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Abstract 

Photocatalysis is a single-electron-transfer (SET) process that employs organic dyes or 

transition metal complexes along with visible light irradiation. 1 Organic dyes have been utilized 

to a limited extent in photoredox catalysis, while ruthenium(II) and iridium(III) complexes have 

been extensively studied for over 30 years.2
-
6 There are several properties of organic dyes that 

make them advantageous over transition metal complexes as photocatalysts. Organic dyes are 

less toxic, more cost effective, and have improved photophysical properties, such as increased 

absorption in the visible region and high singlet oxygen quantum yields, making them a more 

practical option. 5 

The aza-Henry reaction, a carbon-carbon coupling reaction between a nitroalkane and an 

amine yielding a ~-amino nitroalkane, was studied using heavy atom-containing 

chalcogenorhodamine dyes as photocatalysts. By replacing the oxygen heteroatom, in the 

xanthone core, with sulfur or selenium, intersystem crossing (ISC) to the triplet state is increased 

as a result of the heavy atom effect. A longer-lived triplet excited state increases the probability 

of electron transfer events, improving yields in known reactions and giving way to the ability to 

catalyze less traditional routes in organic synthesis.7 
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1. Introduction 

1.1 Photocatalysis 

Photocatalysis is a single-electron-transfer (SET) process that employs organic dyes or 

transition metal complexes along with visible or ultraviolet (UV) light irradiation. 1 

Photocatalysis has become of increasing interest in the last decade as a new green mode of small 

molecule activation within organic chemistry. 8 Reactions such as alkylations, oxidations, and 

anti-Markovnikov additions to alkenes have all been achieved through the use of 

· 9-12photocata1ys1s. 

1.1.1 Currently employed photosensitizers 

Chalcogenorosamines are better suited as photocatalysts than previously employed transition 

metal complexes and organic xanthene dyes, which are insufficient for a variety of reasons. TiO2 

as a photocatalyst utilizes atmospheric oxygen as the oxidant and is only active in the UV region, 

which drastically reduces light absorbing efficiency. 13 Ru(II) and lr(III) polypyridyl complexes 

have been studied as photocatalysts more extensively than organic dyes, and therefore have 

readily available photophysical and electrochemical properties, although these transition metal 

. l . d h . . 1 6 14comp1exes are re1atlve y expensive an ave tox1c1ty concerns. ' ' 
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Chart 1.1 Structures of methylene blue (1), eosin Y (2), 9-mesityl-10-methylacridinium (3), and rhodamine 6G 

(4). 

Organic dyes have been developed for several photocatalyzed reaction such as the oxidation 

of thiols to disulfides,9
•
10 anti-Markovnikov additions to alkenes, 11

•
12 and oxidation of amines to 

iminium salts and subsequent transformations5
• The structures ofseveral cationic organic dyes that 

have been previously used as photocatalysts are shown in Chart 1.1. The Scaiano group has 

examined methylene blue (l),4•
15

•
16 the Konig group has examined Eosin Y (2),2 and the Nicewicz 

group has examined various acridinium salts including the 9-mesityl derivative 3. 11
•
12 

Xanthene dyes with short-lived singlet excited-state lifetimes result in an inefficient 

photocatalyst.7 A short lived singlet excited-state decreases the probability of electron transfer 

events and therefor the production of 10 2, a necessary oxidant for the photocatalyzed aza-Henry 

reaction. Heavy chalcogenorosamines solve this problem by having a long-lived triplet excited

state upon irradiation, increasing the production of 10 2 and conversion to the desired product. 
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1.1.2 Previous uses of Chalcogenorosamines 

Chalcogenorosamine dyes such as those shown in Chart 1.2 are structurally similar to the 

organic dyes in Chart 1.1.7 

PhPh G 
PF6 

® 
M~N E NM~ 

5-0, E=O 
5-S, E=S 6-Se, E=Se 
5-Se, E=Se 6-Te, E=Te 
5-Te, E=Te 

8-0, E=O 
7-Se, E=Se 8-S, E=S 
7-Te, E=Te 8-Se, E=Se 

8-Te, E=Te 

Chart 1.2 Structure of Chalcogenorosamine Dyes 

Chalcogenorosamines and structurally related chalcogenorhodamines have previously been 

examined as photosensitizers for photo-induced charge-transfer reactions in dye-sensitized solar 

cells (DSSCs ). 11
-
20 The seleno- and tellurorosamines/rhodamine analogues have also been 

assessed for their ability to generate 10 2 for their use in photodynamic therapy (PDT)21-24 and in 

fluorescence imaging.25
-
27 The results discovered from these previous endeavors with the 

chalcogenorosamines/-rhodamines have led to the investigation of their ability to be used as 

photocatalysts in synthetic transformations of organic molecules. 

1.1.3 Ideal properties of Chalcogenorosamines as photosensitizers 

3 



Organic dyes offer low price and low toxicity and, in some cases eliminate the problem of 

disposal of the catalyst upon completion of the reaction. 28 The irradiation source typically used 

with organic dyes as the photocatalyst is a light-emitting diode (LED) or a common household 

light bulb. Organic compounds do not absorb visible light, reducing side reactions and by

products that are often associated with photochemical reactions carried out with high-energy UV 

light.6 

Chalcogenorosamine dyes have improved photophysical properties with increased light 

absorption across the visible spectrum and longer-lived triplet excited states. The O heteroatom 

in the xanthylium core can be replaced with S, Se, or Te, which increases intersystem crossing 

(ISC) to the triplet state as a result of the heavy atom effect. While incorporating any of these 

atoms into the chromophore will generate 10 2, the relative values of <1>(102) are very much 

dependent on the presence of an atom(s) with a filled d-shell of electrons. Thus, organic dyes 

incorporating the heavier chalcogen atoms Se or Te have higher values of <l>(10 2) and increased 

probability of electron transfer events due to the longer liver triplet exited state, than their lighter 

26'29 32chalcogen analogues. 25- -

1.2 Aza-Henry Reaction 

The visible-light-mediated aza-Henry reaction, a carbon-carbon coupling reaction between a 

nitroalkane and an amine yielding a ~-amino nitroalkane, was first studied by Stephenson and co

workers in 2010, using Ru(bpy)3Ch or Ir(ppy)2(dtbbpy)PF6 as the photocatalyst (Chart 1.3), and 

has since become a gold standard for testing the efficiency of new photocatalysts.7 
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Chart 1.3 Sturcture ofRu(bpy)3Cl2 (left) and or Ir(ppy)2(dtbbpy)PF6 (right) photocatalysts 

Various oxazine, thiazine, rhodamine, and azine dyes (Chart 1.1; Figure 1.1B) have been 

recently compared as photocatalysts for the oxidation of 2-aryl-1,2,3,4-tetrahydroisoquinoline in 

the aza-Henry reaction with nitromethane to give l-nitromethyl-2-aryl-l,2,3,4-

tetrahydroisoquinoline7, shown in Figure 1.lA. 

1 mol-% photocatalyst 

4:1coNo CH3CN/CH3NO2A I ,& h, N2X 

B 

5 



reaction of2-a 1-1 ,2 3 4-tetrah droiso uinoline to 1-nitrometh 1-2-

1 odamine B bottom ri ht 

1.2.1 Mechanism of the aza-Henry reaction 

coN-ph 

*Catalyst+ 

hv 
Catalyst Hoo· 

~o,Catalyst+ 
Oi" 

Scheme 1.1 Mechanism for the aza-Henry reaction 

The mechanism of the aza-Henry reaction is shown in Scheme 1.1. Irradiation induces the 

excited state of the dye and undergoes ISC to the triplet state. 10 2 can then be generated when 

the excited state dye reacts with 30 2. 
10 2 is the primary oxidant when triplet state dyes are 

employed as the photocatalyst. Reductive quenching of the excited state dye by the starting 

amine produces the radical cation. The 10 2 generated by the excited state dye reacts with the 

radical cation to yield the intermediate iminium ion and HOO•. Alternatively, the resulting 

HOO• can remove a hydrogen atom from the starting amine, generating an a-amino radical and 

H2O2. The iminium ion is formed by oxidation of the a-amino radical. Addition of a nitroalkane, 

6 



as the nucleophile, to the iminium ion will yield the ~-amino nitroalkane product. Using a 

singlet-state dye, a dye without a heavy atom in the xanthylium core, rather than a triplet-state 

dye, as the photocatalyst relies on the presence of 30 2 to produce 0 2•- as the primary oxidant. 

1.3 Photo-oxidation reaction 

Photo-oxidation reactions of 2-aryl-1,2,3,4-tetrahydroisoquinolines to their corresponding 

3,4-dihydro-2-aryl-l (2H)-isoquinolinones (Chart 1.4) were also explored using 

chalcogenorosamines as the photocatalysts. This reaction was recently studied by Khols and co

workers in 2012, employing 10 mol % ofRu-(bpy)3Ch as the photocatalyst.34 

1 mol-% 
photosensitizercoNo CQNo4.9:0.1la o I a

CH3CN/H2O XX 
h, air 

X = H, OCH3, Cl 

Chart 1.4 Photo-oxidation reaction of 2-aryl-1,2,3,4-tetrahydroisoquinoline to 3,4-Dihydro-2-aryl-1 (2H)-

isoquinolinones 

1.3.1 Mechanism of photo-oxidation of tellurium and selenium chalcogenorosamines 

The general reaction mechanism for the photo-oxidation of selenorosamine 5-Se, to its 

selenoxide (C), is proposed in Scheme 1.2. This general mechanism applies to tellurorosamines 

as well, but does not occur with sulfur and oxygen containing chalcogenorosamines. 

7 
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Scheme 1.2 Photo-oxidation reaction mechanism of selenorosamine, 5-Se, to selenoxide, C 

Irradiation of 5-Se in the presence ofH20 facilitates the formation of selenoxide, C. 

Selenorosamine 5-Se generates 10 2, upon irradiation, which in turn forms the perselenoxide (A). 

Addition ofH20 to the perselenoxide (A) forms the hydroxyl(perhydroxy)selenane (B). The loss 

ofH202 from the hydroxyl(perhydroxy)selenane (B) forms selenoxide (C). The reversible 

addition ofH20 to the selenoxide (C) forms the (dihydroxy)selenane (D). 10 

Hydroxy(perhydroxy)selenane (B) is the active oxidizing agent in the photo-oxidation reaction 

of isoquinolines to their corresponding isoquniolones. 

1.3.2 Mechanism of the photo-oxidation reaction 

The proposed mechanism for the photo-oxidation reaction of isoquinolines to their 

corresponding isoquinolones is shown in Scheme 1.3. This mechanism applies when Se or Te 

analogues of calcogenorosamine dyes are employed as the photosensitizers. Unlike Se and Te 

containing dyes, the S analogues do not undergo photo-oxidation to their corresponding 

sulfoxides. When thiorosamines are employed as the photosensitizer, the reaction relies solely on 

the production of 10 2. 
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Scheme 1.3 Proposed photo-oxidation reaction mechanism 

The reaction begins in the same way as the photocatalyzed aza-Henry reaction, with the 

generation of the iminium ion. Hydroxyl(perhydroxy)selenane (B) is added to the iminium ion to 

form a peroxy intermediate, with the loss ofH+, followed by the loss of the corresponding 

selenoxide, generating the peroxyl anion. Addition of a second iminium ion to the peroxyl anion 

produces the peroxyisoquinoline, an important intermediate in the reaction mechanism. 

Continued irradiation causes homolytic 0-0 bond cleavage resulting in two oxylradical 

isoquinolines. This oxylradical isoquinoline can then be converted to either the desired 

isoquinolinone product by loss ofH+, or the isoquinolinol. The isoquinolinol can be further 
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converted to the desired isoquinolone product with the use of the selenoxide and Off, in a 

Swem-like oxidation, while regenerating the starting (reduced) photosensitizer and completing 

the catalytic cycle. 

1.4 Goals 

By comparing heavy atom, Se or Te, containing chalcogenorosamine dyes, using the visible

light-mediated aza-Henry reaction, for their efficiency as photocatalysts, it may be possible to 

improve yields in known photoredox reaction and calalyze less traditional routes in organic 

synthesis. Continuing from the work done with the photo-oxidation reaction by Hill et al. , 

intermediates in the reaction mechanism were isolated and identified. 

2. Results and Discussion 

2.1 Aza-Henry Reaction 

2.1.1 Finding the best light source 

To start the best light source had to be identified. Three different light sources were 

compared: an Oriel Research Quartz Tungsten Halogen (QTH) lamp equipped with a halogen 

light bulb and a 495nm filter, a General Electric (GE) 1600 lumen LED, and a GE 850 lumen 

LED. Methylene blue (1, Chart 1.1) and rhodamine 6G (4, Chart 1.1), which were previously 

studied as photocatalysts for this reaction, were used as controls.7 The Oriel Research QTH lamp 

was used with comparable results to previous studies, but is relatively expensive to acquire so 

more cost effective options were explored. The 1600 lumen LED placed in a basic desk lamp 

caused the dyes to bleach too quickly, not allowing the reaction to proceed to completion. The 

strength of the LED was then decreased to 850 lumens. The photocatalyst no longer bleached 

before completion of the reaction, allowing the reaction to proceed as efficiently as possible 

while being an inexpensive and easy to obtain irradiation source. 

10 



2.1.2 Finding the best photocatalyst 

The chalcogenorosamine dyes in Chart 1.2 were compared as photocatalysts for the 

photochemical aza-Henry reaction of9 with nitromethane to 10, along with methylene blue (1, 

Chart 1.1) and rhodamine 6G (4, Chart 1.1) as the controls. 

1 mol-% photocatalyst co •N~

V 4:1 
CH3CN/CH3NO2 

h, air 

9 10 

Chart 2.1 Photocatalyzed aza-Henry reaction of 9 to 10 

A 4: 1 CH3CN/CH3NO2 solution of 9 (0.06M) and photosensitizer (0.6mM) was irradiated 

for 3 h with a 14W, 850 lumen LED light. 1H NMR spectroscopy was used to determine the% 

conversion of9 to 10 comparing the integral of the 2-nitromethyl methylene protons (8 4.81 and 

4.53) and the 1-methine proton (8 5.51) of 10 with the I-methylene protons (8 4.42) of 9. The 

values ofpercent conversion are compiled in Table 2.1 and are a means of triplicate runs. 

Photocatalyst 

1 

4 

5-0 

5-S 

5-Se 

5-Te 

6-Se 

6-Te 

Amax, 
nm 

664 

524 

536 

557 

568 

601 

604 

617 

E, 
M-1 cm-1 

90,000 

78,000 

108,000 

94,400 

117,000 

81,000 

135,000 

144,000 

% 
Conversion 

3h 

42± 3 

18 ± 3 

18 ± 5 

69 ± 8 

94±2 

<1 

98 ± 1 
<1 

% Conversion 
lh 

60 ± 1 

37 ± 4 

c.t:>(102) 

0.52 

0.01 

0.08 

0.21 

0.87 

0.43 

0.68 

0.53 
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7-Se 604 145,000 60 ± 6 

7-Te 617 165,000 80 ± 20 

8-0 537 124,000 12 ± 4 0.03 ± 0.01 

8-S 557 124,000 44± 7 0.61 ± 0.02 

8-Se 568 103,000 99.5 ± 0.5 45 ± 4 0.85 

8-Te 600 86,000 95 ± 1 56 ± 3 0.75 
Table 2.1 Comparison ofphotocatalysts for the photochemical aza-Henry reaction of9 with nitromethane to give 10 

Tellurosamines 5-Te and 6-Te bleached fairly rapidly and gave <l % conversion of 9 to 10 

The three xanthylium core photocatalysts 4, 5-0, and 8-0 gave :S18% conversion of 9 to 10 and 

were not significantly different from one another (p > 0.10, Student t-test). Photocatalysts 4, S

O, 5-Te, 6-Te, and 8-0 were all significantly poorer photocatalysts (p :'.S 0.0064) than the 

remaining catalysts of Table 2.1. All of the other catalysts of Table 2.1 were significantly poorer 

as photocatalysts for conversion of 9 to 10 after 3 h than selenorosamines 5-Se, 6-Se, and 8-Se 

and tellurorosamine 8-Te, collectively with 2: 94% conversion of 9 to 10. 

In order to determine which chalcogenorosamine was the most efficient, the irradiation time 

was shortened from 3 h to 1 h with the four chalcogenorosamines that gave 2: 94% conversion of 

9 to 10, selenorosamines 5-Se, 6-Se, and 8-Se and tellurorosamine 8-Te. Values of% conversion 

are compiled in Table 2.1 and are the mean of triplicate runs. The 60% conversion with 5-Se as 

photocatalyst and 56% conversion with 8-Te as the photocatalyst were not significantly different 

(p > 0.10, Student t-test) from one another. However, the 1-h conversion with both of these 

catalysts was significantly greater (p :'.S 0.03) than the 1-h conversion with 6-Se (37%) and 8-Se 

(45%), which were not significantly different from one another (p > 0.07). The assessment of 

chalcogenorosamine dyes as photocatalysts suggests that selenorosamine 5-Se was the most 

efficient among the photocatalysts compared in Table 2.1 for the photocatalyzed aza-Henry 

reaction of 9 to 10. 

2.1.3 Singlet oxygen yields 

12 



The <t>(1O2) values for the chalcogenorosamine dyes are all compiled in Table 2.1 . As the 

chalcogenorosamines chromophore is changed from O to S to Se, the percent conversion values 

generally increased along with the <t>(1O2) , showing the importance of singlet oxygen in the aza

Henry reaction mechanism. When an atom with a filled d-shell of electrons is present, there is an 

increased probability of electron-transfer events, due to the longer lived triplet excited state. The 

longer lived the triplet excited state, the more singlet oxygen is produced and therefor the higher 

the percent conversion to the desired product will be. 

2.1.4 Degassed reaction 

The aza-Henry reaction of 9 to 10 was repeated with a number of the 

chalcogenorosamines in dearated solvent, using N2 bubbling to remove most of the oxygen in the 

reaction vessel. This was done in order to establish that the correlation between <t>(1O2) and 

percent conversion to the product plays an important role in the reaction mechanism. The % 

conversion values in dearated solvent are compiled in Table 2.2 and are a mean of triplicate runs. 

In all reactions under N2 the% conversion from 9 to 10 was drastically reduced. This shows that 

the reaction does not proceed as efficiently without oxygen, because the triplet excited state dye 

cannot produce the 10 2 necessary for the reaction to proceed. 

% Conversion 
Photocatalyst 

N2, 3 h 
1 < l 
4 < l 

5-0 < l 
5-S 9±4 
5-Se 14 ± 2 
8-Se 16 + 2 
8-Te 14 ± 1 

Table 2.2 Percent Conversion of9 to 10 under degassed conditions 
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2.1.5 Preparative reaction 

The aza-Henry reaction was repeated on a 1.0 mmol preparative scale with l-mol% of 

selenorosamine 5-Se with substrates 9, 11, 13, and 15 as shown in Chart 2.2. 

~ 
1 mol-% 

5-Se~No
la 

X 
4:1 

9, X= H CH3CN/CH3N02 
11, X = OCH3 h, air 
13,X=CI 

15 

Chart 2.2 Photocatalyzed aza-Henry reaction with various amine substrates 

The reactions were followed by thin layer chromatography (TLC) until the consumption of 

the starting amine under irradiation with an 850 lumen LED light was complete. Values of 

isolated yield and the time for each starting amine to undergo complete consumption are 

compiled in Table 2.3. Tetrahydroisoquinoline 9 was completely converted to 10 in 11 h in 84% 

isolated yield. 11 converted to 12 in 8.5 h in 81 % isolated yield. The complete conversion of 13 

to 14 was achieved in 5 h in 62% isolated yield. 

hv, Isolated
Substrate Product

h yield,% 

9 11 10 84 

11 8.5 12 81 

13 5 14 62 

15 48 16 4 

Table 2.3 Photocatalyzed aza-Henry reaction of amine substrates using 1 mol-% photocatalyst in 4: 1 
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The minor product produced in the aza-Henry reaction of 2-aryl-1,2,3,4-

tetrahydroisoquinolines were the 2-aryl-3,4-dihydroisoquinolones 17-19 (Chart 2.3). The 

phenyl-substituted derivative 9 gave dihydroisoquinolone 17 in 16% isolated yield; the 4-

methoxyphenyl-substituted derivative 11 gave dihydroisoquinolone 18 in trace amounts; and the 

4-chlorophenyl-substituted derivative 13 gave dihydroisoquinolone 19 in 17% isolated yield. 

N-phenyl pyrrolidine 15 was also examined in the photocatalyzed aza-Henry reaction with 

nitromethane and 1 mol-% of selenorosamine 5-Se. The results of the reaction were consistent 

with earlier results with this substrate, and only 4% isolated yield of 16 was obtained after 48 h 

of irradiation5
• 

2.2 Photo-oxidation reaction 

2.2.1 Preparative reaction 

The photo-oxidation reaction was carried out on a 1.0 mmol preparative scale with l-mol% 

of selenorosamine 5-Se, in a 4.9:0.1 solution of acetonitrile: water, with substrates 9, 11, and 13 

which were converted to 2-aryl-3,4-dihydroisoquinolin-1(2.H)-ones 17, 18, and 19, respectively, 

as shown in Chart 2.3. 

1 mol-% 5-Se 

4.9:0.1coNo CQNo
lo CH3CN/H20 o Io 

X h, air X 

9, X= H 17, X = H 
11, X = OCH3 18, X = OCH3 
13, X = Cl 19, X = Cl 

Chart 2.3 Photo-oxidation reaction with various amine substrates 

The reactions were followed by thin layer chromatography until the consumption of the 

starting amine under irradiation with an 850 lumen LED light was complete. Values of isolated 

15 



yield and the time for each starting amine to undergo complete consumption are compiled in 

Table 2.4. 

Substrate hv,h Product 
Isolated 
yield,% 

9 8 17 58 

11 13 18 63 

13 7.5 19 80 

Table 2.4 Photo-oxidation reaction of amine substrates using lmol-% photocatalyst 

Isoquinoline 9 gave 58% isolated yield of dihydroisoquinolinone 17 after 8 h of 

irradiation. Isoquinoline 11 was converted to dihydroisoquinolinone 18 in 13 h in 63% isolated 

yield. Dihydroisoquinolinone 19 was recovered in 80% isolated yield from isoquinoline 13 after 

7.5 h. These compounds have been previously synthesized by an intramolecular hydroamidation 

of ortho-vinyl benzamides33. The 1H NMR spectra acquired of the dihydroisoquinolinones 17, 

18, and 19 all show: 1) the peri-proton on the amide half of the dihydroisoquinoline at 8 8.1, 2) 

the two aliphatic methylene signals as two triplets around 8 3-4, and 3) the remaining aromatic 

protons with chemicals shifts between~ 8 8-6. In the Be NMR spectra, the amide carbonyl 

chemical shift is ~8 160-165 and this signal is absent in the starting tetrahydroisoquinolines. 

The minor product in the photo-oxidation reactions of 2-aryl-1,2,3,4-

tetrahydroisoquinolines were peroxyisoquinolines 20-22 (Chart 2.4). The structure of the minor 

product 22 was confirmed through 1H NMR and Be NMR spectroscopy and elemental analysis. 

The 1H NMR spectra show two singlets for the meso- and d,1- proton pairs (8 6.09 and 5.98). The 

aminal carbons in these molecules are chiral centers and the "dimers" can form the two 

diasteriomers. Elemental analysis was consistent with the peroxyisoquinoline compound 22, with 

69.98% e, 4.92% H, and 5.41 % N; (calcd values for e30H26ehN2O2: e, 69.64; H, 5.06; N, 5.41). 
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22 

~ ~~~ 
Cl~ 0,,0 ~Cl 

~N~
l_,,,,V 

20 21 

the 

Chart 2.4 Peroxyisoquinoline intermediates of the photo-oxidation reaction 

The phenyl substituted derivative 9 gave peroxyisoquinoline 20 in 15% isolated yield; the 4-

methoxyphenyl substituted derivative 11 gave peroxyisoquinoline 21 in trace amounts; and the 

4-chlorophenyl-substituted derivative 13 gave peroxyisoquinoline 22, which precipitated out of 

solution as a white solid, in 6% isolated yield. The peroxyisoquinoline products are not seen 

when S analogues of the chalcogenorosamines are employed as the photosensitizer. Unlike the 

Te and Se dyes, the S analogues do not undergo photo-oxidation to their corresponding 

sulfoxide, and conversion to the isoquinolinones relies solely on the presence of 10 2. 

2.2.2 Peroxyisoquinoline intermediate 

The photo-oxidation reaction of the 4-chlorophenyl-derivative 13 was repeated for 

variable lengths of time under the previously stated conditions. The results for these reactions are 

compiled in Table 2.5. It was observed that a white solid precipitated out of the solution almost 

immediately upon beginning irradiation, and increased in amount as the reaction proceeded, until 

it gradually decreased with time. 

Isolated
Entry hv,h 

yield,% 

1 4 13 

2 7.5 6 
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3 36 trace 

Table 2.5 Photo-oxidation reaction of 13 with varied irradiation times 

In entry 1, irradiation was discontinued before complete conversion of the starting amine, 

at 4 h, and a significant amount of white precipitate, peroxyisoquinoline 22, was present in 13% 

isolated yield. In entry 2, the reaction was irradiated until complete conversion of the starting 

amine was achieved in 7.5 h, and less of the peroxyisoquinoline 22 was observed in 6% isolated 

yield. In entry 3, the reaction was irradiated well past the disappearance of the starting amine 13, 

for 36 h. At this point all white precipitate had been eliminated and only trace amounts of 

peroxyisoquinoline 22 were present. The data compiled in Table 2.5, shows that the 

peroxyisoquinoline is an intermediate in this photo-oxidation reaction, decreasing in yield as the 

length of irradiation time was increased, to convert to dihydroisoquinolinone 19. 

2.2.3 Iminium ion intermediate 

Both the photocatalyzed aza-Henry and the photo-oxidation reactions of the 

tetrahydroisoquinolines depend upon the formation of the iminium compound from the 

tetrahyroisoquinoline. The reaction conditions were modified to promote stopping at the 

iminium ion stage. A 4.9:0.1 CHCh/H2O solution of isoquinoline 11 (0.06 M) and 

photosensitizer 5-Se (0.6 mM) was irradiated for 8 h. The reaction was followed by TLC until 

complete consumption of isoquinoline 11. Once complete, irradiation was discontinued and the 

solution was concentrated in vacuo, to afford a brown oil. The resulting oil was dissolve in 

diethyl ether to obtain a brown solid that precipitated out of solution. This brown solid was 

identified as the iminium ion, 23 (Chart 2.5) by 1H NMR and 13C NMR spectroscopy and mass 

spectrometry. 

Low-resolution mass spectrometry shows m/z of 238.3 with a calculated m/z for 

C16H16NO+ of 238.1 from 23. The 1H NMR shows two triplets corresponding to the aliphatic 
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methylene protons (84.60 and 3.42) and a singlet corresponding to the iminium proton (89.05). 

When comparing the 1H NMR spectrum of the iminium compound 23 to previous reports of the 

iminium ion of the phenyl-substrate 9,35 the triplets corresponding to the aliphatic methylene 

protons (84.59 and 3.41), and a singlet corresponding to the iminium proton (8 9.63) confirm the 

structure of iminium compound 22. The iminium ion is an intermediate in both the 

photocatalyzed aza-Henry reaction of 11 to 12 and the photo-oxidation reaction of isoquinoline 

11 to isoquinolone 18. 

coNo+ I 
23 .,& OCHs 

Chart 2.5 Iminium ion intermediate of the photo-oxidation reaction 
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3. Experimental 

3.1 General Experimental Procedures 

All reactions were carried out in 4-dram or 8-dram vials, which were cleaned with 

acetone and dried in a 100 °C oven for at least 24 h prior to use. All reactions were irradiated 

with a GE 14W 850 lumen LED lightstik placed in a basic desk lamp purchased from a general 

merchandise big-box store. All reagents were purchased from commercially available sources 

and used as received. Concentration in vacuo was preformed on a B-Uchi rotary evaporator. 1H 

NMR spectra were obtained on a 300MHz Mercury spectrometer and referenced to residual 

solvent or for chloroform to TMS. 13C NMR spectra were obtained on a 300MHz Mercury 

spectrometer, operating at 75MHz, and referenced to residual solvent carbon signal. Melting 

points were taken on a MelTemp instrument. Elemental analysis was done by Atlantic Microlab, 

Inc. Several compounds in the result and discussion section have been previously prepared as 

described in the literature references cited in section 3.2 with their corresponding compound. 
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3.2 Experimental Procedures 

Preparation of 2-phenyl-1,2,3,4-tetrahydroisoquinoline 9:34 

coN~

V 
A 50mL oven dried three-neck round bottom flask equipped with condenser was flame dried 

and filled with nitrogen. Cul (0.102 g, 0.53 mmol) and K3PO4 (2.26 g, 10.7 mmol) were 

dissolved in 2-propanol (5.3 mL). 1,2,3,4-tetrahydroisoquinoline (1.00 mL, 7.99 mmol), ethylene 

glycol (0.60 mL, 10.7 mmol), and iodobenzene (0.59 mL, 5.3 mmol) were added via syringe at 

room temperature. The resulting mixture was heated to 90°C for 18 h and then cooled to room 

temperature. The reaction mixture was poured into diethyl ether (25mL) and water (25mL) and 

extracted with diethyl ether (3 x 10 mL). The organic fractions were combined and washed with 

brine, dried over anhydrous MgSO4, and concentrated in vacuo. The crude product was purified 

via chromatography on SiO2 (20: 1 Hexanes:EtOAc) and the final product is an off-white solid 

formed via slow recrystallization through evaporation of diethyl ether to yield 0.783 g of 9 (70% 

isolated yield), mp= 41-42°C (lit.34 mp 46-47°C): 1H NMR (300 MHz, CDCb): 15 7.30 (d, J = 9.0 

Hz, 2H), 7.17 (s, 4H), 6.99 (d, J = 8.1 Hz, 2H), 6.83 (t, J= 7.4 Hz, lH), 4.42 (s, 2H), 3.57 (t, J= 

5.9 Hz, 2H), 2.99 (t, J= 5.9, 2H); 13C NMR (300MHz, CDCb): 150.5, 134.9, 134.5, 129.2, 

128.5, 126.5, 126.3, 126.0, 118.6, 115.1, 50.7, 46.5, 29.1 
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Preparation of 1-(nitromethyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline 10:5 In aerated 

solvent 

To a 4-dram vial equipped with a stir bar, 2-phenyl-1,2,3,4-tetrahydroisoquinoline 9 (0.063 g, 0.3 

mmol) and lmol% (0.003mmol) of photocatalyst were added. The contents were dissolved in 5 

mL of a 4:1 mixture ofMeCN:MeNO2• The reaction mixture was then irradiated with a GE 14 W 

850 lumen LED light. The reaction mixture was poured into diethyl ether (20 mL) and water (20 

mL) and extracted with diethyl ether (2x l0mL). The combined organic fractions were dried over 

anhydrous MgSO4, and concentrated in vacuo. Percent conversion to 10 was determined via 1H 

NMR spectroscopy, by comparing the integral of the 2-nitromethyl methylene protons (8 4.81 

and 4.53) and the 2-methine proton (8 5.51) of 10 with the 2-methylene protons (8 4.42) of 9. 
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Preperation 1-(nitromethyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline 10:5 degassed 

To a 4-dram vial equipped with a septa, 2-phenyl-1,2,3,4-tetrahydroisoquinoline 9 (0.063 g, 

0.3mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 5 mL of a 4: 1 

mixture ofMeCN:MeNO2 which was added via syringe. The reaction mixture was then degassed 

under vacuum and then left under nitrogen, and irradiated for 3 h with a GE 14 W 850 lumen 

LED light. The reaction mixture was then poured into diethyl ether (20 mL) and water (20 mL) 

and extracted with diethyl ether (2x l0mL). The combined diethyl ether fractions were dried 

over anhydrous MgSO4, and concentrated in vacuo. Percent conversion to 10 was determined via 

1H NMR spectroscopy: 1H NMR (300 MHz, CDCh): 87.32-7.07 (m,6H), 6.97(d, J=8.1Hz, 2H), 

6.84 (t, J=7.4Hz, lH), 5.54 (t, J=7.1, lH), 4.90-4.79 (m, lH), 4.60-4.49 (m, lH), 3.71-3.53 (m, 

2H), 3.14-3.00 (m, lH), 2.84-2.71 (m, lH); 13C NMR (300MHz, CDCh): 148.3, 135.2, 132.8, 

129.4, 129.1, 128.0, 126.9, 126.6, 119.3, 115.0, 78.6, 58.1, 41.9, 26.3 
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Preparation of 2-( 4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline 11 :34 

coNoI ,& 

0 
I 

A 50mL oven dried three-neck round bottom flask equipped with condenser was flame dried and 

filled with nitrogen. Cul (0.276 g, 1.45 mmol), K3P04 (6.17 g, 29.1 mmol), and 4-iodoanisole 

(3.40 g, 14.5 mmol) were dissolved in 2-propanol (10.7 mL). 1,2,3,4-Tetrahydroisoquinoline 

(2.00 mL, 16.0 mmol) and ethylene glycol (1.64 mL, 29.1 mmol) were added via syringe at room 

temperature. The mixture was then heated to 90°C for 18 h and then cooled to room temperature. 

The reaction mixture was then poured into diethyl ether and water and extracted with diethyl 

ether (3x 10 mL). The diethyl ether fractions were combined and dried over anhydrous MgSO4, 

and concentrated in vacuo. The final product 11 is an off-white solid that was recrystallized from 

hot diethyl ether to yield 1.34g (39% isolated yield), mp 83-84 °C (lit.34 mp 93-94°C): 1H NMR 

(300 MHz, CDCb): 87.10-7.28 (m, 4H), 6.99 (d, J=9.3 Hz, 2H), 6.87 (d, J=8.7, 2H), 4.30 (s, 

2H), 3.78 (s, 3H), 3.45 (t, J=5.9 Hz, 2H), 2.99 (t, J=5.7 Hz, 2H); 13C NMR (300MHz, CDCb): 

153.5, 145.3, 134.6, 134.5, 128.7, 126.5, 126.2, 125.9, 118.0, 114.5, 55.6, 52.7, 48.4, 29.1 
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Preparations of 1-(nitromethyl)-2-( 4-methoxylphenyl)-1,2,3,4-tetrahydroisoquinoline 12:5 

To a 4-dram vial equipped with a stir bar, 2-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline 

11 (0.072 g, 0.3 mmol) and lmol% (0.003mmol) ofphotocatalyst were added. The contents were 

dissolved in 5 mL of a 4:1 mixture ofMeCN:MeNO2• The reaction mixture was then irradiated 

with a GE 14 W 850 lumen LED light. The reaction mixture was then poured into diethyl ether 

(20 mL) and water (20 mL) and extracted with diethyl ether (2x 1 0mL ). The combined organic 

fractions were dried over anhydrous MgSO4, and concentrated in vacuo. Percent conversion to 

12 was determined via 1H NMR spectroscopy. 1H NMR (300 MHz, CDCb): 87.27-7.05 (m,4H), 

6.90 (d, J=9.3Hz, 2H), 6.80 (d, J=8.7Hz, 2H), 5.43-5.32 (m, lH), 4.86-4.74 (m,lH), 4.60-4.49 

(m, lH), 3.73 (s, 3H), 3.62- 3.50 (m, 2H), 3.74-2.92 (m, lH), 2.74-2.61 (m, lH); 13C NMR 

(300MHz, CDCb): 153.8, 142.9, 135.3, 132.7, 129.3, 127.7, 126.8, 126.4, 118.6, 114.5, 78.7, 

58.7, 55.4, 42.8, 25.6 
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Preparation of 2-( 4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 13 :34 

coN~ 

~Cl 

A 50mL oven dried three-neck round bottom flask equipped with condenser was flame dried and 

filled with nitrogen. Cul (0.276 g, 1.45 mmol), K3PO4 (6.17 g, 29.1 mmol), and l-chloro-4-

iodobenzene (2.40 g, 10.0 mmol) were dissolved in 2-propanol (10.7 mL). 1,2,3,4-

Tetrahydroisoquinoline (1.88 mL, 15.0 mmol) and ethylene glycol (1.14 mL, 20.0 mmol) were 

added via syringe at room temperature. The mixture was then heated to 90°C for 18 h and then 

cooled to room temperature. The reaction mixture was then poured into diethyl ether and water 

and extracted with diethyl ether (3x 10 mL). The organic fractions were combined and dried over 

anhydrous MgSO4, and concentrated in vacuo. The crude product was purified via column 

chromatography (20:1 hexanes:EtOAc) and the final product 13 is an off-white solid formed via 

slow recrystallization through evaporation of diethyl ether (1.74g, 71.3% isolated yield); 1H 

NMR (300 MHz, CDCb): 15 7.30-7.11 (m, 6H), 6.88 (d, J=9.3Hz, 2H), 4.38 (s, 2H) 3.53 (t, 

J=6.0Hz, 2H), 2.98 (t, J=6.0Hz, 2H); 13C NMR (300MHz, CDCb): 149.0, 134.7, 134.0, 128.9, 

128.5, 126.5, 126.1, 123.3, 116.1, 50.6, 46.5, 42.6, 28.9 
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Preparation of 1-(nitromethyl)-2-( 4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 14:5 

To a 4-dram vial equipped with a stir bar, 2-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 13 

(0.073 g, 0.3 mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 5 

mL of a 4:1 mixture ofMeCN:MeNO2• The reaction mixture was then irradiated for 7 h with a 

GE 14 W 850 lumen LED light. The reaction mixture was then poured into diethyl ether (20 mL) 

and water (20 mL) and extracted with diethyl ether (2x l0mL). The combined organic fractions 

were dried over anhydrous MgSO4, and concentrated in vacuo. Percent conversion to 14 was 

determined via 1H NMR spectroscopy: 1H NMR (300 MHz, CDCh): /57.35-7.27 (m, lH), 7.24-

7.16 (m, 4H), 7.13 (d, J=7.5Hz, lH), 6.89 (d, J=9.0Hz, 2H), 5.53-5.43 (m, lH), 4.89-4.80 (m, 

lH), 4.61-4.52 (m, lH), 3.67-3.56 (m, lH), 3.10-3.01 (m, lH), 2.81-2.73 (m, lH); 13C NMR 

(300MHz, CDCh): 147.1, 135.1, 132.5, 129.5, 129.3, 128.3, 126.9, 118.9, 116.5, 110.0, 78.1, 

58.2, 42.2, 26.2 

27 

https://2.81-2.73
https://3.10-3.01
https://3.67-3.56
https://4.61-4.52
https://4.89-4.80
https://5.53-5.43
https://57.35-7.27


Preparation of 2-(nitromethyl)-1-phenylpyrrolidine 16:5 

To a 4-dram vial equipped with a stir bar, 1-phenylpyrrolidine 15 (0.086mL, 0.6mol) and lmol% 

ofphotocatalyst were added. The contents were dissolved in 5mL of a 4: 1 mixture ofMeCN: 

MeNO2• The reaction mixture was irradiated for 90 h with a GE 14 W 850 lumen LED light. The 

reaction mixture was then concentrated in vacuo. The product 16 was purified using a 

preparative layer plate, ran in 5% EtOAc/ hexanes (0.0038g, 3.1 % isolated yield); 1H NMR (300 

MHz, CDCh): 15 7.34-7.24 (m, 2H), 6.79 (t, J=7.4Hz, lH), 6.70 (d, J=8.4Hz, 2H), 4.68-4.59 (m, 

lH), 4.48-4.38 (m, lH), 4.19 (t, J=10.5Hz, lH), 3.51-3.44 (m, lH), 3.27-3.14 (m, lH), 2.18-2.04 

(m, lH); 13C NMR (300MHz, CDCh): 145.5, 129.7, 117.3, 111.9, 75.8, 57.4, 48.1, 29.3, 22.8 
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Preparation of 3,4-Dihydro-2-phenyl-1(2H)-isoquinolinone 17 :33 

CQN~

oV 

To a 4-dram vial equipped with a stir bar, 2-phenyl-1,2,3,4-tetrahydroisoquinoline 9 (0.209 g, 1.0 

mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 15 mL of a 

4.9:0.1 mixture ofMeCN:H20. The reaction mixture was irradiated with a GE 14 W 850 lumen 

LED light for 8 h. The reaction mixture was then concentrated in vacuo. The crude product was 

purified via column chromatography (20% EtOAc/ hexanes ). The product 17 was recrystallized 

in dichloromethane/diethyl ether to yield a white solid (0.129g, 58% isolated yield).; 1H NMR 

(300 MHz, CDCb): 88.16 (d, J=7.5, lH), 7.54-7.33 (m, 6H), 7.23 (s,2H), 4.00 (t, J=6.5Hz, 2H), 

3.15 (t, J=6.5Hz, 2H); 13C NMR (300MHz, CDCb): 164.3, 143.1, 138.3, 132.0, 128.9, 128.8, 

127.2, 126.9, 126.2, 125.3, 49.4, 28.6 
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Preparation of 3,4-Dihydro-2-( 4-methoxyphenyl)-1(2H)-isoquinolinone 18:33 

CQNoo I ,& 
0 
I 

To a 4-dram vial equipped with a stir bar, 2-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline 

11 (0.239 g, 1.0 mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 

15 mL of a 4.9:0.1 mixture ofMeCN:H2O. The reaction mixture was irradiated a total of 13 h. 

The reaction mixture was the concentrated in vacuo. The crude product was purified via column 

chromatography (SiO2, 20% EtOAc/ hexanes ). The product 18 was recrystallized in 

dichloromethane/ diethyl ether to yield a white solid (0.063g, 41 % isolated yield). mp= 116-

1190C; (lit.33 mp 123.2-125.1 °C)1H NMR (300 MHz, CDCb): 88.14 (d, J=7.5Hz, lH), 7.45 (t, 

J=7.7Hz, lH), 7.37 (t, J=7.4Hz, lH), 7.34-7.20 (m, 3H), 6.94 (d, J=9.0Hz, 2H), 3.94 (t, J=6.5Hz, 

2H), 3.82 (s, 3H), 3.13 (t, J=6.5Hz, 2H); 13C NMR (300MHz, CDCh):164.4, 157.8, 138.3, 136.1, 

131.9, 129.8, 128.7, 127.1, 126.9, 126.7, 114.2, 55.5, 49.7, 28.7 
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Preparation of 3,4-Dihyrdo-2-( 4-chlorophenyl)-1(2H)-isoquinolinone 19:33 

CQN~ 

O ~Cl 

To a 4-dram vial equipped with a stir bar, 2-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 13 

(0.244 g, 1.0 mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 15 

mL of a 4.9:0.1 mixture ofMeCN:H20. The reaction mixture was irradiated a total of7.5 h with 

a GE 14 W 850 lumen LED light. The reaction mixture was then concentrated in vacuo. The 

product 19 was recrystallized in ethyl acetate/ hexanes and is a white solid (0.121g, 78.1 % 

isolated yield). mp= 144-152°C; 1H NMR (300 MHz, CDCb): 88.15 (d, J=6.9Hz, lH), 7.48 (t, 

J=7.4Hz, lH), 7.42-7.31 (m, 5H), 7.24 (s, lH), 3.98 (t, J=6.5Hz, 2H), 3.15 (t, J=6.2Hz, 2H); 13C 

NMR (300MHz, CDCb): 164.2, 141.6, 138.2, 132.2, 131.6, 129.4, 129.0, 128.8, 127.2, 127.0, 

126.5, 49.3, 28.5 
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Preparation of 1,1 '-peroxybis(2-( 4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline) 22: 

CQ~ 
CIYil 0.,.0 ~Cl 

~N~ 
~ 

To a 4-dram vial equipped with a stir bar, 2-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 13 

(0.146 g, 0.6 mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 15 

mL of a 4.9:0.1 mixture ofMeCN:H20. The reaction mixture was irradiated with a GE 14 W 850 

lumen LED light for 4 h. 22 precipitated out of solution during irradiation as a white solid. The 

white solid was removed from the solution via vacuum filtration to yield 0.023 g (13% isolated 

yield) of 22. 1H NMR (300 MHz, CDCb): 15 7.32-7.06 (m, 12H), 6.82 (t, J=7.4Hz, 4H), 6.09 (s, 

lH), 5.98 (s, lH), 3.59-3.46 (m, lH), 3.42-3.18 (m, 3H), 2.88-2.69 (m, 4H); 13C NMR (300MHz, 

CDCb): 146.8, 146.7, 135.9, 131.9, 127.4, 127.3, 125.7, 123.6, 123.5, 115.7, 90.2, 90.0, 42.2, 

27.5; elemental analysis: C, 69.98; H, 4.92; N, 5.41; (calcd: C, 69.64; H, 5.06; N, 5.41) 

32 

https://2.88-2.69
https://3.42-3.18
https://3.59-3.46
https://7.32-7.06


Preparation of 2-( 4-methoxyphenyl)-3,4-dihydroisoquinolin-2-ium 23: 

coNo+ I 
.& OCHs 

To a 4-dram vial equipped with a stir bar, 2-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 13 

(0.146 g, 0.6 mmol) and lmol% ofphotocatalyst were added. The contents were dissolved in 15 

mL of a 4.9:0.1 mixture ofCHCb: H20. The reaction mixture was irradiated with a GE 14 W 

850 lumen LED light for 8 h. The reaction mixture was concentrated in vacuo. The iminium ion 

23 precipitated out of solution in diethyl ether to yield 0.014g (10% isolated yield). NMR (300 

MHz, CDCh): 8 9.05 (s, lH), 8.63 (m, lH), 8.29-7.86 (m, 4H), 7.28-7.05 (m, 3H), 5.38 (s, 3H), 

4.60 (t, J=7.0Hz, 2H), 3.42 (t, J=7.0Hz, 2H); 13C NMR (300MHz, CDCb): 8 ;LRMS (ESI) m/z 

238.3 (calcd for C16H16NO+ 238.1226) 

33 

https://7.28-7.05
https://8.29-7.86


4. Appendix 

4.1 List of Abbreviations 

DSSC - Dye-Sensitized Solar Cells 

GE - General Electric 

ISC - Intersystem crossing 

LED - Light-emitting diode 

PDT - Photodynamic Therapy 

SET - Single electron transfer 

TLC -Thin layer chromatography 

UV - Ultraviolet 

QTH - Quartz Tungsten Halogen 
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