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Abstract 
Control of Irradiation Wavelength and Quantum Yield of Photocleavable Cages 

by 

Jingxuan Ma 

Major Advisor, Prof. Nasri Nesnas, Ph.D. 

 

An important component of biological research is the precise regulation of biomolecules 

in their physiological environment. Recent advances in neuroscience, have made it possible 

to regulate the activity of neurotransmitters using photocleavable protecting groups (PPGs), 

which are also known as cages. This enables the use of light as a trigger to activate selected 

neurons via photorelease of agonists with precise control of timing as well as synaptic site, 

popularly referred to as spatiotemporal control.  In recent years, a variety of PPGs have 

been developed and applied to biomolecular cages. PPGs can be classified according to 

their absorption wavelengths (from UV to NIR) and photochemical and physical properties 

(e.g. quantum yield, photo cross-section, solubility). PPGs absorb light and undergo 

intramolecular electron transitions and bond rearrangements, resulting in the release of 

agonists. Therefore, designing effective cages for specific substrates is unique and presents 

a series of challenges. 

 

Glutamate is an important neurotransmitter and considered key in being the excitatory 

agonist in neurons involved in memory. As such, it has been the substrate of focus for these 

caging designs. One of the most effective cage glutamate in use is the CDNI-Glu with 

superior photophysical properties. In our lab, we improved the synthetic procedure to 

access CDNI-Glu to reduce the total number of steps and times. In addition, we also caged 
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the other two functional groups of glutamate and tested all of these three variations of 

CDNI caged glutamates via 1H NMR and UV/Vis spectroscopy by irradiating under UV. 

However, due to the disadvantages of UV, it is necessary to continue to explore other PPGs 

to shift the maximum wavelength toward visible light or even infrared light. 

 

Recent studies have shown that the red shift in the absorption spectrum caused by 

introducing the diethylamino electron donating group (EDG) of coumarin is larger than 

that of other EDG substituents, such as alkoxy group and that the carbonyl thioacylation of 

lactones could be used to make the maximum absorption wavelength move further toward 

the infrared. So we applied 7-(N, N-diethylamino)-4-methyl-thiocoumarin PPG in the 

caging of glutamate. We also explored other types of visible light responsive cage design 

such as, 4-arylalkoxy–boron dipyrromethene (BODIPY). A modified BODIPY was 

expected to release leaving groups when photolyzed with green light. The thiocoumarin 

type of cage and two different BODIPY structures were employed to cage glutamate and 

they were tested for their photolysis kinetics via 1H NMR and UV/Vis spectroscopy by 

irradiation under blue and green light, respectively. 

 

meso-BODIPY was used because it has excellent benefits such as being biologically benign, 

thermally stable in the dark, easy to be synthesized, no chiral center, and an adjustable 

absorption in the visible/NIR region. However, a significant drawback is that the quantum 

yield of release during photolysis process is quite low. Therefore, in order to achieve the 

desired purpose in biological applications, a relatively higher concentration is required. 

However, high concentrations may cause adverse effects on cells in some cases. To solve 
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this problem, two structural motifs were identified, each for leading to a significant 

improvement in quantum yields of photorelease. By creatively combining these two 

structural elements into a single BODIPY structure, the original properties can be greatly 

optimized, and the quantum yield and absorption properties can be substantially improved. 
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1. Introduction 
 

1.1 Light 

 

Light surrounds our world. It is very important to our daily life. There are many 

descriptions about light in myths and fables, which can prove the influence of light on 

human survivals and developments. In this case, 

we can say that the light defines our life. Thanks 

to light, we can see the beautiful sunset view. The 

light can also help plants to grow by 

photosynthesis. The light can even be used as a 

weapon, like the lightsaber in Star Wars. However, scientifically light is a form of 

electromagnetic radiation. It is a part of the electromagnetic spectrum from high energy 

gamma rays to low energy microwaves. For human beings, their eyes are most sensitive to 

the wavelength ranging from 400 nm to 700 nm of the spectrum, which is called the visible 

region forming a very narrow section of the full electromagnetic spectrum (Figure 1.1). 

 

Light has been closely related to science since ancient times and it can be even traced back 

to prehistoric times. Early human beings have learned to use light and lenses to ignite fire. 

It is said that Archimedes, an ancient Greek scientist, also used this method to help Athens 

burn down the warships of the Persian Empire, repel the aggression and protect Athens. 

Currently, the light was used by scientist in multiple ways. In chemistry field, many 

chemists have employed the light to assist the specific experiments comprehensively. This 

important discipline is known as photochemistry. 

Figure 1.1Table of Contents 

No table of contents entries 

found. 
: Illustration of Light Wavelength 

 Figure 1: Illustration of Light. 
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Einstein defined the smallest unit of energy of light which is known as photons. Photon has 

both wave and particle properties with zero mass. It has been considered to have the fastest 

speed which is called “light speed.” The energy transmitted of photons plays a significant 

role in the understanding of many natural phenomena by scientists, such as the mechanism 

explanations to plants photosynthesis and why the eyes can see things. The knowledge 

learned from these natural phenomena can be further extended and applied to more 

scientific research, such as photolithography, photopolymerization and photomedicine. 

Photons absorbed into a matter can instigate photophysical or photochemical changes. 

 

There is a little difference between photophysical and photochemical processes. For the 

photophysical process, it has only temporary change in the matter, which means the excited 

states of energy and electronic structures generated by photon absorption is reversible, 

including fluorescence and phosphorescence. However, new molecules and entities will be 

produced permanently after absorbing light in photochemical processes. Both of them are 

considered components in photochemical reactions. In decades years, many kinds of 

photochemical reactions have been studied, from simple redox to complex photosensitive 

reactions. In addition, higher chemical selectivity can be obtained by using organic 

molecules with photocleavable protection groups (PPGs). As a result, there is a growth in 

the interest of PPGs research to investigate mechanisms and principles of light interaction. 
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1.2 Photo Protection (Caging) 

 

The activity of organic compounds mainly comes from the functional groups contained in 

them, which is determined by the characteristics of the molecules. Activities of molecules 

could be eliminated by shielding or protecting select functional groups. Protective groups 

can provide better chemical selectivity in multi-step organic synthesis. At the end of the 

task of protecting functional groups, these protective groups need to be removed to restore 

their chemical activities. Generally speaking, the way these functional groups recover their 

activities is by chemical method. However, it is a very difficult thing to do if it is wanted 

to be applied to remove the protected group in the biological environment, since the 

biological environment is really tricky for the regular chemical reactions and the 

complicated conditions can result in some undesired consequences. Therefore, it is very 

valuable to find a method to deprotect them without chemical reactions triggers but rather 

by physical methods.  Scientists have already worked in this field for a long time. A new 

method to deprotect groups by ultraviolet (UV) light was shown by Barltrop et al. in 19621. 

In their research, the benzyloxy carbonyl glycine with the property which could be cleaved 

by UV light was found. After the UV irradiation, the amino acid was released. This is the 

first time that the protective group is detached by illumination. Subsequently, this idea 

intrigued scientists and this method became familiar when more photocleavable structures 

were mentioned2 - 4. Barltrop proposed the term “Photosensitive Protective Groups” (PPGs) 

for these protective agents. The PPGs are very important for biological reactions and they 

can provide great spatiotemporal control over the photo released groups. 
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In 1977, Engels and Schlaeger first reported the photoprotection of biomolecules, in which 

they protected adenosine cyclic 3, 5-monophosphate (AMP) with a PPG5. Similarly, 

Kaplan used PPGs to protect adenosine 5’-triphosphate (ATP)6. Kaplan was the first person 

to name the photo protection as “caging.” Since then, PPGs have been used in numerous 

biological experiments. They have inspired scientists to develop new drugs and treatments. 

PPGs have also become very valuable in neuroscience, because they provide for a more 

practical way to study neural networks by stimulating neurons in brain slices using light 

instead of biochemical reactions. There are four main components in the experiment of 

photoinduced release of active substrates: (1) the substrate (to be caged); (2) the PPG (cage), 

(3) the irradiation wavelength needed for deprotection (uncaging wavelength) and (4) the 

target (Figure 1.2). 
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Figure 2: Illustration of the Action of Each Component in a Photo Control Biological Experiment. 
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1.3 PPGs 

 

After learning the background knowledge of PPGs, we should to study how to apply them 

in biology. Then it becomes vital to synthesize caged biologically related molecules with 

different PPGs and to investigate the photochemical properties. Literally, it could be told 

that the PPG is the leading role in this system and the properties of it could have chemical 

and physical effects on the biological molecules. The review article by Jacob Wirz et al. in 

2013 mentioned five criteria to explain how to determine a useful PPG. However, it is not 

necessary for PPGs to meet all of the requirements7. 

 

(1) The PPG releasing wavelength should not harm the biological system. Hence, The 

PPGs should have the ability to absorb the light strongly that the wavelength is higher than 

300 nm since lower than that number may cause severe damage to the biological entity. 

Furthermore, a relative high quantum yield or efficiency for release, ϕ, is required. 

 

(2) Due to disturbance by the background level activity to the sensitive detection when 

the caged compound is irradiated, PPG should be biorthogonal and have fewer 

interactions with the reaction media. 

 

(3) The PPGs should be used in biological atmosphere, which means it must be soluble in 

the target media, generally, water. After the completion of their synthesis, caged 

compounds with PPGs will be applied to pass through the cell membrane or just stay in 

the tissue fluid. After irradiation, the PPGs and the substrates are separated, and the 

released substrates go and show affinity to the specific targets. In this procedure, the 
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major solvent should be water. Hence, the solubility of PPGs in water is a considered 

criterion. 

 

(4) It is inevitable to produce byproducts when photocaged compounds are irradiated. 

Therefore, the properties of byproducts should be known previously. The ideal way for 

them is not to absorb the specific wavelength of light to avoid competition with target 

chemicals. Moreover, biocompatibility is also a significant property for byproducts to 

avoid interference by reactions of the investigated system. Thus, the byproducts from photo 

release reaction should be biorthogonal, displaying zero interactions with the biological 

system and its responses. 

 

(5) The rate constant of the response should be lower than the appearance rate constant 

(kapp) of the desired free substrates and the PPGs need to be able to be excited by a short 

light pulse so that it is possible to study the kinetics of rapid responses to the released 

reagent in the samples. 

 

Over the past decades, photocaged groups have been developed for a great number of 

systems with various photochemical properties. Primarily, the quantum yield and the 

uncaging wavelengths from UV which is about 300 nm to infrared (IR) around 700 nm or 

even to far infrared (FIR) such as 1000 nm, are significant for the PPG’s suitable in 

different applications. 
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1.3.1 Quantum Yield (ϕ) 

 

Mathematically, quantum yield is the number of molecules released after irradiation 

divided by the number of photons absorbed7 - 9. 

 

𝜙 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙−1)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝑚𝑜𝑙−1)
 

 

The value of uncaging cross-section, which is the amount of substrate release at a specific 

wavelength, equal to the product of quantum yield and molar absorptivity (𝜀𝜆max). Photon 

flux (F) of the light source, which is defined as the number of photons released per second 

per unit area, is a significant value needed to determine the quantum yield. And it has been 

studied by chemical actinometry10, 11. The equation is shown as follow. 

 

𝐹 =  
𝐼0𝑉𝑁𝐴𝐸𝜆

𝐴
 

 

In this equation, I0 = incident light intensity (mol-1L-1s-1), V = Volume (L), NA = 

Avogadro’s number (mol-1), E𝝀 = energy (J photon-1), A = area (m2). 

 

𝐼0 =  
𝑘0

𝜙
 

 

And in this equation, 𝑘0  = zeroth order rate of reaction, assuming path length and 

concentration of PPG is sufficiently high. 
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Based on these equations, we can calculate the quantum yield by employing the result of 

the incident light intensity times the zeroth order rate constant of the photo released 

reaction. 

 

1.3.2 Irradiation 

 

Previously, o-nitrobenzaldehyde (NBA) was employed as the reference to calculate the 

photon flux of the Rayonet photochemical reactor (RPR 100) with the property that 

quantum yield is 0.5 in the wavelength range from 300 nm to 410 nm due to the lamp we 

used for RPR 100 was 350 nm. After calculations using the above equations, the reactor 

with 16 lamps in 350 nm has a flux of 60 W m-2 intensity. 

 

The blue and green LED strips which are 467 nm and 520 nm, respectively, were purchased 

online to be applied to uncage PPGs in visible light. When we received them, the strips 

were stuck on the inside wall of two different chambers to make them useful like the RPR 

100. A small fan was employed to cool down the temperature after irradiation. To calibrate 

the flux of these two new light sources, a liquid-phase potassium ferrioxalate actinometer 

was used because the o-NBA could only work in the wavelength range from 300 nm – 410 

nm, and the visible light is beyond the scope of its application. After the photochemical 

studies which will be discussed later, both of the two reactors have a calculated flux of 12.8 

W m intensity. 

 

The flux of the laser was calculated the following equations:  
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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 467 nm or 520 nm, V1 is the irradiated volume (mL), and t is the 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 the abs is the absorbance of the solution at 510 nm, 𝜀 is the molar absorptivity (M-1 

cm-1) and l is the path length of the cuvette which is usually 1 cm. 

 

To calculate the quantum yield, the photolysis reaction kinetics should be studied. The 

result was based on the data obtained from 1H NMR and UV-Vis spectroscopic. In the 

NMR studies, after irradiation of the caged compound during specific period, the peak 

shifts could be observed. Then we could measure the depletion of a selected peaks and 
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convert them into the concentration change to calculate with a reference, such as maleic 

acid12. In the UV-Vis studied, the peak shift of 𝜆mas need to be focused and the absorbance 

of the peak should be converted into the concentration by Beer-Lambert law13. 

 

1.3.3 The PPGs Applied in Our Lab 

 

In our lab, we focused our effort to studying PPGs which absorb wavelengths from 300 nm 

to 550 nm, even though many PPGs are available (Figure 1.3). All of the compounds shown 

in Figure 3 were synthesized in our labs, except for the NVOC-Cl. For the substrates, we 

pay more attention to substances related to neuroscience (Glu, DREADD 21, and PSEM 

89). In my own projects, I mainly studied the coumarin and BODIPY which were employed 

to cage Glu, and all of the work will be explained later. 
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Figure 3: The PPGs and Substrates Employed in Prof. Nesnas’s Lab and Marked by Green Boxes Are My Projects.  
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2. Photocleavable Molecules and Control of Wavelength Shift 
 

2.1 Introduction 

 

Brain is one of the most important organs in human beings. It's the core of the entire 

nervous system, and all biological instructions are sent through the brain. However, it is 

also the most complicated structure in our bodies. There are about 1,000 to 10,000 synapses 

in the average human neuron, and the brain contains at least 85 billion neurons on average14, 

15. Thus, to figure out the mechanism of how the brain works remains a continuous and 

difficult challenge for research scientists. In current decades, the release and uptake of 

neurotransmitters by synapses has been known as an important way to deliver the bio-

signal so that brain can control the body’s behavior. These synapses are linked by 

chemicals called neurotransmitters. According to the known theory, neurotransmitters are 

released by the presynaptic, and received by the postsynaptic to execute the relevant 

instructions. The different neurotransmitters are recognized by the existing receptors on 

the postsynaptic, and different responses will be made when different nerve signals are 

received. And if we want to know more about such important organs, we need to do more 

research on related neurotransmitters. In a handful of neurotransmitters, glutamate and 

gamma aminobutyric acid (GABA) got more attentions because they are the excitatory and 

inhibitory neurotransmitters, respectively16, 17. Because of their neural functions, they can 

be designed as very effective molecular tools. Therefore, it is necessary to design an 

effective method to mimic this process to study and understand neural networks. 
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Brain mapping is an important means to study brain function. However, the huge 

complexity of brain network makes brain mapping an almost impossible task. In this study, 

the development of molecular tools provides a great possibility. It can activate a synapse 

under certain conditions and makes brain mapping easier. Currently, neuroscientists have 

developed some chemical groups that can respond to light to be released at specific 

synapses as needed. They are called “cages,” since the main function for them is to make 

agonist lose its biological activity, which is equivalent to using a cage to limit the activity 

of wild animals. For photochemical reactions, the key to open the cage is the light of a 

specific wavelength, and this unlocking process named as “uncaging.” 

 

Over the years, several cage designs have been developed. There are some factors 

concerned about these chemicals, such as photocleavage wavelengths, extinction 

coefficient and quantum yield. Some of the most effective cage designs are those developed 

by Corrie18 – 20 and Ellis – Davies21 – 24: 4-methoxy-7-nitroindolinyl glutamate (MNI-Glu) 

and 4-carboxymethoxy-5,7-dinitroindolinyl glutamate (CDNI-Glu), respectively. 

 

Previously, our lab described an improved synthesis of CDNI and introduce two new caged 

designs which caged 𝛼-carboxy and the amine group and referring to them as 𝛼-CDNI-Glu 

and N-CDNI-Glu while the original CDNI-Glu combined 𝜔-carboxy of glutamate12. One 

of the reasons we explored glutamate is that it is the agonist to observe the inhibition of 

GABAA receptors. The three different structures were shown in the following Figure 2.1. 
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The photo properties of the three caged Glu were also studied. The Rayonet photochemical 

reactor (RPR 100) was applied for the test as the light source and the light flux (light 

intensity) was calculated as 24 W m-2 with the wavelength at 350 nm. From the UV-Vis 

spectrum shown below (Figure 5), we could know that the absorbance changed resulting 

from UV irradiation on both CDNI-Glu and 𝛼-CDNI-Glu at 272 nm to have decrease peaks 

at 350 nm to have increase peaks while the decreasing peak of the N-CDNI-Glu was at 350 

nm and the rising peak was at around 400 nm. 

 

 

Figure 5: UV spectra for progressive photolysis of (A) CDNI-Glu, (B) α-CDNI-Glu, and (C) N-CDNI-Glu at a 

wavelength of 350 nm. 

 

 

 

(A) (B) (C) 

Figure 4: Three Structures of Cage-Glu. (a) CDNI-Glu. (b) 𝛼-CDNI-Glu. (c) N-CDNI-Glu 
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To calculate photolysis rates for these three molecules, 1H NMR was employed. A known 

amount of sample and internal standard reference (maleic acid) were dissolved in a specific 

amount of D2O and then transferred into a transparent NMR tube. After irradiated at 350 

nm for 30 s time intervals in the RPR 100, the 1H NMR results were collected by a Bruker 

400 MHz NMR. Then the concentrations of the molecules were obtained by the integrals 

of the specific NMR peaks. Based on the results, the rates of photolysis for the three 

molecules were calculated and shown below (Figure 6). The rate constant for the reactions 

(k), maximum absorbance wavelength (λmax), quantum yields (ϕ), and photo-cross-sections 

(εϕ) were calculated and shown in Table 1. 

 

Figure 6: Rate of photolysis for (A) CDNI-Glu, (B) α-CDNI-Glu, and (C) N-CDNI-Glu.  
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Even though the CDNI-Glu has a good quantum yield as 0.5, the maximum of wavelength 

for these three molecules is 359 nm which is still in the range of UV. However, as we have 

learned, UV has many disadvantages. The problem occurs due to potential damage to the 

biological entity when the light with high energy is used for irradiation. Furthermore, an 

enormous amount of photocaged compounds will go through cell membranes no matter 

whether in vitro or in vivo in the future, but light of shorter wavelength cannot go through 

a long path length. Therefore, it is necessary and significant to continue to exploit PPGs to 

shift the maximum wavelength to visible light or even infrared light. 

 

In recent years, the idea that the PPGs could be removed by single photon excitation has 

obtained some promising results25, 26. Recent studies have shown that the red shift of 

absorption spectrum caused by diethylamino electron donating group (EDG) of coumarin 

is larger than that of other EDG substituents such as alkoxy group27. In addition, polar 

groups similar to carboxylates can be added to aniline eventually, which can increase the 

water solubility of cage compounds without significantly damaging the spectral properties 

of primary chromophores28. Another advantage for coumarin is that the photophysical 

properties like quantum yield and photostability could be improved by modifying the N, 

N-dialkylamino substituents at position 729, 30. In addition, we can also use the carbonyl 

Table 1: Photochemical Properties of CDNI Based Glutamate Cages 
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thioacylation of lactone to make the maximum absorption wavelength move forward to the 

infrared. As the result, the coumarin would be able to be used in blue light31, 32 and this 

new structure of coumarin was termed as “thiocoumarin” (Figure 2.4A). 

 

 

 

 

 

Additionally, 4-arylalkoxy–boron dipyrromethene (BODIPY) was also investigated in this 

project. The special modified coumarin could make its absorption peak into the blue-cyan 

range. However, the modified BODIPY was expected to release phenols when photolyzed 

with green light33. It is a huge advantage for using BODIPY in photocleavage study 

comparing to coumarin. In addition, BODIPYs have many other excellent spectroscopic 

properties, for example, sharp and tunable light absorption (490 - 650 nm), high molar 

absorption coefficient (30000 - 80000 L·mol-1·cm-1), chemical flexibility and stability34. 

Photoinduced boron-arylalkoxy bond breaking in BODIPY structure were ingeniously 

applied to the uncaging of biogenic amines via self-immolation linkers. Moreover, it only 

takes a few simple steps to form stable boron-arylalkoxy bond under physiological 

conditions. The computational studies indicated that the carbocations attached to the 

BODIPY scaffold at the meso- position had low-lying excited states which complied the 

requirements for the potential photocaging structures35. Thus, meso-methylhydroxy 

BODIPY (Figure 2.4B) was significant in our studies .  

 

(A) (B) (C) 

Figure 7: Three Chemical Structures for Glutamate Cage. (a) Thiocoumarin. (b) F-BODIPY. (c) Me-BODIPY. 
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The photochemical mechanism of BODIPY was also studied by the previous 

computational works, which have been accomplished by other researchers to understand 

this process35 - 38. Briefly speaking, photoheterolysis will occur when BODIPY caged 

compound is irradiated, and carbocation is produced. Following the nucleophilic group 

addition, BODIPY leaves as PPG and the agonist is released as shown in Scheme 2.1. 

 

 

 

 

 

 

Based on the mechanism of photoreaction, increasing the electron density in the BODIPY 

scaffolds to stabilize the intermediate of carbocation is a way to improve the efficiency of 

photoreaction. To test the validity of this idea, substituting methyl groups for fluorides 

combined on boron is an alternative method. Thus, methyl substituted BODIPY (Figure 

2.4C) would be synthesized and compared to original one later to verify if this hypothesis 

was correct. 

 

2.2 Result and Discussion 

 

Synthetic Procedure. In this project, it is important to synthesize the thiocoumarin and 

two different structure of BODIPY. As shown in Scheme 2.2, thiocoumarin was 

synthesized from 7-(N, N-diethylamino)-4-methyl-coumarin. Because the compound 

should be applied for caging glutamate, it is necessary to introduce hydroxide on it. 

Scheme 2.1: Photochemical Mechanism of BODIPY 
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Selenium dioxide as oxidant was employed to oxidize the methyl group at 4 position of 

coumarin to aldehyde. Then sodium borohydride was added directly to reduce the aldehyde 

to hydroxide. After the hydroxide was protected by esterification with acetic acid, 

Lawesson’s reagent was used to replace the oxygen at position 2 with sulfur. At the end, 

thiocoumarin with hydroxide group was produced after hydrolysis occurred while 

hydrochloric acid existed.  

 

 

 

 

 

 

 

 

 

 

 

To synthesize BODIPY, 2, 4-dimethyl-3-ethylpyrrole was applied. With acetoxyacetyl 

chloride, the pyrroles were combined. After the reaction, boron trifluoride etherate was 

added immediately while the triethylamine was employed as catalyst. Then the BODIPY 

with hydroxide group was produced after hydrolysis under basic condition (Scheme 2.3). 

This BODIPY platform is easy to synthesize and modify structure, which allows the 

molecules to be fixed by various bonds. 

Scheme 2.2: Synthesis of Thiocoumarin 

 

(a) SeO2, 1 : 0.05 (v/v) dioxane/water, reflux, 14 days; (b) NaBH4, EtOH, 12 h, rt, 42% (two steps totally, a and b); 

(c) AcOH, EDC·HCl, DMAP, DCM, 12 h, rt, Ar, 83%; (d) Lawesson’s reagent, toluene, 15 h, reflux, 69%; (e) 

HCl, EtOH, overnight, reflux, 50%. 
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Me-BODIPY could be simply obtained from F-BODIPY with Gregnard reagent 

methylmagnesium bromide (Scheme 2.4A). Before tert-butyl protected L-glutamate was 

caged by these three compounds, the amino group of glutamate needed to be transformed 

to isocyanate group by Triphosgene at -10 °C (Scheme 2.4B). When the isocyanate 

glutamate was produced, it would be applied in the following reaction directly. 

 

 

  

 

 

 

 

 

 

 

Scheme 2.3: Synthesis of BODIPY-OH 

 

(a) acetoxyacetyl chloride, DCM, 2 h, 50 °C, Ar; (b)BF3·Et2O, Toluene, DCM, Et3N, 1.5 h, 50 °C, Ar, 60% (two 

steps totally, a and b); (c) 0.1 M NaOH, 2 : 1 (v/v) Methanol/Water, rt, 4 h, N2, 65%. 

 

 

Scheme 2.4: Synthesis of Me-BODIPY-OH 

 

(a) CH3MgBr in Et2O, Et2O, Overnight, rt, N2, 62%; (b) Triphosgene, Pyridine, DCM, 2 h, -10 ˚C, N2, 90%. 

 

 

(A) 

(B) 
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With these three precursors that were prepared, caged glutamate could be produced while 

they were dissolved in toluene with triethylamine added as a catalyst, respectively. After 

that, it was a challenge for us how to remove the tert-butyl carboxylic protection due to 

BODIPY being an acid-sensitive structure in which -BF2 would be cleaved when the acid 

was introduced. However, the most common and effective method in chemical reaction is 

to add anhydrous trifluoroacetic acid (TFA), which can remove the protection without 

destroying other functional groups, such as ester or ether. As the result, we need to pay 

more attention on this deprotection step. It could be treated with pure TFA for thiocoumarin 

and react from 0 °C to room temperature for 2 hours (Scheme 2.5A), while the TFA/DCM 

system was employed and the ratio was 0.05 : 1 (v/v) for F-BODIPY cage and it would 

take overnight to finish the reaction (Scheme 2.5B). There was a different method for Me-

BODIPY cage because the B-N bonds combined with methyl groups were more sensitive 

than original one. Hence, cerium chloride and sodium iodide were applied39. After heating 

to reflux in acetonitrile over 24 hours, Me-BODIPY was added and stirred overnight 

(Scheme 2.5C). All of these three caged compounds were tested by LC-MS after reaction 

to determine their achievement. 
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(A) 

(B) 

(C) 

(a) Isocyanate Glutamate (12), Et3N, Toluene, 72 h, 50 ˚C, N2, 76% for A, 71% for B and C; (b) TFA, 2h, rt, N2, 

50 % (HPLC); (b’) 0.05 : 1 (v/v) TFA/DCM, 24 h, rt, N2, 30 % (HPLC); (c) CeCl3·7H2O, NaI, Overnight, 50 ˚C, 

N2,  

 

Scheme 2.4: Synthesis of Caged Glutamate. (A) Thiocoumarin-N-Glu. (B) F-BODIPY-N-Glu. (C) Me-

BODIPY-N-Glu 
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Some other methods were tried before cerium chloride was employed and the results were 

shown in Table 2.2. We tried pure TFA system first. No matter the reaction was occurred 

in room temperature and 0 ˚C, after 1 hour, -B(CH3)2 group disappeared which means the 

compounds were degraded. Then we used lower temperature (-10 ˚C) to test. However, 

there was almost no reaction due to the TFA was almost frozen. Two different TFA/DCM 

systems were then applied. Unfortunately, both of these two systems did not work. For 1 : 

1 (v/v) TFA/DCM, the compound were degraded like the TFA system while for 0.05 : 1 

(v/v) TFA/DCM, -B(CH3)2 group was removed and tert-butyl group still existed after 8 

hours reaction. The basic method was another method we tried. Because the group used to 

combine BODIPY and glutamate was possibly hydrolyzed in basic condition, we need to 

be very cautious in the selection of basic reagents. Based on this theory, K2CO3/CH3OH 

system was finally determined due to the relatively mild environment. Nevertheless, the 

temperature became another problem. When the temperature was mild (50 ˚C), no reaction 

occurred. On the other hand, if the temperature was high (reflux), the compound was 

degraded. 
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Table 2: Results of Different Method Employed to Deprotect Me-BODIPY Cage 

System 

 

Temperature/˚C Time/h Result 

TFA 

rt 

0 

-10 

1 

1 

2 

Degradation 

Degradation 

No Reaction 

1 : 1 (v/v) TFA/DCM 

rt 

0 

2 

2 

Degradation 

Degradation 

0.05 : 1 (v/v) 

TFA/DCM 

rt 

0 

8 

8 

Degradation 

Degradation 

K2CO3/CH3OH 

50 

Reflux 

Overnight 

4 

No Reaction 

Degradation 

 

Photocleavage Studies. As the final compounds were produced, the photo properties were 

also studied and their efficiency of uncaging were compared under identical conditions. 

We employed UV-Vis spectrum to explore the absorbance wavelength of these three 

molecules (Figure 2.5). As can be seen from the figure, all of them could contribute the 

caged compound to shift forward to infrared. Among these three structures, thiocoumarin 

caged glutamate could improve the maximum absorption wavelength from 430 nm of 

coumarin to 467 nm, which has shifted from near UV to blue, while the absorption peak 

could be further pushed into the range of green light by BODIPY. In addition, comparing 

the two different BODIPYs, the fluoride contributed the structure better property to 

wavelength shifting than another one. 
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Although coumarin cages have attracted much attention due to their two-photon uncaging 

properties, we applied blue LED with 467 nm wavelength as light source to investigate the 

single photon excited property. The green LED with 520 nm wavelength was prepared for 

BODIPY cages. The irradiation took place in the photo reactor in room temperature at 

specific time intervals of 30s for TC-N-Glu, 300 s for F-BODIPY-N-Glu and 5 s for Me-

BODIPY-N-Glu, respectively. It needs to be mentioned that it was necessary to irradiate 

for much longer time to F-BODIPY-N-Glu due to the much lower quantum yield compared 

to the others. Resulting from visible light irradiation experiments, the absorption changes 

could be observed (Figure 2.6). For TC-N-Glu, it reflected a decreased peak at 461 nm and 

an increased peak at 300 nm (Figure 2.6 A). Meanwhile, the decreased peaks reflected at 

both 510 nm and 542 nm and the increased peak at 400 nm for F-BODIPY-N-Glu while 

the decreased peaks occurred at both 500 nm and 532 nm and the increased peak at 390 nm 

(Figure 2.6 B and C). 

Figure 8:  UV Spectrum for Three Structure. 
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To measure the relative photolysis rates of each molecule, 1H NMR was employed. After 

specific amount of compound was dissolved in the known volume of deuterium chloroform, 

which was NMR solvent, the solution was transferred into transparent NMR tube. Then, 

the tube was placed in the photo reactor (467 nm for TC-N-Glu and 520 nm for both 

BODIPY-N-Glu) to irradiate for 30 s interval for TC-N-Glu and Me-BODIPY-N-Glu and 

for 60 s interval for F-BODIPY-N-Glu, respectively. After each irradiation, we used a 

Bruker 400 MHz NMR to record the proton NMR spectrum. The cumulative results of a 

specific peak were measured relative to the tetramethylsilane (TMS) which was applied as 

internal standard. Then the molecular concentration was counted on the basis of peak 

integrals. 

 

After calculating the concentration of the molecules via peak integrals, the results were 

collected and recorded. The depletion of the concentration of the three compounds obey 

the first order rate law. Of all of the structures, Me-BODIPY-N-Glu performed the highest 

photolysis rate while F-BODIPY-N-Glu showed the lowest rate. It is worth mentioning that 

these chemical tools do not need to be considered for completely photolysis in neurological 

(A) TC-N-Glu (B) F-BODIPY-N-Glu (C) Me-BODIPY-N-Glu 

Figure 9: UV Spectra for progressive photolysis of (A) TC-N-Glu at a wavelength of 467 nm, and (B) F-

BODIPY-N-Glu, (C) Me-BODIPY-N-Glu at a wavelength of 520 nm in methanol. 
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research, as long as they can release the necessary neurotransmitters under specific light 

conditions, and the by-products of photolysis will not interfere to other competitive signal 

pathways. As the result, all of these three caged chemicals could be employed for 

neuroscience with relatively higher concentration based on the studied properties. 

Table 3: Photochemical Properties of Caged Glu by A, B and C. 

Caged Glu k/s-1 𝜆Max/nm 

𝜀(𝜆Max)/M-1cm-

1 

ϕ 𝜀ϕ/M-1cm-1 

TC-N-Glu (A) 2.23×10-7 461 2.18×104 1.76×10-3 38.2 

F-BODIPY-N-Glu (B) 1.33×10-9 542 7.83×104 1.39×10-4 10.9 

Me-BODIPY-N-Glu 

(C) 

9.02×10-7 532 2.40×104 9.47×10-2 2270 

 

The rate constant for the reactions (k), maximum absorbance wavelength (λmax), quantum 

yields (φ), and photo-cross-sections (𝜀ϕ) were calculated and shown in Table 2.3. As a 

result, the Me-BODIPY-N-Glu has a higher quantum yield and photo-cross-section then F-

BODIPY-N-Glu with an order of magnitude gap while it is higher than TC-N-Glu in same 

magnitude. 

 

2.3 Conclusion 

 

We have synthesized three different caged glutamate, thiocoumarin-N-Glu, F-BODIPY-N-

Glu and Me-BODIPY-N-Glu successfully which are important light triggered molecular 

tools that are critical for neurological studies. Compared to our previous work, all of these 

three caged molecules could shift the maximum absorption wavelength from UV to visible 

light range. We also reported the photophysical properties of these derivatives and the UV-
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Vis spectrum and NMR were applied to compare them. Based on the results, the Me-

BODIPY-N-Glu has the best quantum yield and photo-cross-section among the three 

reported chemicals and all of them have the potential to be employed further by 

neuroscientists in the future. 

 

2.4 Methods 

 

The starting materials for all three caged Glu molecules presented were the commercially 

available 7-(N, N-diethylamino)-4-methylcoumarin for thiocoumarin cage and 2.4-

Dimethyl-3-ethylpyrrole for BODIPY cage, respectively. All chemicals described in this 

project were purchased from Fisher, Acros, TCI or Aldrich in highly purified form and 

used without further purification except otherwise mentioned. The solvents we used like 

dichloromethane (CH2Cl2), hexanes, acetone, methanol (CH3OH) and ethyl acetate (EtOAc) 

were purchased from VWR. The anhydrous solvent toluene was achieved by activated 

molecular sieves while CH2Cl2 and ether were obtained directly from a solvent purification 

system (MBRAUN, MB-SPS) using an activated alumina column. The reactions were 

conducted under N2 using standard Schlenk line techniques or Ar collected from a cylinder 

using a balloon. The reaction vessels were flame-dried or oven-dried, then the reactions 

were conducted and charged with N2/Ar after repeating three times with vacuum/N2. The 

thin-layer chromatography plates (TLCs) were used to monitor the reaction progress (EMD 

Millipore TLC Silica Gel 60 F254) and it needs to be observed under short or long 

wavelength ultraviolet light. Then each product after every step of reaction in the schemes 

were purified by the column chromatography with 60 Å silica gel (Fisher Scientific). The 

final products of each caged molecules were purified using reverse phase HPLC - Waters 
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2695 separation module with Waters 996 photodiode array detector due to the high polar 

which was difficult to be purified in regular column. The column using for HPLC was an 

XSELECT C18 OBD prep column (10 × 250 mm) and the solvents for the mobile phase 

were HPLC grade acetonitrile (ACN), methanol (MeOH) and Millipore water and all of 

the solvents were mixed with trifluoroacetic acid. After purification, the solvents were 

removed by freeze dry system (lyophilizer - Freezone 4.5 made by LABCONCO). The 

cage steps and their corresponding purification were manipulated under red light with the 

dark atmosphere. The final products were covered by aluminum foil and stored at −20 °C 

until further needed. Each product was characterized via 
1
H NMR and 

13
C NMR with the 

instrument of Bruker 400 MHz NMR spectrometer. The NMR solvents such as CDCl3 and 

(CD3)2CO, were purchased from Cambridge Isotope Laboratories. Chemical shifts were 

tested based on the internal standard peak (tetramethylsilane, TMS). Furthermore, the 

UV−Vis spectra were obtained with an Agilent 8453 diode array UV−vis and high-

resolution mass spectra (HRMS) were measured by a JEOL DART-AccuTOF mass 

spectrometer, while low-resolution mass analyses were measured by an Agilent LC-MS 

with ES+ and 6120 quadrupoles. Two round metal containers stacked with blue and green 

LED strips on the inside wall which were made by Dr. Guruge and me were employed as 

photo reactors to irradiate the caged molecules during photochemical studies. 

 

tert-Butyl-isocyanate-glutamate (12) tert-Butyl-glutamate acid (2.00 g, 6.76 mmol) and 

pyridine (2.2 mL, 27.31 mmol) was added in the flame dry flask with dichloromethane 

(200 mL), cooled at -10 °C under nitrogen for 30 min. Then Triphosgene (1.35 g, 4.54 

mmol) was added by syringe over 30 s, stirred 2 hours at -10 °C. After the reaction was 
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finished, the crude was washed twice with cold 0.1 M hydrochloric acid aqueous solution 

and saturated sodium chloride solution with crushed ice, and sodium sulfate was employed 

to make organic layer dry. Then the residue was concentrated by vacuum and the product 

would be used immediately for following steps. 

 

7-(N, N-diethylamino)-4-hydroxymethylcoumarin (2) 7-Diethylamino-4-

methylcoumarin (5.0 g, 22 mmol) was dissolved in dioxane and water (30 : 1 (v/v)) and 

selenium oxide (7.0 g, 64 mmol) was added subsequently. The mixture was stirred reflux 

for 14 days. After the starting material was consumed completely monitored by TLC, the 

suspension was cooled down to room temperature and filtered. The solution was 

concentrated by vacuum. Then the residue was dissolved in anhydrous ethanol in a flame 

dried flask and NaBH4 was added. This new system was stirred for 12 hours at room 

temperature. When the reaction was finished, it was quenched by 1M HCl and the mixture 

was diluted with water. After extracted by CH2Cl2, the organic layer was washed with 

water and dried over anhydrous Na2SO4. At the end, the solvent was removed under 

vacuum and purified yellow solid was obtained by column chromatography (CH2Cl2 : 

Acetone = 4 : 1, 2.98 g, 11.9 mmol, yield% = 56%). 1H NMR (400 MHz, acetone-d) δ 7.30 

(d, J = 9.0 Hz, 1H), 6.54 (dd, J = 9.0, 2.5 Hz, 1H), 6.44 (t, J = 2.1 Hz, 1H), 6.28 (s, 1H), 

4.82 (d, J = 1.5 Hz, 2H), 3.38 (q, J = 7.1 Hz, 4H), 1.18 (t, J = 7.1 Hz, 6H). LCMS (m/z) 

calcd for C14H17NO3
+ 248.1281 found 248.1.      

 

7-Diethylamino-4-methylacetoate-coumarin (3) Compound 2 (1g, 4.0 mmol) was added 

in a flame dried flask and dissolved in anhydrous CH2Cl2 (200 mL). Then acetic acid (4.8 
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mmol, 0.28 mL) and 4-Dimethylaminopyridine (DMAP, 0.6 g, 4.8 mmol) was added and 

stirred under N2. The ice bath was employed to cool down the solution to 0 ˚C. After that, 

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl, 0.92 g, 4.8 

mmol) was added and the whole system was stirred at 0 ̊ C for 10 minutes. Then the mixture 

was allowed to react at room temperature for 12 hours in dark and N2 atmosphere. After 

the reaction was finished by TLC, the suspension was filtered and the organic filtrate was 

washed with 1.2 M HCl and saturated NaHCO3, then dried over Na2SO4. The crude residue 

was purified by column (CH2Cl2 : EtAc = 4 : 1). Then yellow solid was produced (0.936 g, 

3.17 mmol, yield% = 80%). 1H NMR (CDCl3, 400 MHz): 7.20 (d, J = 9.0 Hz, 1 H), 6.50 

(dd, J = 2.3 Hz and 9.0 Hz, 1 H), 6.42 (d, J = 2.3 Hz, 1 H), 6.00 (s, 1 H), 5.14 (s, 2 H), 3.33 

(q, J = 7.0 Hz, 4 H), 2.11 (s, 3 H), 1.12 (t, J = 7.0 Hz, 6 H). LCMS (m/z) calcd for 

C16H20NO4
+
 248.1281 found 248.1. 

 

7-Diethylamino-4-methylacetoate-thiocoumarin (4) Compound 3 (0.8 g, 2.7 mmol) was 

dissolved in dry toluene (50 mL) in a flame dried flask and then Lawesson’s reagent (0.74 

g, 1.8 mmol) was mixed together with N2 protection. The mixture was refluxed for 12 hours 

in the dark. When the temperature was cooled down, the solvent was removed with reduced 

pressure and the crude residue was purified by column chromatography using CH2Cl2 as 

eluent and the dark orange powder was yield (0.647 g, 2.14 mmol, yield% = 77%). 1H 

NMR (CDCl3, 400 MHz): 7.31 (d, J = 9.7 Hz, 1 H), 7.02 (s, 1 H), 6.63 (m, 2 H), 5.15 (s, 2 

H), 3.40 (q, J = 7.0 Hz, 4 H), 2.16 (s, 3 H), 1.19 (t, J = 7.0 Hz, 6 H). LCMS (m/z) calcd for 

C16H20NO3S+ [M + H]+ 306.12 found 306.1. 
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7-Diethylamino-4-hydroxymethyl-thiocoumarin (5) Compound 4 (0.5 g, 1.65 mmol) 

was added in a dry flask and dissolved in absolute ethanol (50 mL). The 1.25 M HCl in 

ethanol (3.5 mL) was then mixed. The mixture was refluxed for 15 hours in dark and N2 

atmosphere. After the reaction, the solvent was removed in reduced pressure and the crude 

residue was purified by column (CH2Cl2 : Acetone = 95 : 5) and dark solid was yield (0.17 

g, 0.64 mmol, yield% = 39%). 1H NMR (400 MHz, acetone-d) δ 7.34 (d, J = 8.7 Hz, 1H), 

7.27 (s, 1H), 7.06 (s, 1H), 6.68 (s, 1H), 5.19 (s, 2H), 3.42 (t, J = 7.1 Hz, 4H), 1.23 (t, J = 

7.1 Hz, 6H). LCMS (m/z) calcd for C14H18NO2S+ [M + H]+ 264.11 found 264.1. 

 

Di-tert-butyl(7-Diethylamino-4-carboxylmethyl-thiocoumarin)glutamate (13) 

Compound 8 (50 mg, 0.19 mmol), t-butylisocyanate glutamate (214 mg, 0.75 mmol) was 

added in a flame dry flask with toluene (30 mL) under nitrogen. After catalytic amount 

triethylamine was added in, the total system was heated to 50 °C and stirred under nitrogen 

for 72 hours. When the reaction was finished, diluted the organic solution with ethyl acetate, 

and then washed with saturated NH4Cl and brine. The water fraction was extracted with 

ethyl acetate and the organic phase was dried with anhydrous sodium sulfate. After the 

solvent was removed, chromatography was employed to purify the compound (hexane : 

acetone = 4 : 1). Then the final product was obtained by removing the solvent under 

vacuum (79 mg, 0.14 mmol, yield% = 76%). 

 

7-Diethylamino-4-carboxylmethyl-thiocoumarin glutamate (14) Compound 13 (30 mg, 

0.055 mmol) was added in a flame dried flask and mixed with trifluoroacetic acid (TFA) 

(1 mL) at 0 ̊ C. The solution was stirred in the dark and N2 for 2 hours while the temperature 
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was allowed to return to room temperature. After the reaction was finished, the TFA was 

removed with N2 flow. The crude residue was purified by reverse phase HPLC 

chromatography using 60% water, 40% acetonitrile, and 0.1% TFA as mobile phase with 

an isocratic elution at 1 mL/min. After the product peak was collected, the solution was 

dried by lyophilizer and the final product, TC-N-Glu, was yield (12 mg, 0.028 mmol, yield% 

= 50%). 

 

2,6-Diethyl-4,4’-difluoro-8-methylacetoate-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene (7) 2,4-Dimethyl-3-ethylpyrrole (1.00 g, 8.15 mmol) was added in flamed dry 

flask with anhydrous CH2Cl2 (50 mL) under argon, then acetoxyacetyl chloride (0.56 g, 

4.08 mmol) was dropped in the solution, heated at 50 °C in the dark. After 2 hours, the 

solvent was removed while it cooled down. The toluene (100 mL) and CH2Cl2 (10 mL) 

was added immediately and displaced the air with argon for 30 min at room temperature. 

Then triethylamine (1.98 g, 1.94 mmol) was added dropwise. At the end, the boron 

trifluoride in ether (3.98 g, 28 mmol) was added and the total system was heated at 50 °C 

under argon for 1.5 h. After the solvent was removed, the residue was purified by column 

chromatography (silica gel, hexane : ethyl acetate = 4 : 1) and the final product was 

obtained by crystallization from methanol at -20 °C and dark pink solid was produced (0.85 

g, 2.2 mmol, yield% = 54%). 1H NMR (400 MHz, CDCl3): δ = 1.30 (t, J = 7.5 Hz, 6H), 

2.20 (s, 3H), 2.40 (s, 3H), 2.50 (q, J = 7.5 Hz, 4H), 2.60 (s, 6H), 5.30 (s, 2H). LCMS (m/z) 

calcd for C20H28BF2N2O2
+ [M + H]+ 377.22 found 377.2. 
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2,6-Diethyl-4,4’-difluoro-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene (8) Compound 7 (500 mg, 1.30 mmol) was added in the flask with 

dichloromethane (20 mL) and methanol (40 mL). Then 0.1 M sodium hydroxide (6.50 

mmol, 1.3 mL) was dropped in the flask. After stirred under nitrogen at room temperature 

for 4 hours in the dark, the solvent was removed and the crude was dissolved in 

dichloromethane and then washed twice with saturated ammonium chloride and brine 

respectively. The water layer was then extracted twice by dichloromethane and the crude 

was dried by anhydrous sodium sulfate. After purified by column (hexane : ethyl acetate = 

4 : 1), the product was gained (273 mg, 0.82 mmol, yield% = 63%). 1H-NMR (CDCl3, 400 

MHz): δ = 1.05 (t, J = 7.5 Hz, 6H), 1.72 (bs, 1H), 2.40 (q, J = 7.5 Hz, 4H), 2.42 (s, 6H), 

2.55 (s, 6H), 5.30 (s, 2H). 13C-NMR (CDCl3, 100 MHz): δ = 12.7, 14.9, 17.3, 31.1, 56.3, 

131.8, 133.5, 136.5, 136.7, 154.7. LCMS (m/z) calcd for C18H26BF2N2O+ [M + H]+ 335.21 

found 335.2. 

 

2,6-Diethyl-4,4’-dimethyl-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-

s-indacene (10) Compound 8 (200 mg, 0.6 mmol) was added in the flame-dried flask and 

dissolved by anhydrous ether (100 mL). Then 3 M methylmagnesium bromide in ether (2 

mL, 6 mmol) was added dropwise and the whole system was stirred at room temperature 

under dark in N2 atmosphere overnight. After the reaction was completed by TLC, it was 

quenched by dropping water. Then the solution was washed by saturated NH4Cl and 

extracted with CH2Cl2. The organic layer was washed with brine and dried by anhydrous 

Na2SO4. Then the solvent was removed under vacuum after filter and the residue was 
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purified by column (hexane : EtOAc = 4 : 1). After removing solvent, the dark pink solid 

was produced (132 mg, 0.4 mmol, yield% = 67%). 1H-NMR (CDCl3, 400 MHz): 

 

Di-tert-butyl((2,6-diethyl-4,4’-difluoro-8-carboxylmethyl-1,3,5,7-tetramethyl-4-bora-

3a,4a-diaza-s-indacene)glutamate (15) Compound 8 (50 mg, 0.15 mmol), t-

butylisocyanate glutamate (171 mg, 0.60 mmol) was added in a flame dry flask with 

toluene (10 mL) under nitrogen. After catalytic amount triethylamine was added in, the 

total system was heated to 50 °C and stirred under nitrogen for 72 hours. When the reaction 

was finished, diluted the organic solution with ethyl acetate, and then washed with 

saturated NH4Cl and brine. The water fraction was extracted with ethyl acetate and the 

organic phase was dried with anhydrous sodium sulfate. After the solvent was removed, 

chromatography was employed to purify the compound (hexane : acetone = 4 : 1). Then 

the final product was obtained by removing the solvent under vacuum (66 mg, 0.11 mmol, 

yield% = 71%). 1H-NMR (CDCl3, 400 MHz): δ = 1.05 (t, J = 7.5 Hz, 6H), 1.25 (s, 2H), 

1.43 (s, 9H), 1.47 (s, 9H), 1.92 (dt, J = 14.4, 7.3 Hz, 1H), 2.15 (dt, J = 13.5, 6.6 Hz, 1H), 

2.30 (s, 6H), 2.40 (q, J = 7.5 Hz, 4H), 2.51 (s, 6H), 5.39 – 5.26 (m, 2H). LCMS (m/z) calcd 

for C32H48BF2N3O6 [M - F] 600.3620, found 600.4. 

 

2,6-diethyl-4,4’-difluoro-8-carboxylmethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene glutamate (16) Compound 15 (30 mg, 0.048 mmol) was added in a flame dried 

flask and mixed with anhydrous CH2Cl2 (1 mL). The whole system was stirred at 0 ˚C for 

10 minutes in ice bath. Then the TFA (50 𝜇L) was added dropwise, and the solution was 

stirred in the dark and N2 for 24 hours while the temperature was allowed to return to room 
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temperature. After the reaction was finished, the solvent was removed. The crude residue 

was purified by reverse phase HPLC chromatography using 20% water, 80% acetonitrile, 

and 0.1% TFA as mobile phase with an isocratic elution at 1 mL/min. After the product 

peak was collected, the solution was dried by lyophilizer and the final product, F-BODIPY-

N-Glu, was yield (7.3 mg, 0.014 mmol, yield% = 30%). 

 

Di-tert-butyl((2,6-diethyl-4,4’-difluoro-8-carboxylmethyl-1,3,5,7-tetramethyl-4-bora-

3a,4a-diaza-s-indacene)glutamate (17) Compound 10 (50 mg, 0.15 mmol), t-

butylisocyanate glutamate (171 mg, 0.60 mmol) was added in a flame dry flask with 

toluene (10 mL) under nitrogen. After catalytic amount triethylamine was added in, the 

total system was heated to 50 °C and stirred under nitrogen for 72 hours. When the reaction 

was finished, diluted the organic solution with ethyl acetate, and then washed with 

saturated NH4Cl and brine. The water fraction was extracted with ethyl acetate and the 

organic phase was dried with anhydrous sodium sulfate. After the solvent was removed, 

chromatography was employed to purify the compound (hexane : acetone = 4 : 1). Then 

the final product was obtained by removing the solvent under vacuum (65 mg, 0.11 mmol, 

yield% = 71%). 1H-NMR (CDCl3, 400 MHz): δ = 1.05 (t, J = 7.5 Hz, 6H), 1.25 (s, 2H), 

1.43 (s, 9H), 1.47 (s, 9H), 1.92 (dt, J = 14.4, 7.3 Hz, 1H), 2.15 (dt, J = 13.5, 6.6 Hz, 1H), 

2.30 (s, 6H), 2.40 (q, J = 7.5 Hz, 4H), 2.51 (s, 6H), 5.39 – 5.26 (m, 2H). LCMS (m/z) calcd 

for C34H54BN3O3 [M + H]+ 611.4106, found 611.4. 

 

2,6-diethyl-4,4’-dimethyl-8-carboxylmethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-

s-indacene glutamate (18) A suspension of CeCl3·7H2O (1.5 mmol) and NaI (1.3 mmol) 



 38 

in acetonitrile (30 mL) was refluxed and stirred for 24 hours. When the temperature was 

cooled down, 1.5 mL of the suspension was added in a 2 drams vial contained with 

compound 17 (30 mg, 0.049 mmol) and the whole system was stirred at 50 ˚C overnight. 

0.5 N HCl was added to quench the reaction and the solvent was removed at vacuo. The 

crude residue was purified by reverse phase HPLC chromatography using 20% water, 80% 

acetonitrile, and 0.1% TFA as mobile phase with an isocratic elution at 1 mL/min. After 

the product peak was collected, the solution was dried by lyophilizer and the final product, 

Me-BODIPY-N-Glu, was yield. 
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3. Photocleavable Molecules’ Quantum Yield Increase 
 

3.1 Introduction 

 

Interest has been growing as more and more importance is attributed to photocleavable 

protective groups (PPGs) as effective tools to temporarily protect functional groups. 

Although PPGs have been investigated for decades, substantial research in the UV range 

attracted most of the attention, such as 2-nitrobenzyl, benzoinyl and 4-hydroxyphenacyl3, 

4, 40. In our lab, we also studied several structures for researching the photochemical 

properties of neurotransmitters like 4-methoxy-7-nitroindolin (MNI) and 4-

carboxymethoxy-5,7-dinitroindolin (CDNI). With the drawbacks we have learned before, 

it is necessary to shift the photocleavage wavelength to visible light. However, due to the 

relatively low excitation energy that could be delivered by visible light for bond cleavage, 

visible-light-absorbing PPGs were studied only for just several years25, 41. Organometallic 

ruthenium complexes were first used as PPGs to attempt to shift the absorption wavelength 

to visible light42, 43. Then the xanthene44 and pyronin45 were developed for caging halides, 

carboxylates, and phosphates. Coumarin based PPGs were also studied. Ellis-Davies and 

his colleagues prepared 7-diethylaminocoumarin-4-ylmethyl PPG derivatives in 20139 

which has a strong absorption at 450 nm and efficiently uncages cAMP. In my previous 

project, we investigated the 7-diethylamino-4-thiocoumarinylmethyl caged glutamate due 

to its contribution to red shift and higher molar absorption coefficient. In 2014, Uranus and 

his colleagues designed a 4-aryloxy-BODIPY based PPG with an absorption wavelength 

of 500 nm to protect various electron rich phenolic compounds33 and the mechanism of 

deprotection includes photoinduced electron transfer from electron rich aryl to the main 
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part, and the main part undergoes spontaneous combustion. Since BODIPY was applied to 

cage, it has been developed several years and combined with variety neurotransmitters. 

2,6-Diethyl-4,4’-difluoro-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene (meso-methyl-BODIPY) was currently introduced by Winter35 and Weinstain46 

groups and the results showed that the release of LG was released by photochemical SN1 

reaction of a carbocation intermediate and subsequent nucleophilic attack of solvent. We 

also caged the glutamate by meso-BODIPY because it has excellent benefits like 

biologically benign, thermally stable in the dark, easy to be synthesized, no chiral center, 

and adjustable absorption in the visible/NIR region. However, a significant drawback is 

that the quantum yield released during photolysis process is low. Therefore, in order to 

achieve the desired purpose in biological applications, a relatively higher concentration is 

required. Nevertheless, high concentrations may cause adverse effects on cells in some 

cases. Hence, in this project, we paid more attention on increasing BODIPYs quantum 

yields. Two structural motifs were identified47, each for leading to a significant 

improvement in quantum yields of photorelease. By creatively combining these two 

structural elements into a single BODIPY structure, the original properties can be greatly 

optimized, and the quantum yield and absorption properties can be obtained. 

 

3.2 Results and Discussion 

 

Synthetic Procedure. The triplet excited state T1 of photosensitive chemicals is the key 

intermediate to produce singlet oxygen through energy transfer. The T1 of that kind of 

chemicals is usually produced by the intersystem crossing system (ISC), and one of the 

unpaired electrons in S1 state is spin converted. When the leaving group is released from 
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the triplet excited state, it is an effective strategy to increase the photoreaction efficiency 

by introducing heavy atoms into PPG structure to increase the molecules ISC efficiency of 

leaving group47, 48. Based on these backgrounds, we synthesized 2,6-dibromo-BODIPY 

derivative bearing leaving group (glutamate) on its meso position, by directly reacting it 

with N-bromo-succinimide (NBS) (Scheme 3.1). In this process, 2, 4-dimethylpyrrole was 

employed instead so that the possibility was increased to have more modifications at 

position 3 in the future. Furthermore, we will apply N-iodo-succinimide (NIS) to synthesize 

2,6-diiodo-BODIPY caged glutamate to explore the relative photochemical properties. 

After storing for extended periods of NBS often contains significant amounts of molecular 

bromine and may lead to erratic results in reactions. As the result, before using NBS, it 

should be purified by recrystallization from H2O (AcOH has also been used). In an efficient 

fume hood, an impure sample of NBS (100 g) was dissolved as quickly as possible in 1.5 

L of preheated water at 90-95 °C. As filtration was usually unnecessary, the solution was 

then chilled well in an ice bath to effect crystallization. After most of the aqueous portion 

has been decanted, the white crystals were collected by filtration through a bed of ice and 

washed well with water. The crystals are dried on the filter and then in vacuo. 

 

 

  

 

 

 

 

Scheme 3.1: Synthesis of F-BODIPY-Br-OH 

 

(a) acetoxyacetyl chloride, DCM, 2 h, 50 °C, Ar; (b)BF3·Et2O, Toluene, DCM, Et3N, 1.5 h, 50 °C, Ar, 45% (two 

steps totally, a and b); (c) 0.1 M NaOH, 2 : 1 (v/v) Methanol/Water, rt, 4 h, N2, 65%. (d) NBS, DCM, overnight, 

rt, N2, 76%. 
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Next, we tried to examine the effect of changing combined group on boron. Based on the 

mechanism of photoreaction, we could learn that increasing the electron density in the 

molecule can improve the photochemical efficiency by stabilizing the carbocation 

intermediate. Therefore, we tried to replace fluorides on boron with alkyl chains, which 

could provide an easily available synthetic route to further increase the electron density in 

BODIPYs. It could be rationalized by the fact that different electronic properties of 

substituents and/or larger substituents on boron atoms are known to reduce the planarity of 

BODIPY nuclei, thus making the excited states more non-radiatively inactivated49. It 

confirmed that the alkylation of boron atom on BODIPYs was an effective way to improve 

the photoreaction efficiency of BODIPY, and the smallest substituent was preferred. As 

the result, we determined to choose methyl group as the unit to replace the fluoride on 

boron. The synthesis process was shown in Scheme 3.2. 

 

 

 

 

 

 

At the end, we tried to combine these two structure motifs on single BODIPY structure. 

After confirming that 2,6-dibromo- and boron methylation could improve the photoaging 

efficiency of BODIPY, we decided to combine the two structure motifs and modify 

BODIPY together to determine whether the uncaging efficiency of BODIPY could be 

Scheme 3.2: Synthesis of Me-BODIPY-OH 

 

(a) CH3MgBr in Et2O, Et2O, Overnight, rt, N2, 62%. 
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further improved, so as to obtain a photoreaction tool with better performance. Thus, we 

synthesized 2,6-dibromo B-dimethyl BODIPY to prepare to cage with glutamate (Scheme 

3.3). 

 

 

 

 

 

 

 

 

After all of these precursors were prepared, we used them to cage glutamate. In order to 

test the effect of different functional groups on photolysis process, we changed the group 

of glutamate to combine. The functional group we applied before was amino group while 

we moved forward to 4-carboxylic group in this project. EDC/DMAP system was 

employed for these synthesis routes because the series of carbodiimide condensation agents 

have mild reaction conditions and good selectivity and as the second generation of water-

soluble condensation and coupling agent, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

(EDC) has the even better performances, such as short reaction time, easy operation and 

high yield. The synthesis was shown in Scheme 3.4. 

 

 

 

Scheme 3.3: Synthesis of Me-BODIPY-Br-OH 

 

(a) NBS, DCM, overnight, rt, N2, 76%. 
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While 0.05 : 1 (v/v) TFA/DCM system worked to remove t-butyl carboxylic on BODIPY-

N-Glu, it could be a little tricky since it could remove only BOC attached on amino group 

over 24 hours, but not necessarily remove the protection of -COOH. As the result, we have 

to apply pure TFA as the deprotecting reagent for F-BODIPY caged glutamate even though 

the yields were lower than the 0.05 : 1 (v/v) TFA/DCM system that was applied for Me-

BODIPY to remove the N-BOC first and then used CeCl3/NaI system to deprotect  -COOH. 

Photocleavage Studies. As the final compounds were produced, the photo properties were 

also studied and their efficiency of uncaging were compared under identical conditions. 

We employed UV-Vis spectrum to explore the absorbance wavelength of these six 

molecules (Figure 3.1). As can be seen from the figure, all of them could contribute a 

wavelength shift in the caged compound to toward infrared and the absorption wavelength 

range is from 510 nm to 550 nm. Among these structures, the caged glutamate by BODIPY 

with -BF2 and two ethyl groups at position 2 and 6 could contribute highest absorption 

Scheme 3.4: Synthesis of Six Different BODIPY-Glu 

 

(a) 𝛼-tert-Butyl-N-BOC-glutamate, EDC·HCl, DMAP, DCM, 12 h, rt, N2; (b) TFA, 2h, rt, N2; (c) 0.05 : 1 

(v/v) TFA/DCM, 1 h, rt, N2;  (c) CeCl3·7H2O, NaI, Overnight, 50 ˚C, N2. 
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wavelength while the BODIPY with -BMe2 and no substituent at position 2 and 6 had the 

lowest wavelength. From the results, we could deduce that the methyl groups on boron had 

negative impact on the wavelength shift compared to fluorides while the ethyl groups at 

position 2 and 6 could make much contributions. The bromides at position 2 and 6 could 

also help the wavelength to shift to infrared range but it was not as much as ethyl groups 

did.  

 

 

 

 

 

 

 

 

 

The green LED with 520 nm wavelength was prepared for BODIPY cages. The irradiation 

took place in the photo reactor at room temperature at specific time intervals of 300 s for 

F-BODIPY-Et-Glu, F-BODIPY-H-Glu, F-BODIPY-Br-Glu, 5 s for Me-BODIPY-Et-Glu, 

Me-BODIPY-H-Glu, and 1 s for Me-BODIPY-Br-Glu, respectively. It needs to be 

mentioned that it was necessary to irradiate for much longer time with F-BODIPY-Glu due 

to the much lower quantum yield compared to others. Resulting from visible light 

irradiation experiments, the absorption changes could be observed (Figure 2.6). For F-

BODIPY-Et-Glu and F-BODIPY-H-Glu, it reflected the decreased peaks at 541 nm and 

Figure 10: UV Spectrum for Six Different BODIPYs Caged Glu. 
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520 nm, respectively (Figure 3.2 A and B). Meanwhile, the decreased peaks reflected at 

both 500 nm and 531 nm and the increased peak at 400 nm for Me-BODIPY-Et-Glu while 

the decreased peaks occurred at both 480 nm and 510 nm and the increased peak at 390 nm 

for Me-BODIPY-H-Glu (Figure 3.2 D and E). It was somewhat different for F-BODIPY-

Br-Glu and Me-BODIPY-Br-Glu that the constantly decreased at 520 nm and 530 nm, 

respectively, while the peak at 540 nm for both of them decreased first and then increased 

later. 

 

 

 

To measure the relative photolysis rates of each molecule, 1H NMR was employed. After 

specific amount of compound was dissolved in the known volume of deuterated chloroform, 

which was the NMR solvent, the solution was then transferred into transparent NMR tube. 

Then, the tube was placed in the photo reactor (520 nm for all BODIPY-Glu) to irradiate 

for 60 s interval for all Me-BODIPY-Glu and for 120 s interval for all F-BODIPY-Glu, 

respectively. After each irradiation, we used a Bruker 400 MHz NMR to test the proton 

(A) F-BODIPY-Et-Glu (B) F-BODIPY-H-Glu (C) F-BODIPY-Br-Glu 

(D) Me-BODIPY-Et-Glu (E) Me-BODIPY-H-Glu (F) Me-BODIPY-Br-Glu 

Figure 11: UV Spectra for progressive photolysis of (A) F-BODIPY-Et-Glu, (B) F-BODIPY-H-Glu, (C) F-BODIPY-Br-

Glu, (D) Me-BODIPY-Et-Glu, (E) Me-BODIPY-H-Glu, (F) Me-BODIPY-Br-Glu at a wavelength of 520 nm in methanol. 
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NMR spectrum. The consumed results of a specific peak were measured relative to the 

tetramethylsilane (TMS) which was applied as internal standard. Then the molecular 

concentration was counted on the basis of peak integrals. 

 

After calculating the concentration of the molecular by the peak integrals, the results were 

collected and recorded. The depletion of the concentration of these compounds obey the 

first order rate law. Of all of the structures, Me-BODIPY-Br-Glu performed the highest 

photolysis rate while F-BODIPY-H-Glu showed the lowest rate. It is worth mentioning 

that these chemical tools do not need to be considered for complete photolysis in 

neurological research, as long as they can release the necessary neurotransmitters under 

specific light conditions, and the by-products of photolysis will not interfere to other 

competitive signal pathways. As the result, all of these caged chemicals could be employed 

for neuroscience with relatively higher concentration based on the studied properties. 
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Table 4: Photochemical Properties of Caged Glu by 13 – 18. 

Caged Glu k/s-1 𝜆Max/nm 

𝜀(𝜆Max)/M-1cm-

1 

ϕ 𝜀ϕ/M-1cm-1 

F-BODIPY-Et-Glu 

(13) 

7.31×10-8 542 5.72×104 7.67×10-3 439 

F-BODIPY-H-Glu 

(14) 

5.26×10-10 517 8.46×104 5.52×10-5 4.67 

F-BODIPY-Br-Glu 

(15) 

3.88×10-9 544 1.03×104 4.07×10-4 4.19 

Me-BODIPY-Et-

Glu (16) 

2.77×10-7 532 3.57×104 2.91×10-2 1040 

Me-BODIPY-H-Glu 

(17) 

7.04×10-7 511 4.36×104 7.39×10-2 3230 

Me-BODIPY-Br-

Glu (18) 

6.18×10-6 531 5.42×104 0.65 35230  

 

The rate constant for the reactions (k), maximum absorbance wavelength (λmax), quantum 

yields (ϕ), and photo-cross-sections (𝜀ϕ) were calculated and shown in Table 3.1. As the 

result, the Me-BODIPY-Br-Glu has kind of higher quantum yield and photo-cross-section 

while F-BODIPY-H-Glu with an order of magnitude gap. 

 

3.3 Conclusion 

 

We have synthesized six more different caged glutamate on the previous basis of project, 

F-BODIPY-Et-Glu, F-BODIPY-H-Glu, F-BODIPY-Br-Glu, Me-BODIPY-Et-Glu, Me-

BODIPY-H-Glu and Me-BODIPY-Br-Glu successfully which are important light triggered 
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molecular tools that are critical for neurological studies. Compared to our previous work, 

all of these caged molecules could shift the maximum absorption wavelength from UV to 

visible light range. We also reported the photophysical properties of these derivatives and 

the UV-Vis spectrum and NMR were applied to compare them. Based on the results, the 

Me-BODIPY-Br-Glu has the best quantum yield and photo-cross-section among the six 

reported chemicals and all of them have the potential to be employed further by 

neuroscientists in the future. 

 

3.4 Methods 

 

The starting materials for all three caged Glu molecules presented were the commercially 

available 2.4-dimethylpyrrole for BODIPY cage. All chemicals anticipated in this project 

were purchased from Fisher, Acros, TCI or Aldrich in highly purified form and used 

without further purification except otherwise mentioned. The solvents we used like 

dichloromethane (CH2Cl2), hexanes, acetone, methanol (CH3OH) and ethyl acetate (EtOAc) 

were purchased from VWR. The anhydrous solvent toluene was achieved by activated 

molecular sieves while CH2Cl2 and ether were obtained directly from a solvent purification 

system (MBRAUN, MB-SPS) using an activated alumina column. The reactions were 

conducted under N2 using standard Schlenk line techniques or Ar collected from a cylinder 

using a balloon. The reaction vessels were flame-dried or oven-dried, then the reactions 

were conducted and charged with N2/Ar after repeating three times with vacuum/N2. The 

thin-layer chromatography plates (TLCs) were used to monitor the reaction progress (EMD 

Millipore TLC Silica Gel 60 F254) and it needs to be observed under short or long 

wavelength ultraviolet light. Then each product after every step of reaction in the schemes 
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were purified by the column chromatography with 60 Å silica gel (Fisher Scientific). The 

final products of each caged molecules were purified using reverse phase HPLC - Waters 

2695 separation module with Waters 996 photodiode array detector due to the high polar 

which was difficult to be purified in regular column. The column using for HPLC was an 

XSELECT C18 OBD prep column (10 × 250 mm) and the solvents for the mobile phase 

were HPLC grade acetonitrile (ACN), methanol (MeOH) and Millipore water and all of 

the solvents were mixed with trifluoroacetic acid. After purification, the solvents were 

removed by freeze dry system (lyophilizer - Freezone 4.5 made by LABCONCO). The 

cage steps and their corresponding purification were manipulated under red light with the 

dark atmosphere. The final products were covered by aluminum foil and stored at −20 °C 

until further needed. Each product was characterized via 
1
H NMR and 

13
C NMR with the 

instrument of Bruker 400 MHz NMR spectrometer. The NMR solvents such as CDCl3 and 

(CD3)2CO, were purchased from Cambridge Isotope Laboratories. Chemical shifts were 

tested based on the internal standard peak (tetramethylsilane, TMS). Furthermore, the 

UV−Vis spectra were obtained with an Agilent 8453 diode array UV−vis and high-

resolution mass spectra (HRMS) were measured by a JEOL DART-AccuTOF mass 

spectrometer, while low-resolution mass analyses were measured by an Agilent LC-MS 

with ES+ and 6120 quadrupoles. Two round metal containers stacked with green LED 

strips on the inside wall which were made by Dr. Guruge and me were employed as photo 

reactors to irradiate the caged molecules during photochemical studies. 

 

4,4’-Difluoro-8-methylacetoate-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (2) 

2,4-Dimethyl-pyrrole (1.00 g, 10.5 mmol) was added in flamed dry flask with anhydrous 
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CH2Cl2 (50 mL) under argon, then acetoxyacetyl chloride (0.72 g, 5.26 mmol) was dropped 

in the solution, heated at 50 °C in the dark. After 2 hours, the solvent was removed while 

it cooled down. The toluene (100 mL) and CH2Cl2 (10 mL) was added immediately and 

displaced the air with argon for 30 min at room temperature. Then triethylamine (2.55 g, 

24.97 mmol) was added dropwise. At the end, the boron trifluoride in ether (5.14 g, 36.15 

mmol) was added and the total system was heated at 50 °C under argon for 1.5 h. After the 

solvent was removed, the residue was purified by column chromatography (silica gel, 

hexane : ethyl acetate = 4 : 1) and the final product was obtained by crystallization from 

methanol at -20 °C and dark pink solid was produced (0.78 g, 2.4 mmol, yield% = 45%). 

1H NMR (400 MHz, CDCl3): δ = 2.40 (s, 6H), 2.60 (s, 6H), 5.30 (s, 2H), 6.00 (s, 2H). 

LCMS (m/z) calcd for C16H20BF2N2O2
+ [M + H]+ 321.16 found 

 

4,4’-Difluoro-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (3) 

Compound 2 (500 mg, 1.52 mmol) was added in the flask with dichloromethane (20 mL) 

and methanol (40 mL). Then 0.1 M sodium hydroxide (6.50 mmol, 1.3 mL) was dropped 

in the flask. After stirred under nitrogen at room temperature for 4 hours in the dark, the 

solvent was removed and the crude was dissolved in dichloromethane and then washed 

twice with saturated ammonium chloride and brine respectively. The water layer was then 

extracted twice by dichloromethane and the crude was dried using anhydrous sodium 

sulfate. After purified by column (hexane : ethyl acetate = 4 : 1), the product was gained 

(273 mg, 0.71 mmol, yield% = 65%). 1H-NMR (CDCl3, 400 MHz): δ = 1.72 (bs, 1H), 2.42 

(s, 6H), 2.55 (s, 6H), 5.30 (s, 2H), 6.00 (s, 2H). 13C-NMR (CDCl3, 100 MHz): δ = 12.7, 
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14.9, 17.3, 31.1, 56.3, 131.8, 133.5, 136.5, 136.7, 154.7. LCMS (m/z) calcd for 

C14H18BF2N2O+ [M + H]+ 279.15 found 

 

2,6-Dibromo-4,4’-difluoro-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-

s-indacene (4) Compound 3 (50 mg, 0.18 mmol), N-bromo-succinimide (NBS, 80 mg, 

0.45 mmol) and CH2Cl2 (20 mL) were mixed together in a flask and stirred overnight at 

room temperature. After the reaction was finished, the solution was washed with water and 

then dried over anhydrous NasSO4. The solvent of the organic layer was removed in vacuo 

and the crude residue was purified via chromatography column (silica gel, hexane : EtAc 

= 4 : 1) and the dark pink solid was produced (60 mg, 0.14 mmol, yield% = 76%). 1H NMR 

(400 MHz, CDCl3): δ (ppm) 4.49 (s, 2H), 2.50 (s, 6H), 2.37 (s, 6H). LCMS (m/z) calcd for 

C14H16BBr2F2N2O+ [M + H]+ 434.97 found 

 

4,4’-Dimethyl-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene 

(5) Compound 3 (100 mg, 0.36 mmol) was added in the flame-dried flask and dissolved by 

anhydrous ether (50 mL). Then 3 M methylmagnesium bromide in ether (1.2 mL, 3.6 mmol) 

was added dropwise and the whole system was stirred at room temperature under dark in 

N2 atmosphere overnight. After the reaction was completed by TLC, it was quenched by 

dropping water. Then the solution was washed by saturated NH4Cl and extracted with 

CH2Cl2. The organic layer was washed with brine and dried by anhydrous Na2SO4. Then 

the solvent was removed under vacuum after filter and the residue was purified by column 

(hexane : EtOAc = 4 : 1). After removing solvent, the dark pink solid was produced (60 

mg, 0.22 mmol, yield% = 62%). 1H NMR (400 MHz, CDCl3): δ (ppm) 6.08 (s, 2H), 4.94 
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(s, 2H), 2.52 (s, 6H), 2.46 (s, 6H), 0.19 (s, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) 

152.97, 138.37, 137.13, 130.72, 122.65, 56.54, 16.71, 16.05. LCMS (m/z) calcd for 

C16H23BN2O+ [M + H]+ 271.20 found 

 

2,6-Dibromo-4,4’-dimethyl-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-

diaza-s-indacene (6) Compound 5 (18 mg, 0.067 mmol), NBS (30 mg, 0.17 mmol) and 

CH2Cl2 (10 mL) were mixed together in a flask and stirred overnight at room temperature. 

After the reaction was finished, the solution was washed with water and then dried over 

anhydrous NasSO4. The solvent of the organic layer was removed in vacuo and the crude 

residue was purified via chromatography column (silica gel, hexane : EtAc = 4 : 1) and the 

dark pink solid was produced (20 mg, 0.047 mmol, yield% = 70%). 1H NMR (400 MHz, 

CDCl3): δ (ppm) 4.49 (s, 2H, CH2), 2.50 (s, 6H), 2.37 (s, 6H), 0.19 (s, 6H). LCMS (m/z) 

calcd for C16H22BBr2N2O+ [M + H]+ 427.02 found 

 

General synthesis procedure of BODIPY caged Glu (7 – 12) meso-hydroxy-BODIPY 

was added in a flame dried flask and dissolved in anhydrous CH2Cl2. Then 𝛼-tert-Butyl-

N-BOC-glutamate and 4-Dimethylaminopyridine (DMAP) was added and stirred under N2. 

The ice bath was employed to cool down the solution to 0 ˚C. After that, 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) was added and the 

whole system was stirred at 0 ˚C for 10 minutes. Then the mixture was allowed to react at 

room temperature for 12 hours in dark and N2 atmosphere. After the reaction was finished 

by TLC, the suspension was filtered and the organic filtrate was washed with 1.2 M HCl 
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and saturated NaHCO3, then dried over Na2SO4. The crude residue was purified by column 

(CH2Cl2 : EtAc = 4 : 1). 

F-BODIPY-Glu (13 – 15) Compound 7 - 9 was added in a flame dried flask and mixed 

with trifluoroacetic acid (TFA) (1 mL) at 0 ˚C. The solution was stirred in the dark and N2 

for 2 hours while the temperature was allowed to return to room temperature. After the 

reaction was finished, the TFA was removed with N2 flow. The crude residue was purified 

by reverse phase HPLC chromatography using 20% water, 80% acetonitrile, and 0.1% TFA 

as mobile phase with an isocratic elution at 1 mL/min. After the product peak was collected, 

the solution was dried by lyophilizer and the final products, F- BODIPY-Et- Glu, F- 

BODIPY-H- Glu, F- BODIPY-Br- Glu were obtained, respectively. 

Me-BODIPY-Glu (16 – 18) Compound 10 – 12 were added in a flame dried flask and 

mixed with anhydrous CH2Cl2 (1 mL). The whole system was stirred at 0 ̊ C for 10 minutes 

in ice bath. Then the TFA (50 𝜇L) was added dropwise, and the solution was stirred in the 

dark and N2 for 1 hours while the temperature was allowed to return to room temperature. 

After the reaction was finished, the solvent was removed. A suspension of CeCl3·7H2O 

(1.5 mmol) and NaI (1.3 mmol) in acetonitrile (30 mL) was refluxed and stirred for 24 

hours. When the temperature was cooled down, 1.5 mL of the suspension was added in a 

2 drams vial contained with the crude residues and the whole system was stirred at 95 ˚C 

overnight. 0.5 N HCl was added to quench the reaction and the solvent was removed at 

vacuo. The crude residues were purified by reverse phase HPLC chromatography using 20% 

water, 80% acetonitrile, and 0.1% TFA as mobile phase with an isocratic elution at 1 

mL/min. After the product peak was collected, the solution was dried by lyophilizer and 
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the final products, Me-BODIPY-Et-Glu, Me-BODIPY-H-Glu, Me-BODIPY-Br-Glu were 

yield. 
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Appendices 
 

I. Actinometry 

 

A liquid-phase potassium ferrioxalate was applied as actinometer to measure all of the 

quantum yields. To prepare the actinometer, 1) 20 mL water and 1 mL 3 M sulfuric acid 

were added in a beaker, then 6.0 g ammonium ferrous sulfate hexahydrate was added and 

heated to dissolve. 2) 3.5 g Oxalic acid dihydrate and 35 mL water was mixed in a beaker, 

stirred and heated to dissolve. 3) 20 mL Oxalic acid from step 2 was dropped in the solution 

from step 1, then heating to boiling. After cooling down the temperature, the precipitation 

came out and was filtered. 4) The precipitation was mixed with 15 mL saturated potassium 

oxalate and heated around 40 ˚C. Then 12 mL 6% hydrogen peroxide was added dropwise 

in the heated solution, keep stirring. 5)After reaction, heating the solution to boiling to 

remove hydrogen peroxide, then the compound from step 2 was added until the color of 

the solution was transferred to green and lucent. 6) After cooling down, 15 mL 95% ethanol 

was added to crystalize in dark, then filtered. 7) At the end, the solid was recrystallized 

three times in water and the K3Fe(C2O4)3⋅3H2O was produced. In order to prepare 100 mL 

of 0.15 M K3Fe(C2O4)3⋅3H2O solution, 7.368g precipitation was dissolved in 80 mL water, 

then 10 mL of 1.0 N sulfuric acid was added and transferred to a 100 mL volumetric flask. 

Finally, water was added to fill the mark. All quantitative work, as well as the preparation 

of solutions and samples, must be carried out in the dark. The light intensity was 

determined by irradiating potassium ferrioxalate solution and monitoring the subsequent 

changes of absorbance at 510nm. The light sources were blue and green LED strips 

purchased online with the wavelength 467 nm and 520 nm, respectively, and both of them 

were set up in the cylindrical metal containers. 
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For each radiation measurement, 3 mL of 0.15 m potassium ferrioxalate solution was filled 

into the cuvette. The test tube was placed on the sample rack, stirred and irradiated for a 

certain time (0, 0.25, 0.50, 0.75, 1, 2, 3 minutes). After the specified irradiation time, the 

solution was transferred to a 25 ml volumetric flask, followed by the addition of 6 mL of 

developer solution (0.05 mol% phenanthroline/0.75 M acetate/0.2 M sulfuric acid) and 5 

mL of 1 M sodium fluoride aqueous solution, then dropped water to the 25 mL mark, mixed 

and incubated for 10 min. At the end of the culture period, 3 mL of sample was taken into 

a 1 cm cuvette, and the absorbance at 510 nm was read by UV-Vis spectrophotometer. 

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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Table 5: Results of Actinometry for 467 nm Light Scource 

ε = 11082 M-1 · cm-1  Φ = 0.92 Light Wavelength = 467 nm  

t/s Abs CT △CT △n I/Einstein·L-1·s-1 

0 0.04976654 4.49075E-06 0 0 0 

15 0.25912666 2.33827E-05 1.88919E-05 4.72298E-06 0.000114082 

30 0.55648661 5.02154E-05 4.57246E-05 1.14312E-05 0.000138057 

45 0.77242136 6.97005E-05 6.52098E-05 1.63024E-05 0.00013126 

60 0.96831942 8.73777E-05 8.28869E-05 2.07217E-05 0.000125131 

120 0.92204714 8.32022E-05 7.87115E-05 1.96779E-05 5.94139E-05 

180 1.07662964 9.71512E-05 9.26604E-05 2.31651E-05 4.66286E-05 

Averange     0.000127132 

 

      

      

Table 6: Results of Actinometry for 520 nm Light Scource 

ε = 11082 M-1 · cm-1  Φ = 0.86 Light Wavelength = 520 nm 
 

t/s Abs CT △CT △n I/Einstein·L-1·s-1 

0 0.309751034 2.79508E-05 0 0  

15 0.691868782 6.24318E-05 3.4481E-05 8.62024E-07 2.22745E-05 

30 0.714914322 6.45113E-05 3.65605E-05 9.14013E-07 1.18089E-05 

45 0.802297592 7.23965E-05 4.44457E-05 1.11114E-06 9.57056E-06 

60 0.933128834 8.42022E-05 5.62514E-05 1.40629E-06 9.08453E-06 

120 1.078721046 9.73399E-05 6.93891E-05 1.73473E-06 5.60313E-06 

180 2.691344261 0.000242857 0.000214906 5.37266E-06 1.1569E-05 

Averange     9.52724E-06 
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II. UV Spectra for Progressive Photolysis  
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III. NMR Spectra 
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IV. Spectra for Progressive Photolysis of Caged Compound 
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