; 1H NMR (300 MHz; CDCl3) δ 8.24-8.13 (m, 2H), 7.75-7.65 

(m, 2H), 7.57-7.55 (m, 4H),  7.45-7.31 (m, 11 H), 6.88 (s, 1H), 5.24 (s, 2H), 5.11 (s, 4H) 

ppm. 13C NMR (300 MHz, CDCl3) δ 183.6,  181.6, 158.5, 157.2, 143.0, 137.2, 136.3, 

135.4,  134.7, 134.2, 133.5, 132.9, 129.2,128.9, 128.8, 128.7, 128.5, 128.3, 128.1, 127.5, 

126.9, 126.6, 126.4, 116.1, 106.2, 75.4, 71.9, 71.2  ppm.  HRMS (EI) calcd for C35H26O5 

Na+ [M+Na]+  549.167245, found 549.166519. 

 

Synthesis and photolysis of 338: 

               

 

 1-(Benzyloxy)-8-hydroxyanthracene-9,10-dione (348).  To a solution of 1,8-

dihydroxy-9,10-anthraquinone (2.5 g, 10.4 mmol) in  100 mL of 3:1 MEK/DMF, 1.5 

equivalents of K2CO3 (2.16 g, 15.61 mmol) were added.  The solution was stirred and 2 

equivalents of benzyl bromide (2.48mL, 20.82 mmol) were added to it. Then the solution 

was refluxed for 15 hrs followed by quenching with slow addition of 50 mL of 1N HCl. 

The organic layer was extracted with 2x200 mL toluene and washed with water, sodium 

bicarbonate and brine. The extract was concentrated on vacuum and then recrystallized 

from methanol to obtain  3.25 g of a orange colored solid (94.8 %). mp 165-166 ºC ; IR 
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(KBr) 3435, 3033, 2924, 1666, 1640, 1583, 1452, 1442, 1354, 1286, 1238,  1206, 1012, 

943, 911, 844, 785, 747 cm-1; 1H NMR (300 MHz; CDCl3) δ 13.07 (s, 1H), 7.98-7.96 (dd, 

1H, J= 1.1, J=6.6 Hz), 7.79-7.76 (dd, 1H, J= 1.2, J=6.3 Hz), 7.72-7.58 (m, 4H), 7.46-7.29 

(m, 5H),   5.36 (s, 2H) ppm. 13C NMR (300 MHz, CDCl3) δ 188.6, 182.6, 162.4, 159.7, 

135.9, 135.7, 135.5, 132.6, 128.7, 128.0, 126.7, 124.7, 121.2, 120.3, 119.8,  118.7, 117.1, 

71.1 ppm. HRMS (EI) calc׳d for C21H14O4Na+ [M+Na]+ 
  353.078430, found 353.078412. 

 

 1-(Benzyloxy)-8-methoxyanthracene-9,10-dione (334). To a solution of 348 (1.0 g, 

3.03 mmol) in 100 mL of 3:1 acetone/DMF, 1.5 equivalents of K2CO3 (627.5 mg, 4.54 

mmol) were added. 2 equivalents of methyl iodide (0.377 mL, 6.05 mmol) were added to 

it followed by heating at 55 ºC for 12 hours. The reaction was quenched with 25 mL of 1 

N HCl and then extracted with 200 x 2 mL toluene. The organic layer was washed with 

water repeatedly and then dried in vacuo. Any un reacted starting material left in   the 

reaction mixture was removed by filtration through basic alumina. The filtrate was dried 

in vaccuo to obtain a  yellow solid product 334 (0.880g, 84.4%). mp 168-169 ºC;  IR 

(KBr) 3065, 3034, 2940, 2839, 1668, 1586, 1457, 1439, 1316, 1282, 1237, 1053, 978, 

899, 841, 802, 790, 743 cm-1 ; 1H NMR (300 MHz; CDCl3) δ 7.85-7.82 (m, 2H), 7.67-

7.52 (m, 4H), 7.42-7.26 (m, 5 H), 5.34 (s, 2H), 4.02 (s, 3H) ppm.13C NMR (300 MHz, 

CDCl3) δ 183.9, 182.6, 159.4, 158.3, 136.5, 134.8, 133.9, 133.7, 128.7, 128.6, 127.8, 

126.9, 120.2, 119.3, 118.9, 118.0, 71.1, 56.6 ppm. HRMS (EI) calc׳d for   C22H16O4Na+ 

[M+Na]+   367.094080, found 367.093698. 
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1,2-Bis(dodecyloxy)anthracene-9,10-dione (316). 

                                        

O

O

O
O

 

Method B:  To a solution of 1,2-dihydroxy-9,10-anthraquinone (2.5 g , 10.41mmol) in 

50 mL of 3:1 MEK/DMSO, 3 equivalents of K2CO3 (4.32 g, 31.22 mmol) and 4 

equivalents of dodecyl bromide (9.98 mL, 41.63 mmol)  was added. The solution turned 

red and then it was refluxed for 15 hours with constant stirring. The reaction mixture 

turned reddish black. The reaction is quenched with slow addition of 25 mL of 1 N HCl 

and then 200 mL water was added. The organic layer was extracted with toluene and 

washed with 3x 200 mL of water followed by 2x200 mL of NaHCO3. Finally it was 

washed with 200 mL brine and dried in vacuo. The product was purified by column 

chromatography using Hexane/EtOAc and then recrystallized from Hexanes/methanol to 

yield pale brown solid product (2.5 gm, 42%).   mp 96-97 ºC ; IR (KBr) 2918, 2851, 

1672, 1577, 1466, 1331, 1273, 714 cm-1 ; 1H NMR (300 MHz; CDCl3) δ  8.26-8.22 (m, 

2H),  8.12 (d, 1H, J=8.6  Hz), 7.78-7.70 (m, 2H), 7.22 (d, 1H, J=8.7 Hz),  4.90 (dt, 4H, J= 

1.6, J= 4.7 Hz),  1.99-1.84 (m, 4H), 1.59-1.27 (m, 36H), 0.89 (t, 6 H, J= 6.4 Hz) ppm. 13C 

NMR (300 MHz, CDCl3) δ  182.7, 182.5, 158.9, 149.2, 135.3, 133.7, 133.4, 133.0, 127.2, 

127.1, 126.6, 124.9, 116.7, 74.1, 69.2, 31.9, 30.4, 29.8, 29.7, 29.6, 29.4, 29.2, 26.1, 26.0, 

22.7, 14.1, ppm. HRMS (EI) calc׳d for C38H56O4Na+ [M+Na]+   599.407081, found 

599.406802.   
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  1,4-Bis(dodecyloxy)anthracene-9,10-dione (317).  

                            

O

O

O

O  

Starting  with 1,4-dihydroxy-9,10-anthraquinone and using “Method B”, 317 was 

obtained as a pale yellow product after recrystallization from Hexane/MeOH (3.30 g, 

55%). mp  75-76 ºC;   IR (KBr)  2919, 2851, 1674, 1562, 1466, 1397, 1317,  1272, 1243, 

1045, 966, 724  cm-1;   1H NMR (300 MHz; CDCl3) δ  8.17 (dd, 2H, J=3.3, J=2.5 Hz), 

7.69 (dd, 2H, J=3.3, J=2.5 Hz ),  7.30 (s, 2H), 4.10 (t, 4H, J=6.7 Hz), 1.93 (quintet, 4H, 

J=6.8 Hz), 1.60-1.26  (m, 36 H), 0.88 (t, 3H, J=6.3  Hz)  ppm. 13C NMR (300 MHz, 

CDCl3) δ 183.2, 153.8, 134.2, 133.1, 126.4, 123.3, 121.9, 70.5, 31.9, 29.7, 29.6, 29.5, 

29.4, 29.3, 25.9, 22.7, 14.1 ppm. HRMS (EI) calc׳d for C38H56O4Na+ [M+Na]+ 

599.407081, found 599.406843. 

Table 6: Molar absorbtivity of polybenzyloxy-9,10-anthraquinones at 419 nm (ε419): 

  Compound Molar absoptivity (M-1cm-1) 

       310                   3087.0 

       311                   3931.5 

       312                   3456.1 

       313                   2836.9 

       314                   6452.6 

       315                   6653.0 
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3.5.4 Preparative scale photolysis of benzyloxy-9,10-anthraquinones: 

 

Photolysis of 310: 

     

O

O

OH

Ph

O

O

O O

O

OH

419 nm
+

O

+

O

O

PhO

310 318 319

Ph

Ph
OH

O

Ph

320 321
 

 

Method C: 100 mg (0.318 mmol) of  310128,129 was dissolved in 100 mL of MeOH (or 

benzene/hexanes)  and vigorously degassed by purging argon for 2 h The solution was 

photolysed in a   Raynet photoreactor fitted with 8 lamps of 419 nm. The reaction 

mixture was analysed by TLC using EtOAc/Hexanes solvent system and starting material 

was found to be completely comsumed in 15 h.  The reaction mixture was concentrated in 

vacuo evaporator and the products were separated by column chromatography using 

EtOAc/ Hexanes solvent system.  In MeOH the major product was 318 while photolysis 

in benzene and hexanes gave 321130 as the major product. Significant amounts of 319131 

and 320 were observed in all cases.  
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10-Benzyl-4-(benzyloxy)-10-hydroxyanthracen-9(10H)-one (320). 

 

 

 

   From photolysis of 310 under 419 nm of light and further purification through column 

chromatography (Hexanes/EtOAc), 320 was obtained as a yellow solid. IR (KBr) 2925, 

2854, 1664, 1592, 1454, 1384, 1322, 1249,1028, 976, 709 cm-1; 1H NMR (500 MHz; 

CDCl3 ) δ  7.99 (dd, 1H, J= 1.3, J=7.8 Hz), 7.91 (d, 1H, J=7.4 Hz),  7.78 (dd, 1H, J=7.8, 

J=1  Hz), 7.68 (dt, 1H, J=1.4 , J=7.7 Hz), 7.56-7.40 (m,7H), 7.34-7.29 (m,1H), 6.99 (t, 

1H, J=7.4 Hz), 6.83 (t, 2H, J=7.6 Hz), 6.05 (d, 2H, J=7.1 Hz), (5.57 (s, 1H), 5.30 (s, 2H), 

3.60 (d, 1H, J=12.3 Hz), 3.25 (d, 1H, J=12.3 Hz)  ppm. 13C NMR (500 MHz, CDCl3) δ 

182.7, 155.8, 145.7, 135.3, 135.1, 133.4, 132.9, 132.5, 130.3, 129.9, 129.2, 128.9, 128.8, 

127.9, 127.8, 127.3, 126.6, 126.2, 125.9, 120.2, 116.6, 74.6, 71.6, 53.2  ppm. HRMS (EI) 

calc׳d for C28H22O3 Na+ [M+Na]+  429.146116, found 429.145598. 

 

Photolysis of 311: 
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Photolysis of  311132 was performed using ‘Method C’, with 200 mg of the starting 

material in 200 mL of three different solvents;  MeOH, benzene and hexanes. Reaction 

was complete in 40 h and 322, 323 and 324 were found as the major products with 

different selectivity in each of the solvents. While 322 had the highest selectivity in 

MeOH, 324 had the highest selectivity in hexanes. 

 

1-(Benzyloxy)-4-hydroxyanthracene-9,10-dione (322). 

                                                  

O

O

OH

O

      

From photolysis of 311 under 419 nm of light and further purification through column 

chromatography (Hexanes/EtOAc), 322 was obtained as a brick red solid. It was 

recrystallized from hexanes/EtOAc. mp 137-138 ºC;  IR (KBr) 3064, 3031, 2864, 1662, 

1632, 1593, 1570, 1475, 1442, 1429, 1352, 1237, 1169, 1041, 1071, 830, 787, 725 cm-1;  

1H NMR (300 MHz; CDCl3) δ13.02 (s, 1H), 8.31-8.25 (dt, 2H, J=7.6 Hz, J=1.4 Hz), 

7.82-7.72 (m, 2H), 7.58 (d, 2H, J=7.3 Hz), 7.43-7.24 (m, 6H), 5.29 (s, 2H) ppm. 13C 

NMR (300 MHz, CDCl3) δ188.8, 181.4, 157.8, 152.9, 136.4, 134.9, 134.7, 133.3, 132.3, 

128.7, 127.9, 127.4, 127.1, 126.4, 126.3, 126.1, 120.3, 115.9, 72.0 ppm. HRMS (EI) 

calc׳d for C21H14O4 Na+ [M+Na]+ 353.078430, found  353.078143. 
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2-Benzyl-4-(benzyloxy)-1-hydroxyanthracene-9,10-dione (323).  

                                

O

O

OH

O

 

From photolysis of 311 under 419 nm of light and further purification through column 

chromatography (Hexanes/EtOAc), 323 was obtained as an orange solid. mp 169-171 ºC;  

IR (KBr) 3433,  3027, 2918, 1661, 1630, 1588, 1427, 1348, 1262, 1243, 1008, 814, 799, 

738 cm-1; 1H NMR (300 MHz; CDCl3) δ  13.52 (s, 1H), 8.32-8.27 (dt, 2H, J=1.6 Hz, J=.7 

Hz, J=6.5 Hz), 7.83-7.72 (m, 2H), 7.45-7.27 (m, 8H), 7.18-7.16 (m, 2H), 7.1 (s, 1H), 5.18 

(s, 2H), 4.10 (s, 2H) ppm. 13C NMR (500 MHz, CDCl3) δ 189.2, 181.3, 156.3, 152.6, 

139.7, 138.3. 136.4, 135.1, 134.7, 133.2, 132.4, 129.2, 128.7, 128.6, 127.9, 127.3, 127.2, 

126.6, 126.4, 126.3, 118.5, 115.4, 71.7, 35.8 ppm. HRMS (EI) calc׳d for C28H20O4 Na+ 

[M+Na]+   443.125380, found 443.125221. 

 

10-Benzyl-4-(benzyloxy)-1,10-dihydroxyanthracen-9(10H)-one (324).  

                                                

O OH

OOH
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From photolysis of 311 under 419 nm of light and further purification through column 

chromatography (Hexanes/EtOAc), 324 was obtained as an orange solid.  mp 118-119 ºC;  

IR (KBr) 3090, 3065, 3026, 2854, 1640, 1599, 1460, 1402, 1352, 1233, 1050, 1004, 780, 

702 cm-1; 1H NMR (300 MHz; CDCl3 ) δ12.47 (s, 1H), 8.02- 7.99 (dd, 1H, J=1.2 Hz, J= 

6.7 Hz), 7.92-7.89 (dd, 1H, J=0.6 Hz, J=7.4 Hz), 7.73-7.67 (dt, 1H, J=1.4 Hz, J= 6.5 Hz),  

7.54-7.42 (m, 6H), 7.34 (d, 1H, J=9.2 Hz), 7.05-6.84 (m, 4H), 6.08 (d, 2H, J=7.1 Hz), 

5.77 (s, 1H), 5.24 (s, 2H), 3.58 (d, 1H, J=12.2 Hz), 3.20 (d, 1H, J=12.2 Hz) ppm. 13C 

NMR (300 MHz, CDCl3) δ 188.3, 157.3, 147.9, 145.9, 135.6, 134.9, 134.2, 132.5, 129.9, 

129.7, 129.1, 128.8, 127.9, 127.8, 127.4, 126.7, 126.2, 125.7, 121.5, 117.3, 115.6, 74.9, 

72.1, 53.6, 36.6 ppm. HRMS (EI) calc׳d for C28H22O4 Na+ [M+Na]+  445.141030, found  

445.140743. 

 

Photolysis of 312:.  
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Photolysis of 312 was done in MeOH, benzene and hexanes separately using ‘Method C’. 

The reaction was completed in 16 h.  325133  was the only product in MeOH while 327 

was the major product in benzene and hexanes with significant amounts of 325, 326 and 

319 detected in these solvents. 

 

10-Benzyl-3,10-bis(benzyloxy)-4-hydroxyanthracen-9(10H)-one (326). 

               

 

 

An argon purged solution of 200 mg (0.475 mmol) of 312 in 200 mL of hexanes was 

irradiated at 419 nm for 16 h. Flash column chromatography with Hexane/EtOAc gave a 

pale yellow solid 326. mp 43-44 ºC ;  IR (KBr) 3444, 3063, 3030, 2925, 2854, 1660, 

1591, 1454, 1383, 1322, 1279, 1067, 1027,744, 700 cm-1;  1H NMR (500 MHz; CDCl3) δ 

7.98 (d, 1H, J=7.8.Hz), 7.90 (d, 1H, J=8.7 Hz), 7.83 (d, 1H, J=7.9 Hz), 7.62 (t, 1H, J=7.2 

Hz),  7.52-7.39 (m, 11H), 7.17 (d, 1H, 8.7Hz), 7.01 (t, 1H, 6.9 Hz),  6.84 (t, 2H, 7.5 Hz), 

6.06 (d, 2H, J=7.6 Hz), 5.45 (s, 1H), 5.37 (dd, 2H, J=10.5 Hz, J= 17.9 Hz), 5.30 ( dd, 2H, 

J= 11.3 Hz, J=12.8 Hz),  3.38 (d, 1H, J=12.3 Hz), 3.22 (d, 1H, J=12.3 Hz) ppm. 13C NMR 

(300 MHz, CDCl3) δ 181.9, 155.4, 145.4, 145.1, 138.1, 136.3, 135.7, 134.9, 133.1, 130.6, 

130.0, 128.9, 128.8, 128.7, 128.6, 128.5, 127.9, 127.7, 127.3, 126.6, 126.0, 125.9, 125.8, 

124.2, 113.3, 75.8, 74.9, 71.2, 54.9  ppm. HRMS (EI) calc׳d for C35H28O4Na+ [M+Na]+  

535.187980, found   535.187247. 

OH

OCH2Ph
O

Ph

O

Ph
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1-Benzoyl-2-(benzyloxy)anthracene-9,10-dione (327).  

                                                 

O

O

O

O

 

An argon purged solution of 200 mg (0.475 mmol) of 312 in 200 mL of hexanes was 

irradiated at 419 nm for 16 h. Flash column chromatography with Hexane/EtOAC  

followed by  recrystallization from methanol/Hexane gave 327 as a pale yellow solid (70 

mg ,  35%). mp 227-229 ºC ;  IR (KBr) 3087, 3067, 3032, 1673, 1574, 1479, 1451, 1330, 

1287, 1156, 1066, 1003, 968, 851, 740, 715 cm-1;  1H NMR (300 MHz; CDCl3) δ  8.4 (d, 

1H, J=8.7 Hz), 8.30-8.27 (dd, 1H, J= 1.2 Hz, J=6.4 Hz), 8.10-8.09 (dd, 1H, J= 1.2 Hz, 

J=6.4 Hz), 7.89 (d, 2 H , J=7.4 Hz), 7.80-7.68 (m, 2H), 7.61-7.56 (m, 1H), 7.49- 7.44 (m, 

2H), 7.37(d, 1H, J=8.7 Hz), 7.24(d, 2H, J= 3 Hz), 7.11-7.08 (m, 2H), 5.19 (dd, 2H, J= 2.8 

Hz, J=13 Hz) ppm. 13C NMR (300 MHz, CDCl3) δ 195.3, 182.7, 181.8, 160.2, 137.0, 

135.2, 134.4, 133.9, 133.3, 133.2, 133.1, 130.7, 130.5, 128.6, 128.5, 128.1, 127.5, 127.2, 

127.1, 126.6, 117.5, 70.6 ppm. HRMS (EI) calc׳d for C28H18O4Na+ [M+Na]+ 441.109730, 

found   441.109449. 

 

Photolysis of 313: 

 Photolysis of 313134 18 h gave 333 as the major product in acetonitrile and as the only 

product in benzene. 
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10-(Benzyloxy)-10b-hydroxy-1-phenyl-1H-anthra[1,9-bc]furan-6(10bH)-one (333). 

                                                  O

OO OH

 

Method D: A solution of 313 (75 mg, 0.178 mmol) in 75 mL benzene was degassed with 

argon and irradiated at 419 nm for 18 hrs. Flash column chromatography with 1:1 

hexane/EtOAc followed by recrystallization from hexane gave a yellow solid product 

(53mg, 70.67%). mp 159-161 ºC ;  IR (KBr) 3447, 3061, 3034, 2925, 1668, 1630, 1591, 

1465, 1303, 1287, 1260, 1217, 1018, 888, 757, 733 cm-1 ; 1H NMR (300 MHz; CDCl3) δ  

7.84-7.79 (m, 3H),  7.56 (d, 1H, J=7.7 Hz),  7.47-7.36 (m, 4H), 7.27-7.22 (m, 5H),  7.12 

(d, 1H, J=7.9 Hz), 6.97-6.89 (m, 3H), 5.86 (s, 1H),  4.84 (d, 1H, J=14 Hz ), 4.68 (d, 1H, 

J= 14.0 Hz), 2.57 (s, 1H) ppm. 13C NMR (300 MHz, CDCl3) δ  184.0, 158.7, 154.6, 136.3, 

136.0, 135.1, 134.1, 131.3, 130.9, 130.7, 130.5, 129.7, 128.8, 128.7, 128.0, 127.8, 126.6,  

121.6, 118.2, 118.1, 114.6, 95.1, 73.7, 68.8 ppm. HRMS (EI) calc׳d for C28H20O4Na+ 

[M+Na]+  443.125380, found 443.125090. 

 

 



104 
 

Photolysis of 334: 

 

Photolysis of 334 by ‘Method D’ gave 335 and 336 as the major products with trace 

amount of 337135 isolated during photolysis in benzene.  

10b-Hydroxy-10-methoxy-1-phenyl-1H-anthra[1,9-bc]furan-6(10bH)-one (335).   

                                              O

O OH O

 

Using “Method D”, 334 was obtained as a pale yellow solid using 334 as the starting 

material and then recrystallized from methanol. mp 209-210 ºC;  IR (KBr) 3400, 3063, 

3037, 3002, 2939, 2839, 1660, 1629, 1590, 1573, 1463, 1307, 1288, 1218, 1060,   918, 

884, 759,  749 cm-1;  1H NMR (300 MHz; CDCl3) δ 7.89(d, 1H, J=7.7 Hz),  7.75 (d, 2H , 

J= 6.7 Hz), 7.61 (d, 1H, J=7.6 Hz), 7.52-7.41 (m, 5H), 7.13 (d, 1H, J= 7.9 Hz), 7.04 (d, 

1H, J=8.14), 5.71 (s, 1H), 3.37 (s, 3H), 2.76(s , 1H) ppm. 13C NMR (300 MHz, CDCl3) δ 

183.8, 158.9, 156.2, 136.4, 135.0, 134.0, 131.3, 130.6, 130.0, 129.5, 128.7, 127.9, 121.2, 



105 
 

118.3, 115.3, 114.7, 95.3, 73.7, 54.2 ppm. HRMS (EI) calc׳d for C22H16O4Na+ [M+Na]+  

367.094080, found 367.093988.  

 

10-Methoxy-1-phenyl-6H-anthra[1,9-bc]furan-6-one (336).  

                                                  O

O O

 

Using “Method C”, 336 was obtained as a pale yellow solid using 334 as the starting 

material. Pale yellow crystals were obtained by recrystallization from methanol. mp 199-

202  ºC;  IR( KBr) 3067, 3007, 2980, 2943, 2844,  1649, 1614, 1593, 1555, 1492, 1459, 

1446, 1363, 1304, 1277, 1210, 1192, 1160, 1149, 1072, 1052, 1029, 951, 929,895,832, 

777, 764, 737, 705 cm-1;   1H NMR (300 MHz; CDCl3) δ 8.22-8.15 (m, 2H), 7.73 (d, 1H, 

J=7.9 Hz), 7.65-7.45 (m, 7H), 7.08 (d, 1H, J=7.9 Hz), 3.28 (s, 3 H ) ppm. 13C NMR 

(300MHz, CDCl3) δ 182.9, 157.8, 156.2, 152.5, 134.6, 133.6, 131.6, 130.2, 128.9, 128.1, 

126.9, 126.2, 125.8, 121.6, 121.3, 115.0, 113.7, 107.6, 54.10  ppm. HRMS (EI) calc׳d for 

C22H14O3 Na+ [M+Na]+ 349.083515, found  349.083507. 

 

Photolysis of 314: 

Photolysis of 314 for 20 h using ‘Method C’  gave 328 as the major product in MeOH 

and 330 as the major product in benzene. 
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1-Benzoyl-5-(benzyloxy)anthracene-9,10-dione (330).  

                                       

O

OO

O

 

Photolysis of 314 at 419 nm in both benzene and hexanes followed by purification 

through column chromatography (Hexanes/EtOAc) gave 330 as a yellow crystalline solid. 

It was recrystallized from Hexane/EtOAc. mp 246-247 ºC;  IR (KBr) 3060, 3032, 2923, 

2853, 1668, 1586, 1497, 1448, 1391, 1323, 1288, 1261, 1178, 1165, 1080, 1007, 820, 737, 

712 cm-1;  1H NMR (300 MHz; CDCl3) δ 8.45 (dd, 1H, J=1.2, J=6.6 Hz ), 7.91-7.75 (m, 

4H), 7.64- 7.53 (m, 5H), 7.47-7.35 (m, 6H), 5.36 (s, 2H) ppm.  13C NMR (300 MHz, 

CDCl3) δ 197.0, 182.7, 181.5, 159.3, 141.2, 136.7, 136.0, 135.6, 135.3, 135.1, 134.0, 
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133.2, 131.6, 130.9, 129.1, 128.8, 128.6, 128.4, 128.0, 126.8, 121.5, 120.5, 120.0, 71.1 

ppm. HRMS (EI) calc׳d for C28H18O4Na+ [M+Na]+  441.109730, found 441.109854. 

 

1-(Benzyloxy)-5-hydroxyanthracene-9,10-dione (328). 

 

 

 

 

Photolysis of 314 at 419 nm in both benzene and hexanes followed by purification 

through column chromatography (Hexanes/EtOAc) gave 328 as a yellow solid. It was 

recrystallized from Hexanes.  mp 167-169 ºC;  IR (KBr) 3435, 2925, 1672, 1632, 1585, 

1451, 1367, 1293, 1261, 1181, 1171, 1059, 1019, 862, 780, 730, 708 cm-1;  1H NMR (300 

MHz; CDCl3) δ12.48 (s, 1H), 7.99 (dd, 1H, J=0.9, J=7.7 Hz),  7.82 (dd, 1H, J=1.1, J=7.5 

Hz), 7.71-7.59 (m, 4H), 7.45-7.24 (m, 5H), 5.35 (s, 2H)  ppm. 13C NMR (300 MHz, 

CDCl3) δ 187.2, 180.2, 160.9, 158.4, 136.2, 135.3, 134.2, 128.1, 127.4, 126.2, 122.4, 

121.6, 119.9, 119.3, 118.9, 115.2, 71.2 ppm. HRMS (EI) calc׳d for C21H14O4Na+ 

[M+Na]+  353.078430, found 353.077912. 

 

10-Benzyl-5-(benzyloxy)-1,10-dihydroxyanthracen-9(10H)-one (331). 

 

 

 

O

O

OH

O
Ph
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Photolysis of 314 at 419 nm in both benzene and hexanes followed by purification 

through column chromatography (Hexanes/EtOAc) gave 331 as a pale yellow solid.  IR 

(KBr) 3437, 2926,1635, 1579, 1452, 1361, 1261, 1038, 806, 713, 700 cm-1;  1H NMR 

(500 MHz; CDCl3) δ  12.41 (s, 1H), 7.78 (dd, 1H, J=0.8, J=7.7 Hz), 7.58 (t, 1H, J=8Hz), 

7.54-7.44 (m, 6H), 7.40 (d, 1H, J=7.7), 7.36 (d, 1H, J=8 Hz), 7.01  (t, 1H, J=7.4 Hz), 6.91 

(d, 1H, J=8.2 Hz), 6.86 (t, 2H, J=7.7), 6.07 (d, 2H, J=7.2 Hz), 5.50 (s, 1H), 5.31 (s, 2H), 

3.60 (d, 1H, J=12.2 Hz), 3.19 (d, 1H, J=12.2)   ppm.  13C NMR (500 MHz, CDCl3) δ  

187.5, 161.8, 155.7, 147.1, 136.3, 135.2, 134.9, 132.7, 132.2, 129.8, 129.2, 129.0, 128.9, 

128.0, 127.3, 126.7, 119.8, 117.2, 116.8, 116.1, 114.9, 74.9, 71.7, 53.8  ppm. HRMS (EI) 

calc׳d for C28H22O4Na+ [M+Na]+  445.141030, found 445.140433. 

 

1-Benzyl-5-(benzyloxy)-1-hydroxyanthracene-9,10-dione (332) 
 
 

 

 

Photolysis of 314 at 419 nm in both benzene and hexanes followed by purification 

through column chromatography (Hexanes/EtOAc) gave 332 as a yellow solid. mp 132-

133 ºC;  IR (KBr) 3432, 2925, 2854, 1715, 1666, 1632, 1583, 1431, 1384, 1363, 1260, 

1015, 735, 698 cm-1;  1H NMR (500 MHz; CDCl3) δ  12.92 (s, 1H), 7.99 (d, 1H, J=7.7 

Hz), 7.74 (d, 1H, J=7.7 Hz ), 7.67 (t,1H, J=8 Hz), 7.60 (d,2H, J=7.6 Hz ), 7.47-7.29 (m, 

10H), 5.34 (s, 2H), 4.10 (s, 2H) ppm. HRMS (EI) calc׳d for C28H20O4Na+ [M+Na]+  

443.125380, found 443.124855. 

O

O

OH

O
Ph
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3.6 Crystal structures: 

                                                      

Figure 13:  Crystal structure of 321 

Figure 14: Crystal structure of 322  
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 Figure 15: Crystal structure of 333                                

 

Figure 16: Crystal structure of 335 



111 
 

             Figure 17: Crystal structure of 336

 

                                                                                    Figure 18: Crystal structure of 330  
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Figure 19: Crystal structure of 327 

 

 

 

Figure 20: Crystal structure of 319
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3.7 Fluorescence studies on the mechanism for anthrone product (324) formation: 

 

    1,4-Dibenzyloxy-9,10-anthraquinone (311) was examined by fluorescence 

spectroscopy in order to confirm the formation of the corresponding 

anthrahydroquinone.  A solution of 311 was prepared in 9:1 dioxane/water and its 

fluorescence spectrum was recorded with an excitation wavelength 321 nm.  An 

emission peak around 550 nm was observed which is consistent with the expected 

emission of an alkoxy-anthraquinone.45, 46 Irradiating this solution for 1 hour with 

419 nm light resulted in the reduction of the 550 nm emission intensity while a new 

peak grew at 395 nm.   

 

Figure 21: Fluorescence spectra recorded with λexc = 321 nm.  All solutions 9:1 
dioxane:H2O with [311] = 47 mM. 
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Reduced 311 was prepared by stirring 311 with 10 eq. of sodium dithionite for 30 min. 

Dithionite treated 311 gave two peaks at 415nm and 550 nm.  Coincidentally, dithionite 

and 311 produce a similar emission near 550 nm when irradiated at 321 nm.  However, 

both photolyzed 311 and dithionite treated 311 give an emission near 400 nm which is 

not seen when dithionite alone is irradiated.  The slight difference in emission between 

photolyzed 311 and dithionite treated 311 is most likely due to the difference in pH and 

ionic strength in the two solutions.   

3.8 Structure determination of 324 using 2D NMR spectroscopy: 

                 

    Determination of the structure of 324, one of the products of the photolysis of 311 in 

non-polar solvents, was achieved with 2D NMR spectroscopy. Here the analysis of the 

2D NMRs for this compound are presented. 

    There are two singlets at δ 12.4 and δ 5.77 in the 1H NMR which do not show any 

cross peak with any proton in the HMQC. This suggested that these two protons are 

attached to heteroatoms. When D2O was used as the NMR solvent, both these peaks 

disappeared suggesting deuterium exchange with two different –OH groups in the 

molecule. One of them, being very downfield at δ12.4 (C1) indicates the presence of a 

carbonyl group (C9) to which the –OH group is hydrogen bonded. This is supported by 
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the 13C NMR that shows one carbonyl carbon at δ188.2 which also indicates about one of 

the carbonyl group from the original symmetrical dicarbonyl compound 311 being 

disappeared. On the other hand, there is only one benzylic (CH2-O) peak shown by 1H 

NMR at δ5.24 as a singlet that integrates for 2 protons.  That this peak represents a CH2 

is confirmed with APT/DEPT. As expected, this proton signal has a cross peak with a 

carbon at δ72.1 as shown by HMQC. Absence of any other benzylic CH2 peak reflected 

in both 1H NMR and 13C implies that one benzyl group is cleaved from the starting 

material which might have subsequently attached at the C-10 where a carbonyl group is 

disappearing. Generation of a quaternary carbon at C-10 is confirmed by the 13C (peak at 

δ74.9) as well as APT/DEPT. HMBC shows that C10 has a crosspeak with the proton 

signal at δ5.74 which we already concluded to be an –OH peak. This confirms the 

conversion of the carbonyl at C-10 to an alcohol group making way for the benzyl group  

that cleaved from the benzyloxy group, to attach to the anthracene ring again. If this is 

true then the CH2 protons at C-13 should be diastereotopic. This indeed is reflected in the 

1H NMR where a pair of doublets, one each at δ3.2 and δ3.6 and each integrating for one 

proton, a characteristic signal of diastereotopic protons, is observed. In the HMQC, both 

these protons has cross peak with the same carbon with δ53.6, confirming them to be 

diastereotopic. HMBC shows that these diastereotopic protons at C-13 have cross peaks 

with the carbon at C-10 as well as with two other aromatic carbons, both of which are 

associated with two triplets integrating for one and two protons. These triplets represent 

the protons at C-17 and C-16 respectively and COSY shows that they are connected to 

each other. Additionally, in the COSY the protons at C-16 are connected to a doublet at 

δ6.8, which has a cross peak with an aromatic carbon in the HMQC and with C-13 in 
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HMBC. This implies that the protons at δ6.8 are the protons on C-15, representing an 

example of anisotropic effect where the newly attached benzyl ring is partially pi-stacked 

on the anthracene ring resulting in an unusually upfield aromatic proton signal.101-102  

    Since the OH peak at δ12.07 is hydrogen bonded to a carbonyl carbon, the cleaved 

benzyl group has to reattach on the other side of the anthracene ring, i.e. the same side as 

the remaining benzyloxy group.  In DMSO the diastereotopic protons of the benzyl group 

appear at δ3.2 and δ3.9 respectively. The doublet of protons at C-15 (δ6.08 in chloroform) 

and the non-phenolic -OH peak (δ5.77 in chloroform) flip positions and come at δ6.0 and 

δ6.1 respectively in DMSO. A NOESY experiment in DMSO (in CDCl3, -OH protons 

were very much exchangeable and couldn't be observed) showed that while the proton at 

δ3.2 (H-13) has cross peaks with the doublet at δ6.0 (C-15) and an aromatic proton at 

δ8.10 (C-5), the peak at δ3.9 (H-13’) has cross peaks with the doublet at δ 6.0 (C-15) and 

the -OH peak at δ6.1.  That simply means that the -OH proton at δ5.77 is away from the  

aromatic ring without substitution and closer to the aromatic ring with substitution. The 

following figure represents a schematic description of these NOESY interactions. 

                                                              

Figure 22: NOESY correlations observed in 324. 
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Figure 23: COSY spectra of 324 
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Figure 24: HMQC spectra of 324  
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Figure 25: HMBC of 324   



120 
 

 

Figure 26: NOESY spectra of 324 in deuterated DMSO. 
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3.8.1 Structure determination of 326 by 2D NMR Spectroscopy: 

    

     326, which is a product obtained during the photolysis of 314 in non-polar solvents, 

has a structure similar to the anthrone obtained from photolysis of 311. However it lacks 

an OH group at the newly generated quaternary carbon from one of the anthraquinone 

carbonyls. The structure determination of 326 was achieved with 2D NMR spectroscopy.   

A diastereotopic doublet pair of protons at δ3.2 and δ3.38 suggested by HMQC indicated 

the presence of a chiral center as in 324. A singlet at δ5.45 that disappears in D2O 

suggested of an –OH group which is not hydrogen bonded. Disappearance of one 

carbonyl group as shown by 13C indicated that this OH could either be at C-1 or at C-9/C-

10. However HMBC showed no cross peaks of this OH group with C-9 that is determined 

by APT/DEPT at δ74.9; suggesting the OH to be at C-1 carbon. Interestingly, there are 

two other pairs of diastereotopic proton signals centered at δ5.3 and δ5.37 which overlap 

with each other. APT/DEPT showed these to be CH2 groups which suggested that two 

benzyloxy groups are still present in the molecule. One of them was confirmed to be at 

original C-2 position from correlation peak with the proton at C-3 in NOESY. The other 

benzyloxy group shows NOESY correlation peak with the diastereotopic proton at δ3.2. 

Thus both the benzyl and benzyloxy groups are expected to be attached at the same 

quaternary carbon C-9. The hydroxyl group attached to C-1 shows a NOESY correlation 

peak with the diastereotopic protons on C-12 confirming it to be at C-1 and not at C-2.   
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Figure 27: COSY spectra of 326   
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Figure 28: NOESY spectra of 326  
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Figure 29: HMQC spectra of 326 

Diastereotopic protons at C‐12 

Diastereotopic protons at C‐11 

Diastereotopic protons at C‐ 13
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Figure 30: HMBC spectra of 326  
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Figure 31: APT and DEPT 45 of 326 
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3.9 Methodology for kinetic studies of the alkoxy anthraquinones:  

  

    To record the relative quantum yields of photolysis of the compounds shown in the 

Table 5, the concentration of each of the compounds was normalized to a specific value 

in order to have the same absorbance as the standard solution.  First, UV absorption  

spectra of each of the compound was recorded at four different concentrations, 0.2 mM, 

0.1 mM, 0.05 mM and 0.01 mM. Plotting the absorbance along the X-axis against the 

concentrations along the Y-axis yielded a straight line, the slope of which gives the molar 

absorptivity coefficient for that specific compound at that specific wavelength which is 

set as 405nm here.  A solution of 310 with 2.5 mM concentration in 1:4 DMSO/MeOH 

was used as the standard solution and its absorbance was determined using the following 

equation, derived from the Beer-Lambert law. 

                     A= εLc                                                                              Equation 5   

 A= absorbance               ε = molar absorptivity = slope of the plot 

 L = pathlength = 1cm      c = concentration = 2.5 mM   

 

    Now ε for each of the other compounds in the Table 5 were determined from the 

absorbance vs. concentration plot at 405 nm and using it in equation 4, a concentration 

for each of the molecules were determined to keep the value of ‘A’ unchanged.  Each of 

these compounds with the correct concentration was photolyzed at 405 nm using 

monochromatic light for 15 minutes each, in NMR tubes. 2,4,6-trimethyl benzoic acid 

was used as an internal standard in order to measure the change in integration of the 

benzylic CH2  protons after photolysis. A relaxation time of 5 seconds was used. 
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Absorbance vs. concentration plot for 315:   

    A representative example for the determination of molar absorptivity for alkoxy 

anthraquinones is demonstrated here using data for 315. A stock solution of 0.2 mM 

concentration was prepared by dissolving 5.3 mg of 315 in 50 mL of 4:1 MeOH/DMSO 

and using 1 mL of this solution the UV spectra was recorded.  This was repeated three 

times and the average of the absorbance at 405 nm, was determined.  This process was 

followed for solutions of concentration 0.1 mM, 0.05 mM and 0.01 mM, prepared by 

dilution of the stock solution. The absorbances of the four solutions were plotted against 

the concentration to obtain the following plot. 

      

   Figure 32: Absorbance vs. concentration plot for 315 at 405 nm. 

    The slope of the plot Y= mX + C is m which is a constant. Thus in equation 5, L being 

constant at 1 cm, the slope of the plot at Figure 32 would represent the molar absorptivity 

of the compound 315 at 405 nm. This method was adopted for determining the molar 

absorptivity of the compounds in Table 5 which are enlisted in Table 6.         
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Distinguishing the relevant benzylic CH2 groups for kinetic studies:  

    As mentioned above, the rate of release of aldehyde in the NMR-scale photochemistry 

of the polybenzyloxy anthraquinones was monitored by following the rate with which the 

benzyloxy group, from which the initial hydrogen abstraction occurs, was disappearing in 

the 1H NMR. Unsymmetrical compounds, such as 312 and 315, which contain more than 

one benzylic CH2 groups posed the challenge of identifying the NMR signal for the 

correct benzylic CH2 group that is suitably positioned for a hydrogen abstraction by the 

carbonyl groups. Here we will first consider the case of compound 312. 

                                    

Figure 33: Carbon-proton correlations of the carbons with benzyloxy substitutions in 312.  

    To distinguish between the benzyloxy groups attached to the C-1 and C-2 positions in 

312, the first step is to identify the carbons in the 13C spectra. C-1 and C-2 should be 

more downfield than the other sp2 quaternary carbons because of the adjacent oxygen 

atoms. The 13C spectra showed that other than the carbonyl peaks beyond δ180, the most 

downfield carbon peaks are at δ148.6 and δ158.4 respectively. Which of these belong to 

C-1 or C-2 can be confirmed from the HMBC spectra. As seen in Figure 33, C-1 should 

have correlation with H-3 and H-5 while C-2 can have correlation with H-3, H-4 and H-6.        
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     A look at the HMQC in Figure 34 shows that no proton is bonded to the carbons at 

δ148.6 and δ158.4 confirming those to be the carbons where benzyloxy groups are 

attached.  However, in the HMBC in Figure 35, it is obvious that the carbon at δ148.4 is 

being seen by two protons while the one at δ158.6 is being seen by three protons.  This 

confirms that the carbon peak at δ148.4 relates to C-1 and the other one relates to C-2. In 

the HMBC it is also seen that C-1 has a correlation with the protons at δ5.17 which must 

stand for the H-5 protons. Similarly C-2 has a correlation with the protons at δ5.24 which 

must stand for the H-6 protons. Thus, it was confirmed that the proton peak at δ 5.17 in 

the 1H NMR represents the benzylic protons that are suitably placed for hydrogen 

abstraction by the carbonyl group at C-9. Hence, the change in integration of this peak 

against a standard peak after photolysis was monitored in order to determine the relative 

quantum yield of 312.  

                 

Figure 34: HMQC spectra of 312.  
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Figure 35: HMBC spectra of 312.   

 



132 
 

    Again in the case of 315, we have three benzyloxy groups attached to C-1, C-2 and C-4 

respectively, of which the ones at C-1 and C-4 are positioned for hydrogen abstraction. In 

the 1H NMR there are three peaks in the region δ5-6 ppm. To distinguish which of these 

peaks belong to which of the benzylic CH2 protons, first we have to identify the carbons 

C-1, C-2 and C-4 in the 13C NMR. As we can see in the 13C NMR there are three peaks at 

δ158, δ157 and δ143 which should belong to these three carbons, though not in the same 

order necessarily. For convenience we will label the CH2 peaks as A, B and C from left to 

right.  

     

 

 

 

   

Figure 36: NOESY correlations in 315. 

    The HMBC shows that H-3 which is at δ6.88, correlates to the carbons at δ143, 158 

and δ157, to which respectively, peaks B, C and A are correlating (Figure 38).  Thus, 

these carbons cannot be distinguished based on their correlation to H-3. However, we can 

distinguish H-6 from H-5 and H-7 by the number of correlation peaks they have in the 

NOESY spectra. As seen in Figure 36, both H-7 and H-6 should have NOESY 

correlations with H-3 while H-5 and H-3 cannot show NOESY correlation. Thus H-5 can 

be distinguished from H-6 and H-7. However, in addition to H-3, to which both H-6 and 
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H-7 should have NOESY correlation, they can show NOESY correlation with the ortho 

protons of the individual phenyl rings next to them, i.e., H-9 and H-10 respectively. 

Interestingly, H-9, which should have a correlation with H-6, can have another 

correlation with H-5. Hence H-6 can be easily distinguished from H-7.  However, this 

difference in NOESY could not be observed with a 500 MHz NMR as the resolution was 

not good enough to draw a conclusion. Hence, a NOESY experiment using a 600MHz 

NMR was performed using DMSO, the solvent used in NMR-scale photolysis. 

           

Fig 37: High resolution NOESY (600 MHz, 350 ms mixing time) of 315.  

   In DMSO, the CH2 peaks changed chemical shifts and they are again labeled, A, B and 

C from down to upfield. A at δ5.3 was assigned to H-5, as it correlates to its own ortho- 

proton H-8 (δ7.61) and the ortho proton in the neighboring benzyloxy group H-9 (δ7.28)    

but does not correlate to H-3 at δ7.46  as seen in Figure 37.  Peak B at 5.25 correlates to 
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protons at δ7.46 (H-3) and δ7.28 (H-9).  Thus two CH2 protons, one at δ5.3 and the other 

at δ5.25, are having correlations to the same ortho-proton at δ7.28, which is not 

correlated to the CH2 proton at δ4.97. This confirms that the peak B at δ5.25 belongs to 

H-6 and the peaks C at δ4.97 belongs to H-7. This is supported by the fact that it has 

correlation with H-3 at δ7.46 but doesn’t have correlation with H-9 at δ7.28.   

                            

       Figure 38: HMBC spectra of 315; complete (top) and expanded (bottom) views. 
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4.1 Abstract: 

 

    Photolysis of 1,2-didodecyloxy-9,10-anthraquinone with visible light produced an 

anthraquinonyl dimer and an alkyl radical corresponding to the 1-alkyl group minus one 

methylene. The radical could be trapped to give either alkane or alkyl halide. The 

products are apparently obtained via three sequential photoreactions and provide a means 

for converting primary alcohols or halides to an alkane or alkyl halide with one less 

carbon. 

 

4.2 Introduction: 

 

    Photochemical generation of carbon centered radicals has a rich history in organic 

synthesis.136-143  An important technique in this area is the photoinduced decarboxylation 

of PTOC (pyridine-2-thione-N-oxycarbonyl) esters, which allows conversion of a 

carboxylate group to another functional group, even H, in a two-step process.27-34   

Irradiation of ketones also produces alkyl radicals through several mechanisms, including 

H abstraction and Norrish Type I and Type II reactions.95-97,144-151 Recently, the 

photochemistry of 1,n-dibenzyloxy-9,10-anthraquinones was described.152 These 

compounds underwent a number of radical producing reactions upon exposure to visible 

light (λ > 400 nm).  Included among the reactions were photo-Claisen like 

processes.25,104-110   Unfortunately, the reactions were rarely selective for a particular 

reaction pathway.  In an attempt to increase product selectivity, an examination of 1,n-

dialkoxy-9,10-anthraquinones, in which the alkyl groups were not capable of photo-
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Claisen chemistry, was undertaken.  A remarkable sequential photoreaction was observed 

for 1,2-didodecyloxy-9,10-anthraquinone that produces undecyl radicals in high yield.  

The overall reaction is analogous to PTOC decarboxylation; a primary alcohol or alkyl 

halide can be converted to an alkane or alkyl halide of one fewer carbons. 

 
4.3 Results and discussions 

    The photochemistry of 1,2-didodecyloxy-9,10-anthraquinone152 (401) was selective 

and high yielding (Scheme 37).  Photolysis of 401 gave dimer 402 and undecane in 79% 

and 66% yield, respectively. The structure of 402 was determined by NMR and X-Ray 

crystallography.  The -OCH2- group in 402 consisted of two diastereotopic protons.  The 

C-C bond connecting the two halves of the dimer was found to be a remarkable 1.60 Å. 

  

        

Scheme 37: Photoproducts from 401 in benzene. 

 

    The selectivity and yield of the reaction was remarkable, given the amount of structural 

change that took place in the transformation.  Formation of dimer 402 appeared to be the 

result of three sequential photoreactions, involving a significant rearrangement of the 1-

alkoxy group and cleavage of a C-C bond.  The dimer is soluble in benzene, but not in 

many other common solvents.  The alkane could be separated from the dimer by 

precipitation of 402 from ether or hexane. 
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    A plausible mechanism for the overall reaction is shown in Scheme 38.  The initial 

photoreaction was the anticipated γ-hydrogen abstraction from the 1-alkoxy group by the 

excited quinone to give diradical 403.  Under the non-polar conditions, the intramolecular 

redox reaction described by Blankespoor14-18 did not occur; instead, the 1-alkoxy radical 

cyclized by addition to the ipso carbon, producing a spiro-epoxide, 404.115,116    Opening 

of the epoxide produced benzyl alcohol 405.   The second photoreaction was a γ-

hydrogen atom abstraction that resulted in oxidation of the benzyl alcohol to a ketone 

(406), with concomitant reduction of the quinone to a hydroquinone.  This second 

photochemical step is analogous to aerobic photolysis used previously to oxidize ortho 

methylenes in anthraquinones to carbonyls.153-156 Under the anaerobic conditions 

described here, hydroquinone 406 should be relatively long-lived.     

    Undecane and 402 were then produced from ketone 406 by Norrish Type I cleavage, 

the third and final photoreaction in the sequence.  Cleavage of the undecyl group from the 

dodecyl ketone in 406 gave acyl radical 407, along with the undecyl radical, 408.  H- 

transfer in radical pair 407/408 gave diradical 409 and undecane.  Cyclization of the 

diradical gave lactone 410, which oxidized upon exposure to air during workup; however, 

the lactone prevented complete oxidation to quinone and the intermediate semi-quinone 

radical, 422, dimerized to give the observed dimer, 402.157 

Evidence in support of the mechanism proposed in Scheme 38 was the formation of 

alkane, trapping of lactone 410 prior to re-oxidation and substituent effects.  The 

observation of a significant yield of undecane from a molecule containing two dodecyl 

groups indicated cleavage of a C-C bond at some stage.  Ketones such as 406 have been 

previously observed as products in the photochemistry of 1-alkoxy-9,10-anthraquinones.  
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Thus, a Norrish Type I cleavage appeared to be a possible route for the required C-C 

cleavage. 

 

Scheme 38: Proposed mechanism for the dimer 402 formation.(R= C11H23, R
 (OC12H23 = ׳

 
 

  Photolysis of 412 gave ketone 413 as the sole product (Scheme 39).  The mechanism for 

this transformation is presumably similar to that for 401  406.   However, for an as yet 

unknown reason, the 2-alkoxy group altered 406 such that a Type I cleavage can occur.  

The observation of 413 supports the formation of 416 in the proposed mechanism.   

               

Scheme 39: Photolysis of 412. 
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    Oxidation of lactone 410 occurs after photolysis.  Therefore, 410 could be trapped 

prior to oxidation but after photolysis.  There are two potential reactive sites on 410: the 

lactone and the phenolic OH.  When dimethylamine was introduced to the photolysis 

mixture after photolysis, but before introduction of air, amide 414 was isolated in 47% 

yield.  When Tf2O and Et3N were introduced prior to oxidation, triflate 415 and 

carboxylic acid 416 (presumably due to hydrolysis of 410) were isolated in 12% and 14% 

yield, respectively.  All three products were consistent with the intermediacy of 410.  

Amide 414 could be produced by nucleophilic attack of dimethylamine on the lactone 

carbonyl of 410.  Triflate 415 obviously demonstrated the presence of a hydroxyl on C-

10.  Taken together, these two products clearly indicated the presence of 410 in the 

reaction mixture prior to the introduction of air.   

 

 
Scheme 40: Trapping the intermediate 410. 

 

    A substituent effect was also observed that was consistent with a Norrish Type I 

cleavage.  Although neither benzophenones nor methyl ketones typically undergo Type I 
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cleavage158 exactly this reactivity trend was observed.  Photolysis of 417 should lead to a 

benzophenone that corresponds to 406.   Indeed, such a ketone, 418, was a major product 

in the reaction along with significant amounts of photo-Claisen products. Similarly, 

photolysis of 419 was expected to lead to a methyl ketone analogous to 406.  Methyl 

ketone 420 was the sole observed product when 409 was photolyzed.  Thus, neither a 

phenyl ketone nor a methyl ketone gave dimer or alkane when subjected to the reaction 

conditions.  This is again consistent with the mechanism shown in Scheme 38. 

 

 

Scheme 41: Photolysis of 417 and 418. 

 
    Careful analysis of crude reaction mixtures when 401 was photolyzed in benzene 

revealed the presence of 1-phenylundecane, which was produced in approximately 1-2% 

yield.  Presumably, this minor byproduct was obtained when the alkyl radical added to 

solvent benzene with subsequent re-oxidation.  The observation of a benzene adduct of 

the alkyl radical suggested that the intermediate alkyl radical might be trapped.    

    This proved successful: CCl4 and BrCCl3 each were able to trap the intermediate alkyl 

radical.  When 401 was photolyzed in CCl4 (Table 1, entry 3), 1-chloroundecane and 

dimer 402 were obtained in 62% and 59% yield, respectively.  A trace amount of 1-

undecene was also observed.  Photolysis of 401 in the presence of BrCCl3 resulted in a 
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more complicated reaction.  Although both undecane and 1-bromoundecane were 

observed, BrCCl3 apparently trapped radical 403 as well, giving several additional 

products.  However, this data could be used to estimate the rate of H atom transfer in 

radical pair 407/408.159,160   Based on the two experiments (Table 7, entries 4 and 5) in 

which both 1-undecane and 1-bromoundecane were simultaneously observed, the rate of 

H transfer in radical pair 407/408 was estimated to be 2 x 106 s-1.    

 
Table 7.  Photolysis of 401.a   

entry 
 

Solvent Additive Yield 
RH / R-X 

Yield 
410 /416 

1 dry  
benzene 

--- 66%b / <2%c  
(X=Ph) 

79%b / 0% 

2 wet  
hexane 

--- 69%b / 0% 0% / 64%b 

3 CCl4 --- 0% / 62%b  
(X=Cl) 

59%b / 0% 

4 dry  
hexane 

5 eq.  
BrCCl3 

52 / 48c  
(X=Br) 

d 

5 dry  
hexane 

50 eq.  
BrCCl3 

42 / 58c  
(X=Br) 

d 

6e benzene --- d 55%b / 0% 
 

a) A Rayonet reactor with 16 no. of 419 nm lamps were used unless otherwise indicated.  
b) Isolated yield. c) Determined by GC analysis of the crude reaction mixture. d) not 
measured. e) light source was sunlight and isolated yield was based on recovered 401. 

 

    The sequence described above provides an overall two-step transformation of a 

primary alcohol or alkyl halide to an alkane or alkyl halide with one less carbon; a 

process analogous to the conversion of CO2H to alkane or alkyl halide using a PTOC 

ester.2  The alcohol (or alkyl halide) to be transformed can be used to alkylate 421 

(Scheme 6), which can be easily prepared from commercially available alizarin.161 

Irradiation of the resulting ether 401 would then give alkane or alkyl halide and either 
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dimer 402 or acid 416. The reaction shown in Scheme 42 requires nothing beyond visible 

light and can be performed using sunlight (Table 1, entry 6).  

  

 

Scheme 42. Conversion of alcohols or alkyl halides to smaller alkanes or alkyl halides.  

 

4.4 Experimental: 

4.4.1 General Procedure:  

    All reagents were purchased and used without further purification unless otherwise 

mentioned. Methanol and benzene were dried by solvent distillation column and hexane 

was dried by distillation over calcium hydride (CaH2).  All reactions sensitive to air and 

moisture were carried out under argon in glassware dried in an oven at 120 oC. Thin layer 

chromatography (TLC) was performed on silica gel plates of 250 µm thickness and 

doped with fluorescent indicator.  The chromatograms were visualized with UV light 

(354 nm and 365 nm). Column chromatography was performed using silica gel (60 Å) or 

basic alumina (58 Å) and 230-400 mesh.  All photochemical reactions were performed in 

Pyrex glassware and solutions were magnetically stirred throughout the photolysis 

process.  Anaerobic reactions were degassed by blowing argon.  1H and 13C NMR spectra 

were recorded on a Bruker 300 MHz or 500 MHz spectrometer using CDCl3 as solvent, 
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unless otherwise mentioned.  Chemical shifts (δ) are given in ppm relative to TMS (0 

ppm for 1H NMR) or the residual CDCl3 peak (at 7.26 ppm. for 1H NMR or 77.0 ppm for 

13C NMR).  Coupling constants (J) are given in Hz. IR spectra were recorded in a FT-IR 

spectrometer from Perkin Elmer.  Melting points were measured on a Meltemp- II 

apparatus and are uncorrected.  To obtain HRMS data, samples were dissolved in 1:1 

THF:MeOH with NaCl and analyzed by positive ion electrospray on a Bruker 12 Tesla 

APEX -Qe FTICR-MS with an Apollo II ion source. All the GC experiments were 

carried out in an Agilent 7890A gas chromatography system fitted with a mass selective 

device (MSD). The column used was a HP-5MS with 30 mm x 0.25 mm x 0.25 μm of 

dimension. Injector was at 50 oC with a 50:1 split and a 3 mL/min septum purge and oven 

was at 50 ºC for 1 min before going to 320 ºC with a ramp of 12 ºC/ min. Transfer tube 

from GC to MSD was at 250 ºC.        

Photoproduct of 1: Dimer (402):  

 

 

 

 

Method A: To a 100 mL RB flask, 50 mg (0.087 mmol) of anthraquinone 401 was added 

and dissolved in 50 mL of dry benzene. The solution in the capped RB flask was 

deoxygenated by purging argon while stirring magnetically for 1 h. Then the solution was 

irradiated under 419 nm light for 15 h. TLC showed the starting anthraquinone was 
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completely consumed. The reaction mixture was concentrated in vacuo and the crude 

product was purified using column chromatography over silica gel with a gradient solvent 

system of petroleum ether : ethyl acetate (from 100:5 to 70:30). The eluent was 

concentrated to obtain off-white color solid which was recrystallized from hexane to get 

30 mg (0.043 mmol) of the dimer product (82.5%). mp 195-196 ºC ; IR (FTIR) 3067, 

2920, 1781, 1683, 1632, 1597, 1498, 1466, 1307, 1217, 1191, 1166, 1048, 970, 883, 837, 

730, 718, 683, 665 cm-1;  1H NMR (300 MHz; CDCl3) δ 7.94-7.88 (m, 4H), 7.53-7.37 (m, 

4H), 7.26 (s, 2H), 7.01 (d, 2H, J=8.5 Hz ), 4.38-4.31 (dt, 2H, J= 6.6 Hz, J=9.3 Hz), 4.14-

4.06 (dt, 2H, J=6.6 Hz, J=9.3 Hz), 1.87-1.79 (p, 4H, J=6.7 Hz) 1.44-1.27 (m, H), 0.88 (t, 

6H, J=6.9 Hz) ppm. 13C NMR (125 MHz, CDCl3) δ 179.5, 179.1, 164.6, 164.1, 161.0, 

160.5, 153.5, 153.0, 135.2, 134.5, 133.4, 133.2, 131.6, 131.5, 129.9, 127.6, 127.3, 126.9, 

126.7, 123.1, 123.0, 115.6, 115.4, 113.1, 112.7, 85.6, 70.9, 31.9, 29.7, 29.6, 29.5, 29.4, 

29.3, 29.2, 28.8, 28.7, 25.8, 25.7, 22.7, 14.1 ppm. HRMS (EI) calc׳d for C54H66O8N
+ 

[M+NH4]
+  856.4788 found  856.4781.   

 

2‐(Dodecyloxy)‐N,N‐dimethyl‐9,10‐dioxo‐9,10‐dihydroanthracene‐1‐carboxamide  (414) 

 

 

 

Method B: In a 500 mL RB flask, 300 mg (0.520 mmol) of anthraquinone 401 was 

dissolved in 300 mL of dry benzene.  Argon was purged through the solution for 1 h to 

deoxygenate it.  The solution was irradiated with 419 nm light for 15 h.  The reaction 

O

O

O

O N

C11H23
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mixture turned transparent reddish brown from an initial light brown color. Without 

exposing the reaction mixture to the atmospheric air, 10 equivalents of dimethylamine 

(33% in ethanol, 710mg, 5.2 mmol) was added via syringe.  A few drops of acetic acid 

were added to the reaction mixture and then it was stirred for another 3 h.  The solution 

turned dark brownish red colored.  Then it was concentrated in vacuo and a silica column 

chromatography was done using gradient solvent system of petroleum ether : ethyl 

acetate (1:0 to 6:4).  An off white colored solid was isolated after concentrating the eluent 

and then recrystallized from hexane to get 110 mg (0.237 mmol) of 414 (45.6%).  mp 94-

95 ºC ; IR (FTIR) 2915, 2850, 1671, 1660, 1637, 1585, 1575, 1471, 1397, 1335, 1283, 

1271, 1111, 1069, 984, 976, 862, X cm-1;  1H NMR (300 MHz; CDCl3) δ 8.36 (d, 1H, 

J=8.7 Hz), 8.29-8.21 (m, 2H), 7.81-7.72 (m, 2H) , 7.28 (d, 1H , J=8.2 Hz), 4.18-4.06 (m, 

2H),  3.26 (s, 3H), 2.83 (s, 3H), 1.81-1.74 (m, 2H), 1.53-1.27 (m, X H), 0.88 (t, 3H, J=6.9 

Hz)  ppm. 13C NMR (125 MHz, CDCl3) δ 183.3, 182.0, 167.8, 159.9, 134.2, 133.9, 133.8, 

133.2, 131.4, 130.5, 127.4, 127.0, 126.9, 116.6, 69.3, 37.5, 34.9, 31.9, 29.7, 29.6, 29.4, 

29.3, 28.9, 25.8, 22.7, 14.1 ppm. HRMS (EI) calc׳d for C29H38NO4
+ [M+H]+  464.2801 

found 464.2799. 

3‐(Dodecyloxy)‐2‐oxo‐2H‐anthra[9,1‐bc]furan‐6‐yl trifluoromethanesulfonate (415): 

 

  

 

Method C: In a 250 mL RB,  200 mg (0.347 mmol) of anthraquinone 401 was dissolved  

in 200 mL dry benzene.  The solution was deoxygenated by purging argon for 1.5 h.  
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Then the solution was irradiated at 419 nm for 18 h when the solution turned from a 

yellow to reddish brown.  Without exposing the reaction mixture to atmospheric oxygen, 

0.233 mL (1.39 mmol) triflic anhydride was injected into the flask with a glass syringe 

fitted with a steel needle.  The solution turned reddish black. The solution was stirred for 

1 h and then 2 equivalents (0.10 mL, 0.694 mmol) of TEA was added.  The reaction 

mixture turned light brown and it was stirred magnetically under a positive pressure of 

argon for overnight.  Then the reaction mixture was concentrated in vacuo and column 

chromatography over silica gel was performed to purify the products with a gradient 

solvent system of Hexanes and ethyl acetate.  22 mg (11.5%) of a yellow solid product 

was obtained after recrystallizing from methanol. mp 58-60 ºC ; IR (FTIR) 2919, 2852, 

1822, 1774, 1667, 1616, 1567,1533, 1470, 1455, 1428, 1402, 1357, 1317, 1279, 1244, 

1208, 1178, 1139, 1065, 1038, 1012, 994, 958, 943, 911, 891, 858, 764, 747, 740, 714, 

680, 670 cm-1;  1H NMR (500 MHz; CDCl3) δ 8.31 (d, 1H, J= 9.2 Hz), 8.24-8.21 (m, 2H), 

7.66-7.62 (m, 2H), 7.46 (d, 1H, J= 9.2 Hz), 4.85 (t, 2H, J= 4.8 Hz), 1.92 (p, 2H, J= 6.5 

Hz), 1.42-1.25 (m, 18H), 0.88 (t, 3H, J= 6.8 Hz) ppm. 13C NMR (125 MHz, CDCl3) δ 

164.8, 160.4, 143.2, 134.3, 130.2, 128.8, 127.5, 127.3, 125.4, 125.2, 123.6, 121.9, 120.9, 

117.2, 116.5, 101.4, 74.1, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 25.7, 22.7, 14.1 ppm. HRMS 

(EI) calc׳d for C28H31F3O6SNa+ [M+Na]+  575.1685 found   575.1689. 

1-Dodecanoylanthracene-9,10-dione (413): 

 

 

 

O

O

O C11H23
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Using ‘Method A’, 100 mg (0.246 mmol) of anthraquinone 412 was irradiated at 419 nm. 

A silica column chromatography followed by recrystallization from methanol gave 92 mg 

(96%) of pale yellow solid.  mp 120-121 ºC ; IR (FTIR) 2915, 2849, 1694, 1676, 1594, 

1568, 1467, 1435, 1399, 1377, 1322, 1281, 1268, 1242, 1164, 1055, 954, 840, 811, 741, 

719, 665 cm-1;  1H NMR (300 MHz; CDCl3) δ 8.39 (dd, 1H, J= 1.2 Hz, J= 6.5 Hz), 8.34-

8.31 (m, 1H), 8.28-8.25 (m, 1H), 7.86-7.81 (m, 3H), 7.51 (dd, 1H, J=1.3 Hz, J=6.3 Hz), 

2.79 (t, 2H, J= 7.2 Hz), 1.85 (p, 2H, J=7.5 Hz), 1.45-1.27 (m, 16 H), 0.88 (t, 3H, J=6.5 Hz) 

ppm. 13C NMR (75 MHz, CDCl3) δ 207.2, 183.0, 182.5, 144.5, 134.5, 134.4, 134.1, 133.9, 

133.1, 133.0, 131.1, 130.5, 128.0, 127.5, 127.4, 43.6, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 

29.2, 24.2, 22.7, 14.1  ppm. HRMS (EI) calc׳d for C26H31O3
+ [M+H]+  391.2773 found   

391.2773. 

 

1-Acetyl-2-ethoxyanthracene-9,10-dione (419): 

 

 

 

Using ‘Method A’,  50 mg (0.169 mmol) of anthraquinone 418  was irradiated at 419 nm. 

Column chromatography over silica gel yielded 41 mg (82.6%) of a light brown colored 

product. mp 155-156 ºC ; IR (FTIR) 2982, 2936, 1711, 1671, 1586, 1575, 1482, 1466, 

1433, 1398, 1351, 1330, 1284, 1264, 1218, 1170, 1111, 1074, 1035, 1020, 987, 950, 910, 

850, 819, 801, 774, 748, 684, 658 cm-1;  1H NMR (300 MHz; CDCl3) δ 8.36-8.20 (m, 3H), 

7.83-7.72 (m, 2H), 7.28 (d, 1H, J=8.8 Hz), 4.20 (q, 2H, J=6.9 Hz), 2.63 (s, 3H), 1.46 (t, 
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3H, J=6.9 Hz) ppm. 13C NMR (75 MHz, CDCl3) δ 203.0, 183.4, 181.8, 159.5, 134.5, 

133.9, 133.3, 132.7, 131.7, 130.4, 127.4, 127.2, 126.6, 116.8, 65.0, 31.0, 14.5 ppm. 

HRMS (EI) calc׳d for C18H14O4Na+ [M+Na]+  317.0784 found   317.0777. 

 

2-(Dodecyloxy)-9,10-dioxo-9,10-dihydroanthracene-1-carboxylic acid (421): 

   

 

 

During the experiment in ‘Method C’,  421 eluted at a  higher polarity solvent system of 

1:1 Hexanes/ EtOAc during the silica column chromatography, and it was concentrated in 

vacuo to give 20mg  (13% ) of a colourless solid. It was insoluble in chloroform and 

methanol but dissolved in DMSO. mp 185-186 oC ; IR (FTIR) 3252, 2957, 2920, 2850, 

1719, 1672, 1659, 1587, 1575, 1484, 1468, 1433, 1396, 1330, 1292, 1226, 1176, 1141, 

1098, 1075, 1033, 975, 948, 909, 880, 857, 844. 825, 797, 691, 667 cm-1;  1H NMR (300 

MHz; DMSO) δ 8.26 (d, 1H, J=8.7 Hz), 8.21-8.14 (m, 2H), 7.96-7.91 (m, 2H), 7.63 (d, 

1H, J=8.8 Hz), 4.19 (t, 1H, J=6.2 Hz), 1.76-1.63 (m, 2H), 1.41-1.23 (m, 18H), 0.84 (t, 3H, 

J=6.8 Hz)  ppm. 13C NMR (125 MHz, DMSO) δ 182.8, 182.0, 168.2, 160.4, 135.7, 135.3, 

133.9, 133.7, 127.7, 127.5, 126.6, 118.9, 69.9, 32.2 31.6, 30.0, 29.5, 26.1, 23.0, 14.8, 1.0 

ppm. HRMS (EI calcd for C27H32O5Na+ [M+Na]+  459.2141 found   459.2138. 
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Figure 38: Crystal structure of 402. 

Bond connecting the two 
symmetrical units is unusually 
longer at 1.6 Å  
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4.5 Discussion on the GC experiments as evidence of alkane formation during the 
photolysis of 401: 

         

            

Figure 39: GC plot of commercially available undecane (left) and MS detection of the 
GC peak (right) at 6.75 minutes. 
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Figure 40: GC plot of crude reaction mixture from photolysis of 401 (left) and MS 
detection of the GC peak at 6.75 minutes. 



153 
 

    As shown in Figure 38, commercially available undecane showed a peak in the GC at 

6.75 minutes. This peak produced a mass spectrometry plot with a molecular ion peak at 

156. Indeed, when a fraction of the reaction mixture from the photolysis of 401 in 

benzene was injected into the GC/MS instrument under similar conditions, again a major 

peak was observed at 6.75 minutes with a molecular ion peak seen at 156.1. A co-

injection method that used commercial undecane with the crude reaction mixture, 

confirmed the formation of undecane in the reaction mixture. This was further confirmed 

through GC/MS observation of these peaks in the fraction obtained by purification of the 

crude reaction mixture through column chromatography using petroleum ether as the 

solvent and drying it off in the rotary evaporator.    

    When 422 was photolysed in benzene under deoxygenated condition, it was observed 

that, in the crude reaction mixture, there were two major peaks. While one of them that 

showed at 11.4 minute retention time, the molecular ion peak was at 212. This clearly 

showed the formation of pentadecane. However the other major peak at 15.7 minutes 

showed molecular ion peak at 225 which could be due to the formation of aldehyde 425. 

A mechanism for the formation of such a product is unclear and its presence in the 

mixture is not conclusively established. One interesting peak was the one at 16 minutes 

which had a molecular ion peak at 288. This was suspected to be 426; coinjection of 

commercially available 426 confirmed the formation of this compound. Even though this 

was a minor product, its formation suggested that it is possible to trap the alkyl radical 

formed in the reaction by a suitable reagent such as CCl4 or Br3CCl. However, all these 

three products obtained during the photolysis of 424, could not be isolated from each 

other to report their yields.     
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Scheme 38:    

 

         

Scheme 39: Proposed mechanism of formation of phenyl alkane during photolysis of 422 

   During the photolysis of 422, initially radical pair 427/428 is formed as shown in 

Scheme 39. Addition of 428 to benzene can give radical 429 from which a hydrogen 

atom can be abstracted by radical 427 to complete the aromaticity, resulting in 430 along 

with 431.  
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                                                      CHAPTER 5                        

                                                       SUMMARY  

    This project aimed to explore the photochemical behavior of alkoxy anthraquinones in 

different solvents and to develop useful applications of their photochemical reactions. 

The aims were achieved to a significant extent with new photoreactions discovered 

during the project which showed promising potential in addressing existing chemical 

challenges. 

    At the beginning, the project was directed towards developing an alternative to the 

existing strategies in Photodynamic Therapy, which relies on the generation of singlet 

oxygen and, therefore, has limited efficiency in cells under hypoxic conditions.  Based on 

the work of Blankespoor on anthraquinone photochemistry, a first generation of 

photocleavable biocidic aldehyde, alkoxy anthraquinone 232, was projected as a possible 

solution.   However, it turned out physiologically incompatible due to insolubility in 

water and photoactivity at shorter wavelengths. To overcome the first shortcoming, a 

second generation of alkoxy anthraquinones, 223 and 224, was prepared. These not only 

showed better solubility in water but 224 showed a two fold increase in the rate of release 

of biocidic aldehyde 4-HNE.  

    Further, impact of environmental factors such as ionic strength and the presence of 

heavy atoms on the kinetic profile of the tandem hydrogen abstraction single electron 

transfer (SET) reactions, resulting in the release of aldehydes from caged anthraquinones, 
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were studied as a part of a mechanistic investigation for optimizing the reaction 

conditions. 

    In order to tune the photoactivity of the anthraquinone chromophore to longer 

wavelengths, a library of polysubstituted benzyloxy-9,10-anthraquinones were 

synthesized and their relative quantum yields measured. Unexpectedly higher quantum 

yields for compounds 311-315 inspired a detailed investigation into the identification of 

their photo-products and exploration of mechanistic insights towards their formation to 

detect any alternative photochemical pathway operative for these compounds. 

Remarkable results were observed, with the identification of four new photoreactions not 

previously observed for alkoxy anthraquinones.  

     While some of these reactions occurred through hydrogen abstraction followed by 

radical cyclization to give products such as 327 and 333, others involved a C-H bond 

homolysis followed by rearrangement of the alkoxy radical to another part of the 

anthraquinone ring system, as in 319 and 326. Significant selectivity for some of these   

photoproducts could be obtained by controlling the solvent polarity. Conversion of an 

alkoxy group at the 1-position of a 9,10-anthraquinone to a carbonyl group was achieved 

with high yield in non-polar solvents such as benzene and hexane. This type of 

photoreaction bears significant potential towards designing derivatives of mumbaistatin, a 

natural product that is receiving attention as a possible candidate for treating type II 

diabetics. In another type of reaction, 1-alkoxy-9,10-anthraquinones that bear a hydrogen 

bonding group at the 8-position on the anthraquinone ring, underwent fast radical 

cyclization to give cyclopentanol fused anthracenes exclusively with high yield. The 

increase in electron concentration at the C-9 position, after initial hydrogen abstraction in 
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compounds such as 313 and 334 may be responsible for this fast radical cyclization by 

slowing the SET step.   

    To increase the yield of 1-carbonyl substituted 9,10-anthraquinones from alkoxy 

anthraquinones,  suppression of the rearrangement reactions through C-H homolysis was 

essential. To test this possibility, alkoxy anthraquinones with non-benzylic alkyl groups 

such as 401, were synthesized. Photolysis of 401 gave a completely new photoproduct, 

dimer 402. This dimer was accompanied by a concomitant generation of an alkyl radical 

in the reaction mixture.  The fate of this alkyl radical depended on the solvent system or 

reagents present and it was possible to trap the alkyl radical as either an alkane or alkyl 

halide. However, the alkane or alkyl halide had one carbon less than the carbon chain in 

the parent alkoxy anthraquinone; 401 that has a dodecyl group at the 1-position produced 

undecane or undecyl chloride in hexane or CCl4, respectively.  This provided a 

convenient synthetic way to convert a primary alcohol or alkyl halide into an alkane or an 

alkyl halide with one carbon less. This reaction worked in sunlight too,  making it a more 

economical and environmentally friendly method. However, further studies on 

optimizing the reaction conditions are required to develop it into a more useful tool and 

to determine with certainty the reaction mechanism.  

         Thus, the primary goals of this project to develop the photochemical behavior of 

anthraquinones into more useful tools was fulfilled with the modification of caged 4-

HNE into a water soluble variant with an increase in efficiency of the aldehyde release. 

Also, several new photochemical pathways for anthraquinones were unveiled with new 

synthetic methods for conversion of alcohols or alkyl halides into alkanes or alkyl halides 

with fewer carbons developed in an environmentally friendly manner.    
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APPENDIX I: 
            
                 
         CRYSTAL STRUCTURE ANALYSIS REPORT and TABLES for C28H18O4 
  

    
                  Wake Forest X-Ray Facility Reference Code: a51p-2009 

Sample by: Saurav Sarma  
 
 
 
Fig A1: Crystals of C28H18O4 containing one molecule per asymmetric unit.  

Displacement ellipsoids are drawn at the 50% probability level in thermal ellipsoid plots. 
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Experimental Description: 

 

Yellow needle-shaped crystals of C28H18O4 are, at 193(2) K, orthorhombic, space 

group Pbca – D15
2h  (No. 61) with a = 11.468(2) Å, b = 9.224(1) Å, c = 40.205(6) Å, V = 

4252.9(10) Å3, and Z = 8 {dcalcd = 1.307gcm-3; μa(MoK ) = 0.087 mm-1}.  A full 

hemisphere of diffracted intensities (1968 20-second frames with an  scan width of 0.30) 

was measured for a single-domain specimen using graphite-monochromated MoK  

radiation (= 0.71073 Å) on a Bruker SMART APEX CCD Single Crystal Diffraction 

System.  X-rays were provided by a fine-focus sealed x-ray tube operated at 50kV and 

30mA.   

 Lattice constants were determined with the Bruker SAINT software package using 

peak centers for 2174 reflections having 8.11˚ ≤ 2θ ≤ 40.36˚.  A total of 31468 integrated 

reflection intensities having 2((MoK  )≤ 50.70 were produced using the Bruker 

program SAINT; 3870 of these were unique and gave Rint = 0.092 with a coverage which 

was 99.7% complete.  

 The Bruker software package SHELXTL was used to solve the structure using 

“direct methods” techniques.  All stages of weighted full-matrix least-squares refinement 

were conducted using Fo
2 data with the SHELXTL Version 2008/3 software package.  The 

resulting structural parameters have been refined to convergence {R1 (unweighted, based on 

F) = 0.0570 for 2559 independent reflections having 2Θ(MoK ) < 50.70o and F2>2σ(F2)} 

{R1 (unweighted, based on F) = 0.0962 and wR2 (weighted, based on F2) = 0.1280 for all 

3870 reflections} using counter-weighted full-matrix least-squares techniques and a 

structural model which incorporated anisotropic thermal parameters for all nonhydrogen 
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atoms.  The hydrogen atoms were included in the structural model as fixed atoms (using 

idealized sp2- or sp3-hybridized geometry and C-H bond lengths of 0.95 – 0.99 Å) "riding" on 

their respective carbon atoms.  The isotropic thermal parameters for all hydrogen atoms were 

fixed at a value 1.2 times the equivalent isotropic thermal parameter of the carbon atom to 

which they are covalently bonded.  A total of 289 parameters were refined using no 

restraints and 3870 data. The largest shift/s.u. was 0.000 in the final refinement cycle.  The 

final difference map had maxima and minima of 0.167 and -0.147 e-/Å
3
, respectively.  
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Table 1.  Crystal data and structure refinement for C28H18O4 

Empirical formula  C28 H18 O4 

Formula weight  418.42 

Temperature  193(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca – D15
2h  (No. 61)  

Unit cell dimensions a = 11.468(2) Å 
 b =   9.224(1) Å 
 c = 40.205(6) Å 

Volume 4252.9(10) Å3 

Z 8 

Density (calculated) 1.307 g/cm3 

Absorption coefficient 0.087 mm-1 

F(000) 1744 

Crystal size 0.50 x 0.08 x 0.04 mm3 

Theta range for data collection 4.05 to 25.35° 

Index ranges -13≤h≤13, -11≤k<≤11, -48≤l≤48 

Reflections collected 31468 

Independent reflections 3870 [R(int) = 0.0919] 

Completeness to theta = 25.35° 99.7 %  

Absorption correction Multi-scan (SADABS) 

Max. and min. transmission 0.8620and 0.7258    

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3870 / 0 / 289 

Goodness-of-fit on F2 1.043 

Final R indices [2559 I>2sigma(I) data] R1 = 0.0570, wR2 = 0.1125 

R indices (all data) R1 = 0.0962, wR2 = 0.1280 

Largest diff. peak and hole 0.167 and -0.147 e-/Å3 

------------------------------------------------------------------------------------------------------------------------ 

R1 =  ||Fo| - |Fc|| /  |Fo|                    wR2 = {  [w(Fo
2
 - Fc

2
)
2
] /  [w(Fo

2
)
2
] }

1/2
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 Table 2.  Atomic coordinates a,b  ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for C28H18O4 

____________________________________________________________  

                                x                 y                 z              U(eq) c 

_____________________________________________________________   

O(1)                    5009(1)      4799(2) 771(1)           50(1) 

O(2)                    518(2)        5354(2) 426(1)           58(1) 

O(3)                    4947(1)      5070(2)       1539(1)          48(1) 

O(4)                    3231(1)      7581(2)       1697(1)          48(1) 

C(1)                    3990(2)      4934(3)         691(1)          36(1) 

C(2)                    3158(2)      5711(2)         912(1)          33(1) 

C(3)                    3545(2)      6291(2)       1213(1)          33(1) 

C(4)                    2764(2)      7050(3)       1413(1)          38(1) 

C(5)                    1606(2)      7229(3)       1318(1)          43(1) 

C(6)                    1234(2)      6623(3)       1021(1)          42(1) 

C(7)                    1988(2)      5881(2)         816(1)          35(1) 

C(8)                    1550(2)      5252(3)         501(1)          40(1) 

C(9)                    2381(2)      4490(3)         282(1)          38(1) 

C(10)                  1997(2)      3930(3)          -20(1)          48(1) 

C(11)                  2757(3)      3189(3)        -222(1)          55(1) 

C(12)                  3908(2)      3000(3)        -130(1)          54(1) 

C(13)                  4302(2)      3576(3)         168(1)          46(1) 

C(14)                  3548(2)      4321(3)         375(1)          37(1) 

C(15)                  4763(2)      6084(3)       1351(1)          39(1) 

C(16)                  5672(2)      7165(3)       1271(1)          41(1) 

C(17)                  6740(2)      7098(3)       1435(1)          63(1) 

C(18)                  7629(3)      8015(4)       1344(1)          79(1) 

C(19)                  7460(3)      9007(4)       1093(1)          74(1) 

C(20)                  6402(3)      9117(3)         934(1)          64(1) 

C(21)                  5509(2)      8191(3)       1026(1)          48(1) 

C(22)                  2527(2)      8507(3)       1906(1)          53(1) 

C(23)                  3310(2)      9163(3)       2158(1)          52(1) 

C(24)                  3065(3)      9049(4)       2492(1)          76(1) 

C(25)                  3782(4)      9684(5)       2724(1)        103(1) 

C(26)                  4723(4)    10461(5)       2632(1)          99(1) 
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C(27)                  4996(3)     10579(4)     2300(1)            97(1) 

C(28)                  4280(3)       9923(4)     2064(1)            80(1) 

__________________________________________________________________  
a  The numbers in parentheses are the estimated standard deviations in the last 
       significant digit. 
b  Atoms are labeled in agreement with Figures 1 and 2. 
c      U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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                Table 3.   Bond lengths [Å] and angles [°] for C28H18O4  
a,b 

            __________________________________________________________________  

             O(1)-C(1)                     1.217(2) 

             O(2)-C(8)                     1.225(3) 

             O(3)-C(15)                   1.220(3) 

O(4)-C(4)                1.354(2) 

 

O(4)-C(22)               1.444(3) 

 

             C(22)-C(23)                 1.482(3) 

 

             C(1)-C(14)                   1.482(3) 

             C(1)-C(2)                     1.487(3) 

             C(2)-C(3)                     1.395(3) 

             C(2)-C(7)                     1.404(3) 

             C(3)-C(4)                     1.393(3) 

             C(3)-C(15)                   1.515(3) 

             C(4)-C(5)                     1.392(3) 

             C(5)-C(6)                     1.383(3) 

             C(6)-C(7)                     1.377(3) 

             C(7)-C(8)                     1.481(3) 

             C(8)-C(9)                     1.476(3) 

             C(9)-C(10)                   1.389(3) 

             C(9)-C(14)                    1.398(3) 

             C(10)-C(11)                  1.375(3) 

             C(11)-C(12)                 1.383(4) 

C(12)-C(13)              1.384(3) 

C(13)-C(14)               1.384(3) 

C(15)-C(16)               1.478(3) 

C(16)-C(21)               1.378(3) 

C(16)-C(17)               1.391(3) 

C(17)-C(18)               1.374(4) 

C(18)-C(19)               1.376(5) 

C(19)-C(20)               1.374(4) 

C(20)-C(21)               1.383(4) 

C(23)-C(28)               1.366(4) 

C(23)-C(24)               1.379(4) 

C(24)-C(25)               1.375(5) 

C(25)-C(26)               1.348(6) 

C(26)-C(27)               1.371(5) 

C(27)-C(28)               1.394(4) 

 

             C(4)-O(4)-C(22)         118.91(18) O(4)-C(22)-C(23)       107.4(2) 

 

 O(1)-C(1)-C(14)          121.0(2) 

 O(1)-C(1)-C(2)            120.6(2) 

 C(14)-C(1)-C(2)          118.43(19) 

 C(3)-C(2)-C(7)            120.0(2) 

 C(3)-C(2)-C(1)            119.83(19) 

 C(7)-C(2)-C(1)            120.21(19) 

 C(4)-C(3)-C(2)            119.2(2) 

 C(4)-C(3)-C(15)          116.44(18) 

 C(2)-C(3)-C(15)          124.2(2) 

 O(4)-C(4)-C(5)            124.6(2) 

O(4)-C(4)-C(3)           114.51(19) 

C(5)-C(4)-C(3)            120.9(2) 

C(6)-C(5)-C(4)            118.9(2) 

C(7)-C(6)-C(5)            121.6(2) 

C(6)-C(7)-C(2)            119.4(2) 

C(6)-C(7)-C(8)            119.6(2) 

C(2)-C(7)-C(8)            121.0(2) 

O(2)-C(8)-C(9)            120.9(2) 

  O(2)-C(8)-C(7)          120.5(2) 

  C(9)-C(8)-C(7)           118.6(2) 
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  C(10)-C(9)-C(14)             119.7(2)  

  C(10)-C(9)-C(8)               119.6(2) 

  C(14)-C(9)-C(8)               120.7(2) 

  C(11)-C(10)-C(9)             120.0(2) 

  C(10)-C(11)-C(12)            120.6(2) 

  C(11)-C(12)-C(13)            119.7(2) 

  C(14)-C(13)-C(12)            120.4(2) 

   C(13)-C(14)-C(9)             119.5(2) 

   C(13)-C(14)-C(1)             119.5(2) 

   C(9)-C(14)-C(1)                121.0(2) 

   O(3)-C(15)-C(16)             122.0(2) 

   O(3)-C(15)-C(3)                118.8(2) 

   C(16)-C(15)-C(3)              119.1(2) 

   C(21)-C(16)-C(17)            119.2(2) 

 C(21)-C(16)-C(15)           121.5(2) 

    C(17)-C(16)-C(15)   119.2(2) 

    C(18)-C(17)-C(16) 120.0(3) 

     C(17)-C(18)-C(19) 120.0(3) 

     C(20)-C(19)-C(18) 120.9(3) 

     C(19)-C(20)-C(21) 119.0(3) 

     C(16)-C(21)-C(20) 120.9(3) 

     C(28)-C(23)-C(24) 118.2(3) 

     C(28)-C(23)-C(22) 121.0(3) 

     C(24)-C(23)-C(22) 120.7(3) 

     C(25)-C(24)-C(23) 120.5(4) 

     C(26)-C(25)-C(24) 121.2(4) 

     C(25)-C(26)-C(27) 119.6(4) 

     C(26)-C(27)-C(28) 119.5(4) 

     C(23)-C(28)-C(27) 121.0(3) 

           

  ________________________________________________________________  
           a       The numbers in parentheses are the estimated standard deviations in the  
                   last significant digit. 
           b        Atoms are labeled in agreement with Figures 1 and 2. 
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 Table 4.   Anisotropic displacement parameters (Å2x 103) for C28H18O4
a,b,c 

_____________________________________________________________  

 U11 U22  U33 U23 U13 U12 

_______________________________________________________________  

O(1) 32(1)  67(1) 51(1)  -14(1) -10(1)  6(1) 

O(2) 36(1)  89(2) 50(1)  -12(1) -17(1)  7(1) 

O(3) 43(1)  60(1) 42(1)  2(1) -13(1)  4(1) 

O(4) 40(1)  64(1) 40(1)  -16(1) -8(1)  9(1) 

C(1) 31(1)  40(1) 35(1)  2(1) -6(1)  0(1) 

C(2) 29(1)  37(1) 34(1)  4(1) -5(1)  0(1) 

C(3) 29(1)  39(1) 32(1)  1(1) -4(1)  -1(1) 

C(4) 34(1)  45(2) 33(1)  -2(1) -8(1)  -2(1) 

C(5) 33(1)  53(2) 42(1)  -6(1) 0(1)  5(1) 

C(6) 29(1)  54(2) 43(1)  -1(1) -7(1)  3(1) 

C(7) 32(1)  40(1) 34(1)  3(1) -6(1)  1(1) 

C(8) 35(1)  49(2) 35(1)  4(1) -10(1)  0(1) 

C(9) 39(1)  40(1) 33(1)  3(1) -10(1)  -3(1) 

C(10) 46(2)  57(2) 41(1)  -4(1) -15(1)  3(1) 

C(11) 66(2)  62(2) 38(1)  -10(1) -13(1)  2(2) 

C(12) 59(2)  62(2) 42(1)  -8(1) 2(1)  6(2) 

C(13) 42(2)  53(2) 44(1)  -4(1) -2(1)  4(1) 

C(14) 37(1)  41(1) 32(1)  1(1) -4(1)  -2(1) 

C(15) 36(1)  47(2) 33(1)  -11(1) -8(1)  6(1) 

C(16) 30(1)  50(2) 42(1)  -13(1) -2(1)  0(1) 

C(17) 39(2)  68(2) 82(2)  -13(2) -18(2)  -3(2) 

C(18) 40(2)  88(3) 109(3)  -29(2) -11(2)  -9(2) 

C(19) 49(2)  77(2) 96(2)  -34(2) 26(2)  -24(2) 

C(20) 56(2)  69(2) 66(2)  -9(2) 18(2)  -19(2) 

C(21) 36(1)  59(2) 49(2)  -8(1) 4(1)  -6(1) 

C(22) 50(2)  62(2) 47(1)  -16(1) -4(1)  10(1) 

C(23) 54(2)  54(2) 47(2)  -13(1) -14(1)  15(1) 

C(24) 79(2)  101(3) 50(2)  -21(2) -11(2)  9(2) 

C(25) 116(4)  133(4) 59(2)  -32(2) -23(2)  14(3) 

C(26) 123(4)  92(3) 83(3)  -31(2) -52(3)  10(3) 

C(27) 96(3)  89(3) 105(3)  0(2) -41(2)  -21(2) 
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C(28) 85(3)  89(3) 67(2)  0(2) -27(2)  -16(2) 

________________________________________________________________________        

a       The numbers in parentheses are the estimated standard deviations in the last   
          significant digit. 
b        The form of the anisotropic thermal parameter is:  exp[-22 (U11h

2a*2 + U22k
2b*2 +  

          U33l
2c*2 + 2U12hka*b* + 2U13hla*c* + 2U23klb*c*) 

 c        Atoms are labeled in agreement with Figures 1 and 2. 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters 

                 (Å2x 10 3) for C28H18O4   
a,b  

_______________________________________________________________  

x  y  z  U(eq) 

    _____________________________________________________________  

H(5) 1080 7758 1454 51 

H(6) 440 6721 958 50 

H(10) 1208 4060 -86 58 

H(11) 2489 2803 -427 66 

H(12) 4426 2477 -270 65 

H(13) 5096 3460 230 56 

H(17) 6855 6418 1609 76 

H(18) 8360 7965 1455 95 

H(19) 8084 9623 1028 89 

H(20) 6285 9817 764 76 

H(21) 4773 8264 919 58 

H(22A) 1909 7934 2017 63 

H(22B) 2153 9274 1771 63 

H(24) 2396 8527 2563 92 

H(25) 3611 9575 2954 123 

H(26) 5195 10922 2794 119 

H(27) 5668 11105 2233 116 

H(28) 4469 10005 1835 96 

______________________________________________________________________  
   a      The hydrogen atoms were included in the structural model as fixed atoms (using 
           idealized sp2- or sp3-hybridized geometry and C-H bond lengths of 0.95 – 0.99 Å) 
           riding" on their respective carbon atoms.  The isotropic thermal parameters for all 
           hydrogen atoms were fixed at a value 1.2 times the equivalent isotropic thermal 
           parameter of the carbon atom to which they are covalently bonded.   
  b       Hydrogen atoms are labeled with the same numerical subscript(s) as their respective 
          carbon  atoms. 
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Table 6.  Torsion angles [°] for C28H18O4  

___________________________________________________  

O(1)-C(1)-C(2)-C(3) 0.0(3) 

C(14)-C(1)-C(2)-C(3) 179.6(2) 

O(1)-C(1)-C(2)-C(7) 179.0(2) 

C(14)-C(1)-C(2)-C(7) -1.4(3) 

C(7)-C(2)-C(3)-C(4) -0.7(3) 

C(1)-C(2)-C(3)-C(4) 178.3(2) 

C(7)-C(2)-C(3)-C(15) 175.7(2) 

C(1)-C(2)-C(3)-C(15) -5.3(3) 

C(22)-O(4)-C(4)-C(5) -5.8(3) 

C(22)-O(4)-C(4)-C(3) 173.8(2) 

C(2)-C(3)-C(4)-O(4) -179.3(2) 

C(15)-C(3)-C(4)-O(4) 4.0(3) 

C(2)-C(3)-C(4)-C(5) 0.3(3) 

C(15)-C(3)-C(4)-C(5) -176.4(2) 

O(4)-C(4)-C(5)-C(6) -179.6(2) 

C(3)-C(4)-C(5)-C(6) 0.9(4) 

C(4)-C(5)-C(6)-C(7) -1.6(4) 

C(5)-C(6)-C(7)-C(2) 1.2(4) 

C(5)-C(6)-C(7)-C(8) -179.9(2) 

C(3)-C(2)-C(7)-C(6) 0.0(3) 

C(1)-C(2)-C(7)-C(6) -179.0(2) 

C(3)-C(2)-C(7)-C(8) -178.9(2) 

C(1)-C(2)-C(7)-C(8) 2.1(3) 

C(6)-C(7)-C(8)-O(2) -2.0(4) 

C(2)-C(7)-C(8)-O(2) 176.9(2) 

C(6)-C(7)-C(8)-C(9) 178.7(2) 

C(2)-C(7)-C(8)-C(9) -2.5(3) 

O(2)-C(8)-C(9)-C(10) 2.6(4) 

C(7)-C(8)-C(9)-C(10) -178.0(2) 

O(2)-C(8)-C(9)-C(14) -177.2(2) 

C(7)-C(8)-C(9)-C(14) 2.2(3) 

C(14)-C(9)-C(10)-C(11) 1.3(4) 
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C(8)-C(9)-C(10)-C(11) -178.5(2) 

C(9)-C(10)-C(11)-C(12) -0.4(4) 

C(10)-C(11)-C(12)-C(13) -0.7(4) 

C(11)-C(12)-C(13)-C(14) 1.0(4) 

C(12)-C(13)-C(14)-C(9) -0.1(4) 

C(12)-C(13)-C(14)-C(1) -179.8(2) 

C(10)-C(9)-C(14)-C(13) -1.1(3) 

C(8)-C(9)-C(14)-C(13) 178.7(2) 

C(10)-C(9)-C(14)-C(1) 178.6(2) 

C(8)-C(9)-C(14)-C(1) -1.6(3) 

O(1)-C(1)-C(14)-C(13) 0.5(3) 

C(2)-C(1)-C(14)-C(13) -179.1(2) 

O(1)-C(1)-C(14)-C(9) -179.3(2) 

C(2)-C(1)-C(14)-C(9) 1.1(3) 

C(4)-C(3)-C(15)-O(3) 84.4(3) 

C(2)-C(3)-C(15)-O(3) -92.1(3) 

C(4)-C(3)-C(15)-C(16) -91.8(3) 

C(2)-C(3)-C(15)-C(16) 91.8(3) 

O(3)-C(15)-C(16)-C(21) 171.3(2) 

C(3)-C(15)-C(16)-C(21) -12.6(3) 

O(3)-C(15)-C(16)-C(17) -5.3(3) 

C(3)-C(15)-C(16)-C(17) 170.8(2) 

C(21)-C(16)-C(17)-C(18) -2.2(4) 

C(15)-C(16)-C(17)-C(18) 174.5(3) 

C(16)-C(17)-C(18)-C(19) 0.5(5) 

C(17)-C(18)-C(19)-C(20) 1.4(5) 

C(18)-C(19)-C(20)-C(21) -1.4(4) 

C(17)-C(16)-C(21)-C(20) 2.2(4) 

C(15)-C(16)-C(21)-C(20) -174.4(2) 

C(19)-C(20)-C(21)-C(16) -0.4(4) 

C(4)-O(4)-C(22)-C(23) -168.6(2) 

O(4)-C(22)-C(23)-C(28) 55.3(4) 

O(4)-C(22)-C(23)-C(24) -126.0(3) 

C(28)-C(23)-C(24)-C(25) -0.1(5) 

C(22)-C(23)-C(24)-C(25) -178.7(3) 

C(23)-C(24)-C(25)-C(26) 1.6(6) 
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C(24)-C(25)-C(26)-C(27) -2.3(7) 

C(25)-C(26)-C(27)-C(28) 1.5(6) 

C(24)-C(23)-C(28)-C(27) -0.7(5) 

C(22)-C(23)-C(28)-C(27) 177.9(3) 

C(26)-C(27)-C(28)-C(23) 0.0(6) 

________________________________________________________________  
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APPENDIX II: 
 

             CRYSTAL STRUCTURE ANALYSIS REPORT and TABLES for  C28H20O4  
 

    
                        Wake Forest X-Ray Facility Reference Code: a75p-2009 

 Sample by: Saurav Sarma  
 
 
    
Fig A2:  Crystals of C28H20O4, containing one C28H20O4 molecule per 
asymmetric unit.  Displacement ellipsoids are drawn at the 50% probability 
level in thermal ellipsoid plots. 
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Experimental Description: 

 

Pale yellow single crystals of C28H20O4 are, at 193(2) K, triclinic, space group P1 – C

1
i  (No. 2) with a = 9.041(1) Å, b = 11.148(2) Å, c = 11.331(2) Å, α = 108.940(2)° , β = 

102.277(2)°,  γ = 91.844(2)°, V = 1049.2(3) Å3, and Z = 2 {dcalcd = 1.331gcm-3; μa(MoK ) 

= 0.089 mm-1}.  A full hemisphere of diffracted intensities (1968 10-second frames with an 

 scan width of 0.30) was measured for a single-domain specimen using 

graphite-monochromated MoK  radiation (= 0.71073 Å) on a Bruker SMART APEX 

CCD Single Crystal Diffraction System.  X-rays were provided by a fine-focus sealed 

x-ray tube operated at 50kV and 30mA.   

 Lattice constants were determined with the Bruker SAINT software package using 

peak centers for 2922 reflections having 7.776˚ ≤ 2θ ≤ 52.053˚.  A total of 11230 integrated 

reflection intensities having 2((MoK  )≤ 58.70 were produced using the Bruker 

program SAINT; 5627 of these were unique and gave Rint = 0.028 with a coverage which 

was 97.6% complete.  The data were corrected empirically for variable absorption effects 

using the SADABS program; the estimated minimum and maximum transmission values 

were 0.7758 and 0.8623. 

 The Bruker software package SHELXTL was used to solve the structure using 

“direct methods” techniques.  All stages of weighted full-matrix least-squares refinement 

were conducted using Fo
2 data with the SHELXTL software package.  The resulting 

structural parameters have been refined to convergence {R1 (unweighted, based on F) = 

0.0599 for 4255 independent reflections having 2Θ(MoK ) < 58.70o and F2>2σ(F2)} {R1 

(unweighted, based on F) = 0.0774 and wR2 (weighted, based on F2) = 0.1647 for all 5627 



182 
 

reflections} using counter-weighted full-matrix least-squares techniques and a structural 

model which incorporated anisotropic thermal parameters for all nonhydrogen atoms.  The 

hydrogen atom bonded to O1 was located from a difference Fourier map and refined as an 

independent isotropic atom.  The remaining hydrogen atoms were included in the structural 

model as fixed atoms (using idealized sp2- or sp3- hybridized geometry and C-H bond lengths 

of 0.95 – 1.00 Å) "riding" on their respective carbon atoms.  The isotropic thermal parameter 

for H1O refined to a final value of 0.055(5) Å
2
.  The isotropic thermal parameters of the 

remaining hydrogen atoms were fixed at values 1.2  times the equivalent isotropic thermal 

parameter of the carbon atom to which they are covalently bonded.   A total of 293 

parameters were refined using no restraints and 5627 data. The largest shift/s.u. was 0.000 

in the final refinement cycle.  The final difference map had maxima and minima of 0.306 

and -0.194 e-/Å
3
, respectively.  

References 

(1)  International Tables for Crystallography, Vol A, 4th ed., Kluwer Academic Publishers:  

Boston (1996).  

(2) Data Collection:  SMART (Version 5.628) (2002). Bruker-AXS, 5465 E. Cheryl 

Parkway, Madison, WI  53711-5373 USA.    

(3) Data Reduction:  SAINT (Version 7.23A) (2008). Bruker-AXS, 5465 E. Cheryl 

Parkway, Madison, WI 53711-5373, USA. 

(4) G. M. Sheldrick (2008).  SADABS (Version 2008/1).  Program for Empirical 

Absorption Correction of Area Detector Data.  University of Göttingen, Germany.  

(5) G. M. Sheldrick (2008). SHELXTL (Version 2008/3). Bruker-AXS, 5465 E. Cheryl 

Parkway, Madison, WI  53711-5373 USA.   
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     Table 1.  Crystal data and structure refinement for C28H20O4  

 

Identification code  a75p2m 

Empirical formula  C28 H20 O4 

Formula weight  420.44 

Temperature  193(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 
Space group      P1 – C1

i  (No. 2) 

Unit cell dimensions a = 9.041(1) Å, α = 108.940(2)° 

 b = 11.148(2) Å, β = 102.277(2)° 

 c = 11.331(2) Å, γ = 91.844(2)° 

Volume 1049.2(3) Å3 

Z 2 

Density (calculated) 1.331 g/cm3 

Absorption coefficient 0.089 mm-1 

F(000) 440 

Crystal size 0.42 x 0.22 x 0.15 mm3 

Theta range for data collection 3.89 to 29.35° 

Index ranges -12≤h≤12, -15≤k≤15, -15≤l≤15 

Reflections collected 11230 

Independent reflections 5627 [R(int) = 0.0282] 

Completeness to theta = 29.35° 97.6 %  

Absorption correction Multi-scan (SADABS) 

Max. and min. transmission 0.8623 and 0.7758 

Refinement method Full-matrix least-squares on F2 

Data / parameters 5627 / 293 

Goodness-of-fit on F2 1.022 

Final R indices [4255 I>2σ(I) data] R1 = 0.0599, wR2 = 0.1510 

R indices (all data) R1 = 0.0774, wR2 = 0.1647 

Largest diff. peak and hole 0.306 and -0.194e-/Å3 

------------------------------------------------------------------------------------------------------------------------ 

R1 =  ||Fo| - |Fc|| /  |Fo|  

wR2 = {  [w(Fo
2
 - Fc

2
)
2
] /  [w(Fo

2
)
2
] }

1/2
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 Table 2.  Atomic coordinates a,b  ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for C28H20O4 

_______________________________________________________________  

 x y z U(eq) c 

 _______________________________________________________________   

O(1) 1057(1) 3033(1) 1710(1) 42(1) 

O(2) -779(2) 6399(1) 526(1) 62(1) 

O(3) 3215(1) 4669(1) 4244(1) 43(1) 

O(4) -1385(1) 3013(1) 3548(1) 46(1) 

C(1) 806(2) 4139(1) 2696(1) 35(1) 

C(2) 1713(2) 5297(1) 2730(1) 38(1) 

C(3) 3101(2) 5496(1) 3576(2) 42(1) 

C(4) 4189(2) 6454(2) 3698(2) 52(1) 

C(5) 3792(3) 7217(2) 2944(2) 60(1) 

C(6) 2368(3) 7062(2) 2131(2) 57(1) 

C(7) 1290(2) 6091(1) 2030(2) 45(1) 

C(8) -315(2) 5889(2) 1319(1) 47(1) 

C(9) -1383(2) 5082(2) 1665(1) 44(1) 

C(10) -2944(2) 5144(2) 1261(2) 58(1) 

C(11) -3984(2) 4478(2) 1604(2) 62(1) 

C(12) -3510(2) 3740(2) 2350(2) 56(1) 

C(13) -1963(2) 3662(2) 2753(1) 42(1) 

C(14) -877(2) 4319(1) 2418(1) 38(1) 

C(15) 1656(2) 4054(1) 4012(1) 35(1) 

C(16) 1846(2) 2795(1) 4211(1) 37(1) 

C(17) 1437(2) 2614(2) 5260(2) 51(1) 

C(18) 1683(3) 1502(2) 5534(2) 68(1) 

C(19) 2331(3) 559(2) 4754(2) 69(1) 

C(20) 2738(2) 721(2) 3713(2) 58(1) 

C(21) 2521(2) 1839(2) 3444(2) 44(1) 

C(22) -2330(2) 1992(2) 3616(2) 54(1) 

C(23) -2649(2) 845(2) 2406(2) 45(1) 

C(24) -4013(2) 102(2) 1989(2) 73(1) 

C(25) -4285(3) -995(2) 924(2) 77(1) 

C(26) -3195(2) -1352(2) 260(2) 60(1) 
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C(27) -1851(3) -603(2) 632(3) 82(1) 

C(28) -1570(2) 489(2) 1703(2) 75(1) 

_______________________________________________________________  
a  The numbers in parentheses are the estimated standard deviations in the last 

significant digit. 
b  Atoms are labeled in agreement with Figures 1 and 2. 
c      U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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        Table 3.   Bond lengths [Å] and angles [°] for C28H20O4  
a,b 

_______________________________________________________________________  

O(1)-C(1)  1.432(2) 

O(1)-H(1O)  0.85(2) 

O(2)-C(8)  1.222(2) 

 

O(3)-C(3)  1.364(2) 

O(4)-C(13)  1.362(2) 

O(3)-C(15)  1.480(2) 

O(4)-C(22)  1.433(2) 

 

             C(1)-C(15)                            1.559(2) 

 

C(1)-C(2)  1.492(2) 

C(1)-C(14)  1.520(2) 

C(15)-C(16)  1.501(2) 

C(22)-C(23)  1.506(2) 

 

C(2)-C(3)  1.370(2) 

C(2)-C(7)  1.380(2) 

C(3)-C(4)  1.381(2) 

C(4)-C(5)  1.394(3) 

C(5)-C(6)  1.383(3) 

C(6)-C(7)  1.393(3) 

C(7)-C(8)  1.473(3) 

C(8)-C(9)  1.494(3) 

C(9)-C(10)  1.399(3) 

C(9)-C(14)  1.411(2) 

C(10)-C(11)  1.372(3) 

C(11)-C(12)  1.378(3) 

C(12)-C(13)  1.390(2) 

C(13)-C(14)  1.392(2) 

C(16)-C(17)  1.389(2) 

C(16)-C(21)  1.389(2) 

C(17)-C(18)  1.386(2) 

C(18)-C(19)  1.374(3) 

C(19)-C(20)  1.370(3) 

C(20)-C(21)  1.387(2) 

C(23)-C(24)  1.365(3) 

C(23)-C(28)  1.376(3) 

C(24)-C(25)  1.382(3) 

C(25)-C(26)  1.356(3) 

C(26)-C(27)  1.357(3) 

C(27)-C(28)  1.381(3) 

 

C(1)-O(1)-H(1O) 107.4(13) 

C(3)-O(3)-C(15) 106.40(11) 

C(13)-O(4)-C(22) 119.20(14) 

 

O(1)-C(1)-C(2) 110.50(11) 

O(1)-C(1)-C(14) 108.81(11) 

C(2)-C(1)-C(14) 109.17(12) 

O(1)-C(1)-C(15) 107.49(11) 

C(2)-C(1)-C(15) 98.80(11) 

C(14)-C(1)-C(15) 121.53(12) 

O(3)-C(15)-C(16) 105.88(11) 

O(3)-C(15)-C(1) 104.66(11) 

C(16)-C(15)-C(1) 121.72(12) 

O(4)-C(22)-C(23) 112.64(14) 



187 
 

C(3)-C(2)-C(7) 122.14(15) 

C(3)-C(2)-C(1) 110.36(12) 

C(7)-C(2)-C(1) 127.50(15) 

O(3)-C(3)-C(2) 111.91(13) 

O(3)-C(3)-C(4) 127.10(15) 

C(2)-C(3)-C(4) 120.98(15) 

C(3)-C(4)-C(5) 116.90(18) 

C(6)-C(5)-C(4) 122.50(17) 

C(5)-C(6)-C(7) 119.40(16) 

C(2)-C(7)-C(6) 117.88(17) 

C(2)-C(7)-C(8) 116.18(15) 

C(6)-C(7)-C(8) 125.76(15) 

O(2)-C(8)-C(7) 122.33(17) 

O(2)-C(8)-C(9) 120.91(17) 

C(7)-C(8)-C(9) 116.67(13) 

C(10)-C(9)-C(14) 119.77(17) 

C(10)-C(9)-C(8) 117.46(15) 

C(14)-C(9)-C(8) 122.71(15) 

C(11)-C(10)-C(9) 120.41(17) 

C(10)-C(11)-C(12) 120.65(17) 

C(11)-C(12)-C(13) 119.64(19) 

O(4)-C(13)-C(12) 123.77(16) 

O(4)-C(13)-C(14) 114.86(14) 

C(12)-C(13)-C(14) 121.27(16) 

C(13)-C(14)-C(9) 118.25(15) 

C(13)-C(14)-C(1) 123.09(13) 

C(9)-C(14)-C(1) 118.29(14) 

C(17)-C(16)-C(21) 118.50(14) 

C(17)-C(16)-C(15) 118.75(14) 

C(21)-C(16)-C(15) 122.56(13) 

C(18)-C(17)-C(16) 121.02(17) 

C(19)-C(18)-C(17) 119.70(17) 

C(20)-C(19)-C(18) 120.03(16) 

C(19)-C(20)-C(21) 120.69(18) 

C(20)-C(21)-C(16) 120.04(15) 

C(24)-C(23)-C(28) 117.69(17) 

C(24)-C(23)-C(22) 120.74(16) 

C(28)-C(23)-C(22) 121.54(16) 

C(23)-C(24)-C(25) 121.24(19) 

C(26)-C(25)-C(24) 120.36(19) 

C(25)-C(26)-C(27) 119.32(19) 

C(26)-C(27)-C(28) 120.44(19) 

C(23)-C(28)-C(27) 120.89(18) 
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_______________________________________________________________________  
a  The numbers in parentheses are the estimated standard deviations in the last 

significant digit. 
b      Atoms are labeled in agreement with Figures 1 and 2. 
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 Table 4.   Anisotropic displacement parameters (Å2x 103) for C28H20O4 
a,b,c 

_______________________________________________________________  

 U11 U22  U33 U23 U13 U12 

________________________________________________________________  

O(1) 67(1)  29(1) 30(1)  9(1) 16(1)  14(1) 

O(2) 107(1)  52(1) 38(1)  23(1) 21(1)  37(1) 

O(3) 46(1)  36(1) 48(1)  19(1) 6(1)  2(1) 

O(4) 55(1)  40(1) 42(1)  14(1) 7(1)  -2(1) 

C(1) 52(1)  28(1) 26(1)  8(1) 10(1)  10(1) 

C(2) 58(1)  28(1) 33(1)  10(1) 17(1)  10(1) 

C(3) 54(1)  30(1) 45(1)  15(1) 16(1)  8(1) 

C(4) 58(1)  38(1) 63(1)  18(1) 19(1)  4(1) 

C(5) 78(1)  37(1) 74(1)  23(1) 32(1)  4(1) 

C(6) 94(2)  34(1) 55(1)  22(1) 30(1)  14(1) 

C(7) 72(1)  31(1) 35(1)  12(1) 20(1)  14(1) 

C(8) 82(1)  34(1) 29(1)  10(1) 17(1)  23(1) 

C(9) 64(1)  38(1) 26(1)  6(1) 6(1)  18(1) 

C(10) 72(1)  55(1) 36(1)  10(1) -2(1)  23(1) 

C(11) 54(1)  66(1) 51(1)  8(1) -2(1)  14(1) 

C(12) 50(1)  58(1) 49(1)  7(1) 5(1)  2(1) 

C(13) 51(1)  36(1) 32(1)  4(1) 6(1)  5(1) 

C(14) 52(1)  32(1) 26(1)  4(1) 6(1)  9(1) 

C(15) 45(1)  30(1) 31(1)  11(1) 10(1)  6(1) 

C(16) 45(1)  32(1) 37(1)  16(1) 9(1)  6(1) 

C(17) 74(1)  48(1) 41(1)  22(1) 21(1)  14(1) 

C(18) 96(2)  66(1) 68(1)  46(1) 36(1)  19(1) 

C(19) 89(2)  51(1) 94(2)  50(1) 37(1)  21(1) 

C(20) 68(1)  41(1) 80(1)  30(1) 33(1)  19(1) 

C(21) 51(1)  38(1) 51(1)  22(1) 20(1)  12(1) 

C(22) 65(1)  51(1) 47(1)  14(1) 18(1)  -8(1) 

C(23) 49(1)  40(1) 49(1)  17(1) 13(1)  0(1) 

C(24) 60(1)  77(1) 68(1)  -1(1) 32(1)  -17(1) 

C(25) 60(1)  73(1) 76(1)  -1(1) 18(1)  -24(1) 

C(26) 61(1)  41(1) 67(1)  7(1) 16(1)  1(1) 

C(27) 60(1)  51(1) 116(2)  -13(1) 44(1)  -1(1) 

C(28) 49(1)  49(1) 104(2)  -7(1) 28(1)  -7(1) 
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________________________________________________________________________

___  
a      The numbers in parentheses are the estimated standard deviations in the last 

significant digit. 
b      The form of the anisotropic thermal parameter is:  exp[-22 (U11h

2a*2 + U22k
2b*2 + 

        U33l
2c*2 + 2U12hka*b* + 2U13hla*c* + 2U23klb*c*)]. 

c       Atoms are labeled in agreement with Figures 1 and 2. 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3)for C28H20O4  

a,b 

_____________________________________________________________  

 x  y  z  U(eq) 

_____________________________________________________________  

H(1O) 870(20) 3193(19) 1010(20) 55(5) 

H(4) 5162 6588 4270 62 

H(5) 4528 7868 2989 72 

H(6) 2128 7612 1646 68 

H(10) -3286 5651 747 69 

H(11) -5041 4527 1323 75 

H(12) -4236 3286 2589 67 

H(15) 1168 4588 4688 42 

H(17) 982 3262 5798 62 

H(18) 1405 1393 6259 81 

H(19) 2496 -207 4935 83 

H(20) 3174 61 3171 70 

H(21) 2834 1952 2734 52 

H(22A) -3307 2299 3779 65 

H(22B) -1823 1736 4348 65 

H(24) -4790 343 2441 88 

H(25) -5240 -1502 655 92 

H(26) -3372 -2119 -457 71 

H(27) -1097 -830 153 99 

H(28) -620 1000 1957 90 

_______________________________________________________________  
a The hydrogen atom bonded to O1 was located from a difference Fourier map and 

refined as an independent isotropic atom.  The remaining hydrogen atoms were 
included in the structural model as fixed atoms (using idealized sp2- or sp3- hybridized 
geometry and C-H bond lengths of 0.95 – 1.00 Å) "riding" on their respective carbon 

atoms.  The isotropic thermal parameter for H1O refined to a final value of 0.055(5) Å
2
.  

The isotropic thermal parameters of the remaining hydrogen atoms were fixed at values 
1.2  times the equivalent isotropic thermal parameter of the carbon atom to which they 
are covalently bonded. 

b Hydrogen atoms which are bonded to carbon are labeled with the same numerical 
subscript(s) as their respective carbon atoms with an additional literal subscript (a or 
b) where necessary to distinguish between hydrogen atoms bonded to the same 
carbon atom. 
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Table 6.  Torsion angles [°] for C28H20O4 

________________________________________________________________  

O(1)-C(1)-C(2)-C(3) -91.93(14) 

C(14)-C(1)-C(2)-C(3) 148.44(12) 

C(15)-C(1)-C(2)-C(3) 20.56(15) 

O(1)-C(1)-C(2)-C(7) 87.72(17) 

C(14)-C(1)-C(2)-C(7) -31.91(19) 

C(15)-C(1)-C(2)-C(7) -159.79(14) 

C(15)-O(3)-C(3)-C(2) -12.75(16) 

C(15)-O(3)-C(3)-C(4) 166.26(16) 

C(7)-C(2)-C(3)-O(3) 174.25(13) 

C(1)-C(2)-C(3)-O(3) -6.07(17) 

C(7)-C(2)-C(3)-C(4) -4.8(2) 

C(1)-C(2)-C(3)-C(4) 174.84(14) 

O(3)-C(3)-C(4)-C(5) -177.58(15) 

C(2)-C(3)-C(4)-C(5) 1.4(2) 

C(3)-C(4)-C(5)-C(6) 1.8(3) 

C(4)-C(5)-C(6)-C(7) -1.6(3) 

C(3)-C(2)-C(7)-C(6) 5.0(2) 

C(1)-C(2)-C(7)-C(6) -174.66(14) 

C(3)-C(2)-C(7)-C(8) -170.45(14) 

C(1)-C(2)-C(7)-C(8) 9.9(2) 

C(5)-C(6)-C(7)-C(2) -1.8(2) 

C(5)-C(6)-C(7)-C(8) 173.15(16) 

C(2)-C(7)-C(8)-O(2) -169.32(14) 

C(6)-C(7)-C(8)-O(2) 15.7(2) 

C(2)-C(7)-C(8)-C(9) 14.02(19) 

C(6)-C(7)-C(8)-C(9) -160.97(15) 

O(2)-C(8)-C(9)-C(10) -13.0(2) 

C(7)-C(8)-C(9)-C(10) 163.73(14) 

O(2)-C(8)-C(9)-C(14) 169.88(14) 

C(7)-C(8)-C(9)-C(14) -13.4(2) 

C(14)-C(9)-C(10)-C(11) 0.6(2) 

C(8)-C(9)-C(10)-C(11) -176.61(15) 

C(9)-C(10)-C(11)-C(12) 0.1(3) 
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C(10)-C(11)-C(12)-C(13) -0.5(3) 

C(22)-O(4)-C(13)-C(12) 24.0(2) 

C(22)-O(4)-C(13)-C(14) -159.55(13) 

C(11)-C(12)-C(13)-O(4) 176.38(15) 

C(11)-C(12)-C(13)-C(14) 0.1(3) 

O(4)-C(13)-C(14)-C(9) -175.99(12) 

C(12)-C(13)-C(14)-C(9) 0.6(2) 

O(4)-C(13)-C(14)-C(1) 11.1(2) 

C(12)-C(13)-C(14)-C(1) -172.33(14) 

C(10)-C(9)-C(14)-C(13) -0.9(2) 

C(8)-C(9)-C(14)-C(13) 176.14(13) 

C(10)-C(9)-C(14)-C(1) 172.32(13) 

C(8)-C(9)-C(14)-C(1) -10.6(2) 

O(1)-C(1)-C(14)-C(13) 82.42(16) 

C(2)-C(1)-C(14)-C(13) -156.91(13) 

C(15)-C(1)-C(14)-C(13) -43.13(19) 

O(1)-C(1)-C(14)-C(9) -90.49(15) 

C(2)-C(1)-C(14)-C(9) 30.18(16) 

C(15)-C(1)-C(14)-C(9) 143.96(13) 

C(3)-O(3)-C(15)-C(16) 155.10(12) 

C(3)-O(3)-C(15)-C(1) 25.35(14) 

O(1)-C(1)-C(15)-O(3) 87.99(13) 

C(2)-C(1)-C(15)-O(3) -26.87(13) 

C(14)-C(1)-C(15)-O(3) -145.87(12) 

O(1)-C(1)-C(15)-C(16) -31.63(18) 

C(2)-C(1)-C(15)-C(16) -146.49(13) 

C(14)-C(1)-C(15)-C(16) 94.51(16) 

O(3)-C(15)-C(16)-C(17) 111.73(16) 

C(1)-C(15)-C(16)-C(17) -129.25(16) 

O(3)-C(15)-C(16)-C(21) -63.25(17) 

C(1)-C(15)-C(16)-C(21) 55.8(2) 

C(21)-C(16)-C(17)-C(18) -0.5(3) 

C(15)-C(16)-C(17)-C(18) -175.71(18) 

C(16)-C(17)-C(18)-C(19) -0.5(3) 

C(17)-C(18)-C(19)-C(20) 0.4(4) 

C(18)-C(19)-C(20)-C(21) 0.8(4) 
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C(19)-C(20)-C(21)-C(16) -1.8(3) 

C(17)-C(16)-C(21)-C(20) 1.6(3) 

C(15)-C(16)-C(21)-C(20) 176.62(16) 

C(13)-O(4)-C(22)-C(23) 69.8(2) 

O(4)-C(22)-C(23)-C(24) -146.14(19) 

O(4)-C(22)-C(23)-C(28) 35.7(3) 

C(28)-C(23)-C(24)-C(25) 2.1(3) 

C(22)-C(23)-C(24)-C(25) -176.1(2) 

C(23)-C(24)-C(25)-C(26) -0.4(4) 

C(24)-C(25)-C(26)-C(27) -1.8(4) 

C(25)-C(26)-C(27)-C(28) 2.4(4) 

C(24)-C(23)-C(28)-C(27) -1.6(4) 

C(22)-C(23)-C(28)-C(27) 176.6(2) 

C(26)-C(27)-C(28)-C(23) -0.6(4) 

Table 7.  Hydrogen bonds for C28H20O4 [Å and °] 

______________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

______________________________________________________________  

O(1)-H(1O)...O(2)#1 0.85(2) 1.92(2) 2.7685(16) 171.0(19) 

______________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x,-y+1,-z       
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Figure A3: Intermolecular hydrogen bonding between two units 
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APPENDIX III: 
  

            CRYSTAL STRUCTURE ANALYSIS REPORT and TABLES for  C54H62O8 
 

    
                  Wake Forest X-Ray Facility Reference Code: a05r-2010 
                                         Sample by: Saurav Sarma  
 
 
Figure A4: Crystals of C54H62O8, containing one-half molecule per 
asymmetric unit.  Displacement ellipsoids are drawn at the 50% probability 
level in thermal ellipsoid plots. 
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Experimental Description: 

 

 Colorless single crystals of C54H62O8 are, at 100(2) K, triclinic, space group P1 - C1
i

(No. 2) with a = 7.9480(4) Å, b = 10.0225(5) Å, c = 15.5183(8) Å, α = 91.489(4)°, β = 

92.000(3)°, γ = 113.117(4)°, V = 1135.16(10) Å3, and Z = 1 {dcalcd = 1.227gcm-3; μa(CuK

) = 0.645 mm-1}.  A full hemisphere of diffracted intensities (4246 6-10-second frames with 

φ and  scan widths of 0.50) was measured for a single-domain specimen using 

monochromated CuK  radiation (= 1.54178 Å) on a Bruker Proteum Single Crystal 

Diffraction System equipped with Helios high-brilliance multilayer optics, an APEXII 

CCD detector and a Bruker MicroSTAR microfocus rotating anode x-ray source operating 

at 45kV and 60mA. 

 Lattice constants were determined with the Bruker APEX2 software package using 

peak centers for 3680 reflections having 9.60˚ ≤ 2θ ≤ 136.80˚.  A total of 7638 integrated 

reflection intensities having 2((CuK )≤ 136.56 were produced using the Bruker 

program SAINT; 3813 of these were unique and gave Rint = 0.0255 with a coverage which 

was 91.7% complete.  The data were corrected empirically for variable scaling and 

absorption effects using the SADABS program; the estimated minimum and maximum 

transmission values were 0.8605 and 0.9859. 

 The Bruker software package SHELXTL was used to solve the structure using 

“direct methods” techniques.  All stages of weighted full-matrix least-squares refinement 

were conducted using Fo
2 data with the SHELXTL software package.  The resulting 

structural parameters have been refined to convergence {R1 (unweighted, based on F) = 

0.0511 for 3271 independent reflections having 2Θ(CuK ) < 136.56o and F2>2σ(F2)} {R1 
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(unweighted, based on F) = 0.0588 and wR2 (weighted, based on F2) = 0.1495 for all 3813 

reflections} using counter-weighted full-matrix least-squares techniques and a structural 

model which incorporated anisotropic thermal parameters for all nonhydrogen atoms.  The 

hydrogen atoms were included in the structural model as fixed atoms (using idealized sp2- or 

sp3- hybridized geometry and C-H bond lengths of 0.95 – 0.99Å) "riding" on their respective 

carbon atoms.   The isotropic thermal parameters for the hydrogen atoms were fixed at a value 

1.2 (nonmethyl) or 1.5 (methyl) times the equivalent isotropic thermal parameter of the 

carbon atom to which they are covalently bonded.   A total of 280 parameters were refined 

using no restraints and 3813 data. The largest shift/s.u. was 0.000 in the final refinement 

cycle.  The final difference map had maxima and minima of 0.526 and -0.293 e-/Å
3
, 

respectively.  
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Table 1.  Crystal data and structure refinement for C54H62O8 

 

Empirical formula  C54 H62 O8 

Formula weight  839.04 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1 - C1
i (No. 2) 

Unit cell dimensions a = 7.9480(4) Å, α= 91.489(4)° 

 b = 10.0225(5) Å, β= 92.000(3)° 

 c = 15.5183(8) Å, γ = 113.117(4)° 

Volume 1135.16(10) Å3 

Z 1 

Density (calculated) 1.227 g/m3 

Absorption coefficient 0.645 mm-1 

F(000) 450 

Crystal size 0.24 x 0.08 x 0.02 mm3 

Theta range for data collection 2.85 to 68.28° 

Index ranges -9≤h≤9, -12≤k≤10, -18≤l≤15 

Reflections collected 7638 

Independent reflections 3813 [R(int) = 0.0255] 

Completeness to theta = 68.30° 91.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9859 and 0.8605 

Refinement method Full-matrix least-squares on F2 

Data / parameters 3813 / 280 

Goodness-of-fit on F2 1.035 

Final R indices [3271 I>2σ(I)] R1 = 0.0511, wR2 = 0.1419 

R indices (all data) R1 = 0.0588, wR2 = 0.1495 

Largest diff. peak and hole 0.526 and -0.293e-/Å3 

------------------------------------------------------------------------------------------------------------------------ 

R1 =  ||Fo| - |Fc|| /  |Fo|  

wR2 = {  [w(Fo
2
 - Fc

2
)
2
] /  [w(Fo

2
)
2
] }

1/2
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 Table 2.  Atomic coordinates a,b  ( x 104) and equivalent  isotropic displacement        

parameters (Å2x 103) for C54H62O8 

 ______________________________________________________________  

 x y z U(eq) c 

______________________________________________________________   

O(1) 6367(2) 2304(1) 3466(1) 30(1) 

O(2) 8129(2) 4416(1) 4167(1) 24(1) 

O(3) 15588(2) 6855(2) 4225(1) 36(1) 

O(4) 8932(2) 818(1) 2922(1) 32(1) 

C(1) 7853(2) 3099(2) 3742(1) 26(1) 

C(2) 10012(2) 5122(2) 4490(1) 24(1) 

C(3) 10945(2) 4296(2) 4041(1) 24(1) 

C(4) 9678(2) 3038(2) 3674(1) 25(1) 

C(5) 10259(2) 2073(2) 3225(1) 28(1) 

C(6) 12156(3) 2503(2) 3145(1) 31(1) 

C(7) 13397(2) 3838(2) 3485(1) 29(1) 

C(8) 12812(2) 4791(2) 3937(1) 26(1) 

C(9) 13921(2) 6333(2) 4169(1) 28(1) 

C(10) 12847(2) 7289(2) 4229(1) 26(1) 

C(11) 13770(2) 8771(2) 4164(1) 29(1) 

C(12) 12835(3) 9687(2) 4178(1) 32(1) 

C(13) 10939(3) 9096(2) 4242(1) 31(1) 

C(14) 9993(2) 7626(2) 4316(1) 27(1) 

C(15) 10927(2) 6706(2) 4316(1) 24(1) 

C(16) 9353(3) -116(2) 2323(1) 36(1) 

C(17) 7656(3) -1503(2) 2215(1) 38(1) 

C(18) 5949(3) -1261(2) 1923(1) 40(1) 

C(19) 4285(3) -2664(2) 1729(1) 43(1) 

C(20) 2557(3) -2399(3) 1490(2) 50(1) 

C(21) 927(3) -3750(3) 1158(2) 50(1) 

C(22) 171(3) -4903(3) 1818(2) 48(1) 

C(23) -1487(3) -6252(3) 1465(2) 47(1) 

C(24) -3219(3) -5983(3) 1289(2) 51(1) 

C(25) -4815(3) -7311(3) 929(2) 52(1) 
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C(26) -6554(4) -7052(3) 734(2) 57(1) 

C(27) -8079(4) -8365(4) 315(2) 65(1) 

______________________________________________________________  
      a         The numbers in parentheses are the estimated standard deviations in the last  
           significant digit 
      b         Atoms are labeled in agreement with Figures 1 and 2. 
      c       U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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 Table 3.   Bond lengths [Å] and angles [°] for C54H62O8  
a,b   

________________________________________________________________________  

  O(1)-C(1)  1.192(2) O(2)-C(1)  1.393(2) 

  O(3)-C(9)  1.217(2) O(2)-C(2)  1.446(2) 

 

  O(4)-C(5)  1.345(2) O(4)-C(16)  1.442(2) 

 

  C(2)-C(3)  1.485(2) C(2)-C(15)  1.500(3) 

 

  C(1)-C(4)  1.483(2) 

  C(3)-C(4)  1.362(3) 

  C(3)-C(8)  1.385(2) 

  C(4)-C(5)  1.404(2) 

  C(5)-C(6)  1.407(2) 

  C(6)-C(7)  1.390(3) 

  C(7)-C(8)  1.399(3) 

  C(8)-C(9)  1.475(3) 

C(9)-C(10)  1.516(2) 

C(10)-C(11)  1.383(3) 

C(10)-C(15)  1.416(2) 

C(11)-C(12)  1.389(3) 

C(12)-C(13)  1.395(3) 

C(13)-C(14)  1.375(3) 

C(14)-C(15)  1.393(2) 

 

  C(2)-C(2)#1c 1.607(3) 

  C(16)-C(17)  1.510(3) 

  C(17)-C(18)  1.526(3) 

  C(18)-C(19)  1.519(3) 

  C(19)-C(20)  1.533(3) 

  C(20)-C(21)  1.523(3) 

C(21)-C(22)  1.518(4) 

C(22)-C(23)  1.542(3) 

C(23)-C(24)  1.521(3) 

C(24)-C(25)  1.509(3) 

C(25)-C(26)  1.526(3) 

C(26)-C(27)  1.507(4) 

 

  C(1)-O(2)-C(2) 110.03(12) C(5)-O(4)-C(16) 119.95(15) 

 

O(1)-C(1)-O(2)             120.93(15) 

  O(1)-C(1)-C(4)                131.85(17) 

  O(2)-C(1)-C(4)         107.06(14) 

  C(4)-C(3)-C(8)                  124.58(16)     

C(4)-C(3)-C(2) 109.94(14) 

C(8)-C(3)-C(2) 125.20(16) 

C(3)-C(4)-C(5) 119.64(16) 

C(3)-C(4)-C(1) 107.52(15) 

C(5)-C(4)-C(1) 132.17(17) 

O(4)-C(5)-C(4) 116.10(16) 

O(4)-C(5)-C(6) 126.68(16) 

C(4)-C(5)-C(6) 117.21(17) 

C(7)-C(6)-C(5) 121.28(16) 

C(6)-C(7)-C(8) 121.26(16) 

C(3)-C(8)-C(7) 115.71(17) 

C(3)-C(8)-C(9) 117.18(15) 
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      C(7)-C(8)-C(9) 126.13(16) 

      O(3)-C(9)-C(8) 123.65(16) 

      O(3)-C(9)-C(10) 121.02(17) 

      C(8)-C(9)-C(10) 114.92(14) 

      C(11)-C(10)-C(15) 119.29(16) 

      C(11)-C(10)-C(9) 118.56(15) 

      C(15)-C(10)-C(9) 122.10(16) 

C(10)-C(11)-C(12) 120.80(17) 

C(11)-C(12)-C(13) 119.36(17) 

C(14)-C(13)-C(12) 120.88(16) 

C(13)-C(14)-C(15) 119.98(16) 

C(14)-C(15)-C(10) 119.66(16) 

C(14)-C(15)-C(2) 122.51(15) 

C(10)-C(15)-C(2) 117.56(15) 

 

                 O(2)-C(2)-C(3)            103.50(13) 

                 O(2)-C(2)-C(15)          115.32(13) 

                 C(3)-C(2)-C(15)          110.06(14) 

                 O(2)-C(2)-C(2)#1 c      105.76(16) 

                 C(3)-C(2)-C(2)#1 c      111.13(16) 

                 C(15)-C(2)-C(2)#1 c       110.81(17) 

                 O(4)-C(16)-C(17)        106.33(16) 

                 C(16)-C(17)-C(18)      113.29(17) 

                 C(19)-C(18)-C(17)      113.28(18) 

                 C(18)-C(19)-C(20)      112.49(19) 

                 C(21)-C(20)-C(19)      114.4(2) 

                 C(22)-C(21)-C(20)      114.6(2) 

                 C(21)-C(22)-C(23)      113.43(19) 

                 C(24)-C(23)-C(22)      114.2(2) 

                 C(25)-C(24)-C(23)      113.4(2) 

                 C(24)-C(25)-C(26)      114.0(2) 

                 C(27)-C(26)-C(25)      112.8(2) 
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__________________________________________________________    
    a    The numbers in parentheses are the estimated standard     deviations 
           in the last significant digit. 
     b     Atoms are labeled in agreement with Figures 1 and 2. 
      c         Symmetry transformations used to generate equivalent atoms:  
        #1 -x+2,-y+1,-z+1       
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 Table 4.   Anisotropic displacement parameters (Å2x 103) for C54H62O8 
a,b,c 

____________________________________________________________  

 U11 U22  U33 U23 U13 U12 

_____________________________________________________________  

O(1) 19(1)  30(1) 44(1)  0(1) 0(1)  10(1) 

O(2) 14(1)  25(1) 36(1)  2(1) 0(1)  10(1) 

O(3) 16(1)  38(1) 56(1)  5(1) 3(1)  14(1) 

O(4) 30(1)  29(1) 42(1)  -3(1) 3(1)  16(1) 

C(1) 21(1)  26(1) 34(1)  6(1) 3(1)  12(1) 

C(2) 13(1)  28(1) 34(1)  3(1) 0(1)  11(1) 

C(3) 20(1)  26(1) 32(1)  6(1) 2(1)  14(1) 

C(4) 20(1)  27(1) 33(1)  6(1) 3(1)  13(1) 

C(5) 28(1)  27(1) 34(1)  5(1) 3(1)  16(1) 

C(6) 30(1)  35(1) 37(1)  6(1) 6(1)  23(1) 

C(7) 21(1)  36(1) 38(1)  9(1) 6(1)  19(1) 

C(8) 20(1)  31(1) 34(1)  8(1) 3(1)  15(1) 

C(9) 18(1)  35(1) 34(1)  7(1) 3(1)  14(1) 

C(10) 19(1)  29(1) 31(1)  4(1) 0(1)  12(1) 

C(11) 19(1)  31(1) 37(1)  5(1) 1(1)  9(1) 

C(12) 27(1)  25(1) 42(1)  6(1) 0(1)  9(1) 

C(13) 27(1)  29(1) 41(1)  6(1) 1(1)  17(1) 

C(14) 19(1)  30(1) 34(1)  4(1) 1(1)  13(1) 

C(15) 19(1)  26(1) 31(1)  3(1) 0(1)  12(1) 

C(16) 40(1)  38(1) 38(1)  -4(1) 3(1)  24(1) 

C(17) 45(1)  34(1) 39(1)  -3(1) 0(1)  20(1) 

C(18) 43(1)  41(1) 40(1)  -1(1) 1(1)  19(1) 

C(19) 46(1)  43(1) 39(1)  -1(1) -2(1)  17(1) 

C(20) 47(1)  52(1) 53(1)  2(1) -4(1)  21(1) 

C(21) 47(1)  57(2) 47(1)  6(1) -6(1)  22(1) 

C(22) 49(1)  54(2) 43(1)  3(1) -4(1)  24(1) 

C(23) 48(1)  51(1) 43(1)  6(1) 3(1)  21(1) 

C(24) 52(1)  56(2) 48(1)  7(1) 2(1)  25(1) 

C(25) 49(1)  66(2) 44(1)  8(1) 5(1)  26(1) 

C(26) 49(1)  73(2) 50(1)  13(1) 2(1)  24(1) 

C(27) 50(1)  92(2) 50(2)  9(1) 7(1)  24(2)  
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____________________________________________________________ 
   a          The numbers in parentheses are the estimated standard deviations in the last 
             significant digit. 
   b       The form of the anisotropic thermal parameter is:  exp[-22 (U11h

2a*2 +  
             U22k

2b*2 + U33l
2c*2 + 2U12hka*b* + 2U13hla*c* + 2U23klb*c*)]. 

   c         Atoms are labeled in agreement with Figures 1 and 2. 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 

  10 3) for C54H62O8 
a,b 

 _____________________________________________________________  

 x  y  z  U(eq) 

_____________________________________________________    ______  

H(6) 12596 1869 2853 37 

H(7) 14668 4108 3410 35 

H(11) 15058 9167 4110 35 

H(12) 13482 10706 4145 38 

H(13) 10291 9716 4235 37 

H(14) 8704 7240 4367 32 

H(16A) 10404 -317 2551 44 

H(16B) 9666 346 1762 44 

H(17A) 7437 -1989 2772 45 

H(17B) 7870 -2161 1787 45 

H(18A) 5661 -686 2380 48 

H(18B) 6212 -686 1398 48 

H(19A) 4064 -3267 2241 52 

H(19B) 4540 -3211 1246 52 

H(20A) 2202 -1987 2006 60 

H(20B) 2849 -1666 1043 60 

H(21A) -64 -3456 951 60 

H(21B) 1299 -4184 657 60 

H(22A) -197 -4472 2322 57 

H(22B) 1154 -5209 2021 57 

H(23A) -1159 -6612 923 56 

H(23B) -1746 -7026 1886 56 

H(24A) -3566 -5643 1833 61 

H(24B) -2960 -5200 875 61 

H(25A) -5084 -8088 1348 62 

H(25B) -4457 -7661 391 62 

H(26A) -6973 -6778 1279 69 

H(26B) -6270 -6228 348 69 

H(27A) -9163 -8144 208 98 
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H(27B) -8379 -9180 697 98 

H(27C) -7686 -8623 -234 98 

                    ______________________________________________________________  
  a        The hydrogen atoms were included in the structural model as fixed atoms 
          (using idealized sp2- or sp3- hybridized geometry and C-H bond lengths of  
           0.95 – 0.99Å) "riding" on their respective carbon atoms.  The isotropic  
           thermal parameters for the hydrogen atoms were fixed at a value 1.2          
          (nonmethyl) or 1.5 (methyl) times the equivalent isotropic thermal  
           parameter of the carbon atom to which they are covalently bonded.    
 b        Hydrogen atoms are labeled with the same numerical subscript(s) as their 
          respective carbon  atoms with an additional literal subscript (a , b or c) to 
          distinguish between hydrogens bonded to the same carbon atom.   
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Table 6.  Torsion angles [°] for C54H62O8 

________________________________________________________________  

C(2)-O(2)-C(1)-O(1) 175.96(16) 

C(2)-O(2)-C(1)-C(4) -8.23(18) 

C(1)-O(2)-C(2)-C(3) 13.27(17) 

C(1)-O(2)-C(2)-C(15) 133.52(15) 

C(1)-O(2)-C(2)-C(2)#1 -103.67(17) 

O(2)-C(2)-C(3)-C(4) -13.87(19) 

C(15)-C(2)-C(3)-C(4) -137.64(15) 

C(2)#1-C(2)-C(3)-C(4) 99.23(19) 

O(2)-C(2)-C(3)-C(8) 160.25(16) 

C(15)-C(2)-C(3)-C(8) 36.5(2) 

C(2)#1-C(2)-C(3)-C(8) -86.6(2) 

C(8)-C(3)-C(4)-C(5) 6.8(3) 

C(2)-C(3)-C(4)-C(5) -179.03(16) 

C(8)-C(3)-C(4)-C(1) -164.90(16) 

C(2)-C(3)-C(4)-C(1) 9.3(2) 

O(1)-C(1)-C(4)-C(3) 174.38(19) 

O(2)-C(1)-C(4)-C(3) -0.79(19) 

O(1)-C(1)-C(4)-C(5) 4.1(4) 

O(2)-C(1)-C(4)-C(5) -171.04(18) 

C(16)-O(4)-C(5)-C(4) 168.56(16) 

C(16)-O(4)-C(5)-C(6) -12.2(3) 

C(3)-C(4)-C(5)-O(4) 176.38(15) 

C(1)-C(4)-C(5)-O(4) -14.3(3) 

C(3)-C(4)-C(5)-C(6) -2.9(3) 

C(1)-C(4)-C(5)-C(6) 166.38(18) 

O(4)-C(5)-C(6)-C(7) 179.80(17) 

C(4)-C(5)-C(6)-C(7) -1.0(3) 

C(5)-C(6)-C(7)-C(8) 1.5(3) 

C(4)-C(3)-C(8)-C(7) -6.1(3) 

C(2)-C(3)-C(8)-C(7) -179.43(16) 

C(4)-C(3)-C(8)-C(9) 163.30(17) 

C(2)-C(3)-C(8)-C(9) -10.0(3) 

C(6)-C(7)-C(8)-C(3) 1.9(3) 
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C(6)-C(7)-C(8)-C(9) -166.47(17) 

C(3)-C(8)-C(9)-O(3) 169.22(18) 

C(7)-C(8)-C(9)-O(3) -22.6(3) 

C(3)-C(8)-C(9)-C(10) -18.0(2) 

C(7)-C(8)-C(9)-C(10) 150.23(18) 

O(3)-C(9)-C(10)-C(11) 13.6(3) 

C(8)-C(9)-C(10)-C(11) -159.43(17) 

O(3)-C(9)-C(10)-C(15) -168.87(17) 

C(8)-C(9)-C(10)-C(15) 18.1(2) 

C(15)-C(10)-C(11)-C(12) -0.4(3) 

C(9)-C(10)-C(11)-C(12) 177.22(17) 

C(10)-C(11)-C(12)-C(13) -1.2(3) 

C(11)-C(12)-C(13)-C(14) 1.9(3) 

C(12)-C(13)-C(14)-C(15) -0.9(3) 

C(13)-C(14)-C(15)-C(10) -0.7(3) 

C(13)-C(14)-C(15)-C(2) 173.18(16) 

C(11)-C(10)-C(15)-C(14) 1.4(3) 

C(9)-C(10)-C(15)-C(14) -176.16(16) 

C(11)-C(10)-C(15)-C(2) -172.84(16) 

C(9)-C(10)-C(15)-C(2) 9.6(2) 

O(2)-C(2)-C(15)-C(14) 35.1(2) 

C(3)-C(2)-C(15)-C(14) 151.73(16) 

C(2)#1-C(2)-C(15)-C(14) -84.9(2) 

O(2)-C(2)-C(15)-C(10) -150.82(15) 

C(3)-C(2)-C(15)-C(10) -34.2(2) 

C(2)#1-C(2)-C(15)-C(10) 89.1(2) 

C(5)-O(4)-C(16)-C(17) 172.12(15) 

O(4)-C(16)-C(17)-C(18) 56.2(2) 

C(16)-C(17)-C(18)-C(19) 174.24(17) 

C(17)-C(18)-C(19)-C(20) 176.45(19) 

C(18)-C(19)-C(20)-C(21) 171.11(19) 

C(19)-C(20)-C(21)-C(22) 65.5(3) 

C(20)-C(21)-C(22)-C(23) 179.5(2) 

C(21)-C(22)-C(23)-C(24) -69.6(3) 

C(22)-C(23)-C(24)-C(25) 179.0(2) 

C(23)-C(24)-C(25)-C(26) -179.0(2) 
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C(24)-C(25)-C(26)-C(27) 175.7(2) 

 __________________________________________________        

Symmetry transformations used to generate equivalent atoms:  

 #1 -x+2,-y+1,-z+1  
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