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ABSTRACT  

Part I.  Carbocations are traditionally thought to be closed-shell electrophiles featuring 

an empty orbital rich in p character.  Unlike other atom-centered reactive intermediates 

such as nitrenes, carbenes, and nitrenium ions, which have one or more lone pairs, it is 

difficult to envision alternative electronic states for simple carbocations.  However, some 

exceptions do exist, such as antiaromatic, substituted dicoordinated (aryl/vinyl) cations, 

and meta-donor-substituted benzylic cations, which adopt triplet ground states.  Open-

shell singlet and triplet “carbocations” may have distinct reactivity from typical closed-

shell singlet carbocations and, if appropriately stabilized, lead to organic materials with 

interesting electronic and magnetic properties, such as spin switches and photocages. 

 Photocages are light-removable protecting groups, which represent an important 

class of chemical tools.  Photocages are useful by having a deactivating effect on the 

substrate to which they are covalently bonded, rendering the substrate “inactive” until 

exposed to light.  Upon irradiation, the covalent bond is cleaved releasing the “active” 

substrate with precise spatiotemporal resolution.  This highly controlled release makes 

photocages valued in biological systems.  The next three chapters provide insight into 

the rational design and synthesis of new BODIPY-based photocages, that can absorb in 

the biological window (600 – 1000 nm). 

In Chapter 1, density functional theory computations indicate that when strong π 

donors are not placed in direct conjugation with benzylic-type cations, alternative 

diradical configurations that resemble non-Kekulé diradicals are possible.  For certain 

donor-acceptor frameworks, an open-shell singlet configuration is the computed ground 
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state for the cation, whereas for coumarin and xanthenyl cations substituted with strong 

donors, a triplet diradical configuration is the computed ground state.  Changing the 

substituent nature and attachment location substantially alters the energy gaps between 

the different electronic configurations and can manipulate the computed ground state 

electronic configuration.  There are few known examples of ground-state triplet 

carbocations, and, to our knowledge, no other examples of open-shell singlet 

carbocations.   

In Chapter 2, based on computational searches for good chromophores with low-

energy diradical states, meso-substituted BODIPY dyes were synthesized which release 

acetic acid upon green light irradiation (>500 nm).  Compared to the popular o-

nitrobenzyl systems, our photocages were found to have superior optical properties 

making them promising alternatives.  The utility of these photocages in living S2 cells 

was demonstrated. 

In Chapter 3, the π electron conjugation of the meso-substituted BODIPY 

photocage was extended through the use of Knoevenagel condensation reactions. This 

extension resulted in a red-shift of the optical properties (>600 nm) and allowed for 

cleavage of acetic acid within the biological window (600-1000 nm). 

 

Part II.  Oxenium ions are reactive intermediates of formula R–O
+
, that are poorly 

understood.  Previous computational and experimental work from our lab has allowed 

for better understanding these short-lived intermediates.  The following chapters 
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continue to add to this understanding by elucidating the electronic configuration, 

spectroscopic signatures, spin-selective reactivity, and lifetimes of these oxenium ions. 

In Chapter 4, the synthesis of p-biphenylhydroxylamine hydrochloride salt and 

the spectroscopic detection of p-biphenylyloxenium ion are described.  Ultrafast LFP 

experiments on p-biphenylhydroxylamine suggested that photolysis leads to the p-

biphenylyl radical as well as the p-biphenylyloxenium ion in differing electronic states. 

In Chapter 5, the synthesis of m-dimethylaminophenylhydroxylamine 

hydrochloride salt and the spectroscopic detection of m-dimethylaminophenyloxenium 

ion are described.  Computations predict this oxenium ion to have a triplet ground state 

by 12 kcal/mol (B3LYP/cc-PVTZ).  Product studies were performed for both photolysis 

and thermolysis as well as matrix isolation EPR studies.  The matrix isolated EPR data 

gave strong evidence that the ground state of m-dimethylaminophenyloxenium ion being 

a triplet with indicative ΔMs = 2. Ultrafast LFP experiments on m-

dimethylaminophenylhydroxylamine suggested that photolysis leads to a short-lived 

singlet m-dimethylaminophenyloxenium ion that quickly undergoes ISC to a triplet 

which later becomes a radical cation. 

 
Part III.  Lignin is the second most abundant renewable organic compound next to 

cellulose, but is highly underutilized as a renewable source for liquid fuels and aromatic 

chemicals.  Through the use of fast pyrolysis, lignin can be converted into bio-oil, which 

could later be used to make hydrocarbon fuels. Very little is known regarding the 

fundamental mechanisms of lignin pyrolysis, even though extensive research has been 

conducted. 
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 At the high temperatures necessary for pyrolysis, it is reasonable to think that 

radicals may play a mechanistic role.  However, many radical species are short-lived and 

cannot be detected in their native form.  In order to overcome this transient nature, spin-

traps can be used.  Spin-traps are molecules that react with radicals to form relatively 

stable radical adducts, which then can be studied to provide chemical composition and 

structural information. 

In Chapter 6, we investigated the pyrolysis of corn stover milled lignin at 500°C 

using a Frontier Lab micro-pyrolyzer.  In order to gain mechanistic insight into lignin 

pyrolysis, we passed the volatile pyrolysis products through a solution of the 5,5-

dimethyl-1-pyrroline N-oxide (DMPO) spin-trap. We were able to detect the presence of 

three short-lived radical adducts that resulted from the pyrolysis using EPR and 

determined their molecular composition using LC-MS.  Further studies, of additional 

lignin sources are currently being conducted for comparison. 

.
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INTRODUCTION FOR PART I 

 
Carbocations Compared to Other Reactive Intermediates 

Carbocations (or carbenium ions) are reactive intermediates that have an empty p 

orbital on a roughly sp2-hybridized carbon.  Unlike other atom-centered reactive 

intermediates (Figure 1), carbocations are generally thought to be closed-shell singlet 

species with other electronic states being inaccessible.  Carbenes,	  1-4 nitrenes,	  5-9 

nitrenium ions,	  10-13 and oxenium ions	  14-18 have one or more lone pairs, which can be 

distributed in two orbitals, leading to various energetically accessible electronic 

configurations.	  19 These configurations can include two distinct closed-shell singlet 

configurations, an open-shell singlet configuration, and a triplet configuration.   

 

 

Figure 1. Reactive intermediate species family 

 

Lacking a lone-pair, it is difficult to envision simple carbocations having 

alternative electronic states.  Furthermore, investigations into whether alternative 

electronic configurations were available to carbocations were likely hindered by early 

computational studies suggesting extremely large energy gaps to higher electronic states 

for simple carbocations.	  20  

R
C

R R
N

R
NR OR

Carbene NitreniumNitrene Oxenium

R C R

Carbocation
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Antiaromatic and Substituted Dicoordinated Carbocations 

 Work by Borden	  21 and Saunders	  22, showed certain antiaromatic carbocations to 

have low-energy diradical states.  Triplet ground states were also observed in a few cases 

including that of the cyclopentadienyl cation.  Similarly certain substituted aryl / vinyl 

carbocations are known to resemble triplet carbenes in their electronic configuration.	  23-25 

Meta Donor-Substituted Benzylic Carbocations 

Recently meta-donor substituted benzylic cations have been suggested to have a 

triplet configuration that is nearly degenerate with singlet configuration (e.g. 3,5-

bis(dimethylamino)-benzyl cation).	  26,27	  The triplet configuration for this meta-donor-

substituted cation can be arrived at conceptually by promoting one of the lone pairs on 

the meta-donor substituent to the empty p orbital at the formal carbenium center, leading 

to a triplet π,π* diradical state reminiscent of the electronic state of the meta-xylylene 

diradical (see Figure 2).	  28-30 Singly-occupied molecular orbitals (SOMOs) that are non-

disjoint (i.e., share wavefunction amplitude on some of the same carbons), allow for the 

exchange energy to match or exceed the energetic cost of the electron promotion. 

 

 

Figure 2. Schematic illustration of singlet and triplet 3,5-bis(dimethylamino)benzyl 
cation and meta-xylylene diradical. 
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Donor-Unconjugated Cations 

A recent computational investigation showed carbocations that possess π donors, 

which are not in direct conjugation to the carbenium center, to have low-energy or 

ground state diradical states.	  31 Depending on the donor substitution, various ground state 

electronic configurations are possible. Coumarin, xanthene, and donor-acceptor derived 

cations elucidated the often-subtle effects of the nature and placement of substituents on 

the relative energetic orderings of closed-shell singlet, open-shell singlet, and triplet 

states of carbocations.  It is hypothesized that carbocations that have a low energy singlet 

diradical state may implicate a nearby conical intersection between the closed-shell 

singlet and the open-shell singlet configuration.  Photochemical precursors to 

carbocations with nearby conical intersections between these two states may find use in 

photocaging moieties.  

Conical Intersection Control of Photoheterolysis Reactions 

  A conical intersection (CI) is a point where two potential energy surfaces 

intersect and have degenerate energies and geometries (See Figure 3).  This intersection 

allows for efficient funneling of a molecule from the excited state to the ground state 

(i.e., S1 down to S0).32  

Recently Winter et al.	  33 investigated whether excited state photoheterolysis 

reactions might be under conical intersection control.  If the ground state surface of a 

carbocation were raised in energy (i.e., destabilized) while simultaneously lowering the 

energy of the excited state (i.e., stabilizing), both potential energy surfaces may be close 

enough to have a productive conical intersection (Figure 4).  It was hypothesized that the 
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smaller the energy difference between these two states the more likely that a productive 

conical intersection would exist between the two states that would provide a mechanistic 

channel for this photoreaction to occur.  

 

Figure 3.  One-dimensional depiction of adiabatic and non-adiabatic reaction paths.  (R 
is reactants, P is products, CI is a conical intersection, TS is a transition state, and FC is 
the Franck-Condon region) 

 

It has been experimentally observed that compounds that undergo 

photoheterolysis reactions usually generate destabilized carbocations with diradical 

character. 27,34-40 Computationally, carbocations favored from photoheterolysis tend to 

have low-energy nearby conical intersections, whereas carbocations formed via thermal 

heterolysis tend to have distant high-energy conical intersections.	  33 With this new 

understanding of conical intersection control over excited state photoheterolysis, it is 
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now possible to rationally design photocages by searching for substrates with favorable 

conical intersections that are also have desirable optical properties. 

 

Figure 4. Schematic representing the hypothesis that a destabilized ground state and a 
stabilized excited state can lead to a favorable nearby conical intersection (A), compared 
to a stabilized ground state making a conical intersection unlikely. 
 

Photoremovable Protecting Groups 

Photoremovable protecting groups, sometimes called photocages or 

phototriggers, are popular light-sensitive chemical moieties that mask substrates through 

covalent linkages that render the substrates inert. The masked substrates are released 

upon irradiation, restoring their reactivity and/or function. 

A B
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Figure 5. Uncaging scheme of photoremovable protection groups 

 

 Using light, it is possible to release chemical cargo with high temporal and spatial 

control.	  41-45 This quality makes photocages invaluable for biological studies that require 

high spatial and temporal resolution.  Temporal resolution is controlled by using a pulsed 

source, which allows for light to shine for very short durations, whereas spatial 

resolution can be achieved by using a focused laser beam.  Biological applications of 

photocages include activated gene expression,	  46-49 photoactivation of fluorophores,	  50-52 

photorelease of small molecules for studying cell behavior	  53,54 and light-activated 

prodrugs	  55-57 as well as many others.  Photocages also play important roles in 

photolithography,	  58,59 organic synthesis,	  60-62 and light-responsive materials.	  63-65  

 When designing photocages for biological applications, a number of features are 

important.  Researchers including Umezawa, 66 Nerbonne,	  67 and Sheehan	   generated the 

following list of ideal properties that photocages should possess.	  68	   

Photocage 

Photo- 
product 

hν 

Caged Molecule 
(Inactive) 

Uncaged Molecule 
(Active) 
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1. The substrate, caged substrate, and photoproducts have good aqueous 

solubility for   biological studies. For synthetic applications, this requirement is 

relaxed. 

2. The photochemical release must be efficient. 

3. The departure of the substrate from the protecting group should be a primary 

photochemical process (i.e., occurring directly from the excited state of the cage 

chromophore). 

4. All photoproducts should be stable to the photolysis environment. 

5. Excitation wavelengths should be longer than 300 nm and must not be 

absorbed by the media, photoproducts, or substrate. 

6. The chromophore should have a reasonable molar absorptivity to capture the 

incident light efficiently. 

7. The caged compounds, as well as the photoproduct from the cage portion, 

should be inert or at least benign with respect to the media, other reagents, and 

products. 

8. A general, high-yielding synthetic procedure for attachment of the cage to the 

substrate must be available. 

9. In the synthesis of a caged substrate, the separation of caged and uncaged 

derivatives must be quantitative. This is also necessary for the deprotection 

process for synthetic applications 
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Though it may not be possible to match all of the criteria above; if a photocage lacks 

many of the traits above it is likely to be a poor photocage. 

Structures of the most commonly utilized photocages are given in Figure 6.  

 

 

Figure 6. Common photocages 

 

Although phenacyl,	  69 acridinyl,	  70 benzoinyl,	  71,72	  coumarinyl,	  73 xanthenyl,	  74 and o-

hydroxynaphthyl	  75 based photocages have found increasing use recently, photocages 

based on the o-nitrobenzyl system	  53,54,76 remain the mostly commonly used. 

 

o-Nitrobenzyl-based Photocages 

 The o-nitrobenzyl system was originally made as a protecting group for organic 

synthesis back in 1978.	  54  Subsequently, the o-nitrobenzyl photocage saw widespread 

use in biochemistry with the release of bioactive molecules under physiological 

conditions.  Despite this popularity, the o-nitrobenzyl suffers from many disadvantages.  
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They are toxic to cells as they absorb light in the UV region (λmax = 250-350) and their 

photolysis byproducts are potentially toxic nitroso compounds.	  77  One appealing feature 

is that photolysis quantum yields of up to 0.49–0.63 has been reported in the literature 

(releasing 1-(2-nitrophenyl)ethyl phosphate esters).	  78  

Substantial work has been done to improve the o-nitrobenzyl system in terms of 

its quantum yield, rate of release, and increasing light absorbance to longer wavelengths. 

In general, it has been found that substitution of the benzylic position	  79-81 can greatly 

affect the quantum yield; however, this introduces a chiral center, which can be a 

problem when protecting chiral molecules.	  42 Substitution and extension of the aromatic 

ring have been shown to red-shift the absorption wavelength but not far enough to reach 

into into the biological window (~600-1000 nm) where penetration of light into tissues is 

maximal.	  82-87 

 

Rationally Designing New Photocages 

 Based on the previously discussed hypothesis that structures that have nearby 

conical intersections tend to undergo photoheterolysis reactions releasing leaving groups 

to generate destabilized carbocations, the following list was developed by the Winter lab 

that presents ideal photocage properties: 

1. The photocage must be uncaged with visible light, preferably in the biological 

window. 

2. The photocage must be thermally stable in the dark 

3. The photocage must be biologically benign and convert to benign byproducts 
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4. The photocage must have a potent light-absorbing chromophore and high 

quantum yields of release. 

5. The photocage must have fast photochemical release of the substrate from the 

excited state 

6. The photocage must be water-soluble and water compatible 

7. The photocage must be able to release a variety of functional groups 

8. The photocage must be easily synthesizable 

 

BODIPY as a Photocage Scaffold  

Winter, et. al.	  88 found computationally that meso-substituted BODIPY structures 

would most likely undergo photoheterolysis via a nearby conical intersection.  Their 

excellent optical properties make BODIPY dyes ideal photocage candidates. BODIPY 

dyes typically have sharp absorbance bands in the visible to near-IR region with high 

molar absorptivities (Ɛ > 60,000 M-1 cm-1).  The synthesis of BODIPYs also has been 

well established and modification to the core structure is fairly facile.  Chapters 2 and 3 

describe the synthesis and use of meso-substituted BODIPY dyes as a new class of 

photocages. 

 

Figure 7. meso-substituted BODIPY dyes 

N
B
N

R1 R1

R3R3 F F

X
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CHAPTER 1 
 

A FINE LINE SEPARATES CARBOCATIONS FROM DIRADICAL IONS IN 
DONOR-UNCONJUGATED CATIONS  

 
Taken in part from: Albright, T.R.; Winter, A.H. J. Am. Chem. Soc. 2015, 137 (9),  
3402-3410. 
 
INTRODUCTION	  

	   Carbocations are generally thought to be closed-shell singlet species and have 

consequently seen little investigation into the possibility of having alternative 

energetically accessible electronic states.1  The generic electronic picture of simple 

carbocations is that of a roughly sp2-hybridized carbon with an empty p orbital.  In 

contrast, other atom-centered reactive intermediates such as nitrenes,2-6 carbenes,7-10 

nitrenium ions,11-14 and oxenium ions15-20 have one or more lone pairs that can be 

distributed in two orbitals, leading to different energetically accessible electronic 

configurations that can be adopted.  These configurations can include two distinct 

closed-shell singlet configurations, an open-shell singlet configuration, and a triplet 

configuration.  A rich history of research spanning many decades has been dedicated to 

understanding the effect of substituents on the energetic orderings of these electronic 

states, and how differences in these electronic configurations adopted by the reactive 

intermediate changes the reactivity and properties of these important species.	  21 

Carbocations lack a lone-pair and so envisioning alternative electronic states for these 

intermediates is less immediately obvious for simple systems.  Additionally, early 

computational investigations22 suggesting very large energetic gaps to higher electronic 
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states in simple carbocations may have discouraged subsequent investigations into the 

possibility of carbocations adopting alternative electronic configurations.  

 Some exceptions exist, however.  Certain antiaromatic carbocations have low-

energy diradical states23 and in a few cases adopt high-spin triplet ground states with 

observable EPR spectra (e.g. cyclopentadienyl cation24). Certain substituted 

dicoordinated carbocations (aryl / vinyl cations) are also known to have triplet ground 

states, with electronic structures resembling triplet carbenes.25-27 More recent 

computational and experimental investigations have suggested that meta-donor 

substituted benzylic cations can have a triplet configuration that is near in energy to the 

closed-shell singlet state.28 For example, the 3,5-bis(dimethylamino)-benzyl cation is 

computed to have essentially degenerate singlet and triplet energies, and experimental 

investigations of this species indicate the formation of products consistent with a 

diradical-like species.	  28,29 The triplet configuration for this meta-donor-substituted cation 

can be arrived at conceptually by promoting one of the lone pairs on the meta-donor 

substituent to the empty p orbital at the formal carbenium center, leading to a triplet π,π* 

diradical state reminiscent of the electronic state of the meta-xylylene diradical (see 

Figure 1).	  30-32 Although the triplet state involves a formal promotion of an electron from 

a bonding orbital to an antibonding orbital, it gains back the exchange energy that arises 

from electrons with parallel spin.  For singly-occupied molecular orbitals (SOMOs) that 

are non-disjoint (i.e., share wavefunction amplitude on some of the same carbons), it is 

possible for the exchange energy to match or exceed the energetic cost of the electron 

promotion. 



www.manaraa.com

	  
	  

20	  

 

Figure 1. Schematic illustration of singlet and triplet 3,5-bis(dimethylamino)benzyl 
cation and meta-xylylene diradical. 
 

Here, we demonstrate that this meta-substituted carbocation is just a single 

member of a class of carbocations that possess π donors that are not in direct conjugation 

to the carbenium center that feature low-energy or ground-state diradical states.    With 

multiple strong donors substituted at appropriate ring positions, the triplet state is the 

computed ground state and the singlet state has significant diradical character.  Extensive 

benchmarking on systems derived from coumarin, xanthene, and donor-acceptor cations, 

demonstrate the often-subtle effects of the nature and placement of substituents on the 

relative energetic orderings of closed-shell singlet, open-shell singlet, and triplet states of 

carbocations.  Depending on the substitution, it is possible for each of these 

configurations (closed-shell singlet, open-shell singlet, triplet) to be the computed ground 

state configuration. 

 

RESULTS AND DISCUSSION 

Carbocations investigated in this study can be seen in Chart 1. Four types of 

structures were included in this study: xanthene-based cations (fluorescein/rhodamine 
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derivatives) 1-8, coumarinyl-based ions 17-19, conjugated donor/acceptor cations 9-13, 

and structures representing typical benzylic carbocations 14-16 as reference standards for 

“normal” closed-shell singlet benzylic carbocations.   

 

Chart 1. Cations included in this computational study.  Note that drawing these ions as 
closed-shell carbocations is for clarity and not an indication of the preferred electronic 
configuration for the ion. 
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Non-Conjugated Donor Substituents Favor Open-Shell Singlet and Triplet 

Configurations. 

As might be expected, normal benzylic cations 14-16 all have large singlet-triplet 

gaps (ΔEST) in favor of the closed-shell singlet state (>27 kcal/mol).  See Table 1.  

Additionally, these carbocations have stable singlet wavefunctions, indicating the closed-

shell singlet state is the lowest energy state.  One would expect that when electron donors 

are placed in direct conjugation with the carbenium ion center, that this would raise the 

energy of the LUMO and lead to a larger HOMO-LUMO gap that would disfavor open-

shell states (open-shell singlet, triplet). However, for carbocations substituted with non-

conjugated π donors, the π donors may act only to raise the HOMO without significantly 

perturbing the LUMO.  Indeed, for all cases where π donors are not in direct conjugation 

with the carbenium ion center, a dramatic swing in the singlet-triplet energy gap (ΔEST) 

occurs in favor of the triplet.  In virtually all cases seen with p donors not directly 

conjugated to the carbocation center, the ΔEST values diminish to less than 7 kcal/mol in 

favor of the singlet, and in many cases the triplet state is computed to be the overall 

ground state.  With moderately strong p donors (e.g. OH), the singlet and triplet states 

are computed to be roughly degenerate, with the singlet states having some open-shell 

character (4, 6, 10, 18).  With one or more very strong donors (e.g. NMe2, O-), the triplet 

state is the computed ground state, in some cases by a substantial margin (e.g. 3, 5, 7, 8, 

9, 11, 12, 17, 19).  For these species, the singlet states are likely diradicals (or have 

considerable diradical character) as evidenced by substantial differences between the 

spin-purified unrestricted singlet energies and the restricted singlet energies.  Indeed, the 
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unrestricted singlet energies for these latter species suffer from essentially complete spin 

contamination (<S2> ~ 1), which is often the case for species having a triplet ground 

state.  

Table 1. Computed Singlet-Triplet Energy Gaps (ΔEST, kcal/mol) and Singlet Spin 
Contamination. A positive value for ΔEST indicates a triplet ground state.   

  ΔEST  <S2> 
Compound Restricted Singlet Unrestricted Singlet Spin-purified Singlet Unrestricted Singlet 

1 8.4 2.2 1.7 0.8 
2 8.8 2.6 3.4 0.8 
3 22.9 4.5 8.2 1.1 
4 4.2 0.2 -1.7 0.7 
5 13.6 4.3 6.2 0.9 
6 9.6 2.3 2.5 0.9 
7 14.3 3.5 5.9 1.0 
8 15.1 3.2 5.6 1.0 
9 16.9 4.8 5.5 1.0 

10 3.8 0.0 -1.4 0.6 
11 12.3 2.8 3.5 0.9 
12 14.6 2.8 3.8 1.0 
13 8.9 1.1 -5.2 0.9 
14 -39.7 -39.7 -39.7 0.0 
15 -30.8 -30.8 -30.8 0.0 
16 -27.9 -27.9 -27.9 0.0 
17 25.8 6.1 10.4 1.0 
18 7.9 3.1 2.4 0.6 
19 16.1 5.9 8.9 0.9 
20 -1.7 -3.4 -5.9 0.5 
21 9.8 3.8 3.9 0.8 
22 -3.6 -4.4 -6.4 0.3 
23 1.2 -0.5 -2.5 0.5 
24 4.9 2.0 0.5 0.6 
25 4.9 2.1 0.8 0.6 
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Donor-Acceptor Cations Can Have Open-Shell Singlet Diradical Ground States. 

The donor-acceptor cations 9-13 are an intriguing class of carbocations.  While 

ions 9, 11, and 12 are computed to be ground-state triplet ions, 10 and 13 are computed 

to have singlet ground states.  Both 10 and 13 have singlet ground states with 

considerable diradical character as evidenced by substantial energy differences between 

the restricted singlet values and corrected unrestricted singlet values.  For example, the 

difference in energy between the corrected unrestricted singlet energy and the restricted 

singlet energy for 13 is ~14 kcal/mol, suggesting that the ground state is an open-shell 

singlet diradical.  It is unusual for a singlet diradical configuration to be the ground state 

configuration for a molecule because triplet configurations occupying the same orbitals 

have the added favorable exchange energy between electrons with parallel spin.  

Inspection of the triplet SOMOs (Figure 2) reveals why it is possible to have a singlet 

diradical ground state for this ion.  The two SOMOs appear to be essentially disjoint, 

with one electron compartmentalized to the ring and the donor substituent attached to the 

ring, and one electron localized to the exocyclic acceptor unit.  Because the SOMOs do 

not have significant wavefunction amplitude on the same atoms, the exchange integral 

between these two unpaired electrons would be expected to be vanishingly small.    Houk 

has observed a similar effect for polyacenes, some of which are computed by DFT to 

have open-shell singlet ground states as a result of the disjoint nature of the triplet 

SOMOs (this study also employed the broken-symmetry method for the singlet states).33  

The disjoint nature of the triplet SOMOs for this ion 13 contrasts with the xanthenyl (1-

8) and coumarinyl ions (17-19), which share SOMO wavefunction amplitude on some of 
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the same atoms (Figure 2).  Thus, for these latter species the triplet configuration would 

be expected to have a non-negligible exchange energy and is computed to be lower in 

energy than the open-shell singlet configuration. 

 

 

Figure 2.  (Top) UB3LYP  Kohn-Sham SOMOS for Singlet and Triplet States of Ions 
14, 13, 19, 7. *Singlet benzyl cation 14 orbitals depicted are the HOMO and LUMO 
respectively. (Bottom) Approximate schematic representations of the closed-shell singlet, 
open-shell singlet, and triplet states of ions 11, 19, 17. 
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Detailed Linear Free Energy Relationships as a Function of Substitution Location 

on the ΔEST of Xanthenyl Cations. 

How does the location and nature of the substituent on the carbocation affect the 

singlet-triplet gap?  We chose to investigate in detail the effect of changing the 

donor/acceptor nature of the substituents and their subsequent position around the 

xanthenyl backbone 4.  A range of electron-withdrawing and electron-donating groups 

were examined (see Chart 2).  The Hammett plots shown in Figure 3-10 give a summary 

of the effect of donating/withdrawing substituent nature vs. the ΔEST at various positions. 

As expected, electron-donors in conjugation with the carbocation (such as 4g-h, and 26g-

h) will favor a closed-shell singlet ground-state, whereas electron-donors not in 

conjugation with the carbocation will favor a open-shell singlet or triplet (such as 29g-h, 

30g-h, 31g-h).  We elected to use the Hammett σ+
para parameter to quantify the 

donating/withdrawing ability of the substituents, but other Hammett parameters give 

qualitatively similar plots (see Appendix 1 for plots vs. other parameters). 

Several trends are worth noting.  First, substituting the positions ortho to the 

carbenium ion center (27 and 28) has essentially no effect on the ΔEST, except in two 

exceptional cases for 28  (with NMe2 and NO2 groups) where a through-space bond is 

formed between the substituent and the carbenium center, stabilizing the closed-shell 

singlet.    

As might be expected, substitution of ion 4 with electron-donating groups that are 

in direct conjugation with the carbenium ion center leads to a species with closed-shell 

singlet character typical of a “normal” closed-shell singlet carbocation (4, 26, 32).  In 
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contrast, electron withdrawing groups substituted in those same positions lead to ions 

that favor the diradical states.  Looking at the plots in Figure 3, 9, and 10, for ions in 

which substituents are in direct conjugation with the carbenium center, it can be seen that 

donor groups favor the singlet states and withdrawing groups favor the diradical 

configurations in a fairly linear fashion up to a threshold at which increasing the 

substituent withdrawing character no longer increases the ΔEST in favor of the triplet.  

This threshold occurs when the open-shell singlet becomes the lowest energy singlet 

state as evidenced by substantial differences between the restricted singlet energy and the 

corrected unrestricted singlet energies.  This result suggests that the open-shell singlet 

and triplet surfaces parallel each other.  At this threshold point, the lowest energy singlet 

state switches from being the closed-shell configuration to being the open-shell 

configuration and increasing the withdrawing character of the substituent ceases to have 

a major effect on the ΔEST.  For ions 4, 26, and 32, it appears that this inflection point is 

reached when the substituent is hydrogen.  

In contrast, the opposite trend holds true when substituents are not in direct 

conjugation with the carbocation (ions 29-31).  In these cases, strong donors favor the 

diradical configurations.  Indeed, the linear free energy relationships between the donor 

strength (as measured by the σ+
para parameter) and the ΔEST increases roughly linearly as 

a function of donor strength. 
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Chart 2. Cations included in this computational study.  Note that drawing these ions as 
closed-shell carbocations is for clarity and not an indication of the preferred electronic 
configuration for the ion. 
	  

	  
	  

	  

Figure 3.  Hammett Plot for Compounds 26.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character. Hammett plots with linear 
fits can be found in Appendix 1. 
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Figure 4.  Hammett Plot for Compounds 27.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character.  
	  

	  

Figure 5.  Hammett Plot for Compounds 28.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character.  
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Figure 6.  Hammett Plot for Compounds 29.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character.  
	  

	  

Figure 7.  Hammett Plot for Compounds 30.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character.  
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Figure 8.  Hammett Plot for Compounds 31.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character.  
	  

	  	  

Figure 9.  Hammett Plot for Compounds 32.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character.  
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Figure 10.  Hammett Plot for Compounds 4.  A positive value for ΔEST indicates a triplet 
ground state.  A large difference between corrected and uncorrected ΔEST values is 
suggestive of the singlet state possessing diradical character. Hammett plots with linear 
fits can be found in Appendix 1. 
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Table 2. Computed Singlet-Triplet Energy Gaps (ΔEST, kcal/mol) for Substituted 
Xanthenyl Cation Analogues 

    ΔEST  <S2> 

Compound R= 
Restricted 

Singlet 
Unrestricted 

Singlet 
Spin-purified 

Singlet 
Unrestricted 

Singlet 
4a NO2 5.7 2.0 0.6 0.7 
4b CN 6.5 2.4 1.0 0.7 
4c F 2.7 -0.1 2.7 0.6 
4d CH3 -0.2 -1.9 -4.3 0.5 
4e OCH3 -2.9 -3.9 -6.2 0.4 
4f OH -1.0 -2.6 -5.0 0.5 
4g NH2 -10.5 -10.5 -10.5 0.0 
4h NMe2 -14.5 -14.5 -14.5 0.0 
26a NO2 3.8 0.7 -1.2 0.6 
26b CN 3.0 0.0 -1.9 0.6 
26c F -0.4 -1.9 -4.2 0.5 
26d CH3 -1.3 -2.6 -4.9 0.4 
26e OCH3 -9.4 -9.4 -9.4 0.0 
26f OH -7.9 -7.9 -8.3 0.1 
26g NH2 -13.8 -13.8 -13.8 0.0 
26h NMe2 -17.6 -17.6 -17.6 0.0 
27a NO2 4.9 1.2 -0.5 0.7 
27b CN 4.7 1.2 -0.5 0.7 
27c F 4.0 0.8 -1.0 0.6 
27d CH3 1.7 -0.2 -2.2 0.5 
27e OCH3 2.4 0.1 -2.0 0.6 
27f OH 3.4 0.6 -1.3 0.6 
27g NH2 3.7 2.1 0.5 0.5 
27h NMe2 4.0 2.6 0.3 0.5 
28a NO2 -27.8 -27.8 -27.8 0.0 
28b CN -2.4 -3.4 -5.7 0.4 
28c F -0.5 -2.3 -4.7 0.5 
28d CH3 1.3 -0.6 -2.8 0.5 
28e OCH3 0.2 0.2 0.2 0.0 
28f OH -0.3 -0.3 -0.3 0.0 
28g NH2 3.5 3.1 2.1 0.2 
28h NMe2 -26.4 -26.4 -26.4 0.0 
29a NO2 -1.4 -3.0 -5.5 0.5 
29b CN 0.2 -1.7 -4.0 0.5 
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Table 2. (continued) 

    ΔEST  <S2> 

Compound R= 
Restricted 

Singlet 
Unrestricted 

Singlet 
Spin-purified 

Singlet 
Unrestricted 

Singlet 
29c F 3.2 0.3 -1.5 0.6 
29d CH3 4.3 1.0 -0.8 0.6 
29e OCH3 8.2 4.2 3.9 0.7 
29f OH 6.8 2.8 2.0 0.7 
29g NH2 12.0 5.9 7.6 0.8 
29h NMe2 13.5 5.3 7.5 1.0 
30a NO2 -0.8 -2.4 -4.8 0.5 
30b CN 0.0 -2.0 -4.4 0.5 
30c H 2.0 -0.7 -2.9 0.6 
30d F 1.8 -1.0 -3.4 0.6 
30e CH3 3.5 0.1 -1.9 0.7 
30f OCH3 5.0 0.7 -1.0 0.7 
30g NH2 8.4 2.2 1.7 0.8 
30h NMe2 10.7 3.4 4.0 0.9 
31a NO2 -0.9 -2.5 -4.9 0.5 
31b CN -0.5 -2.3 -4.6 0.5 
31c F 1.1 -1.1 -3.3 0.5 
31d CH3 3.0 0.1 -2.0 0.6 
31e OCH3 4.7 2.1 1.0 0.6 
31f OH 3.4 0.9 -0.7 0.6 
31g NH2 6.4 2.8 2.3 0.7 
31h NMe2 10.3 3.6 3.8 0.9 
32a NO2 2.5 -0.2 -2.1 0.6 
32b CN 2.6 -0.3 -2.2 0.6 
32c F 1.7 -0.8 -2.9 0.6 
32d CH3 0.5 -1.7 -3.8 0.5 
32e OCH3 -0.5 -2.1 -4.3 0.5 
32f OH 1.0 -1.2 -3.3 0.5 
32g NH2 -5.5 -5.8 -7.5 0.2 
32h NMe2 -5.6 -5.7 -6.6 0.1 
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Bridging Heteroatom Has a Substantial Effect on ΔEST for Xanthenyl Cations. 

Ions 20-25 were included to look at the effect of altering the bridging atom in the 

xanthenyl ion.  If the bridging atom contains a lone pair, this lone pair is not in direct 

conjugation with the carbenium ion center, and so one might expect based on the results 

described above that increasing the donor strength of this bridging atom should favor the 

diradical configurations.   This is indeed the case.  With carbon or silicon bridging atoms, 

which lack donor lone pairs, the singlet is the computed ground state by ca. 6 kcal/mol.  

With weak donor bridging atoms (oxygen 4, phosphorous 23, sulfur 24, selenium 25) the 

singlet is still the computed ground state but with a reduced energy gap (<2.5 kcal/mol), 

and with a strong donor bridging atom (nitrogen 21) the triplet is the computed ground 

state by 3.9 kcal/mol.   Thus, switching the bridging atom from carbon to nitrogen causes 

a swing in the ΔEST by ~10 kcal/mol in favor of the triplet, and switches the computed 

ground state configuration from singlet to triplet.  

 

Chart 3.  Polysubstituted Xanthenyl Cation Analogues. 
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Substituent Effects on ΔEST are Not Additive. 

We wondered whether these substituent effects were additive.  That is, would 

adding multiple substituents that favored the triplet configuration lead to an even larger 

gap in favor of the triplet state in a polysubstituted ion? Could the ΔEST  be predicted by 

the sum of the effects for mono-substitution? To answer this question we computed the 

singlet triplet gaps for polysubstituted ions 33-42 (Chart 3).  

 

Table 3. Computed Singlet-Triplet Energy Gaps (ΔEST, kcal/mol) for Polysubstituted 
Xanthenyl Cation Analogues 

  ΔEST  <S2> 

Compound Restricted Singlet Unrestricted Singlet Spin-purified Singlet Unrestricted Singlet 
33 17.1 4.7 5.1 1.0 
34 16.4 4.8 6.3 1.0 
35 16.9 3.1 4.7 1.1 
36 17.6 4.6 6.1 1.1 
37 15.7 6.0 7.6 1.0 
38 16.8 1.3 1.4 1.1 
39 9.0 3.0 2.8 0.8 
40 15.9 5.1 7.7 1.0 
41 15.0 3.5 4.1 1.0 
42 15.1 6.6 7.7 0.9 

 

We find that the singlet-triplet gaps for these polysubstituted species do not 

increase, but all have ΔEST  values of ~+5 kcal/mol in favor of the triplet state.  This 

compares similarly to the mono-substituted xanthene ion 29g that is computed to have a 

ΔEST  of 7.6 kcal/mol in favor of the triplet.   Thus, adding additional substituents has 

very little effect on the overall ΔEST. However, a closer examination shows that the 

difference in energy between the restricted singlet energy and the unrestricted spin-
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purified singlet energy increases for these polysubstituted systems.  Thus, a plausible 

explanation is that the inflection point has been reached where the singlet state becomes 

open-shell, and additional donors affect the energies of both the open-shell singlet and 

the triplet configuration similarly, without perturbing the closed-shell singlet state as 

much.   Thus, the singlet-triplet gap remains the same by adding additional substituents 

beyond the point at which the open-shell singlet state becomes the lowest energy singlet 

state, but the difference in energy between the open-shell singlet and the restricted singlet 

energy increases. 

 

COMPUTATIONAL METHODS 

All density functional theory (DFT) computations were performed using the 

Gaussian09 software suite34 employing the B3LYP functional that consists of Becke’s 

three-parameter gradient-corrected exchange functional35 and the LYP correlational 

functional36,37 along with the 6-31G(d,p) polarized double-ζ basis set. Energies, 

geometries, and analytical frequencies were calculated at this level of theory.  In all 

cases, optimized geometries were found to have zero imaginary frequencies and 

corrections for the zero point vibrational energy were added unscaled. All single-

reference computations (CBS-QB3, G3, G3B3, and CCSD(T)) were completed using 

Gaussian09.  CASSCF and MRMP2 calculations were performed using the GAMESS 

software package38 using the 6-31G(d) basis set.  Ions 10 and 11 were investigated using  
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a (12,12) π active space and 19 was investigated with a (14,13) π active space (more 

details, including visualization of the active orbitals chosen, can be found in Appendix 

1).  

In order to investigate the electronic states of the benzylic cations, we computed 

the singlet-triplet state energy gaps (ΔEST) using density functional theory (B3LYP).  

Here, the singlet-triplet energy gap, or ΔEST, refers to the gas phase adiabatic energy 

difference between the lowest energy singlet and the lowest energy triplet state 

(including unscaled zero-point vibrational energies).  A positive value for ΔEST indicates 

a triplet ground state, whereas a negative value indicates a singlet ground state. 

Numerous benchmarking studies have indicated that B3LYP performs well 

compared to experimental values or multireference computational methods such as 

CASPT2 for computing singlet-triplet energy gaps of hypovalent species.  For example, 

the 3,5-bis(dimethylamino)benzyl cation is computed to have ΔEST = +1.9 kcal/mol by 

B3LYP/6-31G(d,p) and essentially degenerate energies at the CASPT2 level of theory. 

Furthermore, B3LYP has been shown to perform well for quantitative predictions of 

singlet-triplet energy gaps of hypovalent species28 such as nitrenium ions and carbenes, 

39-43 although it is important to note that such DFT computations frequently 

underestimate the singlet energies by 2-4 kcal/mol compared to experimental values or 

converged quantum chemical calculations as a result of correlation being more important 

for the singlet state than the triplet state.  
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In order to calibrate the usefulness of our DFT calculations for looking at the 

closed-shell singlet – triplet gaps described in this study, benchmarking studies of 3-

aminobenzyl cation and 3,5-aminobenzyl cation were carried out using higher level 

computations, including CBS-QB3, G3, G3B3, and CCSD(T)).  These CBS-QB3, G3, 

and G3B3 calculations attempt to capture correlation and basis set incompleteness errors 

via an extrapolation scheme.  Compared to these methods, the B3LYP computations for 

the ΔEST of the 3,5-aminobenzyl cation underestimate the closed-shell singlet-triplet gap 

by 4.0-6.6 kcal/mol (B3LYP = -2.3 kcal/mol, CBS-QB3 = -8.5 kcal/mol, G3= -8.1 

kcal/mol, G3B3= -8.9 kcal/mol, CCSD(T)/aug-cc-pVDZ = -7.0 kcal/mol, MRMP2/6-

31G(d)= -6.3 kcal/mol). This underestimation of the singlet energy was also true for the 

computed ΔEST of the 3-aminobenzyl cation (B3LYP = -10.7 kcal/mol) but with a 

smaller magnitude of 2.5-5.4 kcal/mol (CBS-QB3 = -13.8 kcal/mol, G3= -15.1 kcal/mol, 

G3B3= -16.1 kcal/mol, MRMP2= -13.2 kcal/mol), although in this case the 

CCSD(T)/aug-cc-PVDZ value for the  is nearly the same as the B3LYP value 

(CCSD(T)/aug-cc-pVDZ = -9.7 kcal/mol).  From these benchmark calculations, it seems 

likely that, similar to the computations of the ΔEST of carbenes, the DFT values for these 

cations underestimate the closed-shell singlet energy relative to the triplet by ~3-6 

kcal/mol.  

 One limitation of the B3LYP, CBS-QB3, G3, G3B3, and CCSD(T) methods 

occurs when two configurations of the singlet state have nearly equal weight in a 

multireference expansion.  In these cases (such as for singlet arylnitrenes and the 

trimethylenemethane diradical), such single reference methods are inadequate.  Such 
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problems can be identified by stability calculations on singlet states that indicate a 

restricted ! unrestricted (R ! U) instability.  Given that the electronic structures of 

some of these carbocations described in this study resemble classic open-shell non-

Kekulé diradicals, this problem needs to be addressed explicitly. 

Indeed, many of the singlet species computed here possess such R ! U 

instabilities.  Thus, we used an unrestricted broken-symmetry approach for computing 

the singlet state in these cases.  In this approach, α and β electrons are optimized 

independently of each other (UB3LYP).  Unfortunately, such broken-symmetry singlet 

calculations using DFT very often suffer from considerable spin contamination when 

there is also a low-energy triplet state, as indicated by 

€ 

S2  values greater than zero.  

Therefore, in cases where broken symmetry calculations were performed, the energy of 

the singlet state was corrected using equation 1, which attempts to titrate out 

contamination from a low-energy triplet state:44-47 

 

Equation 1 

 

where Esinglet is the corrected singlet energy, 

€ 

E Sz =0
 is the broken-symmetry energy, 

€ 

S2  

is the expectation value of the total-spin operator for the broken-symmetry calculation 

(anywhere from about 0 to 1), and 

€ 

E Sz =1
 is the energy of the triplet state at the singlet 

geometry. Ion 17 was found to have the largest effect of R ! U instability with the 

projected broken-symmetry singlet energy being 15.4 kcal/mol lower than that for the 

restricted singlet. The largest effect of R/U switching for compounds without a neutral 

€ 

E singlet =
2E 〈Sz 〉 =0 − 〈S

2〉E 〈Sz 〉 =1

2 − 〈S2〉
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charge was found for 13, with a 14.2 kcal/mol difference between the projected broken-

symmetry and restricted singlets relative to the triplet.  Very large energy differences 

between restricted and corrected unrestricted singlet energies give an indication of the 

singlet being a diradical or possessing considerable diradical character.  

In order to validate our use of this unrestricted broken-symmetry approach, we 

computed the singlet-triplet energy gaps using a multireference MRMP2//CASSCF 

approach for compounds 10, 11, and 19, using a π active space.  Details can be found in 

Appendix 1.  All energy gaps were found to be in general agreement with the DFT 

results indicating low-energy diradical configurations for the cations, although there is 

imperfect quantitative agreement with the DFT computed values. For example, 10 is 

computed to have ΔEST of -1.4 kcal/mol at the DFT level of theory and  +6.6 kcal/mol at 

the MRMP2 level of theory; for 11 a ΔEST of +3.5 kcal/mol is computed at the DFT level 

and -1.4 kcal/mol at the MRMP2 level of theory; for 19, a ΔEST of +8.9 kcal/mol is 

computed by DFT and +5.2 kcal/mol is computed by MRMP2. The larger quantitative 

discrepancy between the two methods for 10 may be explained by the large torsion from 

planarity in both the singlet and triplet states for 10, possibly making the (12,12) π active 

space we used in our MRMP2 computation insufficiently large (unfortunately, much 

expanded active spaces that include σ orbitals becomes computationally intractable).  As 

has been appreciated in modeling related species such as non-Kekule diradicals (e.g. 

trimethylenemethane or oxallyl diradical),	  48 open-shell singlet diradicals are 

pathologically challenging to model due to the importance of electron correlation for 

these species.  Thus, the uncertainties in the ΔEST values for the cations described in this 
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paper are likely to be higher than for modeling related reactive intermediates such as 

typical carbenes. 

In cases where different rotamers are possible, (e.g. 4a-h) we computed the 

energies of the different rotamers using semi-empirical AM1 calculations.  The lower 

energy rotamer was then used in the higher-level computations.  The rotamers for 32e 

and 32f were found to have less than a 3.5 kcal/mol difference, when using our 

unrestricted broken-symmetry approach.  While all the computations reported herein are 

gas phase computations, ion 19 was selected as a representative compound and 

investigated using a PCM-water model. Solvation of water was found to have a 

negligible effect with only a 0.5 kcal/mol difference in the singlet triplet energy gap 

between the gas phase and the water model computations.  Thus, all the reported values 

refer to the gas phase computed values. 

 

CONCLUSIONS 

In conclusion, this computational investigation has identified carbocations that 

are computed to have open-shell ground state configurations and how the nature and 

location of substituents impact the electronic configuration of the ion.  Carbocations have 

historically been considered to be special among reactive intermediates because they 

almost always adopt closed-shell singlet ground state configurations.  This single 

configuration paradigm contrasts with other common reactive intermediates such as 

carbenes, nitrenes, nitrenium ions, and oxenium ions, which all have various electronic 

configurations that must be considered depending on the substituent structure.  This and 
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prior investigations28-32 increasingly show that carbocations are less special in this regard 

than previously thought and suggest that these ions may have alternative low-energy 

electronic configurations that may need to be considered. 

It should be noted that a part of the motivation for this study came from a recent 

computational investigation from our lab suggesting that photoheterolysis reactions of C-

LG bonds (carbon—leaving group) may be governed by conical intersection control.	  49  

A conical intersection provides a facile channel for the photochemical reaction to 

proceed from the excited state to the ground-state product.  Although speculative, 

carbocations that have low-energy singlet diradical states may be good candidates for 

photocaging structures.  A low-energy singlet diradical configuration may suggest a 

nearby conical intersection between the closed-shell singlet and the open-shell singlet 

configuration.  In contrast, a carbocation with a very large energy gap between the 

closed-shell singlet and open-shell singlet configuration may not have an energetically 

accessible conical intersection.  We note that some of the structures described in this 

study are likely to be good chromophores with low-energy singlet diradical 

configurations. 

Indeed, carbocation 19 is the cation generated from one of the most popular 

photocages derived from the coumarin structure.	  50-52  Photoheterolysis reactions to 

provide this cation have been used in numerous studies to release bioactive leaving 

groups such as neurotransmitters in cells.	  53-59  It is interesting to note that the possibility 

that this carbocation may possess a ground state triplet diradical structure has never been 

considered.  Likely, this is because the reported product from this carbocation is its water 
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adduct, the typical product expected from a closed-shell singlet carbocation.  Our DFT 

computations give a singlet-triplet gap of +9 kcal/mol for this ion in favor of the triplet 

and the MRMP2 calculations agree with this computed triplet ground state. These 

calculations provide a mystery of why one observes typical closed-shell singlet 

carbocation products for an ion that almost certainly has a triplet ground state.  One 

possibility is that the singlet carbocation is too short-lived to undergo intersystem 

crossing (ISC).  Once the cation is born in the singlet state, it is trapped rapidly by 

solvent water prior to ISC.  Intersystem crossing for this ion may be slow because it is 

anticipated to be spin-orbit coupling forbidden (1π, π *!3 π, π *), where the change in 

spin angular momentum is not compensated by a change in orbital angular momentum.  

However, the prediction from these computations is that matrix isolation of this 

carbocation should give an observable EPR spectrum characteristic of a triplet diradical. 

Additionally, we are excited to see if we can directly detect some of these species 

because there is little information on how ion diradicals behave.  For example, how does 

the reactivity of an open-shell singlet diradical ion (such as 19) differ, if at all, from the 

reactivity of a typical closed-shell singlet carbocation?  What are the reactivity patterns 

for a triplet carbocation, and does the thermodynamic ground state configuration of an 

ion matter if intersystem crossing rate constants are small in solution relative to trapping 

rate constants?  We hope to answer these stimulating basic science questions in future 

work. 
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CHAPTER 2 
 

BODIPY-DERIVED PHOTOREMOVABLE PROTECTING GROUPS UNMASKED 
WITH GREEN LIGHT 

 

Taken in part from: Goswami, P.P; Syed A.; Beck, C.L.; Albright, T.R.; Mahoney, K.M.; 
Unash, R.; Smith, E.A.; Winter, A.H.; J. Am. Chem. Soc. 2015, 137 (11), 3783-3786. 
 

INTRODUCTION   

Photoremovable protecting groups, sometimes called photocages or 

phototriggers, are popular light-sensitive chemical moieties that mask substrates through 

covalent linkages that render the substrates inert. Upon irradiation, the masked substrates 

are released, restoring their reactivity or function.  While photocages have important 

applications in areas such as organic synthesis,	  1-3 photolithography,	  4-6 and light-

responsive organic materials,	  7-9 these structures are particularly prized for their ability to 

trigger biological activity with high spatial and temporal resolution.	  4,10-13  Examples of 

such chemical tools include photocaged proteins,	  14-16 nucleotides,	  17,18 ions,	  19-23 

neurotransmitters,	  24,25 pharmaceuticals,	  26,27 fluorescent dyes,	  28-30 and small 

molecules31,32 (e.g., caged ATP).  These biologically relevant caged molecules and ions 

can be released from the caging structure within particular biological microenvironments 

using pulses of focused light. The most popular photocages used in biological studies are 

the o-nitrobenzyl systems31-33 and their derivatives, but other photocages that see 

significant use include those based on the phenacyl,	  34 acridinyl,	  35 benzoinyl,	  36,37 

coumarinyl,	  38 xanthenyl,	  39 and o-hydroxynaphthyl structures.	  40 Unfortunately, with few 

exceptions,	  41,42 described below, a serious limitation of most popular photocages is that 



www.manaraa.com

	  
	  

53	  

they absorb mostly in the ultraviolet where the limited penetration of UV light into 

tissues largely restricts these studies to fixed cells and thin tissue slices.  Furthermore, 

prolonged exposure of cells or tissues to UV light can lead to cellular damage or death. 

Consequently, new photocaging structures that absorb visible light are urgently 

needed.  Advantages of visible light irradiation include diminished phototoxicity 

compared to UV light and deeper optical penetration into tissue.  Additionally, visible 

light photolysis can be performed with cheap lamps and Pyrex glassware, while UV 

photolysis requires expensive UV sources.  Unfortunately, the major problem that has 

hindered the development of new photocages that absorb visible light is the lack of a 

structure-reactivity relationship for excited state heterolysis.  That is, it is difficult to 

predict a priori which structures, when irradiated with light, will undergo an efficient 

photoheterolysis reaction.  Thus, attempts to prepare visible light absorbing photocages 

have mostly bypassed this problem by using metal-ligand photoreleasing systems42-44 or 

by using creative indirect schemes.  Examples of such creative schemes include 

upconverting nanoparticles with surface-attached UV-absorbing photocages45-47 using 

multiphoton absorption uncaging processes,	  48-50	  or release mediated by photoinduced 

electron transfer with a sacrificial electron donor.	  51  

However, visible light absorbing organic structures that offer simple photorelease 

schemes and structures would potentially make a more compelling case for widespread 

use in biologically-oriented labs.	  52	  A recent computational study performed in our lab 

suggested the hypothesis that photoheterolysis reactions may be under conical 

intersection control.	  53	   That is, photoheterolysis of C-LG (carbon—leaving group) bonds 
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to generate ion pairs54 may be favored if the ion pair has access to a nearby productive 

conical intersection that provides an efficient channel for the excited state of the 

photoprecursor to decay to the ground-state ion pair.  Because conical intersections are 

challenging to compute, we further suggested using the vertical energy gap of the 

carbocation to its first excited state as a simple predictor of a nearby conical intersection 

(CI).  A low S0-S1 energy gap of the cation would suggest the possibility of a nearby CI 

between the S0 and S1 surfaces, and the potential for a productive mechanistic channel 

for the photochemistry to proceed from the excited state of the photocaged precursor to 

the ion pair.   

Thus, to find visible light absorbing photocages we searched for potential 

photocaging structures that would generate carbocations with low-lying diradical states.  

A time-dependent density functional theory (TD-DFT) computational investigation of 

carbocations attached to the BODIPY scaffold at the meso position indicated that these 

ions have low-lying excited states. For example, the TD-DFT computed S0-S1 vertical 

energy gap of the carbocation derived from C-O scission of 2 is 8 kcal/mol (TD-

B3LYP/6-311+G (2d,p), suggesting a near-degenerate diradical configuration.  Indeed, 

all of the cations derived from C-O scission of 1-6 have vertical gaps < 13 kcal/mol (see 

Appendix II for computational details), and have singlet states with considerable 

diradical character.  Large singlet stabilizations upon switching from restricted ! spin-

purified unrestricted singlet computations indicate that the singlet states can be described 

as diradicals or possessing considerable diradical character (see Appendix II for details). 

Thus, the exact vertical energies from the TD-DFT computations are to be viewed with 
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suspicion, but it is clear that there are low-energy diradical forms for these ions, 

suggesting a CI between the closed-shell singlet and singlet diradical forms of the 

carbocations in the vicinity of the ion pair geometry.  Further, the singlet-triplet gaps of 

all the carbocations derived from 1-6 are ~5 kcal/mol in favor of the triplet state, 

suggesting that the “carbocations” produced by heterolysis of 1-6 may in fact be better 

described as ion diradicals in their thermodynamic ground state than by traditional 

closed-shell carbocation structures. 55  

 

RESULTS AND DISCUSSION 

Encouraged by these computational studies, we synthesized structures 1-6 as 

photocages for acetic acid (Figure 2). Advantages of the BODIPY scaffold include 

simple syntheses, a compact structure, known biological compatibility,	  56	  and high 

extinction coefficients in the visible region.	  57	   Other recent studies have shown 

BODIPYs can be used as laser dyes,	  58	  and have photochemical heterolysis reactivity at 

the boron.	  59	  	  Photorelease studies, described below, indicate that these structures release 

carboxylic acids upon photolysis with wavelengths >500 nm. 

 

Figure 1.  Possible pathway for the photolysis of photocaged acetic acid 
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Figure 2.  Substrates described in this study. 

 
Photorelease Studies and Quantum Efficiencies  

 The observed substrate release rate as a function of photolysis time is quantified 

by the quantum efficiency parameter (εФ), which is the product of the extinction 

coefficient at the irradiation wavelength (ε) and the quantum yield of release (Ф). 

Extinction coefficients for 1-6 were determined by UV-vis spectroscopy (see Table 1).   

 

Table 1. Optical properties and quantum efficiencies of 1-6.  Quantum yields of acetic 
acid release (Ф) determined by ferrioxalate actinometry in MeOH with a 532 nm 
ND:YAG laser source and release followed using quantitative LC-UV (Ф values are the 
average of 3 runs).    

 λmax (nm) λem (nm) ε (x 104 M-1 cm-1) Ф (x 10-4) ε Ф (M-1cm-1) 

1 519 527 5.7 6.4 37 

2 515 526 7.1 9.9 70 

3  544 560 6.2 9.5 59 

4  544 570 4.8 4.0 19 

5  545 575 -- -- -- 

6  553 576 4.9 23.8 117 
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To compute the quantum yields of photorelease (Ф), the flux of a 532 nm laser excitation 

beam (ND:YAG) was determined using potassium ferrioxalate actinometry.  Release of 

acetic acid as a function of laser irradiation time in MeOH was followed by quantitative 

LC/UV (see Appendix II for details).  Each quantum yield reported is the average of 

three separate runs.  Essentially identical actinometry measurements performed after 

photolysis demonstrated high flux stability of the laser.  Additionally, repeating the 

quantum yield measurement for 2 on a different day with a different laser power setting 

(in triplicate) gave essentially the same value for the quantum yield, indicating 

reproducibility. A preparative photolysis of 2 MeOH gave a meso-substituted methyl 

ether adduct as a stable photoproduct of the photocaging moiety, suggestive of solvent 

trapping of an intermediate carbocation.  Mass spec studies of the photoproducts also 

indicate trace amounts of a deborylated BODIPY photoproduct as well as BODIPY 

dimmers, possibly arising from the diradical nature of the “carbocations” formed from 

heterolysis leading to coupling processes.  Additionally, lamp photolysis of 2 showed no 

major difference in release of acetic acid under argon or air atmosphere.  Curiously, 

unlike 1-4 and 6, the brominated compound 5 was found to be unstable.  It decomposes 

after 1 day stored on the shelf in the dark, and photolysis of freshly prepared and purified 

5 led to secondary products in addition to acetic acid release, and photolysis was 

accompanied by rapid solution bleaching.  Consequently, we were not consequent in our 

quantum yield measurements for 5 and excluded it from Table 1.  Probably, 5 also has 

access to alternative photochemical pathways (e.g., C-Br homolysis) and thermal 

degradation channels similar to benzyl-based photocages, which include bromine.	  60	   In 
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contrast, photocaged compounds 1-4 and 6 are thermally stable in the dark.  Boiling 

these compounds in MeOH for 1 hour in a foil-wrapped vessel led to no change in the 1H 

NMR spectrum (see Appendix II). 

 In general, the quantum efficiencies for 1-4 and 6 are lower or comparable with 

the popular caged o-nitrobenzyl or coumarinyl systems.	  11	   Quantum yields for 1-4 are 

lower than those for typical o-nitrobenzyl photocaged structures or coumarinyl systems, 

but this lower quantum yield is partially compensated by the higher extinction 

coefficients of the BODIPY chromophores compared to the o-nitrobenzyl chromophore, 

leading to practically useful quantum efficiencies.  The iodinated derivative 6 has the 

largest quantum efficiency, comparable to that of some caged o-nitrobenzyl systems, but 

with a λmax at ~550 nm rather than in the UV (the parent o-nitrobenzyl system has a λmax 

~280 nm while a popular dimethoxy analogue has a λmax of ~350 nm), although still 

much lower than the best known photocaging systems.  A plausible explanation for the 

higher quantum yield of 6 is that the iodine atoms promote intersystem crossing (ISC) to 

a triplet state, which are usually longer lived than singlet excited states, giving more time 

for release.  For example, the phenacyl photocage derivatives described by Givens 

undergo photorelease in the triplet state.34	  The plausibility of a rapid ISC event is 

supported by the very weak fluorescence of solutions of 5 and 6, compared to solutions 

of 1-4. 

Optical Properties of Compounds 1-6  

 The UV-vis spectra and fluorescence spectra of 1-6 are shown in Figure 3.  These 

structures absorb between 515 and 553 nm (and emit between 520 and 580 nm), typical 
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of simple BODIPY dyes, and feature large extinction coefficients (~50,000-70,000 M-1 

cm-1 at λmax in MeOH). 

 

	  
Figure 3. Normalized absorbance and fluorescence spectra of 1-6. 
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Cell Studies 

To test the viability and usefulness of the BODIPY derived photocages in 

biological systems, compound 7 was synthesized.  2,4-Dinitrobenzoic acid is a known 

fluorescence quencher for BODIPY dyes.	  61  This quencher was coupled with our 

BODIPY moiety using a standard DCC/DMAP ester coupling reaction.  We anticipated 

that 7 would be weakly fluorescent, but upon photorelease of the quencher the 

fluorescence would increase. Indeed, when 7 irradiated with a mercury lamp (excitation 

= 500 nm, see Appendix II) in a cuvette and its fluorescence was plotted over time 

(Figure 4N),  there was a growth in fluorescence attributed to release of the quencher. 

Photorelease of the quencher was confirmed by 1H NMR photolysis studies.  As a 

control, similar steady state fluorescence measurements were performed over time for 

compound 7 in the dark without light exposure, leading to essentially no change in 

fluorescence.  

Compound 2 and 7 were then incubated with Drosophila S2 cells and monitored 

using fluorescence microscopy (Figure 4A-L). The Drosophilia S2 cells loaded with 2 

and 7 were irradiated continuously with 500 nm light.  Fluorescence images were 

collected every 36 ms for a total of 10.8 seconds.  The fluorescence intensity for 

compound 7 inside cell as shown in Figure 4I-L increases rapidly.  This increase in 

fluorescence can be attributed to the release of the quencher.  The same fluorescence 

study with 2 as a control in Figure 4E-H shows no such increase in fluorescence. For 2, 

the leaving group is acetate, which is not a quencher.  Thus, little change in the 

fluorescence would be anticipated upon photorelease of acetic acid from this moiety.  
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The background decay in fluorescence for both 2 and 7 can be attributed to 

photobleaching under the intense focused light.  Parts A-D of Figure 4 show that there is 

a minimal change in fluorescence of cells when they are irradiated without being loaded 

with compound 2 or 7.  Figure 4M shows the fluores-cence intensity change over time 

for cells incubated with compound 2, 7, and the control experiments without any 

compound.  Cytotoxicity of compounds were measured with trypan blue exclusion assay. 

All values are normalized with the control cells which were not incubated with any 

compound. At a compound concentration of 25 µM, 97% for compound 2 and 92% for 

compound 7 remained viable after 1 hour.   
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Figure 4. Fluorescence images of S2 cells with no BODIPY com-pound (A-D), cells 
incubated with compound 2 (E-H) and cells incubated with compound 7 (I-L) as a 
function of irradiation time (top). Scale bar is 20 µm (shown in panel A) and is the same 
for all the images. Images were adjusted to same contrast in each row. Average of at least 
32 cells fluorescence intensity profile versus irradiation time using 100% lamp power for 
excitation in cells (M). Increase in free BODIPY fluorescence signal over time with 
quencher release from compound 7 in BES buffer (N). Plot insert (N) depicts the 
difference in growth of fluorescence vs time for compound 7 with (i) and without (ii) 
light irradiation in a cuvette. 
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EXPERIMENTAL 
 
Compounds 1,	  62	  2,	  63	  3,	  63	  and 4 63were synthesized as previously described. (All spectra 

for these compounds matched those previously reported.) 

 

Synthesis of 5. Compound 2 (0.1 g, 0.31 mmol, 1 equiv), was dissolved in 3 mL of dry 

THF under argon and cooled to -78 °C. N-Bromosuccinimide (0.23 g, 1.25 mmol, 4 

equiv) dissolved in 2 mL of dry THF was added dropwise to the solution. The reaction 

mixture was stirred for 15 min at -78 °C, after which it was warmed to room temperature 

and stirred for an additional 5 h. The solvent was evaporated under reduced pressure. The 

solid residue was loaded onto a silica gel flash column and eluted with hexane-ethyl 

acetate 90:10 vol/vol to give 5 as dark red crystals (0.14 g, 95% yield). Mp 230°C 

(decomp); 1H NMR (600MHz, CDCl3): δ 5.32 (s, 2H), 2.63 (s, 6H), 2.40 (s, 6H), 2.15 (s, 

3H); 13C NMR (150MHz, CDCl3) δ 170.45, 155.29, 138.93, 133.85, 131.87, 113.10, 

58.04, 20.69, 14.94, 14.08; High-res MS (ESI) for formula C16H17BBr2F2N2O2Na+, Calc. 

497.9646, Found 497.9646. 

 

Synthesis of 6. Compound 2 (0.1 g, 0.31 mmol, 1 equiv), was dissolved in 3 mL of dry 

THF under argon and cooled to -78 °C. N-Iodosuccinimide (0.18 g, 2.5 mmol, 4 equiv) 
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dissolved in 2 mL of dry THF was added dropwise to the solution. The reaction mixture 

was stirred for 15 min at -78 °C, after which it was warmed to room temperature and 

stirred for an additional 5 h. The solvent was evaporated under reduced pressure. The 

solid residue was loaded onto a silica gel flash column and eluted with dichloromethane 

to give 6 as dark purple crystals (0.07 g, 39% yield). Mp 210°C; 1H NMR (600MHz, 

CDCl3): δ 5.31(s,2H), 2.59(s, 6H), 2.38(s, 6H), 2.14(s, 3H);  13C NMR (150MHz, 

CDCl3) δ 170.43, 158.06, 143.60, 132.92, 132.70, 87.38, 58.35, 20.68, 18.29, 16.47; MS 

(ESI) for formula C16H17BI2F2N2O2Na+, Calc. 593.9369, Found 593.9378. 

 

Synthesis of 7. 2,4 dinitrobenzoic acid (0.054g, 0.194mmol, 1 equiv) was dissolved in 

3ml of dry DCM under argon in room temperature. DCC (N,N’-Dicyclohexyl-

carbodiimide) (0.048mg, 0.233mmol, 1.2 equiv) dissolved in 3ml of dry DCM was 

added dropwise to the solution. 4-DMAP (4-Dimethylaminopyridine) (0.001g, 

0.007mmol, 0.04equiv) was added to this solution. Next, A (0.049mg, 0.233mmol, 

1.2equiv) dissolved in 3ml of dry DCM was slowly added to the solution. The reaction 

mixture was stirred for 16 h until its completion. The reaction mixture was filtered to get 

rid of the DCU (Dicyclohexyl urea) by-product. The filtrate was evaporated under 

reduced pressure. The solid residue was loaded onto a silica gel flash column and eluted 

N B N
F F

OH

N B N
F F

O

O

NO2

NO2

DCC, DMAP

DCM, RT, 16 h

COOH
NO2

NO2A



www.manaraa.com

	  
	  

65	  

with hexane-ethyl acetate 80:20 vol/vol to give 7 as a dark orange crystals (0.08g, 91% 

yield). 1H NMR (600MHz, CDCl3): δ 8.86(d, J = 2.2Hz, 1H), 8.54(dd, J = 8.4Hz, 1H), 

7.86(d, J = 8.4Hz, 1H), 6.11(s, 2H), 5.69(s, 2H), 2.53(s, 6H), 2.44(s, 6H); 13C NMR 

(150MHz, CDCl3) δ 163.79, 157.46, 149.27, 141.54, 132.59, 132.72, 131.20, 130.97, 

128.07, 122.88, 120.10, 60.28, 15.89, 14.89; MS (ESI) for formula C21H19BF2N4O6Na+, 

Calc. 495.1258, Found 498.1271. 

 

See Appendix III for product studies of the compounds. 

 

CONCLUSIONS 

BODIPY-derived photocages unmask carboxylic acids with green light excitation 

>500 nm, and photocleavage can be carried out in living cells.  These photocages are 

promising alternatives for the popular o-nitrobenzyl photocaging systems, being easy to 

synthesize, utilizing a biocompatible chromophore, and having superior optical 

properties to the most popular photocages in current use.  More generally, our strategy of 

identifying new photocages by searching for carbocations with low-energy diradical 

states seems to be a promising one.  BODIPY derivatives that release functional groups 

other than carboxylic acids and that have red-shifted absorptions into the biological 

window (~600-1000 nm) are currently under investigation. 
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CHAPTER 3	  
 

INTO THE BIOLOGICAL WINDOW: BODIPY-DERIVED PHOTOCAGES 
UNMASKED WITH RED LIGHT 

 
Taken in part from: Mahoney, K.M.; Goswami, P.P; Albright, T.R.; Syed, A.; Peterson, 
J.A; Smith, E.A.; Winter, A.H.; 2015 manuscript in preparation. 

 

INTRODUCTION   

Photoremovable protecting groups (also known as photocages, phototriggers, 

photoreleasable and photocleavable protecting groups) are light-sensitive moieties that 

allow for spatial and temporal control over the release of a masked substrate by light-

induced cleavage of a covalent PPG-substrate bond resulting in the restoration the 

substrate’s function.  Photocages are particularly useful for the release of biologically 

relevant substrates, such as proteins,	  1-3 nucleotides,	  4,5 ions,	  6-10 neurotransmitters,	  11,12 

pharmaceuticals,	  13,14 fluorescent dyes,	  15-17 and small molecules.	  18,19   

The most popular photocages used in biological studies are o-nitrobenzyl	  18-20 

and derivatives, but others include those based on the phenacyl,	  21 acridinyl,	  22 

benzoinyl,23,24 coumarinyl,	  25 and o-hydroxynaphthyl	  26 structures.  A major limitation 

to many of these photocages and especially to the popular o-nitrobenzyl photocages is 

that they absorb in the ultraviolet region of the spectrum where tissue penetration is 

limited, restricting studies for fixed cells and thin tissue slices.  In addition, exposure of 

the cells or tissues to UV light can lead to cellular damage or death. 

Recently, our lab developed a new class of protecting groups derived from 

meso-substituted BODIPY dyes with heterolytic bond cleavage occurring at green 

wavelengths >500 nm.	  27 Computational investigation suggested that this BODIPY 
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structure would undergo heterolytic bond cleavage in the excited state.	  28  This is the 

first example of a rationally designed photocage releasing a cargo molecule using 

visible light, making meso-substituted BODIPY dyes a promising alternative to the 

popular o-nitrobenzyl photocage systems.  Cleavage within the biological window (650 

– 1130 nm) allows for deeper penetration into tissue, because longer wavelengths of 

light are less scattered and absorbed by tissue.	  29  This quality that makes BODIPY 

photocages incredibly value for biological studies. 

It has been well-established that extending the conjugation of BODIPY dyes 

allows for a red-shift in absorption maximum.	  30  In this study, a Knoevenagel 

condensation reaction (see Figure 1) is used to extend the conjugation on the highly-

acidic 3,5-methyl groups of our previously synthesized BODIPY photocage structure.  

 

 

Figure 1. Knoevenagel condensation reaction was used to red shift the absorption 
maximum of BODIPY 2 from Chapter 2. 
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RESULTS AND DISCUSSION 

 

 

Figure 2. BODIPY photocages with extended conjugation 

 

Encouraged by our previous studies, we synthesized structures 1-4 as photocages 

for acetic acid (Figure 2). Advantages of this BODIPY scaffold include simple syntheses, 

a compact structure, known biological compatibility, and high extinction coefficients in 

the visible region. Photorelease studies, described below, indicate that these structures 

release carboxylic acids upon photolysis with wavelengths >580 nm. 

Photorelease Studies and Quantum Efficiencies  

The observed substrate release rate as a function of photolysis time is quantified 

by the quantum efficiency parameter (εФ), which is the product of the extinction 

coefficient at the irradiation wavelength (ε) and the quantum yield of release (Ф). 

Extinction coefficients for 1-4 were determined by UV-vis spectroscopy (see Table 1). 
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Table 1. Optical properties and quantum efficiencies of 1-4.  Quantum yields of acetic 
acid release (Ф) determined by ferrioxalate actinometry in MeOH with a 532 nm 
ND:YAG laser source and release followed using quantitative LC-UV (Ф values are the 
average of 3 runs). 
 

 λmax (nm)  λem (nm)  ε (x 104 M-1 cm-1)  Ф (x 10-4)  ε Ф  (M-1cm-1)  

1  586  607  6.1  9.8 6.0 

2  633  650  6.0  6.9 4.1 

3  640  656  6.5  4.5 2.9 

4  661  684 6.5  4.1 2.7 

 

To compute the quantum yields of photorelease (Ф), the flux of a 532 nm laser excitation 

beam (ND:YAG) was determined using potassium ferrioxalate actinometry.  Release of 

acetic acid as a function of laser irradiation time in MeOH was followed by quantitative 

LC/UV (see Appendix III for details).  Each quantum yield reported is the average of 

three separate runs.  Essentially identical actinometry measurements performed after 

photolysis demonstrated high flux stability of the laser.  

Optical Properties of Compounds 1-4  

The optical properties of 1-4 are shown in Fig. 3.  The absorption maxima of the 

compounds range between 586 and 661 nm and the fluorescence ranges from 607 and 

684 nm.  Photocages 2,3, and 4, absorb within the biological window of visible light 

making them powerful alternatives the o-nitrobenzyl photocage, which absorbs in the 

UV region.  The extinction coefficients of these photocages are approximately 60,000 

M-1 cm-1.  The quantum yields range from 4.1 x 10-4 to 9.8 x 10-4, which are similar to 

the BODIPY dyes from Chapter 2.  While these values are relatively low, the high 
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extinction coefficients of make the quantum efficiencies comparable to the popular o-

nitrobenzyl systems. 

 

 
Figure 3. Normalized absorption and fluorescence spectra of compounds 1-4  

1" 4"3"2"
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Cell Studies 

To test the viability and usefulness of the BODIPY-derived photocages in 

biological systems, compound 5 was synthesized.  2,4-Dinitrobenzoic acid is a known 

fluorescence quencher for BODIPY dyes.	  This quencher was coupled with our BODIPY 

moiety using a standard DCC/DMAP ester coupling reaction.  Compound 5 was 

anticipated to be weakly fluorescent, but upon photorelease of the quencher the 

fluorescence would increase. Indeed, when 5 was irradiated with a halogen lamp in a 

cuvette and its fluorescence was plotted over time (See Appendix III),  there was a 

growth in fluorescence attributed to release of the quencher. Photorelease of the quencher 

was confirmed by 1H NMR photolysis studies.  Our collaborators are currently working 

on incubating 5 in S2 cells and we anxiously await those results. 
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EXPERIMENTAL 

 

8-Acetoxymethyl-1,3,5,7-tetramethyl pyrromethene fluoroborate was synthesized as 

previously reported in Chapter 2.  

Synthesis of Compound 1. 8-Acetoxymethyl-1,3,5,7-tetramethyl pyrromethene 

fluoroborate (50 mg, 0.016 mmol, 1 equivalent)  and 4-methoxybenzaldehyde (4.4 mg, 

0.032 mmol, 2 equiv.) were added to 8 mL of ethanol which had been previously dried 

over 3 Å molecular sieves for 24 h.  This suspension was then placed in a dry, glass 

microwave reaction vessel.  Both acetic acid (120 µL) and piperidine (120 µL) were then 

added and the vessel was sparged with argon. The microwave vessel was irradiated for 

10 min at 113ᵒC and 800 W.  The solvent was evaporated under reduced pressure.  The 

solid residue was loaded onto a silica gel flash column and eluted with 50:50 

hexanes:ethyl acetate.  The dark purple product was recovered and further purified using 

a prep TLC plate and 80:20 hexanes:ethyl acetate. The product was obtained in 58% 

yield (32 mg, 0.009 mmol). 1HNMR (400 MHz, CDCl3): δ = 7.55 (d, Ј = 4 Hz, 2H), 

7.52 (d, J = 8 Hz, 1H), 7.24 (d, J = 8 Hz, 1H), 6.91 (d, J = 4 Hz, 2H), 6.71 (s, 1H), 6.11 

(s, 1H), 5.33 (s, 2H), 3.85 (s, 3H), 2.58 (s, 3H), 2.43 (s, 3H), 2.28 (s, 3H), 2.15 (s, 3H) 

ppm; 13CNMR (200 MHz, CDCl3): δ = 170.77, 160.84, 155.56, 154.57, 141.15, 140.41, 

137.32, 135.35, 134.46, 132.94, 131.39, 129.37, 122.18, 118.87, 116.95, 114.45, 58.16, 

55.24, 20.82, 16.05, 15.74, 14.94 ppm; Hi-res MS (ESI) for formula C24H25BF2N2O3, 

Calc. 438.2035, Found 438.2038.  

Synthesis of Compound 2. 8-Acetoxymethyl-1,3,5,7-tetramethyl pyrromethene 

fluoroborate (50 mg, 0.016 mmol, 1 equiv)  and 4-(dimethylamino)benzaldehyde (4.8 
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mg, 0.032 mmol, 2 equiv) were added to 8-mL of ethanol which had been previously 

dried over 3 Å molecular sieves for 24 hours.  This suspension was then placed in a 

microwave reaction vessel.  Both acetic acid (120 µL) and piperidine (120 µL) were then 

added and the vessel was sparged with argon.  The microwave vessel was irradiated for 

20 minutes at 113ᵒC and 800 W.  The solvent was evaporated under reduced pressure.  

The solid residue was loaded onto a silica gel flash column and eluted with 80:20 

hexanes:ethyl acetate to give 9.1 mg of 2 as a dark blue solid (24% yield).  1HNMR (400 

MHz, CDCl3): δ = 7.50 (d, J = 8Hz, 2H), 7.45 (d, J = 16 Hz, 1H), 7.24 (d, J = 16 Hz, 

1H), 6.72 (s, 1H), 6.68 (d, J = 8Hz, 2H), 6.07 (s, 1H), 5.32 (s, 2H), 3.04 (s, 6H), 2.57 (s, 

3H), 2.41 (s, 3H), 2.36 (s, 3H), 2.15 (s, 3H) ppm; 13CNMR (200 MHz, CDCl3): δ = 

170.85, 156.07, 153.42, 151.41, 141.39, 139.20, 138.64, 134.93, 132.28, 129.70, 124.56, 

121.37, 119.21, 114.25, 112.12, 58.31, 40.36, 24.02, 20.85, 16.12, 15.60 ppm; Hi-res MS 

(ESI) for formula C25H28BF2N3O2, Calc. 451.2352, Found 451.2339. 

Synthesis of Compound 3. 8-Acetoxymethyl-1,3,5,7-tetramethyl pyrromethene 

fluoroborate (50 mg, 0.016 mmol, 1 equiv)  and benzaldehyde (3.4 mg, 0.032 mmol, 2 

equiv) were added to 8 mL of ethanol which had been previously dried over 3 Å 

molecular sieves for 24 h.  This suspension was then placed in a microwave reaction 

vessel.  Both acetic acid (120 µL) and piperidine (120 µL) were then added and the 

vessel was sparged with argon.  The microwave vessel was irradiated for 20 minutes at 

113ᵒC and 800W.  The solvent was evaporated under reduced pressure.  The solid residue 

was loaded onto a silica gel flash column and eluted with 80:20 hexanes:ethyl acetate to 

give 23.7 mg of 3 as a dark blue solid (38% yield). 1HNMR (400 MHz, CDCl3): δ = 7.71 



www.manaraa.com

	  
	  

79	  

(d, J = 8 Hz, 2H), 7.64, (d, J = 4 Hz, 4 H), 7.42 (t, J = 8 Hz, 4H), 7.34 (t, J = 8 Hz, 2H), 

7.30 (d, J = 8 Hz, 2H), 6.77 (s, 2H), 5.37 (s, 2H), 2.44 (s, 6H), 2.17 (s, 3H) ppm; 

13CNMR (200 MHz, CDCl3): δ = 170.62, 153.35, 140.42, 137.06, 136.43, 134.79, 

130.23, 129.18, 128.82, 127.68, 118.94, 58.02, 22.71, 15.88, 14.14 ppm; Hi-res MS 

(ESI) for formula C30H27BF2N2O2Na+, Calc. 519.2026, Found 519.2041. 

Synthesis of Compound 4. 8-Acetoxymethyl-1,3,5,7-tetramethyl pyrromethene 

fluoroborate (50 mg, 0.016 mmol, 1 equivalent), 4-methoxybenzaldehyde (9.6 mg, 0.064 

mmol, 4 equivalents), and piperdine (5 drops) were added to 20mL scintillation vial.  

The vial was attached to a rotovap and was heated at 60°C.  The reaction was followed 

by TLC and was completed within 15 minutes.  The solid residue was then dry loaded 

with DCM onto a silica gel flash column and gradient eluted with 80:20 hexanes:ethyl 

acetate to 60:40 hexanes:ethyl acetate to give 51.5 mg 4 as a pure dark blue solid (58% 

yield). 1HNMR (400 MHz, CDCl3): δ = 7.59 (d, J = 4Hz, 4H), 7.58 (d, J = 8 Hz, 2H), 

7.24 (d, J = 8 Hz, 2H),  6.94 (d, J = 4 Hz, 4H), 6.73 (s, 2H), 5.35 (s, 2H), 3.87 (s, 6H), 

2.43 (s, 6H), 2.16 (s, 3H) ppm; 13CNMR (200 MHz, CDCl3): δ = 170.82, 160.73, 153.52, 

140.06, 136.71, 134.73, 129.58, 129.35, 118.76, 117.24, 114.46, 58.28, 55.54, 20.87, 

15.99 ppm; Hi-res MS (ESI) for formula C32H31BF2N2O4, Calc. 556.2454, Found 

556.2451. 

Synthesis of Compound 5. A 100mL 2-neck round bottom flask was charged with 25mg 

2,4-dinitrobenzoic acid dissolved in 2mL dry dichloromethane (DCM) and stirred under 

argon. 20mg of N,N'-dicyclohexylcarbodiimide dissolved in 2mL DCM and added in a 

dropwise fashion. 1mg dimethylaminopyridine was then added, followed by a solution of 
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50mg of 4a in 2mL dry DCM. The reaction was stirred for 3.5 hrs after which the solvent 

was removed under vacuum and the remaining solid was purified by column 

chromatography with DCM as the eluent to give 35mg of pure 5 (53% yield). 1HNMR 

(400 MHz, CDCl3):  δ = 8.872 (s, 1H), 8.55 (d, J = 8Hz, 1H), 7.88 (d, J = 8Hz, 1H), 7.58 

(d, J = 8Hz, 6H), 7.54 (d, J = 12Hz, 2H), 6.96 (m, 6H), 6.75 (s, 2H), 5.75 (s, 2H), 3.86 (s, 

6H), 2.51 (s, 6H) ppm; 13CNMR (800 MHz, DMSO): δ = 163.24, 160.46, 152.79, 

149.04, 147.19, 140.43, 137.56, 133.81, 131.51, 130.39, 128.96, 128.65, 128.53, 127.82, 

119.91, 119.34, 115.69, 114.67, 59.95, 55.40, 15.34 ppm; Hi-res MS (ESI) for formula 

C37H31BF2N4O8, Calc. 708.2203, Found 708.2217. 

See Appendix III for the synthesis of 4a, NMR and MS of compounds, stability tests, and 

product studies.  

 

CONCLUSIONS 

 Four new BODIPY based photocages (1-4) were synthesized and found to 

successfully release acetic acid when irradiated with white light.  They were also found 

to be thermally stable for 1 hour at 60°C.  The optical properties of these photocages are 

outstanding with absorbances of 586 nm to 661 nm and extinction coefficients ~60,000 

M-1 cm-1.  The quantum efficiencies were found to range between 4.1 x 10-4 and  

9.8 x 10-4, which is similar to the common o-nitrobenzyl photocages.  Compounds 2, 3, 

and 4 absorb within the desirable biological window making them promising candidates 

for applications in cells and tissues.  Studies are currently underway to show the 

biocompatibility of these BODIPY dyes within S2 cells. 
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GENERAL CONCLUSIONS FOR PART I 

Carbocations, while traditionally thought to be closed-shell singlet species, can 

access alternative electronic structures. When π donors are not in direct conjugation 

with the carbenium ion center, both open-shell singlet and triplet ground states can be 

the computed ground state.  Interestingly donor-acceptor carbocations may have open-

shell diradical ground states if their triplet SOMOs are disjoint.  Hammett plots provide 

a summary of the effect of the donating/withdrawing nature of differing the position of 

substituents at various positions of the xanthenyl core.  It is speculated that low-energy 

singlet diradical states may suggest nearby conical intersections, which in turn might 

allow photoheterolysis reactions to be accessible.  Many of the structures studying are 

likely to be good chromophores with low-energy singlet diradical configurations. 

 Computational investigation suggested that meso-substituted BODIPY has low-

energy diradical character, which indicates a nearby conical intersection and potential as 

a photocage.  BODIPY-derived photocages that release acetic acid upon green light 

irradiation (>500 nm) were synthesized, and photorelease demonstrated in living S2 

cells.  Due to their superior optical properties, easy synthesis, and biological 

compatibility, these photocages provide a promising alternative to the popular o-

nitrobenzyl-based photocages.   

Red-shifting of the BODIPY photocages’ absorbance can be achieved using 

Knoevenagel condensation reactions.  Extension of the π electron conjugation off of the 

BODIPY core allows for excitation wavelengths that fall within the biological window 

(>600 nm), making them promising for biological applications.  Studies have shown 
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acetic acid release in vitro and biocompatibility is currently being tested within S2 cells 

with the release of a fluorescent quencher. 
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INTRODUCTION FOR PART II 
 

Oxenium ions are reactive intermediates of formula R-O+.  Isoelectronic with the 

nitrene family, oxenium ions bear a formal positive charge on a hypovalent oxygen atom, 

making them extremely powerful electrophiles.  While these intermediates are important 

to synthetic chemistry and enzymology, little is known about their reactivity, lifetimes, 

spectroscopic signatures, and electronic configurations. 

 

	  
	  

Figure 1.  Reactive intermediate species family. 

Reactive Intermediate Family 

 Like oxenium ions, nitrenes are a monovalent species with two lone pairs; 

however nitrenes are neutral rather than charged.  A nitrenium ion is charged but only 

possesses one lone pair of nonbonding electrons instead of two.  Carbenes are 

isoelectronic with nitrenium ions, yet are neutral rather than charged.  While little is 

know regarding oxenium ions, much is known regarding the reactivity and behavior of 

these related reactive intermediates.	  1-5 From this knowledge, we can predict and 

compare how oxenium ions might behave. 

Biological and Industrial Importance 

 In spite of their unique structure, oxenium ions have been implicated in a number 

of umpolung phenolic reactions as well as biological processes.	  6-8 Particularly those 
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catalyzed by hypervalent copper and iodine catalysts, oxenium ions have been proposed 

intermediates in many phenol and alkane oxidations.  Of great industrial importance, 

they have also been suggested to be key intermediates in the production of materials such 

as poly(phenyl)ether (PPE),	  9,10 an valuable industrial thermoplastic.  Despite their 

importance to many fields, oxenium ions are still poorly understood and more 

fundamental research is needed to better understand them. 

Electronic Configuration and Reactivity of Reactive Intermediates 

 When looking to understand the reactivity of a reactive intermediate, one must 

first look at the electronic configuration of that species.  The electronic configuration that 

a molecule adopts determines the reactivity of the molecule, making it of great 

importance to understand which configuration persists.  Three different electronic 

configurations can be envisioned for species having one or more lone pairs, which can be 

distributed in two orbitals: closed-shell singlet (A), open-shell singlet (B), or triplet (C).  

 

Figure 2. Electronic configurations; A closed-shell singlet, B open-shell singlet, C triplet 

 

 One example of how different configurations can lead to different reactivity can 

be seen with carbenes (Figure 3).  Singlet carbenes act as a typical two-electron 

A B C
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nucleophile that adds to alkenes in a concerted fashion.  In contrast, triplet carbenes react 

in a stepwise manner, which allows for a diradical intermediate resulting in a mixture of 

stereoisomers. 

 

Figure 3. Spin-selective reactivity of singlet versus triplet carbenes with alkenes. 

 

 Temperature can also play a role in reactivity as it can effect the population of the 

different electronic configurations.  For example, phenylnitrene has been shown to go 

through a singlet state, where ring expansion and trapping occurs at higher temperatures; 

whereas at lower temperatures dimerization proceeds via a triplet state (Figure 4). 

 

Figure 4. Phenylnitrene electronic structure is dependent on temperature. 

 

 Nitrenium ions have also shown spin-selective reactivity as seen in Figure 5.  

Here an arylnitrenium ion is seen to pass through either triplet state to form an amine or 
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via singlet chemistry to form an iminium.  Though uncommon phenylnitreniums have 

been see to undergo triplet chemistry and to sometimes possess a triplet ground state. 

 

Figure 5.  Arylnitrenium can proceed through both singlet and triplet chemistry. 

 

 A basic analysis of the relationship between reactivity and electronic 

configuration focuses on the frontier orbitals and the exchange energy of the two 

electrons being placed into two orbitals.  As seen in Figure 6, if the energy gap between 

the two orbitals is smaller than the exchange energy, then it will be a ground state triplet.  

In contrast, if the energy gap is greater than that of the exchange energy the intermediate 

will be a ground state singlet.  In general, reactive species with degenerate frontier 

orbitals usually possess triplet ground states and those with large energy gaps tend to 

have singlet ground states. 
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Figure 6.  Orbital representation of triplet (left) and singlet (right) ground states. 

 

Electronic Configuration of Oxenium Ions 

 The hydroxy cation (+OH) is the parent oxenium ion and is a ground state triplet 

with a large adiabatic energy gap of 54 kcal/mol to the nearest singlet state. The 

degeneracy in the p orbitals is to blame for this lower energy triplet state (Figure 7).	  11  A 

molecular extension of Hund’s rule leads to the lowest energy state being unpaired as 

well as the lowest energy singlet state being open-shell in nature. 

 

Figure 7.  Electronic configuration for the hydroxy cation 

 

 Structural effects on oxenium are not well known currently.  Recent experimental 

work has implicated aryloxenium ions to undergo closed-shell singlet rather than 

diradical chemistry.	  12-18  Computational work also suggests that the ground state of most 

aryloxenium ions to be closed-shell ground state singlets.	  19 

LUMO

HOMOSOMO 1

SOMO 2
Exchange Energy

H OH



www.manaraa.com

	  
	  

91	  

 Aryloxenium ions have been previously created through both photochemical and 

thermochemical methods.  Abramovich and Okamoto generated aryloxenium ions 

through thermolysis reactions, and product studies were used to propose intermediates as 

there were no other characterization methods available at the time.	  12-14,20,21  Later work 

by Novak and Platz provided the first direct detection of an aryloxenium ion, by the use 

of laser flash photolysis, with a lifetime of 170 nanoseconds in water.	  22 

Laser Flash Photolysis Allows for Detection of Oxenium Ions 

 One of the biggest advances in the field of reactive intermediates has been the 

addition of laser flash photolysis or LFP.  LFP allows for the direct observation of short-

lived intermediates on the nano-, pico-, or femtosecond time scale.  As seen in Figure 8, 

laser flash photolysis is a two light source technique, where a one laser excites the 

sample and another is used as a background source.  The laser pulse excites the sample 

and intermediates that are formed are then observed by monitoring their decay with the 

detector. 

 

Figure 8. Schematic representation of laser flash photolysis set-up. 
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The initial sample’s absorbance is the background spectrum for the experiment.  

This background is subsequently subtracted from all of the following spectra allowing 

only for observation of new species.  Initially excited to their maximum absorbance, the 

intermediates are observed to decay over time.  As seen in Figure 9, a system where there 

are multiple intermediates, one can see the decay of one intermediate into new 

intermediate as the reaction proceeds. 

 

Figure 9. LFP of a sample molecule’s intermediate decay 

By monitoring the absorbance wavelength of an intermediate over time, a first-order 

decay can be seen and a lifetime can be determined for that species.  Computational UV-

vis spectra are used to help assign peaks to their corresponding intermediates. 

Complete Active Space Self Consistent Field (CASSCF) Calculations  

 When investigating the electronic configurations of reactive intermediates, 

computational analysis has been extremely effective.  Low-cost single reference 

computations (such as density functional theory) typically give good estimates for 

singlet-triplet energy gaps.  However, many times more sophisticated methods are 
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necessary to calculate singlet-triplet gaps for reactive intermediates.  Single-reference 

calculations only consider one electronic configuration (Figure 10) and the entire 

calculation is completed with the occupation of each orbital being either 0 or 2.  Many 

times this approach can give poor results for reactive intermediates, because it does not 

represent the ground state wavefunction well (i.e., the ground state is a combination of 

multiple configurations).  

 

Figure 10.  Electronic configuration used in single-reference vs. CASSCF calculations 

 

 Complete active space self-consistent field or CASSCF calculations are one way 

to better study molecule with multiple configurations.  Here an active space is defined as 

a set number of orbitals (the four in brackets in Figure 10), and within that active space 

the electrons may take on any number of configurations.  The total wavefunction of the 

molecule then becomes the sum of all the various active space wave functions. 

 In order to keep the computational cost low, the orbitals outside of the active 

space are limited to the normal occupation of 0 and 2.  It is therefore crucial to carefully 
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select the appropriate active space otherwise the results may suffer.  When very accurate 

energies are required this method can be modified by using CASPT2, which accounts for 

the electron correlation outside of the active space using second-order perturbation 

theory. 

Aryloxenium Ions  

 Although the hydroxy cation has degenerate frontier orbitals, and is thus a ground 

state triplet, the electronic configuration becomes less clear for aryloxenium ions.  The 

aromatic ring interacts differently with the 2 empty p orbitals making them no longer 

degenerate in nature.  The electronic configuration then is determined by the energy gap 

size in relation to the exchange energy.  If the difference is larger than the exchange 

energy, the ground state will be a singlet whereas an energy gap less than the exchange 

energy will result in a triplet ground state configuration (Figure 11). 

 

Figure 11.  Exchange energy vs. orbital energy leading to different configurations. 
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 A recent paper by Hanway19 provided much needed computational insight into 

the electronic configurations adopted by the phenyloxenium ion and simple substituted 

derivatives. Due to their high level of accuracy with calculating the singlet-triplet energy 

gaps for nitrenium ions, all computations were performed using CASSCF/CASPT2 

calculations.  Phenyloxenium ion was found to have a closed-shell singlet ground state 

that was -22 kcal/mol lower than the nearest triplet state.  This was in good agreement by 

previous experimental work by Dewar, in which the observed singlet-triplet gap was -

19.8 kcal/mol.	  23 This dramatic change in electronic configuration from the parent 

hydroxy cation comes from the lack of degeneracy of the 2 p orbitals as a result of 

mixing of the π system of the aryl ring with one of the empty p orbitals.  A larger 

HOMO-LUMO gap and singlet ground state occurs as the degree of this mixing increase. 

 The study went on to further investigate the effect of different substitution of the 

aryl ring on the single-triplet energy gap.  As expected ortho and para substitution was 

found to have a large effect on the gap size due to the resonance structures that can be 

seen in Figure 12.  Electron-donating groups such as amines and hydroxyl lead to large 

gaps whereas electron-withdrawing groups such as NO2 lead to smaller energy gaps. 

 

Figure 12.  Resonance structures of the closed-shell phenyloxenium ion 
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Mixing of an electron-donating group raises the energy of the π orbital closer to that of 

the empty p orbital on the oxygen, which stabilizes the singlet ground state. 

 In contrast to the ortho/para positions, substitution at the meta position lacks 

resonance structures which could mix and stabilize the positive charge, making 

prediction of the meta substitution effect less intuitive.  The computational results show 

that electron-withdrawing groups or those will very little donating ability to have a 

negligible effect on the energy gap.  Electron-donating groups however were found to 

have an extreme stabilization toward a triplet ground state.  This variation was 

determined to be due to the destabilization of the singlet state with little change to the 

triplet state energy.  As seen in Figure 13, this change leads to a switch from an n to π* 

triplet state to a π to π* triplet state. 

 

Figure 13.  Lowest energy triplet configuration for m-amino and m-cyanophenyl-
oxenium ions. 
 

 With this new understanding, rational design and synthesis of new oxenium ion 

precursors can be made targeting specific electronic configurations, which may lead to 

new and interesting chemistry. 

H2NNC
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CHAPTER 4 
 

DIRECT SPECTROSCOPIC OBSERVATION OF CLOSED-SHELL SINGLET, 
OPEN-SHELL SINGLET, AND TRIPLET P-BIPHENYLYLOXENIUM ION  

 
Taken in part from: Li, M.; Hanway, P.J.; Albright, T.R.; Winter, A.H.; Phillips, D.L. J. 
Am. Chem. Soc. 2014, 136 (35), 12364-12370. 

 

INTRODUCTION   

Oxenium ions are high-energy reactive intermediates of formula R–O
+
. These 

species are isoelectronic to the more familiar nitrene family of intermediates, but, 

unlike nitrenes, oxenium ions bear a formally positive charge on a highly 

electronegative hypovalent oxygen atom. In spite of their unusual structure, these 

intermediates are important in a number of synthetic umpolung reactions as well as in 

biological processes. 1-5  Numerous alkane and phenol oxidations are thought to involve 

the intermediacy of oxenium ions, 6-8 and oxenium ions are particularly common 

intermediates in copper and hypervalent iodine-mediated oxidation reactions. 9,10  For 

example, aryloxenium ions are proposed intermediates in the industrial production of 

poly(phenyl)ether (PPE), 1,11,12 a thermoplastic derived from phenol. Additionally, 

certain enzymes oxidize phenols to quinones through mechanisms that are thought to 

involve the intermediacy of discrete oxenium ions. 13  While oxenium ions are short-

lived in solution, simple oxenium ions have also been detected as persistent species in 

the interstellar medium, 14,15 and similar to carbenes and nitrenes, they can be stabilized 

by transition metals, making them an interesting class of ligands.16  

In spite of their importance to such a diversity of chemists, oxenium ions are 

poorly understood. A problem that has hindered a better understanding of oxenium ions 
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has been the lack of general methods to photogenerate these species that would allow 

them to be directly detected in order to study their reactivities, lifetimes, spectroscopic 

signatures, and electronic configurations. Studies of related intermediates (carbenes, 

nitrenes, nitrenium ions) have benefited tremendously from the ability to photogenerate 

these species from established precursors (azides, azirines, etc.).	  17-21  In contrast, there 

have been few good ways to generate oxenium ions photochemically. These ions have 

been suggested as intermediates from mixtures from multiphoton ionization studies and 

from mass spectrometry ion fragmentations.	  22-25  However, the development of a robust 

single photon precursor to this species has proven to be difficult. 

Some progress toward general photochemical precursors to oxenium ions has 

been made, and two discrete oxenium ions have recently been directly detected by laser 

flash photolysis (LFP).	  3,26  In an important paper, Novak and Platz were the first to 

report the detection of an oxenium ion (the 4′-methyl-4-biphenylyloxenium ion), which 

was generated from the photolysis of the 4-(4-methylphenyl)-4-acetoxy 

cyclohexadienoyl derivative.	  26  See Scheme 1. More recently, we observed the parent 

phenyloxenium ion as a photoproduct of the phenyl hydroxylamine tetrafluoroborate 

salt.27  In addition to a concomitant homolytic process, this hydroxylamine salt 

undergoes heterolytic scission of the O–N bond to lead to the formation of the singlet 

phenyloxenium ion and neutral ammonia.	  3  Both the detected oxenium ions were seen in 

their closed-shell singlet ground states. 

The possible use of protonated hydroxylamines as photoprecursors to oxenium 

ions is an intriguing one. These photoprecursors offer a few advantages. First, they are 
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easy to prepare synthetically. Second, they are positively charged rather than neutral and 

eject a neutral leaving group (ammonia). In principle, a positively charged precursor 

allows the photolysis to generate oxenium ions in solvents that are nonionizing. In 

contrast, uncharged precursors require ionizing solvents because they generate an ion 

pair starting from a neutral species. Finally, they are not, in principle, restricted to 

generating certain oxenium ion structures. 

 

Scheme 1. Two prior studies that have detected discrete oxenium ions by LFP,	  3,26 and an 
overview of this work. 
 

To test the scope of this photoprecursor, we synthesized the p-biphenyl-

hydroxylamine hydrochloride salt, which we anticipated could lead to the p-

biphenylyloxenium ion and allow comparisons to the neutral photoprecursor studied by 

Novak and Platz. 26  We are pleased to report a combined femtosecond transient 

absorption (fs-TA), nanosecond transient absorption (ns-TA), and nanosecond time-

resolved resonance Raman (ns-TR
3
) spectroscopic investigation of the photophysics 
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and photochemistry of compound 1 to directly observe the formation of the open-shell 

singlet p-biphenyloxenium ion, the closed-shell singlet state p-biphenyloxeniumion, the 

triplet state p-biphenyloxeniumion, and p-biphenyloxy radical intermediates after 

ultraviolet photoexcitation in MeCN solution. To our knowledge this is the first direct 

detection of an open-shell singlet or a triplet state of an oxenium ion in solution using 

LFP. 

 

RESULTS AND DISCUSSION 

Figure 1 shows the evolution of the transient absorption of the photoprecursor in 

acetonitrile from 2 to 3022 ps. Immediately after the laser pulse, a broad transient 

absorption with maxima at 350, 394, and 630 nm emerges. This transient can be assigned 

to the first excited singlet state (S
1
) of the photoprecursor after 267 nm excitation, which 

grows in with a time constant of 350 fs. As the maximum absorption at around 630 nm 

and the shoulder absorption at around 394 nm quickly drop off, a sharp absorption at 

short wavelength grows in and undergoes a hypsochromic shift from 350 to 345 nm. 

After 200 ps, the transient absorption at 345 and 382 nm reaches a plateau until 3000 ps. 

This 345 nm transient can still be seen in the nanosecond transient absorption 

experiments and decays over ∼39 µs. This transient can be definitively assigned to the p-

biphenyloxy radical as seen by ns-TR
3
 experiments (described below). However, the 

transient absorption at 630 nm still decays by a slow process compared to the fast decay 

process before 200 ps. In addition, a shoulder peak appears at 560 nm, which is 

accompanied by the fast decay of 630 nm. 
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Figure 1. The TA spectra of species produced in MeCN acquired after 266 nm 
irradiation of the precursor compound 1 (Top left) LFP from 2 ps to 122 ps; (Top right) 
from 122 ps to 3022 ps); (Bottom left) nanosecond-TA spectra from 0.4 ms to 100 ms. 
Bottom right are the kinetics of the characteristic fs-TA absorption bands observed at 
345 nm, 380 nm and 630 nm for the fs-TA spectra observed after 266 nm photoexcitation 
of 1 in MeCN. 

 

The fast disappearance of the 630 and 394 nm bands, which can be attributed to 

S
1
 of the photoprecursor, is associated with the appearance of several new transient 

species. In addition to the radical absorption at a short wavelength described above, two 

additional transient species are seen. One intermediate, also absorbing at 630 nm, decays 

over ∼42 ps. A second transient, observed as a peak at ∼394 nm, decays over ∼49 ps. 

Given the error associated with fitting kinetics of strongly overlapping species, these two 

absorptions very likely correspond to the same species and the decay waveforms (Figure 
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2) appear very strongly correlated. A slower decaying transient, also absorbing ∼630 nm, 

decays with a lifetime of 1.6 ns. On the basis of TD-DFT computations of the UV–vis 

spectra and trapping studies, we assign the transients absorbing at 630 and 394 nm (τ ∼ 

45 ps) to the open-shell singlet oxenium ion, and the longer-lived transient (τ ≈ 1.6 ns) at 

630 nm to the triplet oxenium ion. After 122 ps, the 394 nm transient absorption 

undergoes a hypsochromic shift from 394 to 384 nm associated with a new species that 

decays so little over 3000 ps that it is difficult to obtain a good kinetic fit, but 

approximate fits give a time constant of ∼5 ns. In contrast to the radical absorption, 

which we observe in the nanosecond LFP experiments, this transient is not detected in 

the nanosecond LFP experiments. Thus, the lifetime of this final transient must be 

between 3 and 20 ns (our temporal “blindspot” between the femtosecond and nanosecond 

LFP setups). We assign this transient absorbing ∼384 nm (τ ≈ 5 ns) to the ground-state 

closed-shell singlet oxenium ion (described below). 

 

 

Figure 2.  Principal spectra (left) and kinetics (right) of four components obtained by 
principal components via SVD at the beginning of 150 ps. 
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In an attempt to confirm how many species were involved after excitation of the 

photoprecusor 1, the principal components via singular value decomposition (SVD) 

method was used to analyze the data obtained at the beginning of 150 ps. The principal 

components analysis found that there are four components accounting for the evolution 

spectra at early delay time. Figure 2 displays the principal spectra and kinetics of the first 

excited singlet state (S
1
) of the photoprecursor (

1*
1), triplet oxenium ion (

3
2), open-shell 

singlet oxenium ion (
1*

2) and p-biphenyloxy radical (3). 

Lifetimes for the Observed Transients 

In order to obtain the time constant of the different intermediates, a sum of 

convoluted exponentials function was used to fit a kinetic trace at the selected 

wavelength, where t
p
 is instrument response time, t

0
 is time zero, A

i
 and t

i
 are amplitudes 

and decay times, respectively. The fitting curve and the residuals are listed in Appendix 

V.  Table 1 displays the time constants of the fitting for the selected wavelength. 
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i
∑  

Table 1.  Time constants determined from the fitting for the selected wavelengths 

wavelength (nm) τ1 (ps) τ2 (ps) τ3 (ps) 
345 14   
384 4 49  
630 2 42 1613 

 

As mentioned above, the 345 nm transient absorption was assigned to the p-

biphenyloxy radical, the fitting done for 345 nm found a growth time constant (14 ps) of 
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the p-biphenyloxy radical. The p-biphenyloxy radical can survive for a long time in 

acetonitrile (see Figure 1 bottom left). A biexponential function was used to fit the 

kinetics of 345 nm obtained from the ns-TA spectra and found that a 39 µs time constant 

could be obtained, which is the lifetime of the p-biphenyloxy radical. In contrast, the 

kinetics of 384 nm could be fitted by a biexponential function, and two time constants 

can be obtained. The 4 ps is the growth time constant for the generation of the open-shell 

singlet oxenium ion, while the ∼45 ps decay can be associated with the internal 

conversion (IC) process from the open-shell singlet oxenium ion to the closed-shell 

singlet oxenium ion, whereas for the kinetics of 630 nm, a triexponential function was 

required to obtain a best-fit at this wavelength. The 2 ps time constant accounts for the 

generation of the triplet oxenium ion, the 42 ps time constant is associated with the 

lifetime of the open-shell singlet oxenium ion, and the 1600 ps time constant is the 

lifetime of this triplet oxenium ion. 

ns-TR
3
 Experiments Identify the Long-Lived Transient As the Radical 

In the ns-TA spectra a longer-lived transient species has a strong band at 345 nm 

accompanied by a smaller band at 505 nm (see Figure 1). To learn more about the nature 

of this longer lived species, we obtained ns-TR
3
 spectra of it using a 341.5 nm probe 

wavelength, and this is shown in Figure 3. Time-dependent density functional theory 

(TD-DFT) computations were done to estimate the transient absorption spectrum for the 

p-biphenyloxy radical, and the comparison between calculated spectrum and 

experimental spectra is shown in Figure 4; this suggests that the strong 345 nm long-

lived band with its weaker 505 nm band may be due to the p-biphenyloxy radical.  
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The transient absorptions at 560 and 682 nm (see Figure 4) have the same dynamics as 

that of the transient absorption at 345 nm. 

 

Figure 3. (Top) Ns-TR3 spectrum obtained at 50 ns after 266 nm photoexcitation of 1 
and using a 341.5 nm probe wavelength in MeCN. Asterisks represent solvent 
subtraction artifacts. (Bottom) Calculated normal Raman spectrum of the p-biphenyloxy 
radical (see text for more details). 
 

 
Figure 4. Comparison of the experimental transient absorption spectrum obtained at 400 
ns (top) to that obtained at 3022 ps (middle) and with that computed for the UV spectrum 
(TD-B3LYP/6-311+G(2d,p)) of the p-biphenylyl radical (bottom). The top spectrum 
(red) is assigned to the radical. 
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Therefore, all of these features on this time scale probably have contributions 

from the p-biphenyloxy radical. DFT calculations were also done to estimate the normal 

Raman spectrum of the p-biphenyloxy radical; this spectrum is shown at the bottom of 

Figure 3 and compared to the ns-TR
3
 spectrum obtained using a 341.5 nm probe 

wavelength at 50 ns after 266 nm photoexcitation of 1 in MeCN that is shown at the top 

of Figure 3. Inspection of Figure 3 shows that there is excellent agreement between the 

vibrational frequency patterns of the calculated normal Raman spectrum and the ns-TR
3
 

spectrum obtained at 50 ns. The dotted lines indicate the correspondence of the 

vibrational features in the calculated and experimental spectra in Figure 3. The preceding 

results displayed in Figures 3 and 4 led us to assign the relatively long-lived intermediate 

with a strong peak at 345 nm and a smaller band at 505 nm to the p-biphenyloxy radical 

species. The ns-TA spectra shown in Figure 1 had their kinetic fit, and these data are 

shown in Appendix V along with a best fit of a biexponential function that gave decay 

time constants of τ
1
 = 39 µs and τ

2
 = 258 µs. The first decay time constant is attributed to 

the decay of the p-biphenyloxy radical to form another species that also has some 

absorption at 345 nm. The source of the second decay time constant is not yet clear but 

may be due to some reaction of the radical to form another species, such as the formation 

of a dimer. 

Assignment of the Other Bands by Time-Dependent Density Functional Theory 

(TD-DFT) Computations 

To help assign the remaining transients, we have performed TD-DFT calculations 

to estimate the absorption bands for some likely intermediate species that could be 
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generated from the decay of the excited singlet state of 1. TD-DFT computations have 

been previously shown to be useful in estimating absorption bands. For example, they 

are frequently used for assigning absorption bands for carbenes and nitrenes.	  28,29  In 

particular, TD-B3LYP has been used with success to estimate the absorptions of the 

related ionic intermediates, nitrenium ions. 

 

Figure 5. Shown is the TD-DFT calculated relative energies of the closed-shell singlet p-
biphenylyloxenium ion (S0), the excited open shell singlet p-biphenylyloxenium ion (S1), 
and the triplet p-biphenylyloxenium ion (T1).  
 

It is important to consider that oxenium ions can adopt different electronic states. 

Our computations (see Figure 5) indicate that the p-biphenylyloxenium ion has a closed-

shell singlet ground state with a gap to the lowest energy triplet state of ∼24.5 kcal/mol 

and a vertical gap to the open-shell singlet state of 32 kcal/mol. Thus, unlike many 

carbenes, it is not possible to see equilibration of singlet and triplet states. 

In order to simulate the absorption of the open-shell singlet p-biphenylyloxenium 

ion, TD-DFT was first used to optimize the structure of the open-shell singlet p-

biphenylyloxenium ion. Then the TD-DFT simulation was performed on the closed-shell 

+

+

closed-shell singlet

open-shell singlet

1.39 eV

0.33 eV

+
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state at the open-shell geometry of singlet p-biphenylyloxenium ion.	  30  Figure 6 (right) 

displays the comparison of the fs-TA spectrum obtained at a time-delay of 6.8 ps (black 

line) with the absorption spectra calculated at the (TD-B3LYP/6-311+G(2d,p)) level of 

theory for the open-shell singlet p-biphenylyloxenium ion (blue line) and the triplet p-

biphenylyloxenium ion (red line). The computed absorption spectrum of the triplet p-

biphenylyloxenium ion has two bands located at 342 and 621 nm that correspond to the 

experimentally observed transient absorption bands at 345 and 630 nm. The calculated 

absorption spectrum of the open-shell singlet p-biphenylyloxenium ion has a band 

located at 384 nm and a shoulder feature centered at 593 nm that corresponds with the 

experimentally observed transient absorption band located at 394 and 630 nm. These 

comparisons suggest that both the open-shell singlet and triplet p-biphenylyloxenium ion 

ions are observed in the fs-TA experiments following 266 nm photoexcitation of 1 in 

MeCN. 

 

Figure 5.  (Right) Comparison of fs-TA experimental spectrum at 6.8 ps with the 
computed UV spectra (TD-B3LYP/6-311+G(2d,p)) of the excited open-shell singlet p-
biphenylyloxenium ion (blue) and the triplet p-biphenylyloxenium ion (red).  
(Left) Comparison of fs-TA experimental spectrum at 1222 ps and computed UV spectra 
(TDB3LYP/6-311+G(2d,p)) of the closed-shell singlet ground state of p-biphenylyl-
oxenium ion. 
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The carrier of the final band at 384 nm is less readily assignable. This transient 

follows the open-shell singlet p-biphenylyloxenium ion and has a time constant of 5–20 

ns but is not the open-shell singlet oxenium ion, the triplet oxenium ion, or the radical. 

Given that all alternative assignments are less plausible, we tentatively assign it to the 

closed-shell singlet ground state of the oxenium ion. This band also agrees well with the 

TD-DFT computed spectrum of the closed-shell singlet oxenium ion. That means that the 

open-shell singlet p-biphenylyloxenium ion will undergo an internal conversion process 

to form the closed-shell singlet p-biphenylyloxenium ion.  Figure 6 (left) presents the 

comparison of the fs-TA spectrum obtained at a time-delay of 1222 ps (black line) with 

the absorption spectra calculated for the closed-shell singlet p-biphenylyloxenium ion. 

This further implies that the 384 nm transient absorption is associated with the closed-

shell singlet p-biphenylyloxenium ion. TD-DFT computations described above indicate 

the singlet excited state is ∼32 kcal/mol higher in energy than the closed-shell singlet, 

close to what a recent computational study (CASPT2) found for the energy gap between 

the open-shell singlet state of phenyloxenium ion and the closed shell configuration (31 

kcal/mol).	  31  Given that photolysis is performed at 267 nm, each photon carries 107 

kcal/mol of radiant energy, and it is certainly energetically plausible that an excited state 

of ∼32 kcal/mol higher in energy than the ground state of the oxenium could be formed. 

Density functional theory computations (B3LYP/6-31G(d)) find that homolysis of the O–

N bond of 1 is uphill by 56 kcal/mol but that heterolysis is essentially isoenergetic with 

the photoprecursor 1. Photogeneration of a reactive intermediate excited state is unusual 

but not without precedent. For example, Platz detected the simultaneous generation of 
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the open-shell singlet and closed-shell singlet fluorenyl carbene upon photolysis of the 

diazo precursor.	  32  Additionally, alternative assignments are less plausible. It is at least 

in principle possible to observe an S
2
 to S

1
 conversion of the excited state of 1, but the 

carrier of the transient is too long-lived for this possibility to be seriously considered. A 

more plausible alternative assignment is as an excited T
1
 triplet state of the oxenium ion 

(e.g., a π,π* triplet oxenium ion), but we view this alternative as less likely given that our 

computations indicate that the triplet excited state of the photoprecursor is a transition 

state for forming the n,π* triplet oxenium ion. 

 Product Studies from Photolysis and Thermolysis of 1 

We also hoped to gain insight into the intermediates resulting from the precursor 

1 via product studies from thermolysis and photolysis. Table 2 shows the products 

formed via photolysis and thermolysis under different conditions. Products were 

identified by comparison to 
1
H NMR of authentic samples. 

Photolysis in water or acetonitrile gives almost exclusively the reduction product, 

p-biphenylol, with only trace amounts of a chloro trapping adduct. When chloride is 

added as a trap in water, however, the major product is the chloro adduct, with the 

reduced product being the minor product. It is possible to envision mechanisms to the 

reduced product via all the observed intermediates in the photolysis. The radical could 

form the reduced product via an H atom abstraction, while the oxenium ions could form 

the reduction product either via a hydride abstraction or via two H atom abstractions 

followed by a deprotonation. The chloride trapping adduct is clear evidence for an  
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oxenium ion intermediate, as oxenium ions are known to be trapped by nucleophiles at 

the ortho and para positions of the ring.3,26,33 

Table 2.  Product Studies from the Photolysis of Compound 1a 

 

 
 

a Perecentages are based on relative 1H NMR integration.  Mass balance >78%  

 

Product studies from thermolysis are similar to those obtained by photolysis. 

Thermolysis in acetonitrile gives principally the reduced product as seen in the 

photolysis in acetonitrile. In water, however, the major product is a water trapping adduct 

at the para position to form a dearomatized product. When the thermolysis is performed 

in water with added Cl
–
 as a trap, a complex mixture of the reduced product, the 

ammonium adduct, the chloro adduct, and the water adduct are obtained. A plausible 

explanation of why water adds to the para position to generate the dearomatized product 

while chloride and ammonia add to the ortho position could be that para addition is 

kinetically favored, but reversible. Eventually the aromatized thermodynamic ortho 

OH OH OH O
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Δ
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20 80 -- --
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adduct is formed. However, once water is added, a fast deprotonation of the water 

addition product could render this step irreversible and trap it as the dearomatized 

product. 

Discussion and Photochemical Reaction Scheme 

Based on the data presented above, the proposed photochemical reaction 

pathways are shown in Scheme 2. Within 350 fs, the first excited singlet state is formed 

of 1, which partitions into three transients: the p-biphenyloxy radical, the open-shell 

singlet p-biphenylyloxenium ion and the triplet p-biphenylyloxenium ion.  

 

Scheme 2.  Probable reaction pathways and time constants for the open-shell singlet  
p-Biphenylyloxenium ion, the ground state of the singlet p-Biphenylyloxenium ion, the 
triplet p-Biphenylyloxenium ion and p-Biphenylyloxy radical are shown. 
 

The excited singlet p-biphenylyloxenium ion (S
1
) state may decay via intersystem 

crossing (ISC) to the triplet p-biphenylyloxenium ion (T
1
) species, or via internal 
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conversion (IC) to the ground state of singlet p-biphenylyloxenium ion (S
0
). In any 

event, all of the transient species lead to formation of the reduced product, p-biphenylol, 

in the absence of an added trap. Remarkably, in sharp contrast to carbenes and nitrenes, 

the triplet state of the oxenium ion is shorter-lived than the closed-shell singlet state. For 

carbenes and nitrenes, usually only the triplet states can be seen with nanosecond 

spectroscopy, and the singlets have lifetimes on the order of tens of picoseconds. 

Possibly the shorter-lived triplet is due to the fact that singlet carbenes/nitrenes have a 

facile C–H insertion pathway and often decay via ISC to lower-energy triplet states. 

Here, C–H insertion is apparently not an observable reaction channel for singlet oxenium 

ions, and the triplet is the higher-energy species, making ISC not an energetically 

favorable decay channel. It is also interesting to speculate that the difference in products 

between photolysis and thermolysis arise from a change in spin population of the 

oxenium ion, but more evidence would be needed to verify this claim. 

 
EXPERIMENTAL AND COMPUTATIONAL METHODS 

The precursor sample compound for the photochemistry and time-resolved 

spectroscopy experiments was synthesized from a modification of a known procedure of 

aryloxyamines in 2001.	  27,34  See Appendix V for synthetic procedures. Spectroscopic 

grade acetonitrile (MeCN) was used to prepare sample solutions for use in the time-

resolved spectroscopy experiments. 

Femtosecond Transient Absorption (fs-TA) Experiment 

The fs-TA experiments were done by employing an experimental setup and 
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methods detailed previously,35 and only a brief description is provided here. Fs-TA 

measurements were done using a femtosecond regenerative amplified Ti:sapphire laser 

system in which the amplifier was seeded with the 120 fs laser pulses from an oscillator 

laser system. The laser probe pulse was produced by utilizing ∼5% of the amplified 800 

nm laser pulses to generate a white-light continuum (350–800 nm) in a CaF
2
 crystal, and 

then this probe beam was split into two parts before traversing the sample. One probe 

laser beam goes through the sample while the other probe laser beam goes to the 

reference spectrometer in order to monitor the fluctuations in the probe beam intensity. 

For the experiments discussed in this work, a 10 mL solution was flowed through a 2 

mm path-length cuvette. This flowing sample was then excited by a 267 nm pump laser 

beam. An absorbance of 1 at 267 nm was used for the sample solutions for the fs-TA 

experiments in order to maintain the same number of photons being absorbed for the 

same irradiating conditions for the samples. 

Nanosecond Transient Absorption (ns-TA) Experiment 

The ns-TA experiments: Nanosecond time-resolved transient absorption (ns-TA) 

measurements were carried out with an LP920 laser flash spectrometer provided by 

Edinburgh Instruments Ltd. The probe light source is a 450 W ozone-free Xe arc lamp 

with 10 Hz to single shot operation versatile sample chamber with integral controller, 

high speed pump and probe port shutters, sample holder, filter holders, which produces a 

continuous spectrum between 150 to 2600 nm. Measurements of the ns-TA spectra were 

performed according to the following procedure. The fresh sample solutions were excited 

by a Q-switched Nd:YAG laser (fourth harmonic line at λ = 266 nm). The probe light 
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from a pulsed xenon arc lamp was passed through various optical elements, samples, and 

a monochromator before being detected by a fast photomultiplier tube and recorded with 

a TDS 3012C digital signal analyzer. In the kinetics mode, a photomultiplier detector or 

InGaAs PIN detector was used and the transient signal acquired using a fast, high-

resolution oscilloscope. In the spectral mode an array detector was fitted to the 

spectrograph exit port to measure a full range of wavelengths simultaneously. Unless 

specified otherwise, the ns-TA experiments were performed in air-saturated solutions, 

and the sample solutions were made up to have an absorbance of 1 at 266 nm. 

Nanosecond Time-Resolved Resonance Raman (ns-TR
3
) Experiments 

The ns-TR
3
 experiments were done by employing an experimental setup and 

methods detailed previously,	  36,37 and only a brief account is provided here. The fourth 

harmonic of a Nd:YAG nanosecond pulsed laser supplied the 266 nm pump wavelength, 

and the 341.5 nm probe wavelength came from the second Stokes hydrogen Raman-

shifted laser line produced from the fourth harmonic of a second Nd:YAG laser). The 

pump pulse photoexcited the sample to start the photochemical processes, and the probe 

pulse monitored the sample and the intermediate species formed. The laser beams were 

lightly focused and lined up so that they merged together onto a flowing sample. A pulse 

delay generator was utilized to electronically set the time delay between the pump and 

probe laser pulses. The Raman scattered signal was collected using a backscattering 

geometry and observed by a liquid nitrogen-cooled charge-coupled device (CCD) 

detector. The ns-TR
3
 spectra shown here were found from subtraction of an appropriately 

scaled probe-before-pump spectrum from the correlated pump–probe resonance Raman 
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spectrum to mostly get rid of nontransient bands. The Raman bands of MeCN were used 

to calibrate the Raman shifts with an estimated uncertainty of 5 cm
–1

. The sample 

concentrations in ns-TR
3
 were ∼5 × 10

–4
 M. 

Product Studies 

Photolysis studies were performed by the addition of 5 mg 4-biphenylyl 

hydroxylamine hydrochloride 1 to 3 mL of solvent. This solution was then degassed and 

photolyzed for 1 h in a Rayonet photoreactor. Thermolysis studies were performed by 

refluxing 10 mg of the precursor compound 1 in 6 mL solvent for 1 h after degassing the 

solution. 

Density Functional Theory (DFT) Calculations 

DFT calculations were performed by employing the (U)B3LYP method with a 6-

311G(d,p) basis set. The Raman spectra were found from computing the Raman 

intensities from transition polarizabilities computed by numerical differentiation, with an 

assumed zero excitation frequency. A Lorentzian function with a 15 cm
–1

 bandwidth for 

the vibrational frequencies and a frequency scaling factor of 0.974 was used in the 

comparison of the calculated results with the experimental spectra.	  38  TD-DFT was used 

to calculate the excitation energies and oscillator strengths, the simulation of UV–vis 

spectra of selected intermediates and excited state were obtained from (U)B3LYP DFT 

calculations employing a 6-311G(2d,p) basis set in PCM solvent mode. TD-B3LYP has 

performed well for predicting the absorptions of the parent phenyloxenium ion	  3 as well 

as related species, arylnitrenium ions.	  20  No imaginary frequency modes were observed 
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at the stationary states of the optimized structures. All of the calculations were done 

using the Gaussian 09 program suite.	  39  

 

CONCLUSIONS 

Using fs-TA, ns-TA, and ns-TR
3
 spectroscopic techniques as well as DFT calculations, 

the present contribution reports an investigation of the photophysical and photochemical 

reactions of 1 to produce the open-shell singlet p-biphenylyloxenium ion, the triplet state 

p-biphenylyloxenium ion, and p-biphenyloxy radical intermediates. The properties and 

kinetics of these intriguing reactive intermediates are discussed. This study provides an 

intriguing demonstration of the importance of excited state dynamics in governing 

electronic state population of photoprecursors, since the system of Novak and Platz leads 

to a related closed-shell singlet oxenium ion, whereas the protonated hydroxylamine 

discussed in this study leads to the radical, the open-shell singlet, and closed-shell singlet 

states of the oxenium ion and the triplet state of the oxenium ion. To our knowledge, this 

is the first detection and characterization of a short-lived photochemically generated 

open-shell singlet or triplet phenyloxenium ion. 
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CHAPTER 5 
 

DIRECT SPECTROSCOPIC DETECTION AND EPR INVESTIGATION OF A 
GROUND STATE TRIPLET PHENYL OXENIUM ION 

 

Taken in part from: Li, M.; Hanway, P.J.; Albright, T.R.; Liu, M.; Lan, X.; Li, S.; 

Peterson, J.A.; Winter, A.H.; Phillips, D.L. J. Am. Chem. Soc. 2015. Submitted 

 

INTRODUCTION   

Oxenium ions are reactive intermediates of formula R-O+. These species are the 

isoelectronic oxygen analog of the more familiar nitrene class of intermediates, but bear 

a formal positive charge on a hypovalent oxygen. Like nitrenes, oxenium ions can be 

stabilized by transition metals,	  1 acting as novel ligands, but in their free form they are 

short-lived in solution, as might be expected of a species forced to suffer from such an 

inharmonious electronic arrangement. Of more synthetic relevance, these transient 

species have often been proposed as intermediates in a number of synthetically useful 

oxidation reactions of phenols,	  2-6  including the oxidative Hosomi-Sakurai reaction,	  7,8 

and Wagner-Meerwin transposition,	  9 electrochemical oxidations of phenols and 

phenolates,	  10,11 and a plethora of other phenolic oxidations and tautomerization 

reactions.  They are also suggested to be key intermediates in the industrial production of 

materials like poly(phenyl)ether (PPE), an industrial thermoplastic.	  12-14 In addition, the 

enzymatic oxidative mechanisms of phenols to quinones are thought to involve the 

intermediacy of discrete oxenium ions.	  15 Despite their chemical importance, mechanistic 

studies of oxenium ions are limited.   
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Previous experimental studies of aryloxenium ions have been performed by either 

photochemical or thermal generation methods. In the 1970s and early 1980s, 

Abramovitch and Okamoto used thermolytic methods to generate aryloxenium ions. 

Studies of their stable end products permitted indirect characterizations of their 

reactivity.	  12,13 Later, Novak and coworkers investigated the reactivities of aryloxenium 

ions using both thermal and photochemical generation methods.	  16 Only recently have 

aryloxenium ions been directly detected by laser flash photolysis in solution. In 2007, 

Novak, Platz, and coworkers reported the first direct detection of an aryloxenium ion in 

solution (a biphenylyl oxenium ion) using laser flash photolysis, providing definitive 

evidence that these reactive ions are in fact discrete intermediates in solution.	  17  

Like nitrenes, oxenium ions can adopt different electronic configurations. The 

electronic state energies of phenyl oxenium ions and some simple substituted derivatives 

have previously been computed using the CASPT2//CASSCF computational method.	  18-

20 These computational studies suggested that oxenium ions undergo large changes in the 

electronic state orderings by changing the substituent attached to the formally positive 

oxygen. For instance, the simplest oxenium ion, OH+, has degenerate frontier orbitals 

and a triplet ground state with a gap of 54 kcal/mol to the lowest energy singlet state.	  21 

Substituting the hydrogen with a phenyl ring leads to the lowest-energy state being a 

closed-shell singlet ground state by ~ 20 kcal/mol.  Computations suggest most simple 

aryloxenium ions are closed-shell singlet ground state species,	  18 although heteroaryl 

oxenium ions may adopt alternative electronic states.	  19 The singlet ground state of the 
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phenyl oxenium ion is supported by both photoelectron spectroscopy	  22 and the results 

from these high-level computational methods.  

Following Novak and Platz’s detection of a substituted biphenylyl oxenium ion 

derivative, we used selected protonated hydroxylamine salts as novel photoprecursors to 

generate both the parent phenyloxenium ion and the biphenylyl oxenium ion as a product 

from the photoheterolysis of the aryl hydroxylamine tetrafluoroborate salt.	  23 In addition 

to a concomitant homolytic process, these hydroxylamine salts also undergo heterolytic 

scission of the O-N bond to lead to the generation of the singlet aryloxenium ion and 

neutral ammonia.	  23,24 These results allowed comparisons to the neutral photoprecursor 

studied by Novak, Platz and coworkers,	  25 highlighting the unique differences in the 

photochemistry/photophysics of the precursors.	  26  To summarize the prior results, the 

aryloxenium ions studied thus far have had closed-shell singlet ground states and 

lifetimes of a few nanoseconds in solution, typically reacting with nucleophiles (e.g. 

ammonia, chloride, water) at the ortho and para positions to generate ring-substituted 

phenols as the ultimate stable photoproducts. See Figure 1.  To date, essentially nothing 

is known about the reactivity of triplet aryloxenium ions.  

Computational studies have suggested that simple ring substituents could lead to 

significant changes in the singlet-triplet energy gap (ΔEST).	  18 A recent computational 

study on the effect of meta substitution on the ΔEST of phenyloxenium ions found that 

substituting the meta positions of the phenyloxenium ions with pi donors (e.g. NH2) 

stabilizes an m-xylylene-like π,π* triplet state in preference to the singlet state.	  20 For the 

m-aminophenyloxenium ion, the ground state was computed to be the triplet state by 
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DFT computations, but was computed to have essentially degenerate singlet and triplet 

energies at the CASPT2/pVTZ level of theory. Consequently, the ground state of the m-

dimethylaminophenyloxenium ion cannot be predicted with certainty. Although not 

explicitly considered in that study, our thought was that the m-dimethylaminophenyl-

oxenium, bearing a stronger meta pi donor than an amino substituent, might have a more 

definitively triplet ground state. 

 

Figure 1.  Overview of this work and prior work. 

All of the prior studies that directly detected aryloxenium ions studied oxenium 

ions that had closed-shell singlet ground states. We were interested in detecting a triplet 

ground state oxenium ion in order to understand the spin-selective reactivity of oxenium 

ions and to be able to compare the lifetimes, properties, and reaction types of triplet 

oxenium ions to their closed-shell singlet counterparts. Thus, we synthesized the  

m-dimethylaminophenylhydroxylamine (m-DMAP) salt 1, which we anticipated could 
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generate a ground state triplet aryloxenium ion 32 upon photolysis. The different 

electronic configurations possible for the aryloxenium ion are depicted in Figure 2. 

 

Figure 2.  Possible schematic electronic configurations considered for the m-
dimethylamino phenyloxenium ion 2.  Computations suggest the ground configuration is 
the π,π* triplet configuration and the lowest energy singlet state is the closed-shell 
configuration. 
 

Here, we report a combined femtosecond transient absorbance (fs-TA), 

nanosecond transient absorbance (ns-TA), and nanosecond time-resolved Resonance 

Raman (ns-TR3) spectroscopic investigation of the photophysics and photochemistry of 

m-DMAP 1 to directly observe the formation of the ground state triplet phenyloxenium 

ion after ultraviolet photo-excitation in a MeCN:H2O solution. We also studied the triplet 

ion by cryogenic matrix photolysis of the photoprecursor in an EtOH glass and observed 

a triplet species in the electron paramagnetic resonance (EPR) spectrum at 4 K, providing 

strong evidence for this ion having a triplet ground state. To our knowledge this is the 

first direct observation and reactivity study of a ground triplet state of an aryloxenium 

ion in solution using LFP, and the first EPR detection of a triplet aryloxenium ion.
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RESULTS AND DISCUSSION 

Femtosecond Transient Absorption Investigation of m-Dimethylamino-

phenylhydroxylamine Hydrochloride 1. 

 Figure 3 shows the evolution of the transient absorption of m-dimethylamino 

phenylhydroxylamine (m-DMAP) 1 in an acetonitrile:water (MeCN:H2O) 1:1 mixed 

solution from 0.96 ps to 2990 ps. The spectra at early (Figure 1, top left), middle (Figure 

1, top right) and later delay times (Figure 1, bottom left) are given separately to more 

easily discern the spectral changes that take place on different time scales. First we 

discuss the observations and our assignments of the transients and then we detail how we 

made all of the assignments. After irradiation by 267 nm light, the very earliest spectra 

(~1 ps after the pulse) are assigned to the transient absorption of the S1 state having an 

absorption centered at ca. 360 nm. This band rapidly decays over ~1 ps into a new 

transient having major absorptions at 485 and 627 nm, assigned to the closed-shell 

singlet oxenium ion 12.  Similarly, prior studies of the protonated hydroxylamine 

photoprecursors shown in Figure 1 underwent bond cleavage in ~2 ps.	  26 In the top right 

of Figure 3, it can be seen that the broad bands centered at 485 nm and 627 nm slightly 

decayed and noticeably shifted with time toward a shorter wavelength and a longer 

wavelength respectively over ~55 ps, ultimately yielding a sharp band at 476 nm and a 

broader absorption band centered at ~650 nm. This process is attributed to vibrational 

cooling as the hot-born oxenium ion sheds heat to solvent, a phenomenon that has been 

seen in the prior work with these photoprecursors. Subsequently, the two bands decay 

over ~550 ps to generate a new band at ~485 nm. This conversion is attributed to 
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intersystem crossing of the singlet oxenium ion 12 to the triplet phenyloxenium ion 32. 

Finally, this band converts to a new band over ~ 1 µs to a band at 494 nm, attributed to 

the m-dimethylamino phenol radical cation, which slowly decays into a final product at 

357 nm. An isobestic point at 394 nm indicates a clean conversion between the latter two 

species. 

 
Figure 3. Shown are the fs-TA spectra of species produced in a MeCN:H2O 1:1 solution 
acquired after 266 nm irradiation of the precursor m-DMAP (Top left) LFP from 0.96 ps 
to 1.6 ps; (Top right) from 1.6 ps to 12 ps; (Bottom left) from 19 ps to 2990 ps; Bottom 
right shows the kinetics of the characteristic fs-TA absorption bands observed at 357 nm, 
484 nm for the fs-TA spectra observed after 266 nm photoexcitation of m-DMAP 1 in a 
MeCN:H2O 1:1 solution. See text for more details. 
 

TD-DFT Calculated Electronic Absorption of Selected Intermediates of m-DMAP 

Time-dependent density functional theory (TD-DFT) computations have been previously 

demonstrated to be useful in estimating the absorption bands for transient species in 
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previous work. For example, they are frequently used for assigning absorption bands for 

carbenes, nitrenes and oxenium ions. 24,26,27 To help assign the transients observed in the 

fs-TA experiments, we have performed TD-B3LYP/6-311G(2d,p) calculations to 

estimate the UV-vis absorption for some likely candidate species that could be generated 

from the excited singlet state of m-DMAP 1. TD-DFT computations were done to 

estimate the electronic absorption spectra of the m-dimethylamino phenoxy radical, the 

triplet m-dimethylamino phenyloxenium ion and the singlet m-dimethylamino 

phenyloxenium ion. The results using TD-B3LYP/6-311+G(2d,p) for these calculations 

are shown in Figure 4. The computed absorption spectrum for the singlet m-

dimethylamino phenyloxenium ion gives a single band at 418 nm in the 300 to 600 nm 

region and this does not agree with the experimental spectra at early delay time (1.6 to 12 

ps) where there are one maximum transient absorptions at about 485 nm and a tailing 

broad shoulder transient absorption at 627 nm (see Figure 3). We noted that singlet 

carbenes have been reported to form complexes with solvents such as acetonitrile (and 

even form ylides in some cases). 28 Thus, we considered the possibility that the singlet 

oxenium ion was forming a solvent complex, which might alter its absorption profile. 

Indeed, by adding explicit complexing waters (1, 3, 4 water molecules), the computed 

TD-DFT absorption spectra of singlet oxenium ion in the absence of water and in the 

presence of one water molecule did not match with the experimental spectra at early 

delay time while the simulated absorption spectra of singlet oxenium ion water adducts 

in the presence of 3 and 4 water molecules give good agreement with the experimental 

bands recorded at 19 ps (see Figure 4). Therefore, it is challenging to think of alternative 
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structures to the singlet oxenium ion water complexes that would follow the singlet 

excited state of the photoprecursor and ultimately converts to a transient that can be 

assigned to the triplet oxenium ion by both UV-vis and ns-TR3 experiments, which will 

be described later. Based on our previous study, a ground state singlet aryloxenium ion 

can be trapped by water molecules or other nucleophiles (chloride, ammnia), although 

we see no trapping adducts for this oxenium ion.  

 

Figure 4. Shown are the computed electronic spectra of the m-dimethylamino 
phenyloxenium radical (top left), the triplet m-dimethylamino phenyloxenium ion 32 (top 
right) and the singlet m-dimethylamino phenyloxenium ion 12 (bottom left) from TD-
B3LYP/6-311G(2d,p) calculations. Bottom right of the figure shows the experimental 
UV-vis spectrum at 19 ps after the pulse and the computed spectrum of the singlet m-
dimethylamino phenyloxenium ion in the presence and absence of explicit solvent 
waters.  
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Here both transient absorption bands at 357 and 484 nm can still can be observed 

at 3 ns. Therefore, the transient absorption bands certainly do not appear to originate 

from a singlet phenyloxenium ion. Although the computed absorption spectrum for the 

m-dimethylamino phenyloxenium radical and triplet m-dimethylamino phenyloxenium 

ion have two bands at around 300 nm and 428 nm, which are in good agreement with the 

experimental spectra in shape at later delay time, see Figure 3. Both the observation 

triplet m-dimethylamino phenyloxenium ion by ns-TR3 and essential the intersystem 

crossing from singlet oxenium ion to triplet oxenium ion support that the transient 

absorption of 357 and 484 nm should be assigned to the triplet m-dimethylamino 

phenyloxenium ion, not the m-dimethylamino phenyloxenium radical.  

ns-TR3 Experiments Identify the Transient at 357 nm as the π ,π* Triplet  

m-Dimethylaminophenyloxenium Ion 

In order to identify the transient species seen at around 3 ns, ns-TR3 experiments 

for m-DMAP 1 were carried out in an aqueous acetonitrile solution. Figure 5 shows the 

ns-TR3 spectra obtained with various delay times after 266 nm photo-excitation of m-

DMAP and using 355 nm as the probe wavelength in a MeCN:H2O 1:1 solution. The 

Raman band at 1592 cm-1 gradually drops off in intensity, which is accompanied by the 

growth of the Raman band at 1656 cm-1. This not only indicates that there are two 

transient species that can be detected in the aqueous solution by the TR3 spectra when 

using 355 nm as the probe wavelength, but also reveals that the first transient species 

with its main Raman band at 1592 cm-1 is the precursor of the second transient species 

with a main Raman band at 1656 cm-1. At 10 µs, the 1592 cm-1 disappears, indicating 



www.manaraa.com

	  
	  

134	  

that the spectrum at 10 µs arises from the second species. In an attempt to isolate the 

Raman spectra of the first species, the Raman spectrum obtained at 20 ns had an 

appropriately scaled spectrum at 10 µs subtracted from it. Figure 6 presents the ns-TR3 

spectrum obtained at 20 ns with the 10 ms spectrum subtracted from it in a MeCN:H2O 

1:1 solution and the calculated normal Raman spectrum of the triplet m-dimethylamino 

phenyloxenium ion using results from MP2/6-311G(d,p) calculations. The experimental 

spectrum agrees well with the calculated normal Raman spectrum of the triplet m-

dimethylamino phenyloxenium ion 32 for its vibrational frequency pattern. 

 

Figure 5.Shown are ns-TR3 spectra obtained with various delay times indicated next to 
the spectra after 266 nm photo-excitation of m-dimethylamino phenyloxenium and using 
a 355 nm as the probe wavelength in a MeCN:H2O 1:1 solution.  
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Therefore, the first species detected by the ns-TR3 spectra in the aqueous solution 

can be assigned to the triplet m-dimethylaminophenyloxenium ion. Logically, it also 

seems reasonable to expect the triplet state following the singlet oxenium ion, and the 

computation predicted UV-vis absorption spectrum is also in reasonable agreement with 

the experimental value. The calculated structure of the π,π* triplet m-dimethylamino 

phenyloxenium indicates a C-O bond length of 1.216 Å, with the electronic density 

delocalized into the benzene ring rather than in the C-O bond. For an aromatic ketone 

(e.g such as triplet benzophenone), a C-O bond length extending up to 1.32 Å has a n,π* 

triplet state character and the triplet electronic density is mainly located in the C=O 

group.	  29-35 

 

Figure 6. Left: comparison of the ns-TR3 spectrum obtained at 20 ns with an 
appropriately scaled 10 ms spectrum subtracted from it in a MeCN:H2O 1:1 solution 
(red) and the calculated normal Raman spectrum of the triplet m-dimethylaminophenyl-
oxenium ion 32 using results from MP2/6-311G(d,p) calculations (blue) are shown. 
Right: comparison of the ns-TR3 spectrum obtained at 10 µs in a MeCN:H2O 1:1 
solution (red) and the calculated normal Raman spectrum of the m-dimethylamino 
phenol radical cation using results from B3LYP/6-311G(d,p) calculations (blue) are 
shown. Asterisks represent solvent subtraction artifacts. See text for more details. 
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 For the second species with a main Raman band at 1656 cm-1, we tentatively 

assigned this species to the m-dimethylamino phenyloxenium radical cation which would 

be generated by the hydrogen abstraction of the triplet oxenium ion from the surrounding 

water molecules. Figure 6 (right) indicates that the computationally predicted Raman 

spectrum of the m-dimethylamino phenyloxenium radical cation is consistent with the 

experimental Raman spectrum obtained at 10 µs, although the noise in the spectrum 

prevents a clear assignment. In the ns-TA spectra (discussed next), this transient absorbs 

at ~490 nm. Given that the dimethylaniline radical cation absorbs at 470 nm, it seems 

plausible that the m-hydroxy dimethylaniline radical cation could absorb at ~490 nm, and 

this is the logical intermediate following the triplet oxenium ion given that the stable end 

product is the reduced m-dimethylaminophenol. 

A ns-TA Experimental Study on the Reactivity of the Triplet m-DMAP Ion.  

The results from the ns-TR3 study on the m-dimethylamino phenyloxenium 

indicated that the triplet m-dimethylamino phenyloxenium ion is completely consumed 

within about 10 µs to produce the radical cation in an aqueous solution. However, the ns-

TA experiments found that the band at 356 nm continues to increase in intensity while 

the band at 494 nm decreases in intensity (see Figure 7). There is an isosbestic point at 

around 396 nm for this process indicating a clear transformation between a precursor 

species and a product species. The temporal dependences of the transient absorption 

intensity of the initial species in the MeCN:H2O 1:1 mixed solution with its bands at 356 

nm and 494 nm can be fitted by a bi-exponential function with two time constants 

(τ1=1.69 µs, τ2=103 µs) (see Figure 7). According to the ns-TR3 study, the 1.69 µs may 
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be the lifetime of the triplet m-dimethylamino phenyloxenium ion and the species having 

a lifetime of 103 ms being the radical cation. The absorbance that we assign to the m-

dimethylamino phenol radical cation at 494 nm is also close to the known absorption of 

the m-dimethylaniline radical cation at 470 nm. Taken all together, these spectroscopic 

data allow us to map out essentially the entire arc of the photochemistry of 1. These 

assignments are shown in Scheme 1.  

 

Figure 7.  Top: ns-TA spectra from 0 µs to 100 µs produced in a MeCN:H2O 1:1 
solution acquired after 266 nm irradiation of the initial precursor compound are shown. 
See text for more details. Bottom: The temporal dependences of the transient absorption 
intensity of initial compound in a MeCN:H2O 1:1 mixed solution at 356 (left) nm and 
494 nm (right) are shown. The solid red line indicates fittings using a bi-exponential 
function.  
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Scheme 1.  Proposed mechanistic pathway based on piecing together the spectroscopic 
data. 
Product Studies From Photolysis of 1. 

Additional evidence for a triplet ground state for the m-dimethylamino-

phenyloxenium ion comes from analysis of the photoproducts. The only detectable 

photoproduct of 1 in water by 1H NMR is m-dimethylamino phenol. This single 

photoproduct observed from photolysis is in contrast to photolysis of the unsubstituted 

phenylhydroxylamine hydrochloride, which gave additional nucleophile trapping adducts 

(e.g. chlorophenol, hydroquinone, catechol, protonated o/p aminophenols, etc). In 

general, one expects nucleophile adducts of a singlet phenyloxenium ion.  Reactivity of a 

triplet phenyloxenium ion is less certain, but by analogy with related reactive 

intermediates (e.g. carbenes, nitrenes, etc), one would expect radical chemistry (e.g. H 

atom abstraction). The parent phenyloxenium ion is a singlet ground state ion,	  23 so these 

nucleophile trapping adducts are not surprising. In contrast, the reduced product formed 

from photolysis of 1 might be expected from a triplet oxenium ion as a result of 
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sequential H atom abstraction processes (followed by loss of a proton) rather than 

nuclophilic trapping chemistry. Thermolysis studies of 1 led to insoluble tars, likely from 

oxidation or polymerization (m-dimethylaminophenol itself is unstable to oxidation). 

Cryogenic EPR studies from photolysis of 1 in EtOH glass indicates triplet ground 

state for 2.   

Further evidence for the ground state of the m-dimethylaminophenyloxenium 

being a triplet state comes from low-temperature matrix isolation experiments. A low-

temperature EtOH glassy matrix photolysis study of 1 (at 4 K), performed in the cavity 

of an EPR spectrometer, provided the spectrum shown in Figure 8. The signals in the 

EPR spectrum are consistent with the formation of a triplet diradical species as well as a 

monoradical impurity (perhaps arising from a competitive homolysis pathway or from a 

back electron transfer process). This EPR spectrum provides evidence that the ground 

state of the oxenium ion is the triplet state, since at 4 K essentially no thermal population 

of an excited triplet state would be possible outside of having virtually degenerate singlet 

and triplet energies. 
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Figure 8.  X-band EPR spectrum of 1 irradiated in EtOH glass at 4 K using a mercury 
lamp source delivered via a fiber optic cable into the cavity.  Triplet simulation 
parameters: D = 280 Gauss, E/D = 0.075 Gauss. Inset: ΔmS=2 transition. 
 

EXPERIMENTAL AND COMPUTATIONAL METHODS 

The m-dimethylamino phenylhydroxylamine 1 photoprecursor was synthesized, 

purified, and characterized via standard methods (see Appendix VI for synthetic 

procedures and spectra). Spectroscopic grade acetonitrile (MeCN) and deionized water 

were used to prepare the sample solutions for use in the time-resolved spectroscopy 

experiments. In all of the time-resolved experiments, the sample solutions were purged 

with argon for 30 min.  During the experiments, the sample solutions were also purged 

with argon. 
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Femtosecond Transient Absorption (fs-TA) Experiments.  

The fs-TA experiments were performed by employing an experimental setup and 

methods detailed previously.	  36 Only a brief description is provided here. Fs-TA 

measurements were accomplished using a femtosecond regenerative amplified 

Ti:sapphire laser system in which the amplifier was seeded with the 120 fs laser pulses 

from an oscillator laser system. The laser probe pulse was produced by utilizing ~5% of 

the amplified 800 nm laser pulses to generate a white-light continuum (340-700 nm) in a 

CaF2 crystal and then this probe beam was split into two parts before traversing the 

sample. One probe laser beam goes through the sample while the other probe laser beam 

goes to the reference spectrometer in order to monitor the fluctuations in the probe beam 

intensity. For the experiments discussed in this work, a 40 mL solution was flowed 

through a 2 mm path-length cuvette to avoid problems with interference from photolysis 

of secondary photoproducts. This flowing sample was excited by a 267 nm pump laser 

beam. An absorbance of 1 at 267 nm was used for the sample solutions for the fs-TA 

experiments in order to maintain the same number of photons being absorbed for the 

same irradiating conditions for the samples. 

Nanosecond Transient Absorption (ns-TA) Experiment.  

The ns-TA experiments were performed using a commercial laser flash 

photolysis apparatus. The fourth harmonic output of an Nd:YAG laser supplied the 266 

nm laser pump pulse. The probe light came from a 450 W Xenon lamp. The 266 nm 

pump laser beam photo-excited the sample and at a right angle the probe light from the 

Xenon lamp traversed the sample held in a 1 cm flowing quartz cell. The transmitted 
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probe light was then detected by a single detector (for kinetic analysis) or by an array 

detector (for spectral analysis). The changes in the light transmission signals were 

normally converted into changes of optical density (ΔOD) and these signals were then 

analyzed by a monochromator equipped with a photomultiplier to detect the light. Unless 

specified otherwise, the ns-TA experiments were performed in argon purged solutions 

and the sample solutions were made up to have an absorbance of 1 at 266 nm. 

Nanosecond Time-Resolved Resonance Raman (ns-TR3) Experiments.  

The ns-TR3 experiments were performed employing an experimental setup and 

methods detailed previously and only a brief account is provided here.	  37 The fourth 

harmonic of a Nd:YAG nanosecond pulsed laser supplied the 266 nm pump wavelength 

and the 355 nm probe wavelength came from the third harmonic of a second Nd:YAG 

laser. The pump pulse photo-excited the sample to start the photochemical processes and 

the probe pulse monitored the sample and the intermediate species formed. The laser 

beams were lightly focused and lined up so that they merged together onto a flowing 

argon purged sample solution. A pulse delay generator was utilized to electronically set 

the time delay between the pump and probe laser pulses. The Raman scattered signal was 

collected using a backscattering geometry and observed by a liquid nitrogen-cooled 

charge-coupled device (CCD) detector. The ns-TR3 spectra shown here were found from 

subtraction of an appropriately scaled probe-before-pump spectrum from the correlated 

pump-probe resonance Raman spectrum to mostly get rid of non-transient bands. The 

Raman bands of MeCN were used to calibrate the Raman shifts with an estimated 

uncertainty of 5 cm-1.  
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Product and Matrix isolation EPR Studies.  

Photolysis studies were performed as follows: addition of 10 mg of m-

dimethylaminophenylhydroxylamine hydrochloride 1 and 5-10 mg of sodium acetate 

trihydrate (internal standard) were added to 0.8 mL of deuterium oxide and placed in a 

quartz NMR tube. An initial 1H NMR was taken with a 90° angle and a relaxation delay 

of 60 seconds.  The solution was then degassed for 30 minutes (under argon) and 

photolyzed for 1 h in a Rayonet photoreactor fitted with 254 nm bulbs.  At different time 

intervals of photolysis, NMR spectra were taken with the previous parameters. At 44% 

conversion of starting material to product, 89% mass balance of 3-dimethylaminophenol 

was observed.  No other products were seen by 1H NMR (see Appendix VI for spectra 

changes upon photolysis) and the remaining mass balance could be accounted for by 

formation of an insoluble colored tar. 

Matrix EPR studies were performed using an X-band EPR spectrometer with a 

temperature control unit capable of achieving near liquid helium temperatures (~4 K) and 

equipped with a UV-emitting mercury light source channeled into the cavity using a fiber 

optic cable.  More detailed information on the EPR settings and EPR simulation 

parameters can be found in Appendix VI. 

Computational Studies 

We computed the singlet-triplet gap (ΔEST) of the m-dimethylaminophenyl-

oxenium ion 2 using density functional theory (B3LYP/6-31G(d,p). The ΔEST at the DFT 

level of theory was computed to be +12.5 kcal/mol in favor of the triplet state. For added 

confidence, an MRMP2(8,8)/6-31G(d)//MCSCF(8,8)/6-31G(d) calculation was also 
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performed using a complete pi active space. At this level of theory, the ΔEST is computed 

to be +9.3 kcal/mol in favor of the triplet state and the lowest energy singlet state is 

found to be the closed shell configuration.  Thus, the computational studies make a clear 

prediction that the triplet state is the lowest energy electronic configuration for 2, with 

the triplet state being a π,π* configuration. This π,π* triplet configuration can be arrived 

at conceptually by starting with the closed-shell singlet state and transferring an electron 

from the nitrogen lone pair to the empty π* orbital associated with oxenium ion center. 

See Figure 2. The TD-DFT methodology was performed to predict the UV-vis 

absorption spectra of the candidate transient species generated from the photolysis of the 

photoprecursor (TD-B3LYP/6-311G(2d,p)).	  38 GaussSum software was utilized to 

simulate the UV−vis spectra.	  39 To predict the TR3 spectra, second-order Møller-Plesset 

perturbation theory (MP2) with a 6-311G(d,p) basis set was employed to optimize the 

structures and predict the Raman spectra of key intermediates. A Lorentzian function 

with a 15 cm-1 bandwidth for the vibrational frequencies and a frequency scaling factor 

of 0.974 was used in the comparison of the calculated results with the experimental 

spectra.	  40 No imaginary frequency modes were observed at the stationary states of the 

optimized structures. All of the calculations were done using the Gaussian 03/09 

program	  41 except for the MRMP2//MCSCF computations, which were computed with 

the GAMESS software.	  42 
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CONCLUSIONS 

In conclusion, using a combination of pulsed laser spectroscopies we have been 

able to map out essentially the complete photophysics and photochemistry pathways of 1 

in aqueous acetonitrile. This photoprecursor undergoes a photoheterolysis reaction to 

generate initially the closed-shell singlet oxenium ion and then the triplet oxenium ion 

after intersystem crossing, which reacts via sequential H atom abstractions. One 

difference between this study and our prior studies with the protonated hydroxylamine 

photoprecursors is that the photoprecursors for making the phenyloxenium ion and 

biphenyloxenium ion reported previously gave a mixture of the oxenium ion resulting 

from a photoheterolysis pathway and the free radical resulting from a photohomolysis 

pathway of the O-N bond. In this study, we only observe the oxenium ion resulting from 

the photoheterolysis pathway and do not see transients we can attribute to the free 

radical. Perhaps the lack of a concomitant homolysis pathway can be attributed to the 

“meta effect”, a term coined by the late Howard Zimmerman	  43 to describe the propensity 

of meta pi donors to favor photoheterolysis mechanisms in preference to photohomolysis 

pathways. This study also permitted the first look at the reactivity of a triplet oxenium 

ion. In contrast to the singlet state oxenium ions, which react with nucleophiles at the o/p 

position on the benzene ring to generate nucleophile-substituted phenols, the triplet state 

engages in H atom abstractions to yield a reduced product. This triplet reactivity is rather 

similar to triplet carbenes and triplet nitrenium ions, which can engage in H atom 

abstraction processes. The π,π* triplet state of the oxenium ion is longer-lived than the 

closed-shell singlet state oxenium ions, living for ~1.7 ms in solution. By comparison, 
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singlet aryloxenium ions have lifetimes of a few nanoseconds. The longer lifetime of the 

tripet state is similar to carbenes and nitrenes whose triplet states can be seen with 

nanosecond spectroscopy, while the singlets often have lifetimes on the order of tens of 

picoseconds.	  44  
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GENERAL CONCLUSIONS FOR PART II 

Our computational and experimental investigations of oxenium ions, concomitant 

with out development of their protonated hydroxylamine as novel photoprecursors to 

these ions, has led to an enhanced understanding of these elusive reactive intermediates.  

Computationally, it was found that oxenium ions could possess various ground state 

electronic configurations depending on the nature and position of substituents. Laser 

flash photolysis allowed for direct detection and characterization of short-lived closed-

shell singlet, open-shell singlet and/or triplet oxenium ions. 

Spectroscopic techniques such as fs-TA, ns-TA, and ns-TR3 as well as DFT 

calculations, show that the p-biphenylylhydroxylamine hydrochloride photochemically 

produces the open-shell singlet p-biphenylyloxenium ion, the triplet state p-

biphenylyloxenium ion, and the p-biphenyloxy radical intermediates.  This varies from 

the work of Novak and Platz, where only the closed-shell singlet oxenium ion is 

observed. 

Photolysis of the m-dimethylaminophenylhydroxylamine hydrochloride salt 

resulted in the formation of the closed-shell singlet oxenium ion and then the triplet 

oxenium ion after intersystem crossing.  Unlike previous studies, which gave a mixture 

of oxenium ion and free radical no photohomolytic cleavage was observed for m-

dimethylaminophenylhydroxylamine.  This might be attributed to the “meta effect” 

favoring photoheterolysis.  A triplet ground state was further evidenced by matrix 

isolation EPR. 
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CHAPTER 6 

 
INSIGHT INTO LIGNIN PYROLYSIS:  

SPIN TRAPPING OF REACTIVE RADICAL SPECIES 
 

INTRODUCTION 

 Lignin is the second most abundant renewable organic compound after cellulose.  

Chemically, lignins are cross-linked phenolic polymers with generic compositions 

similar to the one observed in Figure 1 below. 1 

 

Figure 1. Idealized structure of lignin 

 

As a byproduct of bio-ethanol production, there is a large feedstock for this greatly 

underutilized source of liquid fuels and aromatic compounds. 2  Bio-oil is the result of 
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lignin (biomass) fast pyrolysis, and has great potential to be converted into hydrocarbon 

fuels. 3 

 Fast pyrolysis is the rapid heating of lignin (biomass) in the absence of oxygen to 

temperatures near 500°C.  The bio-oil that is created is a complex mixture of an aqueous 

phase and water-insoluble phase, both of which contain volatile and non-volatile 

compounds.  Bio-oil is an attractive alternative to petroleum in that it can be catalytically 

upgraded to alkanes and aromatic compounds similarly to gasoline and diesel fuel 

refining. 4  One current setback to the widespread use of bio-oil however is its instability 

or aging. 

 Bio-oil instability, or aging, is a significant problem for the long-term storage and 

utilization of fast pyrolysis oils. The high oxygen content of lignin (biomass) pyrolysis 

oils makes them highly reactive. 5  This reactivity is thought to be a possible cause for 

the bio-oil to repolymerize, forming higher molecular weight compounds with increasing 

viscosity. 6  The increase in viscosity and decrease in volatility is problematic as these 

are undesirable traits for transportation fuels. 7  By better understanding the mechanisms 

that persist during fast pyrolysis, we hope to gain insight into slowing or inhibiting bio-

oil aging. 

 While several researchers have studied the fundamental mechanisms of lignin 

pyrolysis through the use of model compounds, it is still unclear how pyrolytic 

depolymerization proceeds. 2,8-15  We hypothesize that at the high temperatures used in 

fast pyrolysis, highly reactive transient radical species may exist, and there might be 

potential for these reactive radicals to play a role in the aging of bio-oil over time. 
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 Conventionally, spin traps have been used to detect and analyze short-lived 

radical species.  The use of a spin trap involves the addition of a reactive free radical 

across a double bond of a diamagnetic molecule (typically a nitroso or nitrone 

compound, see Figure 2), resulting in a more stable radical adduct which can be 

investigated with EPR and other techniques. 16  For instance, DMPO is a widely used 

nitrone spin trap that can trap both carbon-centered and oxygen-centered radicals. 17-19  

While an EPR signal indicates that a radical adduct has been formed, the hyperfine 

coupling constants of DMPO radical adducts can give further structural information such 

as whether the radical is oxygen or carbon centered. 

 

Figure 2. DMPO trapping a reactive free radical 

 

In this study, the mechanism of the fast pyrolysis of lignin is investigated by 

employing 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin trap of transient free 

radicals present in the pyrolysis vapor.  Three spin-trap adducts were isolated and 

detected using electron paramagnetic resonance (EPR) and liquid chromatography-mass 

spectrometry (LC-MS).  Their chemical composition and possible structures are 

described herein. 
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RESULTS AND DISCUSSION 

 Pyrolysis vapors of 40 mg of corn stover milled lignin captured by a solution 

containing only benzene afforded no EPR signal and no significant peaks when 

examined by LC-MS (see Figures 3 and 4).  In contrast, the DMPO spin trap solution 

was found to contain radical adducts by both EPR and LC-MS.  In Figure 3, the 

characteristic nitroxyl radical triplet signal can be seen with some slight hyperfine 

coupling present.    

 

Figure 3. EPR spectra of the benzene control (blue) and spin-trap solution (red) after 
pyrolysis of 40 mg of corn stover lignin. 
 

Investigation of the spin trap sample by LC-MS resulted in the isolation of three 

DMPO adducts with the following molecular formulas: C16H21O4, C17H23O5, and 

C11H20O6 (see Figure 4).  Subtraction of the DMPO portion (C6H11NO) resulted in the 

following molecular formulas for the trapped free radicals C10H10O3, C11H12O4, and 
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C5H9O5.  Plausible structures corresponding to these formulas can be seen in Figure 5.  It 

is interesting to note that there are two isomers of both C10H10O3 and C11H12O4 observed 

by LC separation. 

 

Figure 4.  LC-MS data of DMPO solution after pyrolysis. 

 

DMPO after pyrolysis 

292.1550 – DMPO = C10H10O3 

322.1660 – DMPO = C11H12O4 

263.1360 – DMPO = C5H9O5 
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Figure 5. Possible structures for free radicals resulting from fast pyrolysis 

 

EXPERIMENTAL 

 Scheme 1 shows the experimental procedure used for this study.  Fast pyrolysis 

of corn stover milled lignin was performed using a micro-furnace pyrolyzer.  

Approximately 1 mg of lignin was placed in a deactivated stainless steel cup.  Upon 

loading the cup into the furnace, the cup was purged with helium for 30 seconds before 

dropping the sample into the preheated furnace (500°C).  Helium was used as a sweep 

gas with a flow rate of 30 mL/min.  Pyrolysis vapors were swept into a conical vial 

containing 4 mL of dried benzene, both with 30 mg of 5,5-dimethyl-1-pyrroline-N-oxide 

(DMPO) and without DMPO as a control, for 1 minute per sample.   Forty milligrams of 

lignin in total were pyrolyzed for both the benzene control and the DMPO solution. 

Upon completion of the pyrolysis, the solutions were washed twice with 2 mL of water.  
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The benzene solutions were then dried with anhydrous magnesium sulfate and reduced to 

dryness.   One milliliter of degassed benzene was then added and EPR spectra collected.   

 

Scheme 1. Flowchart representation of the experimental procedure. A control of benzene 
not containing spin-trap was performed using the same method. 
 

Subsequent removal of solvent and addition of 50 µL of benzene lead to a concentrated 

sample for LC-MS. 
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CONCLUSIONS 

 In conclusion, we have been able to trap transient radical species during fast 

pyrolysis of lignin, using a DMPO spin trap.  These studies indicate that the pyrolysis 

proceeds at least in part by a radical mechanism.  EPR studies showed the presence of a 

nitroxyl-based radical consistent with a DMPO radical adduct.  Chemical composition of 

three adducts was elucidated using LC-MS.  Current work is underway to look at the 

generality of this radical formation amongst other lignin sources such as red oak and 

loblolly pine. 
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APPENDIX I: SUPPLEMENTAL INFORMATION CHAPTER 1 
 

Hammett Plots for Compound 4a-h 
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Hammett Plots for Compound 26a-h 
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Hammett Plots for Compound 27a-h 
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Hammett Plots for Compound 28a-h 
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Hammett Plots for Compound 29a-h 
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Hammett Plots for Compound 30a-h 
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Hammett Plots for Compound 31a-h 
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Hammett Plots for Compound 32a-h 
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Compound 10 Singlet (12,12) pi active space 
 

 
Compound 10 Triplet (12,12) pi active space 
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Compound 11 Singlet (12,12) pi active space	  	  
	  

	  
 
Compound 11 Triplet (12,12) pi active space	  	  
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Compound 19 Singlet (13,14) pi active spa
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Compound 19 Triplet (13,14) pi active space	  	  
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Table of Bond Lengths 	  
 

  Ar-C Bond Length C=O Bond Length 
Compound Singlet Triplet Singlet Triplet 

1 1.374 1.392   
2 1.382 1.388 1.364 1.377 
3 1.364 1.377   
4 1.376 1.395   
5 1.368 1.382 1.376 1.395 
6 1.377 1.388   
7 1.374 1.378   
8 1.370 1.375   
9 1.372 1.379   

10 1.376 1.386   
11 1.371 1.377   
12 1.370 1.375   
13 1.356 1.361   
14 1.370 1.403   
15 1.365 1.428   
16 1.357 1.426   
17 1.381 1.397   
18 1.386 1.399   
19 1.379 1.397   
20 1.374 1.393 1.226 1.250 
21 1.376 1.388 1.233 1.250 
22 1.374 1.384 1.225 1.250 
23 1.374 1.373 1.226 1.250 
24 1.374 1.382 1.229 1.250 
25 1.372 1.375 1.229 1.249 

 
    Ar-C Bond Length C=O Bond Length 

Compound R= Singlet Triplet Singlet Triplet 
4a NO2 1.377 1.399 1.227 1.248 
4b CN 1.397 1.419 1.227 1.248 
4c F 1.383 1.394 1.229 1.252 
4d CH3 1.395 1.403 1.228 1.252 
4e OCH3 1.411 1.403 1.230 1.255 
4f OH 1.401 1.400 1.230 1.254 
4g NH2 1.423 1.406 1.228 1.258 
4h NMe2 1.455 1.417 1.229 1.259 
26a NO2 1.377 1.388 1.222 1.243 
26b CN 1.377 1.386 1.225 1.243 
26c F 1.372 1.385 1.222 1.244 
26d CH3 1.372 1.385 1.226 1.249 
26e OCH3 1.363 1.372 1.227 1.250 
26f OH 1.365 1.378 1.231 1.250 
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26g NH2 1.359 1.360 1.226 1.248 
26h NMe2 1.356 1.415 1.227 1.236 
27a NO2 1.380 1.388 1.227 1.247 
27b CN 1.380 1.387 1.228 1.250 
27c F 1.381 1.389 1.227 1.249 
27d CH3 1.373 1.382 1.228 1.251 
27e OCH3 1.378 1.387 1.229 1.248 
27f OH 1.380 1.387 1.228 1.249 
27g NH2 1.375 1.360 1.229 1.245 
27h NMe2 1.374 1.356 1.230 1.244 
28a NO2 1.499 1.385 1.226 1.252 
28b CN 1.377 1.387 1.225 1.251 
28c F 1.379 1.390 1.226 1.251 
28d CH3 1.376 1.382 1.227 1.250 
28e OCH3 1.381 1.395 1.227 1.252 
28f OH 1.381 1.393 1.227 1.252 
28g NH2 1.376 1.355 1.227 1.248 
28h NMe2 1.509 1.361 1.227 1.248 
29a NO2 1.374 1.391 1.226 1.251 
29b CN 1.374 1.386 1.226 1.250 
29c F 1.375 1.382 1.227 1.249 
29d CH3 1.376 1.384 1.227 1.249 
29e OCH3 1.377 1.371 1.225 1.247 
29f OH 1.373 1.374 1.229 1.247 
29g NH2 1.373 1.367 1.225 1.246 
29h NMe2 1.370 1.364 1.226 1.246 
30a NO2 1.374 1.387 1.225 1.250 
30b CN 1.374 1.390 1.226 1.250 
30c H 1.376 1.389 1.227 1.250 
30d F 1.376 1.394 1.227 1.250 
30e CH3 1.377 1.391 1.228 1.250 
30f OCH3 1.376 1.395 1.229 1.250 
30g NH2 1.374 1.392 1.231 1.249 
30h NMe2 1.371 1.387 1.232 1.248 
31a NO2 1.374 1.390 1.225 1.250 
31b CN 1.374 1.388 1.225 1.250 
31c F 1.375 1.385 1.226 1.250 
31d CH3 1.376 1.387 1.227 1.249 
31e OCH3 1.375 1.373 1.226 1.247 
31f OH 1.375 1.376 1.226 1.248 
31g NH2 1.372 1.360 1.227 1.245 
31h NMe2 1.370 1.357 1.228 1.246 
32a NO2 1.377 1.394 1.221 1.276 
32b CN 1.376 1.388 1.221 1.238 
32c F 1.375 1.387 1.219 1.241 
32d CH3 1.374 1.388 1.224 1.245 
32e OCH3 1.368 1.386 1.221 1.242 
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32f OH 1.371 1.387 1.222 1.243 
32g NH2 1.362 1.385 1.218 1.237 
32h NMe2 1.357 1.382 1.219 1.237 

 
  Ar-C Bond Length C=O Bond Length 

Compound Singlet Triplet Singlet Triplet 
33 1.365 1.354 1.238 1.251 
34 1.367 1.358 1.237 1.247 
35 1.360 1.358 1.238 1.247 
36 1.363 1.358 1.239 1.250 
37 1.367 1.369 1.235 1.247 
38 1.365 1.356 1.235 1.248 
39 1.378 1.385 1.233 1.249 
40 1.364 1.370 1.237 1.247 
41 1.365 1.364 1.232 1.246 
42 1.372 1.367 1.235 1.247 
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APPENDIX II: SUPPLEMENTAL INFORMATION CHAPTER 2 
 
TD-DFT Computations 

All TD-DFT computations were done using the Gaussian 091 software. The geometries 

were first optimized using RB3LYP with a 6-31G(d) basis set and found to have no 

imaginary frequencies. The iodine atom in 6 was computed with the 6-311G(d) basis set. 

All the singlet species computed possess R->U instabilities. Thus, an unrestricted 

broken-symmetry approach was used for the calculation. To negate the spin 

contamination for low-energy triplet state for such broken-symmetry singlet calculations 

in DFT, the energy of singlet state was corrected using equation 1.2-5 

 

€ 

Esinglet =
2E Sz =0 − S2 E Sz =1

2 − S2  

Equation 1 
 
where Esinglet is the corrected singlet energy, 

€ 

E Sz =0
 is the broken-symmetry energy, 

€ 

S2  

is the expectation value of the total-spin operator for the broken-symmetry calculation 

(anywhere from about 0 to 1), and 

€ 

E Sz =1
 is the energy of the triplet state at the singlet 

geometry.  The TD-DFT computation was done using TD-B3LYP with a 6-311G(2d,p) 

basis set. For TD-DFT computation of compound 6, the 6-311G** basis set was used for 

iodine.  
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Acetic Acid Growth Over Time Followed by NMR 

	  
The BODIPY compound was dissolved in minimum amount of CDCl3 to dissolve and 

then MeOD was added to it to make a 600 µl of 2 mM solution. A halogen lamp (500W) 

with a water IR cutoff filter was used to irradiate the sample and it was followed by 

NMR over time. Acetic acid release was plotted by relative integration ratio of caged to 

free acetic acid. 
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Thermal Stability Studies	  
 
a. 1.7 mg of compounds 1,2 and 3 were dissolved in 650 µL of CD3OD respectively. 1H 
NMR (400MHz) were recorded for these compounds at room temperature. They were 
then heated at 60 °C in the dark for 1 hour. 1H NMR was then retaken to compare with 
the earlier NMRs. 
 
b. 1.7 mg of compounds 4 and 6 were dissolved in a 1:1 650 µL solution of CD3OD and 
CDCl3  (325 µL each) respectively. Addition of chloroform was done to aid in solubility 
of the compounds (4, 6 are sufficiently soluble for neat photolysis studies in MeOH, but 
not soluble at concentrations needed for 1H NMR). 1H NMR (400 MHz) were taken for 
both the compounds at room temperature. They were then heated at 50 °C in the dark for 
1 hour. 1H NMR was retaken to compare with the earlier NMRs. 
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Photolysis Study of Compound 2	  
 
A 2 mM solution of compound 2 in a chloroform/methanol mixture was made and 

distributed evenly into multiple NMR test tubes and irradiated with a Xenon arc lamp.  

The solutions were combined and concentrated under vacuum and redissolved in CDCl3. 

Photolysis progress was monitored by 1H NMR until all starting compound 2 was gone. 

1H NMR and mass spectrometry were used to confirm the formation of methyl ether 

adduct as the photolysis product. A few other minor products were also observed in the 

1H NMR. However, due to the low amount and unstable nature of these products, they 

could not be isolated for obtaining clean 1H NMR spectra. Mass spectra done on these 

suggest the formation of bodipy dimer adducts. Another product seemed to be the 

decomposed BODIPY in which the boron is no longer present in the molecule. 
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Product Study of Compound 7 
 
Compound 7 (3 mg) was taken in a vial and dissolved in 3 ml of methanol. The vial was 
irradiated with a halogen lamp (500W) for 4 hours. The methanol was then evaporated 
under reduced pressure and the solid was dissolved in CDCl3 to obtain the 1H NMR. This 
was then compared with the 1H NMR of compound 7 (3mg) taken in CDCl3 which has 
not been exposed to light. The release of 2,4 dinitrobenzoic acid can be followed by 
NMR. 

N B N
HO OH

N B N
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Quantum Yield Studies 

Using LC-UV to determine the quantum yield for cleavage of acetic acid from the 

Compounds 1-6. 

All quantum yields were carried out using a liquid-phase potassium ferrioxalate 

actinometer. The actinometer was prepared by mixing three volumes of 1.5 M K2C2O4 

solution with one volume of 1.5 M FeCl3 solution in water, and stirring in complete 

darkness. The precipitated K3Fe(C2O4)3⋅3H2O was then recrystallized three times from 

hot water and dried in a current of warm air. To prepare 1 L of 0.15M K3Fe(C2O4)3⋅3H2O 

solution, 73.68 g of the precipitate was dissolved in 800 mL water; 100 mL 1.0 N 

sulfuric acid was added and filled to the mark with water, again in complete darkness.  

For all quantitative work the preparation and manipulation of the ferrioxalate solutions 

and samples must be carried out in a darkroom, using a red light.  Irradiating the 

After irradiation 

Before irradiation 
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ferrioxalate solution and monitoring the subsequent change in absorbance at 510 nm 

determines the light intensity. Irradiation was conducted using 532 nm excitation from a 

ND:YAG laser source (1st harmonic).  Autopipettes were used to ensure all volumes 

were accurately measured. 

 For each actinometric measurement, a methacrylate cuvette was filled with 3 mL 

of 0.15 M ferrioxalate solution.  The cell was placed in the sample holder, stirred and 

irradiated for a set period of time (0, 0.25, 0.50, 0.75, 1, 2, 3 minutes).  After the 

allocated irradiation time the solution was transferred into a 25 mL volumetric flask, to 

which was added in sequence 6 mL of a developer solution (0.05 mol% 

phenanthroline/0.75 M acetate/0.2 M sulfuric acid), and  5 mL 1M sodium fluoride 

solution in water.  The sample was diluted to 25 mL with water, mixed and allowed to 

incubate for 10 min.  After the incubation period was complete, 3 mL of sample was 

transferred into 1 cm methacrylate cuvette and the absorbance at 510 nm read using a 

UV-Vis spectrophotometer. 

Using iron sulfate standard solutions between 1.6 x 10-5 M to 9.6 x 10-5 M, a 

standard curve based on absorbance of the ferrioxalate/phenanthroline complex at 510 

nm was compiled and the irradiated samples absorbances were compared to yield the 

concentration iron (II) cleaved via photolysis within the timescale of experiment. 
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The flux of the laser was calculated the following equations: 

€ 

I =
Δn

(10−3 •Φ •V1 • t)
	  

	  

where I is the flux (Einstein/L/s), Δn is the moles of Fe2+ photogenerated, φ is the 

quantum yield at 532 nm, V1 is the irradiated volume (mL), and t = irradiation time 

(seconds). 

€ 

Δn =
10−3 •V1 •V3 • CT

V2 	  
where V2 is the volume taken from the irradiated sample (mL), V3 is the volume after 

dilution for concentration determination (mL), and CT is the concentration of Fe2+ after 

dilution (M) 

	  

	  

where abs is the absorbance at 510nm, ε is the molar absorptivity (M-1cm-1) and l is the 

path length . 

 

The 0.15 M potassium ferrioxalate solution has only a weak absorbance at 532 nm (<2), 

so the flux was corrected by the % light transmission through a 1 cm cuvette with the 

experimentally determined absorption at 532.   

For Compounds 1-6  

For each compound, a solution of 1000 ppm was prepared using 1 mg of sample and 

dissolving in 1 mL methanol. Due to solubility issues, samples were predissolved in 20 

µL of acetonitrile and injected into the 1 mL of methanol (the exception being 

Compound 4, where tetrahydrofuran was used in place of acetonitrile).  Each sample 
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cuvette was placed in the sample holder and irradiated for a specified period of time (so 

as not to exceed 30% cleavage). At each time point selected, 10 µL of the irradiated 

solution was removed and placed into a LC vial fitted with a 250 µL glass vial insert 

fitted with polymer feet. Each quantum yield was determined as the average of three 

independent photolysis runs. 

 LC-UV was conducted for all samples using an XDB-C18 column and 

monitoring the absorbance at 210 nm with 2 µL of sample injected.  The eluent system 

was a 1 mmol/L sulfuric acid:8 mmol/L sodium sulfate (made using 54.3 µL 

concentrated sulfuric acid and 1.1370 g sodium sulfate in 1L of water). Column washes 

between runs were done using either pure acetonitrile or 1:1 acetonitrile:methanol.  For 

Compounds 1-3, a flow rate of 0.8 mL/min was used with were the acidic buffer was ran 

for 3 minutes with the acetonitrile wash starting at 3.1 minute until 6 minute.  This was 

followed with a post-run of 9 minutes.  For Compounds 4-6, a flow rate of 0.7 mL/min 

was used with were the acidic buffer was ran for 3 minutes with the acetonitrile:methanol 

wash starting at 3.1 minute until 6 minute.  This was followed with a post-run of 14 

minutes.   

Using acetic acid standard solutions between 5-1000 ppm, a standard curve based on the 

LC-UV integration of acetic acid was compiled and the irradiated samples peak 

integrations were compared to yield the concentration of acetic acid cleaved via 

photolysis within the timescale of experiment. 

The BODIPY compounds are insufficiently water soluble to perform the quantum 

yield measurements by following release of acetic acid by LC-UV.  Thus, while we 
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could do the fluorescence studies with 7 in buffer, which could be carried out at much 

lower concentration to follow the photolysis by fluorescence, for 1-6 we did the 

quantitative quantum yield studies in MeOH.  However, the cell studies and the 

fluorescence studies with 7 indicate that photorelease also occurs in the cellular 

environment or in buffer. 

	  
	  

y"="0.0251x"+"0.0662"
R²"="0.99907"

y"="0.0217x"+"0.0829"
R²"="0.99262"

y"="0.024x"+"0.0852"
R²"="0.99662"

y"="0.0236x"+"0.0781"
R²"="0.99855"

0"

0.2"

0.4"

0.6"

0.8"

1"

1.2"

1.4"

1.6"

1.8"

2"

0" 10" 20" 30" 40" 50" 60" 70" 80"

LC
#In

te
gr
a+

on
#

Time#(minutes)#

Compound#1#Photolysis#

Trial"1"

Trial"2"

Trial"3"

Average"

Linear(Trial"1)"

Linear(Trial"2)"

Linear(Trial"3)"

Linear(Average)"



www.manaraa.com

	  
	  

196	  

	  

	  

	  

y"="0.0419x"+"0.198"
R²"="0.99911"

y"="0.0423x"+"0.1447"
R²"="0.9971"

y"="0.0403x"+"0.1433"
R²"="0.99902"

y"="0.0415x"+"0.162"
R²"="0.99919"

0"

0.5"

1"

1.5"

2"

2.5"

3"

0" 10" 20" 30" 40" 50" 60" 70"

LC
#In

te
gr
a+

on
#

Time#(minutes)#

Compound#2#Photolysis#

Trial"1"

Trial"2"

Trial"3"

Average"

Linear(Trial"1)"

Linear(Trial"2)"

Linear(Trial"3)"

Linear(Average)"

y"="0.0739x"+"0.7235"
R²"="0.97453"

y"="0.085x"+"0.4375"
R²"="0.9924"

y"="0.0745x"+"0.4952"
R²"="0.98819"

y"="0.0778x"+"0.552"
R²"="0.98692"

0"

1"

2"

3"

4"

5"

6"

7"

0" 10" 20" 30" 40" 50" 60" 70" 80"

LC
#In

te
gr
a+

on
#

Time#(minutes)#

Compound#3#Photolysis#

Trial"1"

Trial"2"

Trial"3"

Average"

Linear(Trial"1)"

Linear(Trial"2)"

Linear(Trial"3)"

Linear(Average)"



www.manaraa.com

	  
	  

197	  

	  

	  

y"="0.0453x"+"0.0884"
R²"="0.99922"

y"="0.0426x"+"0.1702"
R²"="0.9804"

y"="0.044x"+"0.1293"
R²"="0.99405"

0"

0.2"

0.4"

0.6"

0.8"

1"

1.2"

1.4"

1.6"

1.8"

0" 5" 10" 15" 20" 25" 30" 35" 40"

LC
#In

te
gr
a+

on
#

Time#(minutes)#

Compound#4#Photolysis#

Trial"1"

Trial"2"

Average"

Linear(Trial"1)"

Linear(Trial"2)"

Linear(Average)"

y"="0.1077x"+"0.1892"
R²"="0.99064"

y"="0.0936x"+"0.0703"
R²"="0.97229"

y"="0.0763x"+"0.0495"
R²"="0.99333"

y"="0.0927x"+"0.1329"
R²"="0.98646"

0"

0.5"

1"

1.5"

2"

2.5"

3"

3.5"

0" 5" 10" 15" 20" 25" 30" 35" 40"

LC
#In

te
gr
a+

on
#

Time#(minutes)#

Compound#6#Photolysis#

Trial"1"
Trial"2"
Trial"3"
Average"
Linear(Trial"1)"
Linear(Trial"2)"
Linear(Trial"3)"
Linear(Average)"



www.manaraa.com

	  
	  

198	  

Fluorescence Studies of Compound 7 

Steady-state absorption spectra of compound 2 and 7 in methanol were measured using a 

Hewlett-Packard 8453 UV-Visible spectrometer (Agilent). Compound 7 contains a 

fluorescence quencher 2, 4 Dinitrobenzene attached to BODIPY through a photosensitive 

ester linkage. A 100 µM solution of compound 7 in N,N-Bis(2-hydroxyethyl) taurine 

(BES) buffer (pH=7.0, 20 mM BES, 0.14M NaCl, 2.9mM KCl, 0.1 w/v glucose, 0.1 w/v 

BSA) was excited with a mercury lamp (100% power, X-Cite 120 PC, EXFO Photonic 

Solutions Inc., Mississauga, Ontario, Canada) through excitation filter (HQ500/20 nm, 

Chroma Technology Crop. Bellows Falls, VT) and reflected by dichoric mirror 

(Q515LP, Chroma Technology Crop.) and directed to the cuvette. Quencher release from 

the compound 7 was monitored by measuring an increase in steady-state fluorescence 

from released BODIPY using a SPEX Fluoromax (ISA Jobin-Yvon/SPEX, Edison, NJ) 

with a 5 nm band pass and corrected for lamp spectral intensity and detector response. As 

a control, similar steady state fluorescence measurements were performed for compound 

7 in the dark without any light exposure. For all fluorescence measurements samples 

were excited at 500 nm. 
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Normalized absorption spectra for compound 2 (black) and 7 (red) in methanol. 
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Increase in free BODIPY fluorescence signal over time with quencher release from 
compound 7 in BES buffer. (Upper panel) sample was continuously irradiated with light, 
and in the (lower panel) the sample was kept in dark without any light irradiation except 
for brief exposures during spectral measurements.  
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Cell studies  
Cell sample preparation for fluorescence imaging  

All live cell experiments are performed with Drosophila S2 cells expressing αPS2CβPS 

integrins. S2 cells were cultured according to the techniques described previously6-8. 

Briefly, cells were cultured in Shields and Sang M3 insect medium (Sigma-Aldrich, St. 

Louis, MO) with heat-inactivated 10 % fetal bovine serum (Irvine Scientific, Santa Ana, 

CA), 12.5 mM streptomycin and 36.5 mM penicillin in a 22 °C incubator (Fisher 

Scientific, Pittsburgh, PA).  Cells (50×105 cells/mL) were incubated with 25 µM of the 

compound 2 or 7 in M3 media for an hour. Cells were washed twice with serum free M3 

media. The RBB-Tiggrin ligand coated microscope cover glasses were prepared as 

described previously9. Incubated cells were allowed to spread on ligand-coated cover 

glass for half an hour at room temperature. Cells were rinsed with BES buffer (pH=7.0) 

multiple times before imaging experiments. 

Live cell fluorescence imaging  

All fluorescence imaging experiments were performed on a Nikon Eclipse TE2000U 

microscope (Melville, NY) operating in wide-field, epi-fluorescence mode and equipped 

with a 100× Apo, 1.49 numerical aperture oil-immersion objective. Samples were 

illuminated with a mercury lamp (X-Cite 120 PC, EXFO Photonic Solutions Inc., 

Mississauga, Ontario, Canada) operating at 100% or 25 % lamp power with a ND4 

neutral density filter in the optical path. The excitation filter (HQ500/20x), dichoric 

mirror (Q515LP), and emission filter (HQ535/30m) were from Chroma Technology 

Crop., Bellows Falls, VT. Fluorescence images were collected every 36 ms for a total of 

10.8 seconds over 512×512 pixels using a PhotonMAX 512 EMCCD camera (Princeton 
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Instruments, Trenton, NJ) and WinView 2.6 imaging software (Princeton Instruments, 

Trenton, NJ). Images were further analyzed with imageJ (National institute of Health, 

USA) and IGOR Pro V 6.32A (WaveMetrices Inc., Lake Oswego, OR). All imaging 

experiments were performed at room temperature. 

 

 
Average fluorescence intensity profile versus irradiation time using 100% lamp power 
for excitation. All intensity values are background subtracted and averaged over 32 to 42 
cells. 
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Average fluorescence intensity profile versus irradiation time using 25% lamp power for 
excitation. All intensity values are background subtracted and averaged from at least 15 
cells. 
	  

pH and concentration sensitivity assays 

The pH of the surrounding medium was changed to see the effect on the photocleavage 

of the BODIPY from compound 7. Released BODIPY was monitored with a similar 

imaging setup used for live cell imaging experiments. 50 µM compound 7 was prepared 

in phosphate buffered saline (PBS) (pH=2.7, pH=5.2, pH=7.2 and pH=9.7). 50 µL of the 

diluted compound was dropped on microscope glass coverslip and the fluorescence 

signal was monitored with irradiation time. The resultant fluorescence signal was 

background subtracted and averaged over three measurements.  
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Increase in free BODIPY fluorescence signal over time with quencher release from 
compound 7 in PBS buffer with the indicated pH. 
	  

Cytotoxicity assay 

Cytotoxicity of compounds as measured with trypan blue exclusion assay. Cells (1×106 

cells/mL) were incubated with 25 µM of the compound 2 or 7 in serum free M3 media 

for an hour. Cells were rinsed thrice with phosphate buffered saline (pH=7.2). 

Cytotoxicity of the compound was measured using trypan blue exclusion assays10. Equal 

volumes of the cell suspension and 0.4% trypan blue stain (Thermo ScientificTM 

HycloneTM Trypan Blue, Waltham, MA) were incubated for 3 minutes at room 
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temperature. The number of viable cells that excluded the dye was counted using the 

hemacytometer (Hausser Bright-Line, Hausser scientific, Horsham, PA). All values were 

normalized with the control cells that were not incubated with any compound. Error 

represents one standard deviation from two replicate measurements. 

	  

Compound (25µM) % of Viable cells  
Compound 2 97±2 
Compound 7 92±2 
	  

Additional studies to investigate the stability of the compound at physiological 

temperature 

A 100 µM solution of compound 7 in Ringer’s live cell imaging buffer (pH=7.2, 155 

mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM HEPES, 10 

mM Glucose) was incubated at 37 °C. Fluorescence from the compound was observed at 

different time intervals on SPEX Fluoromax (ISA Jobin-Yvon/SPEX, Edison, NJ). At 

each time interval, sample was excited at 500 nm with a 5 nm band pass and corrected 

for lamp spectral intensity and detector response to collect the fluorescence. After 13 

hours of incubation at 37 °C, quencher release studies were performed as described in 

section VIII. 

The natural logarithm of fluorescence intensity for compound 7 at 570nm was plotted 

against time (min). Using the first order kinetic decay, the linear curve obtained was used 

to calculate the half life (t1/2) of compound 7 in the given conditions: 
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Figure: A) Observed fluorescence from the compound 7 incubated at 37 °C for 13 hours. 
B) Increase in the fluorescence due to quencher release upon irradiation after 13 hours of 
incubation period. Spectra were normalized with fluorescence intensity at 510 nm. 
 

A	  

B	  
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Figure: C) Fluorescence intensity vs time(min) of compound 7 at 570 nm  
 
NMR and MS Spectra 
 
Compound 5 
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Compound 6 
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APPENDIX III: SUPPLEMENTAL INFORMATION CHAPTER 3 
 
Acetic Acid Growth Over Time Followed by NMR  

 
The BODIPY compound was dissolved in minimum amount of CDCl3 to dissolve and 

then MeOD was added to it to make a 600 µl of 2 mM solution. A xenon arc lamp (was 

used to irradiate the sample and it was followed by NMR over time.  
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Thermal Stability Studies 
1 mg of all compounds were dissolved in 20 µL of CD3OD and 600 µL of MeOD.  1H 
NMR (600MHz) were recorded for these compounds at room temperature. They were 
then heated at 60 °C in the dark for 1 hour. 1 H NMR was then retaken to compare with 
the earlier NMRs. 
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Product Study of Compound 7 
0.9mg compound 7 dissolved in 100µL DMF was injected into 3mL water in a quartz 
cuvette. The cuvette was irradiated with a 500W Halogen lamp for 12 hours after which 
the solvent was removed under vacuum. The remaining solid was redissolved in 
deuterated DMSO and NMR spectrum was taken. New peaks corresponding to the 
release of deprotonated 2,4-dinitrobenzoic acid appeared.  

 

After Irradiation 

Before Irradiation 
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Quantum Yield Studies 
Using LC-UV to determine the quantum yield for cleavage of acetic acid from the 

Compounds 1-6. 

All quantum yields were carried out using a liquid-phase potassium ferrioxalate 

actinometer. The actinometer was prepared by mixing three volumes of 1.5 M K2C2O4 

solution with one volume of 1.5 M FeCl3 solution in water, and stirring in complete 

darkness. The precipitated K3Fe(C2O4)3⋅3H2O was then recrystallized three times from 

hot water and dried in a current of warm air. To prepare 1 L of 0.15M K3Fe(C2O4)3⋅3H2O 

solution, 73.68 g of the precipitate was dissolved in 800 mL water; 100 mL 1.0 N 

sulfuric acid was added and filled to the mark with water, again in complete darkness.  

For all quantitative work the preparation and manipulation of the ferrioxalate solutions 

and samples must be carried out in a darkroom, using a red light.  Irradiating the 

ferrioxalate solution and monitoring the subsequent change in absorbance at 510 nm 

determines the light intensity. Irradiation was conducted using 532 nm excitation from a 

ND:YAG laser source (1st harmonic).  Autopipettes were used to ensure all volumes 

were accurately measured. 

 For each actinometric measurement, a methacrylate cuvette was filled with 3 mL 

of 0.15 M ferrioxalate solution.  The cell was placed in the sample holder, stirred and 

irradiated for a set period of time.  After the allocated irradiation time the solution was 

transferred into a 25 mL volumetric flask, to which was added in sequence 6 mL of a 

developer solution (0.05 mol% phenanthroline/0.75 M acetate/0.2 M sulfuric acid), and  

5 mL 1M sodium fluoride solution in water.  The sample was diluted to 25 mL with 

water, mixed and allowed to incubate for 10 min.  After the incubation period was 
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complete, 3 mL of sample was transferred into 1 cm methacrylate cuvette and the 

absorbance at 510 nm read using a UV-Vis spectrophotometer. 

Using iron sulfate standard solutions between 1.6 x 10-5 M to 9.6 x 10-5 M, a 

standard curve based on absorbance of the ferrioxalate/phenanthroline complex at 510 

nm was compiled and the irradiated samples absorbances were compared to yield the 

concentration iron (II) cleaved via photolysis within the timescale of experiment. 

 The flux of the laser was calculated the following equations: 

€ 

I =
Δn

(10−3 •Φ •V1 • t)
	  

	  

where I is the flux (Einstein/L/s), Δn is the moles of Fe2+ photogenerated, φ is the 

quantum yield at 532 nm, V1 is the irradiated volume (mL), and t = irradiation time 

(seconds). 

€ 

Δn =
10−3 •V1 •V3 • CT

V2 	  
	  

where V2 is the volume taken from the irradiated sample (mL), V3 is the volume after 

dilution for concentration determination (mL), and CT is the concentration of Fe2+ after 

dilution (M) 

€ 

CT =
abs
ε • l

	  

	  

where abs is the absorbance at 510nm, ε is the molar absorptivity (M-1cm-1) and l is the 

path length . 
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The 0.15 M potassium ferrioxalate solution has only a weak absorbance at 532 nm (<2), 

so the flux was corrected by the % light transmission through a 1 cm cuvette with the 

experimentally determined absorption at 532.   

For Compounds 1-4  

For each compound, a solution of 1000ppm was prepared using 1mg of sample 

and dissolving in 1mL methanol. Due to solubility issues samples were predissolved in 

20 µL of acetonitrile and injected into the 1mL of methanol. Each sample cuvette was 

placed in the sample holder and irradiated for a specified period of time (so as not to 

exceed 30% cleavage). At each time point selected, 10 µL of the irradiated solution was 

removed and placed into a LC vial fitted with a 250 µL glass vial insert fitted with 

polymer feet.  

LC-UV was conducted for all samples using an XDB-C18 column and 

monitoring the absorbance at 210nm with 2 µL of sample injected.  The eluent system 

was a 1mmol/L sulfuric acid:8mmol/L sodium sulfate (made using 54.3 µL concentrated 

sulfuric acid and 1.1370g sodium sulfate in 1L of water).  For Compounds 1-4, a flow 

rate of 0.8 mL/min was used where the acidic buffer was ran for 25 minutes. 

Using acetic acid standard solutions between 5-1000ppm, a standard curve based 

on the LC-UV integration of acetic acid was compiled and the irradiated samples peak 

integrations were compared to yield the concentration of acetic acid cleaved via 

photolysis within the timescale of experiment. 
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Fluorescence Studies of Compound 5 
3mg compound 5 was dissolved in 200µL dimethylformamide and 100mL was added to 
two separate 3mL portions of millipure water. Fluorescence measurements were taken 
over time.  

 

 
Synthesis of Compound 4a 
54 mg of 4 (0.1mmol, 1eq) was dissolved in 10mL dichloromethane to which was added 
5mL methanol. 3mL aqueous sodium hydroxide (0.1M, 0.3mmol, 3eq) was added 
slowly. The reaction was stirred at room temperature for 2 hours after which the organic 
layer was washed three times with sodium chloride and once with water. The solvent was 
removed under vacuum and the dark blue solid was purified by flash chromatography 
with dichloromethane as the eluent. The dark teal spot was dried on high vac to give 
35mg of 4a (70%yield). 1HNMR (400 MHz, CDCl3): δ = 7.591 (d, J = 9, 7H), 7.260 (s, 
1H), 6.943 (d, J = 9, 5H), 6.726 (s, 2H), 4.948 (s, 2H), 3.858 (s, 6H), 2.574 (s, 6H). Hi-
res MS (ESI) for formula C30H29BF2N2O3H+ Calc. 515.2310, Found. 515.2302.  
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NMR and MS Spectra 
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APPENDIX IV: SUPPLEMENTAL INFORMATION CHAPTER 4 
 

Fitting the Kinetics of 630 nm by Tri-Exponential Function and Residuals 

	  

	  

Fitting the Kinetics of 384 nm by Bi-Exponential Function and Residuals 
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Fitting the Kinetics of 345 nm by Singlet Exponential Function and Residuals 
	  

	  

	  
 
 

Kinetics Recorded at 345nm in Pure Acetonitrile Solvent. Fitting the Kinetics of 345 nm by 
Bi-Exponential Function Can Obtained Two Time Constants (39 µs and 258 µs).   
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Synthetic Procedures and Characterization Data 

	  

Synthetic route for the formation of N-m-dimethylaminophenoxyphthalimide.  

	  

Synthesis of N-p-Biphenylphenoxyphthalimide.   

Slightly modified from a known synthesis.1,2 N-hydroxyphthalimide  (326 mg, 2 mmol, 1 eq), 

CuCl (200 mg, 2 mmol, 1 eq), 4-biphenylboronic acid (792 mg, 4 mmol, 2 eq), and ~500 mg of 

4Å molecular sieves were combined in a 50 mL round bottom flask.  15 mL of 1,2-

dichloroethane was added followed by pyridine (180 µL, 2.2 mmol, 1.1 equiv), resulting in a 

light brown suspension. The reaction was stirred for 72 hours under ambient temperature and 

atmosphere.  Progress of the reaction was monitored by TLC (72:25 Hexanes:Ethyl Acetate).  

After 72 hours, the solvent was evaporated under reduced pressure.  The crude product was then 

purified by column chromatography (70:30 Hexanes: Ethyl Acetate).  A white solid was 

collected and dried under high vacuum, to give 480.8 mg (93% yield), of the desired product. 

	  

	  

B
HO OH

O

O

N OH

O

O

N O+

CuCl
Pyridine
4A sieves
Dichloroethane
72 hrs, r.t. PhPh
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Synthetic route for the formation of p-Biphenylhydroxylamine hydrochloride.  

 

Synthesis of p-Biphenylylhydroxylamine hydrochloride 1.  

N-p-biphenyloxyphthalamide (480.8 mg, 1.52 mmol, 1 eq) was added to a flask containing 100 

mL of 10% MeOH in CHCl3 and hydrazine monohydrate (0.74 mL, 15.2 mmol, 10 eq).  A 

colorless solution was formed, which yielded a white precipitate (phthalazine) over time.  The 

reaction was allowed to stir overnight (12 hours) at room temperature. The white precipitate was 

filtered off and the filtrate was then purified by column chromatography (75:25 Hexanes:Ethyl 

Acetate).  The resulting clear oil was dissolved in ether (5-10 mL) and then HCl*OEt2 (~ 0.3 mL) 

was added until white precipitate no longer formed upon addition.  The white solid was collected 

and dried under high vacuum to yield 222 mg of the desired salt (66% yield).  The product was 

reasonably stable stored in the freezer in the dark. 

 

O

O

N O
O NH2 O NH3 Cl

H2NNH2  H2O HCl OEt2
12 hrs, r.t.

Ph
Ph Ph
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1H NMR of N-p-Biphenylphenoxyphthalimide 

	  

1H NMR of 4-Biphenylhydroxylamine hydrochloride 1 
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Isolated Products From Scaled-up Photolysis 

	  
	  

	  

OH

!

OH
Cl

!
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Thermolysis of 1 in Acetonitrile 
	  

	  
 
Thermolysis of 1 in H2O 
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Thermolysis of 1 in 5% NaCl in H2O 
 

	  
Photolysis of 1 in Acetonitrile 
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Photolysis of 1 in H2O 
 

	  
	  
Photolysis of 1 in 5% NaCl in H2O 
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OHOH
Cl
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Quantitative Product Studies.  	  
Photolysis studies were performed as follows: addition of 2.5 mg 4-biphenylyl 

hydroxylamine hydrochloride 1 and 1 µL of decane (internal standard) to 1 mL of d-acetonitrile.  

Remaining solids were filtered and an initial 1H NMR was taken with a 90° angle and a 

relaxation delay of 60 seconds.  The solution was then transferred into a stemmed quartz cuvette 

and degassed for 30 minutes (under argon).  The solution was then photolyzed for 1 hour in a 

Rayonet photoreactor fitted with 254nm bulbs.  After photolysis was complete, the sample was 

transferred back into an NMR tube and a spectrum was taken with the previous parameters.  

Thermolysis studies were performed as follows: addition of 10 mg 4-biphenylyl 

hydroxylamine hydrochloride 1 and 1 µL of decane (internal standard) in 6 mL of d-

acetonitrile.  Remaining solids were filtered and an initial 1H NMR was taken with a 90° 

angle and a relaxation delay of 60 seconds.  The solution was then transferred into a 

10mL round-bottom flask and was degassed for 30 minutes (under argon). The flask was 

then quickly fitted to a condenser and refluxed under argon for 1 hour.  The sample was 

then transferred back into an NMR tube and a spectrum was taken with the previous 

parameters.   Lower limits of the mass balance based on formation of the reduced 

product biphenylol indicate a minimum mass balance of 78% for both photolysis and 

thermolysis. 
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APPENDIX V: SUPPLEMENTAL INFORMATION CHAPTER 5 

Synthetic Procedures and Characterization Data 

	  

	  

Synthetic route for the formation of N-m-dimethylaminophenoxyphthalimide.  

 

Synthesis of N-m-dimethylaminophenoxyphthalimide.   

326 mg (2 mmol, 1eq) of N-hydroxyphthalimide, 200 mg (2 mmol, 1 eq) of CuCl, 660 mg (4 

mmol, 2 eq) of 3-(N,N-dimethylamino)phenylboronic acid, and ~500 mg of 4Å molecular sieves 

were combined in a 50 mL round bottom flask.  15 mL of 1,2-dichloroethane solvent was added 

followed by 180 µL (2.2 mmol, 1.1 eq) of pyridine, resulting in a light brown suspension.  The 

reaction was stirred for 72 hours under ambient temperature and atmosphere. Progress of the 

reaction was monitored by TLC (72:25 Hexanes:Ethyl Acetate). The reaction mixture turned a 

teal bluish-green as the reaction proceeded. After 72 hours, the solvent was evaporated under 

reduced pressure.  The crude product was then purified by column chromatography (70:30 

Hexanes: Ethyl Acetate).  A white solid was collected and dried under high vacuum, to give 

277.6 mg (60% yield), of the desired product.   
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Synthetic route for the formation of m-Dimethylaminophenylhydroxylamine hydrochloride. 

 

Synthesis of m-Dimethylaminophenylhydroxylamine hydrochloride.   

277.6 mg (0.98 mmol, 1 eq) of N-m-dimethylaminophenoxyphthalimide was added to a flask 

containing 100 mL of 10% MeOH in CHCl3 and 0.48 mL (9.8 mmol, 10 eq) of hydrazine 

monohydrate.  A colorless solution was formed, which yielded a white precipitate (phthalazine) 

over time.  The reaction was allowed to stir overnight (12 hours) at room temperature.  The white 

precipitate was filtered off and the filtrate was then purified by column chromatography (75:25 

Hexanes:Ethyl Acetate).  The resulting clear oil was dissolved in ether (5-10 mL) and then 

HCl*OEt2 (~ 0.3 mL) was added until white precipitate no longer formed upon addition.  The 

white solid was collected and dried under high vacuum to yield 162 mg of the desired salt (87% 

yield).  The product was reasonably stable stored in the freezer in the dark. 
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Photolysis Product Studies	  
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Quantitative Product Studies.  Photolysis studies were performed as follows: addition of 10 mg  

of m-Dimethylaminophenylhydroxylamine hydrochloride and 5-10 mg of sodium acetate 

trihydrate (internal standard) to 0.8 mL of deuterium oxide and placed in a quartz NMR tube. An 

initial 1H NMR was taken with a 90° angle and a relaxation delay of 60 seconds.  The solution 

was then degassed for 30 minutes (under argon) and photolyzed for 1 hour in a Rayonet 

photoreactor fitted with 254 nm bulbs.  After photolysis was complete, an NMR spectrum was 

taken with the previous parameters.  	  

Thermolysis studies were performed as follows: addition of 10 mg of m-

Dimethylaminophenylhydroxylamine hydrochloride and 5-10 mg of sodium acetate trihydrate 

(internal standard) in 0.8 mL of deuterium oxide. An initial 1H NMR was taken with a 90° angle 

and a relaxation delay of 60 seconds.  The solution was degassed for 30 minutes (under argon). 

The NMR tube was then heated at 80°C for 1 hour in a water bath. After thermolysis was 

complete, an NMR spectrum was taken with the previous parameters. 

 

Photolysis Results 

46% conversion of starting material to product resulted in a 89% mass balance of 3-

dimethylaminophenol and 11% was unaccounted for as an insoluble precipitate. 

 

Thermolysis Results 

Thermolysis studies yielded an insoluble black tar that was not investigated further. 
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EPR Spectra and Parameters 

 
Simulated Values 
Gxx 2.00 G 
Gyy 2.00 G 
Gzz 1.98 G 
D 280.00 G 
E/D 0.075 G 
Linewidths 
X 15  
Y 26 
Z 90 
 
Experimental Parameters 
Centerfield 2500 G 
Sweepwidth 4000 G 
Power 1.984 mW 
ConvTime 327.68 ms 
Gain 50 dB 
ModAmp 1.000 G 
ModFreq 100.00 KHz 
Resolution 4096 
SweepTime 1342.18 s 
TimeConstant 1.28 ms 
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