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Синтезовано та досліджено методами рентгеноструктурного аналізу та ІЧ-спектро
скопії нову координаційну сполуку Ni(II) з циклогексилацетоацетатом та N,N-діетил
нікотинамідом. Молекулярна структура відповідає формулі [Ni(C10H15O3)2(C10H14N2O)2], 
кристали моноклінної сингонії, просторова група P21/с, a = 7.0360(15) Å, b = 13.233(4) Å,  
c = 23.619(5) Å, α = γ =90º, β = 93.301(12)º. Координаційний поліедр атома Ni(II) – викрив
лений октаедр, який утворено чотирма атомами оксигену двох депротонованих молекул 
β‑кетоестеру та двома атомами нітрогену піридинових кілець двох аксіально розташованих 
молекул N,N‑діетилнікотинаміду. Кристалічна упаковка – шари вздовж площини (001), які 
стабілізовано слабкими C-H…π взаємодіями між сусідніми молекулами комплексу.

Ключові слова: нікель, β-дикарбонільні комплекси, циклогексилацетоацетат, N,N‑ді
етилнікотинамід, кристалічна структура.

ВСТУП. Координаційні сполуки мета‑
лів із β-дикарбонільними лігандами відомі 
вже багато десятиліть і досить широко до‑
сліджені [1]. Стосується це зокрема і комп‑
лексів нікелю з різними нітрогенвмісними 
додатковими лігандами, як монодентатни‑
ми – піридином та його похідними [2, 3, 4], 
так і полідентатними – етилендіаміном, фе‑
натроліном тощо [5]. Координація N-основ 
β-дикарбонільними металохелатами, вна
слідок заповнення координаційної сфери 

металу надає останнім певних фізико-хі‑
мічних властивостей і робить більш функ‑
ціонально придатними для конкретних 
практичних застосувань [5]. Наприклад, 
комплекси з алкілдіамінами використову‑
ють як леткі прекурсори для отримання 
тонких плівок оксидів металів методом хі‑
мічного осадження з парової фази [6, 7], не‑
розчинні полімерні металохелати з 4,4’-бі‑
піридином – як каталізатори окиснення в 
органічних реакціях [8], з бідентатними 
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P-,N-вмісними лігандами – як хромотроп‑
ні матеріали [9]. β‑Дикарбоніли Ni(II) з 
піридином, піколіном та амінопіридином 
широко застосовують у фундаментальних 
фізичних дослідженнях [10, 11]. Поліядер‑
ні піридинвмісні β-дикетонати Ni(II), які 
мають особливу кубанову структуру, пред‑
ставляють інтерес для створення молеку‑
лярних магнетиків [12].

Суттєвий потенціал мають β-дикарбо‑
нільні металохелати для фармацевтичних 
застосувань [13, 14]. У зв’язку з цим потен‑
ційно цікавими лігандами є похідні ніко‑
тинової кислоти – нікотинамід та N,N-ді
етилнікотинамід. Нікотинова кислота, що 
в організмі людини трансформується в ні‑
котинамід (вітамін PP), є біологічно актив‑
ною сполукою, залученою до ключових ме‑
таболічних процесів, її широко застосову‑
ють у медичній практиці у антигістамінних 
та вітамінних препаратах. N,N‑діетиламід 
нікотинової кислоти як ефективний сти‑
мулятор центральної нервової системи [15] 
використовують у невідкладній медицині. 
Сполуки металів з означеними лігандами 
також проявляють біологічну активність, 
часто є більш ефективними порівняно з 
вільними лігандами [16, 17, 18].

У відомих кристалічних структурах 
комплексів перехідних металів молекули 
N,N‑діетилнікотинаміду переважно ви‑
ступають як монодентатні ліганди, коор‑
диновані до металу через атом нітрогену 
піридинового кільця. Значно рідше вони 
функціонують як бідентатні місткові лі‑
ганди, сприяючи утворенню димерних або 
полімерних координаційних сполук [15].  
У  літературі описано змішанолігандні 
комплекси Ni(II) з N,N‑діетилнікотинамі‑
дом у поєднанні з такими органічними лі‑

гандами, як бензойна кислота та її похідні 
[16, 19, 20, 21, 22, 23]. 

У попередній роботі було досліджено 
та охарактеризовано структурно комплек‑
си Co(II) та Ni(II) з циклогексилацетоаце‑
татом та піридином [24]. Альтернативою 
токсичному піридину для металохелатів з 
екологічно прийнятними β-кетоестерами 
є нікотинамід та N,N‑діетилнікотинамід. 
β-Дикарбонільні металокомплекси з озна‑
ченими лігандами в літературі не описано. 
У цій статті представлено результати син‑
тезу та дослідження структурних і спект
ральних властивостей нового комплексу 
нікелю(II) складу [NiL2NK2], що містить 
циклогексилацетоацетат (HL) як хелатую‑
чий ліганд та N,N‑діетилнікотинамід (NK) 
як додатковий нейтральний ліганд.

ЕКСПЕРИМЕНТ І ОБГОВОРЕННЯ РЕ-
ЗУЛЬТАТІВ. У роботі [25] наведено методи‑
ку отримання комплексів низки 3d-мета‑
лів (Co(II), Ni(II), Zn(II)) з β-кетоестерами 
вищих спиртів у кристалічній формі. Цю 
методику було модифіковано для синте‑
зу змішанолігандних комплексів Co(II) та 
Ni(II) з циклогексилацетоацетатом та піри‑
дином  [24], а також комплексу [NiL2NK2], 
який досліджують у цій роботі. 

До 0,89 мл розчину NiCl2
.6H2O у су‑

міші етанол: вода 9:1 із концентрацією 
солі 0,05  г/мл (0,19 ммоль металу) дода‑
вали 0,068  мл циклогексилацетоацетату 
(0,38  ммоль) та 0,4 мл водного розчину 
N,N-діетилнікотинаміду з концентрацією 
0,25 г/мл (0,57 ммоль), суміш струшували. 
Пробірку з реакційною сумішшю та окрему 
пробірку з 0,14 мл (0,76 ммоль) триетиламі‑
ну вміщували в посудину, яку герметизува‑
ли й залишали в холодильнику. Подібно до 
інших комплексів нікелю з β‑кетоестерами 
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та похідними піридину в умовах наведено‑
го синтезу, сполука схильна до утворення 
пересичених розчинів. За кілька місяців 
утворилися слабко забарвлені блакитні і 
голчасті кристали. Їх фільтрували на скля‑
ному фільтрі № 40, промивали декілька ра‑
зів етанолом і сушили на повітрі не більше 
кількох годин. Вихід – 0,04 г (28,6 %).

ІЧ-спектр комплексу реєстрували у таб
летках із KBr на спектрометрі Specord M‑80 
в області 4000–400 см–1. У спектрі спостері‑
гають інтенсивні широкі смуги поглинан‑
ня валентних коливань спряжених у хе‑
латному циклі зв’язків С=О та С=С (1625, 
1502  см–1), а також інші характеристичні 
для β‑дикарбонільних комплексів смуги 
поглинання, зокрема вузький сигнал при 
775  см–1 позаплощинного деформаційного 
коливання C–H хелатного циклу [26]. У ви‑
сокочастотній області спектру спостеріга‑
ються сигнали валентних коливань алкано‑
вих C–H зв’язків (2855–2990 см–1) та слабкі 
сигнали валентних коливань С-Н піриди‑
нового кільця (3080–3110 см–1). Для вільно‑
го N,N-діетилнікотинаміду характеристич‑
ні смуги поглинання пов’язані з амідною 
групою (νС=О 1620–1650 см–1) та піридино‑
вим кільцем (νС=С, νС=N 1500–1600  см–1), у 
спектрі комплексу вони перекриваються 
зі смугами коливань хелатних циклів та не 
можуть бути однозначно ідентифіковані. 
Ще одна характеристична смуга поглинан‑
ня N,N‑діетилнікотинаміду відповідає ва‑
лентними коливанням C-N амідної групи, 
її спостерігають як у спектрі вільного ліган‑
ду, так і в спектрі комплексу при 1300 см-1. 
Смуги низької інтенсивності, що з’явля‑
ються в спектрі комплексу в області 600–
400 см–1, відповідають коливанням зв’язків 
Ni–N та Ni–O.

Кристали комплексу C40H58N4NiO8 
(M  = 781.61 г/моль): моноклінна сингонія, 
просторова група P21/с, a = 7.0360(15) Å, 
b = 13.233(4) Å, c = 23.619(5) Å, α = γ = 90º, 
β  =  93.301(12)°, V = 2195.(9) Å3, Z = 2, T  = 
294 K, μ(Mo Kα) = 0.492 мм-1, Dобч = 1.182 г/см3, 
виміряно 13 892 відбиттів, 3 746 незалежних 
(Rint = 0.1496, Rsigma = 0.1335). Кінцеві значен‑
ня R1 = 0.0953 (для відбиттів з інтенсивністю 
I > 2σ(I)) та wR2 = 0.2219 (для всіх відбиттів).

Параметри елементарної комірки та ін‑
тенсивності відбиттів для C48H84Ni2O20 ви‑
міряно на дифрактометрі Bruker APEX-II 
(MoKα випромінювання, λ= 0.71073 Å, ССD-
детектор, графітовий монохроматор). Вико‑
ристовуючи програму Olex2 [27], структу‑
ру розшифровано за допомогою програми 
SHELXT [28] і уточнено по F2 повноматрич‑
ним МНК в анізотропному наближенні для 
неводневих атомів у комплексі програм 
SHELXL [29]. Положення атомів гідрогену 
отримано з карти електронної густини та 
уточнено з використанням моделі «верш‑
ника» Uiso = nUeq (n = 1.5 для метильних 
груп і n = 1.2 для інших атомів гідрогену). 
Координати атомів, а також повні таблиці 
довжин зв’язків і валентних кутів депоно‑
вано до Кембриджського банку криста‑
лографічних даних (https://www.ccdc.cam.
ac.uk/structures), вони доступні із зазначен‑
ням номеру CCDC 2539164.

За даними рентгеноструктурного ана‑
лізу структура C40H58N4NiO8 ([NiL2NK2], де  
L- – єнолат-аніон циклогексилацетоацетату, 
а NK – N,N-діетилнікотинамід) являє со‑
бою моноядерний комплекс, який знахо‑
диться в спеціальному положенні відносно 
центру інверсії.

Координаційний поліедр атому Ni(II)  – 
це викривлений октаедр, який утворено  
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чотирма атомами оксигену двох депрото‑
нованих молекул циклогексилацетоацетату 
та двома атомами нітрогену двох молекул 
N,N-діетилнікотинаміду (рис. 1). Останні 
координуються атомом нітрогену піри‑
динового кільця в аксіальному положенні 
відносно площини хелатних лігандів. Дов‑
жини зв’язків Ni-O та Ni-N у координа‑
ційному поліедрі змінюються в діапазоні  

2.080(4) ÷ 2.109(4) Å та 2.164(5) Å відпо‑
відно, а валентні кути O-Ni-O та O-Ni-N –  
у діапазоні 84.48(17) ÷ 92.52(17) º (табл. 1).  

У кристалі молекули комплексу пов’язані 
слабкими C-H…π взаємодіями (С20-Н20…
С14’(π) (x, 1-y, z) H…C 2.94 Å, C-H…C 
147.23 º) і утворюють шари в площині (001), 
що чергуються між собою (рис. 2).

Рис.1. Молекулярна будова комплексу 
NiL2NK2. (операція симетрії 1 2-x,-y,1-z). 
Атоми гідрогену прибрано для спрощення

Fig. 1. Molecular structure of the complex 
NiL2NK2. (symmetry code 12-x,-y,1-z). The 
H-atoms are omitted for clarity.

Рис. 2. Кристалічна будова комплексу 
NiL2NK2

Fig. 2. The crystal packing of NiL2NK2 
complex.
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Табл. 1
Деякі довжини зв’язків (Å) та валентні кути (град.) у комплексі NiL2NK2 (операція си‑

метрії 1 2-x,-y,1-z) 
Table 1. 

Some bond lengths (Å) and bond angles (deg.) in the NiL2NK2 complex (symmetry opera
tion 1 2-x,-y,1-z).

Ni1—O1 2.080 (4) Ni1—N3 2.164 (5)

Ni1—O2 2.109 (4)

O1—Ni1—O2 91.34 (16) O1i—Ni1—N3 87.62 (18)

O1i—Ni1—O2 88.66 (16) O2—Ni1—N3i 92.52 (17)

O1—Ni1—N3 92.38 (18) O2—Ni1—N3 87.48 (17)

ВИСНОВКИ. Синтезовано та структур‑
но охарактеризовано нову сполуку – змі‑
шанолігандний комплекс Ni(II) з циклогек‑
силацетоацетатом та N,N-діетилнікотина‑
мідом. Комплекс моноядерний, координа‑
ційний поліедр атому Ni(II) – викривлений 
октаедр, який утворено чотирма атомами 
оксигену двох депротонованих молекул 
β‑кетоестеру та двома атомами нітрогену 
піридинових кілець аксіально розташо‑

ваних молекул N,N‑діетилнікотинаміду. 
В кристалах молекули комплексу розташо‑
вуються шарами, між сусідніми молекула‑
ми в шарах спостерігаються слабкі C-H…π 
взаємодії, що стабілізують кристалічну 
упаковку. Будова координаційного полі
едру описаної сполуки подібна до будови 
аддуктів β-дикарбонільних комплексів 
d‑металів із піридином.
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STRUCTURE OF THE BIS(CYCLOHEXYLACETO
ACETATO)NICKEL(II) COMPLEX WITH 
N,N-DIETHYLNICOTINAMIDE.

Olherd O. Shtokvysh1, 
Viktoriya V. Dyakonenko1, 2, 
Lyudmila I. Koval1*

1 Vernadsky Institute of General and Inorganic 
Chemistry of National Academy of Sciences 
of Ukraine, 
32–34 Aсad. Palladin Avenue, 03142 Kyiv, 
Ukraine;
2 Institute of Functional Materials Chemistry, 
SSI «Institute for Single, Crystals» of National 
Academy of Sciences of Ukraine, 
60 Nauki Ave, 61001 Kharkiv, Ukraine 
* е-mail: : kamila6719@gmail.com

A new coordination compound of Ni(II) with 
cyclohexylacetoacetate and N,N-diethylnicotina‑
mide was synthesized and characterized by IR 
spectroscopy and X-ray analysis. The IR spectrum 
exhibits intense broad absorption bands corre‑
sponding to the stretching vibrations of the C=O 
and C=C bonds conjugated within the chelate 
ring (1625, 1502 cm⁻¹), as well as other absorp‑
tion bands characteristic of β-dicarbonyl comp
lexes, in particular a sharp band at 775 cm⁻¹ 

attributed to the out-of-plane bending vibra‑
tion of the C–H bond in the chelate ring. In the 
high-frequency region of the spectrum, there are 
signals of stretching vibrations of the C-H bonds 
of alkyl groups (2855–2990 cm–1) and weak sig‑
nals of stretching vibrations of the C-H of the 
pyridine ring (3080–3110 cm–1). The absorption 
bands of the amide group (νС=О 1620–1650 cm–1) 
and the pyridine ring (νС=С, νС=N 1500–1600 cm–1) 
of N,N‑diethylnicotinamide overlap with the vi‑
bration bands of the chelate rings and cannot be 
unambiguously assigned. The medium-intensity 
band at 1300 cm⁻¹, present in both the free ligand 
and the complex, is assigned to C–N stretching 
vibrations of the amide group. The low-intensity 
bands in the 600–400 cm⁻¹ region are assigned to 
Ni–N and Ni–O vibrations. According to X-ray 
data, the crystal system of NiL2NK2 complex is 
monoclinic, space group P21/с, a = 7.0360(15) Å, 
b = 13.233(4) Å, c = 23.619(5) Å, α = γ = 90º,  
β = 93.301(12)º. The structure corresponds to the 
formula [Ni(C10H15O3)2(C10H14N2O)2] and repre‑
sents a mononuclear complex located in a special 
position relative to the inversion center. The cent
ral Ni atom has a O4N2 distorted octahedral envi‑
ronment. The axial positions of the coordination 
polyhedron are occupied by the nitrogen atoms 
of the pyridine ring of N,N‑diethylnicotinamide. 
The molecules of chelating ligands, coordinated 
through oxygen atoms, occupy an equatorial po‑
sition with a trans configuration relative to each 
other. In the crystal, the complex molecules are 
bound by weak C-H…π interactions and form 
layers in the (001) plane, alternating with each 
other. The structure of the coordination polyhe‑
dron of the described compound is similar to the 
structure of adducts of β-dicarbonyl complexes 
of d‑metals with pyridine.

Keywords: nickel, β-dicarbonyl complexes, 
cyclohexyl acetoacetate, N,N-diethylnicotina‑
mide, crystal structure.
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Валідовано ВЕРХ-методику кількісного визначення ривароксабану, придатну для до‑
слідження повноти вилучення лікарського засобу «РИВАРОКСАБАН», таблетки по 20 мг 
після доставки через назогастральний зонд за показниками: cпецифічність, точність, пра‑
вильність, лінійність у вивченому діапазоні концентрацій. Підтверджено стабільність 
випробовуваних розчинів та порівняння розчинів у разі їхнього зберігання за кімнатної 
температури протягом 8 год.

Проведено моніторинг повноти вилучення ривароксабану після суспендування у се‑
редовищі (деіонізованій воді) розтертих таблеток досліджуваного та референтного лікар‑
ських засобів та їхньої доставки через назогастральний зонд. Встановлено, що понад 90 % 
ривароксабану вилучається після ентерального введення, а препарати є еквівалентними за 
варіабельністю ступеня вилучення.

Ключові слова: ривароксабан, високоефективна рідинна хроматографія, назогаст
ральний зонд, валідація.

ВСТУП. Ентеральне введення ліків че‑
рез зонд є кращим методом для пацієнтів, 
які не можуть безпечно їх ковтати. Для 
назогастрального введення перевагу нада‑
ють рідким формам. Перед застосуванням 
твердих форм слід оцінити можливість їх‑

нього подрібнення та суспендування. Ефек‑
тивність доставки лікарських засобів через 
назогастральний (НГ) зонд визначається 
правильним вибором лікарської форми, 
характеристиками трубки, усуванням ризи‑
ку закупорювання зондів. Також необхідно 
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підтверджувати, що генеричний лікарський 
засіб є терапевтично еквівалентним до ре‑
ферентного, визначаючи повноту його ви‑
лучення [1]. Для цього необхідно розробля‑
ти аналітичні методики кількісного визна‑
чення препаратів.

В останні роки зросла кількість публіка‑
цій з вивчення ефективності доставки де‑
яких лікарських препаратів через НГ-зонд, 
що є необхідним для фармацевтичного 
досьє та промислового випуску. В цих ро‑
ботах розглядають подібність між схемами 
прийому інтактних і подрібнених таблеток 
та встановлюють вивільнення лікарських 
препаратів різними аналітичними метода‑
ми [2–5].

Для цих досліджень важливою є валі‑
дація аналітичних методик – невід’ємна 
частина належної виробничої практики 
(GMP), яка гарантує, що вибрана методи‑
ка буде давати відтворювані та достовірні 
результати відповідно до поставлених ці‑
лей. Набір досліджуваних валідаційних 
характеристик залежить від призначення 
аналітичної методики. Типові валідаційні 
характеристики – це правильність, точ‑
ність, збіжність, внутрішньолабораторна 
точність, специфічність, межа виявлення, 
межа кількісного визначення, лінійність, 
діапазон застосування [6]. 

У порівняльних випробуваннях in vitro 
потрібно провести дослідження, виконую‑
чи по 12 або 6 тестів для досліджуваного та 
референтного лікарських засобів, суспен‑
дованих в обраному середовищі в почат‑
ковій точці (0 хвилин) та протягом макси‑
мально допустимого обраного часу змочу‑
вання відповідно.

Ривароксабан 5-хлоро-N-[[(5S)-2-оксо-
3-[4-(3-оксоморфолін-4-іл)

феніл]-1,3-оксазолідин-5-іл]метил]ті‑
офен-2-карбоксамід – представник класу 
прямих антикоагулянтів.

(1S,2S,3R,5S)-3-[7-[[(1R,2S)-2-(3,4-дифтор
феніл)циклопропіл]аміно]-5-(пропілсуль

фаніл)-3H-[1,2,3]триазоло[4,5-d]піримідин-3-
іл]-5-(2-гідроксиетокси)циклопентан-1,2-діол

Основна дія – гальмування перетворен‑
ня протромбіну в тромбін, внаслідок чого 
проходить блокування як внутрішнього, 
так і зовнішнього каскаду зсідання крові. 
Застосовують для лікування гострих тром‑
бозів глибоких вен нижніх кінцівок або 
тромбоемболії легеневої артерії.

Необхідно було провести валідацію 
ВЕРХ-методики кількісного визначення ри‑
вароксабану, для дослідження ступеня вилу‑
чення, готового лікарського засобу «РИВА‑
РОКСАБАН», таблетки, вкриті плівковою 
оболонкою, по 20 мг, за показниками: cпеци‑
фічність, точність, правильність, лінійність 
у вивченому діапазоні концентрацій відпо‑
відно до вимог Державної Фармакопеї Укра‑
їни [6]. Провести моніторинг повноти вилу‑
чення генеричного та референтного препа‑
ратів після доставки через назогастральний 
зонд для вивчення біоеквівалентності.

ЕКСПЕРИМЕНТ І ОБГОВОРЕННЯ РЕ-
ЗУЛЬТАТІВ. У роботі використовували ре‑
активи кваліфікації не нижче ч. д. а. Для 
приготування розчинів застосовували 
деіонізовану воду (воду для хроматогра‑
фії). У роботі використовували робочий 
стандартний зразок (РСЗ) ривароксабану 
(ТДВ «ІНТЕРХІМ»).
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У роботі використовували ваги лабо‑
раторні електронні AUX220 (SHIMADZU, 
Японія) і магнітну мішалку ARE (VELP 
Scientifica, Італія).

Воду для хроматографії отримували з 
використанням системи очищення води 
arium® pro UV фірми Sartorius.

рН розчинів вимірювали на рН-метрі 
серії Seven Easy фірми Mettler Toledo.

Об’єктом дослідження був препарат «РИ
ВАРОКСАБАН», таблетки, вкриті плівко‑
вою оболонкою, по 20 мг (виробник – ТДВ 
«ІНТЕРХІМ», Україна) та референтний пре‑
парат «КСАРЕЛТО»,® таблетки, вкриті плів‑
ковою оболонкою, по 20 мг (Байєр АГ).

Умови проведення дослідження зазна‑
чено у FDA Draft Guidance on Rivaroxaban 
[7], інструкції для медичного застосування 
референтного препарату «КСАРЕЛТО»®: 
кількість таблеток – 1 шт; дозування – 20 мг; 
середовище для суспендування – деіонізо‑
вана вода (вода для хроматографії); об’єм – 
50,0 мл; друга часова точка – час змочуван‑
ня 240 хв; пероральний шприц – трикомпо‑
нентний одноразовий стерильний з полі‑
пропілену. Назогастральний зонд: матеріал 
полівінілхлорид, розмір трубки – 8; внут
рішній діаметр – 2,7 мм; довжина 1200 мм. 

Хроматограми реєстрували на рідинно‑
му хроматографі 1260 Infinity з УФ-детекто‑
ром (Agilent Technologies, США).

1. Випробовуваний розчин 1 для часу змо-
чування 0 хв

Готують суспензію так: подрібнюють 
1 таблетку (20 мг) за допомогою ступки та 
товкача протягом 60 секунд, додають 30 мл 
води для хроматографії, та перемішують 
упродовж  

60 секунд за допомогою товкача, набира‑
ють суспензію в шприц. Додають у ступку 

20 мл води для хроматографії, перемішу‑
ють суспензію за допомогою товкача, наби‑
рають суспензію в шприц і перемішують її 
протягом 15 секунд. Проводять введення 
суспензії через шприц у трубку НГ-зонду. 
Збирають суспензію в контейнер для збо‑
ру (мірний стакан). У стакані вимірюють 
рН суспензії після проходження через НГ-
зонд, переносять суспензію у мірну колбу 
на 200,0 мл. Промивають електрод у 5 мл 
води для хроматографії над ступкою, далі 
додають 15 мл води для хроматографії, об‑
мивають мірний стакан, товкач і ступку. 
Обмивши посуд, промивні води зі ступки 
набирають у шприц, проштовхують через 
шприц у трубку НГ-зонду для додатково‑
го промивання, збирають промивні води у 
мірну колбу на 200,0 мл. Загальна кількість 
використаної води – 70 мл.

2. Випробовуваний розчин 1 для часу змо-
чування 240 хв

Приготовану суспензію набирають у 
шприц, залишають на 240 хвилин у гори‑
зонтальному положенні у стані спокою. 
Промивні води (10 мл) наливають у ступку 
з товкачем та залишають на 240 хвилин. По 
закінченню часу ретельно перемішують су‑
спензію в шприці протягом 15 секунд, про‑
штовхують її через шприц в трубку НГ-зон‑
ду, далі в контейнер для збору (мірний 
стакан). У стакані вимірюють рН суспензії 
після проходження через НГ- зонд, перено‑
сять суспензію у мірну колбу на 200,0 мл.

Промивають електрод 5 мл води для хро‑
матографії над ступкою, далі додають 5 мл 
води для хроматографії, обмивають мір‑
ний стакан, товкач і ступку. Обмивши по‑
суд, промивні води зі ступки набирають у 
шприц, проштовхують через шприц в труб‑
ку НГ-зонду для додаткового промивання, 
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збирають промивні води у мірну колбу на 
200,0 мл. Загальна кількість використаної 
води – 70 мл.

Методика визначення
Випробовуваний розчин 2. До випробо‑

вуваного розчину 1 додають 8,0 мл розчи‑
ну А1, 120 мл ацетонітрилу, перемішують 
упродовж 30 хв на магнітній мішалці, до‑
водять об’єм розчину водою для хромато‑
графії до об’єму 200,0 мл та перемішують. 
Одержаний розчин фільтрують крізь мемб‑
ранний фільтр (0,20 мкм; RC 25).

20,0 мг РСЗ ривароксабану поміщають у 
мірну колбу місткістю 100,0 мл, додають 

75 мл суміші розчинників, перемішують 
упродовж 30 хв на магнітній мішалці та до‑
водять об’єм розчину сумішшю розчинни‑
ків до позначки та перемішують. 

5,0 мл одержаного розчину доводять 
сумішшю розчинників до 10,0 мл та пере‑
мішують. Одержаний розчин фільтрують 
крізь мембранний фільтр (0,20 мкм; RC 25) 
(розчин порівняння).

Розчин А. 0,67 мл фосфорної кислоти до‑
водять до 1000 мл водою для хроматографії.

Розчин А1. 6,7 мл фосфорної кислоти до‑
водять до 1000 мл водою для хроматографії.

Суміш розчинників: розчин А : ацетоніт
рил (40 : 60 об/об).

Розчини використовують свіжопригото‑
ваними.

Хроматографування проводять на рі‑
динному хроматографі з УФ-детектором у 
ізократичному режимі за таких умов:

–	 колонка з нержавіючої сталі розміром 
0,10 м × 4,6 мм, заповнена силікагелем 
для хроматографії октадецилсиліль‑
ним Р, (3,5 мкм);

–	 температура колонки: 45 °С;

–	 рухома фаза А: ацетонітрил : розчин 
А (8:92 об/об) (70%);

–	 рухома фаза В: ацетонітрил (30%); 
–	 швидкість рухомої фази: 1,0 мл/хв;
–	 детектування за довжини хвилі: 

250 нм;
–	 об’єм інжекції: 10 мкл;
–	 час хроматографування: 5 хв.
Хроматографують випробовуваний роз‑

чин та розчин порівняння.
Вміст ривароксабану (Х) у випробовува‑

ному розчині 2, в міліграмах, обчислюють 
за формулою:

де: S – площа піка ривароксабану на хрома‑
тограмі випробовуваного розчину;

S0 – площа піка ривароксабану на хрома‑
тограмі розчину порівняння;

m0 – маса наважки РСЗ ривароксабану, 
у міліграмах;

P – вміст основної речовини в РСЗ рива‑
роксабану, у відсотках;

W – вміст вологи в РСЗ  ривароксабану, 
у відсотках.

Ступінь вилучення
Ступінь вилучення (RF) ривароксабану, 

у відсотках, обчислюють за формулою:

де: X – вміст ривароксабану у випробовува‑
ному розчині, в міліграмах;

В – середній вміст ривароксабану у та‑
блетці (за результатами тесту «Кількісне 
визначення»), у міліграмах;

1 – кількість таблеток на одне визначен‑
ня, шт.
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Специфіка методу полягає в можливості 
достовірно визначати вміст ривароксабану 
в таблетці за присутності допоміжних ре‑
човин, її досягають шляхом використан‑
ня зовнішніх стандартів. При розробленні 
методики було встановлено, що допоміжні 
речовини не заважають визначенню осно‑
вної речовини.

На хроматограмі випробовуваного роз‑
чину час утримування піка ривароксабану 
(рисунок 1) збігається з часом утримування 
піка ривароксабану на хроматограмі розчи‑
ну порівняння (рисунок 2), що підтверджує 
ідентичність ривароксабану у лікарсько‑
му засобі «РИВАРОКСАБАН», таблетки, 
вкриті плівковою оболонкою, по 20 мг та в 
розчині порівняння.

Рис. 1. Хроматограма випробовуваного розчину

Fig. 1. Chromatogram of the test solution. 

Лінійна залежність методу характеризує 
здатність отримання аналітичних сигналів, 
прямопропорційних вмісту визначуваних 
речовин у випробовуваному зразку. Ліній‑
ність методики оцінювали в діапазоні від 
50 % до 130 %. Як 100 % точку обрано кон‑
центрацію 0,2 мг/мл.

Побудова градуювального графіка
Вихідний розчин РСЗ ривароксабану. 

50 мг РСЗ ривароксабану поміщають у мір‑
ну колбу місткістю 50,0 мл, додають 30 мл 
суміші розчинників, перемішують упро‑
довж 30 хв на магнітній мішалці, доводять 
об’єм розчину тим самим розчинником до 
позначки та перемішують.
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Рис. 2. Хроматограма розчину порівняння 

Fig. 2. Chromatogram of the reference solution.

Випробовувані розчини. У мірні колби 
місткістю 25,0 мл вносять 2,5; 3,5; 3,75; 4,0; 
4,5; 5,0; 5,5; 6,0 і 6,5 мл вихідного розчину 
РСЗ ривароксабану, доводять об’єми роз‑
чинів сумішшю розчинників до позначки 
та перемішують. Одержані розчини фільт
рують крізь мембранні фільтри (0,20 мкм; 
RC). 

Розчини використовують свіжопригото‑
ваними.

Результати представлено графічно у ви‑
гляді залежності площі піка ривароксабану 
від концентрації в нормалізованих коорди‑
натах. 

У нормалізованих координатах вміст 
ривароксабану (Х), у відсотках, обчислюва‑
ли за формулою: 

де: Cn – концентрація ривароксабану в n-ом 

аналітичному розчині;
С0 – концентрація ривароксабану в роз‑

чині порівняння.
Площу піка ривароксабану (S), у відсот

ках, обчислювали за формулою: 

де: Sn – площа піка ривароксабану на хрома‑
тограмі n-ого аналітичного розчину;

S0 – площа піка ривароксабану на хрома‑
тограмі розчину порівняння.

На рисунку 3 представлено лінійну за‑
лежність для визначення ривароксабану, 
яку описують рівнянням: 

S = - 0,34958 + 1,00646 · х,
де: х – вміст ривароксабану в розчині, у від‑
сотках;

S – площа піка ривароксабану, у відсот
ках.



19https://ucj.org.ua

А. В. Єгорова, О. В. Сисенко, Ю. В. Скрипинець, І. І. Чеботарська, Д. І. Александрова1, С. М. Кашуцький УХЖ № 2 / ТОМ 92

Рис. 3. Лінійна залежність площі піка від концентрації в нормалізованих 
координатах для визначення ривароксабану 

Fig. 3. Linear dependence of peak area on concentration in normalized coordinates 
for the determination of rivaroxaban.

Табл. 1
Метрологічні характеристики лінійної залежності

   Table 1.
Metrological characteristics of linear dependence.

Величина Значення Допуски Висновок

b 1,00646 Близько до 1 відповідає

|a| 0,34958
статистич. ≤1,26 відповідає

практич. ≤1,02 відповідає

R 0,99983 ≥ 0,99946 відповідає

Метрологічні характеристики лінійної 
залежності для визначення ривароксабану 
наведено в таблиці 1.

Правильність оцінювали за результата‑
ми аналізу таблеток (три наважки по три 
паралельних визначення) з різних наважок. 
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Результати кількісного визначення ри‑
вароксабану в інтервалі вмісту від 14 мг 
до 26 мг (70–130 % від 20 мг) у модельних 
сумішах, що відповідають складу лікар‑
ського засобу «РИВАРОКСАБАН», таблет‑

ки, вкриті плівковою оболонкою, по 20 мг 
представлено в таблиці 2.

Вміст ривароксабану, у міліграмах, до‑
сягали введенням в модельні суміші різних 
наважок АФІ ривароксабану.

Табл. 2
Результати визначення ривароксабану в модельних сумішах

Table 2.
Results of rivaroxaban determination in model mixtures.

Введено Xi, мг Знайдено Yi, мг Zi = Yi/Xi ∙ 100 %

14,03 13,8294 98,57

14,06 14,0234 99,74

14,05 13,9390 99,21

20,00 19,7980 98,99

20,02 20,1161 100,48

20,05 20,2385 100,94

26,06 26,0913 100,12

26,04 25,8890 99,42

26,02 25,7910 99,12

середнє Z , % 99,62

SZ, % 0,77

	
100% −= Zδ 0,38

Величина Значення Критерій Висновок

d % 0,38

статистич. ≤ 0,48 Відповідає

практич. ≤ 0,51 Відповідає
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Табл. 3
Результати визначення та метрологічні характеристики методики кількісного ви­

значення ривароксабану (f = 5; Р = 0,95; t (Р, f) = 2,57)
Table 3.

Results of determination and metrological characteristics ofthe method for quantitative 
determination of rivaroxaban (f = 5; P = 0.95; t (P, f) = 2.57).

№
п/п xi, мг X, мг S2 S ΔX, мг ε=ΔX

X
·100, %

1 день

19,17

19,4483 0,0423 0,2057 0,2158 1,11

19,55
19,32
19,36
19,54
19,75

2 день

19,39

19,3500 0,0086 0,0927 0,0973 0,50

19,41
19,42
19,34
19,17
19,37

Як видно з наведених розрахунків, усі 
вимоги до статистичної та практичної не‑
значущості систематичної похибки вико‑
нано. Таким чином, правильність методики 
відповідає необхідним вимогам. 

Внутрішньолабораторну прецизійність 
було оцінено за результатами визначення 
та метрологічними характеристиками ме‑
тодики кількісного визначення риварокса‑
бану, зроблену в різні дні одним аналіти‑
ком (таблиця 3).

Для результатів, наведених в таблиці 3: 
m =2; f =10; t =2,23.

S0=√ 0 ,0423 +0,0086
2

=0,16

| 19,4483-19,3500|≤√2⋅2 ,23⋅0 ,16
√6

0,0983 ≤ 0,2052

Наведені розрахунки свідчать про задо‑
вільну внутрішньолабораторну прецизій‑
ність.

Результати порівняльного дослідження 
ступеня вилучення при вивченні достав‑
ки досліджуваного та референтного лікар‑
ських засобів через назогастральний зонд 
наведено в таблиці 4.
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Табл. 4
 Результати порівняльного дослідження ступеня вилучення при вивченні доставки 

лікарського засобу через НГ-зонд
Table 4.

Results of a comparative study of the degree of extraction in the study of drug delivery 
through an NG tube.

Препарат
Початковий

рН води 
(середнє)

Ступінь вилучення (RF), %
статистичний показник

(n = 12)
час змочування

0 хв 240 хв

Досліджуваний

5,95
(0 хв)

6,08
(240 хв)

арифметичне середнє 97,86 98,03

мінімальне 95,13 90,85
максимальне 101,40 118,50

CV, % 1,85 7,56

Референтний
5,93

(0 хв)

6,04
(240 хв)

арифметичне середнє 98,16 100,88
мінімальне 93,25 94,02

максимальне 110,93 119,68
CV, % 6,07 7,88

Точкова оцінка RGM, коефіцієнт варіації 
CV та 90 % довірчий інтервал відношення 
середньогеометричних значень ступенів 

вилучення досліджуваного та референт‑
ного препаратів ривароксабану наведено у 
таблиці 5.

Табл. 5
Точкова оцінка RGM, коефіцієнт варіації CV та 90 % довірчий інтервал відношення 

середньогеометричних значень ступеня вилучення при вивченні доставки досліджу­
ваного та референтного лікарських засобів через назогастральний зонд (рівень зна­
чущості 5 %, df = 20)

Table 5. 
RGM point estimate, CV coefficient of variation and 90% confidence interval of the 

ratio of geometric mean values of the degree of extraction in the study of delivery of test  
and reference drugs via nasogastric tube (significance level 5%, df = 20).

Час змочування Точкова оцінка 
RGM, %

Коефіцієнт варіації 
CV, %

Межі 90%-го довірчого 
інтервалу, %

0 хв 100,84 1,70
Нижня межа, LL % 96,89
Верхня межа, LU % 104,95

240 хв 98,99 2,06
Нижня межа, LL % 92,50
Верхня межа, LU % 105,95
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Значення нижньої та верхньої меж 90 % 
довірчих інтервалів для двох етапів дослі‑
дження (час змочування 0 хв та 240 хв) за‑
довольняють вимогам (80,00 %; 125,00 %) на 
рівні значущості 5 %. Тобто, досліджуваний 
та референтний препарати ривароксабану 
є еквівалентними за ступенем вилучення 
при доставці через НГ-зонд.

ВИСНОВКИ. За результатами валідації 
встановлено, що наведена методика є cпеци‑
фічною, характеризується коректною пра‑
вильністю, прецизійністю, лінійною залеж‑
ністю у вивченому діапазоні концентрацій, 
що дозволяє використовувати її для прове‑
дення порівняльних досліджень ступеня ви‑
лучення при вивченні доставки лікарського 
засобу через назогастральний зонд in vitro.

Проведені дослідження підтвердили, що 
досліджуваний препарат «РИВАРОКСА‑
БАН» та референтний препарат «КСАРЕЛ‑
ТО»® забезпечують понад 90 % вилучення 
активної речовини після суспендування 
у воді та введення через назогастральний 
зонд. Такий рівень переходу свідчить про 
низький ризик закупорювання або непро‑
хідності зонда.

Отримані результати демонструють 
еквівалентність препаратів за варіабель‑
ністю ступеня вилучення, що підтверджує 
їхню взаємозамінність у клінічній практи‑
ці при застосуванні НГ-зонда й забезпечує 
стабільність та відтворюваність доставки 
«Ривароксабану» пацієнтам, які не можуть 
приймати препарат перорально.

Роботу виконано в межах держбюджет­
ної теми «Застосування аналітичних 
методів для оцінки in vitro ефектив­

ності доставки деяких лікарських препаратів 
через назогастральний зонд», державний ре­
єстраційний номер: 0125U000370.

ДЕТАЛІЗАЦІЯ ВКЛАДУ АВТОРІВ У ПІД
ГОТОВЦІ РУКОПИСУ. Автори роботи зро‑
били рівнозначний внесок у розроблення 
концепції та дизайну дослідження, збір, 
систематизацію, аналіз та інтерпретацію 
отриманих даних. Автори брали участь у 
підготовці та редагуванні статті. Усі автори 
ознайомилися з результатами дослідження 
та схвалили остаточну версію статті.
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Enteral administration of drugs via a tube is 
the preferred method for patients who cannot 
swallow safely. For nasogastric administration, 
liquid formulations are preferred. Before us‑
ing solid formulations, the possibility of their 
grinding and suspension should be evaluated. 
The effectiveness of drug delivery via a naso‑
gastric (NG) tube is determined by the correct 
choice of dosage form, tube characteristics, 
and elimination of the risk of tube blockage. 
It is also necessary to confirm that the gene
ric drug is therapeutically equivalent to the  
reference drug by determining the complete‑
ness of its extraction. For this, it is necessary to 
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ПРИ ВИВЧЕННІ ДОСТАВКИ ЛІКАРСЬКОГО ЗАСОБУ ЧЕРЕЗ НАЗОГАСТРАЛЬНИЙ ЗОНД IN VITROАНАЛІТИЧНА ХІМІЯ

develop analytical methods for the quantitative 
determination of drugs.

In this work, the HPLC method for quantita‑
tive determination of rivaroxaban, suitable for 
studying the completeness of the extraction of 
the drug RIVAROXABAN, 20 mg tablets after 
delivery via a nasogastric tube, was validated 
for the following criteria: specificity, accuracy, 
precision, and linearity in the studied concen‑
tration range. The stability of the test solutions 
and reference solutions when stored at room 
temperature for 8 hours was confirmed.

In our developed method there is no need to 
use special chemical reagents, high percentage 
of organic solvent, high flow rate. Chromatogra
phic system consists of ODS column (100 mm × 
4.6 mm × 3.5 μm). Mobile phase A was prepared 
by mixing аcetonitrile : solution A (0.67 ml of 
phosphoric acid is made up to 1000 ml with wa‑
ter for chromatography) (8:92), flow rate 1.0 ml / 
min, detection wavelength 250  nm, using an 
injection volume of 10  μl. The linearity of the 
method for supernatural houses was assessed 
in the concentration range of 50–130%. The 
concentration of 0.2 mg/mL was selected as the 
100% point. The method demonstrated satisfac‑
tory regression linearity (0.99983) with a good 
repeatability range (0.5–1.1%).

The completeness of the extraction of riva
roxaban was monitored after suspension in the 
medium (deionized water) of crushed tablets 
of the test and reference drugs and their deli
very via a nasogastric tube. It was established 
that more than 90% of rivaroxaban is extracted 
after enteral administration, and the drugs are 
equivalent in terms of the variability of the de‑
gree of extraction.

Keywords: rivaroxaban, high-performance 
liquid chromatography, nasogastric tube, va
lidation.
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Abstract:
Fluorine-containing heterocycles occupy a central position in pharmaceutical, agrochemical, 

and materials science due to their unique physicochemical properties and broad functional rel‑
evance. The pursuit of efficient and sustainable synthetic methodologies has catalyzed the emer‑
gence of photochemistry as a compelling alternative to conventional thermal, acid–base, or re‑
dox-based approaches. Indeed, many of the transformations highlighted in this review would be 
unattainable under traditional reaction conditions, underscoring the distinctive reactivity ena‑
bled by light-driven processes.

This review surveys key advances over the past decade in the photochemical synthesis of 
fluorinated heterocyclic compounds. It begins with an overview of fundamental photoche
mical principles and the most commonly employed photocatalysts. The discussion then 
proceeds to categorize reactions into unimolecular, bimolecular, and trimolecular classes.  
Unimolecular (intramolecular) reactions typically involve the cyclization of strategically designed 
substrates capable of forming heterocyclic frameworks upon photoactivation. Unimolecular (in‑
tramolecular) reactions represent the most prevalent class, wherein two distinct components con‑
tribute complementary fragments to construct the target heterocycle. Trimolecular (three-com‑
ponent) photochemical reactions, by contrast, are exceedingly rare due to the inherent mechanis‑
tic, kinetic, and spatial constraints associated with three-body interactions under photochemical 
conditions.
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For each transformation discussed, we detail the photocatalyst employed, the irradiation 
source, reaction conditions, and the specific fluorination pattern introduced. Photochemistry re‑
defines light not merely as an energy source but as a precise and sustainable reagent—unlocking 
synthetic pathways with elegance, selectivity, and minimal environmental impact.

This work aims to serve as a comprehensive resource for researchers and practitioners seeking 
to harness photochemical strategies for the synthesis of fluorinated heterocycles, with an empha‑
sis on catalytic efficiency, structural diversity, and ecological responsibility.

Keywords: Fluorine Chemistry, Heterocycles, Organofluorine Compounds, Photoredox Ca‑
talysis, Structural Diversity, Green Chemistry, Sustainable Methodologies, Environmental Impact.

INTRODUCTION.
Photochemistry is the science of chemical 

transformation driven by light. At its heart lies 
the interaction between photons—primarily in 
the ultraviolet and visible regions—and mo
lecules capable of absorbing this energy and 
responding through chemical change [1–4]. 
These light-induced reactions often proceed 
via excited electronic states, enabling transfor‑
mations that would be improbable or even in‑
accessible under standard thermal conditions 
[5–7]. 

Historically, photochemistry traces its line‑
age back to early observations by Herschel and 
Faraday, who recognized that light was more 
than illumination—it could influence matter 
[8–11]. However, the field matured signifi‑
cantly with the advent of spectroscopy, quan‑
tum mechanics, and laser-based technologies, 
which allowed scientists to probe and mani
pulate excited-state dynamics with precision.  
Pioneers like Porter and Miyaura helped unveil 
the molecular choreography underlying these 
light-driven processes [12–14].

The foundational concept begins when a 
molecule absorbs a photon, shifting from its 
ground electronic state to an excited state. This 
higher-energy configuration can initiate a va‑
riety of pathways: bond formation or cleavage, 

electron transfer, energy migration, isomeriza‑
tion, or radical generation. These reactions are 
typically non-thermal, unfolding not through 
vibrational excitation but via electronic transi‑
tions [15–17]. 

A molecule’s ability to absorb light depends 
on the availability of suitable electronic transi‑
tions, such as π→π* or n→π*, governed by the 
Beer–Lambert law [18–20]. The excited states 
accessed—singlet (S₁) or triplet (T₁)—car‑
ry distinct chemical potentials and lifetimes, 
shaping their reactivity. Processes like inter‑
system crossing and internal conversion dic‑
tate whether the molecule reacts chemically or 
returns to the ground state via photophysical 
emission. The quantum yield (Φ) quantifies 
the efficiency of these photochemical events, 
indicating how many molecular transforma‑
tions occur per photon absorbed [21–23]. 

A crucial distinction exists between photo‑
chemistry and photophysics: photochemistry 
results in permanent chemical change, while 
photophysics involves energy release without 
altering molecular structure, as seen in fluo‑
rescence and phosphorescence [24]. 

Photochemistry permeates numerous disci‑
plines. In organic synthesis, it enables selective 
reactions such as [2+2] cycloadditions, oxida‑
tions, and rearrangements [25–27]. In materials 
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science, photochemical processes underpin 
technologies like photoresists, light-curable 
polymers, and organic light emitting diode 
(OLED) displays [28–31]. In biochemistry, 
light governs critical pathways including pho‑
tosynthesis, visual perception, and DNA da
mage and repair [32]. Environmental chemis‑
try harnesses solar light to degrade pollutants 
and activate photocatalysts, providing green 
solutions to industrial waste [33–35]. 

In essence, photochemistry offers more 
than just reactivity—it provides a lens through 
which light becomes a tool of molecular design, 
capable of unlocking pathways shaped not by 
heat, but by photons sculpting the structure 
and destiny of chemical species. Photoche
mistry has become a cornerstone of modern 
organic synthesis, offering reactivity pathways 
that are often inaccessible or impractical under 
conventional thermal conditions. By harness‑
ing the energy of light—typically in the ultra
violet or visible spectrum—chemists can induce 
transformations at ambient temperatures, often 
without the need for harsh reagents or elevated  
pressures [36–39]. 

One of the most striking advantages of pho‑
tochemical reactions is their ability to activate 
specific molecular orbitals through electronic 
excitation, enabling reactions like cycloaddi‑
tions, radical-mediated rearrangements, and 
selective isomerizations. These processes are 
not only thermally forbidden but can also pro‑
ceed with remarkable selectivity and efficiency 
when triggered by light [40–42].

Photochemical synthesis also aligns closely 
with green chemistry principles. Light acts as 
a reagent with zero chemical waste, and many 
photochemical reactions proceed in mild con‑
ditions—room temperature, benign solvents, 
and low energy input. This dramatically re‑

duces the environmental footprint of chemical 
manufacturing. Furthermore, advancements 
in flow photochemistry have enabled conti
nuous processing with LED-driven reactors, 
making these methods scalable and industrial‑
ly viable [43–46].

The strategic value of photochemistry in 
synthesis lies in its precision and adaptability. 
Light intensity, wavelength, and catalyst design 
offer programmable control over reaction out‑
comes. As the field continues to evolve, photo‑
chemical methods are finding growing appli‑
cations in pharmaceutical development, fluo
rinated compound synthesis, and eco-friendly 
manufacturing.

Building on our expertise in modern phar‑
maceutical development [47–52], with a par‑
ticular focus on fluorine-containing thera‑
peutics [53–61] and compounds derived from 
tailor-made amino acids [62–67], we active‑
ly pursue and evaluate innovative synthetic 
methodologies [68–74]. This strategic direc‑
tion is reinforced by the fact that heterocyclic 
scaffolds and amino acid derivatives underpin 
approximately 85% and 35% of approved phar‑
maceutical agents, respectively. Accordingly, 
we prioritize advancements in these key syn‑
thetic domains [75–88]. Among them, heter‑
ocyclic compounds are especially vital in me‑
dicinal chemistry, owing to their remarkable 
biological activity and structural adaptability, 
which render them indispensable tools in ra‑
tional drug design [89–92]. 

Recently, we provided a comprehensive 
overview of recent progress in the synthesis 
of fluorinated heterocyclic compounds, em‑
phasizing emerging strategies such as carbon 
nanotube-mediated catalysis [93], the applica‑
tion of mechanochemical principles [94], and 
the integration of electrochemical methodolo‑
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gies [95]. In the present review, we build upon 
this foundation by advancing the discussion to‑
ward environmentally conscious and sustain‑
able synthetic practices, with a detailed focus 
on photochemical approaches for constructing 
fluorinated heterocyclic scaffolds. Photoche
mistry continues to gain recognition as a dy‑
namic and strategically valuable research area 
with considerable synthetic potential. In this 
review, we provide a systematic overview of 
studies published over the past decade con‑
cerning the photochemical synthesis of fluo‑
rine-containing heterocyclic compounds. The 
discussion is structured according to the num‑
ber of reacting species, encompassing unimo‑
lecular, bimolecular, and trimolecular trans‑
formations. We anticipate that this compilation 
will serve not only as a practical reference but 
also as a source of inspiration for researchers 
and practitioners in synthetic and medicinal 
chemistry, particularly those pursuing envi‑
ronmentally sustainable methodologies.

Common transition metal photocatalysts.
Catalysis plays a central role in expanding 

the versatility of photochemical transforma‑
tions. Photoredox catalysis, which uses visible 
light to toggle redox states via transition metal 
complexes or organic dyes, allows for a range 
of bond-forming reactions, including C–C, 
C–N, and C–O couplings. Dual catalysis stra
tegies further integrate light with organocata
lysis or transition metals to enable asymmetric 
synthesis, site-selective functionalizations, and 
late-stage modifications [96]. 

Most commonly used transition metal ca
talysts are presented in Fig. 1. Ru(bpy)₃²⁺, or 
tris(2,2′-bipyridine)ruthenium(II), is a well-
established photoredox catalyst widely used 
in synthetic chemistry. It absorbs visible light 

(around 450 nm) and reaches a long-lived ex‑
cited state (~1 microsecond), enabling vari‑
ous single-electron transfer (SET) and energy 
transfer reactions. In its excited state, it acts 
as both a strong reductant and a strong oxi‑
dant, which allows it to drive a broad range of 
transformations. The complex is stable under 
air and moisture, operates under mild con‑
ditions, and facilitates C–C and C–X bond 
formation, dehalogenations, cycloadditions, 
and redox-neutral reactions. Its photochemi‑
cal behavior aligns well with green chemistry 
goals: minimal energy input, reduced waste, 
and compatibility with flow systems. It is also 
explored for biological applications like pho‑
to-induced generation of reactive oxygen spe‑
cies (ROS) and targeted therapies. Ru(bpy)₃²⁺ 
remains a cornerstone in both academic and 
industrial photochemistry thanks to its versa‑
tility, robustness, and responsiveness to visible 
light [97]. 

Ir(bpy)₃(dtbbpy)⁺ is a heteroleptic iridi‑
um(III) polypyridyl complex used as a versa‑
tile photocatalyst in visible-light-promoted 
reactions. It consists of three bipyridine-type 
ligands, including dtbbpy (4,4’-di-tert-butyl-
2,2’-bipyridine), which contributes to en‑
hanced solubility and steric protection. Iridi‑
um is in the +3 oxidation state, and the com‑
plex carries an overall +1 charge. Upon irra‑
diation with visible light, the complex enters 
a long-lived triplet metal-to-ligand charge 
transfer (MLCT) excited state, capable of en‑
gaging in single-electron transfer and energy 
transfer mechanisms. In its excited state, it acts 
as both a strong oxidant (around +1.21 V vs. 
SCE) and reductant (about –0.89 V vs. SCE), 
making it suitable for both oxidative and re‑
ductive photoredox cycles. Ir(bpy)₃(dtbbpy)⁺ 
has been successfully applied in reactions such 
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as radical acylation, decarboxylative couplings, 
and C(sp³)–H functionalization in dual cata‑
lytic systems (e.g., Ir/Ni). It is also explored in 
tandem photoredox cycles involving IrH⁺ and 
IrH₃ intermediates, expanding its utility in 
multi-electron redox transformations [98].

The complex Ir[dF(CF₃)bpy]₂(dtbbpy)⁺ is a 
highly efficient iridium(III) photocatalyst wide‑
ly used in visible-light photoredox chemistry. 
It features two cyclometalated ligands—3,5-
difluoro-2-(trifluoromethyl)pyridyl-phenyl 
(dF(CF₃)ppy)—and one ancillary ligand, 
4,4’-di-tert-butyl-2,2’-bipyridine (dtbbpy), 
which enhances solubility and steric stability. 
This catalyst absorbs light around 380–450 nm 
and enters a long-lived triplet MLCT (me
tal-to-ligand charge transfer) excited state. In 
this state, it acts as both a strong oxidant (ex‑
cited-state potential ≈ +1.21 V vs. SCE) and a 
competent reductant (≈ –0.89 V vs. SCE), mak‑
ing it suitable for both oxidative and reductive 
quenching cycles. Ir[dF(CF₃)bpy]₂(dtbbpy)⁺ 
is particularly effective in radical acylation 
reactions, decarboxylative couplings, and tan‑
dem photoredox cycles. It can form reactive 
intermediates like IrH⁺ and IrH₃ under mul‑
tiphoton conditions, enabling sequential redox 
events. These properties make it valuable for 
constructing ketones, arylated products, and 
complex heterocycles under mild, sustainable 
conditions [99].

Ir(dFppy)₃, or tris(2-(2,4-difluorophenyl)
pyridine)iridium(III), is a homoleptic cyclo‑
metalated iridium complex widely used in vis‑
ible-light photocatalysis. It features three fluo
rinated phenylpyridine ligands, which enhance 
its photophysical properties by increasing the 
triplet state energy and blue-shifting its emis‑
sion. This complex is air- and moisture-stable, 
absorbs light around 450 nm, and has a high 

triplet state energy (~60 kcal/mol), making it 
particularly effective for energy transfer re‑
actions. Its excited-state redox potentials are 
relatively modest compared to other iridium 
complexes, which helps avoid undesired redox 
side reactions and makes it ideal for substrates 
sensitive to oxidation or reduction. Ir(dFppy)₃ 
is commonly used in [2+2] photocycloaddi‑
tions, E/Z alkene isomerizations, and other 
transformations that rely on selective energy 
transfer rather than single-electron transfer. 
It has also been employed in synergistic dual 
photocatalyst systems, where it complements 
more redox-active catalysts by handling energy 
transfer steps. Overall, Ir(dFppy)₃ is a robust 
and selective photocatalyst, especially valuable 
in reactions requiring high triplet energy and 
minimal redox interference [100]. 

Finally, (Cp*RhCl₂)₂, or pentamethylcyclo‑
pentadienyl rhodium(III) dichloride dimer, is a 
robust organometallic complex that has found 
increasing utility in photocatalysis, particularly 
in visible-light-driven transformations. While 
it is more traditionally known for thermal C–H 
activation chemistry, recent studies have ex‑
plored its photochemical behavior and catalytic 
potential under light irradiation. This complex 
features two Rh(III) centers bridged by chlo‑
ride ligands and stabilized by Cp* (η⁵-C₅Me₅) 
rings. It is air-stable, red in color, and solu‑
ble in organic solvents like dichloromethane 
and chloroform. Upon photoexcitation, it can 
participate in ligand-to-metal charge transfer 
(LMCT) and engage in catalytic cycles involv‑
ing single-electron transfer or energy transfer, 
depending on the reaction conditions and sub‑
strates. (Cp*RhCl₂)₂ has been used in mecha
nochemical and photochemical C–H bond 
functionalizations, halogenations, and annula‑
tion reactions. It can also be activated by silver 
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salts to form cationic Rh(III) species that are 
more reactive under light. In some systems, it 
has been incorporated into conjugated poly‑
mers or heterogenized frameworks to facilitate 
CO₂ photoreduction and other light-driven 

processes. Its versatility, stability, and compati‑
bility with sustainable activation methods such 
as blue-light irradiation and electrocatalysis 
make it a promising candidate for expanding the 
scope of rhodium-based photocatalysis [101].

chemistry, recent studies have explored its photochemical behavior and catalytic potential under 
light  irradiation.  This  complex  features  two  Rh(III)  centers  bridged  by  chloride  ligands  and 
stabilized by Cp* (η⁵-C₅Me₅) rings. It is air-stable, red in color, and soluble in organic solvents like 
dichloromethane and chloroform. Upon photoexcitation, it can participate in ligand-to-metal charge 
transfer (LMCT) and engage in catalytic cycles involving single-electron transfer or energy transfer, 
depending  on  the  reaction  conditions  and  substrates.  (Cp*RhCl₂)₂  has  been  used  in 
mechanochemical and photochemical C–H bond functionalizations, halogenations, and annulation 
reactions. It  can also be activated by silver salts to form cationic Rh(III) species that are more 
reactive  under  light.  In  some  systems,  it  has  been  incorporated  into  conjugated  polymers  or 
heterogenized frameworks to  facilitate  CO₂ photoreduction and other light-driven processes.  Its 
versatility,  stability,  and  compatibility  with  sustainable  activation  methods  such  as  blue-light 
irradiation and electrocatalysis make it a promising candidate for expanding the scope of rhodium-
based photocatalysis [101].

Fig. 1. Common Ru, Ir and Rh photocatalysts. 

For these photocatalysts, the most commonly used counterions include PF₆⁻ (hexafluorophosphate), 
which is  widely  favored due to  its  low coordinating ability  and excellent  solubility  in  organic  
solvents.  Chloride  (Cl⁻)  is  often  found  in  commercially  available  salts  such  as 
tris(bipyridine)ruthenium(II) chloride. BF₄⁻ (tetrafluoroborate) offers a good balance of solubility 
and stability and is also commonly used. ClO₄⁻ (perchlorate) appears occasionally, although less 
frequently  because  of  safety  concerns.  The  choice  of  anion  can  influence  key  factors  such  as 
solubility,  photophysical  properties,  and compatibility  with different  reaction environments.  For 
photoredox catalysis in organic solvents, PF₆⁻ and BF₄⁻ are especially preferred due to their inert  
character and solvent compatibility. Additionally, these photocatalysts align well with the principles 
of green chemistry. They operate under mild conditions using visible light, support redox-neutral 
pathways, and are compatible with sustainable media, including aqueous-organic systems and flow 
chemistry setups. Their combination of chemical reactivity, operational stability, and environmental 
friendliness makes them valuable tools for advanced photochemical synthesis [102-104].

Unimolecular reactions.

Most  of  the unimolecular  reactions  discussed in  this  section involve photocatalytic  cyclization. 
These  transformations  typically  exhibit  broad  functional  group  tolerance  across  the  starting 
materials, yet demonstrate limited generality with respect to the structural arrangement of reactive 
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For these photocatalysts, the most com‑
monly used counterions include PF₆⁻ (hexa
fluorophosphate), which is widely favored due 
to its low coordinating ability and excellent 
solubility in organic solvents. Chloride (Cl⁻) 
is often found in commercially available salts 
such as tris(bipyridine)ruthenium(II) chloride. 
BF₄⁻ (tetrafluoroborate) offers a good balance 
of solubility and stability and is also commonly 
used. ClO₄⁻ (perchlorate) appears occasionally, 
although less frequently because of safety con‑
cerns. The choice of anion can influence key 
factors such as solubility, photophysical pro
perties, and compatibility with different reac‑
tion environments. For photoredox catalysis in 
organic solvents, PF₆⁻ and BF₄⁻ are especially 
preferred due to their inert character and sol‑
vent compatibility. Additionally, these photo‑
catalysts align well with the principles of green 

chemistry. They operate under mild conditions 
using visible light, support redox-neutral path‑
ways, and are compatible with sustainable me‑
dia, including aqueous-organic systems and 
flow chemistry setups. Their combination of 
chemical reactivity, operational stability, and 
environmental friendliness makes them valu‑
able tools for advanced photochemical synthe‑
sis [102-104].

Unimolecular reactions.
Most of the unimolecular reactions discussed 

in this section involve photocatalytic cyclization. 
These transformations typically exhibit broad 
functional group tolerance across the starting 
materials, yet demonstrate limited generality 
with respect to the structural arrangement of 
reactive fragments. Successful cyclization re‑
quires precise geometric alignment of those 
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fragments, making structural predisposition a 
key determinant of reactivity. 

Zhou et al. (Scheme 1) [105] reported a 
highly efficient cyclization protocol (yielding 
up to 90%) for the transformation of com‑
pounds 1—synthesized from α-bromo acids 
and corresponding anilines or phenols—into 
fluorinated heterocycles 2. Depending on the 
heteroatom (X), the products were identi‑
fied as either (Z)-benzo[b]oxepin-2(3H)-ones  
(X = O) or (Z)-1H-benzo[b]azepin-2(3H)-ones 
(X = N-Alk). The reactions were carried out in 

dichloromethane (DCM) under an argon at‑
mosphere at ambient temperature, with 2,6-luti‑
dine (1.5 equiv.) as the base. Photochemical ac‑
tivation was achieved using LED irradiation in 
the presence of fac-Ir(ppy)₃ as the photocatalyst. 
The radical cyclization proceeded with remark‑
able regioselectivity, as no detectable byprod‑
ucts were observed. This method enables the 
synthesis of heterocycles 2 bearing up to three 
fluorine atoms—one on the benzene moiety and 
up to two aliphatic fluorines positioned α to the 
carbonyl group on the seven-membered ring.

Scheme 1. Synthesis of fluorinated benzoxepines and benzazepines. 
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Li et al. (Scheme 2) [106] described the synthesis of fluorinated benzimidazoles 4 via cyclization of 
fluorine-containing N-phenylamidoxime esters 3. The yields of the desired products 4 ranged from 
20%  to  77%.  Reactions  were  carried  out  in  methyl  tert-butyl  ether  (MTBE)  under  an  argon 
atmosphere  at  ambient  temperature.  Photochemical  activation  was  achieved  using  13  W white 
LEDs  in  the  presence  of  Ir[dF(CF₃)ppy]₂(dtbbpy)PF₆  as  the  photocatalyst.  The  process  was 
relatively slow, with optimal yields obtained after 36 hours of irradiation. Interestingly, the  para-
CF₃-benzoic acid moiety on the starting amidoxime esters 3 acted as a sacrificial unit, facilitating 
the initiation of the radical chain process. 

Scheme 2. Preparation of fluorinated benzimidazoles. 

Fluorinated quinolinones and derivatives exhibit a wide spectrum of biological activities, making 
them  valuable  scaffolds  in  medicinal  chemistry.  Their  bioactivity  is  largely  attributed  to  the 
quinolinone  core’s  ability  to  interact  with  diverse  biological  targets,  and  fluorine  substitution 
enhances  pharmacokinetic  properties  such  as  lipophilicity,  metabolic  stability,  and  membrane 
permeability [107-109]. 
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Li et al. (Scheme 2) [106] described the 
synthesis of fluorinated benzimidazoles 4 via 
cyclization of fluorine-containing N-phenyla‑
midoxime esters 3. The yields of the desired 
products 4 ranged from 20% to 77%. Reactions 
were carried out in methyl tert-butyl ether 
(MTBE) under an argon atmosphere at am‑
bient temperature. Photochemical activation 

was achieved using 13 W white LEDs in the 
presence of Ir[dF(CF₃)ppy]₂(dtbbpy)PF₆ as the 
photocatalyst. The process was relatively slow, 
with optimal yields obtained after 36 hours of 
irradiation. Interestingly, the para-CF₃-benzo‑
ic acid moiety on the starting amidoxime es‑
ters 3 acted as a sacrificial unit, facilitating the 
initiation of the radical chain process. 

Scheme 2. Preparation of fluorinated benzimidazoles. 
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Fluorinated quinolinones and derivatives 
exhibit a wide spectrum of biological activities, 
making them valuable scaffolds in medicinal 
chemistry. Their bioactivity is largely attribu
ted to the quinolinone core’s ability to interact 
with diverse biological targets, and fluorine 
substitution enhances pharmacokinetic pro
perties such as lipophilicity, metabolic stability, 
and membrane permeability [107-109]. 

González‐Muñoz et al. (Scheme 3) [110] de‑
veloped a photochemical protocol for the syn‑
thesis of trifluoromethyl-substituted tetrahy‑
droquinolines 6 via intramolecular cyclization 

of aniline derivatives 5. These precursors fea‑
ture an iodine atom and an N-unsaturated moi‑
ety, enabling the formation of a six-membered 
heterocycle. The reactions were performed 
in acetonitrile at ambient temperature, using 
2.5 equivalents of Hünig’s base [111] under an 
inert atmosphere. Photochemical activation 
was achieved with 13 W white LEDs (visible 
light) in the presence of Ir(ppy)₃ as the photo‑
catalyst. Cyclization proceeded efficiently, with 
completion times under 24 hours, affording 
the target tetrahydroquinolines 6 in moderate 
to good yields ranging from 40% to 80%.

Scheme 3. Synthesis of trifluoromethyl-containing tetrahydroquinolines. 
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the target tetrahydroquinolines 6 in moderate to good yields ranging from 40% to 80%.
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Fluorinated cinnamic acid derivatives are widely employed as electrophilic partners in Michael 
addition reactions, owing to their enhanced reactivity and utility as convenient building blocks for 
introducing aromatic fluorine into structurally complex, biologically active molecules [112–114]. 
Jovanovic  et  al.  (Scheme 4)  [115]  reported  a  photochemical  cyclization  of  enallenylamides  7, 
derived from trifluoromethyl-substituted cinnamic acids,  to afford sterically constrained bicyclic 
dihydropyridinones 8 in yields ranging from 40% to 88%. The transformation proceeds via a [2+2] 
cycloaddition  pathway,  catalyzed  by  Ir(ppy)₃  (1  mol%)  under  blue  LED  irradiation  in 
dichloromethane at  ambient temperature over 18 hours.  The nitrogen substituent in the starting 
enallenylamides 7 can be an alkyl group or a hydrolyzable acyl or Boc moiety, allowing for facile 
deprotection  and  access  to  NH-functionalized  products.  This  structural  versatility  broadens  the 
scope of potential biological applications for the resulting dihydropyridinones. 

Scheme 4. Synthesis of trifluoromethyl-containing dihydropyridinones. 

Gore and Wang (Scheme 5) [116] reported a series of intramolecular cascade reactions that enable 
the  synthesis  of  dihydroisochromenes  10 as  central  scaffolds  within  complex  polycyclic 
architectures.  These  structures  feature  a  bridged  framework  comprising  six-,  five-,  and  three-
membered aliphatic rings fused to an aromatic system. The starting materials—fluorinated (E)-1-
phenyl-3-[2-((E)-styryl)phenyl]prop-2-en-1-ones 9—were subjected to visible-light irradiation (blue 
LEDs) in the presence of Ir[dF(CF₃)ppy]₂(dtbbpy)PF₆ as the photocatalyst in DMSO at ambient 
temperature. The reactions proceeded efficiently over 7 hours, affording the polycyclic products 10 

in excellent yields ranging from 65% to 93%. Mechanistic studies suggest that the transformation 

Fluorinated cinnamic acid derivatives are 
widely employed as electrophilic partners in 
Michael addition reactions, owing to their 
enhanced reactivity and utility as convenient 
building blocks for introducing aromatic flu‑
orine into structurally complex, biologically 
active molecules [112–114]. Jovanovic et al. 
(Scheme 4) [115] reported a photochemical 
cyclization of enallenylamides 7, derived from 
trifluoromethyl-substituted cinnamic acids, to 
afford sterically constrained bicyclic dihydro‑
pyridinones 8 in yields ranging from 40% to 
88%. The transformation proceeds via a [2+2] 
cycloaddition pathway, catalyzed by Ir(ppy)₃ 
(1 mol%) under blue LED irradiation in di‑
chloromethane at ambient temperature over 
18 hours. The nitrogen substituent in the start‑
ing enallenylamides 7 can be an alkyl group 

or a hydrolyzable acyl or Boc moiety, allowing 
for facile deprotection and access to NH-func‑
tionalized products. This structural versatil‑
ity broadens the scope of potential biological 
applications for the resulting dihydropyridi‑
nones. 

Gore and Wang (Scheme 5) [116] reported a 
series of intramolecular cascade reactions that 
enable the synthesis of dihydroisochromenes 
10 as central scaffolds within complex poly‑
cyclic architectures. These structures feature 
a bridged framework comprising six-, five-, 
and three-membered aliphatic rings fused to 
an aromatic system. The starting materials—
fluorinated (E)-1-phenyl-3-[2-((E)-styryl)
phenyl]prop-2-en-1-ones 9—were subjected 
to visible-light irradiation (blue LEDs) in the 
presence of Ir[dF(CF₃)ppy]₂(dtbbpy)PF₆ as 
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the photocatalyst in DMSO at ambient tem‑
perature. The reactions proceeded efficiently 
over 7 hours, affording the polycyclic prod‑
ucts 10 in excellent yields ranging from 65% 
to 93%. Mechanistic studies suggest that the 
transformation operates via an energy-trans‑
fer pathway, offering high selectivity and broad 

substrate tolerance. Notably, the methodology 
accommodates various fluorine substitutions 
on the aromatic ring, expanding its utility for 
the synthesis of structurally intricate, fluo
rinated frameworks with potential biological 
relevance.

González‐Muñoz et al. (Scheme 3) [110] developed a photochemical protocol for the synthesis of 
trifluoromethyl-substituted  tetrahydroquinolines  6 via  intramolecular  cyclization  of  aniline 
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Scheme 5. Synthesis of fluorinated polycyclic dihydroisochromenes.

operates via an energy-transfer pathway, offering high selectivity and broad substrate tolerance. 
Notably,  the  methodology  accommodates  various  fluorine  substitutions  on  the  aromatic  ring, 
expanding its utility for the synthesis of structurally intricate, fluorinated frameworks with potential 
biological relevance.

Scheme 5. Synthesis of fluorinated polycyclic dihydroisochromenes.

Zhu et al. (Scheme 6) [117] reported another example of intramolecular cascade reactions yielding 
structurally intricate polycyclic frameworks. In this study, fluorinated indole derivatives 11 bearing 
O-substituted  oximes  (as  E/Z mixtures)  were  subjected  to  photochemical  conditions  in 
dichloromethane at ambient temperature using 24 W blue LEDs in the presence of Ir(dFppy)₃ (1 
mol%) as  the photocatalyst.  After  8 hours of  irradiation,  the reactions furnished indoline-fused 
azetidines  12—comprising fused four-, five-, and six-membered rings—with yields ranging from 
33% to 99%. This transformation proceeds via a [2+2] cycloaddition between the indole core and 
the unsaturated oxime moiety. Notably, when 3-substituted analogs  13 are employed as starting 
materials, the [2+2] pathway is inaccessible due to steric or electronic constraints. Nevertheless, the 
reaction still undergoes an intramolecular cascade via an alternative pathway, delivering indoline-
fused  piperidin-2-ones  14.  These  reactions  were  conducted  under  identical  photochemical 
conditions, yielding the corresponding bicyclic products  14 in good-to-excellent yields of 40% to 
96%.

Scheme 6. Synthesis of indoline-fused azetidines and piperidinones. 

Zhang  et al.  (Scheme 7) [118] described a photochemical strategy for the synthesis of indoline 
derivatives 16 featuring fused four- and five-membered rings. The transformation proceeds via an 
intramolecular  [2+2]  cycloaddition  that  simultaneously  forms  cyclobutene  and  pyrrolidine-type 
motifs with virtually complete stereoselectivity. In a representative procedure, fluorine-containing 
indole precursors 15 bearing an N-terminal olefinic moiety were irradiated with 30 W blue LEDs in 
trifluoroethanol at –30 °C for up to 36 hours, in the presence of Ir(dFCF₃ppy)₂(dtbbpy)PF₆ (1 mol%) 

Zhu et al. (Scheme 6) [117] reported an‑
other example of intramolecular cascade reac‑
tions yielding structurally intricate polycyclic 
frameworks. In this study, fluorinated indole 
derivatives 11 bearing O-substituted oximes 
(as E/Z mixtures) were subjected to photo‑
chemical conditions in dichloromethane at 
ambient temperature using 24 W blue LEDs 
in the presence of Ir(dFppy)₃ (1 mol%) as the 
photocatalyst. After 8 hours of irradiation, 
the reactions furnished indoline-fused azeti‑
dines 12—comprising fused four-, five-, and 
six-membered rings—with yields ranging from 

33% to 99%. This transformation proceeds via 
a [2+2] cycloaddition between the indole core 
and the unsaturated oxime moiety. Notably, 
when 3-substituted analogs 13 are employed as 
starting materials, the [2+2] pathway is inac‑
cessible due to steric or electronic constraints. 
Nevertheless, the reaction still undergoes an 
intramolecular cascade via an alternative path‑
way, delivering indoline-fused piperidin-2-
ones 14. These reactions were conducted un‑
der identical photochemical conditions, yield‑
ing the corresponding bicyclic products 14 in 
good-to-excellent yields of 40% to 96%.
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Scheme 6. Synthesis of indoline-fused azetidines and piperidinones. 
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expanding its utility for the synthesis of structurally intricate, fluorinated frameworks with potential 
biological relevance.
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reaction still undergoes an intramolecular cascade via an alternative pathway, delivering indoline-
fused  piperidin-2-ones  14.  These  reactions  were  conducted  under  identical  photochemical 
conditions, yielding the corresponding bicyclic products  14 in good-to-excellent yields of 40% to 
96%.

Scheme 6. Synthesis of indoline-fused azetidines and piperidinones. 

Zhang  et al.  (Scheme 7) [118] described a photochemical strategy for the synthesis of indoline 
derivatives 16 featuring fused four- and five-membered rings. The transformation proceeds via an 
intramolecular  [2+2]  cycloaddition  that  simultaneously  forms  cyclobutene  and  pyrrolidine-type 
motifs with virtually complete stereoselectivity. In a representative procedure, fluorine-containing 
indole precursors 15 bearing an N-terminal olefinic moiety were irradiated with 30 W blue LEDs in 
trifluoroethanol at –30 °C for up to 36 hours, in the presence of Ir(dFCF₃ppy)₂(dtbbpy)PF₆ (1 mol%) 

Zhang et al. (Scheme 7) [118] described a 
photochemical strategy for the synthesis of 
indoline derivatives 16 featuring fused four- 
and five-membered rings. The transforma‑
tion proceeds via an intramolecular [2+2] 
cycloaddition that simultaneously forms cyc
lobutene and pyrrolidine-type motifs with 
virtually complete stereoselectivity. In a repre
sentative procedure, fluorine-containing in‑
dole precursors 15 bearing an N-terminal 
olefinic moiety were irradiated with 30 W 
blue LEDs in trifluoroethanol at –30 °C for 
up to 36 hours, in the presence of Ir(dFCF₃p‑
py)₂(dtbbpy)PF₆ (1 mol%) as the photocata‑
lyst. The resulting tetracyclic products 16 were 

isolated in yields ranging from 37% to 80%.
Notably, this approach exhibits excellent 

functional group tolerance and is amenable 
to late-stage diversification of bioactive mol‑
ecules. For instance, tryptophan-based sub‑
strates [R¹ = H, CH₂CH(NH₂)CO₂H] are read‑
ily transformed into the corresponding poly‑
cyclic targets. Given tryptophan’s central role 
in peptide folding and its function as a bio
synthetic precursor to serotonin, melatonin, 
and niacin (vitamin B₃), the development of 
structurally complex derivatives of this essen‑
tial amino acid continues to attract significant 
interest in both synthetic and medicinal che
mistry [119-121].

Scheme 7. Synthesis of polycyclic indolines. 
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tryptophan’s central role in peptide folding and its function as a biosynthetic precursor to serotonin, 
melatonin,  and niacin (vitamin B₃),  the development of structurally complex derivatives of this 
essential  amino  acid  continues  to  attract  significant  interest  in  both  synthetic  and  medicinal 
chemistry [119-121].

Scheme 7. Synthesis of polycyclic indolines. 

Zhu  et  al.  (Scheme 8)  [122]  reported  a  visible-light-induced intramolecular  dearomatization of 
indole derivatives via a [2+2] cycloaddition, proceeding through an energy-transfer mechanism. 
This transformation enables direct access to highly strained, cyclobutane-fused angular tetracyclic 
spiroindolines18—architectures typically inaccessible under thermal conditions. The products  18 

were obtained in high yields (up to 99%) with excellent diastereoselectivity (>20:1 dr) under mild 
reaction conditions. In a typical procedure, fluorinated indole substrates 17 were irradiated with 24 
W  blue  LEDs  in  a  CDM/acetonitrile  mixture  at  ambient  temperature  for  48  hours,  using 
Ir(dFCF₃ppy)₂(dtbbpy)PF₆  (4  mol%)  as  the  photocatalyst.  The  method  demonstrated  broad 
functional group tolerance and was amenable to late-stage diversification of complex molecular 
targets.  Fluorination  was  achieved  through  trifluoroacetic  acid  (TFA)  protection  of  the  indole 
nitrogen and aromatic substitution adjacent to the nitrogen, establishing a dual fluorinated motif 
conducive to biological relevance and synthetic versatility. 

Scheme 8. Synthesis of polycyclic spiroindolines. 

Guo  et  al.  (Scheme  9)  [123]  reported  an  efficient  photocatalytic  strategy  for  the  synthesis  of 
isoquinolinone  derivatives  20 via  intramolecular  carboamination  of  alkynes.  Utilizing  readily 
available  propargyl  alcohol  derivatives  19,  this  method  demonstrates  broad  functional  group 
tolerance  and  accommodates  both  terminal  and  alkyl-substituted  alkynes.  The  reactions  were 
performed in DMSO at 50 °C under irradiation with an 18 W compact fluorescent lamp (CFL) for 
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Zhu et al. (Scheme 8) [122] reported a visi‑
ble-light-induced intramolecular dearomatiza‑
tion of indole derivatives via a [2+2] cycload‑
dition, proceeding through an energy-transfer 
mechanism. This transformation enables direct 
access to highly strained, cyclobutane-fused 
angular tetracyclic spiroindolines18—archi‑
tectures typically inaccessible under thermal 
conditions. The products 18 were obtained in 
high yields (up to 99%) with excellent diaste‑
reoselectivity (>20:1 dr) under mild reaction 
conditions. In a typical procedure, fluorinated 
indole substrates 17 were irradiated with 24 W 

blue LEDs in a CDM/acetonitrile mixture 
at ambient temperature for 48 hours, using  
Ir(dFCF₃ppy)₂(dtbbpy)PF₆ (4 mol%) as the 
photocatalyst. The method demonstrated 
broad functional group tolerance and was 
amenable to late-stage diversification of com‑
plex molecular targets. Fluorination was 
achieved through trifluoroacetic acid (TFA) 
protection of the indole nitrogen and aromat‑
ic substitution adjacent to the nitrogen, estab‑
lishing a dual fluorinated motif conducive to 
biological relevance and synthetic versatility. 

Scheme 8. Synthesis of polycyclic spiroindolines. 

as the photocatalyst. The resulting tetracyclic products 16 were isolated in yields ranging from 37% 
to 80%.
Notably, this approach exhibits excellent functional group tolerance and is amenable to late-stage 
diversification  of  bioactive  molecules.  For  instance,  tryptophan-based  substrates  [R¹  =  H, 
CH₂CH(NH₂)CO₂H]  are  readily  transformed  into  the  corresponding  polycyclic  targets.  Given 
tryptophan’s central role in peptide folding and its function as a biosynthetic precursor to serotonin, 
melatonin,  and niacin (vitamin B₃),  the development of structurally complex derivatives of this 
essential  amino  acid  continues  to  attract  significant  interest  in  both  synthetic  and  medicinal 
chemistry [119-121].

Scheme 7. Synthesis of polycyclic indolines. 

Zhu  et  al.  (Scheme 8)  [122]  reported  a  visible-light-induced intramolecular  dearomatization of 
indole derivatives via a [2+2] cycloaddition, proceeding through an energy-transfer mechanism. 
This transformation enables direct access to highly strained, cyclobutane-fused angular tetracyclic 
spiroindolines18—architectures typically inaccessible under thermal conditions. The products  18 

were obtained in high yields (up to 99%) with excellent diastereoselectivity (>20:1 dr) under mild 
reaction conditions. In a typical procedure, fluorinated indole substrates 17 were irradiated with 24 
W  blue  LEDs  in  a  CDM/acetonitrile  mixture  at  ambient  temperature  for  48  hours,  using 
Ir(dFCF₃ppy)₂(dtbbpy)PF₆  (4  mol%)  as  the  photocatalyst.  The  method  demonstrated  broad 
functional group tolerance and was amenable to late-stage diversification of complex molecular 
targets.  Fluorination  was  achieved  through  trifluoroacetic  acid  (TFA)  protection  of  the  indole 
nitrogen and aromatic substitution adjacent to the nitrogen, establishing a dual fluorinated motif 
conducive to biological relevance and synthetic versatility. 

Scheme 8. Synthesis of polycyclic spiroindolines. 

Guo  et  al.  (Scheme  9)  [123]  reported  an  efficient  photocatalytic  strategy  for  the  synthesis  of 
isoquinolinone  derivatives  20 via  intramolecular  carboamination  of  alkynes.  Utilizing  readily 
available  propargyl  alcohol  derivatives  19,  this  method  demonstrates  broad  functional  group 
tolerance  and  accommodates  both  terminal  and  alkyl-substituted  alkynes.  The  reactions  were 
performed in DMSO at 50 °C under irradiation with an 18 W compact fluorescent lamp (CFL) for 

Guo et al. (Scheme 9) [123] reported an effi‑
cient photocatalytic strategy for the synthesis of 
isoquinolinone derivatives 20 via intramolecu‑
lar carboamination of alkynes. Utilizing readily 
available propargyl alcohol derivatives 19, this 
method demonstrates broad functional group 
tolerance and accommodates both terminal 
and alkyl-substituted alkynes. The reactions 
were performed in DMSO at 50 °C under irra‑
diation with an 18 W compact fluorescent lamp 
(CFL) for 12 hours, employing fac-Ir(ppy)₃ 
(2 mol%) as the photocatalyst. The target poly‑
cyclic isoquinolinones 20 were obtained in 
yields ranging from 26% to 86%. Importantly, 
the protocol is operationally simple and readily 
scalable to gram quantities. Structural diversi‑
fication was achieved by incorporating either 

fluorine atoms or trifluoromethyl groups on 
the aromatic ring of the starting materials 19, 
enabling the synthesis of fluorinated oxazoli
dinone-fused isoquinolinones 20. In addition 
to their biological potential, enantiomerically 
pure oxazolidinone derivatives serve as power‑
ful stereocontrolling auxiliaries in asymmetric 
synthesis [124–126].

Ritu et al. (Scheme 10) [127] developed an 
efficient iridium–nickel dual photocatalytic 
protocol for the dehydrogenation of aliphatic 
N-heterocyclic compounds 21 into their cor‑
responding aromatic analogs 22. This accep‑
torless, redox-neutral transformation proceeds 
under mild conditions—at room temperature 
in ethyl acetate, under a nitrogen atmosphere—
irradiated by 5 W 450 nm blue LEDs. Remark‑
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ably, the system employs only 0.004 mmol of 
Ir(dFCF₃ppy)₂(dtbbpy)PF₆ and 0.02 mmol of 
NiBr₂(dtbbpy), achieving aromatic products 
22 in yields ranging from 30% to 92%, with no 
evidence of overoxidation. The methodology is 
compatible with commercially available fluo

rinated N-heterocyclic alkanes and accommo‑
dates various functional groups. Importantly, 
this transformation enables direct access to 
fluorinated aromatic compounds of high syn‑
thetic and commercial relevance. 

Scheme 9. Preparation of oxazolidinone-fused isoquinolinones.

Scheme 10. Photocatalytic dehydrogenation of aliphatic heterocycles. 
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Bimolecular reactions.

Peng et al. (Scheme 11) [128] described a visible-light-promoted C3–H alkylation of 2H-indazoles 
23 and indoles 24 using sulfoxonium ylides 25. This protocol leverages readily available reagents 
and accommodates a broad scope of substrates, including structurally diverse 2H-indazoles, indoles, 
and sulfoxonium ylides, to afford alkylated products 26 and 27 under mild and operationally simple 
conditions. Reactions were carried out in a 1,2-dichloroethane (DCE)/acetonitrile mixture at 40 °C 
under an argon atmosphere, irradiated by blue LEDs (5 W) for 12 hours in the presence of  fac-
Ir(ppy)₃ (5 mol%) as the photocatalyst. The desired alkylation products 26 and 27 were obtained in 
isolated  yields  ranging  from  38%  to  90%.  Fluorinated  derivatives  were  synthesized  via 
trifluoromethyl substitution on the six-membered aromatic rings of the corresponding indazoles and 
indoles, enabling structural diversification and enhancing the synthetic value of this transformation.
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Bimolecular reactions.
Peng et al. (Scheme 11) [128] described a 

visible-light-promoted C3–H alkylation of 
2H-indazoles 23 and indoles 24 using sulfoxo‑
nium ylides 25. This protocol leverages readily 
available reagents and accommodates a broad 
scope of substrates, including structurally di‑
verse 2H-indazoles, indoles, and sulfoxonium 
ylides, to afford alkylated products 26 and 27 
under mild and operationally simple condi‑
tions. Reactions were carried out in a 1,2-di‑
chloroethane (DCE)/acetonitrile mixture at 
40 °C under an argon atmosphere, irradiated 
by blue LEDs (5 W) for 12 hours in the pre
sence of fac-Ir(ppy)₃ (5 mol%) as the photoca

talyst. The desired alkylation products 26 and 
27 were obtained in isolated yields ranging 
from 38% to 90%. Fluorinated derivatives were 
synthesized via trifluoromethyl substitution 
on the six-membered aromatic rings of the 
corresponding indazoles and indoles, enabling 
structural diversification and enhancing the 
synthetic value of this transformation.

Ma et al. (Scheme 12) [129] developed an ef‑
ficient visible-light-induced radical cascade tri‑
fluoromethylation/cyclization protocol for sub‑
strates 28 bearing –N=C and N-terminal alkene 
motifs. Using CF₃Br as the trifluoromethylating 
agent, this transformation enabled the synthe‑
sis of trifluoromethyl-containing polycyclic 
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quinazolinones, benzimidazoles, and indoles 
29 under mild conditions. The reactions were 
conducted in N-methyl-2-pyrrolidone (NMP) 
at 40 °C under an argon atmosphere, irradiat‑
ed with 5 W blue LEDs in the presence of LiCl 
(1 equiv.) and fac-Ir(ppy)₃ (5 mol%) as the 
photocatalyst. The polycyclic aza-heterocycles 
29 were isolated in generally good yields—up 
to 80%—across a diverse array of substrates, 
demonstrating broad functional group toler‑
ance and synthetic versatility. Fluorination in 
products 29 was introduced both via aliphatic 

–CF₃ groups and through aromatic fluorine or 
CF₃CO substituents on the aliphatic rings. The 
use of CF₃Br, a non-hygroscopic, non-corro‑
sive, and industrially abundant reagent [130], 
further underscores the practicality and scala‑
bility of this method. Notably, trifluoromethyl 
ketones—present as key motifs in some prod‑
ucts—are highly reactive toward nucleophilic 
addition at the carbonyl center. Beyond their 
biological significance, these intermediates 
serve as valuable synthetic handles for down‑
stream functionalization [131–133]. 

Scheme 11. Alkylation of indazoles and indoles with sulfoxonium ylides. 
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Shi  et  al.  (Scheme  13)  [134]  developed  a  visible-light-induced  deaminative  [3+2]  annulation 
strategy  between  N-aminopyridinium  salts  30 and  alkenes  31,  enabling  the  synthesis  of 
functionalized  γ-lactams  32 under  mild  conditions.  The  transformation  proceeds  with  excellent 
diastereoselectivity and displays broad functional group tolerance. Reactions were performed in a 
DMSO/acetonitrile mixture under an inert nitrogen atmosphere, irradiated by 15 W blue LEDs for 
12 hours, in the presence of Na₂HPO₄ (2 equiv.) and fac-Ir(ppy)₃ (2 mol%) as the photocatalyst. The 
γ-lactam products 32 were isolated in 40% to 75% yields, demonstrating efficient annulation across 
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Scheme 12. Synthesis of trifluoromethyl-containing polycyclic quinazolinones, 
benzimidazoles, and indoles. 

Shi et al. (Scheme 13) [134] developed a 
visible-light-induced deaminative [3+2] an‑
nulation strategy between N-aminopyridini‑
um salts 30 and alkenes 31, enabling the syn‑
thesis of functionalized γ-lactams 32 under 

mild conditions. The transformation proceeds 
with excellent diastereoselectivity and dis‑
plays broad functional group tolerance. Reac‑
tions were performed in a DMSO/acetonitrile 
mixture under an inert nitrogen atmosphere, 
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irradiated by 15 W blue LEDs for 12 hours, 
in the presence of Na₂HPO₄ (2 equiv.) and 
fac-Ir(ppy)₃ (2 mol%) as the photocatalyst. The 
γ-lactam products 32 were isolated in 40% to 
75% yields, demonstrating efficient annulation 
across various substrate combinations. Fluori‑
nation was incorporated via either monofluo
rinated or trifluoromethyl-substituted motifs 
on both precursors 30, 31, affording densely 
fluorinated products 32. This dual representa‑

tion of fluorine—both aliphatic and aroma
tic—enhances molecular complexity and con‑
tributes to the pharmacophoric potential of 
the resulting scaffolds. Formally, compounds 
32 can be viewed as derivatives of tailor-made 
[135] γ-amino acids, underscoring the syn‑
thetic and biological relevance of fluorinated 
amino acid-inspired frameworks in the design 
of bioactive molecules [136, 137]. 

Scheme 13. Synthesis of fluorinated functionalized γ -lactams. 

various  substrate  combinations.  Fluorination  was  incorporated  via  either  monofluorinated  or 
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Synthesis of fluorinated functionalized γ -lactams. 

Liu and Patureau (Scheme 14) [138] reported a visible-light-induced photocatalytic protocol for the 
functionalization of quinoxalin-2(1H)-ones  33,  providing a mild,  practical route to 3-substituted 
quinoxalin-2(1H)-ones  35 using  ubiquitous  and  chemically  benign  precursors  33 and  34.  The 
method showcases broad substrate scope and good functional group tolerance, furnishing a wide 
array  of  functionalized  heterocycles  with  strong  potential  in  medicinal  chemistry.  The 
transformation was performed in acetonitrile under a nitrogen atmosphere at ambient temperature, 
irradiated by 40 W blue LEDs for 12 hours. The reaction employed Ir[dF(CF₃)ppy]₂(dtbpy)]PF₆ (2 
mol%) as the photocatalyst, with triphenylphosphine and 1,4-diazabicyclo[2.2.2]octane (DABCO) 
as  additives  to  facilitate  reactivity.  Target  products  35 were  isolated  in  yields  of  up  to  88%, 
demonstrating operational simplicity and synthetic efficiency. Fluorination in the final compounds 
35 arises  from either  aromatic  fluorine  or  trifluoromethyl  substitution,  introduced  through  the 
quinoxalinone core  33 or  the  anhydride  34.  Notably,  when R²  = CF₃,  the resulting product  35 

structurally  aligns  with  2-amino-4,4,4-trifluorobutanoic  acid—a privileged motif  in  drug design 
owing to its enhanced metabolic stability and bioactivity [139–141]. 

Scheme 14. Functionalization of fluorinated quinoxalin-2-(1H)-ones. 

Samanta  et  al.  (Scheme  15)  [142]  reported  a  photoredox-catalyzed  direct  arylation  of 
quinoxalin-2(1H)-ones  36 using  diaryliodonium  triflates  37 as  a  convenient,  stable,  and  cost-
effective source of aryl groups. A diverse range of quinoxalin-2(1H)-ones was successfully coupled 

Liu and Patureau (Scheme 14) [138] re‑
ported a visible-light-induced photocatalytic 
protocol for the functionalization of quinoxa‑
lin-2(1H)-ones 33, providing a mild, practical 
route to 3-substituted quinoxalin-2(1H)-ones 
35 using ubiquitous and chemically benign 
precursors 33 and 34. The method showcas‑
es broad substrate scope and good function‑
al group tolerance, furnishing a wide array of 
functionalized heterocycles with strong po‑
tential in medicinal chemistry. The transfor‑
mation was performed in acetonitrile under a 
nitrogen atmosphere at ambient temperature, 
irradiated by 40 W blue LEDs for 12 hours. The 
reaction employed Ir[dF(CF₃)ppy]₂(dtbpy)]
PF₆ (2 mol%) as the photocatalyst, with triphe‑
nylphosphine and 1,4-diazabicyclo[2.2.2]oc‑
tane (DABCO) as additives to facilitate reacti
vity. Target products 35 were isolated in yields 
of up to 88%, demonstrating operational sim‑
plicity and synthetic efficiency. Fluorination in 

the final compounds 35 arises from either aro‑
matic fluorine or trifluoromethyl substitution, 
introduced through the quinoxalinone core 33 
or the anhydride 34. Notably, when R² = CF₃, 
the resulting product 35 structurally aligns 
with 2-amino-4,4,4-trifluorobutanoic acid—a 
privileged motif in drug design owing to its 
enhanced metabolic stability and bioactivity 
[139–141]. 

Samanta et al. (Scheme 15) [142] reported 
a photoredox-catalyzed direct arylation of qui‑
noxalin-2(1H)-ones 36 using diaryliodonium 
triflates 37 as a convenient, stable, and cost-ef‑
fective source of aryl groups. A diverse range of 
quinoxalin-2(1H)-ones was successfully cou‑
pled with structurally and electronically varied 
diaryliodonium salts, enabling efficient syn‑
thesis of pharmaceutically valuable 3-arylqui‑
noxalin-2(1H)-ones 38. The protocol is notable 
for its operational simplicity, ambient reaction 
conditions, broad substrate scope, excellent 
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functional group tolerance, and scalability. Re‑
actions were conducted in acetonitrile at room 
temperature under blue LED irradiation for 24 
hours, employing Ru(bpy)3Cl2·6H2O (5 mol%) 
as the photocatalyst. Target arylated products 
38 were obtained in yields ranging from 24% 
to 90%. Fluorination in products 38 is intro‑
duced via the aryl moiety of diaryliodonium 
triflates 37, incorporating either a single flu‑

orine atom, a trifluoromethyl group, or a tri‑
fluoromethoxy substituent. Notably, the aro‑
matic trifluoromethoxy group has garnered 
increasing attention due to its prevalence in a 
growing number of successful pharmaceuticals 
and agrochemicals [143, 144], attributed to its 
unique electronic properties and favorable li‑
pophilicity. 
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with  structurally  and  electronically  varied  diaryliodonium salts,  enabling  efficient  synthesis  of 
pharmaceutically  valuable  3-arylquinoxalin-2(1H)-ones  38.  The  protocol  is  notable  for  its 
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Xie et al. (Scheme 16) [145] developed an 
efficient and sustainable strategy for the syn‑
thesis of 3-alkyl(aryl)quinoxalin-2(1H)-ones 
41 via visible-light-induced decarboxylative 
alkylation/arylation of quinoxalin-2(1H)-ones 
39 using phenyliodine(III) dicarboxylates 40 as 
alkyl/aryl sources. The reaction proceeds under 
ambient conditions in eco-friendly PEG-200, 
highlighting its green chemistry credentials. 
Employing Ru(bpy)3Cl2·6H2O (1 mol%) as the 
photocatalyst and irradiating with 3 W blue 

LEDs, the process delivers a range of 3-substi‑
tuted quinoxalin-2(1H)-ones 41 in yields of up 
to 93%, with reaction times varying between 6 
and 12 hours. Notably, the ruthenium(II) cata‑
lytic system remains effective over five consec‑
utive cycles without significant loss of activity. 
Fluorinated analogs were accessed through in‑
corporation of aryl motifs bearing either a sin‑
gle fluorine atom or a trifluoromethyl group, 
reinforcing the method’s relevance for medici‑
nal chemistry applications. 
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Wang et al. (Scheme 17) [146] described a 
mild and efficient visible-light-induced atom 
transfer radical addition and cyclization of 
benzene-tethered 1,7-enynes 42 and nitro‑
gen-tethered 1,6-enynes 45 with perfluoro‑
alkyl halides 43, yielding halo-perfluorinat‑
ed 4-methylenequinolin-2(1H)-ones 44 and 
3-methylenepyrrolidine derivatives 46, respec‑
tively.  Reactions were carried out in 1,4-diox‑
ane at ambient temperature for 24 hours, uti‑
lizing K₃PO₄ (2 equiv.) as an additive, fac-Ir(p‑
py)₃ as the photocatalyst, and irradiation from 
5 W blue LEDs. Products 44 and 46 were ob‑
tained in isolated yields ranging from 10% to 
86% and 53% to 89%, respectively. This meth‑
odology enables the efficient incorporation of a 

broad spectrum of perfluoroalkyl groups—in‑
cluding n-C₃F₇, n-C₄F₉, n-C₆F₁₃, n-C₈F₁₇, and 
n-C₁₀F₂₁—into heterocyclic frameworks of 
pharmacological relevance. However, it is im‑
portant to note that while some perfluorinat‑
ed compounds find utility in life sciences and 
materials chemistry, many members of this 
class—commonly referred to as per- and poly‑
fluoroalkyl substances (PFAS)—pose serious 
environmental hazards due to their persistence 
and bioaccumulative potential [147–149]. Ac‑
cordingly, the synthesis and application of such 
substances should be approached with strict 
regulatory oversight and pursued only when 
no viable alternatives exist.

Scheme 17. Preparation of halo-perfluorinated 4-methylenequinolin-2(1H)-one 
and 3-methylenepyrrolidine derivatives. 
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Scheme  17.  Preparation  of  halo-perfluorinated  4-methylenequinolin-2(1H)-one  and  3-
methylenepyrrolidine derivatives. 
Liu et al. (Scheme 18) [150] reported a practical visible-light-catalyzed tandem radical cyclization 
of N-propargylindoles 47 with acyl chlorides 48 to access 2-acyl-9H-pyrrolo[1,2-a]indoles 49. The 
transformation involves a sequential mechanism: addition of the acyl radical to the carbon–carbon 
triple  bond,  intramolecular  cyclization  at  the  C2-position  of  the  indole  ring,  followed  by 
isomerization of the resulting carbon–carbon double bond. Reactions were performed in acetonitrile 
under an argon atmosphere at 100 °C for 20 hours, using triethylamine to neutralize the released 
HCl. Photocatalysis was enabled by Ir(ppy)₃  (1 mol%) under irradiation from 5 W blue LEDs. 
Target compounds 49 were obtained in yields of up to 86%. Fluorinated analogs were represented 
by the presence of aromatic fluorine substituents on the benzene ring in both the starting indoles 47 

and  the  resulting  products  49,  contributing  to  potential  structural  diversification  relevant  to 
medicinal chemistry. 

Scheme 18. Preparation of 2-acyl-9H-pyrrolo[1,2-a]indoles.
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Liu et al. (Scheme 18) [150] reported a prac‑
tical visible-light-catalyzed tandem radical cyc
lization of N-propargylindoles 47 with acyl 
chlorides 48 to access 2-acyl-9H-pyrrolo[1,2-a]
indoles 49. The transformation involves a se‑
quential mechanism: addition of the acyl rad‑
ical to the carbon–carbon triple bond, intra‑
molecular cyclization at the C2-position of the 
indole ring, followed by isomerization of the re‑
sulting carbon–carbon double bond. Reactions 
were performed in acetonitrile under an argon 

atmosphere at 100 °C for 20 hours, using tri‑
ethylamine to neutralize the released HCl. Pho‑
tocatalysis was enabled by Ir(ppy)₃ (1  mol%) 
under irradiation from 5 W blue LEDs. Target 
compounds 49 were obtained in yields of up to 
86%. Fluorinated analogs were represented by 
the presence of aromatic fluorine substituents 
on the benzene ring in both the starting indoles 
47 and the resulting products 49, contributing 
to potential structural diversification relevant 
to medicinal chemistry. 
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Santos et al. (Scheme 19) [151] reported a 
visible-light-induced radical cascade for the 
synthesis of 2-sulfenylindoles 52 via thiyl radi
cal coupling with ortho-substituted arylisocy‑
anides 50, followed by intramolecular cycliza‑
tion and aromatization. The key thiyl radicals 
are rapidly generated through a hydrogen atom 
transfer (HAT) event from thiol precursor 51, 
enabling a redox-neutral transformation. The 
protocol exhibits broad substrate scope, excel‑
lent functional group tolerance, and proceeds 
under mild conditions. Notably, a continuous 
flow adaptation provides efficient scalabil‑
ity, with reduced residence time and process 
intensification advantages. Reactions were 
conducted in DMSO under an argon atmos‑
phere at ambient temperature for over 3 hours 
using p-toluidine (0.5 equiv.) as an additive.  
[Ru(bpy)3](PF₆)2 (1 mol%) served as the pho‑

tocatalyst, and irradiation was provided by 34 
W blue LEDs. Desired sulfenylated products 
52 were isolated in yields of up to 95%. Fluo
rinated derivatives were accessed via aryliso‑
cyanide precursors bearing aromatic fluorine 
substituents, which were retained in the final 
products. These fluorinated motifs contribute 
to structural diversification and enhance the 
relevance of this method for medicinal che
mistry applications.

Zhu et al. (Scheme 20) [152] reported a re‑
ductive radical relay strategy for the synthesis 
of fused benzo[e]isoindole-1,3,5-triones 55 via 
the visible-light-mediated reaction of α-bro‑
mo ketones 53 with maleimides 54, catalyzed 
by Ir(ppy)₃ under mild conditions. The trans‑
formation proceeds through a mechanistically 
elegant cascade involving C(sp³)–Br/C(sp²)–H 
functionalization, consecutive C–C bond for‑
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mations, and oxidative aromatization. Reac‑
tions were conducted in acetonitrile at ambi‑
ent temperature for 20 hours under nitrogen, 
using K₂HPO₄ (1 equiv.) as an additive and 
7.5 W blue LEDs as the light source. The pho‑
tocatalyst Ir(ppy)₃ was employed at a loading 
of 2 mol%. Target products 55 were obtained 
in isolated yields ranging from 51% to 89%. 

Fluorinated derivatives were accessed using 
trifluoromethyl-substituted α-bromo ketones 
53, resulting in final products 55 bearing ar‑
omatic CF₃ groups. These fluorinated motifs 
enhance molecular lipophilicity and metabol‑
ic stability, underscoring the relevance of this 
strategy for fluorine-rich scaffold development 
in medicinal chemistry.

Scheme 19. Synthesis of 2-sulfenylindoles.

Scheme 20. Preparation of fused benzo[e]isoindole-1,3,5-triones.
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Fan et al. (Scheme 21) [153] developed a 
visible-light-mediated approach for generating 
acyl radicals from oxime ester 57 via selective 
C–C bond activation. Upon irradiation with 
blue LEDs, a single-electron transfer (SET) oc‑
curs from fac-Ir(ppy)3 (1 mol%) to oxime 57, 
triggering rapid β-fragmentation to produce 
aliphatic acyl radicals. These intermediates 
are efficiently trapped by various Michael ac‑
ceptors 56, yielding fluorinated oxindoles 58 
in 34% to 94% yields. The reactions proceed 
in 1,2-dichloroethane (DCE) under an argon 
atmosphere over 4 hours. The presence of 
fluorine on the aromatic ring in the oxindole 
products underscores the value of this proto‑

col for the synthesis of fluorinated oxindoles, 
a scaffold of significant interest in medicinal 
chemistry [154].

The aza-Paternò–Büchi reaction is a [2+2]- 
cycloaddition between alkenes and imines that 
affords azetidines, four-membered nitrogen-
containing heterocycles. To expand the syn‑
thetic utility of this transformation, Wearing 
et al. (Scheme 22) [155] demonstrated that 
appropriate matching of frontier molecular 
orbital energies between alkenes 59 and acyc
lic oximes 60 enables a visible-light-driven 
aza-Paternò–Büchi reaction via triplet energy 
transfer (EnT) catalysis. Under irradiation at 
427 nm, the reaction proceeds in acetonitrile 
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for up to 24 hours, employing 1 mol% of Ir[d‑
F(CF₃)ppy]₂(dtbpy)]PF₆ as photocatalyst. The 
methodology affords azetidines 61 in yields of 
up to 80%. Notably, the presence of fluorine on 
the aromatic rings of both the starting alkenes 

59 and the azetidine products 61 highlights 
the relevance of this approach for constructing 
fluorinated nitrogen heterocycles, which are 
valuable in medicinal chemistry. 

Scheme 21. Synthesis of fluorinated oxindoles.

Scheme 22. Synthesis of fluorinated azetidines.
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reactions  proceed  in  1,2-dichloroethane  (DCE)  under  an  argon  atmosphere  over  4  hours.  The 
presence of fluorine on the aromatic ring in the oxindole products underscores the value of this 
protocol for the synthesis of fluorinated oxindoles, a scaffold of significant interest in medicinal 
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protocol for the synthesis of fluorinated oxindoles, a scaffold of significant interest in medicinal 
chemistry [154].

Scheme 21. Synthesis of fluorinated oxindoles.

The aza-Paternò–Büchi reaction is a [2+2]-cycloaddition between alkenes and imines that affords 
azetidines, four-membered nitrogen-containing heterocycles. To expand the synthetic utility of this 
transformation,  Wearing  et  al.  (Scheme  22)  [155]  demonstrated  that  appropriate  matching  of 
frontier molecular orbital energies between alkenes  59 and acyclic oximes  60 enables a visible-
light-driven  aza-Paternò–Büchi  reaction  via  triplet  energy  transfer  (EnT)  catalysis.  Under 
irradiation at 427 nm, the reaction proceeds in acetonitrile for up to 24 hours, employing 1 mol% of 
Ir[dF(CF₃)ppy]₂(dtbpy)]PF₆ as photocatalyst. The methodology affords azetidines 61 in yields of up 
to 80%. Notably, the presence of fluorine on the aromatic rings of both the starting alkenes 59 and 
the azetidine products  61 highlights  the  relevance of  this  approach for  constructing fluorinated 
nitrogen heterocycles, which are valuable in medicinal chemistry. 
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Yu  et  al.  (Scheme  23)  [156]  reported  a  visible-light-enabled  synthesis  of  tricyclic 
tetrahydrocarbazoles 64 via the reaction of indole-tethered alkenes 62 with arylsulfonyl chlorides 63 

as sulfonyl surrogates. The transformation proceeds through a sequence involving photoreductive 
activation of the sulfonyl chloride, followed by sulfonylation and intramolecular cyclization. Under 
irradiation with blue LEDs for 3 hours, the reaction employs fac-Ir(ppy)3 (1 mol%) as photocatalyst, 
Hünig’s base (4 equiv.) to scavenge HCl, and CH₂Cl₂ as the solvent. This mild and operationally 
simple protocol delivers diverse multi-substituted tetrahydrocarbazoles 64 in yields of up to 83%, 
and is amenable to gram-scale synthesis. The incorporation of fluorine substituents on the aromatic 
rings of both starting materials allows for systematic modulation of fluorine patterns in the resulting  
products, enabling structure–activity relationship studies relevant to medicinal chemistry. 
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ing photoreductive activation of the sulfonyl 
chloride, followed by sulfonylation and intra‑
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blue LEDs for 3 hours, the reaction employs 
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ple protocol delivers diverse multi-substitut‑
ed tetrahydrocarbazoles 64 in yields of up to 
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allows for systematic modulation of fluorine 
patterns in the resulting products, enabling 
structure–activity relationship studies relevant 
to medicinal chemistry. 
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Hou et al. (Scheme 24) [157] reported a visible-light-induced chlorotrifluoromethylative cyclization 
strategy  for  synthesizing  chlorotrifluoromethylated  cyclic  scaffolds.  The  method  leverages 
photogenerated trifluoromethyl radicals to initiate a cascade involving radical addition, cyclization, 
and  subsequent  chlorination.  Employing  terminal  alkene-derived  enynes  65 and 
trifluoromethanesulfonyl  chloride  66,  this  protocol  delivers  regio-  and stereoselective  access  to 
pyrrolidines and cyclopentanes 67 bearing trifluoromethyl group, with yields ranging from 70–75%. 
Reactions are performed in 1,2-dichloromethane (DCM) under an argon atmosphere at  ambient 
temperature, using K₂HPO₄ (5 equiv.) as an additive and Ru(bpy)3Cl₂ (5 mol%) as photocatalyst 
under  23  W fluorescent  lamp  irradiation.  The  resulting  trifluoromethylated  pyrrolidines  are  of 
significant  biomedical  interest  and  can  be  further  derivatized  via  the  embedded  vinylchloride 
functionality, enabling downstream molecular elaboration.

Scheme 24. Synthesis of trifluoromethyl-containing pyrrolidine and cyclopentane. 

Cardinale  et al. (Scheme 25) [158] reported a photocatalytic strategy for synthesizing 1,5-diaryl 
pyrazoles 70 via the reaction of arenediazonium salts 68 with cyclopropanols 69. Conducted under 
mild conditions in acetonitrile at room temperature, the transformation proceeds within 20 minutes 
under  blue  LED  irradiation  using  Ru(bpy)3Cl₂·6H₂O  (5  mol%)  as  photocatalyst.  The  protocol 
exhibits  broad  functional  group  tolerance,  excellent  regioselectivity,  and  delivers  the  desired 
pyrazoles  in  yields  of  up  to  90%.  Fluorinated  motifs  are  well  represented  in  both  starting 
arenediazoniums  68 and  the  resulting  heterocycles  70,  appearing  as  fluoro  (F),  trifluoromethyl 
(CF₃),  or  pentafluorosulfanyl  (SF₅)  substituents—underscoring the relevance of  this  method for 
constructing fluorinated pyrazole derivatives with potential medicinal applications.
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Hou et al. (Scheme 24) [157] reported a vi
sible-light-induced chlorotrifluoromethylative 
cyclization strategy for synthesizing chlorotri‑
fluoromethylated cyclic scaffolds. The method 
leverages photogenerated trifluoromethyl radi‑
cals to initiate a cascade involving radical addi‑
tion, cyclization, and subsequent chlorination. 
Employing terminal alkene-derived enynes 
65 and trifluoromethanesulfonyl chloride 66, 
this protocol delivers regio- and stereoselec‑
tive access to pyrrolidines and cyclopentanes 
67 bearing trifluoromethyl group, with yields 

ranging from 70–75%. Reactions are per‑
formed in 1,2-dichloromethane (DCM) under 
an argon atmosphere at ambient temperature, 
using K₂HPO₄ (5 equiv.) as an additive and 
Ru(bpy)3Cl₂ (5 mol%) as photocatalyst under 
23 W fluorescent lamp irradiation. The result‑
ing trifluoromethylated pyrrolidines are of sig‑
nificant biomedical interest and can be further 
derivatized via the embedded vinylchloride 
functionality, enabling downstream molecular 
elaboration.
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Scheme 24. Synthesis of trifluoromethyl-containing pyrrolidine and cyclopentane. 

Cardinale et al. (Scheme 25) [158] report‑
ed a photocatalytic strategy for synthesizing 
1,5-diaryl pyrazoles 70 via the reaction of 
arenediazonium salts 68 with cyclopropanols 
69. Conducted under mild conditions in ace‑
tonitrile at room temperature, the transfor‑
mation proceeds within 20 minutes under 
blue LED irradiation using Ru(bpy)3Cl₂·6H₂O 
(5 mol%) as photocatalyst. The protocol exhib‑
its broad functional group tolerance, excellent 
regioselectivity, and delivers the desired pyra‑
zoles in yields of up to 90%. Fluorinated motifs 
are well represented in both starting arenedi‑
azoniums 68 and the resulting heterocycles 70, 
appearing as fluoro (F), trifluoromethyl (CF₃), 
or pentafluorosulfanyl (SF₅) substituents—un‑

derscoring the relevance of this method for 
constructing fluorinated pyrazole derivatives 
with potential medicinal applications.

Bromodifluoroacetate, along with its amide 
and phosphorus analogs, is a highly versatile 
reagent in synthetic organic chemistry due 
to its ability to introduce the difluoromethyl 
(CF₂) moiety under mild conditions [159].  
Notably, its utility in the synthesis of tailor-
made α- [160-162] and β-amino acids [163-
165] is well documented. Under photochem‑
ical conditions, bromodifluoroacetate can also 
serve as a precursor to reactive intermediates 
via radical formation—a reactivity showcased 
in the examples that follow.
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Bromodifluoroacetate, along with its amide and phosphorus analogs, is a highly versatile reagent in 
synthetic organic chemistry due to its ability to introduce the difluoromethyl (CF₂) moiety under 
mild conditions [159]. Notably, its utility in the synthesis of tailor-made α- [160-162] and β-amino 
acids [163-165] is well documented. Under photochemical conditions, bromodifluoroacetate can 
also serve as a precursor to reactive intermediates via radical formation—a reactivity showcased in 
the examples that follow.
Mei et al. (Scheme 26) [166] described an efficient visible-light-promoted cascade reaction for the 
synthesis  of  tetracyclic  tetrahydrocarbazoles  73 from  alkene-tethered  indoles  71 and 
bromodifluoroacetate esters  72. The transformation involves the formation of two carbon–carbon 
bonds  and  one  carbon–nitrogen  bond,  proceeding  through  a  reactive  tetrahydrocarbazole 
intermediate via dual cyclization. Conducted under mild conditions, the protocol accommodates a 
broad substrate scope and affords the desired products in yields of up to 84%. Its synthetic utility  
was further highlighted through successful gram-scale synthesis and post-reaction reduction of the 
tetracyclic  framework.  The  typical  reaction  is  carried  out  in  dimethylformamide  (DMF)  with 
N,N,N',N'-tetramethylethylenediamine  (TMEDA)  as  an  additive,  employing  fac-Ir(ppy)3 as  the 
photocatalyst under blue LED irradiation. In addition to the difluoromethylene unit introduced by 
bromodifluoroacetate esters  72, the products  73 also feature aromatic fluorination on the benzene 
ring, enabling tunable fluorine content with relevance to medicinal and biological applications.

Scheme 26. Synthesis of fluorinated tetracyclic tetrahydrocarbazoles. 

Mei et al. (Scheme 27) [167] designed a series of indole-derived alkenes 74 and applied them in a 
photocatalytic cascade reaction with bromodifluoroacetate esters 72, resulting in the formation of a 
previously unreported class of tetracyclic tetrahydro-γ-carboline derivatives  75 in yields of up to 
90%. Mechanistic studies indicate that the transformation proceeds via a key tetrahydro-γ-carboline 
intermediate formed through sequential cyclization. The reaction exhibits broad substrate tolerance, 
offering  an  efficient  and  modular  approach  to  constructing  tetracyclic  tetrahydro-γ-carboline 
frameworks.  In  addition  to  the  difluoromethylene  unit  introduced  by  the  bromodifluoroacetate 
esters, the products also incorporate aromatic fluorine substituents on the benzene ring, enabling the 
fine-tuning of fluorine content for applications in medicinal and biological contexts. The reaction is 
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Mei et al. (Scheme 26) [166] described an 
efficient visible-light-promoted cascade reac‑
tion for the synthesis of tetracyclic tetrahydro‑
carbazoles 73 from alkene-tethered indoles 71 
and bromodifluoroacetate esters 72. The trans‑
formation involves the formation of two car‑
bon–carbon bonds and one carbon–nitrogen 
bond, proceeding through a reactive tetrahy‑
drocarbazole intermediate via dual cyclization. 
Conducted under mild conditions, the proto‑
col accommodates a broad substrate scope and 
affords the desired products in yields of up to 
84%. Its synthetic utility was further highlight‑

ed through successful gram-scale synthesis 
and post-reaction reduction of the tetracyclic 
framework. The typical reaction is carried out 
in dimethylformamide (DMF) with N,N,N’,N’-
tetramethylethylenediamine (TMEDA) as an 
additive, employing fac-Ir(ppy)3 as the photo‑
catalyst under blue LED irradiation. In addi‑
tion to the difluoromethylene unit introduced 
by bromodifluoroacetate esters 72, the prod‑
ucts 73 also feature aromatic fluorination on 
the benzene ring, enabling tunable fluorine 
content with relevance to medicinal and bio‑
logical applications.
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Mei et al. (Scheme 27) [167] designed a se‑
ries of indole-derived alkenes 74 and applied 
them in a photocatalytic cascade reaction 
with bromodifluoroacetate esters 72, result‑
ing in the formation of a previously unreport‑
ed class of tetracyclic tetrahydro-γ-carboline 
derivatives 75 in yields of up to 90%. Mecha‑

nistic studies indicate that the transformation 
proceeds via a key tetrahydro-γ-carboline in‑
termediate formed through sequential cycli‑
zation. The reaction exhibits broad substrate 
tolerance, offering an efficient and modular 
approach to constructing tetracyclic tetrahy‑
dro-γ-carboline frameworks. In addition to 
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the difluoromethylene unit introduced by the 
bromodifluoroacetate esters, the products also 
incorporate aromatic fluorine substituents on 
the benzene ring, enabling the fine-tuning of 
fluorine content for applications in medicinal 
and biological contexts. The reaction is typical‑

ly performed in dioxane with TMEDA as base, 
under a nitrogen atmosphere at room temper‑
ature for two hours. Photocatalysis is facilitated 
by fac-Ir(ppy)3 under irradiation from a 4.5 W 
blue LED source.

Scheme 27. Synthesis of fluorinated tetrahydro-γ-carbolines.

typically  performed  in  dioxane  with  TMEDA as  base,  under  a  nitrogen  atmosphere  at  room 
temperature for two hours. Photocatalysis is facilitated by fac-Ir(ppy)3 under irradiation from a 4.5 
W blue LED source.

Scheme 27. Synthesis of fluorinated tetrahydro-γ-carbolines.

Zhou  et  al.  (Scheme  28)  [168]  reported  a  visible-light-mediated  difluoroalkylation  of  1-
(allyloxy)-2-(1-arylvinyl)benzenes  and  1-(1-arylvinyl)-2-(vinyloxy)benzenes  76 using 
bromodifluoroacetate esters 72 to access bis-difluoroalkylated benzoxepines and 2H-chromenes 77 

in yields of up to 73%. The transformation proceeds under mild conditions, exhibiting excellent 
regioselectivity,  broad substrate  scope,  good  functional-group  tolerance,  and  compatibility  with 
late-stage functionalization. Mechanistic studies suggest that the CF₂CO₂Et radical preferentially 
adds to the aryl-adjacent double bond. Reactions are conducted at room temperature in acetonitrile 
under  an  argon  atmosphere,  employing  NaOAc (2  equiv.)  to  neutralize  the  liberated  hydrogen 
bromide.  Photocatalysis  is  facilitated  by  fac-Ir(ppy)3 under  irradiation  from a  12  W blue  LED 
source.

Scheme 28. Preparation of bis-difluoroalkylated benzoxepines and2H-chromenes.

Lian et al. (Scheme 29) [169] reported a photoredox-catalyzed cascade reaction for the synthesis of 
fluorinated  pyrrolo[1,2-d]benzodiazepine  derivatives  79 under  mild  conditions.  The  process  is 
initiated  by  single-electron  transfer  (SET)  from  the  excited-state  photocatalyst  fac-Ir(ppy)3 (2 
mol%)  to  ethyl  bromodifluoroacetate  72,  generating  a  reactive  radical  species  that  undergoes 
regioselective addition to a diverse array of 2-(1H-pyrrol-1-yl)anilines 78. A subsequent SET event 
triggers intramolecular amidation, forming the desired tetracyclic scaffold. Reactions are conducted 
in dichloromethane at room temperature under an argon atmosphere, with triethylamine as base, and 
irradiated  using  a  23  W  compact  fluorescent  lamp  (CFL)  over  30  hours.  In  addition  to  the 
difluoromethylene moiety introduced by reagent  72, the final products feature additional fluorine 
substitution, either as monofluoro or trifluoromethyl (CF₃) groups—enhancing their relevance for 
medicinal and structural exploration.
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Zhou et al. (Scheme 28) [168] report‑
ed a visible-light-mediated difluoroalkyla‑
tion of 1-(allyloxy)-2-(1-arylvinyl)benzenes 
and 1-(1-arylvinyl)-2-(vinyloxy)benzenes 76 
using bromodifluoroacetate esters 72 to ac‑
cess bis-difluoroalkylated benzoxepines and 
2H-chromenes 77 in yields of up to 73%. The 
transformation proceeds under mild condi
tions, exhibiting excellent regioselectivity, 
broad substrate scope, good functional-group 

tolerance, and compatibility with late-stage 
functionalization. Mechanistic studies suggest 
that the CF₂CO₂Et radical preferentially adds 
to the aryl-adjacent double bond. Reactions 
are conducted at room temperature in acetoni‑
trile under an argon atmosphere, employing 
NaOAc (2 equiv.) to neutralize the liberated 
hydrogen bromide. Photocatalysis is facilitated 
by fac-Ir(ppy)3 under irradiation from a 12 W 
blue LED source.

Scheme 28. Preparation of bis-difluoroalkylated benzoxepines and2H-chromenes.

Lian et al. (Scheme 29) [169] reported a 
photoredox-catalyzed cascade reaction for the 
synthesis of fluorinated pyrrolo[1,2-d]benzo‑
diazepine derivatives 79 under mild condi‑
tions. The process is initiated by single-elec‑
tron transfer (SET) from the excited-state 

photocatalyst fac-Ir(ppy)3 (2 mol%) to ethyl 
bromodifluoroacetate 72, generating a reactive 
radical species that undergoes regioselective 
addition to a diverse array of 2-(1H-pyrrol-1-
yl)anilines 78. A subsequent SET event triggers 
intramolecular amidation, forming the desired 
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tetracyclic scaffold. Reactions are conducted in 
dichloromethane at room temperature under 
an argon atmosphere, with triethylamine as 
base, and irradiated using a 23 W compact flu‑
orescent lamp (CFL) over 30 hours. In addition 
to the difluoromethylene moiety introduced by 

reagent 72, the final products feature addition‑
al fluorine substitution, either as monofluoro 
or trifluoromethyl (CF₃) groups—enhancing 
their relevance for medicinal and structural 
exploration.

Scheme 29. Preparation of fluorinated pyrrolo[1,2-d]benzodiazepine. 

Scheme 29. Preparation of fluorinated pyrrolo[1,2-d]benzodiazepine. 

Hydroxanthones  have  garnered  significant  attention  for  their  roles  in  organic  synthesis  and 
medicinal  chemistry,  yet  efficient  methods  for  their  construction  remain  limited.  Wang  et  al. 
(Scheme 30) [170] reported a photoredox-enabled synthesis of tetrahydroxanthone derivatives  82 

via  radical  cyclization  of  chromone-tethered  alkenes  80 and  bromodifluoroacetamide  or 
bromodifluoroacetate  reagents  81.  The  transformation  proceeds  under  visible-light  irradiation 
through the generation of either difluoroacetate radicals or alkene radical cations, facilitated by fac-
Ir(ppy)3 or  [Ru(bpy)3](PF₆)₂  as  photocatalysts.  Conducted  in  tetrahydrofuran  (THF)  at  room 
temperature under an argon atmosphere, the reaction employs K₃PO₄ as base and a 4.5 W blue LED 
light source. This protocol provides access to functionalized tetrahydroxanthones in yields of up to 
85%, showcasing broad substrate scope and synthetic utility. Beyond enabling efficient construction 
from readily available building blocks, this strategy enriches the chemistry of heteroarene-tethered 
alkenes and expands the toolkit for designing fluorinated polycyclic scaffolds.

Scheme 30. Synthesis of fluorinated tetrahydroxanthones. 

Stefanoni and Wilhelm (Scheme 31) [171] reported a mild, scalable, and highly chemoselective 
photocatalytic  method  for  the  direct  functionalization  of  indolizines  83 using  N-
[(trifluoromethyl)thio]saccharin  84 as  a  trifluoromethylthiolation reagent.  The reaction proceeds 
smoothly in acetone at room temperature under an argon atmosphere, employing [Ru(bpy)3](PF₆)₂ 
as  the  photocatalyst  and  3  W blue  LEDs  (455  nm)  for  3  hours.  The  protocol  exhibits  broad 
functional-group tolerance and affords the SCF₃-substituted products 85 in yields of approximately 
70%.  Incorporation  of  the  trifluoromethylthio  (SCF₃)  group  is  particularly  valuable  in  drug 
development,  as  it  enhances  the  metabolic  stability  and  membrane  permeability  of  bioactive 
compounds. 

Scheme 31. Synthesis of (trifluoromethyl)thio-modified indolizines. 
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Hydroxanthones have garnered significant 
attention for their roles in organic synthesis 
and medicinal chemistry, yet efficient methods 
for their construction remain limited. Wang 
et al. (Scheme 30) [170] reported a photore‑
dox-enabled synthesis of tetrahydroxanthone 
derivatives 82 via radical cyclization of chro‑
mone-tethered alkenes 80 and bromodifluo‑
roacetamide or bromodifluoroacetate reagents 
81. The transformation proceeds under visi‑
ble-light irradiation through the generation 
of either difluoroacetate radicals or alkene 
radical cations, facilitated by fac-Ir(ppy)3 or 

[Ru(bpy)3](PF₆)₂ as photocatalysts. Conducted 
in tetrahydrofuran (THF) at room tempera‑
ture under an argon atmosphere, the reaction 
employs K₃PO₄ as base and a 4.5 W blue LED 
light source. This protocol provides access to 
functionalized tetrahydroxanthones in yields 
of up to 85%, showcasing broad substrate scope 
and synthetic utility. Beyond enabling efficient 
construction from readily available building 
blocks, this strategy enriches the chemistry 
of heteroarene-tethered alkenes and expands 
the toolkit for designing fluorinated polycyclic 
scaffolds.

Scheme 30. Synthesis of fluorinated tetrahydroxanthones. 

Stefanoni and Wilhelm (Scheme 31) [171] 
reported a mild, scalable, and highly chemo

selective photocatalytic method for the di‑
rect functionalization of indolizines 83 using 
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N-[(trifluoromethyl)thio]saccharin 84 as a tri‑
fluoromethylthiolation reagent. The reaction 
proceeds smoothly in acetone at room temper‑
ature under an argon atmosphere, employing 
[Ru(bpy)3](PF₆)₂ as the photocatalyst and 3 W 
blue LEDs (455 nm) for 3 hours. The proto‑
col exhibits broad functional-group tolerance 

and affords the SCF₃-substituted products 85 
in yields of approximately 70%. Incorpora‑
tion of the trifluoromethylthio (SCF₃) group is 
particularly valuable in drug development, as 
it enhances the metabolic stability and mem‑
brane permeability of bioactive compounds. 

Scheme 29. Preparation of fluorinated pyrrolo[1,2-d]benzodiazepine. 
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medicinal  chemistry,  yet  efficient  methods  for  their  construction  remain  limited.  Wang  et  al. 
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Fluorine-containing benzoimidazoles and 
quinazolines [172, 173] exhibit a wide range 
of properties valuable to medicinal chemistry 
and molecular design. In a notable contribu‑
tion, Jiang et al. [174] (Scheme 32) reported a 
visible-light photoredox-catalyzed radical cas‑
cade cyclization involving 2-phenyl-1H-ben‑
zo[d]imidazole-1-carbonitriles 86 and simple 
ethers. This strategy enables sequential inert 
C(sp³)-H and C(sp²)-H functionalizations, 
initiated by the intermolecular addition of ox‑
yalkyl radicals to N-cyano groups. The process 
proceeds via in situ generation and intramolec‑

ular cyclization of iminyl radicals, incorporat‑
ing C-2 aryl substituents. The transformation 
affords tetracyclic benzo[4,5]imidazo[1,2-c]
quinazolines 87 in 65–86% yield under am‑
bient conditions. Key reaction parameters in‑
clude 2 equivalents of di-tert-butyl peroxide 
(DTBP) and irradiation with 25 W blue LEDs 
for 14 hours, using Ir[dFppy]2(dtbbpy)]PF₆ 
(1 mol%) as the photoredox catalyst. Fluorina‑
tion is represented by the presence of aromatic 
fluorine atoms and trifluoromethyl groups, en‑
hancing the structural diversity and potential 
bioactivity of the products.

Scheme 32. Synthesis of benzo[4,5]imidazo[1,2-c]quinazolines. 

Fluorine-containing benzoimidazoles and quinazolines [172, 173] exhibit a wide range of properties 
valuable to medicinal chemistry and molecular design. In a notable contribution, Jiang et al. [174] 
(Scheme 32) reported a visible-light photoredox-catalyzed radical cascade cyclization involving 2-
phenyl-1H-benzo[d]imidazole-1-carbonitriles 86 and simple ethers. This strategy enables sequential 
inert C(sp³)-H and C(sp²)-H functionalizations, initiated by the intermolecular addition of oxyalkyl 
radicals  to  N-cyano  groups.  The  process  proceeds  via  in  situ  generation  and  intramolecular 
cyclization  of  iminyl  radicals,  incorporating  C-2  aryl  substituents.  The  transformation  affords 
tetracyclic  benzo[4,5]imidazo[1,2-c]quinazolines  87 in  65–86% yield  under  ambient  conditions. 
Key reaction parameters include 2 equivalents of di-tert-butyl peroxide (DTBP) and irradiation with 
25 W blue LEDs for 14 hours, using Ir[dFppy]2(dtbbpy)]PF₆ (1 mol%) as the photoredox catalyst. 
Fluorination is represented by the presence of aromatic fluorine atoms and trifluoromethyl groups, 
enhancing the structural diversity and potential bioactivity of the products.

Scheme 32. Synthesis of benzo[4,5]imidazo[1,2-c]quinazolines. 

Zhang  et  al.  (Scheme  33)  [175]  reported  a  visible-light-induced  ring-opening  C(sp³)–C  bond 
coupling between quinoxalin-2(1H)-ones 88 and cyclobutanone oxime esters to access cyanoalkyl-
substituted quinoxalin-2(1H)-ones  89.  The transformation proceeds under sunlight  or  blue LED 
irradiation at  room temperature,  without  requiring additional  additives,  and delivers  a  range of 
functionalized  alkylnitrile  derivatives  in  moderate  to  excellent  yields.  The  reaction  protocol  is 
operationally  simple,  displays  broad  functional-group  tolerance,  and  is  amenable  to  scale-up. 
Mechanistic investigations revealed the involvement of a cyanoalkyl radical intermediate in the key 
bond-forming  step.  Reactions  are  conducted  in  dichloromethane  under  an  argon  atmosphere, 
employing  fac-Ir(ppy)3 as the photocatalyst and 6 W blue LEDs as the light source. Fluorinated 
products 89, featuring aromatic fluorine atoms on the benzene ring, were obtained in isolated yields 
ranging from 30% to 67%.

Scheme 33. Synthesis of cyanoalkyl-substituted quinoxalin-2(1H)-ones.

Mao  et  al.  (Scheme 34) [176] developed an efficient  and straightforward visible-light-mediated 
tandem difluoromethylation–cyclization of alkenyl aldehydes  90 using the air-stable and readily 
accessible reagent [Ph₃PCF₂H]⁺Br⁻ as a source of the CF₂H group. This transformation enables the 
synthesis  of  CF₂H-functionalized  chroman-4-one  scaffolds  and  related  heterocycles—including 
chromen-4-ones,  quinolin-4(1H)-ones,  and  thiochromen-4-ones  91—with  moderate  to  excellent 
yields (30–90%) and outstanding chemoselectivity under mild conditions. The reaction is typically 
performed in DMSO at ambient temperature, employing 2,6-lutidine to scavenge the liberated HBr. 

Zhang et al. (Scheme 33) [175] reported a 
visible-light-induced ring-opening C(sp³)–C 

bond coupling between quinoxalin-2(1H)-ones 
88 and cyclobutanone oxime esters to access 
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cyanoalkyl-substituted quinoxalin-2(1H)-ones 
89. The transformation proceeds under sun‑
light or blue LED irradiation at room temper‑
ature, without requiring additional additives, 
and delivers a range of functionalized alkylni‑
trile derivatives in moderate to excellent yields. 
The reaction protocol is operationally simple, 
displays broad functional-group tolerance, and 
is amenable to scale-up. Mechanistic investiga‑

tions revealed the involvement of a cyanoalkyl 
radical intermediate in the key bond-form‑
ing step. Reactions are conducted in dichlo‑
romethane under an argon atmosphere, em‑
ploying fac-Ir(ppy)3 as the photocatalyst and 
6 W blue LEDs as the light source. Fluorinated 
products 89, featuring aromatic fluorine atoms 
on the benzene ring, were obtained in isolated 
yields ranging from 30% to 67%.

Fluorine-containing benzoimidazoles and quinazolines [172, 173] exhibit a wide range of properties 
valuable to medicinal chemistry and molecular design. In a notable contribution, Jiang et al. [174] 
(Scheme 32) reported a visible-light photoredox-catalyzed radical cascade cyclization involving 2-
phenyl-1H-benzo[d]imidazole-1-carbonitriles 86 and simple ethers. This strategy enables sequential 
inert C(sp³)-H and C(sp²)-H functionalizations, initiated by the intermolecular addition of oxyalkyl 
radicals  to  N-cyano  groups.  The  process  proceeds  via  in  situ  generation  and  intramolecular 
cyclization  of  iminyl  radicals,  incorporating  C-2  aryl  substituents.  The  transformation  affords 
tetracyclic  benzo[4,5]imidazo[1,2-c]quinazolines  87 in  65–86% yield  under  ambient  conditions. 
Key reaction parameters include 2 equivalents of di-tert-butyl peroxide (DTBP) and irradiation with 
25 W blue LEDs for 14 hours, using Ir[dFppy]2(dtbbpy)]PF₆ (1 mol%) as the photoredox catalyst. 
Fluorination is represented by the presence of aromatic fluorine atoms and trifluoromethyl groups, 
enhancing the structural diversity and potential bioactivity of the products.

Scheme 32. Synthesis of benzo[4,5]imidazo[1,2-c]quinazolines. 

Zhang  et  al.  (Scheme  33)  [175]  reported  a  visible-light-induced  ring-opening  C(sp³)–C  bond 
coupling between quinoxalin-2(1H)-ones 88 and cyclobutanone oxime esters to access cyanoalkyl-
substituted quinoxalin-2(1H)-ones  89.  The transformation proceeds under sunlight  or  blue LED 
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bond-forming  step.  Reactions  are  conducted  in  dichloromethane  under  an  argon  atmosphere, 
employing  fac-Ir(ppy)3 as the photocatalyst and 6 W blue LEDs as the light source. Fluorinated 
products 89, featuring aromatic fluorine atoms on the benzene ring, were obtained in isolated yields 
ranging from 30% to 67%.
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Mao  et  al.  (Scheme 34) [176] developed an efficient  and straightforward visible-light-mediated 
tandem difluoromethylation–cyclization of alkenyl aldehydes  90 using the air-stable and readily 
accessible reagent [Ph₃PCF₂H]⁺Br⁻ as a source of the CF₂H group. This transformation enables the 
synthesis  of  CF₂H-functionalized  chroman-4-one  scaffolds  and  related  heterocycles—including 
chromen-4-ones,  quinolin-4(1H)-ones,  and  thiochromen-4-ones  91—with  moderate  to  excellent 
yields (30–90%) and outstanding chemoselectivity under mild conditions. The reaction is typically 
performed in DMSO at ambient temperature, employing 2,6-lutidine to scavenge the liberated HBr. 

Scheme 33. Synthesis of cyanoalkyl-substituted quinoxalin-2(1H)-ones.

Mao et al. (Scheme 34) [176] developed an ef‑
ficient and straightforward visible-light-medi‑
ated tandem difluoromethylation–cyclization 
of alkenyl aldehydes 90 using the air-stable and 
readily accessible reagent [Ph₃PCF₂H]⁺Br⁻ as a 
source of the CF₂H group. This transformation 
enables the synthesis of CF₂H-functionalized 
chroman-4-one scaffolds and related heter‑
ocycles—including chromen-4-ones, quino‑
lin-4(1H)-ones, and thiochromen-4-ones 91—
with moderate to excellent yields (30–90%) 
and outstanding chemoselectivity under mild 
conditions. The reaction is typically performed 

in DMSO at ambient temperature, employ‑
ing 2,6-lutidine to scavenge the liberated HBr. 
Photochemical activation is achieved using 
fac-Ir(ppy)3 (2 mol%) under blue LED irradi‑
ation for 24 hours. In addition to introducing 
an aliphatic difluoromethyl group, the result‑
ing heterocyclic products 91 frequently incor‑
porate aromatic fluorination on the benzene 
ring. This dual fluorine pattern facilitates the 
generation of compound libraries with diverse 
fluorine substitution profiles—highly relevant 
for molecular design and medicinal chemistry 
applications.

Photochemical activation is achieved using fac-Ir(ppy)3 (2 mol%) under blue LED irradiation for 24 
hours.  In  addition  to  introducing  an  aliphatic  difluoromethyl  group,  the  resulting  heterocyclic 
products  91 frequently incorporate aromatic fluorination on the benzene ring. This dual fluorine 
pattern facilitates the generation of compound libraries with diverse fluorine substitution profiles—
highly relevant for molecular design and medicinal chemistry applications.

Scheme  34.  Synthesis  of  difluoromethyl-substituted  chromen-4-ones,  quinolin-4(1H)-ones  and 
thiochromen-4-ones. 

Meng et al. (Scheme 35) [177] reported a visible-light-induced fluoroalkylation–cycloisomerization 
cascade involving ene-substrates  92 and either ethyl iododifluoroacetate or perfluoroalkyl iodides 
93.  This  transformation  affords  fluorinated  pyrrolidine  derivatives  94 in  moderate  to  excellent 
yields  (23–93%) under  mild  conditions,  while  demonstrating  broad functional  group tolerance. 
Mechanistic  studies  suggest  a  radical  chain pathway,  initiated under  visible-light  irradiation,  as 
central to the formation of the heterocyclic scaffolds. Reactions are typically conducted in dioxane 
under an argon atmosphere at room temperature, using fac-Ir(ppy)3 (5 mol%) as the photocatalyst 
and 30 W blue LEDs as the irradiation source over 12 hours. In addition to the incorporation of  
aliphatic fluoroacetic or perfluoroalkyl chains, the products also feature aromatic fluorination on the 
benzene ring, resulting in a dual fluorine motif.  This structural versatility enables the design of 
compound  libraries  with  varied  fluorine  substitution  patterns—highly  relevant  for  medicinal 
chemistry  and  molecular  property  tuning.  Beyond  their  bioactive  potential,  chiral  pyrrolidine 
frameworks  are  recognized  as  privileged  scaffolds  in  asymmetric  synthesis  [178–180],  further 
underscoring the synthetic utility of this methodology. 

Scheme 35. Synthesis of fluorinated pyrrolidines. 

Liang  et  al.  (Scheme  36)  [181]  reported  a  visible-light-driven,  photoredox-catalyzed  radical 
cyclization between isocyanides  92 and thiols  93, furnishing 2-thioquinoline derivatives  94 in an 
efficient and regioselective manner from readily available starting materials. Mechanistic studies 
suggest that the reaction may proceed via the in situ generation of either a sulfide radical cation or 
an  α-thioalkyl  radical,  which  undergoes  addition  to  the  isocyanide  moiety,  followed  by 
intramolecular  cyclization  and/or  intermolecular  nucleophilic  substitution  to  form the  quinoline 
core.  Reactions  are  performed  in  tetrahydrofuran  (THF)  with  2  equivalents  of  1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as base, under ambient conditions. Photochemical activation 

Scheme 34. Synthesis of difluoromethyl-substituted chromen-4-ones, quinolin-4(1H)-ones 
and thiochromen-4-ones. 
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Meng et al. (Scheme 35) [177] reported a 
visible-light-induced fluoroalkylation–cyclo
isomerization cascade involving ene-sub‑
strates 92 and either ethyl iododifluoroacetate 
or perfluoroalkyl iodides 93. This transforma‑
tion affords fluorinated pyrrolidine derivatives 
94 in moderate to excellent yields (23–93%) 
under mild conditions, while demonstrating 
broad functional group tolerance. Mechanistic 
studies suggest a radical chain pathway, initi‑
ated under visible-light irradiation, as central 
to the formation of the heterocyclic scaffolds. 
Reactions are typically conducted in dioxane 
under an argon atmosphere at room tempera‑
ture, using fac-Ir(ppy)3 (5 mol%) as the photo‑

catalyst and 30 W blue LEDs as the irradiation 
source over 12 hours. In addition to the incor‑
poration of aliphatic fluoroacetic or perfluoro‑
alkyl chains, the products also feature aromatic 
fluorination on the benzene ring, resulting in a 
dual fluorine motif. This structural versatility 
enables the design of compound libraries with 
varied fluorine substitution patterns—highly 
relevant for medicinal chemistry and molec‑
ular property tuning. Beyond their bioactive 
potential, chiral pyrrolidine frameworks are 
recognized as privileged scaffolds in asymmet‑
ric synthesis [178–180], further underscoring 
the synthetic utility of this methodology. 

Photochemical activation is achieved using fac-Ir(ppy)3 (2 mol%) under blue LED irradiation for 24 
hours.  In  addition  to  introducing  an  aliphatic  difluoromethyl  group,  the  resulting  heterocyclic 
products  91 frequently incorporate aromatic fluorination on the benzene ring. This dual fluorine 
pattern facilitates the generation of compound libraries with diverse fluorine substitution profiles—
highly relevant for molecular design and medicinal chemistry applications.

Scheme  34.  Synthesis  of  difluoromethyl-substituted  chromen-4-ones,  quinolin-4(1H)-ones  and 
thiochromen-4-ones. 

Meng et al. (Scheme 35) [177] reported a visible-light-induced fluoroalkylation–cycloisomerization 
cascade involving ene-substrates  92 and either ethyl iododifluoroacetate or perfluoroalkyl iodides 
93.  This  transformation  affords  fluorinated  pyrrolidine  derivatives  94 in  moderate  to  excellent 
yields  (23–93%) under  mild  conditions,  while  demonstrating  broad functional  group tolerance. 
Mechanistic  studies  suggest  a  radical  chain pathway,  initiated under  visible-light  irradiation,  as 
central to the formation of the heterocyclic scaffolds. Reactions are typically conducted in dioxane 
under an argon atmosphere at room temperature, using fac-Ir(ppy)3 (5 mol%) as the photocatalyst 
and 30 W blue LEDs as the irradiation source over 12 hours. In addition to the incorporation of  
aliphatic fluoroacetic or perfluoroalkyl chains, the products also feature aromatic fluorination on the 
benzene ring, resulting in a dual fluorine motif.  This structural versatility enables the design of 
compound  libraries  with  varied  fluorine  substitution  patterns—highly  relevant  for  medicinal 
chemistry  and  molecular  property  tuning.  Beyond  their  bioactive  potential,  chiral  pyrrolidine 
frameworks  are  recognized  as  privileged  scaffolds  in  asymmetric  synthesis  [178–180],  further 
underscoring the synthetic utility of this methodology. 
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Liang  et  al.  (Scheme  36)  [181]  reported  a  visible-light-driven,  photoredox-catalyzed  radical 
cyclization between isocyanides  92 and thiols  93, furnishing 2-thioquinoline derivatives  94 in an 
efficient and regioselective manner from readily available starting materials. Mechanistic studies 
suggest that the reaction may proceed via the in situ generation of either a sulfide radical cation or 
an  α-thioalkyl  radical,  which  undergoes  addition  to  the  isocyanide  moiety,  followed  by 
intramolecular  cyclization  and/or  intermolecular  nucleophilic  substitution  to  form the  quinoline 
core.  Reactions  are  performed  in  tetrahydrofuran  (THF)  with  2  equivalents  of  1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as base, under ambient conditions. Photochemical activation 

Scheme 35. Synthesis of fluorinated pyrrolidines. 

Liang et al. (Scheme 36) [181] reported 
a visible-light-driven, photoredox-catalyzed 
radical cyclization between isocyanides 92 and 
thiols 93, furnishing 2-thioquinoline deriva‑
tives 94 in an efficient and regioselective man‑
ner from readily available starting materials. 
Mechanistic studies suggest that the reaction 
may proceed via the in situ generation of either 
a sulfide radical cation or an α-thioalkyl ra
dical, which undergoes addition to the isocya‑
nide moiety, followed by intramolecular cycli‑
zation and/or intermolecular nucleophilic sub‑
stitution to form the quinoline core. Reactions 
are performed in tetrahydrofuran (THF) with 

2 equivalents of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) as base, under ambient condi‑
tions. Photochemical activation is achieved 
using Ru(bpy)3(PF₆)2 (5 mol%) as the photo‑
catalyst and blue LED irradiation, with reac‑
tion times ranging from 16 to 32 hours. The 
methodology delivers 2-thioquinoline prod‑
ucts 94 in yields of 42–97%, depending on sub‑
strate variation. Notably, both the isocyanide 
precursors and the final products feature mo‑
no-fluorine substitution on the benzene ring, 
contributing to the structural diversity and po‑
tential utility of this protocol in fluorine-rich 
heterocyclic library construction.
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Scheme 36. Synthesis of 2-thioquinolines. 

is  achieved using Ru(bpy)3(PF₆)2 (5 mol%) as the photocatalyst and blue LED irradiation, with 
reaction times ranging from 16 to 32 hours. The methodology delivers 2-thioquinoline products 94 

in yields of 42–97%, depending on substrate variation. Notably, both the isocyanide precursors and 
the  final  products  feature  mono-fluorine  substitution  on  the  benzene  ring,  contributing  to  the 
structural  diversity  and  potential  utility  of  this  protocol  in  fluorine-rich  heterocyclic  library 
construction.

Scheme 36. Synthesis of 2-thioquinolines. 

Liu  et al.  (Scheme 37) [182] disclosed a visible-light-promoted strategy for the synthesis of α-
trifluoromethylamines  97 and  N-trifluoroethylamine  derivatives  98 via  C,N-selective 
heteroarylation of N-trifluoroethyl hydroxylamine reagents 96 with quinoxalin-2(1H)-ones 95 under 
ambient  conditions.  The  reaction’s  chemoselectivity—favoring  either  trifluoroalkylation  or  N-
trifluoroethylamination—is  readily  modulated  by  the  structural  design  of  the  hydroxylamine 
substrate. In particular, the protecting group on the nitrogen atom plays a pivotal role by governing 
the 1,2-hydrogen shift of the in situ-generated N-trifluoroethyl radical. This methodology features 
mild  reaction  conditions,  operational  simplicity,  high  selectivity,  and  broad  functional  group 
tolerance. More importantly, the resulting trifluoroalkylated products can be efficiently elaborated 
into diverse  analogs with promising applications  in  pharmaceutical  development.  Reactions are 
conducted in acetonitrile with K₃PO₄ as additive, using fac-Ir(ppy)3 (2 mol%) as the photocatalyst 
under 24 W purple LED irradiation for 36 hours. Products 97 and 98 are isolated in yields of up to 
97%. Beyond the incorporation of an aliphatic trifluoromethyl group, the synthesized heterocyclic 
amine derivatives also display aromatic fluorination, enabling access to compound libraries with 
varied  fluorine  substitution  patterns—a feature  of  high  relevance  for  medicinal  chemistry  and 
biological profiling.

Scheme 37. Synthesis of fluorinated quinoxalin-2(1H)-ones. 

It is worth noting that the α-trifluoromethyl amino compounds discussed above can be conveniently 
accessed from corresponding aldehydes and ketones via a biomimetic transamination pathway [183-
185],  commonly  referred  to  as  a  [1,3]-proton  shift  reaction  [186-188].  Specifically,  2,2,2-
trifluoroethylamine, employed in reagent 96, can be synthesized through a double [1,3]-proton shift 

is  achieved using Ru(bpy)3(PF₆)2 (5 mol%) as the photocatalyst and blue LED irradiation, with 
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in yields of 42–97%, depending on substrate variation. Notably, both the isocyanide precursors and 
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heteroarylation of N-trifluoroethyl hydroxylamine reagents 96 with quinoxalin-2(1H)-ones 95 under 
ambient  conditions.  The  reaction’s  chemoselectivity—favoring  either  trifluoroalkylation  or  N-
trifluoroethylamination—is  readily  modulated  by  the  structural  design  of  the  hydroxylamine 
substrate. In particular, the protecting group on the nitrogen atom plays a pivotal role by governing 
the 1,2-hydrogen shift of the in situ-generated N-trifluoroethyl radical. This methodology features 
mild  reaction  conditions,  operational  simplicity,  high  selectivity,  and  broad  functional  group 
tolerance. More importantly, the resulting trifluoroalkylated products can be efficiently elaborated 
into diverse  analogs with promising applications  in  pharmaceutical  development.  Reactions are 
conducted in acetonitrile with K₃PO₄ as additive, using fac-Ir(ppy)3 (2 mol%) as the photocatalyst 
under 24 W purple LED irradiation for 36 hours. Products 97 and 98 are isolated in yields of up to 
97%. Beyond the incorporation of an aliphatic trifluoromethyl group, the synthesized heterocyclic 
amine derivatives also display aromatic fluorination, enabling access to compound libraries with 
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Liu et al. (Scheme 37) [182] disclosed a vi
sible-light-promoted strategy for the synthesis 
of α-trifluoromethylamines 97 and N-trifluo‑
roethylamine derivatives 98 via C,N-selective 
heteroarylation of N-trifluoroethyl hydroxy‑
lamine reagents 96 with quinoxalin-2(1H)-ones 
95 under ambient conditions. The reaction’s 
chemoselectivity—favoring either trifluoro‑
alkylation or N-trifluoroethylamination—is 
readily modulated by the structural design of 
the hydroxylamine substrate. In particular, the 
protecting group on the nitrogen atom plays 
a pivotal role by governing the 1,2-hydrogen 
shift of the in situ-generated N-trifluoroethyl 
radical. This methodology features mild reac‑
tion conditions, operational simplicity, high 
selectivity, and broad functional group tole

rance. More importantly, the resulting trifluo‑
roalkylated products can be efficiently elabo
rated into diverse analogs with promising 
applications in pharmaceutical development. 
Reactions are conducted in acetonitrile with 
K₃PO₄ as additive, using fac-Ir(ppy)3 (2 mol%) 
as the photocatalyst under 24 W purple LED 
irradiation for 36 hours. Products 97 and 98 
are isolated in yields of up to 97%. Beyond the 
incorporation of an aliphatic trifluoromethyl 
group, the synthesized heterocyclic amine de‑
rivatives also display aromatic fluorination, 
enabling access to compound libraries with 
varied fluorine substitution patterns—a feature 
of high relevance for medicinal chemistry and 
biological profiling.

Scheme 37. Synthesis of fluorinated quinoxalin-2(1H)-ones. 
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It is worth noting that the α-trifluorome‑
thyl amino compounds discussed above can 
be conveniently accessed from correspond‑
ing aldehydes and ketones via a biomimetic 
transamination pathway [183-185], common‑
ly referred to as a [1,3]-proton shift reaction 

[186-188]. Specifically, 2,2,2-trifluoroethyl‑
amine, employed in reagent 96, can be synthe
sized through a double [1,3]-proton shift se‑
quence starting from trifluoroacetic acid and 
benzylamine, as illustrated in Scheme 38 [189].

Scheme 38. Synthesis of 2,2,2-trifluoroethylamine via [1,3]-proton shift reaction. 

sequence starting from trifluoroacetic acid and benzylamine, as illustrated in Scheme 38 [189].

Scheme 38. Synthesis of 2,2,2-trifluoroethylamine via [1,3]-proton shift reaction. 

Coumarin  (2H-1-benzopyran-2-one)  and  its  derivatives  exhibit  a  broad  spectrum  of 
pharmacological  activities,  including  anti-inflammatory,  antibacterial,  antiviral,  antioxidant, 
antithrombotic, anti-Alzheimer, and anticancer properties [190]. In this context, Tan et al. (Scheme 
39) [191] reported a visible-light-induced, photoredox-catalyzed tandem radical addition/cyclization 
of 2-alkenylphenols 99 with carbon tetrabromide (CBr₄) to access a variety of 4-arylcoumarins 100 

in a one-pot fashion. The reaction proceeds under mild, redox-neutral conditions and demonstrates 
good functional-group tolerance,  operational  simplicity,  and scalability.  Preliminary mechanistic 
studies confirm the radical nature of the process and highlight the essential role of water as an 
additive. The transformation is typically conducted in CH₂Cl₂ at ambient temperature with water (5 
equiv.) and K₂CO₃ (1.5 equiv.), using fac-Ir(ppy)3 (2 mol%) as photocatalyst and 7 W blue LEDs for 
irradiation. The desired coumarin derivatives 100 are isolated in yields ranging from 52% to 95%. 
Importantly, fluorination in the final products 100 may be introduced on both aromatic rings, either 
as  monofluorinated  substituents  or  in  combination  with  trifluoromethyl  groups,  offering 
considerable structural diversity. This enables the design of fluorinated coumarin derivatives with 
enhanced medicinal relevance and tunable physicochemical profiles. 

Scheme 39. Synthesis of fluorinated 4-arylcoumarins. 

Fluorinated indoles are widely recognized as valuable end products due to their potent bioactivity. 
However, they also serve as versatile synthetic intermediates for accessing more complex molecular 
architectures with desirable biological and physicochemical properties [192]. In this context, Wu et 

al.  (Scheme  40)  [193]  developed  a  visible-light-driven  oxidative  cyclization  protocol  utilizing 
fluorinated  3-alkenylindoles  101 and  styrene  102 to  construct  carbazole  derivatives  103.  The 
transformation is enabled by Ir(dtbbpy)(ppy)2PF₆ (2 mol%) under aerobic conditions, where the 
substrate pair undergoes a tandem [2+2] cycloaddition followed by rearrangement, delivering the 

Coumarin (2H-1-benzopyran-2-one) and 
its derivatives exhibit a broad spectrum of 
pharmacological activities, including anti-in‑
flammatory, antibacterial, antiviral, antiox‑
idant, antithrombotic, anti-Alzheimer, and 
anticancer properties [190]. In this context, 
Tan et al. (Scheme 39) [191] reported a visi‑
ble-light-induced, photoredox-catalyzed tan‑
dem radical addition/cyclization of 2-alkenyl‑
phenols 99 with carbon tetrabromide (CBr₄) 
to access a variety of 4-arylcoumarins 100 in a 
one-pot fashion. The reaction proceeds under 
mild, redox-neutral conditions and demon‑
strates good functional-group tolerance, oper‑
ational simplicity, and scalability. Preliminary 
mechanistic studies confirm the radical nature 
of the process and highlight the essential role 
of water as an additive. The transformation 
is typically conducted in CH₂Cl₂ at ambient 
temperature with water (5 equiv.) and K₂CO₃ 
(1.5  equiv.), using fac-Ir(ppy)3 (2 mol%) as 
photocatalyst and 7 W blue LEDs for irradia‑

tion. The desired coumarin derivatives 100 are 
isolated in yields ranging from 52% to 95%. 
Importantly, fluorination in the final products 
100 may be introduced on both aromatic rings, 
either as monofluorinated substituents or in 
combination with trifluoromethyl groups, of‑
fering considerable structural diversity. This 
enables the design of fluorinated coumarin 
derivatives with enhanced medicinal relevance 
and tunable physicochemical profiles. 

Fluorinated indoles are widely recognized 
as valuable end products due to their potent 
bioactivity. However, they also serve as versa‑
tile synthetic intermediates for accessing more 
complex molecular architectures with desira‑
ble biological and physicochemical properties 
[192]. In this context, Wu et al. (Scheme 40) 
[193] developed a visible-light-driven oxida‑
tive cyclization protocol utilizing fluorinated 
3-alkenylindoles 101 and styrene 102 to con‑
struct carbazole derivatives 103. The trans‑
formation is enabled by Ir(dtbbpy)(ppy)2PF₆ 
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(2 mol%) under aerobic conditions, where 
the substrate pair undergoes a tandem [2+2] 
cycloaddition followed by rearrangement, de‑
livering the targeted carbazole frameworks 
in good to excellent yields (50–79%). Mecha‑
nistic studies reveal that the process proceeds 

through photoinduced energy transfer, sub‑
sequently followed by electron transfer, estab‑
lishing a dual activation pathway. Reactions 
are performed in a CH₂Cl₂/DMSO solvent 
system under blue LED irradiation at ambient 
temperature for 12 hours. 
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Scheme 38. Synthesis of 2,2,2-trifluoroethylamine via [1,3]-proton shift reaction. 

Coumarin  (2H-1-benzopyran-2-one)  and  its  derivatives  exhibit  a  broad  spectrum  of 
pharmacological  activities,  including  anti-inflammatory,  antibacterial,  antiviral,  antioxidant, 
antithrombotic, anti-Alzheimer, and anticancer properties [190]. In this context, Tan et al. (Scheme 
39) [191] reported a visible-light-induced, photoredox-catalyzed tandem radical addition/cyclization 
of 2-alkenylphenols 99 with carbon tetrabromide (CBr₄) to access a variety of 4-arylcoumarins 100 

in a one-pot fashion. The reaction proceeds under mild, redox-neutral conditions and demonstrates 
good functional-group tolerance,  operational  simplicity,  and scalability.  Preliminary mechanistic 
studies confirm the radical nature of the process and highlight the essential role of water as an 
additive. The transformation is typically conducted in CH₂Cl₂ at ambient temperature with water (5 
equiv.) and K₂CO₃ (1.5 equiv.), using fac-Ir(ppy)3 (2 mol%) as photocatalyst and 7 W blue LEDs for 
irradiation. The desired coumarin derivatives 100 are isolated in yields ranging from 52% to 95%. 
Importantly, fluorination in the final products 100 may be introduced on both aromatic rings, either 
as  monofluorinated  substituents  or  in  combination  with  trifluoromethyl  groups,  offering 
considerable structural diversity. This enables the design of fluorinated coumarin derivatives with 
enhanced medicinal relevance and tunable physicochemical profiles. 

Scheme 39. Synthesis of fluorinated 4-arylcoumarins. 

Fluorinated indoles are widely recognized as valuable end products due to their potent bioactivity. 
However, they also serve as versatile synthetic intermediates for accessing more complex molecular 
architectures with desirable biological and physicochemical properties [192]. In this context, Wu et 

al.  (Scheme  40)  [193]  developed  a  visible-light-driven  oxidative  cyclization  protocol  utilizing 
fluorinated  3-alkenylindoles  101 and  styrene  102 to  construct  carbazole  derivatives  103.  The 
transformation is enabled by Ir(dtbbpy)(ppy)2PF₆ (2 mol%) under aerobic conditions, where the 
substrate pair undergoes a tandem [2+2] cycloaddition followed by rearrangement, delivering the 

Scheme 39. Synthesis of fluorinated 4-arylcoumarins. 

Scheme 40. Synthesis of fluorinated carbazoles.

targeted carbazole frameworks in good to excellent yields (50–79%). Mechanistic studies reveal 
that the process proceeds through photoinduced energy transfer, subsequently followed by electron 
transfer,  establishing  a  dual  activation  pathway.  Reactions  are  performed  in  a  CH₂Cl₂/DMSO 
solvent system under blue LED irradiation at ambient temperature for 12 hours. 

Scheme 40. Synthesis of fluorinated carbazoles.

Chen  et  al.  (Scheme 41) [194] reported a  visible-light-induced alkoxycarbonyl-radical-triggered 
cascade  cyclization  of  1,7-enynes  104 using  alkyloxalyl  chlorides  105 as  esterifying  agents, 
enabling  the  efficient  synthesis  of  benzo[j]phenanthridine  derivatives  106.  The  methodology 
demonstrates  broad  compatibility  with  diverse  alkoxycarbonyl  radical  precursors  and  achieves 
selective incorporation of  ester  functionalities  into polycyclic  frameworks.  This  radical  cascade 
exhibits mild reaction conditions,  excellent functional group tolerance,  and yields ranging from 
52% to 95%. The transformation is typically conducted in acetonitrile at 40–50 °C for 36 hours, 
employing  2,6-lutidine  as  a  base  to  neutralize  evolving  HCl.  Photochemical  activation  is 
accomplished using Ir(ppy)3 (2 mol%) under blue LED irradiation. Importantly, the protocol allows 
strategic fluorine incorporation—either a single fluorine atom or a trifluoromethyl group—on both 
aromatic rings adjacent to the alkyne moiety in the starting enynes 104, and correspondingly in the 
final products 106. This structural flexibility enhances the method’s utility for constructing fluorine-
rich  polycyclic  compounds,  supporting  the  development  of  tailored  molecular  scaffolds  for 
medicinal chemistry and bioactivity profiling. 

Scheme 41. Synthesis of ester-substituted benzo[j]phenanthridines. 

Cyclopropane  α-amino  acids  represent  a  compelling  class  of  sterically  constrained  amino  acid 
derivatives, with both naturally occurring and synthetic examples attracting sustained interest in 
medicinal chemistry and drug discovery [52, 195]. Their rigid three-membered ring imparts unique 
conformational properties, making them valuable scaffolds for modulating biological activity and 
metabolic stability. Of particular significance are fluorinated cyclopropane α-amino acids, which are 
being intensively investigated as key structural  motifs  in the design of  highly potent inhibitors 
targeting  the  hepatitis  C  virus  (HCV)  NS3/4A protease  [196–198].  These  fluorinated  analogs 
contribute to improved lipophilicity,  binding affinity,  and resistance to enzymatic degradation—

Chen et al. (Scheme 41) [194] reported a 
visible-light-induced alkoxycarbonyl-radical-
triggered cascade cyclization of 1,7-enynes 
104 using alkyloxalyl chlorides 105 as esteri‑
fying agents, enabling the efficient synthesis of 
benzo[j]phenanthridine derivatives 106. The 
methodology demonstrates broad compati‑
bility with diverse alkoxycarbonyl radical pre‑
cursors and achieves selective incorporation 
of ester functionalities into polycyclic frame‑
works. This radical cascade exhibits mild reac‑

tion conditions, excellent functional group tol‑
erance, and yields ranging from 52% to 95%. 
The transformation is typically conducted in 
acetonitrile at 40–50 °C for 36 hours, employ‑
ing 2,6-lutidine as a base to neutralize evolv‑
ing HCl. Photochemical activation is accom‑
plished using Ir(ppy)3 (2 mol%) under blue 
LED irradiation. Importantly, the protocol 
allows strategic fluorine incorporation—either 
a single fluorine atom or a trifluoromethyl 
group—on both aromatic rings adjacent to the 
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alkyne moiety in the starting enynes 104, and 
correspondingly in the final products 106. This 
structural flexibility enhances the method’s 
utility for constructing fluorine-rich polycyc

lic compounds, supporting the development 
of tailored molecular scaffolds for medicinal 
chemistry and bioactivity profiling. 
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Scheme 41. Synthesis of ester-substituted benzo[j]phenanthridines. 

Cyclopropane α-amino acids represent a 
compelling class of sterically constrained amino 
acid derivatives, with both naturally occurring 
and synthetic examples attracting sustained 
interest in medicinal chemistry and drug dis
covery [52, 195]. Their rigid three-membered 
ring imparts unique conformational properties, 
making them valuable scaffolds for modulating 
biological activity and metabolic stability. Of 
particular significance are fluorinated cyclo‑
propane α-amino acids, which are being inten‑
sively investigated as key structural motifs in 
the design of highly potent inhibitors targeting 
the hepatitis C virus (HCV) NS3/4A protease 
[196–198]. These fluorinated analogs contrib‑
ute to improved lipophilicity, binding affinity, 
and resistance to enzymatic degradation—fea‑
tures critical to antiviral therapeutic develop‑
ment. In this context, Huang et al. (Scheme 42) 
[199] reported an efficient strategy for the syn‑
thesis of cyclopropane-fused indolines 109 via 
a photoredox-catalyzed dearomative cyclopro‑
panation of indole derivatives 107 with reagent 

108. The methodology accommodates a broad 
array of functionalized indoles and proceeds 
under mild conditions, delivering the desired 
products in moderate to excellent yields. To 
demonstrate the synthetic utility, reactions were 
successfully scaled to 5 mmol and product deri‑
vatizations were performed, highlighting the 
versatility of the approach. The transformation 
is conducted in DMSO at ambient temperature 
using Ir[dF(CF₃)ppy]2(dtbbpy)]PF₆ (3 mol%) as 
photocatalyst under 3 W blue LED irradiation 
for 24 hours. The resulting cyclopropane amino 
acid-fused indolines 109 are obtained in 30–
93% yields depending on substrate variation. 
Importantly, fluorination is introduced through 
various fluorine substituents positioned on the 
aromatic rings of both the starting indoles 107 
and the final products 109. This flexible fluorine 
incorporation expands the structural diversity 
of the indoline scaffolds and supports the con‑
struction of fluorinated compound libraries for 
medicinal chemistry and molecular optimiza‑
tion studies. 
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Scheme 42. Preparation of cyclopropane fused indolines. 

features critical to antiviral  therapeutic development.  In this context,  Huang  et al.  (Scheme 42) 
[199] reported an efficient  strategy for the synthesis of cyclopropane-fused indolines  109 via a 
photoredox-catalyzed dearomative cyclopropanation of indole derivatives  107 with reagent  108. 
The methodology accommodates a broad array of functionalized indoles and proceeds under mild 
conditions,  delivering the desired products  in  moderate  to  excellent  yields.  To demonstrate  the 
synthetic utility,  reactions were successfully scaled to 5 mmol and product derivatizations were 
performed, highlighting the versatility of the approach. The transformation is conducted in DMSO 
at ambient temperature using Ir[dF(CF₃)ppy]2(dtbbpy)]PF₆ (3 mol%) as photocatalyst under 3 W 
blue LED irradiation for 24 hours. The resulting cyclopropane amino acid-fused indolines 109 are 
obtained in 30–93% yields depending on substrate variation. Importantly, fluorination is introduced 
through various fluorine substituents positioned on the aromatic rings of both the starting indoles 
107 and the final products 109. This flexible fluorine incorporation expands the structural diversity 
of  the  indoline  scaffolds  and  supports  the  construction  of  fluorinated  compound  libraries  for 
medicinal chemistry and molecular optimization studies. 

Scheme 42. Preparation of cyclopropane fused indolines. 

Xie  et al. (Scheme 43) [200] reported a visible-light-induced radical cascade reaction between 2-
alkynylarylethers  110 and  sodium  sulfinates  111,  enabling  the  efficient  synthesis  of  sulfonyl-
functionalized  dihydrobenzofurans  112.  The transformation  proceeds  via  an  intramolecular  1,5-
hydrogen atom transfer (1,5-HAT) mechanism, followed by C–C bond formation that constructs the 
dihydrobenzofuran core in a streamlined manner. The protocol demonstrates broad substrate scope, 
accommodating various substituents on both 2-alkynylarylethers 110 and sodium sulfinates 112 and 
affords the target products 112 in moderate to good yields (20–78%). Reactions are performed in a 
mixture  of  acetic  acid  and  water  under  a  nitrogen  atmosphere  for  24  hours.  Photochemical 
activation is achieved using Ir(ppy)2(dtbbpy)]PF₆ (2 mol%) as the catalyst, with 30 W blue LEDs 
serving as  the light  source.  Fluorination is  incorporated through either  mono-fluorine atoms or 
trifluoromethyl groups positioned on the aromatic ring of the starting materials 110 and retained in 
the final dihydrobenzofuran products  112.  This versatility supports the generation of fluorinated 
heterocycles with potential relevance for medicinal chemistry, structure–activity exploration, and 
property tuning.

Scheme 43. Synthesis of dihydrobenzofurans. 

Zhang  et  al.  (Scheme  44)  [201]  reported  a  mild  and  efficient  protocol  for  the  synthesis  of 
substituted quinazolines  115 via visible-light-induced benzylic C–H functionalization, employing 
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Xie et al. (Scheme 43) [200] reported a vi
sible-light-induced radical cascade reaction 
between 2-alkynylarylethers 110 and sodium 
sulfinates 111, enabling the efficient synthesis 
of sulfonyl-functionalized dihydrobenzofu‑
rans 112. The transformation proceeds via an 
intramolecular 1,5-hydrogen atom transfer 
(1,5-HAT) mechanism, followed by C–C bond 
formation that constructs the dihydroben‑
zofuran core in a streamlined manner. The 
protocol demonstrates broad substrate scope, 
accommodating various substituents on both 
2-alkynylarylethers 110 and sodium sulfinates 
112 and affords the target products 112 in mo
derate to good yields (20–78%). Reactions are 

performed in a mixture of acetic acid and wa‑
ter under a nitrogen atmosphere for 24 hours. 
Photochemical activation is achieved using 
Ir(ppy)2(dtbbpy)]PF₆ (2 mol%) as the cata‑
lyst, with 30 W blue LEDs serving as the light 
source. Fluorination is incorporated through 
either mono-fluorine atoms or trifluoromethyl 
groups positioned on the aromatic ring of the 
starting materials 110 and retained in the final 
dihydrobenzofuran products 112. This versa‑
tility supports the generation of fluorinated 
heterocycles with potential relevance for me‑
dicinal chemistry, structure–activity explora‑
tion, and property tuning.

Scheme 43. Synthesis of dihydrobenzofurans. 

Zhang et al. (Scheme 44) [201] reported 
a mild and efficient protocol for the synthe‑
sis of substituted quinazolines 115 via visi‑
ble-light-induced benzylic C–H functional‑
ization, employing benzophenones 113 and 
benzylamines 114 as starting materials. The 
transformation proceeds under a nitrogen at‑

mosphere at room temperature, using tert-bu‑
tyl peroxybenzoate (TBPB) (4 equiv.) as the 
radical initiator and Li₂CO₃ (3 equiv.) as a 
base, with Ir(ppy)₃ (1 mol%) as the photocata‑
lyst and blue LED irradiation for 12 hours. The 
reaction exhibits high chemoselectivity and 
affords the quinazoline products 115 in yields 
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ranging from 45% to 85%. Fluorine incorpo‑
ration is achieved using trifluoromethyl-sub‑
stituted benzylamines 114, which translate 
into trifluoromethylphenyl motifs in the final 
quinazoline products 115, enhancing their po‑
tential for medicinal chemistry applications.

It is worth noting that both starting materi‑
als are readily available and synthetically ver‑
satile.

Ortho-amino benzo- and acetophenones 
113 are widely utilized in the synthesis of 
benzodiazepines [202] and in the design of 
tridentate ligands for asymmetric synthesis 
of tailor-made amino acids [203–206]. Tri
fluorobenzylamines 114 have found applica‑
tion in biomimetic transamination strategies, 
contributing to the synthesis of fluorinated 
amines and bioactive scaffolds [207–209]. 
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Wang et al. (Scheme 45) [210] reported a 
visible-light-accelerated C–H annulation strat‑
egy catalyzed by [Cp*RhCl₂]₂ (2.5 mol%), en‑
abling the synthesis of bridged tetrahydroben‑
zocarbazoles 118 from aromatic amines 116 
and bicyclic alkenes 117. This transformation 
leverages the synergistic effect of rhodium ca‑
talysis and visible-light irradiation (40 W blue 
LEDs), allowing diverse 116 substrates to react 
efficiently with azabicyclic alkenes 117 under 
ambient conditions. The reactions are typically 

performed in 1,2-dichloroethane (DCE) under 
an argon atmosphere at room temperature for 
12 hours, affording the desired bridged oxa- or 
aza-tetrahydrobenzocarbazoles 118 in good to 
excellent yields (53–98%). Fluorination is in‑
troduced via the starting anilines 116, which 
may bear either a monofluorine substituent or 
a trifluoromethyl group, contributing to the 
structural diversity and potential pharmaco‑
logical relevance of the final products 118. 

Scheme 45. Synthesis of tetrahydro benzocarbazoles. 
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Indoles represent a cornerstone scaffold in 
drug design, prized for their broad-spectrum 
biological activity and ability to engage diverse 
molecular targets. Found extensively in both 
natural products and synthetic pharmaceu‑
ticals, indole-based compounds play pivotal 
roles in anticancer, antimicrobial, anti-inflam‑
matory, and neuroprotective therapies. Their 
structural flexibility allows medicinal chemists 
to fine-tune potency, selectivity, and bioavai
lability, making indoles indispensable in con‑
temporary drug discovery efforts [211–214].

A wide array of synthetic strategies has 
been developed for the construction of indole 
derivatives [215–218], including those bearing 
fluorine substituents, which enhance meta‑
bolic stability and target specificity [219–222]. 
In this work, we have already discussed se
veral methodologies for the preparation of in‑
dole-based compounds. The following sections 
will further expand on the application of in‑
doles and their derivatives as both starting ma‑
terials and products in a variety of innovative 
photochemical transformations, highlighting 
their continued relevance in synthetic and me‑
dicinal chemistry. 

Fluorine-containing tryptophans are bio‑
logically significant compounds with intrin‑
sic pharmacological relevance [223–225]. 
Their use as starting materials is particularly 
attractive, as they enable the construction of 
indole-based scaffolds bearing pharmacopho

ric units, thereby expanding the chemical 
space for drug discovery. In this context, Li 
et al. (Scheme 46) [226] reported a facile and 
efficient synthesis of multi-substituted trans-
fused hexahydrocarbazoles 121 via a stereose‑
lective intermolecular radical cascade reaction 
between readily available substituted trypto‑
phans 119 (including fluorinated variants) and 
acrylamides 120. The transformation is ena‑
bled by visible-light-induced photoredox ca‑
talysis, delivering the target products in up to 
82% yield with >20:1 diastereoselectivity, and 
forming four stereocenters, including two qua‑
ternary centers. Interestingly, when the reac‑
tion is conducted under ambient air, the major 
products shift toward tetrahydrocarbazoles, 
suggesting oxygen influences the radical path‑
way. Preliminary mechanistic studies indicate 
a sequence involving radical addition cascades 
followed by radical–polar crossover events. 
The reactions are performed in DMA at 30 °C 
under an argon atmosphere, using Na₂CO₃ 
(3 equiv.) as a base. Photochemical activation 
is achieved with Ir[dF(CF₃)ppy]₂(dtbbpy)]PF₆ 
(1 mol%) under blue LED irradiation. Fluo
rination is introduced through multiple vec‑
tors: the trifluoromethyl group on the starting 
2-(trifluoromethyl)acrylamides 120 and fluo‑
rine atoms on the aromatic rings of both 119 
and 120, resulting in multi-fluorinated hexa
hydrocarbazole products 121 with enhanced 
structural and physicochemical diversity. 
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The stereochemical  outcome of  these reactions  warrants  particular  emphasis.  The simultaneous 
formation of four stereogenic centers with exceptional diastereoselectivity (>20:1) is a remarkable 
achievement, underscoring the stereocontrolling influence of the trifluoromethyl group [227, 228]. 
Such  high-level  stereochemical  precision  is  rarely  observed  in  radical  cascade  processes  and 
highlights the strategic value of fluorinated motifs in stereoselective synthesis. Moreover, the 2-
(trifluoromethyl)acrylamides  120 employed  in  these  transformations  are  exceptionally  reactive 
Michael  acceptors,  owing  to  the  strong  electron-withdrawing  nature  of  the  CF₃  group.  Their 
reactivity has been successfully harnessed in the synthesis of trifluoromethylated derivatives of 
glutamic  acid  and  related  analogs,  expanding  their  utility  in  the  construction  of  fluorine-rich 

Scheme 46. Synthesis of fluorinated hexahydrocarbazoles. 



59https://ucj.org.ua

Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok UCJ № 2/ Vol. 92

The stereochemical outcome of these reac‑
tions warrants particular emphasis. The simul‑
taneous formation of four stereogenic centers 
with exceptional diastereoselectivity (>20:1) is 
a remarkable achievement, underscoring the 
stereocontrolling influence of the trifluorome‑
thyl group [227, 228]. Such high-level stereo‑
chemical precision is rarely observed in radical 
cascade processes and highlights the strategic 
value of fluorinated motifs in stereoselective 
synthesis. Moreover, the 2-(trifluoromethyl)
acrylamides 120 employed in these transfor‑
mations are exceptionally reactive Michael 
acceptors, owing to the strong electron-with‑
drawing nature of the CF₃ group. Their reac‑
tivity has been successfully harnessed in the 
synthesis of trifluoromethylated derivatives of 
glutamic acid and related analogs, expanding 
their utility in the construction of fluorine-rich 
bioactive frameworks [229–231]. 

Kim et al. (Scheme 47) [232] reported a 
direct C–H functionalization/cyclization of 
acetanilides 122 with alkyne derivatives 123, 

enabled by a dual catalytic system involving 
photoredox and transition-metal catalysis. The 
reaction employed a readily available photore‑
dox catalyst, [Ru(dtbbpy)₂(bpy)]PF₆ (1 mol%), 
in combination with [RhCp*Cl₂]₂ (2 mol%), 
a well-established catalyst for C–H activa‑
tion. Under irradiation with an 11 W compact 
fluorescent lamp (CFL), the transformation 
proceeded smoothly to furnish indoles 124 
in good yields (33–88%). Mechanistic inves‑
tigations revealed that each catalyst operates 
independently, contributing distinct roles to 
the overall transformation. The reactions were 
carried out in chlorobenzene at 120 °C for 
12  hours, with AgSbF₆ (8 mol%) as an addi‑
tive to facilitate catalyst activation. Fluorinated 
motifs were incorporated both as fluorine at‑
oms and trifluoromethyl groups on the start‑
ing anilines 122, and these substituents were 
retained on the benzene ring of the resulting 
indoles 124, highlighting the method’s com‑
patibility with fluorinated substrates.

Scheme 47. Synthesis of fluorinated indoles. 
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Lin  et al. (Scheme 48) [233] reported a mild and efficient protocol for the visible-light-induced 
radical  cascade difluoromethylation/cyclization of  indoles  bearing unactivated alkenes  125.  The 
transformation utilizes a bench-stable and readily accessible difluoromethyltriphenylphosphonium 
bromide  126 as  a  precursor  for  the  –CF₂H group,  enabling  the  synthesis  of  CF₂H-substituted 
polycyclic indole derivatives 127 in moderate to good yields (50–90%). This strategy is notable for 
its ability to construct C(sp³)–CF₂H and C–C bonds under additive-free conditions, with simple 
operational setup,  ambient temperature,  and a broad substrate scope.  Mechanistic investigations 
confirm the  involvement  of  a  difluoromethyl  radical  pathway as  central  to  the  transformation. 
Reactions are performed in acetonitrile at  room temperature for 16 hours,  using  fac-Ir(ppy)₃  (2 
mol%) as the photocatalyst under 5 W blue LED irradiation. Fluorine substituents are incorporated 
both on the aromatic rings of the starting indoles 125 and retained in the final polycyclic products 
127, contributing to the structural and physicochemical diversity of the resulting compounds.

Scheme 48. Preparation of difluoromethyl-containing indoles.

Owing to the strong electron-withdrawing effect of fluorine, fluorinated benzaldehydes exhibit high 
reactivity, particularly in asymmetric aldol addition reactions [234–236]. Leveraging this reactivity, 

Lin et al. (Scheme 48) [233] reported a mild 
and efficient protocol for the visible-light-in‑
duced radical cascade difluoromethylation/cyc
lization of indoles bearing unactivated alkenes 
125. The transformation utilizes a bench-stable 
and readily accessible difluoromethyltriphe‑
nylphosphonium bromide 126 as a precursor 

for the –CF₂H group, enabling the synthesis 
of CF₂H-substituted polycyclic indole deriva‑
tives 127 in moderate to good yields (50–90%). 
This strategy is notable for its ability to con‑
struct C(sp³)–CF₂H and C–C bonds under 
additive-free conditions, with simple opera‑
tional setup, ambient temperature, and a broad  
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substrate scope. Mechanistic investigations 
confirm the involvement of a difluoromethyl 
radical pathway as central to the transformation. 
Reactions are performed in acetonitrile at room 
temperature for 16 hours, using fac-Ir(ppy)₃ 
(2 mol%) as the photocatalyst under 5 W blue 

LED irradiation. Fluorine substituents are in‑
corporated both on the aromatic rings of the 
starting indoles 125 and retained in the final 
polycyclic products 127, contributing to the 
structural and physicochemical diversity of the 
resulting compounds.
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reactivity, particularly in asymmetric aldol addition reactions [234–236]. Leveraging this reactivity, 

Scheme 48. Preparation of difluoromethyl-containing indoles.

Owing to the strong electron-withdrawing 
effect of fluorine, fluorinated benzaldehydes 
exhibit high reactivity, particularly in asym‑
metric aldol addition reactions [234–236]. 
Leveraging this reactivity, Liu et al. (Scheme 
49) [237] developed a visible-light-induced 
dual acylation strategy involving fluorobenzal‑
dehydes tethered to alkenes 128 for the synthe‑
sis of 3-substituted chroman-4-ones 130. The 
transformation proceeds via a radical tandem 
cyclization, initiated by carbon–carbon bond 
cleavage of oxime esters 129 through a nitro‑
gen-centered radical pathway. This method en‑

ables the efficient construction of chroman-4-
one frameworks, delivering a series of 3-substi‑
tuted chroman-4-ones 130 in yields up to 86%. 
Reactions are typically conducted in acetone at 
80 °C for 24 hours, using 2,6-lutidine (1 equiv.) 
as a base. Photochemical activation is achieved 
with Ir(ppy)₃ as the photocatalyst under 5 W 
blue LED irradiation. Fluorine substituents,  
either as single fluorine atoms or trifluorome‑
thyl groups, are incorporated on the aromatic 
rings of the final chromanone products 130, 
contributing to their electronic diversity and 
potential bioactivity.

Scheme 49. Synthesis of 3-substituted chroman-4-ones. 

Liu  et al. (Scheme 49) [237] developed a visible-light-induced dual acylation strategy involving 
fluorobenzaldehydes tethered to alkenes 128 for the synthesis of 3-substituted chroman-4-ones 130. 
The transformation proceeds via  a  radical  tandem cyclization,  initiated by carbon–carbon bond 
cleavage of oxime esters 129 through a nitrogen-centered radical pathway. This method enables the 
efficient  construction  of  chroman-4-one  frameworks,  delivering  a  series  of  3-substituted 
chroman-4-ones 130 in yields up to 86%. Reactions are typically conducted in acetone at 80 °C for 
24 hours, using 2,6-lutidine (1 equiv.) as a base. Photochemical activation is achieved with Ir(ppy)₃ 
as the photocatalyst under 5 W blue LED irradiation. Fluorine substituents, either as single fluorine 
atoms or trifluoromethyl groups, are incorporated on the aromatic rings of the final chromanone 
products 130, contributing to their electronic diversity and potential bioactivity.

Scheme 49. Synthesis of 3-substituted chroman-4-ones. 

Fluorinated imines are versatile intermediates in organic synthesis, widely employed as precursors 
for the construction of fluorine-containing amines and amino acids [238–240]. In this context, the 
photochemical protocol reported by Li and Zhou (Scheme 50) [241] presents a mechanistically 
intriguing transformation, wherein the fluorine pattern of the starting imine differs from that of the 
final product. Specifically, the reaction involves the loss of one fluorine atom and a conversion from 
aliphatic to aromatic fluorination,  representing a rare synthetic event.  The methodology utilizes 
vinyldiazo  reagents  132 as  radical  acceptors  in  a  visible-light-promoted  sequential  radical 
cyclization, enabling a [3+3] cyclization pathway that is mechanistically distinct from conventional 
annulation  strategies.  Starting  from  N-aryl  chlorodifluoromethyl  alkynyl  ketoimines  131,  the 
reaction facilitates the construction of acridine frameworks 133, incorporating a fluorine atom into 
the acridine core during the simultaneous formation of both pyridine and benzene rings from acyclic 
precursors.  The  resulting  4-fluoroacridines  133 exhibit  pronounced  solid-state  fluorescence, 
underscoring their potential  utility in materials science and photonic applications. Reactions are 
typically conducted in dichloromethane (DCM) at ambient temperature for 18 hours, using Hünig’s 
base  (3  equiv.)  to  scavenge  acidic  byproducts.  Photochemical  activation  is  achieved  with 
Ru(bpy)₃Cl₂ (1 mol%) under 5 W blue LED irradiation, affording mono-fluorinated acridines in 
yields ranging from 37% to 79%.

Scheme 50. Synthesis of 4-fluoroacridines.

Xue et al. (Scheme 51) [242] reported a sustainable and efficient protocol for the synthesis of O-
heterocycle  spiro-fused  cyclopentaquinolinone  derivatives  136 via  a  visible-light-driven  radical 
cascade reaction between  N-(o-ethynylaryl)acrylamides  134 and  O-heterocycles  135. Mechanistic 
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Fluorinated imines are versatile interme
diates in organic synthesis, widely employed 
as precursors for the construction of fluorine-
containing amines and amino acids [238–240]. 
In this context, the photochemical protocol 
reported by Li and Zhou (Scheme 50) [241] 
presents a mechanistically intriguing trans‑
formation, wherein the fluorine pattern of 
the starting imine differs from that of the fi‑
nal product. Specifically, the reaction involves 
the loss of one fluorine atom and a conversion 
from aliphatic to aromatic fluorination, repre‑
senting a rare synthetic event. The methodol‑
ogy utilizes vinyldiazo reagents 132 as radical 
acceptors in a visible-light-promoted sequen‑
tial radical cyclization, enabling a [3+3] cy‑
clization pathway that is mechanistically dis‑
tinct from conventional annulation strategies. 

Starting from N-aryl chlorodifluoromethyl 
alkynyl ketoimines 131, the reaction facilitates 
the construction of acridine frameworks 133, 
incorporating a fluorine atom into the acri‑
dine core during the simultaneous formation 
of both pyridine and benzene rings from acy‑
clic precursors. The resulting 4-fluoroacridines 
133 exhibit pronounced solid-state fluores‑
cence, underscoring their potential utility in 
materials science and photonic applications. 
Reactions are typically conducted in dichlo‑
romethane (DCM) at ambient temperature for 
18 hours, using Hünig’s base (3 equiv.) to scav‑
enge acidic byproducts. Photochemical acti‑
vation is achieved with Ru(bpy)₃Cl₂ (1 mol%) 
under 5 W blue LED irradiation, affording 
mono-fluorinated acridines in yields ranging 
from 37% to 79%.
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24 hours, using 2,6-lutidine (1 equiv.) as a base. Photochemical activation is achieved with Ir(ppy)₃ 
as the photocatalyst under 5 W blue LED irradiation. Fluorine substituents, either as single fluorine 
atoms or trifluoromethyl groups, are incorporated on the aromatic rings of the final chromanone 
products 130, contributing to their electronic diversity and potential bioactivity.

Scheme 49. Synthesis of 3-substituted chroman-4-ones. 

Fluorinated imines are versatile intermediates in organic synthesis, widely employed as precursors 
for the construction of fluorine-containing amines and amino acids [238–240]. In this context, the 
photochemical protocol reported by Li and Zhou (Scheme 50) [241] presents a mechanistically 
intriguing transformation, wherein the fluorine pattern of the starting imine differs from that of the 
final product. Specifically, the reaction involves the loss of one fluorine atom and a conversion from 
aliphatic to aromatic fluorination,  representing a rare synthetic event.  The methodology utilizes 
vinyldiazo  reagents  132 as  radical  acceptors  in  a  visible-light-promoted  sequential  radical 
cyclization, enabling a [3+3] cyclization pathway that is mechanistically distinct from conventional 
annulation  strategies.  Starting  from  N-aryl  chlorodifluoromethyl  alkynyl  ketoimines  131,  the 
reaction facilitates the construction of acridine frameworks 133, incorporating a fluorine atom into 
the acridine core during the simultaneous formation of both pyridine and benzene rings from acyclic 
precursors.  The  resulting  4-fluoroacridines  133 exhibit  pronounced  solid-state  fluorescence, 
underscoring their potential  utility in materials science and photonic applications. Reactions are 
typically conducted in dichloromethane (DCM) at ambient temperature for 18 hours, using Hünig’s 
base  (3  equiv.)  to  scavenge  acidic  byproducts.  Photochemical  activation  is  achieved  with 
Ru(bpy)₃Cl₂ (1 mol%) under 5 W blue LED irradiation, affording mono-fluorinated acridines in 
yields ranging from 37% to 79%.

Scheme 50. Synthesis of 4-fluoroacridines.

Xue et al. (Scheme 51) [242] reported a sustainable and efficient protocol for the synthesis of O-
heterocycle  spiro-fused  cyclopentaquinolinone  derivatives  136 via  a  visible-light-driven  radical 
cascade reaction between  N-(o-ethynylaryl)acrylamides  134 and  O-heterocycles  135. Mechanistic 

Scheme 50. Synthesis of 4-fluoroacridines.

Xue et al. (Scheme 51) [242] reported a sus‑
tainable and efficient protocol for the synthesis 
of O-heterocycle spiro-fused cyclopentaquino‑
linone derivatives 136 via a visible-light-driven 
radical cascade reaction between N-(o-ethynyl
aryl)acrylamides 134 and O-heterocycles 135. 
Mechanistic studies revealed that the trans‑
formation is initiated by visible-light-induced 
radical generation from the O-heterocycle, fol‑
lowed by regioselective radical addition onto 
the acrylamide moiety. This triggers a cascade 
involving 6-exo-dig and 5-endo-trig radical an‑
nulations, which are terminated by single-elec‑
tron oxidation and proton elimination to fur‑
nish the spirocyclic products. The protocol 

features broad substrate scope, extremely mild 
reaction conditions, excellent atom economy, 
high efficiency, and good compatibility with 
diverse functional groups. Reactions are per‑
formed under an argon atmosphere using TBPB 
(2 equiv.) as a radical initiator, fac-Ir(ppy)₃ 
as the photocatalyst, and 8 W blue LED irra‑
diation for 18 hours. The desired spiro-fused 
cyclopentaquinolinones 136 are obtained in 
yields of up to 96%. Fluorination is introduced 
via mono-fluorine substitution on the aroma
tic ring of the starting acrylamides 134 and is 
retained in the final products 136, contributing 
to their electronic and structural diversity. 
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Scheme 51. Synthesis of O-heterocycle spiro-fused cyclopentaquinolinones. 

studies revealed that the transformation is initiated by visible-light-induced radical generation from 
the  O-heterocycle,  followed by regioselective radical addition onto the acrylamide moiety.  This 
triggers a cascade involving 6-exo-dig and 5-endo-trig radical annulations, which are terminated by 
single-electron oxidation and proton elimination to furnish the spirocyclic products. The protocol 
features broad substrate scope, extremely mild reaction conditions, excellent atom economy, high 
efficiency, and good compatibility with diverse functional groups. Reactions are performed under 
an argon atmosphere using TBPB (2 equiv.) as a radical initiator, fac-Ir(ppy)₃ as the photocatalyst, 
and 8 W blue LED irradiation for 18 hours. The desired spiro-fused cyclopentaquinolinones 136 are 
obtained in yields of up to 96%. Fluorination is introduced via mono-fluorine substitution on the 
aromatic ring of the starting acrylamides 134 and is retained in the final products 136, contributing 
to their electronic and structural diversity. 

Scheme 51. Synthesis of O-heterocycle spiro-fused cyclopentaquinolinones. 

Trimolecular reactions.

Trimolecular photochemical reactions are extremely rare. A true trimolecular reaction involves the 
simultaneous  collision  of  three  reactant  species  in  a  single  elementary  step.  In  the  context  of 
photochemistry,  this  would  require  three  molecules  to  interact  under  light  activation  to  form 
products  directly,  without  intermediates.  The  rarity  of  such  processes  arises  from  several 
fundamental constraints. One major limitation is the low probability of three-body collisions. The 
likelihood of three molecules colliding simultaneously, with the correct orientation and sufficient 
energy, is less than 0.1% compared to bimolecular collisions. This statistical improbability makes 
trimolecular  elementary steps kinetically unfavorable under typical  reaction conditions.  Another 
critical factor is the distribution of energy and momentum during such collisions. Even if three  
molecules do collide, the energy must be partitioned in a way that allows bond formation without  
immediate  dissociation.  Often,  a  third  molecule  is  required  to  absorb  excess  energy,  but  this 
typically  occurs  in  stepwise  mechanisms  rather  than  true  trimolecular  elementary  reactions. 
Mechanistic complexity further limits the feasibility of trimolecular photochemical reactions. Most 
reactions  that  appear  trimolecular  are  actually  pseudo-trimolecular,  proceeding  through  the 
formation of a binary intermediate that subsequently reacts with a third species. In photochemistry, 
excited states typically undergo unimolecular or bimolecular transformations. The involvement of 
three species in a concerted photochemical event is both kinetically and spectroscopically difficult 
to observe or validate. Additionally, the radical nature of many photochemical reactions introduces 
further  challenges.  Radicals  are  highly  reactive  and  can  follow  multiple  competing  pathways, 
making it difficult to orchestrate a trimolecular process that proceeds selectively through a single 
route. As a result, successful examples of trimolecular photochemical reactions are exceedingly rare 
and  represent  significant  theoretical  and  practical  interest  in  reaction  design  and  mechanistic 
exploration [243,244]. 

Trimolecular reactions.
Trimolecular photochemical reactions are 

extremely rare. A true trimolecular reaction 
involves the simultaneous collision of three 
reactant species in a single elementary step. 
In the context of photochemistry, this would 
require three molecules to interact under light 
activation to form products directly, without 
intermediates. The rarity of such processes 
arises from several fundamental constraints. 
One major limitation is the low probability of 
three-body collisions. The likelihood of three 
molecules colliding simultaneously, with the 
correct orientation and sufficient energy, is less 
than 0.1% compared to bimolecular collisions. 
This statistical improbability makes trimolec‑
ular elementary steps kinetically unfavorable 
under typical reaction conditions. Another 
critical factor is the distribution of energy and 
momentum during such collisions. Even if 
three molecules do collide, the energy must be 
partitioned in a way that allows bond formation 
without immediate dissociation. Often, a third 
molecule is required to absorb excess energy, 
but this typically occurs in stepwise mecha‑
nisms rather than true trimolecular elementa‑
ry reactions. Mechanistic complexity further 
limits the feasibility of trimolecular photo‑
chemical reactions. Most reactions that appear 
trimolecular are actually pseudo-trimolecular, 

proceeding through the formation of a binary 
intermediate that subsequently reacts with a 
third species. In photochemistry, excited states 
typically undergo unimolecular or bimolecu‑
lar transformations. The involvement of three 
species in a concerted photochemical event is 
both kinetically and spectroscopically difficult 
to observe or validate. Additionally, the radical 
nature of many photochemical reactions intro‑
duces further challenges. Radicals are highly 
reactive and can follow multiple competing 
pathways, making it difficult to orchestrate a 
trimolecular process that proceeds selectively 
through a single route. As a result, success‑
ful examples of trimolecular photochemical 
reactions are exceedingly rare and represent 
significant theoretical and practical interest in 
reaction design and mechanistic exploration 
[243,244]. 

Liang et al. (Scheme 52) [245] reported a 
visible-light-driven strategy for the synthesis 
of valuable perfluoroalkylated dihydrobenzox‑
azines 140 via a perfluoroalkyl radical-medi‑
ated cascade reaction. The transformation in‑
volves the reaction of N-tosyl-2-vinylanilines 
137, Umemoto’s reagents 138, and aldehydes 
139 under photoredox conditions. The reac‑
tions are carried out in dichloromethane (CH₂‑
Cl₂) at 5 °C in the presence of sodium acetate 
(NaOAc) as a base additive. Photochemical ac‑
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tivation is achieved using Ir(ppy)₂(dtbbpy)PF₆ 
(2 mol%) as the photocatalyst under 3 W blue 
LED irradiation for 4 hours. The method af‑
fords perfluoroalkylated dihydrobenzoxazines 
140 in good to excellent yields, ranging from 
54% to 80%. Notably, the transformation is 
enabled by the radical reactivity of Umemo‑
to’s reagents 138, which serve as perfluoroalkyl 
group donors. Fluorination is further repre‑
sented by mono-fluorine and trifluoromethyl 

substituents on the aromatic rings of the start‑
ing N-tosyl-2-vinylanilines 137. These fluorine 
motifs are retained in the final products 140, 
allowing for structural diversity with one to 
three fluorine atoms per molecule. This mod‑
ular approach enables the synthesis of fluori‑
nated heterocycles with potential applications 
in agrochemicals and pharmaceuticals, owing 
to the physicochemical properties imparted by 
the perfluoroalkyl groups.

Scheme 52. Synthesis of fluorinated dihydrobenzoxazines. 

Liang et al. (Scheme 52) [245] reported a visible-light-driven strategy for the synthesis of valuable 
perfluoroalkylated dihydrobenzoxazines 140 via a perfluoroalkyl radical-mediated cascade reaction. 
The transformation involves the reaction of N-tosyl-2-vinylanilines 137, Umemoto’s reagents 138, 
and aldehydes 139 under photoredox conditions. The reactions are carried out in dichloromethane 
(CH₂Cl₂) at 5 °C in the presence of sodium acetate (NaOAc) as a base additive. Photochemical 
activation is achieved using Ir(ppy)₂(dtbbpy)PF₆ (2 mol%) as the photocatalyst under 3 W blue LED 
irradiation for 4 hours. The method affords perfluoroalkylated dihydrobenzoxazines 140 in good to 
excellent yields, ranging from 54% to 80%. Notably, the transformation is enabled by the radical 
reactivity of Umemoto’s reagents 138, which serve as perfluoroalkyl group donors. Fluorination is 
further represented by mono-fluorine and trifluoromethyl substituents on the aromatic rings of the 
starting  N-tosyl-2-vinylanilines  137. These fluorine motifs are retained in the final products  140, 
allowing  for  structural  diversity  with  one  to  three  fluorine  atoms  per  molecule.  This  modular 
approach  enables  the  synthesis  of  fluorinated  heterocycles  with  potential  applications  in 
agrochemicals  and  pharmaceuticals,  owing  to  the  physicochemical  properties  imparted  by  the 
perfluoroalkyl groups.

Scheme 52. Synthesis of fluorinated dihydrobenzoxazines. 

However, it is crucial to recognize that while certain perfluorinated compounds have found valuable 
applications in life sciences and materials chemistry, a significant subset—collectively known as 
per-  and  polyfluoroalkyl  substances  (PFAS)—pose  substantial  environmental  and  public  health 
risks.  These  “forever  chemicals”  are  characterized  by  extreme  persistence,  bioaccumulative 
behavior, and mobility in ecosystems, leading to widespread contamination of soil, water, and biota. 
Their  resistance to  degradation and tendency to biomagnify through food webs have prompted 
increasing regulatory scrutiny and calls for safer alternatives [147–149].
Geng  et al. (Scheme 53) [246] developed a visible-light-driven three-component cyclization that 
enables the direct synthesis of pyrimido[1,2-b]indazole derivatives 144 through the in situ trapping 
of  a  1,3-vinylimine  ion  intermediate.  The  reaction  proceeds  under  mild  conditions  from 
bromodifluoroacetic acid derivatives 141, enaminones 142, and 3-aminoindazoles 143. Notably, this 
robust methodology allows for the efficient incorporation of aliphatic substituents and demonstrates 
excellent  compatibility  with  structurally  complex  bioactive  molecules.  This  transformation 
represents  the  first  example  of  a  photoinduced  multicomponent  reaction  employing 
bromodifluoroacetic acid derivatives as a C1 synthon. The reactions were carried out in DMSO at 
room temperature using fac-Ir(ppy)₃ (2 mol%) as the photocatalyst under blue LED irradiation for 
five hours. The desired pyrimido[1,2-b]indazole products  144 were obtained in moderate to good 
yields, ranging from 40% to 79%. Despite their initial fluorinated structure, both fluorine atoms 
from  the  bromodifluoroacetic  acid  derivatives  141 are  lost  during  the  course  of  the  reaction. 
Nevertheless, fluorination is retained through aromatic substitution on the 3-aminoindazole starting 
materials  143,  which  is  preserved  in  the  final  heterocyclic  products  144.  The  resulting 

However, it is crucial to recognize that 
while certain perfluorinated compounds have 
found valuable applications in life sciences and 
materials chemistry, a significant subset—col‑
lectively known as per- and polyfluoroalkyl 
substances (PFAS)—pose substantial environ‑
mental and public health risks. These “forever 
chemicals” are characterized by extreme per‑
sistence, bioaccumulative behavior, and mo‑
bility in ecosystems, leading to widespread 
contamination of soil, water, and biota. Their 
resistance to degradation and tendency to bio‑
magnify through food webs have prompted in‑
creasing regulatory scrutiny and calls for safer 
alternatives [147–149].

Geng et al. (Scheme 53) [246] developed a 
visible-light-driven three-component cycliza‑
tion that enables the direct synthesis of pyri
mido[1,2-b]indazole derivatives 144 through 

the in situ trapping of a 1,3-vinylimine ion in‑
termediate. The reaction proceeds under mild 
conditions from bromodifluoroacetic acid de‑
rivatives 141, enaminones 142, and 3-amino
indazoles 143. Notably, this robust methodo
logy allows for the efficient incorporation of 
aliphatic substituents and demonstrates ex‑
cellent compatibility with structurally com‑
plex bioactive molecules. This transformation 
represents the first example of a photoinduced 
multicomponent reaction employing bromodi
fluoroacetic acid derivatives as a C1 synthon. 
The reactions were carried out in DMSO at 
room temperature using fac-Ir(ppy)₃ (2 mol%) 
as the photocatalyst under blue LED irradia‑
tion for five hours. The desired pyrimido[1,2-b]
indazole products 144 were obtained in mod‑
erate to good yields, ranging from 40% to 79%. 
Despite their initial fluorinated structure, both 
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fluorine atoms from the bromodifluoroacetic 
acid derivatives 141 are lost during the course 
of the reaction. Nevertheless, fluorination is 
retained through aromatic substitution on the 
3-aminoindazole starting materials 143, which 
is preserved in the final heterocyclic products 

144. The resulting pyrimido[1,2-b]indazoles 
144 offer structural diversity and potential 
relevance in medicinal chemistry due to their 
fused heterocyclic architecture and tunable 
fluorine content.

Scheme 53. Preparation of pyrimido[1,2-b]indazole derivatives.

pyrimido[1,2-b]indazoles  144 offer  structural  diversity  and  potential  relevance  in  medicinal 
chemistry due to their fused heterocyclic architecture and tunable fluorine content.

Scheme 53. Preparation of pyrimido[1,2-b]indazole derivatives.

Manna  and  Prabhu  (Scheme  54)  [247]  reported  a  visible-light-mediated  three-component 
difunctionalization  of  activated  alkynes  145 using  boronic  acids  146 and  hypervalent  iodine 
reagents 147, enabling the synthesis of 3-alkylated coumarins 148. The para-substituent on the aryl 
ring of the aryl alkynoate was found to be crucial for directing selective chain alkylation, facilitating 
coumarin formation under mild conditions. Reactions were performed in 1,2-dichloroethane (DCE) 
at  room temperature  over  8–12 hours,  employing Ru(bpy)3Cl2 (0.5  mol%) as  the  photocatalyst 
under visible-light irradiation. The desired coumarin products 148 were obtained in yields of up to 
60%. Fluorinated motifs were incorporated via mono-fluoro or trifluoromethyl substitutions on the 
aromatic  ring  or  within  the  ester/amide fragments  of  the  starting  alkynes  145,  showcasing the 
method’s compatibility with fluorinated substrates.

Scheme 54. Synthesis of coumarins. 

CONCLUSIONS. 
In sum, photochemistry reimagines light not as a passive illuminator but as a precise and sustainable 
reagent—unlocking synthetic possibilities with elegance and minimal environmental cost. It is no 
exaggeration to state that many of the reactions described in this review would be inaccessible 
under  conventional  thermal,  acid–base,  or  redox  conditions.  Photochemical  activation  enables 
unique  reactivity  patterns,  particularly  through  radical  pathways,  that  allow  for  the  rapid 
construction of complex molecular architectures.
That  said,  photochemistry is  not  universally  applicable.  Certain structural  targets  and reactivity 
types remain beyond theirreach, and the approach carries inherent limitations. One key challenge 
lies  in the architectural  design of  starting materials:  the spatial  arrangement and positioning of 
reactive  functional  groups  must  be  meticulously  orchestrated  to  ensure  productive  radical 
engagement.  This  requirement  stems  from  the  mechanistic  nature  of  photochemical  reactions, 
which often proceed through highly selective and transient radical intermediates. Another limitation 
is  the  labor-intensive  optimization  process.  Small  changes  in  reaction  parameters—such  as 
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Manna and Prabhu (Scheme 54) [247] re‑
ported a visible-light-mediated three-compo‑
nent difunctionalization of activated alkynes 
145 using boronic acids 146 and hypervalent 
iodine reagents 147, enabling the synthesis 
of 3-alkylated coumarins 148. The para-sub‑
stituent on the aryl ring of the aryl alkynoate 
was found to be crucial for directing selective 
chain alkylation, facilitating coumarin forma‑
tion under mild conditions. Reactions were 
performed in 1,2-dichloroethane (DCE) at 

room temperature over 8–12 hours, employing  
Ru(bpy)3Cl2 (0.5 mol%) as the photocatalyst 
under visible-light irradiation. The desired 
coumarin products 148 were obtained in yields 
of up to 60%. Fluorinated motifs were incorpo‑
rated via mono-fluoro or trifluoromethyl sub‑
stitutions on the aromatic ring or within the 
ester/amide fragments of the starting alkynes 
145, showcasing the method’s compatibility 
with fluorinated substrates.

Scheme 54. Synthesis of coumarins. 
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CONCLUSIONS. 
In sum, photochemistry reimagines light 

not as a passive illuminator but as a precise 
and sustainable reagent—unlocking synthetic 
possibilities with elegance and minimal envi‑
ronmental cost. It is no exaggeration to state 
that many of the reactions described in this re‑
view would be inaccessible under conventional 
thermal, acid–base, or redox conditions. Pho‑
tochemical activation enables unique reactivi‑
ty patterns, particularly through radical path‑
ways, that allow for the rapid construction of 
complex molecular architectures.

That said, photochemistry is not universally 
applicable. Certain structural targets and reac‑
tivity types remain beyond theirreach, and the 
approach carries inherent limitations. One key 
challenge lies in the architectural design of start‑
ing materials: the spatial arrangement and po‑
sitioning of reactive functional groups must be 
meticulously orchestrated to ensure productive 
radical engagement. This requirement stems 
from the mechanistic nature of photochemical 
reactions, which often proceed through highly 
selective and transient radical intermediates. 
Another limitation is the labor-intensive op‑
timization process. Small changes in reaction 
parameters—such as photocatalyst identity, 
light source, solvent, or additives—can dra‑
matically affect the outcome. The search for 
ideal conditions can be extensive, yet when 
successful, photochemical methods offer un‑
matched efficiency, functional group tolerance, 
and scalability. Most reactions proceed under 
ambient conditions and require only cataly
tic amounts of photocatalyst, typically around 
1 mol%, simplifying product isolation and 
purification. Fluorination plays a prominent 
role in many of these transformations. Fluo‑

rine is introduced in diverse forms, including 
mono-fluoro, trifluoromethyl, perfluoroalkyl, 
trifluoromethoxy, and pentafluorosulfanyl 
groups. Fluorinated reagents are frequently 
employed, and multiple fluorine substitutions 
are often retained in the final products. This 
versatility makes photochemical synthesis par‑
ticularly valuable for constructing fluorinat‑
ed heterocycles with relevance to medicinal 
chemistry and pharmaceutical development. 
Notably, asymmetric photochemical transfor‑
mations remain underexplored. The scarcity 
of enantioselective protocols suggests that this 
field is still in its early stages. Given the impor‑
tance of chiral fluorinated compounds in drug 
design, future research is expected to focus 
on enantiocontrolled photochemical metho
dologies for fluorinated heterocyclic scaffolds. 
Overall, photochemistry represents a vibrant 
and rapidly evolving area of synthetic research, 
offering vast potential for innovation. As the 
field continues to expand, we anticipate excit‑
ing developments that will further redefine the 
boundaries of molecular construction.
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Анотація: Фторовмісні гетероцикли за‑
ймають центральне місце у фармацевти‑
ці, агрохімії та матеріалознавстві завдяки 
своїм унікальним фізико-хімічним власти‑
востям та широкій функціональній значу‑
щості. Прагнення до ефективних та еколо‑
гічно стійких методів синтезу сприяло поя‑
ві фотохімії як переконливої альтернативи 
традиційним підходам на основі термічної, 

кислотно-лужної чи окисно-відновної ре‑
акцій. Дійсно, багато із трансформацій, ви‑
світлених у цьому огляді, були б недосяж‑
ними за звичайних умов, що підкреслює 
виняткову реакційну здатність, яку забез‑
печують процеси, що приводяться в рух 
світлом.

Цей огляд вивчає ключові досягнення за 
останнє десятиліття у фотохімічному син‑
тезі фторованих гетероциклічних сполук. 
Він починається з огляду фундаментальних 
фотохімічних принципів і фотокаталізато‑
рів, які використовують найчастіше. Потім 
обговорення продовжується, розподіляю‑
чи реакції на унімолекулярні, бімолекуляр‑
ні та тримолекулярні класи. Унімолекулярні 
реакції, як правило, включають циклізацію 
стратегічно розроблених субстратів, здат‑
них утворювати гетероциклічні структури 
після фотоактивації. Бімолекулярні реакції 
є найпоширенішим класом, де дві окремі 
компоненти надають взаємодоповнюючі 
фрагменти для побудови цільового гете‑
роциклу. Натомість тримолекулярні фото‑
хімічні реакції є надзвичайно рідкісними 
через властиві механістичні, кінетичні та 
просторові обмеження, пов’язані з тритіль‑
ними взаємодіями в фотохімічних умовах.

Для кожної обговорюваної трансфор‑
мації ми детально описуємо використаний 
фотокаталізатор, джерело опромінення, 
умови реакції та специфічний введений 
патерн фторування. Фотохімія переосмис‑
лює світло не просто як джерело енергії, а 
як точний і стійкий реагент, що відкриває 
синтетичні шляхи зі зручністю, селектив‑
ністю та мінімальним впливом на довкілля.

Ця робота має на меті слугувати всебіч‑
ним ресурсом для дослідників і практиків, 
які прагнуть використовувати фотохімічні 
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стратегії для синтезу фторованих гетеро‑
циклів, з акцентом на каталітичну ефектив‑
ність, структурну різноманітність та еколо‑
гічну відповідальність.

Ключові слова: хімія фтору, гетероци‑
кли, органофтористі сполуки, фото-редокс 
каталіз, структурне різноманіття, зелена хі‑
мія, сталий синтез, вплив на довкілля.
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