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ABSTRACT 

Over the past century, light has emerged as a useful tool finding utility in various fields 

such as device fabrication, the medical field, as well as utility as an energy source. Chemist have 

adopted this abundant energy source to do work in material applications and to mediate simple 

chemical transformations. In regards to the latter, light utilized as a traceless benign reagent for 

organic transformations has proven fruitful and therefore unequalled in its ability to afford 

structural complexity from simple starting material(s). Photon absorption of the correct energy 

elevates organic molecules to a high energy excited state of “short” finite lifetime. In order to 

afford photoproducts of high selectivity or merely dictate the outcome of a desired photoreaction, 

control must exist during this short-lived excited state.  

This dissertation describes a complementary approach to already established 

photochemical methodologies by which excited state control can be employed in efforts to afford 

photoproducts of enhanced selectivity. By employing the NEER principle (Non-Equilibrating 

Excited State Rotamers) and exploiting axial chiral substrates and thereby implementing rotamer 

control in the excited state, photoproducts of high chemoselectivity, diastereoselectivity and 

enantioselectivity can be accessed.  

Additionally, by judicious choice of chromophore control over the excited state process 

can be gained affording materials of desired physical properties. It was determined that altering 

the functionality of bio-based feedstocks afforded photoresponsive molecules with altered 

photoreactivity. Photoacids and photoinitiators were synthesized and their photophysical 

properties were investigated. Photoinitiators were evaluated for their efficacy towards 

photochemical polymerization.  
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This dissertation details synthesis, characterization and photophysical investigations of 

various organic chromophores in efforts to provide mechanistic rationale regarding atropisomeric 

photoreactions and utility of biobased photoresponsive molecules. 
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1. FOUNDATIONAL KNOWLEDGE OF PHOTOCHEMISTRY AND PHOTOPHYSICS 

1.1. Introduction 

Paraphrasing the Italian chemist Giacomo Ciamician, photochemistry studies the 

conversion of light into chemical energy and chemical phenomena related to such processes.1 

Beginning in the late 1900’s, Ciamician was one of the first chemists to conduct a systematic 

study of photochemical reactions. It was then he realized the great potential of light to perform 

chemical work. Ciamician was quoted saying “ …there is another agent that has a profound 

effect on the processes of organisms and that deserves to be deeply investigated: that is light”.2, 3 

As the years’ pass, increasing amounts of photochemical and photophysical investigations, 

including industrial processes, have surfaced. Light has permeated the medical fields by way of 

natural product synthesis, photodynamic therapy as well as simple sanitation. Interactions of 

light with the cones and rods in the human eye allow for vision. Thus light is responsible for 

what we see and how we see it. Carbon dioxide and water is consumed to produce glucose and 

oxygen via photosynthesis by various plants due to the presence of light. Thus light aids in the 

formation of the air we breathe. Light is vital for everyday life.  

Photochemistry is a multidisciplinary field involving various scientists which include 

synthetic chemists, who both develop and utilize photochemical methodology, physical chemists 

and photophysicists, who probe systems to deepen understanding of light initiated processes. 

Photochemistry encompass photochemical methodology development with the aim of divulging 

a mechanistic understanding, aiding in the wielding of photochemistry for synthetic, medicinal 

and industrial means.  
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Figure 1.1: Wavelength (nm) and energy (kcal/mol) of electromagnetic spectrum. 

Table 1.1: Common light sources used for photochemical reactions. 

Entry Light Source Wavelength 

1 Medium Pressure Mercury 

Lamp 

200 – 800 nm 

2 Rayonet Reactor 300 + 50 nm 

350 + 50 nm 

419 + 38 nm 

3 Compact Fluorescent Lamp 

(CFL) 

395-800 nm 

4 Purple LED 400 + 5 nm 

1.2. Light as an energy source 

Energy either applied or stored in the reactants or products is required in order for a 

chemical transformation to occur. The first law of photochemistry states that light must be 

absorbed in order for a photochemical transformation to occur.4 Absorption of light energy 

necessitates spectral overlap of the emission distribution of the light source and the absorbance 

spectra of the absorbing compound. Quite generally photochemistry is restricted to the process 

and transformations that occur upon absorption of ultra violet (200 – 400 nm) and visible light 

Ultraviolet Visible

Spectral 

Region

Energy

kcal/mol

nm

g-ray x-ray

Infrared 

Microwave Radio

2.9 x 108

1 x 10-3 30 – 0.1

953 – 2.9 x105

200 – 390

143 – 73.3

395 – 780

72.4 – 36.7

800 – 1 x 106

35.7 – 0.03

1 x 107 – 1 x 108

2.9 x 10-3– 2.9 x 10-4

1 x 109 – 1 x 1012

2.9 x 10-5– 2.9 x 10-8

Increasing Energy 
(kcal/mol)

Increasing 
Wavelength (nm)
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(~400 - 800 nm) energy of the electromagnetic spectrum (Figure 1). However, due to the advent 

of two-photon absorption (TPA), infra-red irradiation can also be used to mimic UV/Vis 

reactivity. TPA allows for excitation of molecules to their electronic excited states as opposed to 

mere vibronic excitation.  

 

Figure 1.2: Various light sources for photochemical transformations 

There exists a number of light sources available for photochemical reactions, ranging 

from commercially available light sources to specialized laboratory and/or industrially employed 

light sources. Table 1.1 and Figure 1.2 display common light sources and the wavelength of light 

transmitted from these sources. Common UV/Vis broadband light sources include low, medium 

and high pressure mercury lamps often placed in a cooling jacket to dissipate heat. Mercury 

lamps (low, medium or high pressure) emit light between the wavelengths of 200 – 800 nm. 

Depending on the specific type of mercury lamp (low, medium or high pressure mercury lamp) 

the wavelength of maximum emission (max emission) slightly shifts along with the specific 

emission intensity at each individual wavelength. Commercially available compact fluorescent 

lamps have been utilized for visible light transformations as well as various light emitting diodes 

(LEDs). LEDs offer near monochromatic light (+5 nm) with low heat emanation. Due to the low 

Medium Pressure 

Mercury Lamp

Rayonet Reactor

Compact 

Fluorescent Lamp 

(CFL)

Purple Light 

Emitting Diode 

(pLED)
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dissipation of heat less energy is wasted thus LEDs are more efficient by way of energy usage. 

LEDs can be found of various wavelengths ranging from UV to Visible light of respectable 

energy output varying in shape and size. The sun is the best energy source available surpassing 

that of LED by way of availability, efficiency and sustainability whose emission spans the entire 

electromagnetic spectrum.  

1.3. Practical considerations for photochemical reactions  

Depending on the composition of the reaction mixture i.e. phase, chromophores present 

and wavelength of light utilized, differing photophysical phenomena can occur. Lack of 

solvation of molecules can result in colloidal suspension. Colloidal suspensions often cause light 

to scatter making the incident radiation difficult to absorb thus hindering the photochemical 

reaction. Not only can highly concentrated reaction mixtures cause light scattering, concentrated 

solutions can also cause inner-filter effect. Inner-filter effect occurs when the flux of incident 

light through a medium is reduced due to the absorbance of molecules closer to the irradiation 

source. When inner-filter effect occurs photons are unequally available to chromophores at 

distances further from irradiation source. Additionally, it is important to keep in mind that 

solvent and reaction vessels can absorb light at differing wavelengths therefore hindering the 

absorbance of the intended chromophores. Various lists of solvent and common glassware and 

their absorbance wavelength cutoff exist and can be found elsewhere.5 Lastly, solvent can play 

multiple roles in photochemical reactions (ie. sensitizer, reactant(s) and/or reagent(s) etc.). 

Curious readers are directed elsewhere for further information regarding the role of solvent in 

photochemical reactions.6 It is important to mention, in regards to photochemical reactions a 

photon is absorbed (consumed) making light a reagent. Thus the photon flux plays a significant 

role in any photochemical process. 
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1.4. Light and organic chromophores 

As mentioned above, the first law of photochemistry, often coined the Law of Grotthus-

Draper, states that only light that is absorbed is effective in photochemical transformations. 

In1905 Einstein detailed the dual particle and wave nature of light giving birth to quantum 

theory. Thus the second law of photochemistry was outlined, the absorption of light occurs with 

discrete energy and is therefore a quantum process.4  

 

Scheme 1.1: Global paradigm for organic photochemistry7 

A photon having energy equal to the energy difference between two electronic states of a 

chemical species is absorbed. Absorption of light of the appropriate energy excites an available 

valence electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) (Figure 1.3). The absorption of a photon results in an electron being 

excited to a different potential energy surface which has vibrational levels and its own 

corresponding zero-point energy. The energy transferred to a molecule due to absorption of a 

photon can be calculated using equation 1.1.4, 7  

𝛥𝐸 = ℎ𝑐/𝜆  (Eq. 1.1) 

Where, 

ℎ = 6.626 × 10−34 js (Planck’s constant)  
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𝑐 = 2.998 × 108 m/s (speed of light) 

𝜆 = wavelength used for irradiation in m 

In its simplest form (Eq 1.2), Beer-Lambert law can be used to determine the molar 

absorptivity () of a compound assuming no concentration dependent aggregation occurs.4, 8  

𝐴(𝜆) = 𝜖(𝜆)𝑐 (Eq. 1.2) 

Where,  

𝜖(𝜆) = wavelength dependent molar absorptivity in M-1cm-1 

𝑐 = concentration of the molecule of interest in M (molarity) 

Scheme 1.1 depicts the working paradigm of organic photochemical reactions thereby 

establishing our frame of reference. The reactant is designated R, R* is the excited state of R, I is 

some intermediate and P is product. The electronic configuration of P and energies associated 

with it may differ greatly from R as P is a new and independent species.  

 

Figure 1.3: a) Absorption of a photon and depiction of singlet excited state Rs*. b) State 

diagram and timescale of photophysical processes. 

Kasha’s rule states “the emitting level of a given multiplicity is the lowest excited state of 

that multiplicity”.9 This same lowest level of any given multiplicity is generally responsible for 

any noticed photochemical reactivity. Due to the relatively fast internal conversion (commonly 

occurring on the picosecond time scale) this is most commonly the case. Thus only the ground 
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state (S0) and the first and/or second low-energy excited state configurations ( R* = S1, S2, T1, or 

T2) need to be considered for the great majority of organic photochemical reactions.7 Figure 1.3b 

displays a state diagram depicting available molecular process upon excitation of a photon and 

their associated timescales. Limiting factors regarding a process includes lifetimes of the 

attainable processes and quantum efficiency of said process. The quantum efficiency defines the 

efficiency of a photochemical process in the terms of a ratio of the number of molecules that 

undergoes the desired process by the number of photons absorbed (Equation 1.3). 

Quantum efficiency () =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑢𝑛𝑑𝑒𝑟𝑔𝑜𝑖𝑛𝑔 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
  (Eq. 1.3) 

1.4.1. Direct excitation 

The chromophore, light absorbing unit, has great bearing on the electronic transition and 

electronic configuration of an excited species. Analogous to thermal chemistry, it is the 

functional groups that bear electrons which play a significant role in electronic excitation. Figure 

1.4 displays molecular orbitals for common functional groups of organic chromophores. 

Knowledge of the type of frontier orbitals accessed in the excited state of the molecule gives 

insight into plausible electronic and molecular changes upon excitation. With this in mind, one 

can easily envisage how the bond order changes upon excitation of a  orbital causing the 

transition    (Figure 1.4-inset). Lack of functionality or lack of heteroatoms leaves only 

covalent single bonds available for excitation which absorb in the deep UV region. For example, 

excitation of C-C single bond would cause a  * transition. Since the C-C single bond (the 

most common bond found in organic compounds) absorb energy greater than110 kcal/mol, light 

of wavelengths shorter than 254 nm is often destructive causing homolytic cleavage of C-C 

bonds and thus decomposition of the irradiated compound in most cases.10 
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Figure 1.4: Depiction of orbitals of common chromophores in organic molecules. 

Promotion of a molecule to an excited state can occur via direct excitation (as mentioned 

above) or sensitization. If the molecule of interest (“A”) does not bear a chromophore capable of 

absorbing the incident light of irradiation, a molecule that contains the necessary chromophore 

can be utilized to aid the molecule of interest to its excited state. A sensitizer is used in order to 

activate “A” to some reactive intermediate I where I is some electronic excited state and/or 

radical ion thereof (Scheme 1.2). There exist two distinct mechanistic pathways of sensitization 

1) energy transfer (trivial, Foster or Dexter) and 2) photoinduced electron transfer (PET). Below 

short descriptions of each are provided. However, for more comprehensive and detailed 

descriptions interested readers are directed to other sources.4, 6, 11  
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Scheme 1.2: Photochemical sensitized processes of some acceptor A. 

1.4.2. Trivial energy transfer 

In order for energy transfer to occur it is necessary that the energy transfer is a downhill 

process. Thus the energy of the excited state of the acceptor “A” is lower than that of the donor 

“D”. For simplicity we will invoke this requirement for all common energy transfer processes. 

Trivial energy transfer is also called radiative energy transfer. Quite simply put, trivial energy 

transfer occurs when “D*” emits a photon and the emitted photon is reabsorbed by “A”. 

Radiative energy transfer occurs with the highest efficiency at wavelengths where the donor “D” 

has the greatest quantum efficiency of emission and the acceptor “A” has the greatest efficiency 

of absorbance (high molar extinction coefficient) (Scheme 1.3).11 

1.4.3. Resonance energy transfer (RET)/Förster energy transfer 

There exist two mechanisms of non-radiative energy transfer, resonance energy transfer 

and Dexter energy transfer. The first of which, resonance energy transfer (RET) is often referred 

to as a coulombic mechanism or dipole-induced mechanism. Significant spectral overlap 

between the excited donor D* and the absorption of “A” is necessary for a favorable resonance 

energy transfer. Additionally, the extent of energy transfer is distant dependent. RET does not 

depend on the relaxation and reabsorption of a photon (e.g. Trivial energy transfer) instead the 

donor and acceptor are coupled by a dipole-dipole interaction. It is worth mentioning that RET 

occurs only from the singlet excited state.11, 12 

Sens.
hn

Sens.*
A

Sens.

= A*; excited state acceptor

A radical cation

radical anionA

Sens. = sensitizer or catalyst

Sens.* = excited state sensitizer/catalyst

I I
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1.4.4. Dexter energy transfer 

Dexter energy transfer is often called an electron exchange interaction or collisional 

transfer mechanism. Orbital overlap between “D” and “A” is necessary for electron exchange 

mechanism to occur. In order to achieve the orbital overlap, collision is necessary resulting in an 

encounter complex. Higher concentrations are generally needed for Dexter energy transfer. 

Shorter D-A distances also favor Dexter energy transfer. Though spectral overlap between “D” 

and “A” play a role in Dexter energy transfer, it is often the case that Dexter energy transfer is 

correlated with quenching of “D*” resulting in no net observable emission .11, 12 Dexter energy 

transfer can occur from either singlet or triplet excited state of “D” resulting in the corresponding 

excited state of “A”. 

1.4.5. Photoinduced electron transfer (PET) 

Similar to Dexter energy transfer, photoinduced electron transfer (PET) can be a 

collisional process by which electrons are exchanged. Conversely, electron hopping can occur 

from an excited species giving rise to a solvated electron and radical cation species. All in all, 

PET involves electron and excited state and ground state species. In the case of the former, after 

excitation, collision of excited state and ground state molecules can occur forming a charge 

transfer complex. The resulting charge transfer complex has a net energy that is lower than the 

sum of the donor and acceptor energies. A significant difference between Dexter energy transfer 

and PET is that in the PET process only one electron is exchanged from one species to another. 

While for energy transfer electron exchange occurs in pairs. The excited state molecule can be 

either an electron donor or an electron acceptor. Transfer of an electron from one species to 

another forms a radical ion pair. The donor species is electron deficient and thus a radical cation 

(D+.) while the acceptor species becomes a radical anion. Excitation delivers the necessary 
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energy to drive charge separation. The energy change of PET is given by the Rehm Weller 

equation (Eq 1.4) and thus Eq 1.4 can be utilized to determine the feasibility of PET .11, 12 

However, whether or not PET occurs is a separate case from feasibility and further investigation 

is necessary. 

𝛥𝐺 = 𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑 − 𝐸00
∗ − 𝐶 (Eq. 1.4) 

Where, 

𝛥𝐺 = Gibbs Free energy 

𝐸𝑜𝑥 = oxidation potential of electron donor ( D  D+ + e-) 

𝐸𝑟𝑒𝑑 =  reduction potential of electron acceptor A ( A + e- 
 A- ) 

𝐸00
∗ = the energy of the excited molecule 

𝐶 = the Coulombic term 

 

Scheme 1.3: Non-radiative bimolecular processes. 

1.5.  Organic photochemistry 

The argument can be made that sunlight induced photochemistry commenced with the 

beginning of organic matter itself.2, 7 The origin of documented scientific investigations in 

regards to organic photochemistry is rooted in the investigations of santonin. Cannizzaro is 

celebrated for his in depth, extensive investigation of santonin.1, 2 Santonin was first isolated in 



 

 

12 

1830 by Kahler. However, the photochemistry of santonin wasn't observed until 1834 and again 

in 1847 by H. Trommsdorf and W.Heldt respectively.2, 13 14, 15 Thus the first documented 

photochemical reaction was documented by Trommsdorf. It was Trommsdorf who observed the 

rupture of santonin crystals when exposed to ideal solar conditions. The mechanistic 

consideration of solid state irradiation of -santonin remained essentially unprobed for nearly the 

next two centuries. Eventually, in 2007 Garcia-Garibay and co-workers determined the bursting 

of -santonin crystals when irradiated was due to the single crystal-to-single crystal 

transformation of -santonin 1 to 5 (Scheme 1.4).16 The expansion of the central ring (from six 

to seven carbons) and the displacement of the axial methyl group caused the molecular 

displacement and the physical rupturing of the crystal.16  

Although the mechanism of solid state irradiation of -santonin eluded chemists for over 

150 years, mechanistic investigation and product determination of -santonin commenced with 

Sestini and eventually was transferred to Cannizzaro in 1865 and 1872 respectively. Sestini and 

Cannizzaro collaborated and published their findings on santonin photochemistry.2, 3, 17-20 

Eventually they pursued separate photochemical investigations of santonin.3, 17-22 Due to his 

influence on prominent photochemists, such as Ciamician and Silber, his advocacy for light as an 

energy source and his work in photochemistry, Cannizzaro is highly regarded in the field of 

photochemistry.1, 23 
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Scheme 1.4: Photochemistry of -santonin (1). Adapted from references 11, and 15-20. 

Organic photochemistry, as a field of study, has advanced since the times of Sestini and 

Cannizzaro. Organic photochemistry is concerned with observing, understanding and utilizing 

photochemical reactions where reactant (R) gives rise to product (P) (Scheme 1.1). Various 

photochemical reactions have since been discovered and exploited, ranging from pericyclic 

cycloadditions [2+2], [4+2], and [4+4]-photocycloaddition to classical named reactions such as 

Paterno-Büchi, and De Mayo to simply list a few.24-28 As displayed with -santonin 

investigations have not only been limited to solution phase but solid phase photochemistry has 

also been investigated with varying degrees of success. The prophetic views of Ciamician has 

somewhat been noticed as publications involving light mediated reactions continues to steadily 

rise.  

1.6.  Asymmetric photoreactions 

IUPAC defines chirality as the geometric property of a rigid object, or spatial 

arrangement of points or atoms that are non-superimposable on its mirror image. In 1815 Jean 

Baptiste Biot coined the identifiable characteristic of chirality, as the ability to rotate the plane of 

polarized light, a property which he deemed optical activity. Biot noticed that solutions of 
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specific organic compounds were optically active.29-31 Advancing the field of chirality, Louis 

Pasteur was the first chemist to link molecular structure and chirality. Pasteur investigated 

tartaric acid and various salt derivatives separating conglomerate crystals and measuring their 

optical activity. 31, 32 

 

Figure 1.5: a) depiction of asymmetric synthesis affording selectivity b) asymmetric synthesis 

reaction coordinate diagram. 

In 1860 Pasteur recognized that many natural products were optically active in contrast to 

those synthesized in lab which lacked optical activity. Pasteur once said “one needs to use 

dissymmetric forces to have recourse to solenoids, to dissymmetric movements of light, to the 

action of substances themselves dissymmetric…” Pasteur recognized the need for chirality in 

preparative chemistry to induce chirality in product formation.  
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In 1904 Marckwald defined asymmetric synthesis as “those reactions which produce 

optically active substances from symmetrically constituted compounds with the intermediate use 

of optically active materials but with the exclusion of all analytical processes”.33 34, 35 Thus 

asymmetric synthesis necessitates the use of a chiral agent(s) which will be introduced as part of 

the substrate, as a reagent or catalyst in order afford chiral product in enriched selectivity 

(enantiomeric excess (ee) or diastereomeric excess (de)). 33 Figure 1.5a displays the process for 

affording enantioenriched compounds. In order to afford desired selectivity thermally (>99% ee) 

the difference between activation energies necessitates a minute difference of ~3kcal/mol (Figure 

1.5b).36-38 

 

Scheme 1.5: Asymmetric synthesis utilizing CPL a) cyclization forming hexhelicene b) 

cyclization forming dihydroindole c) ring closure of tropolone. Adapted from references 33, 46 

and 47. 

1.6.1. Asymmetric photochemistry: Circularly polarized light (CPL) 

As early as 1874 the use of circularly polarized light was hypothesized to be able to 

afford chirality in product formation independently by both Le Bel and van’t Hoff.33, 39, 40 

Significant progress in asymmetric photochemistry was not made until the late 1900’s where 

new optically active products were formed. Reproducible results with measurable optical purity 
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employing circularly polarized light did not arise until nearly a century after the hypothesis of Le 

Bel and van’t Hoff. In 1971 Kaiser and Lee demonstrated that both left and right CPL could 

afford hexahelicene albeit with low optical purity (<0.35% ee) (Scheme 1.5a).33, 41-45 Other 

cyclization reactions utilizing CPL were also investigated. Cavazza and coworkers employed 

CPL for the ring closure of tropolone derivatives while Nicoud and coworkers displayed 

photocyclization followed by hydrogen shift of N-aryl-N-methylenamine to dihydroindoles 

(Scheme 1.5b-c).42, 46, 47 All of the aforementioned examples of asymmetric photochemical 

reactions employing CPL suffered low optical purity. Enantioselectivity utilizing CPL is limited 

by g-factor (g = / where  is the difference in molar absorbtivity for right- and left- CPL of 

a single enantiomer. Thus utility of CPL is limited due to an enantiomers inherent ability to 

differentially absorb right vs left CPL thus, limiting the utility of CPL.48, 49 

1.6.2.  Asymmetric photochemistry: Chiral auxiliary  

More successful methods of inducing chirality upon product formation in photochemical 

asymmetric synthesis were realized upon the implementation of chiral auxiliaries. Utilizing 

chiral auxiliary appended to prochiral substrate adds complexity. Investigations utilizing chiral 

auxiliary in photochemistry did not arise until the mid-1970’s. The ability of an auxiliary to 

induce chirality upon product formation is dictated by a number of factors such as steric 

interactions, electronics, hydrogen-bonding  as well as other foreseeable non-bonding 

interactions in the excited and/or groundstate.42 Since the built in chirality of the substrate is 

needed for chiral induction upon product formation, photoreactions involving chiral auxiliaries 

are processes where selectivity arises due to preferential reactivity of one diastereomer over the 

other. Thus high values of diastereomeric excess are desired. 
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Scheme 1.6: Asymmetric synthesis of hexahelicene employing chiral auxiliary. Adapted from 

reference 42. 

Martin and coworkers were able to achieve greater extent of optical purity in the 

asymmetric synthesis of hexahelicence implementing chiral auxiliary.42 Greater induction was 

afforded with the chiral substituent in the 1-position as opposed to the 2-positon (X vs Y 

respectively) as seen in Scheme 1.6. The utility of chiral auxiliaries has been displayed in a 

number of different types of reactions such as photocycloadditions, hydrogen abstractions and 

di--methane rearrangement to simply list a few. Schemes 1.6 and 1.7 displays examples of 

usage of chiral auxiliaries in photochemistry. Temperature, solvent, and the number of chiral 

centers the substrate contains all effect the diastereomeric excess (de).42, 50 Optimizing all 

aforementioned conditions chemists were able to afford moderate selectivity with respect to de 

(Scheme 1.7). Lange and coworkers optimized the selectivity (de) by changing the solvent 

employed in the [2+2] photocycloaddition of chiral cyclohexanone to cyclopentene. They 

afforded the cyclized anti product 16 in 68% de in a mixture of HOAc:MeOH (95:5).50 Scharf 

and coworkers were able to increase the de in the [2+2] photocycloaddition of substituted 

furanone derivative 18 to ethylene 19 by reducing the temperature to -85 oC (Scheme 1.7b).51  
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Scheme 1.7: Asymmetric photochemistry use of chiral auxiliary. a) optimizing selectivity by use 

of solvent; b) optimizing selectivity by change in temperature. Adapted from references 50 and 

51. 

1.6.3. Asymmetric photochemistry: Chiral sensitizers 

The use of chiral auxiliary enables the induction of chirality for the newly formed chiral 

elements. However, utilizing chiral auxiliary causes the reaction mixture to be composed of a 

mixture of diastereomers. This mixture of diastereomers often increases complexity of the 

methodology and increases the difficulty of separation. Hammond and coworkers were the first 

to display that a chiral sensitizer could be employed to afford optical activity in the desired 

product. Hammond and coworkers displayed that naphthalene derivative 23 could be employed 

as a sensitizer to initiate isomerization of trans-1,2-diphenylcyclopropane 21 to afford optically 

active cis-1.2-cyclopropanone 22 albeit low optical purity. More noticeable selectivity was that 

of the trans-isomer from enantiodifferentiation yielding ~7% optical purity (Scheme 1.8).52-54  
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Scheme 1.8: Use of chiral sensitizer 23 for asymmetric photochemistry. Adapted from references 

52-54. 

After 72 hours of irradiation, the photostationary state was reached which afforded the 

1:1 mixture of cis (21) and trans (22) 1,2-diphenylcyclopropane with 21 of greater optical purity 

(~7%). Since the pioneering work of Hammond and coworkers numerous investigations have 

been centered around the use of chiral sensitizers. Inoue and coworkers displayed 

enantiodifferentiation of enantiomers of trans-cyclooctene upon irradiation of a solution of cis-

cyclooctene in the presence of various chiral benzoate sensitizers, the  first of its kind.42, 55 By 

merely altering the temperature Inoue and coworkers were able to afford either optical antipode 

of trans-cyclooctene 24E (Scheme 1.9a). By way of intermolecular photochemical reactions Kim 

and Schuster reported the first asymmetric photochemical [4+2] photocycloaddition. Kim and 

Schuster employed (-)-1,1’-bis(2,4-dicyanonaphthalene) 30 as the sensitizer in order to obtain 

the cyclized product of 1,3-cyclohexadiene and trans--methylstyrene, 27 and 28 respectively. In 

nonpolar solvents (e.g. toluene) Kim and Schuster were able to afford 29 in 9% ee at -65 oC.42, 56 
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Scheme 1.9: Asymmetric photochemical synthesis a) enantiodifferentiation by use of chiral 

sensitizer; b) [4+2] photocycloaddition employing chiral sensitizer. Adapted from references 42 

and 55-56.  

In the cases listed above, upon irradiation the sensitizer contains the chromophore and 

thus becomes excited. The excited sensitizer is responsible for transferring its chiral information 

to the substrate during the sensitization process. In order for chiral induction from the sensitizer 

to the substrate, sensitizer-substrate interaction must be of sufficient strength and duration 

(lifetime-). This often manifests itself by way of excited complex formation (ie. exciplex) 

between the excited sensitizer and the ground-state substrate. The nature of the exciplex and thus 

reaction mechanism depends on the energies of the substrate and sensitizer. The sensitization 

may occur via singlet, triplet or even electron-transfer and thus affording the corresponding 

exciplex.42 
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Scheme 1.10: Asymmetric photochemical synthesis exploiting H-Bonding reagents. a) PET 

catalyst for cycloaddition; b) thiourea organocatalyst for [2+2] photocycloaddition; c) light 

initiated photoredox chemistry. Adapted from references 57 - 60. 

Since the investigations of Inoue, Kim and Schuster significant advances in asymmetric 

photochemical reactions involving sensitizer and/or catalyst have surfaced. The difference 

between catalyst and sensitizer depends on, which species is in the excited state (substrate vs 

catalyst/sensitizer), the amount of catalyst/sensitizer utilized and if the employed 

catalyst/sensitizer can be hypothetically recovered and reused. Quite often these two terms are 

used interchangeably. The groups of Bach and Sivaguru have independently displayed the 

capability of organic photocatalysts to afford high selectivity. Scheme 1.10 displays PET induced 

intramolecular photocyclization of tethered quinolinone derivatives and photocycloaddition of 

tethered coumarin derivatives respectively (Scheme 1.10a-b).57, 58 It is noteworthy to mention 
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Sivaguru and coworkers’ advancements in intermolecular cyclization of coumarin and 

tetramethylethylene where selectivity was afforded with respect to dimerization of coumarin vs 

cycloaddition with tetramethylethylene.59 Yoon and coworkers were able to employ chiral 

Ruthenium catalyst, an inorganic photoredox variant, for the photochemical cycloadditions of 

enones achieving high selectivity but only moderate diastereoselectivity (Scheme 1.10c)60. Thus 

employing chiral catalysts has currently been able to achieve selectivity >90%. However, 

methods employing chiral catalysts quite often necessitate low temperature irradiation, with the 

exception of Yoon and coworkers as displayed above. Low temperature allows for a greater 

extent of organization. 

1.6.4. Asymmetric photochemistry: Templates, solid state and supramolecular scaffolds 

In the presence or absence of solution, e.g. solid state irradiation, molecular restriction 

has been displayed to afford chirality in the desired photoproduct. Chiral templates are often 

utilized in superstoichiometric amounts. Intermolecular interactions govern host-guest 

interactions thus solvent choice and temperature must be regulated in order to optimize the host-

guest interaction. 

Ninomiya and coworkers employed chiral template in the photocyclization of enamides 

41. The chiral ditoluoyltartaric acid template 44 attained respectable selectivity up to 42% ee. 

(Scheme 1.11a).42 Bach and coworkers achieved high enantioselctivity (84-87% ee) by 

employing chiral template 49 in the [4+4]-photocycloaddition of prochiral 2-pyridones 45 and 

cyclopentadiene 46 (Scheme 1.11b).61 Both chiral templates mentioned above mainly exploit H-

bonding as the major intermolecular interaction to orient the molecule in a favorable 

conformation to achieve the observed selectivity.  
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Scheme 1.11: Asymmetric photochemistry use of chiral template. a) photocyclization of 

enamide 41. b) [4+2] photocycloaddition of pyridine 45 and cyclopentadiene 46. Adapted from 

references 42 and 61. 

There exists a number of supramolecular scaffolds that have been utilized to afford 

chirality in solution eg. cucurbital, cyclodextrins, and zeolites to simply list a few.62, 63 Much like 

chiral templates the host-guest interactions of these supramolecular scaffolds are governed by 

intermolecular interactions. There have been plenty advancements in the field of supramolecular 

photochemistry and remains a successful method of asymmetric photochemical induction. 

Greater knowledge with respect to supramolecular photochemistry can be found in a recent 

chemical review and references therein.63  

Solid state irradiation has also displayed promise with respect to asymmetric 

photochemistry. The crystal matrix itself, by way of chiral space group, can be utilized for chiral 

induction or a molecule containing chirality can be crystalized with the substrate in order to 

induce chirality upon the substrate. The rigidity of the crystal matrix aids in chiral induction due 

to the close proximity of the chiral information and the substrate. Schmidt and coworkers 

recognized the first absolute asymmetric synthesis in the solid state with measurable optical 
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yields.64 Irradiation of the ,-unsaturated ketone 50 in the presence of bromine gas afforded the 

addition product 51 in high chemical yields (>90%) albeit low optical yield 6% (Scheme 1.12) 

pioneering the first measurable solid state absolute asymmetric synthesis.64  

 

Scheme 1.12: Asymmetric photochemistry in the solid state. Adapted from reference 63. 

Since the seminal work of Schmidt and Penzien various methodologies displayed greater 

selectivity such as co-crystallization, ionic auxiliaries and the use of atropisomers in the solid 

state. In regards to the former, Sakamoto and coworkers utilized the chiral amide 52 to afford the 

oxetane 53 product in high diastereoselectivity (90% de) and enantioselectivity (>99 % 

ee)(Scheme 1.13).65 The torsional strain caused by steric interactions hinders rotation about the 

N-CAryl bond affording atropisomers in the amide 52. Thus 52 existed in two forms M-52 and P-

52 which are enantiomers. However, in solution the barrier to rotation is rather low for 52 thus 

free rotation occurs (Scheme 1.13a). Though the N-C bond rotates freely in solution achieving no 

selectivity in solution phase reactions the inherent chirality allowed for spontaneous 

crystallization of a chiral crystal. The chiral crystal of 52 was exploited by Sakamoto and 

coworkers to afford the aforementioned selectivity. Spontaneous crystallization of a chiral crystal 

is rare and limited due to inherent packing properties of the particular substrate. Their 

methodology lacked the ability to yield any predictive power over the photochemical 

transformation. Thus the use of chiral crystalline matrix is limited especially with regard to 

synthetic chemistry. 
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Scheme 1.13: Asymmetric photochemistry in the solid state. a) barrier to rotation 

(enatiomerization); b) solid state oxetane formation with high selectivity. Adapted from 

reference 64. 

1.7. Axial to point chiral: A methodology for asymmetric photochemistry in solution 

1.7.1. Atropisomers in thermal chemistry 

Before the turn of the century Curran and coworkers demonstrated the advantageous of 

utilizing axial chirality for asymmetric thermal transformations. In efforts to attenuate 

unfavorable steric interactions with the ortho hydrogens of the phenyl ring the imides 54 and 

amides 56 exist in a twisted conformation in the ground state. Similar to the amide 52 imide 54 

and amide 56 existed as stable atropisomers under specific temperature and pressures depending 

on the barrier to rotation of the N-CAryl bond. Curran et al embarked on an investigation to relate 

ortho-aryl substitution, to N-Aryl torsion angel, N-CAryl bond rotation and the ease of 

equilibrating the atropisomers.66-68 They displayed the feasibility and efficacy of non-biaryl 
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atropisomers in asymmetric synthesis geared towards thermal transformations. Curran et al 

achieved success in the radical addition of both cyclic and acyclic atropisomers 54 and 56 

respectively in solution (Scheme 1.14).  

 

Scheme 1.14: Atropisomers in thermal chemistry. a) selective radical addition followed by 

equilibration of atropisomers; b) radical addition achieving high selectivity and stability of 

atropisomers. Adapted from references 65-67.  

1.7.2. Atropisomers in photochemistry: Atropselective photoreactions 

Shifting to photochemistry and focusing exclusively on the photoreactivity of the 

substrate Sivaguru and coworkers have devised a methodology to afford high selectivity in the 

photoproduct beginning from axially chiral starting material in an axial to point chiral 

transformation. This is a true example of axially chiral excited state chemistry. Rotamer control, 

is well established in the literature. Employing axially chiral rotamers, where reactant 

conformations dictate the mechanistic route and thus the product distribution draws inspiration 

from Havinga’s NEER principle (Non-Equilibrating Excited Rotamers). Sivaguru and coworkers 

achieved success in various chemical systems such as 6π-cyclization, [2+2]-cycloaddition, and 
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4π-cyclization highlighting their ability to transfer axial chirality to point chirality with high 

selectivity (Scheme 1.15).69-71 

 

Scheme 1.15: Atropselective photochemical reactions. a) Axial chiral to point chiral 

transformation. b) 6-photocyclization of acrylanilides c) 4-ring closure of pyridones d) [2+2] 

photocyloaddition of acrylimides. Adapted from references 68-70. 

1.8. Smart materials 

Throughout the decades, light mediated processes have gained much attention due to the 

spatial and temporal control that light affords as an external stimulus. Light has proven useful in 

materials fabrication by way of photolithography and smart materials e.g. photochromic lenses. 

The 21st century has seen the rise of smart materials and molecular machines. In order for a smart 
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material to operate utilizing light there needs to be an appropriate chromophore which upon 

excitation affords some observable change i.e. color, pH or transparency etc. Various scaffolds 

have proven useful to aid in the operation of smart materials such as photoacids and 

photoinitiators. 

1.9. Photoacids 

As mentioned above light has been utilized for various industrial processes namely 

photolithography. In order to exploit the benefits of light, temporal and spatial control, an 

appropriate light harvesting reagent is necessary. This change in acidity can be exploited for 

device fabrication, kinetic investigations, small molecule systems and to manipulate chemical 

systems (e.g. smart materials). In a broad sense, photoacids are molecules that increase in acidity 

upon irradiation of light. Photoacids have been exploited for their ability to alter a chemical 

system by use of light as an external stimulus. There exists three type of photoacids 1) reversible 

photoacids 2) meta-stable photoacids and 3) photoacid generators (PAGs).  

1.9.1. Reversible photoacids 

Reversible photoacids are aromatic molecules that have an excited-state pKa lower than 

the ground state pKa. As the name implies, reversible photoacids are reversible in that the 

increased acidity, due to irradiation, dissipates as irradiation ceases. By way of structure, 

reversible photoacids are hydroxyl substituted aromatics. Excitation of an appropriate hydroxy 

arene accessing -* singlet excited state often results in proton dissociation in the excited 

state.72-74 If the dissociation of the resultant conjugate base and proton (kdiss) is of sufficient 

lifetime permitting solvent separation an increase in acidity (Bronstead acidity) can result. Hence 

the synonymous term with photoacid is excited state proton transfer. Photoacids have been 

displayed to exhibit excited state acidities (pKa
*) with pH as low as -8 when compared to the 
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corresponding ground state acid. Photoacids can transport protons faster than the picosecond 

time scale.72-74 Emission properties of photoacids are mainly dominated by excited state 

conjugate base. Characteristic of their excited state increase in acidity is a redshift in the 

emission spectra. The magnitude of the stokes shift is proportionate to the shift in acidity.19 

 

Figure 1.6: Reversible photoacids a) process of excited state proton transfer (photoacidity) b) 

common photoacids 

1.9.2. Metastable photoacids 

Metastable photoacids are another class of reversible photoacids. The difference between 

metastable photoacids and simple reversible photoacids lies in the length of time that the 

increased acidity persists. As mentioned above removal of light source causes simple reversible 

photoacids to return to its ground state thus decreasing the overall acidity. Metastable photoacids 

upon irradiation undergo some secondary reaction which gives rise to an intermediate species of 

relatively long lived life time. In absence of the light source re-protonation of the intermediate 

species occurs slowly allowing the acidity to persist for some finite time while in the dark. The 

design of a metastable photoacid features and electron-accepting unit and a nucleophilic moiety 
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often resembling familiar photochromic molecules (Scheme 1.16). Metastable photoacids find 

utility in operating molecular machines and smart materials. The high acidity of activated 

metastable photoacids and the ability to modulate the rate of re-protonation by way of synthetic 

modification are just a few benefits of metastable photoacids.  

 

Scheme 1.16: Design and operation of metastable photoacids. Adapted from reference 75. 

1.9.3. Photoacid generators (PAGs) 

Photoacid generators differ fundamentally from both metastable photoacids and 

reversible photoacids. PAGs are commonly called irreversible photoacids. PAGs generally 

undergo a series of decomposition processes in order to afford either a mineral acid or some 

strong organic acid (Scheme 1.17). Irradiation causes rapid decomposition of the PAGs 

liberating a high concentration of the resultant small molecule acid. It is this rapid shift in proton 

concentration that is responsible for the photoacidity of PAGS. PAGs find great utility in 

photolithography.75 Simple functional group manipulation allows for the PAG unit to be 

incorporated within a polymer.75-77 Irradiation of the resulting polymer activates the PAG to 

accomplish the desired patterning. Activation of the PAG achieves two objectives, activation 

increases the acidity followed by removal (in this case decomposition) of the PAG. Figure 1.7 

displays some known PAGs. 
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Scheme 1.17: Photoreactivity of PAGs 64. Adapted from reference 74. 

 

 

Figure 1.7: Chemical structure of known Photoacid Generators.  

1.10. Photoinitiators 

Since the turn of the century innovations involving polymeric materials has reshaped and 

redefining the world. Today, photochemical methods of fabrication lead the charge towards 

sustainable methods and materials. In this regard photoinitiators have been used for various 

applications such as polymerization, photocuring and device fabrication, to simply list a few. 

There exist two main classes of photoinitiators Type I (-cleavage) and Type II (H-abstraction). 

Type I is an unimolecular processes. Type II photoinitiators necessitate the use of a co-initiator 

with an hydrogen available for abstraction. It is quite generally the co-initiator that initiates the 

polymerization process. However, it is possible for the geminate photoinitiator radical to initiate 

polymerization. Thus creating the active initiator for polymerization utilizing Type II 

photoinitiators is a bimolecular process and therefore limited by diffusion. Optimal 

polymerization necessitates synergy between the initiator and co-initiator. Though they differ 
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with respect to mechanistic pathway, both Type I and Type II photoinitiators form active initiator 

species that proceed to polymerization by reaction with a monomer (Scheme 1.16). Upon 

irradiation excitation to the singlet excited state occurs followed by intersystem crossing to the 

triplet excited state. In the triplet excited state Type I photoinitiators undergo homolytic cleavage 

while Type II photoinitiators abstract an available neighboring hydrogen. Both of which 

eventually form reactive radical intermediates (active initiators) that go on to initiate the 

polymerization process (Scheme 1.16). Spatial and temporal control, the ability to make high 

energy intermediates at room temperature and the simplicity of photoinitiators are just a few 

inherent advantages of photoinitiators over commonly employed thermal reagents.78, 79 

 

Scheme 1.18: a) Type I and Type II photoinitiators b) polymerization. 
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1.11. Summary and outlook 

As mentioned above the use of light has permeated all aspects of life from sustaining life 

to various industrial fields. Fundamental investigations aimed at exploiting the abundance of 

light has seen great advancement in the past century. Asymmetric photochemcial methodologies 

as well as material fabrications have also seen respectable advances. Chapters 2-3 will outline 

photochemical investigations affording high selectivity in the photoproduct taking advantage of 

the chiral bias of atropisomers.80,81 Chapters 4 and 5 will highlight applications of light utilizing 

its ability to do work and afford spatial and temporal control by way of photoacids and 

photoinitiators respectively.82 
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2. METAL FREE VISIBLE LIGHT MEDIATED PHOTOCATALYSIS: CONTROLLING 

INTRAMOLECULAR [2+2] PHOTOCYCLOADDITION OF ENONES THROUGH 

AXIAL CHIRALITY 

2.1. Introduction to [2+2] photocycloaddition: Rule of five 

 The first reported intramolecular enone-olefin photocycloaddition is dated back to 

1908. In 1908 Ciamician, the Italian chemist, exposed carvone 67 to “Italian sunlight” for a 

prolonged period of time forming carvone camphor 68 (Scheme 2.1a).1-3 In 1957 Büchi and 

Goldman revisited photocycloaddition of carvone to camphor unequivocally determining the 

structure of 68.4,5 Since the photochemical investigations of Ciamician on carvone, various 

chemists investigated enone-olefin cycloadditions, such as Corey, Turro, Schuster, Eaton and de 

Mayo to simply list a few.  

Focusing on intramolecular [2+2] photocycloadditions which allows for greater control 

and thus greater selectivity, over the years much work has been focused on tethered enone-olefin 

systems (e.g. Scheme 2.1b). Tethering the olefin and enone allows greater control with a 

respectable level of predictability in photocycloadditions.6 It is commonly accepted that 

cycloadditions between a triplet and singlet reactive partner (e.g. enone and olefin respectively) 

afford a biradical intermediate. Often the biradical intermediate contains a five-membered ring 

when possible in route to form the desired product. This five-membered ring also sets the 

regiochemistry of the product as seen in 70a,b. 
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Scheme 2.1: [2+2] intramolecular photocycloaddition; Irradiation of carvone forming carvone 

camphor; b) triplet enone addition to singlet olefin tether forming cyclobutane product via five-

membered ring intermediate. Adapted from reference 6 and 7. 

Tamura and coworkers investigated the bearing of heteroatoms in tethered enone-olefin 

[2+2] photocycloadditions. In agreeance with the rule of five only cross addition product 72 was 

formed. Additionally, Tamura and coworkers noticed that the free nitrogen electrons, when the 

nitrogen was unsubstituted or merely bear an alkyl substitution, the reaction was sluggish and 

suffered from diminished yields. This indicated that the nitrogen electron hindered the 

photochemical reaction.7 In a similar investigation Schell and coworkers utilized differing 

alkenyl tethers which altered the reactivity. A tether longer than three carbons total resulted in a 

different product formation entirely. Increasing the chain length precludes the formation of a five 

membered ring intermediate thus the rule of five no longer applies. It is hypothesized that 76 is 

formed due to H-abstraction that occurs from a plausible ring closed 6-7-6 tricyclic ring 

intermediate. Overall tethering the alkene addition partner allows for greater predictability and 

reduced formation of side products. Utilizing alkenyl tether of three carbon length allows for 

formation of fused ring cyclobutane product(s). 
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Scheme 2.2: Heterocyclic [2+2] photocycloaddition; a) optimizing N substitution b) optimizing 

alkenyl tether. 

2.2. Thermal cyclobutane formation 

The cyclobutane moiety exists in numerous natural products often with inherent 

biological activity ranging from antivirals to antibiotics. Its relevance alone makes the 

development of new methods for the synthesis of cyclobutanes of great interest to 

pharmaceutical, biological, medicinal and natural product scientists alike.8-15 Figure 2.1 displays 

natural products containing cyclobutane motif.16-18 Additionally, cyclobutane analogues have 

proven as useful scaffolds for various functional group manipulations in synthetic organic and 

materials chemistry.10,19  

 

Figure 2.1: Natural products containing cyclobutane  
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Not only has cyclobutane analogues proven useful as intermediates for various functional 

group manipulations cyclobutane moiety is also a formidable challenge to access in natural 

product synthesis.8,10,11,14  Surveying the literature, it can be seen that organic chemists have 

transitioned from sole dependency on early transition metal techniques20 to organocatalytic 

methodologies. Over the past few decades, a plethora of thermal methods have been displayed 

including [2+2] cycloadditions involving reactive reagents such as ketenes, ketenamines21 and 

enamines as well as enantioselective methods involving chiral allenes and organocatalysts.16,20,22-

25  

 

Scheme 2.3: Thermal synthesis of cyclobutane derivatives. a) double alkylation reaction with 

epichlorohydrin to afford cyclobutane 82. b) Use of catalyst assisted in situ ketenamine 

cycloaddition to afford cyclobutane 85. Adapted from references 20 and 21 respectively. 

Success in achieving the desired cyclobutane adduct in high specificity, in the latter 

mentioned thermal method generally hinges upon the reactivity of the employed organic catalyst. 

Access and overall utility of these small molecule organic catalysts are obvious drawbacks to the 

organocatalytic techniques.16,22-25  
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2.3. Photochemical cyclobutane formation 

In contrast to thermal methods photochemical methods too have been employed in order 

to afford cyclobutane adducts. Photochemistry is unmatched in its ability to yield complex 

structures from simple and easily accessible reactants. Additionally, compounds with multiple 

stereocenters can be easily accessible by utilizing photochemistry. The short lifetimes involved 

in photochemical reactions lead to multiple photoproducts with stereocenters reducing its appeal. 

Efforts to address the complex reactivity and selectivity involved in photochemical 

transformations have met with differing success. Organized media yield amongst the highest of 

selectivity due to the lack of degrees of freedom during the photochemical transformation. 

Supramolecular scaffolds such as crystals, zeolites, assorted molecular cages and hydrogen 

bonding templates have been utilized to control excited state reactivity.26-28 

Progress has been made throughout the past decade, wherein photochemical 

transformations in the absence of organized media with the advent of novel photocatalytic 

methods. Recently, photoredox chemistry received particular attention,22,23,29-34 wherein one 

electron oxidation or reduction of the reactant by a light-absorbing sensitizer generates a ground 

state radical anion/cation. The ground state radical anion/cation undergoes an increase in 

potential thus electron transfer enhances its reactivity thereby making it react effectively from 

the ground state to form products. Following the ecofriendly trend of green chemistry, many 

chemists such as MacMillan, Stephenson, Yoon, Nicewicz and Akita to simply list a few, have 

employed ruthenium and iridium catalysts for various visible light mediated SET (single electron 

transfer) processes including [2+2] cycloadditions forming various cyclobutane derivatives 

(Scheme 1.10c).2,3  
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Other noteworthy photochemical methodologies is the use of chiral templates and organic 

photocatalyst for the formation of cyclobutane rings. Scheme 1.10b and Scheme 1.11b highlight 

the contributions from the groups of Sivaguru and coworkers and Bach and co-workers of 

photochemical investigations affording high selectivity in the desired photoproduct(s). Though 

the aforementioned methodologies have garnered success, the question is still left to answer, how 

does one control the excited state of the substrate in solution and afford selectivity of the product 

without the use of some external reagent? 

Efforts to address this question necessitates evaluation of new approaches to control 

reactivity and achieve selectivity from the excited state of the reactant due to its short lifetimes. 

In this regard, atropisomeric chromophores were employed35-43 to control excited state 

reactivity.44 It has been displayed that excited state rotamer control 45-55 can be employed to 

achieve high enantio- and diastereo- selectivity in the photoproduct in solution at ambient 

conditions. The utility of this methodology has been highlighted in various systems with 

differing photochemical transformations viz., 6-photocyclization,45-48 Norrish-Yang 

cyclization,49,50 4-ring closure,51 Paternò-Büchi reaction52 and various photocycloadditions 

(Scheme 1.15). 53-55 In efforts to further increase the scope, display the breadth and highlight the 

excited state control of the methodology employed, focusing attention on [2+2] 

photocycloaddition of enones 92 leading to cyclobutanes photoproducts 93 and 94 (Scheme 2.4).  
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Scheme 2.4: Intramolecular photocycloaddition of atropisomeric enones 92a-g. 

2.4. Photocycloaddition of enones 

Enones have been utilized extensively to synthesize various natural products employing 

photochemical methodologies.4,56 Enones often feature a mixture of nπ* and ππ* excited states.57 

Thus the reactivity of enones can differ by simply manipulating the reaction conditions. 

Additionally, the implementation of atropisomers can further alter the reactivity of enones. 

Numerous groups previously investigated the complexities involved in photochemical 

cycloadditions of enones.
8,9,58-60 Piva and co-workers evaluated the [2 + 2] photocycloaddition of 

enone-amides with N-allyl substitution. Piva and coworkers observed that product formation 

slightly favored straight addition with a straight-to-cross addition ratio of 60:40.61,62 

Investigations unveiled that both reactivity and selectivity were impacted by N-substitution 

(Scheme 2.4).  
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Scheme 2.5: Photochemical cyclobutane formation. a) Photocyclization of enone-amides 

exclusively straight addition and b) Photocyclization of enone-amides cross vs straight addition. 

Adapted from references 61 and 62. 

Thus a platform has arisen to highlight our methodology involving atropisomers to 

control the reactivity of enones. In this regard, the two sets of enones, enone-amides 92a−d and 

enone-imides 92e-g, were synthesized and their photo- chemical properties evaluated for 

atropselective [2 + 2] photocycloaddition. Atropisomeric enone-amides 92a−d and enone-imides 

92e-g with varying substitutions were synthesized from the corresponding aniline derivative 

(Scheme 2.5) and evaluated for [2 + 2] photocycloaddition. Chart 2.1 displays the atropisomeric 

enones, various intermediates needed for synthesis of the atropisomeric enones and the 

corresponding cyclobutane products. Atropisomeric enones were characterized by 1H and 13C 

NMR spectroscopy, high- resolution mass spectrometry, and single-crystal XRD. 
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Scheme 2.6: Synthesis of atropisomeric enone-amides 

 

Chart 2.1. Structures of atropisomeric enones 92a-g, and their corresponding photoproducts. 

2.5. Racemization kinetics of atropisomeric enones 

 In order to employ atropisomeric enones for controlling photoreactions, the activation 

barrier for racemization (N-CAryl bond rotation) of enones were evaluated. The individual 

atropisomers of enones were separated on a chiral stationary phase using preparative HPLC. As 

the atropisomers were stable at room temperature, the racemization barrier at 45 °C in toluene 

and acetonitrile were ascertained. Inspection of Table 2.1 reveals a high barrier for N-CAryl bond 

rotation that was reflected in the high values for t1/2-rac in both toluene and acetonitrile. 
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tether (propenyl or pentenyl) the racemization barrier ranged from ~25 kcal/mol to ~29 kcal/mol. 

Inspection of Table 2.1 it can be seen that the atropisomeric enone amides (92a,c) have greater 

barrier to rotation than atropisomeric enone imides (92e-g). Both the alkenyl chain has bearing 

on the barrier to rotation seen in the difference between barriers of 92a vs 92c (atropisomeric 

enone amides) and 92e vs 92f (atropisomeric enone imides). It can be seen that the longer chain 

lengths (e.g. pentenyl 92c,f) has greater influence and affords more stable atropisomer that is less 

susceptible to racemization. The longer chain length increases the barrier to rotation ~1 kcal/mol. 

Further inspection of Table 2.1 brings to light the influence that substitution has on N-Caryl bond 

rotation. The N-substitution (amide vs imide) apparently has greater bearing on the N-Caryl bond 

rotation as 92a vs 92f and 92c vs 92e highlights the greater stability of the sp3 amide carbons 

imparts on the atropisomeric amides. The greater steric hindrance of the sp3 amide carbons 

increased the barrier to rotation ~2kcal/mol. Overall, Table 2.1 reveals a high barrier for N-CAryl 

bond rotation that was reflected in the high values for t1/2-rac in both toluene and acetonitrile.  

 

Scheme 2.7: Racemization kinetics of atropisomeric enones. 

𝑘𝑟a𝑐 =  𝜅 (
𝑘BT

ℎ
) 𝑒

−∆𝐺‡𝑟𝑎𝑐
𝑅𝑇⁄

 (Eq. 2.1)
 

∆𝐺‡
𝑟𝑎𝑐 =  −𝑅𝑇𝑙𝑛 (

ℎ𝑘𝑟𝑎𝑐

𝜅𝑇𝜅𝐵
) (Eq. 2.2)

 

The half-life of racemization, 1/2rac, can be calculated using the rate constant of 

racemization krac (assuming 1-P0 = 0 at t= 0). 
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𝑙𝑛 (
𝑥𝑒𝑞

𝑥𝑒𝑞−𝑥
) = ln (

𝑅𝑜

2𝑅− 𝑅𝑜
) = ln (

𝑅+𝑆

𝑅−𝑆
) = 2𝑘𝑒𝑛𝑎𝑛𝑡𝑡 (Eq.2. 3) 

ln (
𝑅𝑜

𝑅− 𝑥
) = 𝑘𝑟𝑎𝑐𝑡 (Eq. 2.4) 

Where,  

krac = 2.kenant 

R0 is the initial concentration of the (R)-enantiomer; 

x = R0 –R, S (concentration of the racemate at time t); 

krac is the rate constant for racemization 

Note: R0 =R + S 

At 50% ee, the equation becomes: 

𝜏1/2(𝑟𝑎𝑐) =  
𝑙𝑛 2

𝑘𝑟𝑎𝑐
 (Eq.2.5)

 

 

Figure 2.2: Racemization kinetics of atropisomeric enone-amide 92c. 
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Figure 2.3: Racemization kinetics of atropisomeric enone-imides 92f and 92g. 
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Table 2.1. Racemization of atropisomeric enonesa 

entry cmpd solvent T (oC) racemization parameters 

krac 

(days-1) 

t1/2-rac 

(days) 

G‡
rac 

(kcal/mol) 

1 92a toluene 45 0.094 7.4 27.3 

2 MeCN 45 0.12 5.5 27.2 

1 92c toluene 75 1.0 0.7 28.3 

2 MeCN 75 0.70 1.0 28.6 

1 92e toluene 45 0.29 4.7 26.6 

2 MeCN 45 0.30 2.3 26.6 

3 92f toluene 45 1.8 0.4 25.5 

4 MeCN 45 1.4 0.5 25.6 

5 92g toluene 45 1.1 0.6 25.8 

6 MeCN 45 1.1 0.6 25.8 

a

Optically pure isomers were employed for racemization kinetic measurements in a given solvent at a set 

temperature. Racemization was monitored by HPLC analysis on a chiral stationary phase (error = ± 3%).  

 

2.6. [2+2] Photocycloaddition of atropisomeric enones 

2.6.1. Optimization of reaction conditions 

In efforts to optimize the reaction conditions (Tables 2.2 and 2.3) irradiation of enones 

was carried out under both direct and sensitized irradiations. Thioxanthone under visible light 

irradiation was used as the triplet sensitizer / catalyst. After the photoreaction, the reaction 

mixture was concentrated and the photoproduct(s) purified by column chromatography and 

characterized by NMR spectroscopy, HRMS and single crystal XRD (Table 2.4). 
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Table 2.2: [2+2] Photocycloaddition of Enone-Imide 92f under Direct and Sensitized Irradiation 

Conditions.a 

entry irradiation conditions 94f (% yield) 

1 bb/Pyrex cutoff, 1 h >98 

2 ~350 nm, 3 h >98 

3 ~420 nm, 9 h >98 

4 ~420 nm, thioxanthone, 1 hb 84 

aIrradiation of 92f (c ≈ 2.7 mM) in MeCN at room temperature under a N2 atmosphere 

unless otherwise noted. Values are based on 1H NMR spectroscopy (error = ± 5%). 

bb/Pyrex cutoff = broadband irradiation performed using a medium pressure 450 W 

mercury lamp with a Pyrex cutoff (<295 nm cutoff); ∼350 nm and ∼420 nm irradiations 

were carried out in a Rayonet reactor. bUtilized 10 mol % of thioxanthone. 

 

The conversion, yield, and mass balance were calculated by 1H NMR spectroscopy using 

triphenylmethane as an internal standard. Inspection of the crystal structure of the photoproducts 

shows that, in the case of both enone-amides 92a−d and enone-imides 92e−g, the straight 

addition product 94 was exclusively obtained. More importantly, in the case of amides, two 

stereoisomers were observed, cis,cis-94 and cis,trans-94 in approximately 1:1 ratio in the 

solvents investigated except for EtOAc where the ratio was 3:2 respectively ( Table 2.2 and 

Table 2.3). In the cis,cis-94, there was cis-fusion of both ring systems (e.g., cis,cis-94d features 

cis-fusion of four-six and four-five ring systems). On the other hand, in cis,trans-94, there was 

cis-fusion of the six-four ring and trans-fusion of the second bicyclic-ring system (e.g., cis,trans-

94f features cis-fusion of four-six ring system and trans-fusion of four-five ring system). To our 

surprise, in the case of enone- imides 94f−g, exclusive formation of cis,cis-94 as the product was 

observed. 
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Table 2.3: Solvent Effects on [2+2] Photocycloaddition Involving Enone-Amide 92c and 94f 

with Thioxanthone as the Sensitizer (10 mol%). 

entry solvent 94c (%yield) 94f (%yield)(dr) 

1 MCH - >98 (4:1) 

2 Toluene 15 >98 (3:1) 

3 DCM 24 >98 (2:1) 

4 Chloroform 12 >98 (3:1) 

5 EtOAc 18 >98 (2:1) 

6 MeOH - >98 (3:1) 

7 MeCN 34 84 (4:1) 

8 DMSO-d6 - >98 (4:1) 

aAll reactions were performed in a Rayonet Reactor at λ ≈ 420 nm using 

thioxanthone (10 mol %) as a sensitizer; 92c with 6 h of irradiation), and 92f 

with 1 h of irradiation). Values are an average of three runs. bThe % yield and 

ratios were determined by 1H NMR spectroscopy using triphenylmethane as an 

internal standard (error = ± 5%). cThe ratio of cis,cis-94c :cis,trans-94c was 

found to be ∼1:1 in all the solvents except EtOAc, where it was 3:2. dThe 94f 

diastereomeric ratio from N-C
Aryl bond rotation. 

 

Inspection of Table 2.2 shows that the reaction of 92f in acetonitrile was efficient both 

under direct irradiation (Pyrex cutoff) and visible light irradiation with 10 mol % loading of 

thioxanthone (acting as a catalyst/sensitizer). Inspection of Table 2.3 shows that the [2 + 2] 

photocycloaddition of enone-imide 92f was clean and efficient when compared to the enone-

amide 92c. Enone-imide 92f gave excellent yield and mass balance in all of the investigated 

solvent systems. The irradiation time was kept constant at 6 h of enone-amide 92c in order to 

compare the efficiency of the reaction in different solvents. The conversion of 92c varied from 

12 to 34% (Table 2.3). Longer irradiation time gave higher conversions. In contrast, excellent 

yield was observed with enone-amides 92c and 92d upon direct irradiation at ∼350 nm (Table 
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2.4 entries 2 and 5). It can be inferred from examination of Table 2.3 and 2.4 that the type of 

functionality and the length of the N-alkenyl chain of atropisomeric enones played a crucial role 

in determining the product distribution. In the case of enone-imides 92f and 92g, exclusive 

formation of the corresponding cis,cis-94 as the product was observed. Two diastereomeric 

rotamers of cis,cis-92f were observed, which arise due to hindered rotation of the N−C
Aryl bond, 

as a racemic mixture of atropisomeric reactant 92f and 92g were employed, (Table 2.4, entries 8 

and 9). More importantly, the diastereomeric rotamers were separated by chromatography and 

confirmed their relationship by 
1

H NMR spectroscopy and by single crystal XRD analysis. Both 

the major and minor diastereomeric rotamers of cis,cis-94f crystallized as racemic crystals 

(containing a mixture of enantiomers; Table 2.4, entry 8). From single crystal XRD analysis, the 

configuration of the minor diastereomeric rotamer of cis,cis-94f was established as 

(1R,6R,10R,M)-94f and (1S,6S,10S,P)-92f. Similarly, from single crystal XRD analysis, the 

configuration of the major diastereomeric rotamer of cis,cis-94f was established as 

(1R,6R,10R,P)-94f and (1S,6S,10S,M)-94f. Surprisingly, the chiral crystal of the major 

diastereomeric rotamer of cis,cis-94g (as it was a mixture of conglomerate crystals of individual 

enantiomers) were isolated and its absolute configuration was determined to be (1R,6R,10R,P)-

94g (Table 2.4, entry 9).  
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Table 2.4: Intramolecular [2+2] Photocycloaddition of Atropisomeric Enones 

 

a

Irradiations were carried out with 10 mol % of thioxanthone in a Rayonet reactor equipped with ∼420 nm (16 

bulbs ×14 W) unless otherwise noted. Reaction carried out with the 1:1 mixture of atropisomers. For 

atropselective reaction in entries 3, 4, 6, and 7, optically pure atropisomers that were separated from HPLC were 

employed. pkA and pkB refer to the first and second peak that elutes out of the HPLC on a chiral stationary 

phase. Reported values carry an error of ±5%. bIsolated yields for 92c and 92d were determined from direct 

irradiation conditions in a Rayonet reactor at ∼350 nm (16 bulbs ×14 W). Visible light irradiation was also 

effective and gave similar selectivity. cStereochemistry was deduced from single crystal XRD analysis using 

Flack parameters. dRacemic crystals of 94f (major and minor rotamers of cis,cis-94f) had both of the 
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enantiomeric forms within the same unit cell. eOptically pure crystals from 94g were picked from a mixture of 

conglomerate crystals.  

2.6.2. Atropselective photoreactions of atropisomeric enones 

 

Figure 2.4: Atropselective photoreaction of enone-carboxamide 92c 

The photochemical reaction of optically pure atropisomers of amides 92c and 92d in 

order to evaluate how axial chirality dictates the stereochemistry of the product. Optically pure 

atropisomeric enone-amides were obtained from preparative HPLC separation on a chiral 

stationary phase. The optically pure enone was dissolved in MeCN followed by the addition of 

10 mol % of thioxanthone. The reaction mixture was degassed with N2 for 10 min. and then 

sealed for photoreaction. The solution was irradiated in a Rayonet reactor (~420 nm) for 6 h. 

After the reaction, was completed, the solvent was removed, and the product was purified by 

preparative HPLC. The product was then analyzed by analytical HPLC and the enantiomeric 

excess was determined. High enantioselctivity was observed in the photoproduct during the 

photochemical transformation of optically pure atropisomers of enone-amide 92c. Unfortunately, 

only cis,cis-92c was investigated for enantioselctivity due to limitations in separating 

enantiomers of cis,trans-92c. To our surprise, para- methoxy derivative 92d afforded near 
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racemic photoproducts cis,cis- 94d and cis,trans-94d. This necessitated a mechanistic under- 

standing to rationalize the behavior of enones (vide infra).  

2.7. Evaluating relationship cis,cis-94f major and cis,cis-94f minor photoproducts 

2.7.1. Evaluating racemization in cis,cis-94f photoproduct 

 

Scheme 2.8: N-CAryl bond rotation in cis,cis-94f (minor N-CAryl rotamer) 

The kinetics of N-CAry bond rotation in optically pure atropisomeric cis,cis-94f was 

performed at various temperatures. The rotation of the N-CAryl bond of cis,cis-94f minor 

transforming into cis,cis-94f major was followed by 1H NMR spectroscopy with 

triphenylmethane as the internal standard in DMSO-d6 as the solvent at different time intervals. 

The activation energy for N-CAryl bond was computed from equations 2.8 and 2.9.  

𝑘𝑟𝑜𝑡 =  𝜅 (
𝑘BT

ℎ
) 𝑒

−∆𝐺‡𝑟𝑜𝑡
𝑅𝑇⁄

 (Eq. 2.6)
 

∆𝐺‡
𝑟𝑜𝑡 =  −𝑅𝑇𝑙𝑛 (

ℎ𝑘𝑟𝑜𝑡

𝜅𝑇𝜅𝐵
) (Eq. 2.7)

 

The half-life of diastereomerization, 1/2rot, can be calculated using the rate constant of 

diastereomerization krot (assuming 1-P0 = 0 at  t= 0). 

𝑙𝑛 (
𝑥𝑒𝑞

𝑥𝑒𝑞−𝑥
) = ln (

𝑃𝑜

2𝑃− 𝑃𝑜
) = ln (

𝑃+𝑀

𝑃−𝑀
) = 2𝑘𝑟𝑜𝑡𝑡 (Eq. 2.8) 

ln (
𝑃𝑜

𝑃− 𝑥
) = 𝑘𝑟𝑜𝑡𝑡 (Eq. 2.9) 
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krac = 2.kepim 

P0 is the initial concentration of the diastereomer with (P)-axial chirality; 

x = P0 –M, P (concentration of the atropisomer at time t); and  

krot is the rate constant for N-CAryl bond rotation 

Note: P0 =P + M 

At 50% de, the equation becomes: 

𝜏1/2(𝑟𝑜𝑡) =  
𝑙𝑛 2

𝑘𝑟𝑜𝑡
 

 

Figure 2.5: Diastereomerization kinetics of atropisomeric cyclized product cis,cis-94f minor. 

Left: 1H NMR spectrum of cis,cis-94f minor in DMSO-d6 at various times. Right: plot depicting 

kinetics of N-Caryl bond rotation. 

Thus, the major and minor rotamers in cis,cis-94f differed only by rotation about the N-

Caryl bond (the same is true for cis,cis-94g).40,42,63-66  Heating of the minor diastereomeric 

rotamer of cis,cis-94f in DMSO-d
6 resulted in the major diastereomeric rotamer cis,cis-94f 

(Scheme 2.8). The rate constant (monitored by 1H NMR spectroscopy) for N-C
Aryl bond rotation 

was found to be 1.7 × 10
−7 s

−1 at 75 °C in DMSO-d
6
. 
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2.7.2. Physcial separation of atropisomeric enone imides cis,cis-94 major and minor 

 

Figure 2.6: Physical separation of cis,cis-94f minor and cis,cis-94f major over time at room 

temperature by crystallization. 

Over time, the cis,cis-94f minor was allowed to slowly crystallize. It was noticed that the 

resultant crystal was that of the cis,cis-94f major. Figure 2.6 displays the 1H NMR spectrum (in 

CDCl3) throughout the crystallization process.  

 

Figure 2.7: Physical separation of cis,cis-94f minor and cis,cis-94f major via crystallization over 

time. 1H NMR spectrum trace recorded in CDCl3. 
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2.7.3. UV-Vis spectra of atropisomeric enones 92a, 92c-g 

 

 

 

Figure 2.8: UV-Vis spectra of atropisomeric-enones 92a, 92c-g. 

2.7.4. Thioxanthone quenching experiments with 92f 

In an effort to understand the mechanistic details, photophysical measurements were 

obtained for 92f. At 77 K, there was no observable phosphorescence, showing that there is 

efficient deactivation of the excited state by another pathway. As the reaction was efficient with 
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thioxanthone (TX) acting as a visible light photocatalyst/sensitizer, its role in promoting the 

reaction was investigated using transient absorption studies. Laser excitation (λex = 355 nm; 7 ns 

pulse width; 5 m J/pulse) of TX in the presence of varying concentrations of 92f in N
2
-degassed 

acetonitrile solution showed that the triplet of thioxanthone was efficiently quenched (Figures 

2.8 and 2.9) with a bimolecular quenching rate constant (kq) 8.2 × 10
9 M

−1 s
−1

.55,67 No new 

transient species were observed, and the bleach at 380 nm showed very fast recovery in the 

presence of 92f. The photophysical data implicates an energy transfer pathway rather than 

electron transfer from the excited thioxanthone to the enone.  

 

Figure 2.9: Quenching of thioxanthone [0.04 mM] in the presence of 92f (1 equiv.) Lifetimes 

recorded 21.7 s (TX-95, red) and 3.4 s (TX-95 and 92f, blue). 
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Figure 2.10: Quenching studies of thioxanthone (TX-95) in the presence of 92f. Laser flash 

photolysis performed using ND:YAG laser (355 nm, 5 mj/pulse, 7 ns pulse width). The Transient 

absorption spectra were plotted 4 ms after laser flash. (Inset) Stern-Volmer quenching plot of 

TX-95 in the presence of 92f.  

2.8. Mechanistic rationale of atropisomeric enones 

On the basis of the results above, it can be hypothesized that upon excitation the enone 

reaches the triplet excited state upon energy transfer from excited thioxanthone. Due to the triplet 

state reactivity of enone with electron-deficient alkene (e.g. imides 92f and 92g), the reaction is 

likely triggered by a π*→ π* interaction9 between the excited enone and the electron deficient 

alkene leading to biradical BR2 that cyclizes to form cis,cis-94 products. Upon increasing the 

chain length of the N-alkenyl substituent (as in amide 92b or 92c), the longer flexible alkenyl 

chain likely orients itself by exposing one of the two faces of the alkene double-bond to the 

excited enone leading to BR2-92, which cyclizes to cis,cis-94 and cis,trans-94 products.55 In a 

parallel scenario, our present mechanism cannot rule out the formation of BR3-92 in the reaction 

pathway as it can lead to cis,cis-94 and cis,trans-94 products. However, considering that the 

reaction is likely originating from the π* of excited enone, this intermediate is less likely. The 
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last aspect addressed was the loss of atropselectivity with enone-amide 92d that features a para-

methoxy substituent. The electron transfer pathway has previously been implicated for hydrogen 

abstraction involving amido-cycloalkenones.61 On the basis of this precedence, it is possible that 

the electron-rich nature of the p-OMe substituent likely triggers an electron transfer pathway 

leading to loss of axial chirality. This results in the loss of atropselectivity (Scheme 2.9), which 

is reflected in the near racemic product despite employing optically pure atropisomers in 92d 

(Table 2.4, entries 6 and 7). 

 

Scheme 2.9: Mechanistic rationale of [2+2] photocycloaddition of atropisomeric enones. 
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2.9. Summary and outlook 

Our investigation has displayed that intramolecular [2+2] photocycloaddition of excited 

enone could be effectively controlled by incorporating axial chirality into the system. The 

selectivity is dependent on the type of substituent on the nitrogen. For short chain imide 

substituents, exclusive formation of straight addition was observed. Our results showcase that 

one may achieve excellent control of excited state reactivity by employing restricted bond 

rotation(s) leading to stereoenriched product(s). Controlling such transformations under visible 

light-mediated photocatalytic conditions will open avenues to devise strategies to perform light-

initiated reactions in a stereocontrolled fashion.68-70 

2.10. Experimental section  

2.10.1. General methods 

All commercially obtained reagents/solvents were used as received; chemicals were 

purchased from Alfa Aesar®, Sigma-Aldrich®, Acros organics®, TCI America®, Mallinckrodt®, 

and Oakwood® Products, and were used as received without further purification. 

Spectrophotometric grade solvents (ethanol and methylcyclohexane) were purchased from 

Sigma-Aldrich® and used without further purification for emission measurements. Unless stated 

otherwise, reactions were conducted in oven-dried glassware under nitrogen atmosphere. 1H 

NMR and 13C NMR spectra were recorded on Varian 400 MHz (100 MHz for 13C) and on 500 

MHz (125 MHz for 13C) spectrometers. Data from the 1H NMR spectroscopy are reported as 

chemical shift (δ ppm) with the corresponding integration values. Coupling constants (J) are 

reported in hertz (Hz). Standard abbreviations indicating multiplicity were used as follows: s 

(singlet), b (broad), d (doublet), t (triplet), q (quartet), m (multiplet) and virt (virtual). Data for 

13C NMR spectra are reported in terms of chemical shift (δ ppm). In many instances it was not 
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possible to obtain the signal for the carbonyl carbon where ever possible it was have reported all 

the signals. High-resolution mass spectrum data in Electrospray Ionization mode were recorded 

on a Bruker – Daltronics® BioTof mass spectrometer in positive (ESI+) ion mode. HPLC 

analyses were performed on Waters® HPLC equipped with 2525 pump or on Dionex® Ultimate 

3000 HPLC. Waters® 2767 sample manager was used for automated sample injection on 

Waters® HPLC or Ultimate 3000 sample injector was used for injection on Dionex® HPLC. All 

HPLC injections on Waters® HPLC were monitored using a Waters® 2487 dual wavelength 

absorbance detector at 254 and 270 nm or on Dionex®. HPLC were monitored using a diode 

array detector (DAD3000125). Analytical and semi-preparative injections were performed on 

chiral stationary phase using various columns as indicated below. 

Regis® PIRKLE COVALENT (R,R) WHELK–01 

a) 25 cm x 4.6 mm column for analytical injections. 

b) 25 cm x 10 mm column for semi-preparative injections. 

CHIRAPAK® AD-H 

a) 0.46 cm x 25 cm column for analytical injections. 

b) 10 mm x 25 cm column for semi-preparative injections. 

Masslynx software version 4.1 was used to monitor/analyze the HPLC injections on 

Waters® and to process HPLC traces. Chromeleon 7 software was used to monitor and process 

HPLC injections on Dionex® HPLC. Igor Pro® Software version 6.0 was used to process the 

HPLC graphics. UV-Vis spectra were recorded on Cary 300 series UV-Vis spectrometer using 

UV quality fluorimeter cells (with range until 190 nm) purchased from Luzchem. When 

necessary, the compounds were purified by combiflash equipped with dual wavelength UV-Vis 

absorbance detector (Teledyne ISCO) using hexanes: ethyl acetate as the mobile phase and 

Redisep® cartridge filled with silica (Teledyne ISCO) as stationary phase. In some cases, 
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compounds were purified by column chromatography on silica gel (Sorbent Technologies®, 

silica gel standard grade: porosity 60 Å, particle size: 230 x 400 mesh, surface area: 500 – 600 

m2/g, bulk density: 0.4 g/mL, pH range: 6.5 – 7.5). Unless indicated, the Retardation Factor (Rf) 

values were recorded using a 5-50% hexanes:ethyl acetate as mobile phase and on Sorbent 

Technologies®, silica Gel TLC plates (200 mm thickness w/UV254). 

2.10.2. General methods for photophysical investigations 

Spectrophotometric solvents (Sigma-Aldrich®) were used whenever necessary unless or 

otherwise mentioned. UV quality fluorimeter cells (with range until 190 nm) were purchased 

from Luzchem®. Absorbance measurements were performed using a Cary 300 UV-Vis 

spectrophotometer., Emission spectra were recorded on a Horiba Scientific® Fluorolog 3 

spectrometer (FL3-22) equipped with double-grating monochromators, dual lamp housing 

containing a 450-watt CW xenon lamp and a xenon flash lamp (FL-1040), 

Fluorohub/MCA/MCS electronics and R928 PMT detector. 

The nanosecond transient absorption experiments were done with  a laser flash photolysis 

kinetic spectrometer obtained from Edinburg Instruments (LP-980 K) equipped with a 300mm 

focal length monochromator in Czerny Turner configuration, and an analyzing photomultiplier in 

standard LP980 housing, featuring Hamamatsu R928 side window photomultiplier detector. The 

pulses for the experiment were from third harmonic of Newport INDI-40-10 ultra compact flash 

lamp pumped  Nd-YAG laser (355 nm, 5 mj/pulse, 5 ns pulse width). 

2.10.3. General methods for X-ray crystal structure determination 

 Single crystal X-ray diffraction data of the compounds 92a-e were collected on a Bruker 

Apex Duo diffractometer with an Apex 2 CCD area detector at T = 100 K. Cu radiation was 

used. All structures were process with Apex 2 v2010.9-1 software package (SAINT v. 7.68A, 
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XSHELL v. 6.3.1). Direct method was used to solve the structures after multi-scan absorption 

corrections. Details of data collection and refinement are given in the table below.  

2.11. General procedure for the synthesis of atropisomeric enones 92 

 

Chart 2.2: Structures of precursors to atropisomeric enones 92a-g. 

 

2.11.1. Synthetic protocol for 4-amino-3-tert-butylphenol 100 

Following a reported procedure71 a solution of sulfanilic acid (55.9 mmol, 1.2 equiv.), 

Na2CO3 (28 mmol, 0.6 equiv.) was prepared in 60 mL of deionized H2O. The solution was then 

set to reflux for 30 minutes. Initially the solution was colorless, yet turbid. Upon refluxing the 

solution turned pale yellow and became turbid then clear. After reflux the clear pale yellow 

solution was cooled to 0 C. Next NaNO2 (55.9 mmol, 1.2 equiv.) was dissolved in 25 mL and 

added dropwise. Upon addition of NaNO2 the reaction mixture became dark yellow. The yellow 

solution was added to a mixture of 9 mL of concentrated HCl and 56 g of ice. The resulting 

yellow solution was added to another solution containing 3-tert-butanol (46.6 mmol, 1 equiv.) 

prepared in 20% NaOH (Note, both solutions were cooled to 0 C.). Mixing of the two solutions 

at 0 C resulted in a blood red solution. The blood red solution was allowed to stir at room 

temperature overnight. Approximately 16 hours later the red mixture was heated to 60 C and 
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Na2S2O4 (140 mmol, 3 equiv.) was added portion wise. Upon addition of Na2S2O4 the solution 

became brownish yellow in color. After 30 minutes the reaction mixture was cooled to room 

temperature and filtered. The filter cake was added to a separation funnel and extracted with 

CHCl3 (3 x 30 mL). After every extraction the colloidal solution was refiltered. The organic 

portions were combined then washed with 5% Na2CO3 solution then brine, dried and 

concentrated. The dark purple solid was confirmed to be the product by 1H NMR spectroscopy. 

The dark purple solid 100 was used without further purification in the subsequent step.  
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1H NMR (400 MHz, CDCl3,  ppm) 6.75 (t, J = 1.6 Hz, 1H), 6.52 (d, J = 1.6 Hz, 2H), 4.27 (bs, 

1H), 3.54 (bs, 2H), 1.38 (s, 9H).  

 

Figure 2.11: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of 4-amino-3-tert-butylphenol 100. 



 

 

71 

2.11.2. Synthetic protocol of 4-amino-3-tert-butylanisole 101 

Primary amine 100 (18.6 mmol, 1 equiv.) and KOtBu (19 mmol, 1.02 equiv.) was 

evacuated and purged with N2 then dissolved in DMSO (10 mL). The reaction mixture was 

allowed to stir for 1 h before the addition of Me2SO4 (19.7 mmol, 1.06 equiv.). After ~15 min  

water was used to quench the reaction in order to hinder further methylation. The mixture was 

extracted with Et2O, washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo.. 

The crude reaction mixture was purified via Combiflash using 80:20 hexanes : EtOAc as the 

mobile phase. A brown oil (101, 40% yield) was obtained and confirmed by 1H NMR 

spectroscopy.  
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1H NMR (400 MHz, CDCl3,  ppm) 6.85 (m, 1H), 6.60 (m, 2H), 3.73 (s, 3H), 3.55 (bs, 2H), 

1.40 (s, 9H). 

 

Figure 2.12: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of 4-amino-3-tert-butylanisole 101. 
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13C NMR (100 MHz, CDCl3,  ppm) 152.9, 138.5, 136.1 119.0, 111.3, 55.8, 34.7, 29.8. 

 

Figure 2.13: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of 4-amino-3-tert-butylanisole 101. 
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2.11.3. Synthetic protocol for 2,4-diketo-6methylhept-5-enoate 102 

Enone 102 derivative was synthesized according to a procedure reported in the 

literature.72A flask was evacuated and purged with N2. Absolute ethanol (EtOH) was added to 

the empty round bottom under nitrogen. Then mixtures of mesityl oxide (10.2 mmol, 1 equiv.), 

and diethyl oxalate (10.2 mmol, 1 equiv.) in EtOH were added to the round bottom at 0 oC. After 

the reaction mixture was allowed to stir for 5 minutes then sodium ethoxide in ethanol (21 wt%, 

a yellow solution) (11.2 mmol, 1.1 equiv.) was added dropwise over 20 min. The resulting 

reaction mixture was dark yellow in color. The reaction mixture was allowed to stir at 0 oC for an 

additional 10 min before slowly rising to room temperature. The reaction mixture was allowed to 

stir overnight. After approximately 20 hours the reaction was diluted with diethyl ether, then 

poured into a flask containing 2 N H2SO4 (~5 mL conc. acid into 76 mL H2O). The organic layer 

was separated and the aqueous layer was extracted with ethyl acetate. The crude product was 

purified by Combiflash yielding a light yellow oil in 30% yield.  
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1H NMR (400 MHz, CDCl3,  ppm) 6.18 (s, 1H), 4.30 (q, J = 7.1 Hz, 2H), 2.52 (s, 2H), 1.47 (s, 

6H), 1.33 (t, J = 7.1 Hz, 3H). 

 

Figure 2.14: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of 2,4-diketo-6methylhept-5-enoate 

102. 
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13C NMR (100 MHz, CDCl3,  ppm) 193.8, 162.3, 157.4, 107.5, 82.7, 62.6, 47.8, 26.0, 14.2. 

 

Figure 2.15 13C NMR (100 MHz, CDCl3,  ppm) spectrum of 2,4-diketo-6methylhept-5-enoate 

102. 
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2.11.4. Synthetic protocol of 3,4-dihydro-2-,2-dimethyl-4-oxo-2H-pyran-6-carboxylic acid 

103 

 

Scheme 2.10: Synthesis of carboxylic acid derivative 103. 

To a solution of 102 (2 g) in THF (45 mL), 5 M HCl (30 mL) was added and stirred for 

24 h or until precipitation occurred. After starting material was consumed, the solvent was 

removed under vacuum. Followed by washing with water and removing under vacuum. The 

crude product was purified by recrystallization in THF: hexanes mixture to yield an off white 

solid (80 % yield). 
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1H NMR (400 MHz, CDCl3,  ppm) 6.30, (s, 1H), 2.57 (s, 2H), 1.50 (s, 6H). 

 

Figure 2.16: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of carboxylic acid 103. 
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2.11.5. Synthetic protocol for N-substituted anilines 96a-d 

 

Scheme 2.11: Synthesis of protocol for N-substituted anilines 96a-d 

Following a reported procedure55,73 the  aniline derivative (2-tert-butyl aniline 101a or 

101b) (6.7 mmol, 1.5 eq.) was added to an oven dried, N2 purged  round  bottom, followed by 

activated K2CO3 (11.2 mmol, 2.5 eq.). The resulting mixture was dissolved in DMF (22 mL) 

followed by the addition of appropriate alkene 98a-d (4.5 mmol, 1 eq.). The reaction mixture 

was set to 90 C and allowed to stir overnight. The reaction mixture was removed from heat, 

quenched with H2O then extracted with EtOAc followed by washing with brine solution after 

approximately 16 h. The organic layers were combined, dried over Na2SO4 (anhyd.), filtered 

concentrated and purified by combiflash hexanes : EtOAc (95:5) as the mobile phase. Products 

were afforded as 96a pale yellow liquid (44 % yield); 96b a yellow liquid in (44 %yield); 96c 

amber liquid (76 %yield); 96d amber liquid (66 %yield). 
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1H NMR (400 MHz, Chloroform-) 7.25-7.22 (m, 1H), 7.12 - 7.07 (m, 1H), 6.72 - 6.63 (m, 2H), 

5.00 - 4.99 (m, 1H), 4.91 (m, 1H), 3.74 (s, 2H), 1.81 (d, J = 1.1 Hz, 3H), 1.42 (d, J = 1.1 Hz, 

9H). 

 

Figure 2.17: 1H NMR (400 MHz, Chloroform-) spectrum of amine derivative 96a 
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13C NMR (100 MHz, Chloroform-) 146.4, 143.1, 133.3, 127.4, 126.4, 117.4 , 112.2, 111.3, 

50.7, 34.45, 30.3, 21.1. 

 

Figure 2.18: 13C NMR (100 MHz, Chloroform-) spectrum of amine derivative 96a. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.23 – 7.20 (m, 1H), 7.12 – 7.08 (m, 1H), 6.68 – 6.64(m, 

2H), 5.89 - 5.79 (m, 1H), 5.21 – 5.12 (m, 3H), 3.96 (bs, 1H), 3.22 (t, J = 6.4 Hz, 3H), 2.48 – 2.43 

(m, J = 3H), 1.37 (s, 9H). 

 

Figure 2.19: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of N-butenyl aniline 96b 
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13C NMR (100 MHz, CDCl3,  ppm) 146.6, 136.6, 133.3, 127.3, 126.4, 117.6, 117.0, 111.7, 

43.4, 34.0, 30.1. 

 

Figure 2.20: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of N-butenyl aniline 96b. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.26 - 724 (m, 1H), 7.16 – 7.12 (m, 1H), 6.69 (t, J = 7.4 Hz, 

2H), 5.94 - 5.82 (m, 1H), 5.13 -4.99 (m, 2H), 3.86 (s, 1H), 3.21 (t, J = 7.0 Hz, 2H), 2.27 - 2.19 

(m, 2H), 1.85 - 1.77 (m, 2H), 1.43 (s, 9H). 

 

Figure 2.21:  1H NMR (400 MHz, CDCl3,  ppm) spectrum of N-pentenyl aniline 96c. 
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13C NMR (100 MHz, CDCl3,  ppm) 146.7, 138.2, 133.2, 127.4, 126.4, 117.0, 115.4, 111.8, 

44.0, 34.4, 31.8, 30.2, 29.1. 

 

Figure 2.22: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of N-pentenyl aniline 96c. 
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1H NMR (400 MHz, CDCl3,  ppm) 6.89 – 6.88 (m, 1H), 6.71 - 6.68 (m, 1H), 6.63 – 6.61 (m, 

1H), 5.91 -  5.80 (m, 1H), 5.09 - 4.97 (m, 2H), 3.74 (s, 3H), 3.56 (bs, 1H), 3.13 (t, J = 7.0 Hz, 

2H), 2.24 - 2.16 (m, 2H), 1.82 - 1.73 (m, 2H), 1.40 (s, 9H). 

 

Figure 2.23:  1H NMR (400 MHz, CDCl3,  ppm) spectrum of N-pentenyl-ortho-methoxy 

aniline derivative 96d. 
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13C NMR (100 MHz, CDCl3,  ppm) 151.8, 141.1, 138.3, 135.8, 115.3, 114.5, 113.2, 110.8, 

55.9, 45.0, 34.6, 31.8, 30.1, 29.2. 

 

Figure 2.24: 13C NMR (100 MHz,  ppm, CDCl3) spectrum of N-pentenyl-ortho-methoxy 

aniline derivative 96d. 
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2.11.6. Synthetic protocol for secondary amide derivatives 99a-c 

 

Scheme 2.12: Synthetic protocol for secondary derivatives 99a-c. 

Literature reported procedure54,74 was employed as reported for the synthesis of amides 

99a-c. To a solution of the aniline derivative (2-tert-butyl-aniline or 101) (1.0 g, 1.0 equiv), 

triethylamine (2.0 equiv) in dry DCM (15 mL) at 0 C under N2 atmosphere the corresponding 

acyl chloride 98 e-g (1.1 equiv) was added. The resulting solution was slowly allowed to warm 

to room temperature over 6 h. After the reaction, water was added, stirred and the layers were 

separated. The organic layer was washed with DI water (2 × 15 mL), dried over anhyd. Na2SO4, 

filtered and the solvent was removed under reduced pressure to yield crude product. The crude 

product was purified by combiflash using hexanes ethyl acetate as the mobile phase. Products 

were obtained as white solids in 80% = 99b and 50% = 99c.  
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1H NMR (500 MHz, CDCl3,  ppm) 7.60 (d, J = 7.9 Hz, 1H), 7.41 (d, J = 7.9 Hz, 1H), 7.25 - 

7.24 (m, 1H), 7.20 – 7.16 (m, 1H), 5.97 – 5.92 (m, 1H), 5.19 – 5.16 (m, 1H), 5.10 – 5.08 (m, 

1H), 2.56 – 2.53 (m, 4H), 1.43 (s, 9H), 1.41 (s, 2H). 

 

Figure 2.25: 1H NMR (500 MHz, CDCl3,  ppm) spectrum of secondary amide derivative 99a. 
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13C NMR (125 MHz, CDCl3,  ppm) 171.7, 144.5, 137.4, 135.5, 129.9, 115.8, 36.5, 35.0, 31.0, 

30.0 . 

 

Figure 2.26: 13C NMR (125 MHz, CDCl3,  ppm) spectrum of secondary amide derivative 99a. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.66- 7.64 (m, 1H), 7.59 (bs, 1H), 7.39 – 7.37 (m, 1H), 7.23 

– 7.19 (m, 1H), 7.16 – 7.13 (m, 1H), 5.82 (s, 1H), 5.45 (d, J = 0.6 Hz, 1H), 2.07 (s, 3H), 1.40 (s, 

9H,  ppm). 

 

Figure 2.27: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of secondary amide derivative 99b. 
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13C NMR (100 MHz, CDCl3 δ ppm) 166.6, 142.4, 141.2, 135.4, 127.7, 127.0, 126.7, 126.2, 

120.0, 34.7, 30.9, 19.1. 

 

Figure 2.28: 13C NMR (100 MHz, CDCl3, ppm) spectrum of secondary amide derivative 99b. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.43 – 7.36 (m, 1H), 6.94 – 6.93 (m, 1H), 6.76 – 6.73 (m, 

1H), 5.81 (s, 1H), 5.43 (s, 1H), 3.78 (s, 3H), 2.05 (s, 3H), 1.37 (d, J = 2.2 Hz, 9H). 

 

Figure 2.29: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of secondary amide derivative 99c. 
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13C NMR (100 MHz, CDCl3,  ppm) 167.0, 157.9, 145.5, 141.0, 130.0, 128.1, 119.9, 113.9, 

110.7, 55.6, 35.0, 30.7, 19.1.  

 

Figure 2.30: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of secondary amide derivative 99c. 
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2.11.7. Synthetic protocol for substituted atropisomeric amides 92a-d 

The same procedure was followed for the synthesis of atropisomeric amides 92a-d as for 

secondary amide derivatives 99a-c listed above for Scheme 2.12. The yields achieved were as 

follows,  

92a =70% yield (pale yellow solid) 

92b = 60% yield (yellow liquid) 

92c = 60 % yield (off white solid) 

92d = 50 % yield (off white solid) 
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1H NMR (400 MHz, CDCl3,  ppm) 7.52-7.50 (m, 1H), 7.28 - 7.26 (m, 3H), 7.11 ? 7.02 (m, 

1H), 6.93 (dd, J = 7.9, 1.6 Hz, 1H), 5.78 (s, 1H), 5.10 ? 5.05 (m, 1H), 4.88 ? 4.86 (m, 1H), 4.66 

(dt, J = 1.6, 0.8 Hz, 1H), 3.33 (dd, J = 14.4, 0.9 Hz, 1H), 2.33 ? 2.16 (m, 2H), 1.79 ? 1.75 (m, 

3H), 1.38 (s, 9H), 0.99 (s, 3H), 0.84 (s, 3H). 

 

Figure 2.31: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of atropisomeric amide derivative 

92a 
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13C NMR (100 MHz, CDCl3,  ppm) 192.7, 164.3, 163.2, 146.7, 139.6, 138.0, 132.3, 130.4, 

128.8, 126.1, 115.4, 105.9, 82.7, 57.8, 47.5, 36.5, 32.7, 25.8, 24.9, 21.3. 

 

Figure 2.32: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of atropisomeric amide derivative 

92a. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.48 (dd, J = 8.1, 1.3 Hz, 1H), 7.27 – 7.19 (m, 1H), 7.08 – 

7.01 (m, 1H), 6.87 (dd, J = 7.8, 1.4 Hz, 1H), 5.75 – 5.60 (m, 2H), 5.04 – 4.92 (m, 2H), 4.33 (ddd, 

J = 12.9, 10.0, 6.1 Hz, 1H), 2.91 – 2.75 (m, 1H), 2.48 – 2.36 (m, 1H), 2.27 – 2.07 (m, 3H), 1.32 

(d, J = 1.2 Hz, 9H), 1.00 (s, 3H), 0.69 (s, 3H).  

 

Figure 2.33: (400 MHz, CDCl3,  ppm) spectrum of atropisomeric amide derivative 92b. 
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13C NMR (100 MHz, CDCl3,  ppm) 192.5, 164.1, 162.9, 146.8, 138.3, 134.93, 132.1, 130.6, 

128.8, 126.3, 117.2, 105.9, 82.6, 51.6, 47.4, 36.5, 32.6, 30.9, 26.3, 24.3. 

 

Figure 2.34: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of atropisomeric amide derivative 

92b. 
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HRMS-ESI (m/z) ([M + H]): 

Calculated : 356.2243 

Observed : 356.2226 

|m|  : 4.8 ppm 

 

Figure 2.35: HRMS of atropisomeric amide derivative 92b. 
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1H NMR (400 MHz, CDCl3,  ppm): 7.55 – 7.52 (m, 1H), 7.31 – 7.27 (m, 1H), 6.91 – 6.89 (m, 

1H), 5.77 – 5.70 (m, 2H), 4.99 – 4.94 (m, 2 H), 4.32 – 4.25 (m, 1H), 2.88 – 2.81 (m, 1H), 2.34 – 

2.14 (m, 2H), 2.07-1.86 (m, 4H) 1.61– 1.54 (m, 1H), 1 .38 (s, 9H), 1.05 (s, 3H), 0.75 (s, 3H). 

 

Figure 2.36: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of atropisomeric amide derivative 

92c. 
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13C NMR (100 MHz, CDCl3,  ppm): 192.7, 164.2, 162.8, 146.7, 138.5, 137.6, 132.0, 130.6, 

128.8, 126.3, 115.5, 105.9, 82.6, 52.2, 47.5, 36.6, 32.6, 31.3, 26.4, 25.4, 24.4. 

 

Figure 2.37: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of atropisomeric-enone amide 

derivative 92c. 
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HRMS-ESI (m/z) ([M + H]): 

Calculated : 370.2385 

Observed : 370.2382 

|m|  : 0.8 ppm 

 

Figure 2.38: HRMS of atropisomeric-enone amide derivative 92c. 

 

HPLC analysis conditions for atropisomeric-enone amide 92c. 

HPLC analytical injections 

Column   : CHIRALPAK AD-H 

Abs. detector wavelength : 254 nm and 270 nm 
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O
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Mobile phase  : Hexanes : Isopropyl alcohol (95 : 5) 

Flow rate   : 0.8 mL/min 

Retention times  : pkA 16.89 min and pkB ~20.12 min 

HPLC preparative conditions  

Mobile phase  : Hexanes : Isopropyl alcohol (95 : 5)  

Flow rate   : 2 mL/min 

Retention times  : pkA ~ 32.42 min and pkB ~38.10 min 
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1H NMR (400 MHz, CDCl3,  ppm): 7.03 – 7.02 (m, 1H), 6.83 – 6.80 (m, 1H), 6.63 – 6.61 (m, 

1H), 5.78 – 5.68 (m, 2H), 4.99 – 4.91 (m, 2H), 4.29 – 4.22 (m, 1H), 3.77 (s, 3H), 2.84 – 2.77 (m, 

1H), 2.35 – 2.15 (ABq, J = 16.4 Hz, 2H), 2.10 – 2.05 (m), 1.99 – 1.88 (m, 1H), 1.83 – 1.79 (m, 

1H), 1.63 – 1.61 (m, 1H), 1.36 (s, 9H), 1.10 (s, 3H), 0.82 (s, 3H). 

 

Figure 2.39: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of atropisomeric-enone amide 

derivative 92d. 
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13C NMR (100 MHz, CDCl3,  ppm): 192.7, 164.6, 163.2, 159.6, 148.3, 137.6, 133.1, 131.4, 

116.6, 115.4, 110.6, 105.7, 82.6, 55.6, 47.5, 36.7, 32.5, 31.3, 26.4, 25.5, 24.6. 

 

Figure 2.40: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of atropisomeric-enone amide 

derivative 92d. 
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HRMS-ESI (m/z) ([M + Na]): 

Calculated : 422.2292 

Observed : 422.2307 

|m|  : 3.6 ppm 

 

Figure 2.41: HRMS of atropisomeric-enone amide derivative 92d. 

HPLC analysis conditions for atropisomeric-enone amide derivative 92d. 

HPLC analytical injections 

Column   : (R,R) Whelk-01 

Abs. detector wavelength : 254 nm and 270 nm 

Mobile phase  : Hexanes : Isopropyl alcohol (70 : 30) 

Flow rate   : 0.8 mL/min 

Retention times  : pkA 45.87 min and pkB ~67.05 min 
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HPLC preparative conditions  

Mobile phase  : Hexanes : Isopropyl alcohol (70 : 30) 

Flow rate   : 2 mL/min 

Retention times   : pkA ~24.62 min  and pkB ~33.08 min  

2.11.8. Synthetic protocol for substituted atropisomeric-enone imides 92e-g 

 

Scheme 2.13: Synthesis of atropisomeric-enone imdes 92e-g. 

Following a reported procedure75, to the aniline derivative 99a-c (1.65 mmol, 1 equiv.) 

was taken in a dry round bottom flask and purged with N2, followed by the addition of dry THF 

(20 mL). The solution was cooled to -78 oC and LiHMDS (0.9 equiv.) was added dropwise. The 

solution was stirred at -78 oC for an hour before the slow addition of freshly prepared acid 

chloride (1.75 mmol, 1.05 equiv.). The reaction mixture was allowed to slowly rise to room 

temperature and stirred for 16 h. After 16 h the reaction mixture was quenched with H2O, 

washed with HCl, extracted with ethyl acetate and dried over Na2SO4, concentrated and purified 

using column chromatography. 92f = 80% yield (white solid); 92g = 80% yield (white solid). 
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1H NMR (400 MHz, CDCl3,  ppm) 7.58 - 7.56 (m, 1H), 7.40 – 7.36 (m, 1H), 7.28 – 7.24 (m, 

1H), 6.95 – 6.92 (m, 1H), 5.76 (s, 1H), 5.74 – 5.65 (m, 1H), 5.15 - 4.93 (m, 2H), 2.57 – 2.47 (m, 

2H), 2.32 (s, 3H), 1.42 (s, 3H), 1.38 (s, 4H), 1.33 (s, 9H). 

 

Figure 2.42: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of atropisomeric-enone imide 

derivative 92e. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.55 – 7.52 (m, 1H), 7.33 – 7.29  (m, 1H), 7.23 – 7.17 (m, 

1H), 6.89 – 6.86 (m, 1H), 6.02 (s, 1H), 5.6 (d, J = 14.9 Hz, 2H), 2.4 (ABq, J = 16.6, 12.1 Hz, 

2H), 2.0 (s, 3H), 1.4 (s, 3H), 1.3 (s, 9H). 

 

Figure 2.43: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of atropisomeric-enone imide 

derivative 92f. 
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13C NMR (100 MHz, CDCl3,  ppm) 192.6, 173.0, 167.5, 161.7, 147.8, 142.2, 136.0, 131.2, 

129.7, 129.4, 127.4, 124.1, 106.8, 83.8, 47.9, 36.1, 32.0, 27.0, 24.9, 19.4. 

 

Figure 2.44: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of atropisomeric-enone imide 

derivative 92f. 
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HRMS-ESI (m/z) ([M + Na]): 

Calculated : 392.1830 

Observed : 392.1838 

|m|  : 2.0 ppm 

 

Figure 2.45: HRMS of atropisomeric-enone imide derivative 92f. 

 

HPLC conditions for atropisomeric-enone imide 92f. 

HPLC  analytical injections: 

Column   : CHIRALPAK AD-H 

Abs. detector wavelength: 254 nm and 270 nm 

Mobile phase  : Hexanes : Isopropyl alcohol (95 : 05) 
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Flow rate   : 0.8 mL/min 

Retention times  : pkA 17.6 min and pkB ~19.0 min 

HPLC preparative conditions  

Mobile phase : Hexanes : Isopropyl alcohol (95 : 05) 

Flow rate  : 3 mL/min 

Retention times : pkA 19.02 min and pkB ~19.97 min 

  



 

 

114 

1H NMR (400 MHz, CDCl3,  ppm) 7.07 - 7.06 (m, 1H), 6.83 – 6.81 (m, 1H), 6.76 – 6.73 (m, 

1H), 6.02 (s, 1H), 5.57 (m, 2H), 3.79 (d, J = 0.6 Hz, 3H), 2.54 - 2.42  (m, 2H), 2.00 (s, 3H), 1.44 

(s, 3H), 1.36 (s, 3H), 1.32 (d, J = 0.6 Hz, 9H). 

 

Figure 2.46: 1H NMR (400 MHz, CDCl3,  ppm) of atropisomeric-enone imide derivative 92g. 
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13C NMR (100 MHz, CDCl3,  ppm) 192.6, 173.2, 167.8, 161.9, 159.8, 149.3, 142.2, 132.2, 

128.8,124.1,116.0, 111.7, 106.7, 83.8, 55.5, 47.9, 36.1, 31.8, 27.1, 25.0, 19.5  

 

Figure 2.47: 13C NMR (100 MHz, CDCl3,  ppm) of atropisomeric-enone imide derivative 92g. 
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HRMS-ESI (m/z) ([M + Na]): 

Calculated : 422.1925 

Observed : 422.1943 

|m|  : 4.3 ppm 

 

Figure 2.48: HRMS of atropisomeric-enone imide derivative 92g. 

 

HPLC conditions for atropisomeric enone-imide 92g. 

HPLC analytical injections: 

Column   : CHIRALPAK AD-H 

Abs. detector wavelength : 254 nm and 270 nm 

Mobile phase  : Hexanes : Isopropyl alcohol (90 : 10) 
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Flow rate   : 0.8 mL/min 

Retention times  : pkA 13.4 min and pkB ~15.2 min 

HPLC preparative conditions  

Mobile phase  : Hexanes : Isopropyl alcohol (90 : 10) 

Flow rate   : 3 mL/min 

Retention times  : pkA 20.89 min and pkB ~23.40 min 
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2.12. General procedure for irradiation of atropisomeric-enones 

2.12.1. Procedure for direct irradiation of atropisomeric-enones 

In a Pyrex test-tube, respective atropisomeric-enone(s) 92a-g (10mg in 10 mL) was 

dissolved in a given solvent and degassed with N2 for 10 min. The solution was irradiated for the 

specified time interval in either a Rayonet reactor at ~350 nm, ~420 nm or using a 450 W 

medium pressure Hg lamp enclosed in a quartz jacket that was cooled with running water. When 

the reaction was complete, a stock solution of internal standard (triphenylmethane) was added 

and this solution was concentrated under reduced pressure to obtain the crude reaction mixture. 

1H NMR spectroscopy was recorded of the crude reaction mixture to determine the mass balance 

and percent yield. In some instances, isolated yields were also obtained. 

2.12.2. Procedure for sensitized irradiation of atropisomeric-enones in the presence of TX-

95 

Atropisomeric-enones 92a-g were dissolved in the appropriate solvent in a Pyrex test-

tube (10mg in 10 mL); Thioxanthone (10 mol%) was dissolved in the same solvent and added to 

the atropisomeric-enone 92a-g or a stock solution of TX-95 in the appropriate solvent was 

obtained and the necessary amount was added to a solution of 92a-g. The reaction mixture was 

degassed with N2 for ~10 min. The solution was irradiated for a specified time interval in a 

Rayonet reactor (~420 nm). After the reaction, a stock solution of internal standard 

(triphenylmethane) was added and this solution was concentrated under reduced pressure to 

obtain the crude reaction mixture. 1H NMR spectroscopy was recorded of the crude reaction 

mixture to determine the mass balance and percent yield utilizing equation 2.10 (Eq. 2.10). In 

some instances, isolated yields were also obtained. 

𝑚𝑜𝑙𝑎 =  𝑚𝑜𝑙𝑖  ×  (
∫ 𝑎

∫ 𝑖
)  × 

𝑁𝑎

𝑁𝑖
  (Eq. 2.10) 
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Where, 

𝑚𝑜𝑙𝑎 = moles of the analyte  

𝑚𝑜𝑙𝑖 = moles of the internal standard 

∫ 𝑎 = integration of the analyte from 1H NMR spectroscopy 

∫ 𝑖 = integration of the internal standard from 1H NMR spectroscopy 

𝑁𝑎  = number of nuclei giving rise to the chemical shift signal of interest of the analyte 

𝑁𝑖  = number of nuclei giving rise to the chemical shift signal of interest internal standard 

1.1 Characterization of cyclized photoproduct 94a-f 

2.12.3. 1H and 13C NMR of atropisomeric-enones 

Sensitized irradiation of 94a in N2 degassed acetonitrile for 14 hours afforded a complex 

mixture of photoproducts which composed of three fractions. Two fraction, based on 1H and 13C 

NMR analysis, mirrors that of 94f and 94g minor and major. The first two fractions make up 

~90% of the product mixture. Figure 2.44 and 2.45, 1H and 13C NMR respectively, are 

tentatively assigned as the cis,cis-94a minor based upon analysis of similarly substituted 94f and 

94g. Figures 2.46 and 2.47, 1H and 13C NMR respectively, are tentatively assigned as a mixture 

of isomers namely cis,cis-94a minor and major based upon analysis of similarly substituted 94f 

and 94g. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.49-7.47 (m, 1H), 7.29 – 7.21 (m, 2H), 6.93 – 6.91 (m, 

1H), 3.61 (d, J = 11.2 Hz, 1H), 3.23 (d, J = 11.3 Hz, 1H), 3.00 (d, J = 6.2 Hz, 2H), 2.57 – 2.40 

(m, 2H), 2.42 (dd, J = 9.9, 6.2 Hz, 2H), 2.16 (d, J = 9.9 Hz, 2H), 1.41 (s, 6H), 1.36 (s, 9H), 1.31 

(s, 3H), 1.26 (s, 3H). 

 

Figure 2.49: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,cis-94a minor. 
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13C NMR (100 MHz, CDCl3,  ppm) 173.2, 148.2, 139.4, 131.1, 129.0, 128.4, 128.0, 72.5, 64.0, 

53.0, 52.1, 46.2, 37.0, 36.8, 36.1, 32.2, 30.3, 28.3, 19.9. 

 

Figure 2.50: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,cis-94a minor. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.5 (ddd, J = 14.0, 7.7, 1.8 Hz, 3H), 7.3 – 7.2 (m, 4H), 7.06 

(dd, J = 7.4, 1.8 Hz, 2H), 6.9 (dd, J = 7.6, 1.6 Hz, 1H), 3.67 (dd, J = 27.9, 10.5 Hz, 3H), 3.42 

(dd, J = 10.5, 3.5 Hz, 3H), 3.17 (ddd, J = 15.6, 9.6, 5.6 Hz, 3H), 2.6 – 2.51 (m, 6H), 2.24 – 2.20 

(m, 2H), 2.2 – 2.07 (m, 2H), 1.5 (s, 5H), 1.5 (d, J = 7.3 Hz, 8H), 1.4 (s, 5H), 1.4 (d, J = 1.2 Hz, 

24H), 1.4 (s, 4H), 1.2 (s, 6H), 1.2 (s, 3H). 

 

Figure 2.51: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,cis-94a mixture of isomers. 
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13C NMR (100 MHz, CDCl3,  ppm) 175.5, 148.7, 148.3, 138.6, 130.7, 129.9, 129.0, 128.7, 

128.2, 127.9, 127.7, 63.9, 51.9, 51.7, 42.9, 42.2, 41.2, 40.6, 35.7, 34.1, 33.2, 32.0, 31.7, 30.8, 

30.4, 30.0, 20.2, 19.3. 

 

Figure 2.52: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,cis-94a mixture of isomers. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.50 - 7.48 (m), 7.27 – 7.23 (m), 7.02 -7.00 (m), 3.87 – 3.81 

(m), 3.49 – 3.39 (m), 2.88 – 2.82 (m), 2.46 – 2.39 (m), 2.25 – 2.18 (m),1.97 – 1.79 (m), 1.39 (s), 

1.35 (s), 1.32 (s). 

 

Figure 2.53: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,cis-94b. 



 

 

125 

13C NMR (100 MHz, CDCl3,  ppm) 170.9, 147.3, 142.6, 129.7, 128.6, 128.4, 127.9, 80.0, 78.8, 

52.1, 51.5, 45.2, 42.8, 42.8, 35.8, 31.8, 30.6, 30.1, 29.9, 24.9. 

 

Figure 2.54: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,cis-94b mixture of isomers. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.54 - 7.51 (m), 7.28 - 7.25 (m), 6.94 - 6.91 (m), 4.22 - 4.16 

(m), 3.40 – 3.37 (m), 3.34 – 3.29 (m), 2.82 - 2.73 (m), 2.59 - 2.47 (m), 2.36 -2.32 (m), 2.30 - 2.18 

(), 1.96 – 1.88 (m), 1.45 (s), 1.44 (s), 1.33 (s). 

 

Figure 2.55: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,trans-94b. 
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13C NMR (100 MHz, CDCl3,  ppm): 206.5, 171.0, 147.6, 142.5, 130.2, 128.5, 127.8, 127.6, 

78.5, 77.8, 77.2, 54.5, 49.6, 45.4, 39.4, 35.8, 31.8, 31.6, 30.5, 30.4, 27.0, 19.7 

 

Figure 2.56: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,trans-94b 
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1H NMR (400 MHz, CDCl3,  ppm): 7.57 – 7.55 (m), 7.33 – 7.24 (m), 6.99 – 6.97 (m), 4.49 – 

4.41 (m), 3.88 – 3.83 (m), 3.19 – 3.14 (m), 2.55 (s), 2.48 – 2.42 (m), 2.40 – 2.33 (m), 2.04 – 1.85 

(m), 1.76 – 1.64 (m), 1.51 – 1.48 (m), 1.43 (s), 1.40 (s), 1.32 (s). 

 

Figure 2.57: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,cis-94c. 
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13C NMR (100 MHz, CDCl3,  ppm): 210.1, 170.7, 146.8, 141.7, 130.4, 128.7, 127.9, 127.1, 

82.5, 78.1, 51.5, 49.4, 42.6, 41.4, 35.9, 31.7, 29.9, 29.1, 27.7, 25.0, 22.9. 

 

Figure 2.58: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,cis-94c 
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HPLC analysis conditions: photoproduct cis-cis-94c 

HPLC analytical injections, 

Column   : CHIRALPAK AD-H 

Abs. detector wavelength : 254 nm and 270 nm 

Mobile phase   : Hexanes : Isopropyl alcohol (95 : 05) 

Flow rate   : 0.8 mL/min 

Retention times (min)  : pkA 22.89 min. and pkB 26.58 min. 
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1H NMR (400 MHz, CDCl3,  ppm) 7.55 -7.51 (m), 7.28 - 7.21 (m), 7.04 - 7.00 (m), 4.64 (m), 

3.43 (m), 3.15 - 3.07 (m), 2.78 - 2.71 (m), 2.55 - 2.45 (m), 2.36 - 2.26 (m), 2.21 - 2.02 (m), 1.81 - 

1.64 (m), 1.40 (s), 1.39 (s), 1.33 (s). 

 

Figure 2.59: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,trans-94c 
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13C NMR (100 MHz, CDCl3,  ppm): 207.1, 174.0, 146.1, 143.7, 130.3, 128.6, 127.8, 127.2, 

81.7, 77.6, 53.8, 49.2, 42.2, 41.2, 35.7, 31.7, 30.6, 28.4, 27.2, 26.4, 26.1.  

 

Figure 2.60: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,trans-94c. 
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1H NMR (400 MHz, CDCl3,  ppm): 7.09 – 7.08 (m), 6.92 – 6.90 (m, 1H), 6.79 – 6.77 (m), 4.47 

– 4.39 (m), 3.88 – 3.85 (m), 3.83 (s), 3.17 – 3.12 (m), 2.55 (s), 2.49 – 2.33 (m), 2.04 – 1.84 (m), 

1.73 – 1.46 (m), 1.42 (s), 1.40 (s), 1.32 (s). 

 

Figure 2.61: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,cis-94d. 
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13C NMR (100 MHz, CDCl3,  ppm): 210.2, 171.0, 158.6, 148.3, 134.8, 131.2, 115.2, 111.0, 

82.5, 78.1, 55.3, 51.4, 49.6, 42.6, 41.5, 35.9, 31.6, 29.9, 29.1, 27.7, 25.0, 22.9. 

 

Figure 2.62: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,cis-94d. 
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HPLC analysis conditions for cis,cis-94d. 

HPLC analytical injections, 

Column   : (R,R) Whelk-01 

Abs. detector wavelength : 254 nm and 270 nm 

Mobile phase   : Hexanes : Isopropyl alcohol (70 : 30) 

Flow rate   : 0.8 mL/min 

Retention times  : pkA ~18.68 min and pkB ~33.63 min 
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1H NMR (400 MHz, CDCl3,  ppm): 7.06 – 7.05 (m, 1H), 6.96 – 6.94 (m, 1H), 6.77 – 6.75 (m, 

1H), 4.66 – 4.60 (m, 1H), 3.82 (s, 3H), 3.45 – 3.40 (t, 1H), 3.12 – 3.07 (dd, J = 15.2, 5.2 Hz, 1H), 

2.75 – 2.72 (d, J = 15.2 Hz, 1H), 2.51 – 2.43 (m, 1H), 2.35 – 2.27 (m, 2H), 2.19 – 2.03 (m, 2H), 

1.84 – 1.64 (m, 3H), 1.51 (s, 3H), 1.39 (s, 9H), 1.32 (s, 3H). 

 

Figure 2.63: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of cis,trans-94d. 
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13C NMR (100 MHz, CDCl3,  ppm): 207.1, 174.2, 158.5, 147.6, 136.9, 131.1, 115.1, 111.1, 

81.8, 77.6, 55.3, 54.0, 49.2, 42.3, 41.3, 35.8, 31.5, 30.6, 28.5, 27.2, 26.4, 26.1. 

 

Figure 2.64: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of cis,trans-94d. 
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HPLC analysis conditions for cis,trans-94e. 

HPLC analytical injections, 

Column   : (R,R) Whelk-01 

Abs. detector wavelength : 254 nm and 270 nm 

Mobile phase   : Hexanes : Isopropyl alcohol (70 : 30) 

Flow rate   : 0.8 mL/min 

Retention times  : pkA 25.00 min and pkB 35.08 min 
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1H NMR (400 MHz, CDCl3,  ppm) 7.58 - 7.56 (m, 1H), 7.40 – 7.36 (m, 1H), 7.30 – 7.26 (m, 

1H), 6.81 – 6.78 (m, 1H), 3.17 – 3.15 (m, 1H), 2.67 – 2.56 (m, 3H), 2.29 – 2.24 (m, 1H), 1.47 (s, 

3H), 1.42 (s, 3H), 1.39 (s, 3H), 1.28 (s, 9H). 

 

Figure 2.65: 1H NMR (400 MHz, CDCl3,  ppm) cis,cis-94f (mixture of N-CAryl rotamers). 
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13C NMR (100 MHz, CDCl3,  ppm; mixture of N-CAryl rotamers): 179.2, 176.9, 148.5, 131.5, 

130.5, 130.1(d), 130.0, 129.2, 128.6, 127.8, 127.6, 79.4, 79.0, 51.4, 51.3, 47.2, 46.9, 41.1, 40.3, 

36.0, 32.0, 31.9, 31.8, 31.4, 31.14, 30.3, 30.2, 29.9, 29.4, 29.2, 15.8, 15.3 

 

Figure 2.66: 13C NMR (100 MHz, CDCl3,  ppm) cis,cis-94f (mixture of N-CAryl rotamers). 
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1H NMR (400 MHz, CDCl3,  ppm): 7.56 – 7.54 (m, 1H), 7.40 – 7.35 (m, 1H), 7.28 - 7.24 (m, 

1H), 6.84 – 6.82 (m, 1H), 3.24 – 3.20 (m, 1H), 2.79 – 2.73 (m, 1H), 2.63 – 2.56 (m, 2H), 2.25 -

2.20 (m, 1H), 1.46 (s, 3H), 1.44 (s, 3H), 1.40 (s, 3H), 1.31 (s, 9H). 

 

Figure 2.67: 1H NMR (400 MHz, CDCl3,  ppm) cis,cis-94f (minor N-CAryl rotamer). 
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13C NMR (100 MHz, CDCl3,  ppm): 177.1, 147.9, 131.5, 131.0, 131.1, 128.7, 127.8, 78.8, 78.7, 

51.4, 46.9, 51.4, 46.9, 40.3, 35.6, 31.5, 31.2, 30.2, 29.2, 15.9 

 

Figure 2.68: 13C NMR (100 MHz, CDCl3,  ppm) cis,cis-94f (minor N-CAryl rotamer). 
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1H NMR (400 MHz, CDCl3,  ppm): 7.13 – 7.12 (m, 1H), 6.85 – 6.82 (m, 1H), 6.78 – 7.76 (m, 

1H), 3.84 (s, 3H), 3.22 – 3.17 (m,1H), 2.69 - 2.63 (m, 3H), 2.29 (dd, J = 13.4, 6.7 Hz, 1H), 1.50 

(s, 3H), 1.45 (s, 3H), 1.42 (s, 3H), 1.30 (s, 9H). 

 

Figure 2.69: 1H NMR (400 MHz, CDCl3,  ppm) cis,cis-94g (major N-CAryl rotamers). 
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13C NMR (100 MHz, CDCl3,  ppm) 206.3, 179.4, 176.9, 160.2, 149.8, 130.9, 122.9, 115.5, 

111.6, 79.2, 78.8, 55.4, 51.1, 46.9, 40.9, 35.8, 31.8, 31.5, 31.4, 30.1, 29.2, 15.1. 

 

Figure 2.70: 13C NMR (100 MHz, CDCl3,  ppm) cis,cis-94g (major N-CAryl rotamers). 



 

 

145 

1H NMR (400 MHz, CDCl3,  ppm) 7.11- 7.10 (m, 1H), 6.84 – 6.79 (m, 2H), 3.84 (s, 3H), 3.27 – 

3.23 (m, 1H), 2.80 (dd, J = 13.6, 10.5 Hz, 1H), 2.73 - 2.60 (m, 3H), 2.26 (dd, J = 13.6, 6.8 Hz, 

1H), 1.57 (s, 2H), 1.50 (s, 3H), 1.48 (s, 3H), 1.44 (s, 3H), 1.34 (s, 9H). 

 

Figure 2.71: 1H NMR (400 MHz, CDCl3,  ppm) (minor N-CAryl rotamer). 
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13C NMR (100 MHz, CDCl3,  ppm; minor N-CAryl rotamer): 206.2, 179.1, 177.2, 160.2, 149.2, 

132.3, 123.3, 115.2, 111.5, 100.0, 78.6, 78.5, 77.2, 55.4, 51.2, 46.6, 40.1, 35.4, 31.2, 31.0, 30.0, 

29.1, 15.7. 

 

Figure 2.72: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of minor N-CAryl rotamer. 
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2.12.4. X-Ray crystal structure data for atropisomeric enone photoproducts 

Table 2.5: X-ray crystal data for atropisomeric enones. 

 

 cis,cis-94b cis,trans-94b cis,cis-94c cis,cis-94d 

Formula C22H29NO3 C22H29NO3 C23H31NO3 C24H33NO4 

FW 355.46 355.46 369.49 399.51 

Cryst. Size_max 

[mm] 

0.327 0.25 0.25 0.187 

Cryst. Size_mid 

[mm] 

0.276 0.166 0.12 0.164 

Cryst. 

Size_main[mm] 

0.077 0.07 0.05 0.056 

Cryst. system Orthorhombic monoclinic Orthorhombic monoclinic 

Space Group, Z Pccn C2/c P212121 P21/c 

a [Å] 16.2407(5) 32.5617(9) 6.2306(2) 20.7554(7) 

b [Å] 18.9857(6) 12.2539(3) 15.6867(5) 6.2296(2) 

c [Å] 12.4646(4) 19.7547(5) 41.3174(13) 17.0708(6) 

 [Å] 90 90 90 90 

 [Å] 90 98.588(2) 90 101.719(2) 

 [Å] 90 90 90 90 

V [Å3] 3843.3(2) 7793.9(4) 4038.3(2) 2161.21(13) 

calc [g/cm3] 1.229 1.212 1.215 1.228 

 [mm-1] 0.641 0.633 0.629 0.66 

Radiation Type Cu Cu Cu Cu 

(F000) 1536 3072 1600 864 

No of refl. (> 

2) 

18521 24883 16255 21165 

No of indep. 

Refl. 

3387 6620 6440 3832 

No of refl. (> 

2) 

3053 5395 4112 3076 

Resolution [Å] 0.84 0.84 0.84 0.84 

R1/wR2 (> 2)a 

[%] 

R1 = 3.51, 

wR2 = 8.85 

R1 = 4.72, 

wR2 = 11.3 

R1 = 2.65, 

wR2 = 6.56 

R1 = 4.32, 

wR2 = 10.58 

R1/wR2 (all 

data)a [%] 

R1 = 3.94, 

wR2 = 9.20 

R1 = 6.01, 

wR2 = 12.06 

R1 = 2.76, 

wR2 = 6.63 

R1 = 5.58, 

wR2 = 11.35 
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Figure 2.73: Photoproduct cis,cis-94b (crystallized from: hexanes/chloroform). 

 

Figure 2.74: Photoproduct cis,trans-94b (crystallized from: hexanes/chloroform). 

 

Figure 2.75: Photoproduct (1S, 6R, 12R, aP)-cis,cis-94c (crystallized from: 

hexanes/chloroform). 
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Figure 2.76: Photoproduct cis,cis-94d (crystallized from: hexanes/chloroform). 

 

Figure 2.77: Photoproduct cis,trans-94d (crystallized from: hexanes/chloroform). 
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Table 2.6 : X-ray crystal data for atropisomeric enones continued. 

 

 

 cis,trans-94d cis,cis-94f 

(major 

rotamer) 

cis,cis-94f 

(minor 

rotamer) 

cis,cis-94f  

(major 

rotamer) 

Formula C24H33NO4 C22H27NO4 C22H27NO4 C23H29NO5 

  FW 399.51 369.44 369.44 399.47 

Cryst. 

Size_max [mm] 

0.219 0.3 0.29 0.225 

Cryst. Size_mid 

[mm] 

0.207 0.185 0.22 0.13 

Cryst. 

Size_main[mm] 

0.131 0.1 0.18 0.085 

Cryst. system triclinic monoclinic orthorhombic orthorhombic 

Space Group, Z P-1 P21/c P212121 P212121 

a [Å] 11.7956(4) 14.8270(14) 7.9328(3) 8.0354(6) 

b [Å] 12.4371(4) 10.2711(9) 14.3352(5) 13.7812(10) 

c [Å] 16.1837(5) 14.4324(13) 16.9365(7) 18.9887(14) 

 [Å] 101.858(2) 90 90 90 

 [Å] 99.6140(10) 115.034(4) 90 90 

 [Å] 105.0390(10) 90 90 90 

V [Å3] 2182.12(12) 1991.4(3) 1925.99(13) 2102.8(3) 

calc [g/cm3] 1.216 1.232 1.274 1.262 

 [mm-1] 0.654 0.68 0.703 0.719 

Radiation Type Cu Cu Cu Cu 

(F000) 864 792 792 856 

No of refl. (> 

2) 

27433 8770 3295 12152 

No of indep. 

Refl. 

7541 3321 3295 3521 

No of refl. (> 

2) 

6486 2778 

 

3245 2140 

Resolution [Å] 0.84 0.84 0.84 0.84 

R1/wR2 (> 2)a 

[%] 

R1 = 4.23, 

wR2 = 9.84 

R1 = 5.13, 

wR2 = 

15.91 

R1 = 2.61, 

wR2 = 6.60 

R1 = 2.82, 

wR2 = 7.08 

R1/wR2 (all 

data)a [%] 

R1 = 4.98, 

wR2 = 10.33 

R1 = 6.71, 

wR2 = 

18.27 

R1 = 2.66, 

wR2 = 6.63 

R1 = 2.87, 

wR2 = 7.12 
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Figure 2.78: Photoproduct cis,cis-94f (major rotamer) (crystallized from: hexanes/chloroform). 

 

Figure 2.79: Photoproduct cis,cis-94f (minor rotamer) (crystallized from: hexanes/chloroform). 
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Figure 2.80: Photoproduct cis,cis-94g (major rotamer) (crystallized from: hexanes/chloroform). 
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3.  INVESTIGATING 6PHOTOCYCLIZATION OF ATROPISOMERIC 

ACRYLANILIDES 

3.1. Introduction: 6-photocyclization of acrylanilides 

In 1967 Chapman and Cleveland detailed the first photochemical electrocyclic ring 

closure of ,-unsaturated acrylanilides to the cyclized dihydroquinolinone type product 

(Scheme 3.1).1, 2 Ogata and co-workers later investigated various substituted acrylanilides. Their 

investigations unveiled the sensitivity of 6-photocyclization to solvents and the differing 

reactivity of the excited states of acrylanilides. Additionally, Ogata and co-workers were able to 

afford the desired dihydroqunolinone photocyclized product, employing a sensitizer (e.g. 

acetophenone or benzophenone).3 Photophysical investigations unveiled phosphorescence 

quenching of the employed sensitizer. Phosphorescence quenching of the triplet sensitizer 

allowed for the acryanilide to access the triplet excited state. This indicated that 6-

photocyclization of acrylanilides can be achieved via the triplet excited state. Subsequent, 

photophysical investigations revealed respectable quantum yields of photocyclization (0.26). 

Altering the experimental conditions photocyclization of acrylanilides could occur from either S1 

or T1 excited state efficiently.  
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Scheme 3.1: 6-photocyclization of acrylanilides. 

By way of mechanism 6photocyclization follows Woodward and Hoffman rules of 

pericyclic reactions. Thus the aforementioned photocyclization reaction from the singlet excited 

state occurs via con-rotatory ring closure. Subsequent investigations hypothesized a zwitterionic 

intermediate along the reaction pathway eventually followed by either an H-transfer or [1,5]-H 

shift depending on the specific reaction conditions.3-7  

3.2. Asymmetric photochemistry of acrylanilides in solution 

As mentioned in Section 1.6.5 Ninomiya and coworkers employed chiral template 44 in 

the photocyclization of enamides 41. The chiral ditoluoyltartaric acid template 44 attained 

respectable selectivity up to 42 %ee. (Scheme 1.11a). Further advancing the methodology 

employing templates for asymmetric synthesis Bach and coworkers utilized chiral template 49 

for the 6-photocyclization of acrylanilide 107 achieving selectivity up to 57 %ee (Scheme 

3.2).6, 8 Moderate selectivity, low temperature and superstoichiometric amounts of chiral 

template 49 were major drawbacks of employing chiral template 49. Focusing on the reactivity 

of the substrate Sivaguru and coworkers developed a methodology wherein built in molecular 
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restriction of the substrate dictated the photochemical reactivity and thus controlled selectivity 

(Scheme 1.15a).  

 

Scheme 3.2: Asymmetric synthesis of acrylanilide using chiral template 49.  

3.3. Photochemical investigations of ,-unsaturated atropisomeric acrylanilides 

Sivaguru and coworkers outlined a detailed investigation of atropisomeric acrylanilides in 

which ortho-substituted acrylanilide 110 featuring N-substitution dictated the regiochemistry of 

the photocyclized dihydroqunolinone type product.9 The N-Me substituted 110b cyclized at the 

ortho-position bearing the tert-butyl group eliminating isobutene as a byproduct (Scheme 3.3).9 

Conversely, 110a afforded the cyclized product where cyclization occurred at the unsubstituted 

ortho-position yielding 111.10 Additional investigations highlighted that ,-substitution dictated 

enantioselectivity during direct irradiation of optically pure atropisomeric acrylanilide(s) 

affording the desired cyclized product from the singlet excited state leading to high 

enantioselctivity (Scheme 1.15b). Indeed, the molecular chirality/axial chirality, afforded great 

control over the photocyclization of ,-substituted acrylanilides.11, 12 
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Scheme 3.3: Regioselectivity in 6-photocyclization of ,-substituted atropisomeric 

acrylanilide. 

3.4. Photochemical investigations of -substituted atropisomeric acrylanilides 

 

Chart 3.1: Structures of -substituted atropisomeric acrylanilides, their corresponding 

photoproducts and the precursors/reactants employed.  

Sivaguru and coworkers displayed that high selectivity was obtainable with regards to 
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brought to light that the substitution at the -carbon was essential for chirality transfer. Direct 

irradiation of optically pure α-substituted atropisomeric acrylanilides afforded a racemic mixture 

of the cyclized product(s). Conversely, triplet sensitized irradiation of optically pure α-

substituted atropisomeric acrylanilides in acetone, where acetone was both the solvent and 

sensitizer, afforded the cyclized product in moderate to high enantiomeric excess (%ee). 

Sensitized irradiation of -substituted atropisomeric acrylanilides allowed for population of the 

triplet * (T1 
*) excited state. This triplet excitation is expected to involve a diradicaloid 

intermediate which mediates stereospecific intramolecular hydrogen shift affording the observed 

selectivity. 

 

Scheme 3.4: Acetone sensitized photochemical reaction of α-substituted atropisomeric 

acrylanilides. 

3.5. Role of alkali metal ions during photochemical investigations of -substituted 

atropisomeric acrylanilides 

As shown above, sensitized irradiation of optically pure -substituted acrylanilide can be 

employed to attain the desired photocyclized product in high enantiomeric excess (>90%). 

However, in the case of direct irradiation of optically pure -substituted acrylanilide the afforded 
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photocyclized product mixture is racemic. In this regard investigations were aimed at achieving 

high selectivity in the photocyclized product upon direct irradiation of optically pure α-

substituted atropisomeric acrylanilides. 

Metal ions are crucial for numerous life sustaining processes. Intermolecular interactions 

between metal ions and some molecular guest range from cation–π interactions13, 14 to cation–

lone pair (from a heteroatom) interactions,15, 16 which can be exploited to alter molecular 

properties. Exploiting non-bonding interactions between metal ions and chemical compounds 

chemist have been able to develop systems for molecular recognition and modulate chemical 

reactivities.17 In light induced processes, metal ions have been used extensively for altering the 

photophysics of organometallic compounds,  and alter the excited state photoreactivity of organic 

molecules both in solution and within confined environments.18-25  

 We have evaluated the influence of alkali metal ions on the stereochemical course of the 

light induced conrotatory 6π-photocyclization of optically pure α-substituted atropisomeric 

acrylanilides. Our studies indicate that alkali metal ions alter the excited state chemistry of 

atropisomeric acrylanilides leading to enhanced enantioselectivity in the photoproduct.  
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3.5.1. Photochemical investigation of -substituted atropisomeric acrylanilides in the 

presence of alkali metals 

 

Scheme 3.5: 6-Photocyclization of -substituted acrylanilides 114a-c in the presence metal 

ions. 

Atropisomeric α-substituted acrylanilide 114a-d were synthesized by literature-reported 

procedures. In preparation for photoreactions, optically pure isomers of 114a-d were dissolved 

either in trifluoroethanol (TFE) or TFE saturated with various alkali metal ions (CsF, KF, and 

NaF). Before dissolution in TFE the alkali metal ion additives were flame dried then allowed to 

stir overnight to aid in dissolution. After approximately 12 hours the colloidal suspension was 

passed through a microfilter. Irradiation of the samples was performed in a Pyrex test tube using 

a 450 W medium pressure Hg lamp. The 3,4-dihydro-2-quinolin-2-one 115 (Scheme 3.5) was 

observed as the photoproduct and characterized by 1H NMR spectroscopy, polarimetry and 

HRMS.9, 26, 27 The ee values of 115a-c were ascertained by HPLC analysis of the reaction 

mixture on a chiral stationary phase.  
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Figure 3.1: Atropselectivity in 6-photocyclization of -substituted acrylanilide 114b in the 

presence of various additives.28 
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Table 3.1: Enantioselective 6-photocyclization of atropisomeric acrylanilides in the presence of 

alkali metal ions.a,b 

entry cmpd % ee values in the presence and absence of additives below c 

  No 

additives 

CsF KF KF/ 3 Å MS NaF NaF / 3 Å MS 3 Å MS 

1 (-)-114a Racemic 90(B) 90(B) 88(B) --- 90(B) 88(B) 

2 (+)-114a Racemic 87(A) 90(A) 85(A) --- 90(A) 85(A) 

3 (-)-114b Racemic 90(B) 85(B) 85(B) --- 95(B) 90(B) 

4 (+)114b Racemic 90(A) 80(A) 80(A) --- 89(A) 90(A) 

5 (+)-114c 

(P)b 

Racemic (+)-90 (R) (+)-77 (R) - (-)-16 (S) (+)-80 (R) (+)-70 (R) 

6 (-)-114c 

(M)b 

Racemic (-) 85 (S) (-)-77 (S) - (+)-16 (R) (-)-80 (S) (-)-70 (S) 

aCP= cyclopentyl; EtOH = Ethanol; TFE = trifluoroethanol. b(+) and (−) represent the signs of the cotton 

effect at 285 nm in methylcyclohexane (MCH) for compounds 114a and 114b, and in methanol for 

compound 114c. Irradiation was carried out for 3 h in trifluoroethanol (TFE) at ambient temperature. The 

additives such as alkali metal salts and molecular sieves (3 Å MS) were flame dried and dissolved in TFE 

overnight and passed through a microfilter and then added to the sample prior to irradiation. The reported 

values are the average of a minimum of 3 runs with ±8% error. cFor compound 114c, absolute configuration 

taken from ref. 10. dFrom ref. 10. eA and B refer to the first and second peaks that elute from the HPLC 

chiral stationary phase separation for a given pair of enantiomers. For photoproduct 115c, the absolute 

configuration and optical rotation values were compared to the established literature values reported 

previously (10). The optical rotation value for 115c is in CHCl3. The conversion in all samples was kept 

between 10 and 30% to ascertain the true ee values in the presence of cations as the photoproduct can also 

bind competitively to alkali metal ions.  

 

Direct irradiation of optically pure 114a-c in TFE gave racemic mixture of the 

photoproduct 115a-c (Table 3.1). Conversely, in regards to direct irradiation of optically pure 

114a-c in TFE saturated with alkali metal cations, high selectivity (ee values) in the cyclized 

photoproduct was obtained. For example, irradiation of (-)-114a in the presence of KF resulted in 

90% ee with 115a enantiomer as the major photoproduct (Table 3.1, entry 1). Changing the 

cation to CsF had no bearing with respect to product selectivity in the case of cyclized product 

115a. Conversely, upon changing the cation from CsF to KF resulted in a slight decrease in ee 

value, viz. 77% ee, favoring the (R)-4c photoproduct in the case of irradiation of (+)-114c (Table 

31, entry 5). To our dismay, in the case of NaF, (S)-115c photoproduct was observed albeit with 

an ee value of 16%. Thus, use of NaF afforded the opposite antipode with respect to the other 
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cations employed. Due to the high charge density of small alkali metal ions like Na+ it is possible 

that moisture is still present despite flame drying the alkali cation. It is possible that the presence 

of moisture interfered with the reaction, diminishing selectivity. In order to remove moisture, we 

carried out the reaction in the presence of 3 Å molecular sieves (3 Å MS). Irradiation of (P)-114c 

in the presence of NaF and 3 Å MS resulted in 80% ee. More importantly (R)-115c enantiomer 

was enhanced, i.e., the same stereoisomer that was obtained in the presence of CsF and KF. As a 

control, irradiation of (P)-114c in the presence of only 3 Å MS was investigated, in order to 

determine whether or not the 3 Å MS played a role in the obtained selectivity. Irradiation of (P)-

114c in 3 Å MS exposed TFE resulted in 80% ee in the (R)-115c photoproduct. Undoubtedly the 

metal ions have altered the photochemistry which lead to increased selectivity in the 6π-

photocyclization of α-substituted acrylanilide(s) 114a-c under direct irradiation. 

The influence of mol% was also investigated (Table 3.2). We were interested in knowing 

if substoichiometric amounts of heavy alkali cation could possibly afford high selectivity in the 

cyclized product. Optically pure 114b was dissolved in a solution with quantitative amount of 

CsF dissolved in TFE. The photochemical reaction proceeded exactly as outlined above. 

Unfortunately, investigations unveiled that excess CsF was necessary to obtain high selectivity 

(> 500 mol%). It must be that increased amounts of CsF allows for increased interaction between 

Cs cation and acrylanilide 114 resulting in increased selectivity. Increased Cs cation diminishes 

the background reaction wherein the acrylanilide reacts without the influence of Cs+ which 

erodes selectivity. 
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Table 3.2: Enantioselective 6-photocyclization of 114b in the presence of varying CsF mol%.a-

d 

entry cmpd mol% CsF 115b (%ee) 

1 (-)-114b 10 15 

2 (-)-114b 50 50 

3 (-)-114b 100 54 

4 (-)-114b 500 69 
aCP = cyclopentyl; EtOH = Ethanol; TFE = trifluoroethanol. b(+) and (−) represent 

the signs of the cotton effect at 285 nm in methylcyclohexane (MCH). Irradiation was 

carried out for 3 h in trifluoroethanol (TFE) at ambient temperature. The additives 

such CsF was flame dried and dissolved in TFE overnight and passed through a 

microfilter and then added to the sample prior to irradiation. The reported values are 

the average of a minimum of 3 runs with ±5% error. dThe conversion in all samples 

was kept between 10 and 30% to ascertain the true ee values in the presence of cations 

as the photoproduct can also bind competitively to alkali metal ions. 

 

3.5.2. Photophysical investigations of -substituted atropisomeric acrylanilides 114a and 

114d 

Photophysical investigations commenced with obtaining absorbance spectra of various -

substituted atropisomeric acrylanilides. Following the absorbance spectra, the emission 

(fluorescence) properties were also investigated. 

3.5.3. UV/Vis spectra of 114a and 114d 

To commence photophysical investigations absorbance spectra were recorded in ethanol 

(EtOH) and acetonitrile (MeCN). 

 

Figure 3.2: UV-Vis spectra of 3a (left) and 3d (right) in ethanol and acetonitrile respectively. 
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3.5.4. Emission spectra of 114a and 114d  

In an attempt to understand the influence of alkali metal cations on the excited state 

reactivity of atropisomeric acrylanilides, steady state emission and fluorescence lifetime 

measurements were recorded at room temperature and 77 K, in the presence and absence of 

alkali metal ions. The acrylanilides 114a and 114d were representative examples. Inspection of 

Figures 3.3 and 3.4 reveals that acrylanilides 114a and 114d are weakly fluorescent a room 

temperature in ethanol. In the case of 114a, the fluorescence intensity is significantly enhanced at 

77 K in ethanol glass (Figure 3.3). This displays that the singlet excited state is readily 

deactivated at room temperature, which is reflected in the photochemical reactivity eventually 

leading to racemic photoproducts. At 77 K enhancement of fluorescence intensity is noticed. Due 

to the rigid ethanol matrix at 77 K, the photoreaction cannot proceed efficiently resulting in the 

observed fluorescence intensity. 

 

Figure 3.3: Fluorescence spectra of 114a in ethanol at 77K ( green), at rt ( blue) and in 

presence of CsF at 77 K (red). [114a] = 2mM. 
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Figure 3.4: Left: Luminescence of 114d in ethanol glass (red) and 114d in presence of CsF in 

ethanol ( green) at 77K. Right: Fluorescence of 3d in ethanol at 77K (red) and at RT ( 

blue). [114d] = 0.5 mM). 

 

Figure 3.5: Fluorescence spectra of 114d in ethanol, at rt ( blue) and in presence of CsF at rt 

(red). [114d] =0.5m 

The fluorescence lifetime at 77 K was recorded with lifetimes of 114a and 114d of 

similar duration ∼9 ± 4 ns. The fluorescence decay was multiexponential likely caused by the 

two N–CO rotamers that exist in solution.27-30 Matrix inhomogeneity is commonly observed at 

77 K and is another likely cause of the multiexponential fluorescence decay. Only very weak 

fluorescence was observed in the presence of Cs+ both at room temperature and at 77 K. An 
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efficient deactivation pathway of the excited singlet state of 114a,d is likely the cause of the 

drastic decrease in fluorescence intensity in the presence of Cs+. We believe that in the presence 

of heavy alkali metal cations, like Cs+, spin–orbit coupling between 114 and Cs+ occurred which 

enhanced intersystem crossing (ISC) from the singlet excited-state to the triplet excited-state of 

114.31 This manifests itself in the triplet reactivity of atropisomeric acrylanilides 115 in the 

presence of heavy alkali metal cations leading to high enantioselectivity in the photocyclized 

product 115.  

 

Figure 3.6: Left: Fluorescence lifetime of 3d in ethanol (red), 3d in presence of CsF in ethanol 

( blue) at 77K. Right: Standard deviation of fit for 3d in ethanol (red, top) and 3d in 

presence of CsF in ethanol ( blue, bottom) ([114d] = 0.5 mM). 
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3.5.5. Mechanistic rationale 6-photocyclization -substituted atropisomeric acrylanilides 

We previously proposed that ‘con’ rotatory 6π-photocyclization of o-tert-

butylacrylanilides with N-alkyl substitution led to a zwitterionic intermediate “int-A” (Scheme 

3.6, top). Depending on the solvent and the availability of a proton source the zwitterionic 

intermediate “int-A” undergoes H-migration followed by re-aromatization leading to cyclized 

photoproduct 115, with the elimination of the o-tert-butyl substituent. Direct irradiation leads to 

racemic mixture of cyclized photoproduct which likely occurred due to the reactivity from the 

singlet excited state of atropisomeric acrylanilide 114 in solution. It is also likely that a non-

stereospecific H-migration from the zwitterionic intermediate occurred through “enol-114” 

which tautomerizes to the 3,4-dihydro-2-quinolin-2-one 115. Previously we postulated a radical 

type mechanism for triplet sensitized 6π-photocyclization of atropisomeric acrylanilides, leading 

to high selectivity in the cyclized photoproduct.32 

In the presence of alkali metal cations we believe that the photochemical reactivity is 

likely influenced by Lewis acidity and spin-orbit coupling of the cations.31 In the presence of 

heavy metal ions, we believe that it is likely that the photocyclization occurs via the triplet 

excited-state of 114 through a radical mechanism (Scheme 3.6). This presumption is based on the 

ππ* excited state of 114. Since the singlet–triplet gap of a ππ* excited state is large, it is likely 

that the presence of heavy metal ions aids in facilitating intersystem crossing which leads to the 

triplet ππ* [T1(ππ*)] excited state. Based on the photochemical reactivity paradigm, conrotatory 

6π-photocyclization from the T1(ππ*) excited state leads to a triplet diradical intermediate “int-

DR” (Scheme 3.6, bottom). This diradical subsequently abstracts a hydrogen atom from the 

ortho-tert-butyl substituent leading to the cyclized photoproduct 115. The high enantiomeric 

excess achieved (Table 3.1) upon photocyclization forming 115 indicates a stereospecific 
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hydrogen abstraction via a cyclic six membered transition state (Scheme 3.6, bottom) from the 

triplet diradical intermediate (int-DR).  

The observed selectivity in the photoproduct in the presence of both molecular sieves and 

light alkali cations must be addressed. At present we do not have a clear understanding of the 

influence of light cations and molecular sieves. Lack of clear understanding leaves us to merely 

speculate on how light cations and molecular sieves aid in the observed selectivity. We believe 

that enolate 114 could efficiently interact with the cations of high charge density. An interaction 

of sufficient magnitude between cations of high charge density could facilitate the stereospecific 

H-migration (Scheme 3.6, middle). Our results also indicated that moisture may be significant in 

effecting the selectivity of the photochemical reaction. The effect of moisture is likely subdued 

in the presence of molecular sieves, but the exchangeable alkali metal present on the surface of 

the 3 Å molecular sieves influences the reactivity of the substrates leading to the observed 

selectivity. It is also worth mentioning that 3 Å molecular sieves have exchangeable heavy alkali 

metal cations that could potentially interact with the reactants influencing the reactivity and 

selectivity. Taking into account the selectivity and the photophysical investigations it is clear that 

in the presence of heavy alkali metal cations, there is significant involvement of the triplet 

excited-state of 114 that influences the selectivity in the cyclized photoproduct.  
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Scheme 3.6: Mechanistic rationale for atropselective 6-photocyclization of -substituted 

acrylanilides 114a-c in the presence of alkali metal ions. 

3.5.6. Summary and outlook of 6-photocyclization -substituted atropisomeric 

acrylanilides 

Our results point to a subtle change in the reactive environment by the addition of alkali 

metal ions altering the excited state chemistry during 6π-ring closure of atropisomeric 

acrylanilides 114a-c. Altering the chemical reactivity by manipulating the interactions of metal 

ions in solutions presents opportunities to develop catalysts that can influence reactivity and 

selectivity. 
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3.6. 6-photocyclization of various acyl ortho-substituted acrylanilides 

3.6.1. Background of acyl substituted acrylanilides 

The unexpected cyclization at the ortho-position bearing the tert-butyl substitution of 

,-unsaturated acrylanilide 110b and 114a-c warranted further investigation. The ability to 

eliminate and/or cause migration of a substituent piqued our interest as such a transformation can 

be synthetically useful for various functional group manipulations. In 1980 Ninomiya and 

coworkers investigated variously ortho-substituted acrylanilides.33 Amongst the acrylanilides 

investigated, methyl-ester, nitrile and carbamoyl substituent all underwent 6-photocyclization 

affording the dihydroquinolinone type product (Scheme 3.7). By way of mechanism, Ninomiya 

and coworkers hypothesized that upon irradiation acrylanilide 116 underwent ring closure 

followed by thermal [1,5] migration of the ortho-substituent to afford the acyl migrated 

photocyclized product. Nishio and coworkers investigated similar substituted acrylanilides 

obtaining the expected 6-photocyclized product in most cases. However, in the case of 120f 

ortho-benzoyl derivative the obtained product afforded a rearranged product 123f.34 This is a 

prime example of the difference in reactivity that can arise due to the accessed excited state and 

reactant conformation. Heating the reaction to 60 oC Nishio and coworkers were able to reduce 

the formation of the rearrangement product but not achieve the exclusive formation of the 

cyclized product 121f. This displays that heating as an external stimulus was not sufficient to 

obtain control over excited state reactivity.  
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Scheme 3.7: Photocyclization of ortho-acyl substituted acrylanilides. 

 

Scheme 3.8: Differing photoreactivity of acyl substituted acrylanilides. 

Atropisomers have been highlighted due to their ability to control excited state reactivity. 

As mentioned above, Sivaguru and coworkers have displayed that photocyclization of N-Me 

substituted atropisomeric acrylanilide 110b cyclized at the ortho position bearing the tert-butyl 

substitution. Thus the restricted N-Caryl bond, atropisomer, dictated the regiochemistry. Further 

investigation upon photoreactivity of atropisomeric chromophores carried out by Sivaguru and 
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coworkers, unveiled that the achiral enone carboxamides 124b underwent 6-photocyclization 

upon irradiation.35 In contrast, upon irradiation atropisomeric 124a underwent Norrish Yang 

reaction forming the spyrocyclic -lactams 125 and 126, displaying that ability of atropisomer to 

control the excited state reactivity. 

 

Scheme 3.9: Differing reactivity of enone-carboxamides axial chiral vs. achiral reactivity. 

Acyl substituted acrylanilides, a familiar system, provides us a motif wherein we can 

utilize atropisomers to alter the excited state properties. Our aim is to probe the mechanistic 

pathway involved in the ortho-substituent migration and probe the excited state characteristics, 

namely triplet vs singlet while in route to synthesizing uniquely substituted 2,4-

dihydroquinolinone type product(s). We hope to shift the wavelength of absorbance into the 

visible region and utilize visible light to mediate the classical 6-photocyclization. As acyl 

groups are electron withdrawing groups and is expected to red shift the wavelength of 

absorbance. We aim to achieve excited state control and afford a single product in high 

selectivity, yet again highlighting the great utility of atropselective photoreactions.  
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Chart 3.2: Structures of acyl substituted acrylanilides, their corresponding photoproducts and 

precursors/reactants employed in the study. 

3.7. Photochemistry of atropisomeric acrylanilides 

 

Scheme 3.10: Synthesis of acyl substituted acrylanilides. 

Acyl substituted acrylanilides were synthesized in a few simple steps (Scheme 3.10). In 

efforts to optimize the reaction conditions of acyl substituted acrylanilides, irradiation of 

acrylanilide 129a was carried out under both direct and sensitized irradiation (Table 3.3 and 3.4). 

Thioxanthone was utilized as the triplet sensitizer. After the completion of the photoreaction, the 

reaction mixture was concentrated and the photoproduct(s) purified by column chromatography 

and characterized by 1H and 13C NMR spectroscopy and single crystal XRD.  
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Table 3.3: 6-photocyclization of acyl substituted acrylanilide 129a under direct and sensitized 

irradiation conditions. 

entry Irradiation conditions %mb %yield 

1 Direct irr., BB 3 h 54 52 

2 Direct irr., RR, 350 nm, 5.25 h 66 66 

3 Direct irr. RR, ~420 nm 24 h 86 70 

4 Direct irr., purple LED 16 h 54 46 

5 Tx (10 mol%)/RR ~420 nm 11 h 86 85 

6 Tx (10 mol%) purple LED 9 h 88 88 

Reaction conditions: [129a] ≈ 4 mM; MeCN used as solvent under N2. Mass balance (mb) 

and yields determined by 1H NMR spectroscopy using Ph3CH as internal standard. 

 

 The conversion, yield and mass balance were calculated by 1H NMR spectroscopy using 

triphenylmethane as an internal standard. Under all employed conditions of irradiation, 

acrylanilide 129a afforded the desired cyclized product. Decreased yields were noticed under 

direct irradiation employing purple LED where the wavelength of irradiation centered at 400 + 5 

nm (Table 3.3 entry 4). Acrylanilide 129a underwent photocyclization cleanly in the presence of 

Tx as the sensitizer under irradiation of both purple LED and ~420 nm Rayonet Reactor. 

Additionally, reaction times were reduced when thioxanthone (Tx) was employed as the triplet 

sensitizer (Table 3.3, entry 5, 6) indicating that the reaction is favorable when accessing the 

triplet excited state of the acyl substituted acrylanilide. The role of solvent was next investigated. 

Inspection of Table 3.4 brings to light that irrespective of the solvent the photoreaction of 129a 

behaved similar upon irradiation of either ~420 nm (RR) or purple LED in the presence of Tx as 

sensitizer. Acetone proved to be a sufficient solvent for the reaction affording yields similar to 

MeCN. Reduced yields were afforded in non-polar solvents (Table 3.4 entries 2,5 and 8). 
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Reduced yields were also afforded in solvents where H-abstraction from the solvent was possible 

(Table 3.4, entries 3,4 and 9). As Tx was employed as the sensitizer it is possible that the reduced 

yield is due to Tx undergoing H-abstraction from the solvent followed by some secondary 

reaction with the substrate 129a leading to the decomposition of 129a. At current our 

investigation cannot rule out such a process.  

Table 3.4: Optimization of solvent during visible light irradiation of acrylanilide 129a. 

Tx (10 mol%)/RR ~420 nm 11 h 

Entry solvent %mb %yield 

1 MeCN 86 85 

2 Toluene 35 30 

3 CHCl3 31 31 

4 Methanol 35 35 

5 Methylcyclohexanes 18 18 

Tx (10 mol%) purple LED 9 h 

7 MeCN 88 88 

8 Toluene 35 35 

9 DCM 68 59 

10 Acetone 89 88 

Reaction conditions: [129a] ≈ 4 mM; MeCN used as solvent under N2. Mass balance (mb) 

and yields determined by 1H NMR spectroscopy using Ph3CH as internal standard. 

 

After determining the optimal reaction conditions irradiation of 129a-c utilizing visible 

light was investigated. It was displayed that atropisomeric acyl substituted acrylanilide 129b 

afforded the cyclized product in moderate yields. Under visible light irradiation ester derivative 

129c did not afford the desired product. In contrast, direct irradiation (broad band light source  

> 290 nm) of 129c afforded the desired cyclized product in high isolated yields (Table 3.5, entry 

3). 
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Scheme 3.11: Visible light mediated acyl migration of acyl ortho-substituted acrylanilides. 

Table 3.5: Visible light mediated acyl migration of acyl ortho-substituted acrylanilides. 

entry cmpd. t (h) mb (%)b % yieldb 

1 129a 7 88 88 (67)c 

2 129b 24 72 60 (52)c 

3 129c 12 ~100 0 (88)d 

Reaction conditions: [129a-c] ~ 4 mM; Reactions performed under N2 atmosphere in MeCN, under purple 

LED irradiation. Data is an average of three trials with error +5% 
bMass balance (mb) and yields determined 

by 1H NMR spectroscopy with Ph3CH as internal standard. cIsolated yields of desired product. dData 

represents isolated yield from reaction performed under broad band (BB) direct irradiation (using medium 

pressure mercury lamp). 

 

Lastly, attempts were made to separate acrylanilides 129b-c on a chiral stationary phase 

using preparative HPLC. Unfortunately, base to base separation of the atropisomeric 129b was 

not possible on the chiral phases employed. Conversely, acrylanilide 129c was separable on a 

chiral stationary phase. However, racemization occurred immediately after HPLC separation. 

Further investigations must be done in order to determine whether or not the acyl migration 

occurs in a stereospecific fashion as well as if the migration can be influenced or controlled by 

atropisomers. 
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3.8. Summary and outlook of acyl substituted acrylanilides 

Under direct and sensitized irradiation acrylanilides 129a-b underwent visible light 

mediated 6-photocyclization. Thus the triplet excited state of acrylanilide 129a,b afforded the 

product favorably. Separation of the atropisomeric acrylanilides 129b and 129c were 

unsuccessful as 129b was inseparable utilizing the employed chiral stationary phases. In the case 

of 129c where racemization occurred quickly it must be that the N-CAryl barrier to rotation was 

too low to warrant stable atropisomers at room temperature. By way of mechanism, it is 

suspected that the mechanism of acyl migration mirrors that of Scheme 3.6 bottom the only 

difference being that the acyl group migrates instead of the hydrogen depicted. Further 

investigations must be done in order to give validity to these suspicions and to determine the role 

of atropisomers in the photoreaction. 

3.9. Experimental section 

3.9.1. General methods 

All commercially obtained reagents/solvents were used as received; chemicals were 

purchased from Alfa Aesar®, Sigma-Aldrich®, Acros organics®, TCI America®, Mallinckrodt®, 

and Oakwood® Products, and were used as received without further purification. 

Spectrophotometric grade solvents (ethanol and methylcyclohexane) were purchased from 

Sigma-Aldrich® and used without further purification for emission measurements. Unless stated 

otherwise, reactions were conducted in oven-dried glassware under nitrogen atmosphere. 1H 

NMR and 13C NMR spectra were recorded on Varian 400 MHz (100 MHz for 13C) and on 500 

MHz (125 MHz for 13C) spectrometers. Data from the 1H NMR spectroscopy are reported as 

chemical shift (δ ppm) with the corresponding integration values. Coupling constants (J) are 

reported in hertz (Hz). Standard abbreviations indicating multiplicity were used as follows: s 
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(singlet), b (broad), d (doublet), t (triplet), q (quartet), m (multiplet) and virt (virtual). Data for 

13C NMR spectra are reported in terms of chemical shift (δ ppm). In many instances it was not 

possible to obtain the signal for the carbonyl carbon where ever possible we have reported all the 

signals. High-resolution mass spectrum data in Electrospray Ionization mode were recorded on a 

Bruker – Daltronics® BioTof mass spectrometer in positive (ESI+) ion mode. HPLC analyses 

were performed on Waters® HPLC equipped with 2525 pump or on Dionex® Ultimate 3000 

HPLC. Waters® 2767 sample manager was used for automated sample injection on Waters® 

HPLC or Ultimate 3000 sample injector was used for injection on Dionex® HPLC. All HPLC 

injections on Waters® HPLC were monitored using a Waters® 2487 dual wavelength absorbance 

detector at 254 and 270 nm or on Dionex®. HPLC were monitored using a diode array detector 

(DAD3000125). Analytical and semi-preparative injections were performed on chiral stationary 

phase using various columns as indicated below. 

Regis® PIRKLE COVALENT (R,R) WHELK–01 

a) 25 cm x 4.6 mm column for analytical injections. 

b) 25 cm x 10 mm column for semi-preparative injections. 

CHIRAPAK® AD-H 

a) 0.46 cm x 25 cm column for analytical injections. 

b) 10 mm x 25 cm column for semi-preparative injections. 

Masslynx software version 4.1 was used to monitor/analyze the HPLC injections on 

Waters® and to process HPLC traces. Chromeleon 7 software was used to monitor and process 

HPLC injections on Dionex® HPLC. Igor Pro® Software version 6.0 was used to process the 

HPLC graphics. When necessary, the compounds were purified by combiflash equipped with 

dual wavelength UV-Vis absorbance detector (Teledyne ISCO) using hexanes: ethyl acetate as 



 

 

188 

the mobile phase and Redisep® cartridge filled with silica (Teledyne ISCO) as stationary phase. 

In some cases, compounds were purified by column chromatography on silica gel (Sorbent 

Technologies®, silica gel standard grade: porosity 60 Å, particle size: 230 x 400 mesh, surface 

area: 500 – 600 m2/g, bulk density: 0.4 g/mL, pH range: 6.5 – 7.5). Unless indicated, the 

Retardation Factor (Rf) values were recorded using a 5-50% hexanes:ethyl acetate as mobile 

phase and on Sorbent Technologies®, silica Gel TLC plates (200 mm thickness w/UV254). 

3.9.2. General methods for photophysical investigations 

Spectrophotometric solvents (Sigma-Aldrich®) were used when necessary unless or 

otherwise mentioned. UV quality fluorimeter cells (with range until 190 nm) were purchased 

from Luzchem®. Absorbance measurements were performed using a Cary 300 UV-Vis 

spectrophotometer.  

3.9.3. UV/Vis spectra of acyl substituted acrylanilides

 

Figure 3.7: Absorbance spectra of acrylanilides 129a-c recorded in MeCN. [129a-c] = 0.1mM 

and 4 mM respectively. 

3.10. General procedure for the synthesis of -substituted atropisomeric acrylanilides 

The synthesis and characterization of -substituted acrylanilides 114a-c and its 

photoproducts 115a-c were previously reported by our group.9, 24, 25. 
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3.10.1. Synthetic protocol for acid chloride 116 

To a solution of atopic acid (1.1 g, 7.33 mmol, 1.0 equiv) in DCM (10 mL) at room 

temperature two drops of DMF (catalytic amount) was added. Followed by the addition of oxalyl 

chloride (2.5 equiv). It was noticed that the solution slowly effervesced after addition of oxalyl 

chloride. The mixture was allowed to stir for 1 h then the solvent and excess oxalyl chloride was 

removed under reduced pressure while the temperature was maintained at 25 oC. The vacuum 

was released under N2 and the residue was taken up in DCM and directly taken to next step 

without further analysis or purification. 

3.10.2. Synthetic protocol for -substituted atropisomeric acrylanilides 114d 

 

Scheme 3.12: Synthesis of atropisomeric acrylanilide 114d 

An oven dried flask was evacuated, charged with N-Methyl aniline derivative 117 (1.0 g, 

1.0 equiv) and purged with nitrogen atmosphere. The aniline derivative 117 was dissolved in dry 

DCM (15 mL) followed by the addition of triethylamine (2.0 equiv)at 0 oC. Also under N2 

atmosphere acyl chloride 116 (1.1 equiv) was added. The resulting solution was slowly allowed 

to warm to room temperature over 6 h. After 6 h the reaction was quenched with water, stirred 

and the layers were separated. The organic layer was washed with DI water (2 X 15 mL), dried 

over anhy. Na2SO4, filtered and the solvent was removed under reduced pressure to yield crude 
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product. The crude product was purified by combiflash using hexanes:ethyl acetate mixture. The 

yield for 114d was ~90%. 
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1H-NMR (400 MHz, CDCl3, δ ppm) mixture of rotamers major:minor = 3:2: 7.58-7.55 (m, 2H, 

minor), 7.44-7.27 (m, 5H, major+minor), 7.21-7.11 (m, 6H, major+minor), 6.93 (d, J = 2 Hz, 

1H, minor), 6.45 (d, J = 1.6 Hz, 1H, major), 5.76 (s, 1H, minor), 5.47 (s, 1H, minor), 5.34 (s, 1H, 

major), 5.32 (s, 1H, major), 5.28-5.27 (m, 1H, minor), 3.28 (s, 3H, major), 3.11 (s, 2H, minor), 

1.39 (s, 6H, minor), 1.297-1.29 (m, 15H, major+minor) and 0.96 (s, 9H, major). 

 

Figure 3.8: 1H-NMR (400 MHz, CDCl3, ppm) spectrum of atropisomeric acrylanilide 114d.  
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13C-NMR (100 MHz, CDCl3, ppm) mixture of rotamers major:minor = 3:2:  171.5, 170.6, 

150.7, 149.3, 146.8, 146.3, 143.9, 142.8, 141.5, 139.5, 137.96, 135.94, 130.0, 129.1, 128.8, 

128.63, 128.56, 128.2, 128.1, 126.4, 126.2, 126.1, 125.7, 125.4, 117.3, 114.0, 42.2, 39.9, 35.97, 

35.5, 34.4, 33.9, 32.4, 31.8, 31.4 and 30.9. 

 

Figure 3.9: 13C-NMR (100 MHz, CDCl3, ppm) spectrum of atropisomeric acrylanilide 114d. 
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HRMS-ESI (m/z) ([M+ Na]+): 

Calculated : 350.2478 

Observed : 350.2483 

m  : 1.4 ppm 

 

Figure 3.10: HRMS of atropisomeric acryanilide 114d. 
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3.11. General procedure for the synthesis and characterization of acyl substituted 

acrylanilides 129a-d and their precursors 

3.11.1. Synthetic protocol for primary amine 133 

 

Scheme 3.13: Synthesis of primary amine 131. 

To a solution of 2-aminoacetophenone 135 ( 1 g, 7.4 mmol, 1.0 equiv.) in MeCN (40 mL) 

at room temperature K2CO3 (2.2 equiv.) was added followed by the dropwise addition of 

dimethyl sulphate (1.5 equiv.). The reaction mixture was placed under N2 atmosphere and set to 

reflux for 24 h. After 24 h the solvent was removed via rotary evaporation, followed by addition 

of H2O:EtOAc (1:1) (ethyl acetate) mixture, stirred and the layers were separated. The aqueous 

layer was extracted with EtOAc (3x30 mL), and the organic layers were combined. The organic 

layer was washed with NaHCO3, distilled water and dried over anhyd. Na2SO4, filtered and the 

solvent was removed under reduced pressure to yield the crude product. The crude product was 

purified by CombiFlash using hexanes:ethyl acetate mixture. Purification afforded the product 

133 in approximately 60 % yield as a yellow crystalline solid. 
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1H NMR (400 MHz, CDCl3, ppm) δ 8.75 (bs, 1H), 7.73-7.71 (m, 1H), 7.39 – 7.33 (m, 1H), 

6.68-6.66 (m, 1H), 6.59 – 6.54 (m, 1H), 2.89 (s, 3H), 2.55 (s, 3H). 

 

Figure 3.11: 1H NMR (400 MHz, CDCl3, ppm) spectrum of primary amine 131. 
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13C NMR (100 MHz, CDCl3, ppm) 200.9, 152.1, 135.2, 132.8, 117.8, 114.0, 111.3, 30.0, 29.4, 

28.0 

 

Figure 3.12: 13C NMR (100 MHz, CDCl3, ppm) spectrum of primary amine 131. 
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3.11.2. Synthetic protocol for primary amide 132 

 

Scheme 3.14: Synthesis of primary amide 132. 

The amine, 2-amino-3-methylbenzoic acid 136 (6.62 mmol, 1 eq.) was added to a round 

bottom flask and stir bar combination then dissolved in 24 mL of dimethoxy ethane (DME). 

Then methyl lithium solution in diethoxy methane (23.15 mmol, 3.50 eq.) was added to the 

solution of 135 dropwise all while the solution stirred at 0oC under nitrogen gas. The reaction 

was allowed to stir at 0oC for two hours. The reaction was stopped after two hours and allowed 

to war to room temperature then the reaction was quenched with 30 mL of NH4Cl solution. 

Extraction was done with DCM, and then the solution was dried over Na2SO4 then concentrated. 

The mixture was then purified utilizing column chromatography done via combiflash: silica gel 

(40 g); solvent system (8 % EtOAc: Hexane); flow rate (21 mL/min). The product was afforded 

in 58% yield as a yellow solid. 

  

NH2

O

132

NH2

OHO
DME, N2, 0 oC, 2h

136

MeLi



 

 

198 

1H NMR (400 MHz, CDCl3, ppm) 7.61-7.59 (m, 1H), 7.16-7.17 (m, 1H), 6.58-6.55(m, 1H), 

6.35(bs, 1H), 2.56 (s, 3H), 2.13 (s, 3H). 

 

Figure 3.13: 1H NMR (400 MHz, CDCl3, ppm) spectrum of amine 132. 
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13C NMR (100 MHz, CDCl3, ppm) 201.2, 149.0, 135.3, 130.3, 117.8, 115.2, 115.2, 28.3, 17.4  

 

Figure 3.14: 13C NMR (100 MHz, CDCl3, ppm) spectrum of amine 132. 
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3.11.3. Synthetic protocol for primary ester substituted amine 133a 

 

Scheme 3.15: Synthesis of ortho-ester substituted primary amine 133. 

To a stirred solution of 2-amino-3-methylbenzoic acid (2.0 g, 14.59 mmol) in MeOH (70 

ml.) at 0°C was added SOCl2 (7 g, 140 mmol) dropwise. The mixture was heated to reflux 

overnight. Then the reaction mixture was concentrated under reduced pressure. DCM and 

saturated aqueous NaHCO3 were added and the aqueous phase extracted with DCM. The 

combined organic layers were washed with brine, dried over sodium sulfate and concentrated to 

afford Methyl 3-methyl 2-aminobenzoate (80% yield). 
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1H NMR (400 MHz, CDCl3, ppm) 7.76-7.74 (m, 1H), 7.17-7.16 (m,1H), 6.58- 6.54 (m, 1H), 

5.79 (bs, 2H), 3.84 (s, 3H), 2.15 (s, 3H). 

 

Figure 3.15: 1H NMR (400 MHz, CDCl3, ppm) spectrum of ester substituted amine 133.  
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3.11.4. Synthetic protocol for acyl substituted acrylanilide 129a and secondary amides 

132a-c 

In order to synthesize acyl substituted acrylanilide 129a and the secondary amides 134a,b 

the same procedure for as outlined in Section 3.10.2. 
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1H NMR (400 MHz, CDCl3, ppm) 83% yield-Mixture of rotamers: 7.65-7.62 (m, 2H, major + 

minor), 7.47-7.42 (m, 2H, major + minor), 7.31-7.29 (m, 2H, major + minor), 7.17-7.15 (m, 2H, 

major + minor), 5.21-5.17 (m, 1H, minor), 4.90 (s, 1H, major), 4.81 (s, 1H, major), 3.3- 3.22 (s, 

4H, major + minor), 2.45 (s, 4H, major + minor), 1.94 (s, 1H, minor), 1.60 (s, 3H, major). 

 

Figure 3.16:1H NMR (400 MHz, CDCl3, ppm) Mixture of rotamers of acrylanilide 129a. 
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13C NMR (100 MHz, CDCl3, ppm) Mixture of rotamers-199.0, 171.3, 143.0, 140.5, 135.9, 

132.9, 130.2, 129.6, 127.9, 120.0 , 38.0, 29.3, 20.2. 

 

Figure 3.17: 13C NMR (100 MHz, CDCl3, ppm) Mixture of rotamers- spectrum of acrylanilide 

129a. 
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1H NMR (400 MHz, CDCl3, ppm) 10.10 (s, 1H), 7.66-764-7.79 (m, 1H), 7.43-7.41 (m, 1H), 

7.19-7.17 (m,1H), 6.00 (s, 1H), 5.98-5.97 (s, 1H), 5.50-5.49 (m, 1H), 2.60(s, 3H), 2.25 (s, 3H), 

2.08 (s, 3H). 

 

Figure 3.18: 1H NMR (400 MHz, CDCl3, ppm) spectrum of secondary amide 134a. 
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13C NMR (100 MHz CDCl3, ppm) 202.5, 166.6, 140.2 , 136.2, 136.17, 135.9, 130.6, 128.1, 

125.3, 121.4, 29.0, 19.5, 18.8 

 

Figure 3.19: 13C NMR (100 MHz, CDCl3, ppm) spectrum of secondary amide 134a 
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1H NMR (400 MHz, CDCl3, ppm) 9.68 (bs, 1H), 7.80-7.78 (m, 1H), 7.43-7.41 (m, 1H), 7.18-

7.14 (m, 1H), 5.99 -5.98 (m, 1H), 5.50 (m, 1H), 3.87 (s, 3H), 2.26 (s, 3H), 2.08 (s, 3H). 

 

Figure 3.20: 1H NMR (400 MHz, CDCl3, ppm) spectrum of secondary amide 134b. 
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13C NMR (100 MHz CDCl3, ppm) 168.2, 166.3, 140.1, 137.4, 135.8, 128.3, 127.5, 125.3, 

122.9, 121.2, 52.3, 19.4, 18.7 

 

Figure 3.21: 13C NMR (100 MHz, CDCl3, ppm) spectrum of secondary amide 134b  
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3.11.5. Synthetic protocol for ortho-acyl substituted acrylanilides 129b,c 

NaH (1.5 equiv.) was added to a stir bar flask combination evacuated in flask purged with 

N2 followed by dissolution in THF and cooled to 0 oC. The amide derivative was evacuated in a 

separate flask and separately purged with N2 134b,c (1 equiv.) dissolved in THF and cooled to 0 

oC. The amide solution was added to the NaH solution dropwise. After the solution was allowed 

to stir for approximately five minutes MeI was added dropwise. The reaction was allowed to 

slowly rise to room temperature and stir overnight. After approximately 16 h the reaction was 

again cooled to 0 oC and quenched by the dropwise addition of distilled water, extracted with 

EtOAc (3x30 mL), the organic layers were separated and combined. The organic layers were 

washed with brine, dried with Na2SO4, concentrated in vacuo and purified to give the desired 

product 129b as a yellow solid (60% yield) and 129c as a white crystalline solid (70% yield). 
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1H NMR (400 MHz, CDCl3, ppm) Mixture of rotamers-7.50-7.49 (m, 2H), 7.40-7.38 (m, 2H), 

7.37-7.27 (m, 2H), 5.27-5.26 (m, 1H), 5.23- 5.22 (m, 1H), 4.92 (s, 1H), 4.78-4.79 (m, 1H), 3.23 

(s, 2H), 3.20 (s, 2H), 2.50 (s, 2H), 2.47 (s, 3H), 2.29 (s, 3H), 2.24 (s, 2H), 2.02-2.01 (m, 2H), 

1.61-1.60 (m, 3H). 

 

Figure 3.22: 1H NMR (400 MHz, CDCl3, ppm) spectrum of acrylanilide 129b. 
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13C NMR (100 MHz CDCl3, ppm) Mixture of rotamers: 200.5, 199.2, 172.1, 170.9, 140.9, 

140.6, 140.3, 138.9, 137.3, 137.2, 136.9, 136.6, 134.8, 134.3, 127.7, 127.7, 127.5, 126.9, 119.1, 

115.8, 39.2, 36.9, 29.4, 29.3, 19.9, 19.7, 17.8, 17.2 

 

Figure 3.23: 13C NMR (100 MHz, CDCl3, ppm) spectrum of acrylanilide 129b. 
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1H NMR (400 MHz, CDCl3, ppm) Mixture of rotamers- 7.84-7.82 (m, 1H), 7.75-7.72 (m, 1H), 

7.45-7.39 (m, 1H), 7.28-7.24 (m, 1H), 5.29-5.27 (m, 1H), 4.91-4.90 (m, 1H), 4.79-4.78 (m, 1H), 

3.84 (s, 3H), 3.83 (s, 1H), 3.24 (s, 1H), 3.19 (s, 3H), 2.31 (s, 3H), 2.25 (s, 1H), 2.05 (s, 1H), 1.62 

(s, 3H). 

 

Figure 3.24: 1H NMR (400 MHz, CDCl3, ppm) spectrum of acrylanilide 129c. 
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3.12. General procedure for irradiation of -substituted atropisomeric acrylanilides 114a-c 

A stock solution of 2,2,2-trifluoroethanol saturated with the corresponding additive was 

prepared an evening prior to the respective photoreaction. The additive was flame dried while 

simultaneously being evacuated under high vacuum. Then the additives were purged and sealed 

with a septum under N2. The additives were then dissolved in 2,2,2-trifluoroethanol. The 

resulting solution was passed through a microfilter and used to dissolve optically pure 

atropisomeric acrylanilides 114a-c. Quite often a turbid solution resulted which was filtered 

through a microfilter a second time. The resulting solution was then irradiated at 25 oC for 3 h in 

Pyrex test tube with a 450 W medium pressure mercury lamp placed inside a water cooled quartz 

well under constant flow of nitrogen. After irradiation, the solvent was evaporated under reduced 

pressure, dissolved in a polar organic solvent then again filtered all before the enantiomeric 

excess was determined by HPLC on a chiral stationary phase.  

3.13. General procedure for irradiation of acyl ortho-substituted acrylanilides 129a-c 

3.13.1. Procedure for direct irradiation of acrylanilides 129a-c 

In a Pyrex test-tube, acyl ortho-substituted acrylanilide(s) 129a-c (10mg in 10 mL) was 

dissolved in a given solvent and degassed with N2 for 10 min. The solution was irradiated for the 

specified time interval in either a Rayonet reactor at ~420 nm, using a 450 W medium pressure 

Hg lamp enclosed in a quartz jacket that was cooled with running water or purple led strips light 

source. When the reaction was complete, a stock solution of internal standard (triphenylmethane) 

was added and this solution was concentrated under reduced pressure to obtain the crude reaction 

mixture. 1H NMR spectroscopy was recorded of the crude reaction mixture to determine the 

mass balance and percent yield. In some instances, isolated yields were also obtained.  
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3.13.2. Procedure for sensitized irradiation of acyl ortho-substituted acrylanilides 129a-c 

Acrylanilides 129a-c were dissolved in the appropriate solvent in a Pyrex test- tube 

(10mg in 10 mL); Thioxanthone (10 mol%) was dissolved in the same solvent and added to the 

acrylanilides 129a-c or a stock solution of thioxanthone in the appropriate solvent was obtained 

and the necessary amount was added to a solution of acrylanilides 129a-c. The reaction mixture 

was degassed with N2 for ~10 min. The solution was irradiated for a specified time interval in a 

Rayonet reactor (~420 nm). After the reaction, a stock solution of internal standard 

(triphenylmethane) was added and this solution was concentrated under reduced pressure to 

obtain the crude reaction mixture. 1H NMR spectroscopy was recorded of the crude reaction 

mixture to determine the mass balance and percent yield utilizing equation 2.10 (Eq. 2.10). In 

some instances, isolated yields were also obtained.  

3.14. Characterization of cyclized photoproduct(s) 130a-c 
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1H NMR (400 MHz, CDCl3, ppm) 7.24-7.14 (m, 2H), 7.01-6.93 (m, 2H), 3.39 (s, 3H), 3.33 (d, 

J = 15.5 Hz, 1H), 2.75 (d, J = 15.5 Hz, 1H), 2.10 (s, 3H), 1.39 (s, 3H). 

 

Figure 3.25: 1H NMR (400 MHz, CDCl3, ppm) spectrum of acyl migration photoproduct 130a. 
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13C NMR (100 MHz, CDCl3, ppm) 170.9, 139.6, 128.4, 127.9, 124.4, 123.5, 114.8 , 55.4, 35.5, 

30.4 , 26.2, 20.6. 

 

Figure 3.26: 13C NMR (100 MHz, CDCl3, ppm) spectrum of acyl migration photoproduct 

130a. 
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1H NMR (400 MHz, CDCl3, ppm) mixture of rotamers 7.05-6.93 (m, 4H), 3.36 (s, 3H), 3.17 

(d, J = 15.4 Hz, 1H), 2.76 (d, J = 15.4 Hz, 1H), 2.70 (s, 1H), 2.59 (s, 1H), 2.31 (s, 3H), 2.14 (s, 

1H), 2.01 (s, 3H), 1.83 (s, 1H), 1.61 (s, 1H), 1.38 (s, 3H). 

 

Figure 3.27: 1H NMR (400 MHz, CDCl3, ppm) spectrum of acyl migration photoproduct 

130b. 
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13C NMR (100 MHz, CDCl3, ppm) Mixture of rotamers: 206.1, 174.6, 173.1, 140.0, 137.8, 

136.1, 131.5, 130.9, 130.2, 128.6, 127.5, 125.7, 125.2, 124.5, 120.3, 91.2, 79.4, 56.2, 36.5, 36.2, 

34.0, 29.7, 26.1, 25.1, 21.4, 20.8, 20.4, 19.3, 18.6 

 

Figure 3.28: 13C NMR (100 MHz, CDCl3, ppm) spectrum of 130b. 
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1H NMR (400 MHz, CDCl3, ppm) 7.05-6.92 (m, 3H), 3.48 (s, 3H), 3.35 (s, 3H), 3.19 (d, J = 

15.3 Hz, 1H), 2.80 (d, J = 15.3 Hz, 1H), 2.32 (s, 3H), 1.47 (s, 3H). 

 

Figure 3.29: 1H NMR (400 MHz, CDCl3, ppm) spectrum of acyl migration photoproduct 130c. 
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13C NMR (100 MHz, CDCl3, ppm) 172.6, 171.8, 140.3, 131.5, 128.1, 127.5, 125.6, 124.3, 

52.4, 50.5, 37.5, 36.4, 29.7, 20.7, 20.6 

 

Figure 3.30 13C NMR (100 MHz, CDCl3, ppm) spectrum of 130c. 
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3.14.1. X-ray crystal structure data for acyl migration product 130b 

Table 3.6: Crystal structure data for acyl migration product 130b. 

Compound 130b 

Formula C14H17NO2 

FW 231.28 

Cryst. Size_max [mm] 0.275 

Cryst. Size_mid [mm] 0.138 

Cryst. Size_main [mm] 0.03 

Cryst. system monoclinic 

Space Group, Z P21/c 

a [Å] 12.7182 (4) 

b [Å] 7.1694 (3) 

c [Å] 13.6389 (5) 

a [Å] 90 

b [Å] 101.773 (2) 

g [Å] 90 

V [Å] 1217.46 (8) 

rcalc [g/cm3] 1.262 

m [mm-1] 0.674 

Radiation Type Cu 

(F000) 496 

No of refl. (>2s) 15011 

No of indep. Refl. 2151 

No of refl. (> 2s) 1745 

Resolution [Å] 0.84 

R1/WR2(>2s)a R1 = 0.0462, wR2 = 0.1263 

R1/wR2(all data)a [%] R1 = 0.0569, wR2 = 0.1337 
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Figure 3.31: Photoproduct 130b (crystallized from: hexanes/chloroform). 

3.15. HPLC separation and analysis conditions for -substituted atropisomeric acrylanilides 

114a-c and photoproducts 114a-c 

Note: For 114a and 114b (-) and (+) are assigned based on the sign of CD spectra at 285 

nm in methylcyclohexane, for 114c (-) and (+) are assigned based on the sign of CD spectra at 

250 nm in MeOH. Peak-A (pkA) and Peak-B (pkB) refers to the elution order for a given pair of 

enantiomers on a chiral stationary phase. 

HPLC separation and analysis conditions for 114a  

HPLC separation conditions for 114a 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 3 mL/min 

Retention time (min): (-)-114a ~49.55 and (+)-114a ~51.22 

HPLC analysis conditions for 114a 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 1 mL/min 

Retention time (min): (-)-114a ~47.50 and (+)-114a ~53.82 

HPLC separation and analysis conditions for 114b  

N O
O

130b 130b

(Racemic crystal)

P21/c space group
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HPLC separation conditions 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 4 mL/min 

Retention time (min): (-)-114b ~30.72 and (+)-114b ~40.52 

HPLC analysis conditions 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 1 mL/min 

Retention time (min): (-)-114b ~36.85 and (+)-114b ~45.57 

HPLC separation and analysis conditions for 114c  

HPLC separation conditions 

Column: AD-H; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 3 mL/min 

Retention time (min): (+)-114c ~13.42 and (-)-114c ~18.73 

HPLC analysis conditions 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 1 mL/min 

Retention time (min): (+)-3c: ~47.62 and (-)-3c: ~67.7 

HPLC separation and analysis conditions for 115a 

HPLC analysis conditions 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 1 mL/min 

Retention time (min): (pkA)-115b: ~ 33.55 and (pkB)-115b: ~ 35.36 

HPLC analysis conditions 
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Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 1 mL/min 

Retention time (min): (pk A)-115b: ~29.50 and (pkB)-115b: ~37.85 

HPLC analysis conditions 

Column: (R,R) WHELK-O1; Abs. detector: 254 nm and 270 nm 

Mobile phase: Hexanes:IPA= 98:2; Flow rate: 1 mL/min 

Retention time (min): (pkA)-115c: ~14.80 and (pkB)-115c: ~ 20.00  
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4. EVALUATING EXCITED STATE ACIDITY OF BIOBASED PHOTOACIDS 

4.1. Introduction 

Acid base interactions are ever-present and central to interactions in chemical and 

biological systems.1-3 Thus, the ability to govern these interactions by use of non-invasive 

external stimuli has been proven to be beneficial. Photoacids allow for control utilizing light as 

an external stimulus. Photoacids are compounds, often hydroxy substituted aromatics, that have 

an excited state acidity greater than its ground state acidity. Irradiation of an appropriately 

substituted chromophore affords proton dissociation in the excited state.4-9 Credi and coworkers 

utilized a merocyanine based metastable photoacid to regulate the threading and dethreading of a 

psuedorotaxane molecular machine.10 Huppert and coworkers investigated the ability of 

substituted hydroxypyrene photoacids’ to transfer a proton to biopolymers chitin and cellulose 

highlighting the importance that excited state proton transfer (ESPT) processes may play in 

biological systems.11 

Photoacidity is synonymous with the term excited state proton transfer. The excited state 

acidity arises due to proton dissociation (or transfer) to a solvent molecule or available base upon 

excitation. As photoacidity is a proton transfer processes the acidity thereof follows Brönsted 

acidity. Thus photoacids are Brönsted acids (Scheme 4.1), where HA can then be substituted as 

HA* due to the absorbance of a photon.  

 

Scheme 4.1: Brönsted acid base equilibrium of photoacid. 

Förster explained the unusually large Stokes shift in the fluorescence of several aromatic 

dyes which included the napthols.12 He indicated that the observed Stokes shift was a 

HA + B A BH+
acid base conjugate

acid
conjugate

base

* *
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consequence of proton-transfer which resulted in the formation of the excited conjugate base 

(anion).7-9 Realizing the relationship of the conjugate acid and conjugate base and the observable 

optical properties, Förster recognized that a thermodynamic cycle could estimate the change in 

acidity upon excitation. The Förster cycle is a thermodynamic cycle, it connects the optical 

properties of the photoacid and conjugate photobase with the thermodynamic properties of the 

excited-state proton transfer process. Practically speaking, the Förster cycle gives a rough 

estimation of the photoacidity without unveiling any information regarding the molecular 

process(s) involved. Time resolved measurements provide a more direct method of determining 

photoacidity. However, limitations such as instrumentation and emission quantum yields most 

often hinder such measurements.  

 

Figure 4.1: Depiction of thermodynamic cycle (Förster Cycle) for proton transfer and decay 

processes in reversible photoacids.7 
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𝑝𝐾𝑎
∗ = 𝑝𝐾𝑎 + (𝐸𝐴− − 𝐸𝐻𝐴)/2.3𝑅𝑇.1 (4.1) 

Where, 

pKa* = excited state pKa 

EA- = Energy corresponding to 0,0 transition of S0 to S1 of conjugate base 

EHA = Energy corresponding to 0,0 transition of S0 to S1 of conjugate acid  

R = Ideal gas constant (8.31 J/(Kmol)) 

T = Temperature in Kelvin (K) 

The Förster cycle finds great utility since it allows for the estimation of the excited-state 

acidity of photoacids employing readily obtainable optical measurements establishing the 

correlation between ground-state acidity and excited-state acidity allowing for the treatment of 

both in a similar fashion from a thermodynamic point of view.7-9 It is worth mentioning that the 

Förster cycle alone does not validate or prove photoacidity. 

4.2. Biobased vanillin derived photoacids 

Since the turn of the century conscious efforts have been made towards eco-friendly 

scientific advancements which includes petro-chemical free innovations. Developing molecules 

and materials from sustainable renewable sources is becoming an increasing aspiration for 

scientists of varying disciplines. Lignin is found in wood type plants consisting of a highly 

polymerized matrix. Lignin is actually the main component in wood. Lignin is the second most 

abundant biopolymer in the world.13-15 Various industries including the paper industry has lignin 

as a byproduct by way of aromatic small molecule derivatives.16 Finding utility for these small 

molecule derivatives aids in the march towards sustainability and has the potential to unearth 

interesting chemistry. These efforts are intimately tied to sustainability, reducing reliance on 

fossil fuels as well as utilizing biobased feed stocks. Vanillin and its analogs, biobased 

feedstocks obtainable from lignin, afforded us a scaffold with unique substitution pattern. 
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Vanillins include an hydroxy arene ripe for investigation which is in line with green chemistry 

efforts, to forge high utility molecules from green sustainable sources. As substitution and 

functionality can alter the extent and/or efficacy of photoacidity we were interested in evaluating 

the feasibility of vanillin derivatives as photoacids.  

 

Scheme 4.2: Photoacidity of phenols 

 

Chart 4.1: Vanillin analogs and derivatives. 
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4.3. Photoacidity of vanillin derivatives 

 

Scheme 4.3: Synthesis of biobased photoacids 

Vanillin and its derivatives feature a phenol substitution, a necessity with respect to 

reversible photoacids. The vanillin scaffold allowed us an opportunity to evaluate its excited 

state acidity. However, due to the presence of a carbonyl group the lowest excited state 

chemistry in these systems is likely n* in nature. In contrast, photoacidity is most predominant 

in phenolic systems with* lowest excited states. This necessitated a simple structural 

modification. Employing Grignard reaction (Scheme 4.3) enabled us to vary the functionality in 

a systematic fashion which allowed us to investigate the photoacidity of vanillin derivatives 

137a-e. The extent and/or existence of excited state proton transfer, photoacidity, was evaluated 

in terms of pKa* (photoacidity constant). The pKa* was determined from UV/Vis spectra in 

aqueous solution at varying pH. HCl and NaOH, as acid and base respectively, were used to 

adjust the pH. Figure 4.2 displays the pH dependent absorbance spectra of 137a (0.05 mM) and 

the resulting -plot. Upon addition of HCl (increased acidity) there was marginal change in the 

absorbance with absorbance maxima (max) at 278 nm. Decrease in absorbance between 267 - 

279 nm with a simultaneous increase in absorbance between 279 - 315 nm, featuring two new 

relative maxima at 242 nm and 293 nm were observed upon addition of base (NaOH). In the 
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basic aqueous solution, the relative maxima of 137a differed in both wavelength and intensity 

with respect to that in acid aqueous solution. Inspection of the pH dependent absorbance spectra 

displayed four new isobestic points (224, 231, 267, and 279 nm). The appearance of the four 

isobestic points, indicates a smooth transition from one species to another namely conjugate acid 

to conjugate base, from acidic solution to basic solution respectively. This behavior is similar to 

phenol derivatives reported in literature.7, 17 

 

Figure 4.2: Left: Absorbance of 137a at various pH in aqueous solution. [137a] = 0.05 mM. 

Right: – plot of 137a in acidic (HCl) and basic (NaOH) aqueous solution. [137a] = 0.05 mM; 

From the pH dependent absorbance spectrum an -plot was constructed. Figure 4.2 right 

displays the -plot depicting the pH dependent mol% of conjugate acid and conjugate base in 

aqueous solution. The -plot ranges between pH 2-12 with only one intersection indicating a 

well behaved system. Upon inspection of the -plot it can be seen that below pH = 8 the 

equilibrium is shifted towards that of the conjugate acid. Not until above pH = 8 was the rise of 

the conjugate base noticed. Intersection of the conjugate acid and conjugate base yields the 

ground state pKa. The pKa of 137a was pKa = 10.1. Similarly, the ground state acidity of vanillin 

derivatives 137b-137e were determined (Table 1). 
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Figure 4.3: Left: pH dependence of conjugate acid vs conjugate base in aqueous solution and 

Right: –plot of 137b; [137b] = 0.05 mM. 

 

Figure 4.4: Left: pH dependence of conjugate acid vs conjugate base in aqueous solution and 

Right:  –plot of 137c. [137c] = 0.05 mM; 
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Figure 4.5: Left: pH dependence of conjugate acid vs conjugate base in aqueous solution and 

Right:  –plot of 137d. [137d] = 0.05 mM; 

 

Figure 4.6: Left: pH dependence of conjugate acid vs conjugate base in aqueous solution and 

Right:  –plot of 137e. [137e] = 0.05 mM; 

In route to determining the photoacidity, the fluorescence spectra of 137a were recorded 

in acidic and basic aqueous solutions (Figure 4.7). Inspection of Figure 4.7 shows that the 

fluorescence decreased upon changing the pH from acidic to basic. At pH 10.4 only 2% 

fluorescence was observable compared to pH 2.7, which further decreased at higher pH. 

Evidenced by the overlap of absorbance and corresponding excitation spectra (emission = 320 

nm) the respective emission spectra (exc = 265 nm) was determined to result from emission of 

conjugate acid in acidic pH up to pH 11 (Figure 4.6). At pH 12 the emission of the conjugate 

acid was completely quenched. After adjusting the OD at exc (OD = 0.2) weak emission of the 

conjugate base was observed (Figure 4.6 left inset). This was evidenced by overlap of 
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absorbance spectra and excitation emission spectra of the conjugate base in basic solution 

(Figure 4.6 bottom right). 

 

Figure 4.7: Top left - pH dependent fluorescence spectra of 137a exc = 265 nm; OD @exc ≈ 

0.2; Top right: excitation spectra recorded in acidic aqueous solution. em = 309 nm, exc = 240 – 

304 nm; Bottom right: excitation spectra recorded in basic aqueous solution. em = 335 nm, exc 

= 240 – 330 nm; HCl and NaOH used to adjust pH in acidic and basic aqueous solutions 

respectively. 

 In the cases of 137b,c the emission was observable under acidic conditions, while there 

was no observable emission under similar basic conditions (Figures 4.9-4.10). Due to the lack of 

emission, we were restricted to employing the absorbance maxima of the acid (EHA) and the 

conjugate base (EA) in the Förster cycle (Eq 4.1)8 to estimate the excited state acidity (pKa*) 

(Table 4.1).2 
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Figure 4.8: Molar extinction coefficient of 137a (red) and conjugate base (blue) recorded in 

aqueous solution. [137a] = 0.05 mM; HCl and NaOH used respectively to adjust pH. 

 

Figure 4.9: Molar extinction coefficient of 137b (red) and conjugate base (blue) recorded in 

aqueous solution. [137b] = 0.05 mM; HCl and NaOH used respectively to adjust pH. Right: 

Fluorescence of 137b at pH = 2.9 and decreased fluorescence at pH = 10.7 in aqueous solution. 

OD@ exc ≈ 0.2. HCl and NaOH used respectively to balance pH. exc = 269 nm. No 

fluorescence was observed upon adding more NaOH. 
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Figure 4.10: Left: Molar extinction coefficient of 137c (red) and conjugate base (blue) recorded 

in aqueous solution. [137c] = 0.05 mM HCl and NaOH used respectively to adjust pH. Right: 

Fluorescence of 137c at pH = 2.7 and decreasing fluorescence at pH = 10.4 . HCl and NaOH 

used respectively to adjust pH. exc = 268 nm. No fluorescence was observed upon adding more 

NaOH. 

 

Figure 4.11: Molar extinction coefficient of conjugate acid (red) and conjugate base (blue) of 

137d recorded in aqueous solution. [137d] = 0.05 mM. HCl and NaOH used respectively to 

adjust pH. No observable emission from either the conjugate acid nor conjugate base under 

similarly employed conditions as derivatives 137a-c. 
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Figure 4.12: Absorbance spectrum of conjugate acid (red) and conjugate base (blue) of 137e 

recorded in aqueous solution. [137e] = 0.05 mM. HCl and NaOH used respectively to adjust pH. 

No observable emission from either the conjugate acid nor conjugate base under similarly 

employed conditions as derivatives 137a-d. 

Table 4.1: Ground and excited state acidity of vanillin derivatives 137a-ea 

entry cmpd pKa max  (nm)b 

at acidic conditions 

max  (nm)b 

at basic 

conditions 

pKa*
b pKa 

1 137a 10.1 278 293 6.2 3.8 

2 137b 10.0 278 292 6.4 3.6 

3 137c 10.0 276 292 5.8 4.2 

4 137d 10.3 278 296 5.7 4.3 

5 137e 10.1 279 298 5.3 4.8 

a137a-d = 0.5 mM. HCl and NaOH were utilized to balance the acidity. b Data reported from max  

of absorbance spectra recorded in pH adjusted aqueous solution utilizing the Förster equation. 

 

There are inherent limitations in employing the Förster cycle especially with respect to 

utilizing only absorbance maxima for estimations.8 However, by looking at the process from a 

thermodynamic perspective the Förster cycle does provide a simple and readily employable 

method to evaluate the photo-acidity. Thus Förster cycle provides a simple and effective way to 
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estimate the changes in acidity of a compound upon interaction with light. Inspection of Table 

4.1 displays that the acidity of vanillin derivatives 137a-e increases (by 4 pKa units) upon 

excitation with light. In other words, the acidity of the vanillin derivatives was greater in the 

excited state than in the ground state, thus photoacidity was observed. We also noticed that the 

ortho-vanillin derivatives (137c-e) were comparatively more acidic than the iso-vanillin and 

parent vanillin compounds. Additionally, vanillin derivative bearing the CF3 (electron 

withdrawing group) functionality in the para-position of the distal ring afforded the greatest 

acidity in the excited state. Substitution of the distal aromatic ring proved to alter the excited 

state acidity more so than the ground state acidity (Table 4.1, entry 5). It is likely that both 

inductive and mesomeric effects aid to stabilize the anion upon deprotonation in the excited 

state.7, 9 Our investigation unveiled that the vanillin derived photoacids are actually less acidic in 

the excited state compared to mono-substituted phenol derivatives whose excited state acidity 

(pKa*) is near 3.17, 18 Examining the structure of vanillin derived photoacids indicates that the 

methoxy and alkyl substituents contribute to positive mesomeric effect leading to the decreased 

stability of the phenoxide. This in turn exhibits the diminished acidity of vanillin derivatives that 

is noticed when compared to mono-substituted phenols. 

4.4. Summary and outlook 

Vanillin derivatives were subjected to Grignard reaction in order to synthesize operable 

photoacids. Vanillin derived photoacids were synthesized and their photoacidity was evaluated. 

The emission intensity decreased in the presence of strong base. The excited state acidity of 

vanillin derivatives is greater than that of their ground state. The ortho-vanillin derivatives 137d-

e were more acidic in the excited state than the corresponding iso-vanillin and vanillin 

derivatives. The positive mesomeric effect of the substituents in the naturally occurring vanillin 
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chromophore play a crucial role in the extent of the excited state acidity. We are currently 

evaluating the role of different substituents to modulate the acidity of these compounds in 

materials.  

4.5. Experimental section 

4.5.1. General methods 

 All commercially obtained reagents/solvents were used as received; chemicals 

were purchased from Alfa Aesar®, Sigma-Aldrich®, Acros organics®, TCI America®, 

Mallinckrodt®, and Oakwood® Products, and were used as received without further purification. 

Nanopure water was obtained. Unless stated otherwise, reactions were conducted in oven-dried 

glassware under nitrogen atmosphere. 1H-NMR and 13C-NMR spectra were recorded on Bruker 

400 MHz (100 MHz for 13C) and on 500 MHz (125 MHz for 13C) spectrometers. Data from the 

1H-NMR spectroscopy are reported as chemical shift (δ ppm) with the corresponding integration 

values. Coupling constants (J) are reported in hertz (Hz). Standard abbreviations indicating 

multiplicity were used as follows: s (singlet), b (broad), d (doublet), t (triplet), q (quartet), m 

(multiplet) and virt (virtual). Data for 13C NMR spectra are reported in terms of chemical shift (δ 

ppm). High-resolution mass spectrum data in Electrospray Ionization mode were recorded on a 

Bruker – Daltronics® BioTof mass spectrometer in positive (ESI+) ion mode.  

UV-Vis spectra were recorded on Carey 300 UV-Vis spectrometer using UV quality 

fluorimeter cells (with range until 190 nm) purchased from Luzchem. When necessary, the 

compounds were purified by combiflash equipped with dual wavelength UV-Vis absorbance 

detector (Teledyne ISCO) using hexanes:ethyl acetate as the mobile phase and Redisep® 

cartridge filled with silica (Teledyne ISCO) as stationary phase. In some cases, compounds were 

purified by column chromatography on silica gel (Sorbent Technologies®, silica gel standard 
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grade: porosity 60 Å, particle size: 230 x 400 mesh, surface area: 500 – 600 m2/g, bulk density: 

0.4 g/mL, pH range: 6.5 – 7.5). 

4.5.2. Photophysical methods 

Spectrophotometric solvents (Sigma-Aldrich®) were used whenever necessary unless or 

otherwise mentioned. UV quality fluorimeter cells (with range until 190 nm) were purchased 

from Luzchem®. Emission spectra were recorded on a Horiba Scientific® Fluorolog 3 

spectrometer (FL3-22) equipped with double-grating monochromators, dual lamp housing 

containing a 450-watt CW xenon lamp and a UV xenon flash lamp (FL-1040), 

Fluorohub/MCA/MCS electronics and R928 PMT detector. Emission and excitation spectra were 

corrected in all the cases for source intensity (lamp and grating) and emission spectral response. 

4.6. General procedure for synthesis of vanillin derived photoacids137a-e 

4.6.1. Synthetic procedure for the synthesis of vanillin derived photoacids 137a-e 

A clean oven dried round bottom flask equipped with stir bar, and vanillin analog namely 

vanillin, iso-vanillin or ortho-vanillin (1 equiv), was evacuated and purged with N2 followed by 

dissolution in tetrahydrofuran (THF). The mixture was cooled to 0 °C followed by dropwise 

addition of the corresponding Grignard reagent (3 equiv.) (methyl magnesium bromide in diethyl 

ether or phenyl magnesium derivative in diethyl ether). The reaction mixture was allowed to 

slowly rise to room temperature and stir for 12 hours. After approximately 12 hours the reaction 

was cooled to 0 °C and quenched with sat’d. NH4Cl(aq) (10 mL). The organic and aqueous layers 

were separated. The organic phase was washed with 2 N HCl, distilled water, extracted with 

ethyl acetate (EtOAc) (3 x30 mL). The organic layers were combined then washed with NaHCO3 

(10 mL), H2O, and brine then H2O, followed by drying over NaSO4 (anhyd.) then concentrated 
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in vacuo. The crude reaction mixture was purified over silica gel with 20/80 EtOAc/Hex as 

eluent. The products were obtained as viscous clear liquids (30 – 65% yield). 
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1H NMR (500 MHz,  ppm, CDCl3) 6.92 (d, J = 2.0 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.76 (dd, 

J = 8.2, 2.0 Hz, 1H), 5.64 (s, 1H), 4.18 (q, J = 6.5 Hz, 1H), 3.93 (s, 3H), 1.36 (d, J = 6.5 Hz, 3H). 

 

Figure 4.13: 1H NMR (500 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137a. 
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13C NMR (125 MHz, ppm, Chloroform-d) 146.0, 137.6, 118.3 , 112.8, 110.8 , 74.25 , 56.2 , 

24.8 . 

 

Figure 4.14: 13C NMR (125 MHz, ppm, CDCl3) spectrum of vanillin derivative 137a. 
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HRMS-ESI (m/z) ([M+Na]): 

Calculated : 191.0684 

Observed : 191.0685 

|m|  : 0.52 ppm 

 

Figure 4.15: HRMS of vanillin derivative 137a. 
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1H NMR (400 MHz,  ppm, CDCl3) 6.96-6.86 (d, J = 1.9 Hz, 1H), 6.92 - 6.82 (m, 2H), 5.69 (s, 

1H), 4.85 (d, J = 6.4 Hz, 1H), 3.92 (s, 3H), 1.93 (s, 1H), 1.50 (d, J = 6.3 Hz, 3H). 

 

Figure 4.16: 1H NMR (400 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137b. 

13C NMR (125 MHz,  ppm, CDCl3) 146.9, 145.2, 138.2, 118.5, 114.5, 108.4, 70.5, 56.1, 25.3. 
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Figure 4.17: 13C NMR (125 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137b. 
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HRMS-ESI (m/z) ([M+Na]): 

Calculated : 191.0684 

Observed : 191.0684 

|m|  : 0 ppm 

 

Figure 4.18: HRMS of vanillin derivative 137b. 
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1H NMR (500 MHz,  ppm, CDCl3) 7.05 - 6.54 (m, 4H), 5.11 (dd, J = 6.6, 4.4 Hz, 1H), 3.87 (s, 

3H), 3.36 (d, J = 4.4 Hz, 1H), 1.54 (d, J = 6.6 Hz, 3H). 

 

Figure 4.19: 1H NMR (500 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137c. 
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13C NMR (125 MHz,  ppm, CDCl3) 147.1, 143.4, 130.9, 119.9, 118.6, 110.2, 67.9, 56.3, 23.3. 

 

Figure 4.20:  13C NMR (125 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137c. 
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HRMS-ESI (m/z) ([M + Na]): 

Calculated : 191.0684 

Observed : 191.0675 

|m|  : 4.71 ppm 

 

Figure 4.21: HRMS of vanillin derivative 137c. 
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1H NMR (500 MHz,  ppm, CDCl3) 7.48 -7.44 (m, 2H), 7.36 (t, J = 7.6 Hz, 2H), 7.29 (d, J = 1.2 

Hz, 1H), 6.85 (d, J = 5.3 Hz, 3H), 6.20 (s, 1H), 6.12 (d, J = 5.1 Hz, 1H), 3.91 (s, 3H), 2.98 (d, J = 

5.2 Hz, 1H). 

 

Figure 4.22: 1H NMR (500 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137d. 
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13C NMR (125 MHz,  ppm, CDCl3) 147.0, 143.4, 143.2, 129.4, 128.5, 127.6, 126.8, 120.1, 

120.0, 110.4, 77.6, 77.3, 77.1, 73.0, 56.3. 

 

Figure 4.23:13C NMR (125 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137d. 
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HRMS-ESI (m/z) ([M + Na]): 

Calculated : 253.0841 

Observed : 253.0845 

|m|  : 1.58  ppm 

 

Figure 4.24: HRMS of vanillin derivative 137d. 
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1H NMR (400 MHz,  ppm, CDCl3) 7.53-7.52 (m, 4H), 6.80-6.81 (m, 3H), 6.17-6.08 (m, 2H), 

3.84 (s, 3H), 3.34 (s, 1H). 

 

Figure 4.25: 1H NMR (400 MHz,  ppm, CDCl3) spectrum of vanillin derivative 137e. 
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13C NMR (100 MHz,  ppm CDCl3) 147.3, 146.9, 143.1, 128.9, 126.8, 125.4, 125.3, 120.3, 

119.8, 110.5, 71.9, 56.2. 

 

Figure 4.26: 13C NMR (100 MHz,  ppm CDCl3)) spectrum of vanillin derivative 137e. 
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HRMS-ESI (m/z) ([M + Na]): 

Calculated : 321.0714 

Observed : 321.0719 

|m|  : 1.56 ppm 

 

Figure 4.27: HRMS of vanillin derivative 137e.  
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5. VANILLIN DERIVED PHOTOINITIATORS 

5.1. Introduction 

Smart materials have gained notoriety over the past decade for their inherent physical 

properties and varying utility in numerous facets of industry as well as fundamental 

investigations. Smart materials also referred to stimuli responsive polymers are polymers which 

exhibit a modification of their physical and/or chemical properties when submitted to a chemical 

or physical stimuli such as pH, redox, temperature ionic strength (e.g. polarity) or light, to simply 

list a few.1-3 Utilizing light as a stimuli has proven advantageous due to the spatial and temporal 

control, the reduction in byproducts and/or usage of excess reagents and the ability to fine tune 

the system.4 By choosing the correct wavelength of irradiation it is possible to exclusively excite 

one particular chromophore over another, making it possible to have a multi-responsive, 

multicomponent light responsive system. Smart materials have displayed time release of drug 

molecules, swelling and shrinking of hydrogels, and coloration and discoloration for materials 

applications to simply list a few.5-7  

Surface modified photoresponsive polymers have also been displayed to tune various 

properties upon irradiation of light.8 Chen and coworkers cross linked azo-benzene 

chromophores and polycaprolactone achieving photoresponsive nanofibers capable of controlled 

surface wettability.9 Kondo and coworkers displayed the ability of anthracene side groups in a 

acrylate polymer to cause deformation of the polymer upon irradiation due to reversible 

photodimerization of the anthracene side groups.10  

Thus photopolymerization has proven to be a viable method of synthesizing various 

polymers including smart materials. As our expertise is in light initiated processes we were 

interested in the development of photoresponsive materials. In order for a material to respond to 
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light irradiation, it is necessary that the material contains an appropriate chromophore or light 

responsive molecule. In this regard we have focused our attention on biobased photoinitiators as 

they play a key role in the photopolymerization process.  
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5.2. Biobased vanillin derived photoacids 

 

Chart 5.1: Vanillin photoinitiators, precursors and reagents utilized to investigate 

photoinitiators. 

The predominance of photoinitiated polymerization in various industrial processes i.e. 

lithography, photocuring and device fabrication, accentuates the relevance of photoinitiators. 

Spatial control, temporal control and the ability to initiate polymerization processes at ambient 

conditions are highlights of light mediated polymerization.11 There exists a number of 

industrially employed photoinitiators, e.g. benzoin ethers, acyl phosphines thioxanthones, and 

benzophenones to simply name a few. The latter, benzophenone (BP), is a well-established 

photoinitiator for UV curing of various monomers in the presence of numerous co-initiators/H-
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donors most commonly amines.12-15 Over the past six decades the photophysical properties of 

benzophenone has been well documented and exploited for various photochemical processes.11, 

16-18 Additionally, various surface enhanced smart materials have been synthesized with the aid 

of benzophenone. The mechanistic pathway involved for photochemical polymerization of 

benzophenone and other Type II photoinitiators is hydrogen abstraction wherein an available 

hydrogen is abstracted from a suitable donor (co-initiator), forming a ketyl radical of the 

photoinitiator and radical of the co-initiatoor.15, 19 Photochemical polymerization via Type II 

photoinitiators goes via step growth polymerization. The radical of the co-initiator is most 

commonly the radical which initiates polymerization. Thus co-initiator choice is vital to the 

polymerization process. Additionally, ground state interactions as well as excited state 

interactions govern the efficiency of the hydrogen abstraction and thus can determine the 

efficiency of the photochemical process. Usage of benzophenone as a photoinitiator limits utility 

to the UV region of the electromagnetic spectrum. UV light is hazardous, often less efficient due 

to energy wastage as heat dissipation and suffers from low depth penetration with respect to 

utility in photopolymerization in films and/or solid state irradiation. A shift into the visible 

region of the spectrum would decrease energy output, increase depth of penetration allowing for 

thicker films and more efficient solid state irradiation and device fabrication, making the process 

more green. Additionally, benzophenone is derived from petroleum feedstocks a non-renewable 

source. Due to the electronics of the two aromatic rings selective and differential substitution of 

benzophenone is challenging. Charging towards sustainability herein we developed visible light 

harvesting photoinitiators from biobased starting materials, namely vanillin. Usage of vanillin 

affords multiple functional group handles for later substitution, absorbance in the visible region 

of the spectrum and the ability to differentially substitute both aromatic rings. Variable 
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substitution allows for tuning of ground state electronic properties, excited state properties, light 

harvesting wavelength allowing for the ability to fine tune photopolymerization.  

 

Scheme 5.1: Biobased Type II photoinitiators. 

 

Scheme 5.2: synthesis of vanillin derived photoinitiators.  

5.3. Vanillin derived photoinitiators 

Vanillin derived photoinitiators were synthesized from ortho-vanillin in two simple steps 

according to Scheme 5.2. Usage of Grignard reagent of varying substitution was employed 

followed by benzylic oxidation in the presence of activated carbon in xylene as solvent heated at 

reflux under oxygen atmosphere. The structures of photoinitiators were confirmed by 1H NMR, 

13C NMR spectroscopy. The method of synthesis allowed for differential substitution allowing 

for systematic investigation, aimed at physical organic study of the photophysical properties. 

Absorbance spectra of the newly synthesized vanillin derived photoinitiators 138a-d displayed a 

bathochromic shift in absorbance with respect to structurally similar benzophenone (BP) (Figure 

5.1). Additionally, varying substitution on the para-position of the nucleophilic aromatic ring 
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merely altered absorbance, hyper vs hypochromic effect, and had little bearing on the structure of 

the absorbance profile. 

 

Figure 5.1: Absorbance spectra of vanillin derived photoinitiators. [138a-d] = 0.15mM 

In order to test the efficacy of photopolymerization under low energy irradiation, visible 

light, photopolymerization commenced utilizing purple LED (pLED,) with spectral distribution 

centered at 400nm (400 nm + 5 nm). As polymerization of methyl acrylate to poly methyl 

acrylate is well established in the literature, methyl acrylate was employed as the monomer for 

optimization of reaction conditions and co-initiator in combination with newly synthesized 

photoinitiator 138a (Table 5.1). Photoinitiator and co-initiator were taken in a solution of the 

monomer which was purged with N2 before 1 h of irradiation under purple LED illumination. 

Polymer formation was determined based on precipitation which was noticed upon dissolving the 

reaction mixture in MeOH. Additionally, 1H NMR spectroscopy displayed broad CH2 peaks also 

indicating polymerization had occurred. The precipitate was washed with MeOH, dried in vacuo 

and analyzed by GPC analysis. Table 5.1 displays co-initiator trials and optimization of 

photopolymerization reaction. Inspection of Table 5.1 displays that polymer was afforded only in 
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the presence of thiophenol as H-donor/co-initiator (Table 5.1, entry 7). To our surprise no 

appreciable polymer was formed utilizing commonly employed amine co-initiators (Table 5.1, 

entries 3 and 4). Under the same reaction conditions, in absence of co-initiator polymer 

formation was not noticed. In contrast, increasing the photoinitiator concentration from 4 mM 

(4x10-4 mol%) to 0.4 M (0.4 mol%) afforded polymer with better control over PDI and 

increased molecular weights with respect to similarly employed reaction conditions (Table 5.1 

entry 2 vs entry 7). Polydispersity index (PDI) or Mw/Mn for radical chain polymerization is 

expected to be circa 2 for a well behaved system. However, early termination due to excess 

radical species can cause deviation from the expected value of 2 for PDI.20 In contrast, 

combination of two propagating chains can give rise to more uniformity and thus decrease the 

PDI which can approach 1.5. It is likely that in the case of 138a when employed as both the 

initiator and co-initiator (Table 5, entry 2) the propensity and/or combination of kinetic chains is 

greater than when thiophenol is used as co-initiator.  
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Table 5.1: Optimization of photopolymerization of PI 138a: Co-initiator trials.a,b 

 

After establishing the optimized reaction conditions, photopolymerization employing 

photoinitiators 138b-d were investigated. Additionally, for comparison benzophenone was also 

employed for photopolymerization utilizing methyl acrylate as the monomer. Since 

benzophenone does not efficiently absorb light at 400 nm, 350 nm irradiation in a Rayonet 

Reactor was employed. Photoinitiator 138a was irradiated in a similar fashion as BP at 350 nm 

(Table 5.2, entry 2). Table 5.2 displays the photopolymerization of methyl acrylate (MA) with 

various photoinitiators. Inspection of 5.2 displays that 138a was similarly reactive towards 

photopolymerization of MA under the same reaction conditions affording similar PDI molecular 

weights. Shifting the wavelength of irradiation to 400 nm, photopolymerization employing 138a 

under pLED irradiation afforded similar PDI and molecular weight as the higher energy 350 nm 

irradiation. This indicated that the reactivity of 138a was maintained even at longer, lower 

energy wavelengths. Further inspection of Table 5.2 displays that photoinitiators with electron 

donating groups afforded polymers of the highest molecular weight and greatest conversion 

entry PI CI Solvent t/h Mw 

(g/mol)b 

Mn 

(g/mol)b 

PDIb 

1 138a - MeCN 4 -c - -c 

2d 138a - MeCN 1 76,560 60,278 1.3 

3 138a nedea CHCl3 4 -c - -c 

4 138a tea CHCl3 4 -c - -c 

5 138a cysteine MeCN 4 -c - -c 

6 138a tps MeCN 1 -c - -c 

7 138a thiophenol CHCl3 4 157,848 64,933 2.4 

8 138a thiophenol MeCN 1 50,206 25,614 2.0 
apurple LED employed for irradiation spectral distribution centered at 400+5 nm; 4x10-4 mol% of 

photo-initiator (PI) and co-initiator (CI) were used unless other wised stated. Polymer formation was 

indicated by precipitation from MeOH. bMolecular weights (Mw, Mn) and PDI were determined by 

GPC analysis. c No polymer noticed after dissolution in Methanol.  d[138a] = 0.4 mol %;  NEDEA= n-

ethyl diethanolamine; TEA = trimethylamine; TPS = triphenylsillane. 
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(Table 5.2 entries 4 and 5). Photoinitiator 138c garnished with para-methoxy substituent on the 

distal aromatic ring afforded the greatest extent of conversion (Table 5.2, entry 5) Table 5.2 

displays that all photoinitiators are effective in the photopolymerization of methyl acrylate to 

poly methyl acrylate affording appreciable polymer upon irradiation employing purple LED 

illumination under N2 atmosphere for 1 hour.  

Table 5.2: Photopolymerization of MA and thiophenol as co-initiator with various PIs. 

entry PI  

(nm)
c,d

 

M
w
 

(g/mol)
b

 

M
n
 

(g/mol)
b

 

PDIb %conv.e 

1 BP 350 96,227 41,104 2.3 Not 

recorded 

2 138a 350 50,206 25,614 2.0 Not 

recorded 

3 138a 400 50,108 31,600 1.6 11 

4 138b 400 2,996,397 

87,755 

2,814,774 

61,797 

1.1 

1.4 

16 

5 138c 400 2,818,155 

87,907 

2,483,992 

61,481 

1.1 

1.4 

24 

6 138d 400 91,585 70,204 2.0 4 
a4x10-4 mol% of photo-initiator (PI) and co-initiator (CI) were used unless other wised stated.1H 

NMR spectroscopy was used to display polymer formation. All reactions were an average of a 

minimum of two trials. bMolecular weights (Mw, Mn) and PDI were determined by GPC analysis. 
cpurple LED employed for irradiation spectral distribution centered at 400+5 nm dRayonet Reactor 

equipped with 14x16 watt light bulbs was employed for 350 nm irradiation. e %Conv. Determined 

by gravimetric analysis where %Conv. = mass of monomer (starting reaction) / (mass of polymer 

after reaction). 

 

It is well documented in the literature that methyl acrylate can also undergo thermal 

polymerization in the absence of photopolymer, indicating the ease of polymerization of methyl 

acrylate.21 The more sterically hindered methyl methacrylate monomer is more stable to thermal 

polymerization and is therefore more difficult to polymerize due to the added steric hindrance. In 

order to determine the influence of steric hindrance on the photopolymerization methyl 

methacrylate (MMA) was utilized as a monomer unit and polymerized in the presence of 
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photoinitiators 138a-d (Table 5.3). Table 5.3 displays the photopolymerization utilizing methyl 

methacrylate as the monomer (MMA) under purple LED illumination. Inspection of Table 5.3 

displays that PIs 138a-d were employable as initiators to afford poly methyl methacrylate. Under 

atmospheric conditions PI 138a afforded polymer with respectable molecular weights and 

respectable control over PDI albeit longer reaction times were necessary to obtain appreciable 

polymer. It can be seen that in all cases where MMA was employed as the monomer decreased 

photopolymerization conversions were noticed (Table 5.3). Photoinitiator 138d afforded the least 

amount of polymer with only a mere 1% conversion. Further inspection of Table 5.3 unveils that 

lower control over PDI was afforded employing EDG PIs’ 138b-c, where PDI was circa 3.6.  
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Table 5.3: Photopolymerization of MMA with various PIs.a,b 

 

 

Further investigation of the newly synthesized PI commenced with employing styrene as 

the monomer. Literature reports indicate that photopolymerization of styrene monomer towards 

polystyrene is sluggish, likely due to electronics.22-24 In efforts to determine the efficacy of 

photopolymerization of electronically encumbered monomer styrene, photopolymerization of 

styrene as the monomer was investigated. Employing the optimized conditions, N2 atmosphere, 

thiophenol as the coinitiator and pLED as the light source, photopolymerization with styrene was 

investigated. Table 5.4 displays the results of photopolymerization of styrene. As expected, 

irrespective of the PI employed conversions of styrene to polystyrene were extremely low after 

one hour of irradiation (Table 5.4). Increasing the time of irradiation to nine hours only increased 

the conversion above 1%. Photoinitiators 138a-c afforded polymer of similar molecular weight 

with similar control over PDI indicating similar reactivity with the styrene monomer. Employing 

PI 138d afforded low molecular weight polymer with low control over PDI (Table 5.4, entry 2). 

 

entry PI Time (h) M
w

 

(g/mol) 

M
n
 

(g/mol) 

PDI %conv.c 

1 138a 3c 68,326d 40,175d 1.7d 4e 

2 138b 1 200,225 56,699 3.5 12 

3 138c 1 221,650 59,145 3.7 9 

4 138d 1 70,292 35,098 2.0 1 

aAll reactions were done under inert atmosphere (N2) unless otherwise stated; MeCN was used 

to insure PIs were fully dissolved. Thiophenol was used as the coinitiator. Purple LED employed 

for irradiation; 4x10-3 mol% of PI and CI was used. bMolecular weights (Mw) and PDI were 

determined by GPC analysis. c%Conv. determined by gravimetric analysis where %Conv. = mass 

of monomer (starting reaction) / (mass of polymer after reaction). dIrradiation occurred under 

ambient conditions. eDetermined from separate experiment where N2 atmosphere was utilized 

and only 1 h of pLED irradiation was employed. 
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Table 5.4: Photopolymerization of Styrene with various PIs.a,b 

entry PI Mw
 

(g/mol) 

Mn
 

(g/mol) 

PDI %convc 

1 138a 59,701 36,847 1.5 0.6 

2 138b 69,157 42,147 1.6 0.4 

3 138c 63,698 38,744 1.6 4x10-3 

4 138d 9,353 2,111 4.4 <<0.1 

aAll reactions were done under inert atmosphere (N2) unless otherwise stated; MeCN was 

used to insure PIs were fully dissolved. Thiophenol was used as the co-initiator. Purple 

LED employed for irradiation; 4x10-3 mol% of PI and CI was used. bMolecular weights 

(Mw) and PDI were determined by GPC analysis. c%Conv. determined by gravimetric 

analysis where %Conv. = mass of monomer (starting reaction) / (mass of polymer after 

reaction), data is a result of minimum two trials.  

 

5.4. Photophysical investigation of PIs 138a-d 

Photophysical investigations were conducted in efforts to ascertain a fundamental 

understanding of the reactive excited states and their involvement in photopolymerization. A 

hypsochromic shift can be seen from the absorbance spectra recorded in polar solvent ethanol 

and comparatively non-polar CHCl3, indicating a n* lowest singlet excited state character in the 

case of 138a. Additionally, plotting together the absorbance and phosphorescence spectra 

displays overlap indicating a small singlet triplet gap (Figure 5.4). 
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Figure 5.2: a) Absorbance spectra of 138a recorded in various solvents [138a] = 0.15 mM; b) 

absorbance (blue) and phosphorescence (red) at 77 K in EtOH. exc 385 nm, OD. @ exc= 0.35, 

em 400 nm to 750 nm. 

 In efforts to compare the low temperature luminescence between the PIs 138a-d steady 

state and time resolved luminescence spectra were recorded in ethanol glass at 77 K. It can be 

seen from Figure 5.3 and 5.4 that the emission spectra of 138a-d are all similar in structure. 

From the similarity in the structure of the low temperature luminescence and phosphorescence 

spectra it can be implied that low temperature luminescence contains a large extent of 

phosphorescence. Thus low temperature luminescence in a rigid matrix (ethanol glass) occurs 

mainly from the triplet excited state. Seen by Figure 5.3 the vanillin derived photoinitiator 

garnishing para-methyl-substitution yields the most intense luminescence intensity (Figure 5.3). 

Additionally, transient absorbance investigations were conducted of 138a-d utilizing 355 nm 

NdYag light source recorded in MeCN as solvent. After various attempts no transient species was 

observed for any of the newly synthesized photoinitiators. Benzophenone quite readily affords 

minimally a transient signal for the ketyl radical centered at 540 nm (recorded in MCH as 

solvent).25 It is possible that the phenolic hydrogen is readily abstracted at room temperature 

quenching the excited state (Scheme 5.3). However, this conjecture necessitates further 

photophysical investigation. 
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Figure 5.3: Phosphorescence of PIs 138a-d recorded at 77 K in EtOH glass, exc 385 nm, em 

400 nm to 750 nm. 

Scheme 5.3: Possible excited state reactivity of photoinitiators 138a-d. 
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Figure 5.4: Low temperature luminescence (solid lines) and  phosphorescence (dotted lines) 

recorded at 77 K in EtOH glass, exc 385 nm, em 400 nm to 750 nm of PIs 138b-d respectively. 

From the phosphorescence emission spectra, the triplet energy was obtained. Table 5.5 

displays the max, the triplet energy and the phosphorescence lifetimes of newly synthesized 

biobased photoinitiators. Inspection of Table 5.5 displays the bathochromic shift in PIs 138a-d. 

Additional inspection of Table 5.5 displays that the triplet energies of 138a-c are similar to that 

of benzophenone. Thus the substitution on the distal aromatic ring which caused the 

bathochromic shifting of the absorbance spectra of PIs 138a-c did not cause a subsequent shift in 

the triplet energy. Thus it can be implied that the substitution effected the singlet energy to a 

greater extent than the triplet excited state of PIs 138a-c. Conversely, the triplet energy of 138d 

was lower than that of the other PIs indicating that the electron withdrawing group (CF3) likely 

stabilized the triplet excited state. Phosphorescence lifetimes were recorded at 77 K in ethanol 

rigid glass of benzophenone, 138a and 138b. Phosphorescence lifetimes of PIs 138a,b were on 
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the same time scale as that of benzophenone. Based on the preliminary photophysical 

investigations conducted it can be inferred that the triplet excited state is likely n* in character 

much like benzophenone and that excitation of 138a-d populates the singlet excited state which 

intersystem crosses to the triplet excited state. It is the triplet excited state that undergoes 

hydrogen abstraction forming the active initiator pair primed for photopolymerization with an 

appropriate monomer.  

Table 5.5: Photophysical parameters of 138a-d and BP. 

entry cmpd 
max

a
 

(nm) 


onset

a
 

(nm) 

E
T
b,c 

(kcal/mol) 


T

 

(𝑚sec) 

1 BP 340 ~375 69.6 5.4 

2 138a 355 ~415 69.6 3+0.4 

3 138b 355 ~415 69.1 4+0.1 

4 138c 351 ~415 68.9 --- 

5 138d 362 ~420 66.8 --- 

aTaken from absorbance spectra recorded in ethanol. bRecorded at 77 K in ethanol glass. exc 

385 nm; OD @ ex< 0.3. cTaken from left most peak of phosphorescence spectra.  
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Scheme 5.4: Photopolymerization utilizing PIs 138a- 

 

 

 



 

281 

5.5. Summary and outlook 

Photochemical and photophysical investigations have unfolded that 138a-d can be 

utilized to polymerize MA, MMA and styrene monomers to their corresponding polymers. The 

absorbance profile, low temperature luminescence and phosphorescence spectra were provided. 

Triplet energies of 138a-c were determined to be similar to that of BP. The electron withdrawing 

group (CF3) of 138d caused a decrease in the triplet energy of 138d with respect to similarly 

para-substituted 138a-c. Phosphorescence lifetimes of 138a and 138b were similar to that of BP. 

All in all, photophysical data namely phosphorescence lifetimes, triplet energy and structured 

emission indicate a similarity to benzophenone. However, the photoreactivity of 138a-d differs 

from that of benzophenone in the fact that photopolymerization with the aid of commonly 

employed amines as coinitiators afforded no appreciable polymerization when utilizing 138a-d. 

Additionally, the transient absorbance of 138a-d displayed no signal of the expected ketyl 

radical.  

Further Photophysical investigations must be conducted to answer key questions such as 

quantum yield of triplet formation and why the ketyl radical is not observed as a reactive species 

in transient absorption. Utilizing increased concentration of PI 138a, photochemical 

investigations unveiled that photopolymerization could occur in the absence of coinitiator. The 

mechanism of this photopolymerization needs to be further investigated. It is possible that the 

phenolic hydrogen could undergo H-abstraction leading to oxygen centered radical which along 

with the ketyl radical becomes the plausible active initiator feasibly initiating the polymerization 

process (Scheme 5.4 bottom). Thus investigations regarding active initiator and mechanism of 

photopolymerization must be conducted. What radical is attached to the newly formed polymer 
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and is the oxygen centered radical formed throughout the polymerization processes are questions 

that need to be addressed. 

The photopolymerization of vanillin derived photoinitiators opens avenues to visible light 

polymerization and other visible light mediated processes. As benzophenone has been utilized to 

synthesize and operate smart materials in the UV region photoinitiators 138a-d allows for the 

synthesis and operation of similarly and differentially functionalized materials under more 

ecofriendly conditions, visible light irradiation, unlocking the possibility of exciting new 

materials.  

5.6. Experimental section 

5.6.1. General methods 

 All commercially obtained reagents/solvents were used as received; chemicals 

were purchased from Alfa Aesar®, Sigma-Aldrich®, Acros organics®, TCI America®, 

Mallinckrodt®, and Oakwood® Products, and were used as received without further purification. 

Nano pure water was obtained. Unless stated otherwise, reactions were conducted in oven-dried 

glassware under nitrogen atmosphere. 1H-NMR and 13C-NMR spectra were recorded on Bruker 

400 MHz (100 MHz for 13C) and on 500 MHz (125 MHz for 13C) spectrometers. Data from the 

1H-NMR spectroscopy are reported as chemical shift (δ ppm) with the corresponding integration 

values. Coupling constants (J) are reported in hertz (Hz). Standard abbreviations indicating 

multiplicity were used as follows: s (singlet), b (broad), d (doublet), t (triplet), q (quartet), m 

(multiplet) and virt (virtual). Data for 13C NMR spectra are reported in terms of chemical shift (δ 

ppm). High-resolution mass spectrum data in Electrospray Ionization mode were recorded on a 

Bruker – Daltronics® BioTof mass spectrometer in positive (ESI+) ion mode.  
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UV-Vis spectra were recorded on Carey 300 UV-Vis spectrometer using UV quality 

fluorimeter cells (with range until 190 nm) purchased from Luzchem. When necessary, the 

compounds were purified by combiflash equipped with dual wavelength UV-Vis absorbance 

detector (Teledyne ISCO) using hexanes:ethyl acetate as the mobile phase and Redisep® 

cartridge filled with silica (Teledyne ISCO) as stationary phase. In some cases, compounds were 

purified by column chromatography on silica gel (Sorbent Technologies®, silica gel standard 

grade: porosity 60 Å, particle size: 230 x 400 mesh, surface area: 500 – 600 m2/g, bulk density: 

0.4 g/mL, pH range: 6.5 – 7.5). 

5.6.2. Photophysical methods 

Spectrophotometric solvents (Sigma-Aldrich®) were used whenever necessary unless or 

otherwise mentioned. UV quality fluorimeter cells (with range until 190 nm) were purchased 

from Luzchem®. Emission spectra were recorded on a Horiba Scientific® Fluorolog 3 

spectrometer (FL3-22) equipped with double-grating monochromators, dual lamp housing 

containing a 450-watt CW xenon lamp and a UV xenon flash lamp (FL-1040), 

Fluorohub/MCA/MCS electronics and R928 PMT detector. Emission and excitation spectra were 

corrected in all the cases for source intensity (lamp and grating) and emission spectral response. 
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5.7. General procedure for synthesis of vanillin derived photoinitiators 

5.7.1. Synthetic protocol for secondary alcohol 137a-e  

 

Scheme 5.3: Synthesis for secondary alcohol 137a-e. 

A clean oven dried round bottom flask equipped with stir bar, and vanillin analog namely 

vanillin, iso-vanillin or ortho-vanillin (1 equiv), was evacuated and purged with N2 followed by 

dissolution in tetrahydrofuran (THF). The mixture was cooled to 0 °C followed by dropwise 

addition of the corresponding Grignard reagent (3 equiv.) (methyl magnesium bromide in diethyl 

ether or phenyl magnesium derivative in diethyl ether). The reaction mixture was allowed to 

slowly rise to room temperature and stir for 12 hours. After approximately 12 hours the reaction 

was cooled to 0 °C and quenched with sat’d. NH4Cl(aq) (10 mL). The organic and aqueous layers 

were separated. The organic phase was washed with 2 N HCl, distilled water, extracted with 

ethyl acetate (EtOAc) (3 x30 mL). The organic layers were combined then washed with NaHCO3 

(10 mL), H2O, and brine then H2O, followed by drying over NaSO4 (anhyd.) then concentrated 

in vacuo. The crude reaction mixture was purified over silica gel with 20/80 EtOAc/Hex as 

eluent. The products were obtained as viscous clear liquids (30 – 65% yield).  

Note: Compounds 137d and 137e were characterized in Chapter 4. 
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1H NMR (500 MHz,  ppm, CDCl3) 7.44 -7.35 (m, 2H), 7.22-7.20 (m, 2H), 6.90- 6.84 (m, 3H), 

6.08 (s, 1H), 5.88 (d, 1H), 3.88 (s, 3H), 3.54f(m, 1H), 2.41 (s, 3H). 

 

Figure 5.5: 1H NMR (500 MHz,  ppm, CDCl3) spectrum of secondary alcohol 137f. 
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13C NMR (125 MHz, CDCl3,  ppm) 147.0, 143.3, 140.1, 137.1, 129.3, 129.1, 127.5, 126.6, 

119.9, 119.7, 110.1, 73.00, 56.1, 21.2. 

.  

Figure 5.6: 13C NMR (125 MHz, CDCl3,  ppm) spectrum of secondary alcohol 137f. 
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1H NMR (500 MHz, CDCl3,  ppm) 7.37-7.34 (m, 2H), 6.96-6.91 (m, 1H), 6.89- 6.81 (m, 5H), 

6.77 (s, 1H), 5.77 (d, J = 7.7 Hz, 1H), 3.88 (s, 3H), 3.81 (s, 3H). 

 

Figure 5.7: 1H NMR (500 MHz, CDCl3,  ppm) spectrum of secondary alcohol 137g. 
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13C NMR (125 MHz, CDCl3,  ppm) 159.1, 159.06, 147.2, 147.1, 143.7, 143.6, 133.0, 132.7, 

128.9, 128.8, 127.3, 126.8, 120.0, 119.9, 119.6, 113.8, 113.7, 110.1, 110.0, 77.0, 76.8, 55.9, 55.2. 

 

Figure 5.8: 13C NMR (125 MHz, CDCl3,  ppm) spectrum of secondary alcohol 137g. 
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5.7.2. Synthetic protocol for vanillin derived photoinitiators 

 

Scheme 5.4: Synthesis of vanillin derived photoinitiator. 

To a solution of the benzylic alcohol 137d-g (0.88 mmol, 1 equiv.) meta-xylene was 

added, purged with O2 then heated to 140 oC, and allowed to stir for fourteen hours. After 

fourteen hours the reaction was allowed to cool to room temperature and filtered through celite. 

The filter-cake was washed with acetone and ethyl acetate. The combined organic solvents were 

evaporated in vacuo then purified via column chromatography. The products were afforded as 

yellow liquids except in the case of 138d  a yellow solid was afforded. 
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1H NMR (400 MHz, CDCl3,  ppm) 12.24 (d, J = 0.7 Hz, 1H), 7.69 - 7.67 (m, 2H), 7.60 - 7.56 

(m, 1H), 7.51 - 7.47 (m, 2H), 7.20 -7.17 (m, 1H), 7.11 - 7.08 (m, 1H), 6.84 – 6.80 (m,1H), 3.93 

(s, 3H). 

 

Figure 5.9: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of photoinitiator 138a. 
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13C NMR (100 MHz, CDCl3,  ppm) 201.8, 153.4, 149.0, 137.9, 132.0, 129.2, 128.3, 124.8, 

119.3, 118.0, 117.1, 56.3. 

 

Figure 5.10: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of photoinitiator 138a. 
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1H NMR (400 MHz, CDCl3,  ppm) 12.26 (s, 1H), 7.63 – 7.61 (m, 2H), 7.32 – 7.30(m, 1H), 7.23 

– 7.22 (m, 1H), 7.11 -  7.09 (m, 1H), 6.85 - 6.82 (m, 1H), 3.95 (s, 3H), 2.46 (s, 3H). 

 

Figure 5.11: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of photoinitiator 138b. 
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13C NMR (100 MHz, CDCl3,  ppm) 201.5, 153.2, 148.9, 142.9 135.2, 129.5, 129.0, 124.8, 

119.4, 117.9, 116.8, 56.2, 21.6. 

 

Figure 5.12: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of photoinitiator 138b. 
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1H NMR (400 MHz, CDCl3,  ppm) 12.11 (s, 1H), 7.76 - 7.74 (m, 2H), 7.26 – 7.24 (m, 1H), 7.12 

- 7.09 (m, 1H), 7.02 – 7.00 (m, 2H), 6.87 – 6.83 (m, 1H), 3.96 (s, 3H), 3.92 (s, 3H). 

 

Figure 5.13: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of photoinitiator 138c. 
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13C NMR (100 MHz, CDCl3,  ppm) 200.1, 163.0, 153.0, 149.0, 131.9, 130.4, 124.5, 119.7, 

117.8, 116.6 , 113.6 , 56.3, 55.5. 

 

Figure 5.14: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of photoinitiator 138c. 
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1H NMR (400 MHz, CDCl3,  ppm) 12.03 (s, 1H), 7.81 (d, J = 1.1 Hz, 3H), 7.16 -7.11 (m, 2H), 

6.89 - 6.85 (m, 1H), 3.98 (s, 3H). 

 

Figure 5.15: 1H NMR (400 MHz, CDCl3,  ppm) spectrum of photoinitiator 138d. 
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13C NMR (100 MHz, CDCl3,  ppm) 200.5, 153.5, 149.1, 141.0, 133.3(q, J = 32.8 Hz), 129.3, 

125.3 (q, J = 3.7 Hz), 118.9, 118.4, 117.5, 56.2. 

 

Figure 5.16: 13C NMR (100 MHz, CDCl3,  ppm) spectrum of photoinitiator 138d. 
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19F NMR (375 MHz, CDCl3,  ppm) 63.03 . 

 

Figure 5.17: 13C NMR (375 MHz, CDCl3,  ppm) spectrum of photoinitiator 138d. 

.  



 

299 

5.8. Procedures for photochemical investigations 

5.8.1. Synthetic protocol for photopolymerization of MA, MMA and styrene monomers 

 

Scheme 5.5: Synthesis for photopolymerization of MA, MMA and styrene monomers. 

Photoinitiator (0.008 mmol in MeCN), coinitiator (0.008 mmol in MeCN) and acrylate 

monomer (2 mL ~ 21 mmol ) were added to a vial equipped with a septum. The reaction mixture 

was then degassed with N2 for approximately 3 minutes. The reaction mixture was then 

irradiated with purple LED (pLED) (em = 395 - 405 nm) for one hour. After irradiation the 

reaction mixture was diluted in MeOH wherein the polymer precipitated as a white solid. The 

solvent was then removed under reduced pressure. The reaction mixture was washed with 

methanol. The mixture was weighed. The washing and drying was repeated until constant mass 

was achieved. The mass of the polymer was recorded. Then the polymer was analyzed by GPC 

analysis. 
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