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СИНТЕЗ СКЛАДНИХ ОКСИДІВ ЛАНТАНУ І 3d-МЕТАЛІВ (Co, Ni, Cu) 
ТА ЇХНІХ ГЕТЕРОМЕТАЛІЧНИХ КОМПЛЕКСІВ ІЗ СУКЦИНОВОЮ 
КИСЛОТОЮ ТА ПІРИДИНОМ

Л. І. Железнова, Л. І. Слюсарчук*, О. К. Трунова, С. В. Кулешов

Інститут загальної та неорганічної хімії ім. В. І. Вернадського НАН України,
просп. Академіка Палладіна, 32/34, Київ 03142, Україна
e-mail: l.sliusarchuk@yahoo.com

У роботі представлено дослідження із синтезу нових гетерометалічних комплек-
сів La(III) і Co(II), Ni(II), Cu(II) з бурштиновою кислотою та піридином (Py). Одержано 
змішані лігандні, гетерометалічні координаційні сполуки [Co2La2(C4Н4O4)5·4Py]·4Н2О, 
[Ni2La2(C4Н4O4)5·4Py]·4Н2О, та [Cu2La2(C4Н4O4)5·4Py]·4Н2О.

Проведено вивчення їхніх термічних властивостей та визначення здатності гетерокомп-
лексів утворювати складні оксиди. Комплекси охарактеризовано за допомогою елементно-
го аналізу та термогравіметричного методу. Оцінка їхньої термічної стійкості показала, що 
термічне розкладання синтезованих гетерокомплексів проходить постадійно і має багато-
ступінчастий характер. Їхній термоліз протікає через стадії відщеплення спочатку молекул 
води (100–220°C), потім піридину (185–310°C), що супроводжується екзотермічними ефек-
тами на кривих DТА, і до повного термічного розкладання гетерометалічних координацій-
них сполук. В області температур від 260°С до 700°С відбувається інтенсивне розкладання 
комплексів, зумовлений руйнуванням органічної частини, що супроводжується екзотерміч-
ними ефектами. При термолізі гетерокомплексів за 800°С, 900°С, 1000°С одержано порошки 
оксидів. Контроль їхнього складу проведено за допомогою рентгенофазового аналізу. Іден-
тифікацію фаз проводили шляхом порівняння експериментальних дифракційних картин із 
базами даних ICDD PDF-2. Показано, що сполуки [М2La2(C4Н4O4)5·4Py]·4Н2О (M=Co, Cu) за 
температури 900°С розкладаються в основному до складних оксидів LаСоО3 та La2СuО4 
з невеликими домішками La(OH)3 і нестехіометричного оксиду купруму CuxO відповід-
но. Термодеструкція комплексу [Ni2La2(C4Н4O4)5·4Py]·4Н2О супроводжується утворенням 
домінуючої фази нікелатів лантану La2NiО4 та LaNiO3, також виявлено незначний вміст 
оксиду NiO і La(OH)3 як побічних фаз.

Таким чином, гетерометалічні комплекси [Co2La2(C4Н4O4)5·4Py]·4Н2О, [Ni2La2(C4Н4O4)5· 
·4Py]·4Н2О та [Cu2La2(C4Н4O4)5·4Py]·4Н2О можна використовувати як прекурсори для от-
римання складних оксидів – кобальтату, нікелату чи купрату лантану з меншими енерге-
тичними витратами, ніж у твердофазному синтезі.

Ключові слова: лантан, кобальт, нікель, мідь, сукцинова кислота, піридин, складний 
оксид.
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ВСТУП. Існує багато методів отримання 
оксидів металів, які мають переваги і недо-
ліки. Ці недоліки стають особливо поміт-
ними при переході від простих оксидів до 
складних оксидів металів. Існують декілька 
методів отримання складних оксидів.  

Твердофазний метод синтезу складних 
оксидів (із відомим елементним складом) 
полягає в механічному змішуванні реа-
гентів. Зазвичай вихідними реагентами є 
прості оксиди, гідроксиди або карбонати 
катіонутворювачів, котрі входять у цільо-
вий продукт. Нерідко використовують й 
інші солі, які розкладаються при нагріван-
ні: ацетати, нітрати, сульфати, з подальшим 
термічним обробленням суміші реагентів. 
Основною перевагою методу є його про-
стота, а недоліком – значна неоднорідність 
вихідної суміші.

Метод співосадження нерозчинних со-
лей. Співосадження катіонів великої кіль-
кості перехідних елементів (Mn, Fe, Co, Ni, 
Cu, Zn), рідкоземельних елементів, Mg, Pb, 
лужноземельних елементів можна прово-
дити з використанням оксалат-іону (у ви-
гляді Н2С2O4 або (NH4)2C2O4). Широке за-
стосування також має метод співосадження 
середніх карбонатів і трохи менше  – гід-
роксидів Після температурного оброблення 
суміші нерозчинних солей можна отримати 
однофазний продукт із вузьким розподілом 
частинок за розмірами. Процес осадження 
нерозчинних солей залежить від рН роз-
чину, концентрації, атмосфери, швидкості 
перемішування та багатьох інших факторів, 
узгодити які для компонентів, які мають 
різну хімічну природу, досить складно [1].

Піроліз аерозолів. При використанні 
цього методу за ультразвукової пульвери-
зації розчин суміші солей перетворюється 

на аерозоль, який з потоком газу-носія пе-
реноситься в гарячу зону, де і відбувається 
його миттєве розкладання з утворенням 
сольової або оксидної (залежно від темпе-
ратури газового потоку) суміші у формі 
агломератів мікронного розміру [2, 3].

Золь-гель-метод. Як вихідні реагенти за 
синтезу складних оксидів цим методом ви-
користовують водні розчини нітратів мета-
лів, які змішують у необхідному співвідно-
шенні. В отриманий розчин додають орга-
нічну сполуку (лимонна, винна, амінооцто-
ва, етилендіамінтетраоцтова кислоти), яка 
утворює металокомплекси. Після цього в 
систему додають багатоатомний спирт (як 
правило, етиленгліколь). Розчин упарюють 
до утворення полімерного гелю, який під-
дають термообробленню. При розкладанні 
полімеру утворюється порошок складного 
складу [4]. 

Кріохімічний метод заснований на по-
єднанні низько- та високотемпературних 
впливів [5, 6]. Гідротермально-мікрохви-
льовий метод полягає в отриманні матеріа-
лів із використанням мікрохвильової дії на 
хімічні реакції, що протікають у гідротер-
мальних умовах [7, 8]. Використовують та-
кож метод самопоширюваного високотем-
пературного синтезу [9]. 

Метод термодеструкції металовмісних 
сполук в олії засновано на використанні 
технології створення нанореакторів при 
краплинному введенні розчинів прекурсо-
рів у розчин (розплав) полімерної матриці 
[10]. 

Серед методів отримання оксидних ма-
теріалів окремо можна виокремити методи 
отримання оксидів із парів або розчинів 
молекулярних прекурсорів – металорга-
нічних сполук. Інтенсивні дослідження в 
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галузі синтезу та характеристики гетероме-
талічних комплексів (ГМК) з органічними 
лігандами дозволили розглядати та вико-
ристовувати їх як індивідуальні прекурсо-
ри складнооксидних матеріалів. Для отри-
мання складних оксидів оптимальними є 
методи термодеструкції гетерометалічних 
прекурсорів, при цьому отримують мате-
ріали з високим ступенем однорідності фа-
зового складу та контрольованим мольним 
співвідношенням металів.

Можна констатувати, що інтерес до ви-
вчення гетерокомплексів 3d- та 4f-елемен-
тів залишається у полі інтересів багатьох 
дослідників завдяки різноманітності їхніх 
властивостей, що дозволяє застосовувати 
їх у різних галузях народного господарства 
[11–13].

Одним із напрямків наукових дослі-
джень є використання гетерокомплексів 
3d/4f-металів як гетерометалічних прекур-
сорів для отримання складних оксидів зі 
структурою перовськіту або шпинелі. На 
відміну від традиційних методів отриман-
ня складних оксидів, термоліз полігетеро-
ядерних комплексів дозволяє знижувати 
енергетичні витрати, встановлювати спів-
відношення іонів металів, регулювати роз-
міри частинок оксидів, що є важливим для 
сучасного розвитку нанотехнологій.

Метою зазначеної роботи є синтез гете-
рометалічних сукцинатних комплексів лан-
тану з 3d-металами (кобальт, нікель, мідь) 
за присутності піридину, дослідження їхніх 
термічних властивостей і аналіз продуктів 
термолізу комплексів при отриманні склад-
них оксидів методом РФА.

ЕКСПЕРИМЕНТ І ОБГОВОРЕННЯ РЕ-
ЗУЛЬТАТІВ. Для синтезу гетерометалічних 
комплексів Co(II), Ni(II), Cu(II) з La(III) та 

сукциновою кислотою за присутності піри-
дину було використано нітрати відповід-
них елементів La(NO3)3·6Н2О, Co(NO3)2·-
6Н2О Ni(NO3)2·6Н2О, Cu(NO3)2·6Н2О марки 
«х. ч.», сукцинова кислота марки «ч. д. а.», 
піридин. Розчини солей необхідної концен-
трації готували за точно взятої наважки. 
Координаційні сполуки синтезували у вод-
но-спиртових розчинах.

Для дослідження складу одержаних про-
дуктів було використано елементний ана-
ліз. Вміст металів у комплексах визначали 
методом адсорбційної спектроскопії на 
атомно-абсорбційному спектрофотометрі 
фірми Perkin Elmer-200. Вміст карбону, гід-
рогену, нітрогену визначали методом еле-
ментного мікроаналізу на С, H, N аналіза-
торі Perkin Elmer-2400.

Термогравіметричні виміри проводили 
на дериватографі Q-1500D системи F.Pau
lik, J. Paulik, L. Erdey в інтервалі темпера
тур 20–700°С зі швидкістю нагріву 5°С/хв. 
Нагрівання зразків гетерометалічних 
комплексів здійснювали у муфельній печі 
за температур 800°, 900° і 1000° С упродовж 
3 годин.

Дослідження фазового складу сполук, 
одержаних у процесі термолізу гетероме-
талічних прекурсорів, проведено за допо-
могою рентгенофазового аналізу (РФА) на 
дифрактометрі «ДРОН–3М» із СuКα-ви-
проміненням (λ=1.54187Å) методом поро-
шку, з комп’ютерною реєстрацією вихідно-
го сигналу. Зйомку рентгенограм здійсню-
вали за нормальних умов, з фокусуванням 
за схемою Брега – Брентано в інтервалі 
кутів 10–90° із кроком 0,05° та експозиці-
єю 3  с. Сила струму аноду рентгенівської 
трубки становила 20 мА, напруга – 30 кВ. 
Похибка приладу складала 0,01%.
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Ідентифікацію фазового складу про-
дуктів синтезу здійснювали за допомо-
гою комп’ютерного забезпечення «Match! 
Crystal Impact ver. 3.3» [14] з базою даних 
«ICDD PDF–2». 

Синтез комплексів проводили за на-
ступними методиками.

Синтез [Со(С4Н4О4)·2Ру]·2H2O прово
дили шляхом змішування еквімоляр-
них теплих розчинів нітрату кобальту 
та сукцинату натрію з концентраціями 
0,15  моль/л кожного за присутності піри-
дину при рН=5.5. Розчин витримували на 
водяній бані за температури 60°С протя-
гом 45 хв. Осад цегляно-червоного кольору  
[Со(С4Н4О4)·2Ру]·2H2O залишали на добу, 
відфільтровували та висушували до по-
стійної маси за кімнатної температури. Ви-
хід продукту становив: 44% . 

Аналогічно проведено синтези комплек-
сів [Ni(С4Н4О4)·2Ру]·2H2O та [Сu(С4Н4О4)·  
·2Ру]·2H2O. Вихід продуктів становив 48% і 
67% відповідно.

Синтез [La2(С4Н4О4)3]·5Н2О. До теплого 
водного розчину солі нітрату лантану до-
давали водний розчин сукцинату натрію за 
еквімолярного співвідношення компонен-
тів (рН~5). Отриманий розчин витриму-
вали на водяній бані за температури 60°С 
протягом однієї години. Осад білого кольо-
ру, який випадав, залишали на добу, від-
фільтровували та висушували до постійної 
маси за кімнатної температури. Вихід про-
дукту [Lа2(С4Н4О4)3]·5H2O становив 63%.

Синтез [Сo2Lа2(C4Н4O4)5·4Py]·4Н2О.  
До 10 мл теплих (t=50°С) розчинів  
Co(NO3)2·6Н2О і Lа(NO3)3·6Н2О з концен-
траціями 0,15 моль/л кожного при пере-
мішуванні підливали 25 мл етанольного 
розчину піридину (С=0,15 моль/л) і 25  мл 

теплого розчину сукцинатної кислоти 
(С=0,15 моль/л). Контролювали рН роз-
чину (рН~5) додаванням 10% розчину 
NH4OH. Осад блідо-помаранчевого кольо-
ру, який випадав, залишали на добу, філь-
трували і висушували до постійної маси 
за кімнатної температури. Вихід продукту 
становив 45%.

Аналогічно проведено синтези комп-
лексів [Ni2La2(C4Н4O4)5·4Py]·4Н2О та 
[Сu2La2(C4Н4O4)5·4Py]·4Н2О. Вихід продук-
тів становив 49% для [Ni2La2(C4Н4O4)5·4Py]· 
·4Н2О і 42% для [Сu2La2(C4Н4O4)5·4Py]·4Н2О.

Результати хімічного аналізу гетеро- 
і монокомплексів Сo(II) Nd(III) Cu(II) і 
La(III) з сукциновою кислотою і піридином 
наведено нижче. 

Для [Со(С4Н4О4)·2Ру]·2H2O, 
(C14CoH18N2O6) (368.90 г/моль) знайде-
но (розраховано) (%): Со- 15.94 (15.96),  
С- 45.52 (45.54), Н- 4.85 (4.87), N- 7.56 (7.59).

Для [Ni(С4Н4О4)·2Ру]·2H2O, 
(C14H18N2NiO6) (368.70 г/моль) знайде-
но (розраховано) (%):  Ni- 15.90 (15.92),  
С- 45.53 (45.56), Н- 4.86 (4.88), N- 7.58 (7.59). 

Для [Сu(С4Н4О4)·2Ру]·2H2O, 
(C14CuH18N2O6) (373.50 г/моль) знайде-
но (розраховано) (%): Сu- 16.98 (17.00),  
С- 45.01 (44.97), Н- 4.80 (4.82), N- 7.47 (7.49). 

Для La2(С4Н4О4)3]·5Н2О (C12H22La2O17) 
(716.00 г/моль) знайдено (розрахова-
но) (%): La- 38.85 (38.83), С- 20.08 (20.11),  
Н- 3.08 (3.07).

Для [Сo2La2(C4Н4O4)5·4Py]·4Н2О, 
(C40Co2H48La2N4O24) (1363.80 г/моль) знай-
дено (розраховано) (%): La- 20.39 (20.38), 
Со- 8.60 (8.64), С- 35.15 (35.19), Н- 3.50 
(3.52), N- 3.08 (4.10).

Для [Ni2La2(C4Н4O4)5·4Py]·4Н2О, 
(C40H48La2N4Ni2O24) (1363.40 г/моль) знай-
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дено (розраховано) (%): La- 20.38 (20.39),  
Ni- 8.60 (8.61), С- 35.22 (35.20), Н- 3.53 (3.52), 
N- 4.13 (4.11).

Для  [Сu2La2(C4Н4O4)5·4Py]·4Н2О, 
(C40Cu2H48La2N4O24) (1373.00 г/моль) знай-
дено (розраховано) (%): La- 20.29 (20.25), 
Сu- 9.20 (9.24), С- 34.95 (34.96), Н- 3.47 
(3.49), N- 4.08 (4.07). 

Із метою визначення кінцевих продук-
тів розкладання синтезованих гетероме-
талічних комплексів та перебігу їхньої 

термодеструкції було проведено диферен-
ціальний термічний та рентгенофазовий 
аналізи. Термодеструкцію гетерокомплек-
сів та для порівняння відповідних моно-
комплексів вивчали з використанням ме-
тоду термогравіметрії у повітряній атмос-
фері (рис.1).

Термічний розклад синтезованих гете-
ро- и монокомплексів проходить поста-
дійно і має багатоступінчастий характер 
(табл.1, 2).

Рис. 1. – Дериватограми комплексів [Ni2La2(C4Н4O4)5·4Py]·4Н2О (1), [Cu2La2(C4Н4O4)5·4Py]·4Н2О 
(2), [Co2La2(C4Н4O4)5·4Py]·4Н2О (3)

Fig. 1. – Derivative diagrams of complexes Ni2La2(C4Н4O4)5·4Py]·4Н2О (1), [Cu2La2(C4Н4O4)5·4Py]·4Н2О 
(2), [Co2La2(C4Н4O4)5·4Py]·4Н2О (3).
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Термічний розклад синтезованих гетеро- и монокомплексів проходить постадійно і має 

багатоступінчастий характер (табл.1, 2). 
 

Табл.1 
Термічна стійкість координаційних сполук [М(C4Н4O4)·2Py]·2Н2О (М = Co, Ni, Cu), 

[La2(C4Н4O4)3]·5Н2О 
Table 1. 

Thermal stability of coordination compounds М(C4Н4O4)·2Py]·2Н2О (М = Co, Ni, Cu), 
[La2(C4Н4O4)3]·5Н2О. 

 
 
 

Комплексна сполука 

процес, °С 
десольватація розкладання 

H2O Py t, °C знай- розра-
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ІЗ СУКЦИНОВОЮ КИСЛОТОЮ ТА ПІРИДИНОМНЕОРГАНІЧНА ХІМІЯ

Табл.1
Термічна стійкість координаційних сполук [М(C4Н4O4)·2Py]·2Н2О (М = Co, Ni, Cu), 

[La2(C4Н4O4)3]·5Н2О
Table 1.

Thermal stability of coordination compounds М(C4Н4O4)·2Py]·2Н2О (М = Co, Ni, Cu), 
[La2(C4Н4O4)3]·5Н2О.

Комплексна сполука

процес, °С
десольватація розкладання

H2O Py

t, °C
знайд. 

%
розрах. 

%t, °C
знайд. 

%
розрах. 

% t, °C
знайд. 

%
розрах. 

%

[Сo(C4Н4O4)·2Py]·2Н2О 145–230 10,0 9,7 230–400 41,9 42,8 400–520–800 22,2 23.0

[Ni(C4Н4O4)·2Py]·2Н2О 145–230 10,0 9,7 230–400 42,0 42,9 400–590–800 25,2 26.1

[Сu(C4Н4O4)·2Py]·2Н2О 145–230 10,0 9,6 230–400 41,6 42,3 400–520–800 25,0 26.2

[La2(C4Н4O4)3]·5Н2О 100–260 12,8 12,6 – – 440–750 41,8 42.0

Табл. 2 
Термічна стійкість комплексів [М2La 2(C4Н4O4)5·4Py]·4Н2О (М=Co, Ni, Cu)

Table 2.
Thermal stability of complexes [М2La 2(C4Н4O4)5·4Py]·4Н2О (М= Co, Ni, Cu).

Комплексна сполука

процес, °С
десольватація розклад

H2O Py

t, °C
знайд. 

%
розрах. 

%t, °C
знайд. 

%
розрах. 

% t, °C
знайд 

%
розрах. 

%
[Co2La2(C4Н4O4)5·4Py]·4Н2О 100–220   5,1     5,3 200–310 24,6 23,2 330–700 46,8 47.0
[Ni2La2(C4Н4O4)5·4Py]·4Н2О 100–185  5,5 5,10 185–260 26,56 25,39 260–600 41,6 42.3
[Cu2La2(C4Н4O4)5·4Py]·4Н2О 100–220 5,1 5,5 200–310 24,6 24,0 330–700 42,2 41.0

Із літературних джерел та наших дослі-
джень [15] відомо, що сукцинати піддають-
ся термолізу, розкладаючись до оксидів без 
утворення проміжних карбонатів. Такий 
характер розкладання можна порівняти з 
процесом термолізу сукцинової кислоти, 
яка при нагріванні розкладається з утво-
ренням сукцинового ангідриду та води.

Аналізуючи дериватограму комплек-
су [Сo(C4Н4O4)·2Py]·2Н2О, спочатку спо-
стерігаємо процес втрати молекул води, 
який супроводжується ендотермічним 
ефектом. Втрата маси становить 10%, що 
відповідає 2 молям координованої води 
(теоретично 9,7%). Подальшу втрату маси 
пов’язано з відщепленням молекул піри-
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дину, після чого за температур, вищих за 
400°С, починається інтенсивне розкла-
дання сукцинату кобальту [16]. Анало-
гічні процеси відбуваються при нагріван-
ні комплексів [Ni(C4Н4O4)·2Py]·2Н2О та 
[Сu(C4Н4O4)·2Py]·2Н2О.

Термічна поведінка комплексу лантану 
з сукциновою кислотою відрізняється від 
розглянутих раніше. Аналізуючи дерива-
тограму комплексу [La2(C4Н4O4)3]·5Н2О, 
можна відмітити, що дегідратація сукцина-
ту La(III) відбувається в дві стадії: спочат-
ку видаляється адсорбована вода, а потім 
відщеплюються молекули води, що вхо-
дять до внутрішньої координаційної сфери 
комплексу. Після втрати води (100–260°C) 
безводний сукцинат лантану, на відміну від 
сукцинату, наприклад, неодиму, розклада-
ється в декілька етапів. Спочатку утворю-
ється карбонат, який за подальшого нагрі-
вання (440–750°С) зазнає розкладання з 
утворенням оксидів.

Аналіз дериватограм гетерометалічних 
кобальт-, нікель-, мідь-вмісних сукцинатів 
лантану показує, що їхній термоліз про-
тікає через стадії відщеплення спочатку 
молекул води (100–220°C), потім піриди-
ну (185–310°C), що супроводжується ек-
зотермічними ефектами на кривих DТА, 
і до повного термічного розкладання ге-
терометалічних координаційних сполук. 
В області температур від 260°С до 700°С 
відбувається інтенсивне розкладання 
комплексів, зумовлений руйнуванням ор-
ганічної частини, що супроводжується ек-
зотермічними ефектами. Загальна втрата 
маси вихідних зразків становить 76,50% 
для [Co2La2(C4Н4O4)5·4Py]·4Н2О, 73,66% для 
[Ni2La2(C4Н4O4)5·2Py]·4Н2О і 71,90% для 
[Cu2La2(C4Н4O4)5·2Py]·4Н2О, що відповідає 

повному розкладанню вихідних гетероме-
талічних сполук до складних оксидів.

Рентгенофазовий аналіз зразків, отрима-
них шляхом нагрівання комплексних сполук 
[Сo2La2(C4Н4O4)5·4Py]·4Н2О,
[Ni2La2(C4Н4O4)5·4Py]·4Н2О 
і [Сu2La2(C4Н4O4)5· 4Py]·4Н2О, було про-
ведено для ідентифікації фазового складу 
та кристалічних структур. Вимірювання 
здійснювалися з використанням рентге-
нівської дифракції. Відпал гетерокомплек-
сів проводили в печі за температур 800°С, 
900°С та 1000°С упродовж 3 год. При цьому 
спостерігається утворення порошків чор-
ного кольору. Ідентифікацію фаз проводи-
ли шляхом порівняння експериментальних 
дифракційних картин із базами даних ICDD 
PDF-2. На рис. 2, 3, 4 наведено дифрактогра-
ми зразків, отриманих після нагрівання ге-
терокомплексів [М2La2(C4Н4O4)5·4Py]·4Н2О 
(М = Со, Ni, Сu) за температури 900°С.

На дифрактограмі зразка, отрима-
ного шляхом нагрівання комплексу 
[Ni2La2(C4Н4O4)5·4Py]·4Н2О, зафіксова-
но наявність кількох висококристалічних 
сполук: La2NiO4, La(OH)3, NiO та LaNiO3 
[17]. La2NiO4 демонструє найінтенсивніші 
піки, що відповідають картці 00-011-0557 
(рис. 2). 

Ця фаза кристалізується в тетраго-
нальній сингонії з просторовою групою  
I4/mmm (139). У зразку також виявлено 
достатньо високий вміст складного оксиду 
LaNiO3, всі піки якого відповідають картці  
00-033-0710. Ця фаза має кубічну син-
гонію та просторову групу Pm3m (221). 
Присутність NiO (картка 00-044-1159) 
ромбоедричної сингонії свідчить про на-
явність простого оксиду. Крім того, за-
фіксовано піки гексагонального La(OH)3 
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з параметрами комірки a=6.515(9) Å і 
c=3.865(9) Å. Таким чином, склад зразка, 
отриманого шляхом нагрівання комплексу 
[Ni2La2(C4Н4O4)5·4Py]·4Н2О, є багатофаз-

ним. Домінуючими фазами є La2NiO4 та 
LaNiO3, тоді як La(OH)3 та NiO присутні як 
побічні фази.
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Рентгенофазовий аналіз зразків, отриманих шляхом нагрівання комплексних сполук 
[Сo2La2(C4Н4O4)5·4Py]·4Н2О, [Ni2La2(C4Н4O4)5·4Py]·4Н2О і [Сu2La2(C4Н4O4)5·4Py]·4Н2О, було 
проведено для ідентифікації фазового складу та кристалічних структур. Вимірювання 
здійснювалися з використанням рентгенівської дифракції. Відпал гетерокомплексів 
проводили в печі за температур 800°С, 900°С та 1000°С упродовж 3 год. При цьому 
спостерігається утворення порошків чорного кольору. Ідентифікацію фаз проводили шляхом 
порівняння експериментальних дифракційних картин із базами даних ICDD PDF-2. На рис. 2, 
3, 4 наведено дифрактограми зразків, отриманих після нагрівання гетерокомплексів 
[М2La2(C4Н4O4)5·4Py]·4Н2О (М = Со, Ni, Сu) за температури 900°С. 

На дифрактограмі зразка, отриманого шляхом нагрівання комплексу 
[Ni2La2(C4Н4O4)5·4Py]·4Н2О, зафіксовано наявність кількох висококристалічних сполук: 
La2NiO4, La(OH)3, NiO та LaNiO3 [17]. La2NiO4 демонструє найінтенсивніші піки, що 
відповідають картці 00-011-0557 (рис. 2).  

 
Рис. 2. Дифрактограма зразка, отриманого шляхом нагрівання [Ni2La2(C4Н4O4)5·4Py]·4Н2О за 
температури 900°С 
Fig. 2. Diffractogram of a sample obtained by heating [Ni2La2(C4Н4O4)5·4Py]·4Н2О at a temperature of  
900°C. 

 
Ця фаза кристалізується в тетрагональній сингонії з просторовою групою I4/mmm 

(139). У зразку також виявлено достатньо високий вміст складного оксиду LaNiO3, всі піки 
якого відповідають картці 00-033-0710. Ця фаза має кубічну сингонію та просторову групу 
Pm3m (221). Присутність NiO (картка 00-044-1159) ромбоедричної сингонії свідчить про 
наявність простого оксиду. Крім того, зафіксовано піки гексагонального La(OH)3 з 
параметрами комірки a=6.515(9) Å і c=3.865(9) Å. Таким чином, склад зразка, отриманого 
шляхом нагрівання комплексу [Ni2La2(C4Н4O4)5·4Py]·4Н2О, є багатофазним. Домінуючими 
фазами є La2NiO4 та LaNiO3, тоді як La(OH)3 та NiO присутні як побічні фази. 

Для зразка, отриманого шляхом нагрівання комплексу [Сo2La2(C4Н4O4)54Py]·4Н2О, 
характерна наявність лише двох фаз: складного оксиду LaCoO3 та гідроксиду лантану 
La(OH)3. LaCoO3 є основною фазою, яка утворюється при розкладання ГМК (рис. 3).  

Рис. 2. Дифрактограма зразка, отриманого шляхом нагрівання [Ni2La2(C4Н4O4)5·4Py]·4Н2О за 
температури 900°С

Fig. 2. Diffractogram of a sample obtained by heating [Ni2La2(C4Н4O4)5·4Py]·4Н2О at a temperature 
of  900°C.

Рис. 3. Дифрактограма зразка, отриманого шляхом нагрівання [Co2La2(C4Н4O4)5·4Py]·4Н2О за 
температури 900 °С

Fig. 3. Diffractogram of a sample obtained by heating [Co2La2(C4Н4O4)5·4Py]·4Н2О at a temperature 
of  900°C.

 
Рис. 3. Дифрактограма зразка, отриманого шляхом нагрівання [Co2La2(C4Н4O4)5·4Py]·4Н2О за 
температури 900 °С 
Fig. 3. Diffractogram of a sample obtained by heating [Co2La2(C4Н4O4)5·4Py]·4Н2О at a temperature of  
900°C. 
 

Складний оксид LaCoO3 кристалізується у ромбоедричній сингонії із просторовою 
групою R-3m (166). Усі піки цієї фази збігаються з даними картки 00-025-1060. Як і у зразку, 
отриманому шляхом нагрівання [Ni2La2(C4Н4O4)54Py]·4Н2О, так і у зразку, отриманому після 
нагрівання [Сo2La2(C4Н4O4)54Py]·4Н2О, також присутні піки La(OH)3 з параметрами комірки а 
= 6,531(9) Å та с = 3,861(4) Å. Таким чином, нагрівання комплексу [Сo2La2(C4Н4O4)54Py]·4Н2О 
демонструє вищу фазову чистоту щодо цільового складного оксиду порівняно з 
[Ni2La2(C4Н4O4)54Py]·4Н2О.  

На дифрактограмі зразка, отриманого шляхом нагрівання [Cu2La2(C4Н4O4)5·4Py]·4Н2О, 
було ідентифіковано дві основні фази: La2CuO4 та нестехіометричний оксид купруму CuxO 
(рис. 4). La2CuO4 є основною кристалічною фазою, що підтверджується високою 
інтенсивністю відповідних піків [18]. Ця фаза відповідає картці в базі даних ICDD PDF-2 № 
00-038-0709, має орторомбічну сингонію та належить до просторової групи Fmmm (69). Крім 
того, на дифрактограмі присутні менш інтенсивні піки за кутів 2θ приблизно 35.56, 38.76, 
48.78, 58.36 та 66.64°. Ці піки найкраще збігаються з карткою № 00-005-0661, що відповідає 
оксиду купруму (CuO). Однак спостерігається зсув цих піків порівняно з еталонною карткою 
CuO, що вказує на ймовірне утворення нестехіометричного оксиду купруму CuxO. Низька 
інтенсивність цих піків свідчить про те, що CuxO є додатковою фазою у зразку. Таким чином, 
для зразка, отриманого шляхом нагрівання [Cu2La2(C4Н4O4)5·4Py]·4Н2О, основним продуктом 
є складний оксид La2CuO4, тоді як нестехіометричний CuxO утворюється як побічна фаза, 
можливо, внаслідок неповного реагування або окислення. 
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Для зразка, отриманого шляхом нагріва
ння комплексу [Сo2La2(C4Н4O4)54Py]·4Н2О, 
характерна наявність лише двох фаз: склад-
ного оксиду LaCoO3 та гідроксиду лантану 
La(OH)3. LaCoO3 є основною фазою, яка 
утворюється при розкладання ГМК (рис. 3). 

Складний оксид LaCoO3 кристалізуєть-
ся у ромбоедричній сингонії із просторо-
вою групою R-3m (166). Усі піки цієї фази 
збігаються з даними картки 00-025-1060. 
Як і у зразку, отриманому шляхом на-
грівання [Ni2La2(C4Н4O4)54Py]·4Н2О, так 
і у зразку, отриманому після нагрівання 
[Сo2La2(C4Н4O4)54Py]·4Н2О, також присут-
ні піки La(OH)3 з параметрами комірки  
а = 6,531(9) Å та с = 3,861(4) Å. Таким чином, 
нагрівання комплексу [Сo2La2(C4Н4O4)54Py]· 
·4Н2О демонструє вищу фазову чистоту 
щодо цільового складного оксиду порівня-
но з [Ni2La2(C4Н4O4)54Py]·4Н2О. 

На дифрактограмі зразка, отриманого 
шляхом нагрівання [Cu2La2(C4Н4O4)5·4Py]· 
·4Н2О, було ідентифіковано дві основні 
фази: La2CuO4 та нестехіометричний оксид 

купруму CuxO (рис. 4). La2CuO4 є основною 
кристалічною фазою, що підтверджується 
високою інтенсивністю відповідних піків 
[18]. Ця фаза відповідає картці в базі даних 
ICDD PDF-2 № 00-038-0709, має ортором-
бічну сингонію та належить до просторової 
групи Fmmm (69). Крім того, на дифрак-
тограмі присутні менш інтенсивні піки за 
кутів 2θ приблизно 35.56, 38.76, 48.78, 58.36 
та 66.64°. Ці піки найкраще збігаються з 
карткою № 00-005-0661, що відповідає окси-
ду купруму (CuO). Однак спостерігається 
зсув цих піків порівняно з еталонною карт-
кою CuO, що вказує на ймовірне утворення 
нестехіометричного оксиду купруму CuxO. 
Низька інтенсивність цих піків свідчить про 
те, що CuxO є додатковою фазою у зразку. 
Таким чином, для зразка, отриманого шля-
хом нагрівання [Cu2La2(C4Н4O4)5·4Py]·4Н2О, 
основним продуктом є складний оксид 
La2CuO4, тоді як нестехіометричний CuxO 
утворюється як побічна фаза, можливо, 
внаслідок неповного реагування або окис-
лення.

 
Рис. 4.  Дифрактограма зразка, отриманого шляхом нагрівання [Cu2La2(C4Н4O4)5·4Py]·4Н2О за 
температури 900 °С 
Fig. 4. Diffractogram of a sample obtained by heating [Cu2La2(C4Н4O4)5·4Py]·4Н2О at a temperature of  
900°C. 
 

Слід зазначити, що при нагріванні гетерокомплексів до 1000°С були отримані 
складні оксиди з меншим вмістом додаткових фаз. 

ВИСНОВКИ. Методом самозбірки синтезовано нові різнолігандні гетерометалічні 
комплекси 3d-металів (Сo (II), Ni (II), Cu (II)) з сукциновою кислотою та піридину загальної 
формули [М2La2(C4Н4O4)5·4Py]·4Н2О. Показано, що синтезовані комплекси можна 
використовувати як прекурсори для отримання складних оксидів. За термолізу комплексів 
[М2La2(C4Н4O4)5·4Py]·4Н2О (M=Co, Cu) та за 900°С отримано складні оксиди LаСоО3 та 
La2СuО4 відповідно. Термодеструкція комплексу [Ni2La2(C4Н4O4)5·4Py]·4Н2О 
супроводжується утворенням нікелатів лантану La2NiО4 та LaNiO3  як домінуючих фаз. При 
цьому використання прекурсорних методик дозволяє суттєво знизити тривалість та 
енерговитратність синтезу відповідних складних оксидів порівняно з традиційними 
керамічними методами синтезу. 
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of  900°C.
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СИНТЕЗ СКЛАДНИХ ОКСИДІВ ЛАНТАНУ І 3d-МЕТАЛІВ (Co, Ni, Cu) ТА ЇХНІХ ГЕТЕРОМЕТАЛІЧНИХ КОМПЛЕКСІВ 
ІЗ СУКЦИНОВОЮ КИСЛОТОЮ ТА ПІРИДИНОМНЕОРГАНІЧНА ХІМІЯ

Слід зазначити, що при нагріванні ге-
терокомплексів до 1000°С були отримані 
складні оксиди з меншим вмістом додатко-
вих фаз.

ВИСНОВКИ. Методом самозбірки син-
тезовано нові різнолігандні гетерометалічні 
комплекси 3d-металів (Сo (II), Ni (II), Cu (II)) 
з сукциновою кислотою та піридину загаль-
ної формули [М2La2(C4Н4O4)5·4Py]·4Н2О. 
Показано, що синтезовані комплекси можна 
використовувати як прекурсори для отри-
мання складних оксидів. За термолізу комп-
лексів [М2La2(C4Н4O4)5·4Py]·4Н2О (M=Co, 
Cu) та за 900°С отримано складні оксиди  
LаСоО3 та La2СuО4 відповідно. Термодест
рукція комплексу [Ni2La2(C4Н4O4)5·4Py]·4Н2О 
супроводжується утворенням нікелатів 

лантану La2NiО4 та LaNiO3  як домінуючих 
фаз. При цьому використання прекурсор-
них методик дозволяє суттєво знизити 
тривалість та енерговитратність синтезу 
відповідних складних оксидів порівняно 
з традиційними керамічними методами  
синтезу.
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The work presents studies on the synthe-
sis of new heterometallic complexes of La(III) 
and Co(II), Ni(II), Cu(II) with succinic acid 
and pyridine (Py). Mixed-ligand, heterome-
tallic coordination compounds of the gene

ral composition [М2La2(C4Н4O4)5·4Py]·4Н2О 
(МІІ=Со, Ni, Cu) were obtained. Their ther-
mal properties were studied and the ability 
of heterocomplexes to form complex oxides 
was determined. The complexes were charac-
terized using elemental analysis and thermo
gravimetric method. Assessment of their 
thermal stability showed that the thermal de-
composition of the synthesized heterocom-
plexes proceeds in stages and has a multistage 
nature. Their thermolysis proceeds through 
the stages of elimination of water molecules 
(100–220°C), then pyridine (185–310°C), 
which is accompanied by exothermic effects 
on the DTA curves, and to the complete ther-
mal decomposition of heterometallic coordi-
nation compounds. In the temperature range 
from 260°C to 700°C, intensive decomposition 
of complexes occurs, due to the destruction 
of the organic part, which is accompanied by 
exothermic effects. During the thermolysis 
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of heterocomplexes at 800°C, 900°C, 1000°C, 
oxide powders were obtained. Their compo-
sition was controlled by X-ray phase analysis. 
Phase identification was carried out by com-
paring experimental diffraction patterns with 
the ICDD PDF-2 databases. It is shown that 
the compounds [М2La2(C4Н4O4)5·4Py]·4Н2О 
(M=Co, Cu) decompose at a temperature of 
900°С mainly to complex oxides LaСоО3 and 
La2СuО4 with small impurities of La(OH)3 and 
non-stoichiometric cupric oxide CuxO, respec-
tively. The thermal destruction of the complex 
[Ni2La2(C4Н4O4)5·4Py]·4Н2О is accompanied 
by the formation of the dominant phase of lan-
thanum nickelates La2NiО4 and LaNiO3, and a 
small content of NiO and La(OH)3 oxides as 
side phases was also found. Thus, the heterome-
tallic complexes Co2La2(C4Н4O4)5·4Py]·4Н2О, 
[Ni2La2(C4Н4O4)5·4Py]·4Н2О and 
[Cu2La2(C4Н4O4)5·4Py]·4Н2Оcan be used as 
precursors to obtain complex oxides – cobal
tate, nickelate, or lanthanum cuprate with low-
er energy costs than in solid-phase synthesis.

Keywords: lanthanum, cobalt, nickel, cop-
per, succinic acid, pyridine, complex oxide.
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OPTIMIZATION OF SYNTHESIS CONDITIONS OF BIOCOMPATIBLE 
COLLOID SOLUTIONS OF COPPER METAL PARTICLES.

Krupko Olena 

Bukovyna State Medical University, 
Chernivtsi, 2 Teatralna Square, 58002 Ukraine, 
e-mail: krupkoo@ukr.net

The work presents a comprehensive selection of conditions for the synthesis of nanosized 
Copper particles in an aqueous oxidizing environment using a biocompatible amino acid – 
L-Сysteine as a stabilizer, a reducing agent – sodium tetraborate, and the application of the 
method of mathematical experimental planning the Scheffe method.

The use of the mathematical planning method made it possible to predict the additive 
effect of the ratio between precursors in the studied medium on the value of the optical  
absorption edge of the obtained colloidal solutions of copper nanoparticles, their stability over 
time and the effect on test cultures of microorganisms P.aeruginosa, C.albicans, B.subtilitis. 

The ratio between the starting reagents that lead to the formation of stable colloidal solu-
tions of copper nanoparticles at pH=6 and temperature of 20°C in an oxidizing reaction me-
dium has been established.

A mathematical model was constructed in the form of a projection onto the plane of an 
equilateral triangle of the dependence of the value of the optical absorption edge of colloidal 
solutions of metallic copper nanoparticles on the ratio between the precursors. A mathemati-
cal equation was obtained – a fourth-degree polynomial that describes the dependence of the 
value of the optical absorption edge of colloidal solutions of copper nanoparticles on the ratio 
between three independent variables – crystal-forming components of time-stable particles 
in the reaction medium.

The antibacterial activities of a series of test solutions were investigated by the microme
thod of serial dilutions in accordance with the procedures of the European Committee for 
Susceptibility Testing against reference strains of bacteria (P.aeruginosa, C.albicans, B.sub-
tilitis.). Using the Scheffe mathematical model, the concentration regions and ratios between 
the components of the studied system were determined, which had the highest impact on the 
action of test cultures of microorganisms.

Keywords: nanoparticles, optical indicators, copper, microorganisms P.aeruginosa,  
C.albicans, B.subtilitis.
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INTRODUCTION. Active scientific deve
lopment of research in the field of nanomate-
rials, which is aimed at obtaining and applying 
nanoparticles (NPs) as new materials in va
rious fields of science, began in the twentieth 
century. In most countries of the world, inten-
sive research and implementation of nanotech-
nology results into practical activities are being 
carried out. The synthesis, research and appli-
cation of nanoscale materials are the subject of 
study of several interdisciplinary fields of sci-
ence at once. In particular, one of the results of 
such complex research and cooperation is the 
implementation of nanotechnology in medi-
cine and pharmacy.

The use of NPs in medicine and pharmacy is 
a very promising direction of modern science. 
A special place among the studied NPs in the 
field of medicine and pharmacy is occupied 
by metal nanoparticles (Ag, Au, Pt, Cu, etc.), 
which are used as antimicrobial, bactericidal 
and antitumor drugs [1–9]. Recently, quite 
intensively, researchers have been working on 
studying the effectiveness of the action of na-
noparticles (NPs) on pathogens of infectious 
and inflammatory processes of various loca
lization and, accordingly, the search and crea-
tion of highly effective antimicrobial drugs of a 
wide spectrum of action.

Copper NPs are especially promising and 
economically advantageous (in comparison 
with silver NPs) for these purposes [9–11].

Researchers are particularly interested in 
studying the synthesis conditions (the influ-
ence of different copper salts, different reduc-
ing agents, synthesis temperature) of stable 
copper nanoparticles and their effect on anti-
bacterial and antifungal properties [12–13].

Attention is also paid to the study of copper 
NPs obtained using biocompatible reagents 

and non-toxic reaction by-products, which ex-
hibit lower environmental risks for living or-
ganisms [14–15].

In the work [16], a detailed analysis of the 
synthesis methods of copper nanoparticles, 
the study and comparison of their antibacte-
rial properties, toxicity and prospects for their 
application with other metal particles, was 
carried out. It is important to note that Cop-
per NPs exhibit antimicrobial activity against 
gram-positive and gram-negative bacteria, in-
cluding Bacillus subtilis. This work presents 
cases of better bactericidal properties of cop-
per nanoparticles compared to silver nanopar-
ticles. Also described are studies in which cop-
per NPs are used as a fungicide against a wide 
range of plant fungi.

Studies of the antimicrobial and fungicidal 
properties of copper NP substances on clinical 
isolates of pathogens of infectious and inflam-
matory processes: bacteria S.aureus, E.coli, 
Proteus mirabilis, K.pneumoniae, Enterobac-
ter aerogenes, P.aeruginosa and fungi of the 
genus Candida, namely, C.albicans, Candida 
non-albicans and other micromicelles showed 
that the copper nanoparticle substance used in 
the work has pronounced antimicrobial and 
fungicidal activity against all pathogenic test 
cultures and against the effect on clinical iso-
lates of pathogens of infectious and inflamma-
tory processes of various locations [17].

The mechanisms of antimicrobial and anti-
fungal action of copper NPs have not been ful-
ly studied, however, these processes are based 
on damage and destruction of the correspond-
ing bacterial and fungal cells.

One of the important characteristics of col-
loidal solutions of Cu NPs is the stability of 
particles over time [1, 9–11], especially in a 
potentially oxidizing environment and without 
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deaeration of the initial solutions. Cuprum 
nanoparticles are of great interest to scientists, 
despite the increased instability of copper to 
oxidation with the formation of copper oxide, 
the possibility of the formation of its complex 
compounds in aqueous solutions, toxic start-
ing reagents and synthesis products, in order 
to find conditions for the synthesis of copper 
nanoparticles that are stable over time and that 
will exhibit antimicrobial and antifungal pro
perties.

Purpose of the work: selection of conditions 
for the synthesis of colloidal solutions of cop-
per nanoparticles stabilized by the biocompa
tible amino acid L-Cysteine in an oxidizing en-
vironment at a synthesis temperature of 200C. 
Study of the effect of Cu NPs on test cultures 
of microorganisms P.aeruginosa, C.albicans, 
B.subtilitis.

EXPERIMENT AND DISCUSSION OF 
RESULTS. Colloidal solutions of copper na-
noparticles were obtained in aqueous solu-
tion without prior deaeration of the starting 
solutions, using the following components: 
Cu(CH3COO)2∙H2O, sodium tetrahydroborate 
NaBH4 and as a stabilizer a solution of amino 
acid – L-Сysteine HO2CCH(NH2)CH2SH, (all 
purchased from Sigma Aldrich) were used for 
synthesis without changes. The synthesis was 
carried out observing the value of hydrogen 
index 6.0.

The order of introduction of the compo-
nents was carried out according to the follow-
ing scheme:
Cu(CH3COO)2 + CH2(SH)CH(NH2)COOH →

   
→  

+ NaBH4  → 

→

The reliability of the formation of copper 
nanoparticles was recorded using optical ab-
sorption spectra of colloidal solutions (appea
rance of surface plasmon resonance bands of 
copper nanoparticles at 470–520 nm in the 
absorption spectra of colloidal solutions and 
the absence of bands of the copper complex 
with cysteine and cuprous oxide in the region 
of 620–800 nm) [18]. The study of the optical 
properties of the solutions was carried out at 
a temperature of 298±5 K using spectrophoto
meters MDR-4 and USB-650 (Ocean Optics). 
The optical density of the solutions was mea
sured within the range of 0.01–2 with increas-
ing wavelength in the range of 350–1000 nm. 
The absorption of NP solutions was studied 
in quartz and polystyrene cuvettes 1 cm thick,  
using a stabilizer solution – L-Cysteine for 
comparison.

The study of antibacterial activity was car-
ried out by the micromethod of serial dilutions 
in accordance with the procedures of the Euro
pean Committee on Antimicrobial Suscepti-
bility Testing (EUCAST) (Janowska, Andrzej
czuk, Gawryś Wujec, 2023). The minimum 
bacteriostatic (fungistatic) and bactericidal 
(fungicidal) concentrations of the tested solu-
tions were determined in relation to reference 
strains of bacteria (P.aeruginosa, C.albicans, 
B.subtilitis.). A solution of the amino acid 
L-Cysteine was taken as a negative control.
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Analysis of the literature devoted to the 
study of the synthesis conditions of Cu NPs 
showed that some researchers are making  
attempts to generalize the influence of the ratio 
between the components on the properties of 
the synthesized particles. Unfortunately, it is 
impossible to predict the properties of nano
particles and their stability over time as a func-
tion of the composition in a wide range of con-
centrations of crystal-forming components of 
the solution.

In the practical and scientific research ac-
tivities of a researcher in the field of pharmacy, 
medicine or chemistry, the results of research 
and analysis require the maximum number of 
effective responses with the performance of 
the minimum number of experimental studies. 
That is why, in order to obtain an overall pic-
ture of the additive effect of concentrations on 

the properties of the obtained nanoparticles, 
the work used the method of mathematical 
experimental design – the method of simplex 
Scheffé lattices, which has already been used to 
characterize nanoscale materials [19].

To optimize the composition of the three-
component system by the Scheffe method, 
a fourth-degree polynomial can be used.

The range of investigated concentrations 
of initial solutions with compositions corres
ponding to the graphic representation in the 
area of the equilateral triangle ABC (Fig. 1, a) 
was selected on the basis of experimental data 
on the synthesis of colloidal solutions of Cu 
metal nanoparticles given in the literature 
[1, 9–10]. Fig. 1, b shows the results of an ex-
perimental study of the stability of colloidal 
solutions of copper nanoparticles.

a                                                                              b

Fig. 1. a – Graphical representation of the studied region of the composition 
of the Cu2+– L-Cys-NaBH4 system during the mathematical planning of the experiment; 

b – graphical representation of the region of compositions of Cu NP solutions that remain stable 
during the studied time (120 days) (shaded area – unstable solutions, precipitation is observed).

1∙10-3M
L-Cys

Cu2+

1∙10-3M
NaBH4
1∙10-2M

C

A B

C

A B

The coded compositions of the studied solu-
tions, the ratio between the precursors of the stu
died system and the result of the action of metallic 

copper nanoparticles on test cultures of micro
organisms are given in Table 1.
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Table 1.
Experimental planning matrix for obtaining a fourth-degree model in the Cu2+ – L-Cys – 

NaBH4 system and the results of the study of Cu NPs on the example of test cultures  
of microorganisms P.aeruginosa, C.albicans, B.subtilis by serial dilution method.

№
Coded scale

Relationship 
between 

components
Test cultures of microorganisms

А С В Сu2+/L-Cys/NaBH4

P.aeruginosa B.subtilis C.albicans
MBsC MBcC MBsC MBcC MFsC MFcC

1 1,00 0 0 1:4,5:2,27 1:4 1:2 >1:2 >1:2 1:2 >1:2

2 0,75 0,25 0 1:6,57:2,63 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2

3 0,50 0,50 0 1:9,37:3,125 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2

4 0,25 0,75 0 1:13,46:3,846 1:2 >1:2 1:4 1:2 >1:2 >1:2

5 0 1,00 0 1:20:5 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2

6 0 0,75 0,25 1:17,5:6,75 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2

7 0 0,50 0,50 1:15:8,5 >1:2 >1:2 >1:2 >1:2 1:4 1:2

8 0 0,25 0,75 1:12,5:10,25 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2

9 0 0 1,00 1:10:12 1:2 >1:2 >1:2 >1:2 1:4 1:2

10 0,25 0 0,75 1:7,69:7,88 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2

11 0,50 0 0,50 1:6,25:5,31 1:2 >1:2 1:2 >1:2 1:2 >1:2

12 0,75 0 0,25 1:5,26:3,59 >1:2 >1:2 >1:2 >1:2 1:2 >1:2

13 0,50 0,25 0,25 1:7,81:4,218 1:2 >1:2 >1:2 >1:2 1:4 1:4

14 0,25 0,50 0,25 1:9,615:6,538 >1:2 >1:2 >1:2 >1:2 1:2 >1:2

15 0,25 0,25 0,50 1:11,538:5,192 >1:2 >1:2 >1:2 >1:2 1:2 >1:2

Cu2+ – – – 1∙10-3 моль/л 1:2 >1:2 >1:2 >1:2 1:2 >1:2

L-Cys – – – 5∙10-2 моль/л 1:2 >1:2 >1:2 >1:2 1:2 >1:2

NaBH4 – – – 3∙10-2 моль/л 1:2 >1:2 >1:2 >1:2 1:2 >1:2

Minimum bacteriostatic concentration (MBsC), minimum bactericidal concentration (MBcC), mini-
mum fungistatic concentration (MFsC), minimum fungicidal concentration (MFcC).

Observations over time (120 days) of chan
ges in optical parameters (surface plasmon 
resonance bands) of colloidal solutions of cop-

per nanoparticles (Fig. 2, using the example 
of solution № 2) made it possible to limit and 
identify areas for further research.
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Fig. 2. Optical absorption spectra of colloidal 
solutions of metallic copper nanoparticles (№ 2) 
over time: 1 – 1 day; 2 – 10 days; 3 – 20 days after 
the synthesis of nanoparticles.

The optical indices of solutions № 3–5, 10, 
11, 14 remain stable during the studied time, 
which makes it possible to determine the re-
gion of stable colloidal solutions of Cu nano
particles within the studied concentration 
range of precursor solutions.

The optical absorption spectra for solutions 
№ 6–9 are characterized by a shift of the optical 
absorption edge to the long-wavelength region 
and a decrease in the absorption maximum of 
solutions with partial coagulation of particles 
(first, turbidity appears with subsequent for-
mation of a precipitate).

In solutions № 1, 2, 12, 13, 15, a blue pre-
cipitate appeared, which indicates an excessive 
concentration of cuprum ions in the studied 
medium and a lack of sodium tetrahydro
borate content for the reduction of Cu2+ ions 
to Cu0 particles.

The change in optical properties over time 
is shown using the example of solution № 1 
(Fig. 3). Thus, during the studied time from 

1 minute after synthesis to 60 minutes, a clear 
coagulation of particles is already observed, a 
precipitate appears, and the spectral curve be-
comes more deformed, the absorption intensi-
ty decreases.

Fig. 3. Optical absorption spectra of a colloidal 
solution of metallic copper nanoparticles of 
composition №. 1 in time: 1–1 min, 2–15 min, 
3–20 min, 4–30 min, 5–40 min, 6–50 min, 7–60 min 
after synthesis.

Coagulation for other solutions, for examp
le solution № 2, does not occur as quickly as 
for solution №1, and begins to be observed on 
the second day after synthesis. The reason for 
this difference between solutions № 1 and № 2 
can be explained by the ratio of components in 
the reaction medium. Under the condition of 
a lack of reducing agent and a large amount of 
L-Сysteine, the formation of not only Cu NPs, 
but also Cu2+/L-Сys chelate complexes occurs, 
which are actually the centers of precipitate for-
mation. The formation of such complex com-
pounds is also facilitated by an excess of cop-
per ions in the reaction medium and the fact 
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that L-Сysteine has three functional groups – 
amino – NH2, sulfhydryl – SH and carboxyl – 
COOH (sulfhydryl and carboxyl groups can 
interact with metal ions) [13]. Spectral curves 
for solutions № 1–4 (solutions with a lack of 
reducing agent), taken on the next day after 
synthesis, are shown in Figure 4.

Fig. 4. Optical absorption spectra of colloidal 
solutions of metallic copper nanoparticles № 1–5 
24 h after synthesis.

The generalized influence of the ratio be-
tween the components Cu2+-L-Cys-NaBH4 in 
the reaction medium on the optical properties 
of Cu/L-Сys solutions is shown in Figure 5. This 
is a projection onto the plane of the change 
in the optical absorption edge for a series of 
15  solutions (solution composition according 
to Table 1.) from the ratio between all com-
ponents of the studied system. The equation 
describing this dependence has the following 
form:
y = 565 x1 + 565 x2 + 572 x3 +20 x1x2 + 16 x1x3 +
  + 40 x2x3 + 101,3 x1x2(x1 – x2) + 37,3 x1x3(x1 – x3) –
  – 26,7 x2x3(x2 – x3) + 37,3 (x1 – x2)

2x1x2 –
  – 64 (x1 – x3)

2x1x3 – 117,3 (x2 – x3)
2x2x3 + 

  + 896 x1
2x2x3 – 992 x1x2

2x3 + 272 x1x2x3
2,

where y is the optical absorption edge, x1, x2 
and x3 are new independent variables that are 
a linear combination of the basic variables Х1, 
Х2 and Х3 (the composition of the initial pre-
cursor solutions) - the coordinates of points A, 
B and C in the coded scale.

The equation describing the dependence of 
the absorption edge λlim on the composition of 
the three-component system with a fourth-de-
gree approximation was derived for homoge-
neous solutions № 1–15. The value of the opti-
cal absorption edge corresponds to the spectra 
taken 15 min after synthesis, since later some 
of the solutions became inhomogeneous.

Fig. 5. Isolines of the absorption edge of the studied 
solutions № 1–15 (interpolation by the fourth 
degree approximation).

As an object of investigation of antimicro-
bial activity, we have 15 points from Table 1. 
from the Scheffe plan and the final doses of 
L-Cysteine, Sodium tetraborate and cuprum 
acetate salts. The test cultures included a strain 
of the spore culture Bacillus subtilis ATCC 
6633, a strain of the gram-negative culture 
Pseudomonas aeruginosa ATCC 9027 and a 
standard strain of the fungus Candida albicans 
ATCC 885-653. The bacteriostatic properties 

Cu2+ NaBH4

L-Cystein



23https://ucj.org.ua

Krupko Olena UCJ № 10 / Vol. 91

of the studied objects were established based 
on the results of the growth of reference strains 
of microorganisms in solutions of a series of 
experiments (Table 1), which were performed 
by the method of successive double dilutions 
of 1:2 and 1:4 in meat-peptone broth. The eva
luation was carried out according to the va
lues of the zones of inhibition of growth of test 
cultures, as well as the values of the minimum 
bacteriostatic (MBsC), minimum bactericidal 
(MBcC), minimum fungistatic (MFsC) and 
minimum fungicidal (MFcC) concentrations 
of the studied substances of different compo-
sition of solutions (№ 1–15, Table 1.) for test 
cultures of microorganisms P.aeruginosa, C.al-
bicans, B.subtilis.

The obtained results of the bioscreening 
showed that among the studied compositions of 
the Cu2+ – L-Cys – NaBH4 system, the most ef-
fective antifungal indicators were demonstrated 
by solutions № 7, № 9 and № 13, which showed 
fungistatic and fungicidal properties against the 
yeast-like fungus C. albicans in a dilution of 1:2 
and 1:4 (the areas with the responses of the test 
cultures are shown in Figure 6, according to the 
composition of the solutions.) Thus, solutions 
with an excess content of reducing agent inhibit 
the growth of C. albicans.

Fungistatic properties against C. albicans 
in a 1:2 dilution are also exhibited by solutions 
with an excess of copper ions № 1, № 12, № 14, 
solution № 11 (ratio between copper ions and 
reducing agent 1:1) and solution № 15 with an 
excess of reducing agent compared to copper 
ions.

Solution № 4 in dilutions of 1:2 and 1:4 ex-
hibited bacteriostatic and bactericidal proper-
ties against the gram-positive bacterium B.sub-
tilis. And solution № 11 exhibited bacteriosta
tic action against B.subtilis in dilutions of 1:2.

Fig. 6. Generalized map of the effect of test cultures 
of microorganisms on the tested solutions № 1–15 
(area 1 – P.aeruginosa; 2 – B.subtilitis; 3 – C.albi
cans (MBsC) and 1I – P.aeruginosa; 2I – B.subtilitis;  
3I – C.albicans (MBsC).

The results of studies on the Gram-nega-
tive bacterium strain P.aeruginosa showed that 
solution № 1 exhibits a bacteriostatic effect at 
a 1:2 dilution and a bactericidal effect at a 1:4 
dilution, solutions № 4, № 11, and № 13 exhibit 
bactericidal activity at a 1:2 dilution.

CONCLUSIONS. Based on the conduct-
ed experimental studies, the optimal ratio 
between the solutions of the precursors Cys, 
NaBH4 and Cu2+ was determined, the colloi-
dal solutions of which NPs remained stable 
for 120 days. The excess of copper ions in re-
lation to Sodium tetraborate imposes additio
nal effects on the overall picture of the change 
in the value of the optical absorption edge in 
the concentration limits of the starting com-
ponents. This may be due to the fact that free, 
unbound in NPs, copper ions under such 
conditions easily interact with the stabilizer, 
forming complexes of different composition. 
Due to the fact that the selected stabilizer has 
several working groups, the formed complex-
es can serve as a bridge for connecting the 

Cu2+

1 P.aeruginosa

2 B.subtilis

3 C.albicans

NaBH4

L-Cystein



24 ISSN 2708-129X. Укр. хім. журн., 2025

OPTIMIZATION OF SYNTHESIS CONDITIONS OF BIOCOMPATIBLE COLLOID SOLUTIONS OF COPPER METAL PARTICLES.INORGANIC CHEMISTRY

formed Cu particles, which in turn causes ad-
ditional optical effects.

From the side of high values of the reducing 
agent concentration, the nature of the change 
in isolines is simpler, but with increasing so-
dium tetraborate concentration, the value of 
the optical absorption edge of the solutions 
increases more intensively. Such a change may 
be associated with the destruction of the stabi-
lizer, which in turn leads to coagulation of the 
resulting solutions of copper nanoparticles.

The compositions of solutions have been 
experimentally established, which, in com-
parison with other colloidal solutions, exhib-
it a higher effect on test cultures of microor-
ganisms P.aeruginosa, C.albicans, B.subtilitis. 
However, it is the solutions of these composi-
tions (№ 1, № 7, № 9, № 13, №. 15) that are not 
stable under storage conditions in an oxidizing 
environment for a long time.

Synthesized colloidal solutions of copper 
nanoparticles exhibit more pronounced anti-
fungal activity against C. albicans.

The results obtained are an impetus for fur-
ther research in the field of synthesis of stable 
and simultaneously active colloidal solutions 
of Cu nanoparticles in the fight against micro-
organisms.
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У роботі проведено комплексний під-
бір умов синтезу нанорозмірних частинок 
Купруму у водному окиснювальному се-
редовищі з використанням як стабілізатора 
біосумісної амінокислоти – L-Цистеїну, від-
новника – Натрій тетраборату та застосу-
ванням методу математичного планування 
експерименту – методу Шеффе. 

Використання методу математичного 
планування дало можливість спрогнозува-
ти адитивний вплив співвідношення між 
прекурсорами у досліджуваному середови-
щі на значення краю оптичного поглинан-
ня отриманих колоїдних розчинів нано-
частинок купруму, їхню стабільність у часі 
та дію на тест-культури мікроорганізмів 
P.aeruginosa, C.albicans, B.subtilitis. 

Встановлено співвідношення між вихід-
ними реагентами, які призводять до утво-
рення стабільних колоїдних розчинів на-
ночастинок купруму за значення рН=6 та 
температури 200С в окиснювальному реак-
ційному середовищі.

Побудовано математичну модель у ви-
гляді проекції на площину рівносторон-
нього трикутника залежності значення 
краю оптичного поглинання колоїдних 
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розчинів наночастинок металічної міді від 
співвідношення між прекурсорами. От-
римано математичне рівняння – поліном 
четвертого ступеня, що описує залежність 
значення краю оптичного поглинання ко-
лоїдних розчинів наночастинок купруму 
залежно від співвідношення між трьома 
незалежними змінними – кристалоформу-
ючими компонентами стійких у часі час-
тинок у реакційному середовищі. Дослі-
джено протибактеріальні активності серії 
досліджуваних розчинів мікрометодом 
серійних розведень відповідно до проце-
дур Європейського комітету з тестування 
чутливості до референс-штамів бактерій 
(P.aeruginosa, C.albicans, B.subtilitis.). Із ви-
користанням математичної моделі Шеффе 
визначено концентраційні області та спів-
відношення між компонентами досліджу-
ваної системи, які проявили найвищий 
вплив на дію тест-культур мікроорганізмів.

Ключові слова: наночастинки, оптичні 
показники, купрум, мікроорганізми P.aeru
ginosa, C.albicans, B.subtilitis. 
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α-Aminocyclopropanecarboxylic acid (ACC) and its derivatives are widely distributed in the plant 
kingdom, fulfilling diverse roles ranging from regulation of plant life cycles to defensive mechanisms. 
The sterically constrained structure of ACC has proven invaluable in the design of numerous drugs, 
particularly hepatitis C virus (HCV) NS3/4A protease inhibitors. Indeed, ACC has been instrumental 
in the development of multiple generations of potent HCV treatments, with ongoing efforts focused 
on further improvements and refinements. The inherent steric constraints of these derivatives present 
a significant challenge for their synthesis, especially in enantiomerically pure form. This article pro-
vides a comprehensive overview of synthetic methodologies reported in the literature for the prepa-
ration of ACC and its derivatives. The synthetic strategies discussed herein are organized based on 
key transformations, including dialkylation of nucleophilic glycine equivalents, cyclopropanation of 
carbenoid glycine equivalents, and addition reactions to dehydroamino acids. Particular emphasis 
is placed on asymmetric approaches that enable the preparation of these tailor-made amino acids in 
enantiomerically pure form. Furthermore, aspects of Self-Disproportionation of Enantiomers (SDE) 
relevant to enantioselective catalysis are highlighted. By compiling these methodologies, we aim to 
provide a comprehensive resource and a source of inspiration for researchers in synthetic and medi
cinal chemistry, as well as drug discovery. 

Key words: Amino Acids, Pharmaceuticals, Cyclopropane, Chirality, Synthesis, Nucleophilic Gly-
cine Equivalents, Carbenoid Glycine Equivalents, Dehydroamino Acids, Self-Disproportionation of 
Enantiomers (SDE). 
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INTRODUCTION.
Amino acids represent a pinnacle of mo-

lecular design. Their orthogonal amino and 
carboxylic acid functionalities enable virtual-
ly infinite polymeric peptide structures, while 
diverse side chains can introduce a vast array 
of additional functional groups, facilitating 
non-bonding electrostatic or lipophilic/hydro-
philic interactions. Furthermore, the inherent 
chiral stereogenic center adds another dimen-
sion of molecular complexity in three-dimen-
sional space. Early pharmaceutical applica-
tions of amino acids primarily involved dietary 
supplements and medical nutrition therapy for 
conditions such as malnutrition and metabolic 
disorders [1–4]. However, with advancements 
in biochemical research, amino acids became 
central to the development of hormonal the
rapies, exemplified by insulin synthesis, which 
revolutionized diabetes treatment. Moreover, 
peptide-based drugs, derived from amino acids, 
pioneered new classes of antibiotics, enzyme 
inhibitors, and vaccines [5–8].

In contemporary pharmaceutical science, 
amino acids play a pivotal role in biologic 
drugs (biopharmaceuticals), targeted ther-
apies, and synthetic medicinal compounds 
(small-molecule pharmaceuticals). A signifi-
cant breakthrough, representing a paradigm 
shift in drug design, has been the strategic uti-
lization of modified, tailor-made amino acids 
in place of their natural counterparts [9–15]. 
These custom-engineered amino acids can be 
rationally designed to enhance drug stability, 
solubility, and absorption, thereby optimizing 
biological efficacy and enabling more precise 
targeted delivery [15–21].

The asymmetric synthesis of α-amino acids 
(α-AAs) remains an exciting and crucial area 
of research, fueled by ever-evolving scientific 

and practical imperatives [22–41]. Within this 
broad field, sterically constrained α-AAs are of 
particular pharmaceutical significance, as their 
restricted side-chain chi(χ)-dihedral angles af-
ford exquisite control over molecular interac-
tions with biological target receptors [42–51]. 
A  prominent class within this category is the 
α,β-methano-α-AAs family (Fig. 1), character-
ized by an α-quaternary carbon atom embed-
ded within a highly rigid cyclopropane ring. 
This unique structural motif represents the apex 
of steric and conformational constraint among 
α-AAs [52, 53]. Notably, certain members of 
this family are naturally occurring compounds 
(vide infra) [54–58]. For instance, 1-aminocy-
clopropanecarboxylic acid (ACC) (1), along 
with its 2-methyl (2, 3) and 2-ethyl (4, 5) de-
rivatives, have been identified as constituents 
of plant proteins [59–62]. The intriguing bio-
logical properties of the ethyl derivatives 4 and 
5 have spurred the development of even more 
conformationally restricted tailor-made 2-vinyl 
analogues, such as compound  6. Intriguingly, 
despite being stereochemically equivalent to 5, 
compound 6 exhibits a (1R,2R) absolute configu
ration as dictated by CIP priority rules [63, 64].

Currently, 1-amino-2-vinylcyclopropane-1-
carboxylic acids have emerged as crucial phar-
macophoric elements in the design of next-ge
neration hepatitis C virus (HCV) NS3/4A pro-
tease inhibitors [65]. As detailed in the corre-
sponding section (vide infra), vinyl derivatives 
of 1-aminocyclopropanecarboxylic acids have 
profoundly impacted the HCV pharmaceutical 
landscape, contributing to the development of 
over a dozen therapeutic agents. Given the sig-
nificant and ongoing socioeconomic impact of 
1-aminocyclopropanecarboxylic acids on the 
pharmaceutical industry, a comprehensive re-
view of the available synthetic methodologies 



29https://ucj.org.ua

Alicja Wzorek, Jianlin Han, Taizo Ono, Karel D. Klika, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok. UCJ № 10 / Vol. 91

is both timely and essential. A critical analysis 
of these approaches will facilitate the assess-
ment of their respective advantages and limi-
tations, thereby guiding future advancements 
in this important field. Considering the inhe
rently multidisciplinary nature of the chemis-
try, biological properties, and pharmaceutical 
applications of cyclopropane-derived α-amino 
acids, this review is anticipated to be of broad 
interest to graduate students and professionals 
across diverse disciplines, including organic, 
bioorganic, and medicinal chemistry, bio-
chemistry, pharmacology, virology, and drug 
design, as well as process chemists within the 
pharmaceutical and chemical industries, and 
clinical researchers.

Fig. 1. Family of 1-aminocyclopropane carboxy
lic acids.

Naturally occurring 1-aminocyclopropane-
carboxylic acids and their derivatives. 

As discussed in the previous section, ACC 1 
(Fig. 1), norcoronamic acid (2), allo-norcoro-
namic acid (3), allo-coronamic acid (4), and 
coronamic acid (5) are widely distributed in 
the proteins of higher plants, where they play 
specific defensive roles [54–62, 66–69]. ACC 1 
is particularly notable for its role in the in vivo 
production of ethylene, a vital plant hormone 
that regulates key processes throughout the 
plant’s seasonal life cycle. Ethylene influences 
germination, growth, leaf and flower senes-
cence, fruit ripening, and the plant’s response 
to various environmental stresses, ensuring 
adaptability and survival. 

As shown in Fig. 2, ACC 1 serves as a key 
structural unit in natural products such as 
polycyclic alkaloids, including norcoronatine 
(7, R = Me) and coronatine (8, R = Et). These 
compounds, isolated from certain pathovars 
of Pseudomonas syringae, play a crucial role in 
plant-pathogen interactions. Norcoronatine 7 
and coronatine 8 exhibit significant biological 
activity, primarily as jasmonate mimics. They 
can interfere with plant hormone signaling 
pathways, contributing to the pathogen’s viru
lence by suppressing plant defense responses 
and promoting disease development [70–73]. 

carboxylic acid functionalities enable virtually infinite polymeric peptide structures, while diverse 
side chains can introduce a vast  array of  additional  functional  groups,  facilitating non-bonding 
electrostatic  or  lipophilic/hydrophilic  interactions.  Furthermore,  the  inherent  chiral  stereogenic 
center  adds  another  dimension  of  molecular  complexity  in  three-dimensional  space.  Early 
pharmaceutical applications of amino acids primarily involved dietary supplements and medical 
nutrition therapy for conditions such as malnutrition and metabolic disorders [1–4]. However, with 
advancements in biochemical research, amino acids became central to the development of hormonal 
therapies,  exemplified  by  insulin  synthesis,  which  revolutionized  diabetes  treatment.  Moreover, 
peptide-based  drugs,  derived  from  amino  acids,  pioneered  new  classes  of  antibiotics,  enzyme 
inhibitors, and vaccines [5–8].

In contemporary pharmaceutical science, amino acids play a pivotal role in biologic drugs 
(biopharmaceuticals),  targeted  therapies,  and  synthetic  medicinal  compounds  (small-molecule 
pharmaceuticals). A significant breakthrough, representing a paradigm shift in drug design, has been 
the strategic utilization of modified, tailor-made amino acids in place of their natural counterparts 
[9–15]. These custom-engineered amino acids can be rationally designed to enhance drug stability, 
solubility, and absorption, thereby optimizing biological efficacy and enabling more precise targeted 
delivery [15–21].

The asymmetric synthesis of α-amino acids (α-AAs) remains an exciting and crucial area of 
research, fueled by ever-evolving scientific and practical imperatives [22–41]. Within this broad 
field, sterically constrained α-AAs are of particular pharmaceutical significance, as their restricted 
side-chain  chi(χ)-dihedral  angles  afford  exquisite  control  over  molecular  interactions  with 
biological target receptors [42–51]. A prominent class within this category is the α,β-methano-α-
AAs family (Fig. 1), characterized by an α-quaternary carbon atom embedded within a highly rigid 
cyclopropane ring. This unique structural motif represents the apex of steric and conformational 
constraint among α-AAs [52, 53]. Notably, certain members of this family are naturally occurring 
compounds  (vide  infra)  [54–58].  For  instance,  1-aminocyclopropanecarboxylic  acid  (ACC) (1), 
along with its 2-methyl (2, 3) and 2-ethyl (4, 5) derivatives, have been identified as constituents of 
plant proteins [59–62]. The intriguing biological properties of the ethyl derivatives  4 and  5 have 
spurred the development of even more conformationally restricted tailor-made 2-vinyl analogues, 
such as compound  6.  Intriguingly,  despite being stereochemically equivalent  to  5,  compound  6 

exhibits a (1R,2R) absolute configuration as dictated by CIP priority rules [63, 64].

Fig. 1. Family of 1-aminocyclopropane carboxylic acids.

Fig. 2. Natural products containing residue of ACC 1.

Currently,  1-amino-2-vinylcyclopropane-1-carboxylic  acids  have  emerged  as  crucial 
pharmacophoric elements in the design of next-generation hepatitis C virus (HCV) NS3/4A protease 
inhibitors  [65].  As  detailed  in  the  corresponding  section  (vide  infra),  vinyl  derivatives  of  1-
aminocyclopropanecarboxylic acids have profoundly impacted the HCV pharmaceutical landscape, 
contributing  to  the  development  of  over  a  dozen therapeutic  agents.  Given the  significant  and 
ongoing  socioeconomic  impact  of  1-aminocyclopropanecarboxylic  acids  on  the  pharmaceutical 
industry,  a  comprehensive  review of  the  available  synthetic  methodologies  is  both  timely  and 
essential. A critical analysis of these approaches will facilitate the assessment of their respective 
advantages  and  limitations,  thereby  guiding  future  advancements  in  this  important  field. 
Considering  the  inherently  multidisciplinary  nature  of  the  chemistry,  biological  properties,  and 
pharmaceutical applications of cyclopropane-derived α-amino acids, this review is anticipated to be 
of  broad  interest  to  graduate  students  and  professionals  across  diverse  disciplines,  including 
organic,  bioorganic,  and  medicinal  chemistry,  biochemistry,  pharmacology,  virology,  and  drug 
design, as well as process chemists within the pharmaceutical and chemical industries, and clinical 
researchers.

Naturally occurring 1-aminocyclopropanecarboxylic acids and their derivatives. 

As  discussed  in  the  previous  section,  ACC  1 (Fig.  1),  norcoronamic  acid  (2),  allo-
norcoronamic acid (3), allo-coronamic acid (4), and coronamic acid (5) are widely distributed in the 
proteins  of  higher  plants,  where  they  play  specific  defensive  roles  [54–62,  66–69].  ACC  1 is 
particularly notable for its role in the in vivo production of ethylene, a vital plant hormone that 
regulates key processes throughout the plant's seasonal life cycle. Ethylene influences germination, 
growth,  leaf  and  flower  senescence,  fruit  ripening,  and  the  plant’s  response  to  various 
environmental stresses, ensuring adaptability and survival. 

As shown in Fig.  2,  ACC  1 serves as  a  key structural  unit  in  natural  products  such as 
polycyclic  alkaloids,  including  norcoronatine  (7,  R  =  Me)  and  coronatine  (8,  R  =  Et).  These 
compounds, isolated from certain pathovars of Pseudomonas syringae, play a crucial role in plant-
pathogen  interactions. Norcoronatine  7 and  coronatine  8 exhibit  significant  biological  activity, 
primarily  as  jasmonate  mimics.  They  can  interfere  with  plant  hormone  signaling  pathways, 
contributing to  the  pathogen's  virulence  by suppressing plant  defense  responses  and promoting 
disease development [70–73]. 

Fig. 2. Natural products containing residue of ACC 1.

Carnosadine  9,  a  guanidino-substituted derivative  of  ACC  1,  isolated from the  red  alga 
Grateloupia carnosa, represents an interesting divergence from other ACC-derived natural products 
like  norcoronatine  7 and  coronatine  8.  This  naturally  occurring  compound  is  notable  for  its 
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Carnosadine 9, a guanidino-substituted de-
rivative of ACC 1, isolated from the red alga 
Grateloupia carnosa, represents an interesting 
divergence from other ACC-derived natural 
products like norcoronatine 7 and corona-
tine  8. This naturally occurring compound is 
notable for its structural uniqueness, specifi-
cally the incorporation of a guanidine substi
tuent, which introduces a strongly basic center 
and the potential for different types of mole
cular interactions compared to the alkyl-sub-
stituted cyclopropanes. While its full functio
nal profile is still being elucidated, the presence 
of a guanidino group suggests its involvement 
in various biochemical pathways, potentially 
influencing enzyme activity and physiological 
regulation in ways distinct from other ACC 
derivatives. [74, 75].

Cottoquinazoline D 10, a complex quina-
zoline alkaloid containing a residue of ACC 
1, belongs to the fumiquinazoline family, a 
significant class of natural products primar-
ily isolated from marine and fungal sources 
known for their structural diversity and bio-
logical activities. Cottoquinazoline D 10 itself 
has demonstrated promising antimicrobial, 
cytotoxic, and enzyme-inhibitory proper-
ties, aligning with the broader pharmaceuti-
cal interest in fumiquinazolines as a source 
of bioactive compounds. The presence of the 
ACC 1 unit within this polycyclic scaffold un-
derscores the importance of this constrained 
amino acid in the biosynthesis of structurally 
complex and biologically active natural pro
ducts [76–78].

1-Aminocyclopropanecarboxylic Acid Deriva
tives: Essential Pharmacophores for Next-Gene
ration HCV NS3/4A Protease Inhibitors.

Viral infectious diseases pose significant 
challenges to treatment. Recent high-profile 

examples include the COVID-19 pandemic 
and the Ebola virus epidemic in West Africa 
[79–81]. While the hepatitis C virus (HCV) 
may not currently dominate alarming head-
lines, its impact on global health remains 
significant, causing substantial liver-related 
morbidity and mortality. The World Health 
Organization estimates that nearly 170 million 
individuals worldwide are living with chronic 
HCV infection, with approximately 3.5 million 
new cases occurring annually and 350,000 to 
500,000 deaths each year attributed to HCV-re-
lated liver diseases [82]. A crucial turning point 
in HCV treatment was the development of the 
first generation of direct-acting antiviral drugs, 
including the tailor-made α-amino acid-de-
rived NS3/4A protease inhibitors boceprevir 
11 [83] and telaprevir 12 [84] (Figure 2). These 
drugs marked a significant step forward in 
combating this persistent viral infection. The 
first-generation direct-acting antiviral drugs 
boceprevir 11 and telaprevir 12, although a 
significant step forward in their time, were vo
luntarily withdrawn from the market by Merck 
and Vertex in 2015. This decision reflected the 
clinical superiority and improved tolerability 
of subsequently developed all-oral direct-act-
ing antiviral regimens, which have funda-
mentally altered the landscape of Hepatitis C  
treatment. 

Boceprevir 11 and telaprevir 12 are all-tai-
lor-made amino acid-based drugs, specifically 
a tri- and tetrapeptide, respectively. Interes
tingly, both feature cyclopropane rings, a struc-
tural motif that also connects them to the se
cond-generation direct-acting ACC 1 contain-
ing antiviral drugs asunaprevir 13 (Fig. 4) [85], 
simeprevir 14 [86], paritaprevir 15 [87], and 
vaniprevir 16 [88], all of which received FDA 
approval for HCV treatment around 2015. 
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Fig. 3. The first-generation direct-acting antiviral drugs boceprevir 11 and telaprevir 12.

Fig. 4. The second-generation ACC 1 derived antiviral drugs.

structural uniqueness, specifically the incorporation of a guanidine substituent, which introduces a 
strongly basic center and the potential for different types of molecular interactions compared to the 
alkyl-substituted  cyclopropanes.  While  its  full  functional  profile  is  still  being  elucidated,  the 
presence  of  a  guanidino  group  suggests  its  involvement  in  various  biochemical  pathways, 
potentially influencing enzyme activity and physiological regulation in ways distinct from other 
ACC derivatives. [74, 75].

Cottoquinazoline D  10,  a  complex quinazoline alkaloid containing a  residue of  ACC  1, 
belongs to the fumiquinazoline family, a significant class of natural products primarily isolated from 
marine  and  fungal  sources  known  for  their  structural  diversity  and  biological  activities. 
Cottoquinazoline D  10 itself  has demonstrated promising antimicrobial,  cytotoxic,  and enzyme-
inhibitory properties, aligning with the broader pharmaceutical interest in fumiquinazolines as a 
source of bioactive compounds. The presence of the ACC  1 unit within this polycyclic scaffold 
underscores  the  importance  of  this  constrained  amino  acid  in  the  biosynthesis  of  structurally 
complex and biologically active natural products [76–78].

1-Aminocyclopropanecarboxylic  Acid  Derivatives:  Essential  Pharmacophores  for  Next-

Generation HCV NS3/4A Protease Inhibitors.

Viral  infectious  diseases  pose  significant  challenges  to  treatment.  Recent  high-profile 
examples include the COVID-19 pandemic and the Ebola virus epidemic in West Africa [79–81]. 
While the hepatitis C virus (HCV) may not currently dominate alarming headlines, its impact on 
global  health  remains  significant,  causing substantial  liver-related morbidity  and mortality.  The 
World Health Organization estimates that nearly 170 million individuals worldwide are living with 
chronic HCV infection, with approximately 3.5 million new cases occurring annually and 350,000 
to 500,000 deaths each year attributed to HCV-related liver diseases [82]. A crucial turning point in 
HCV  treatment  was  the  development  of  the  first  generation  of  direct-acting  antiviral  drugs, 
including the tailor-made α-amino acid-derived NS3/4A protease inhibitors boceprevir 11 [83] and 
telaprevir  12 [84] (Figure 2).  These drugs marked a significant  step forward in combating this 
persistent  viral  infection.  The  first-generation  direct-acting  antiviral  drugs  boceprevir  11 and 
telaprevir 12, although a significant step forward in their time, were voluntarily withdrawn from the 
market by Merck and Vertex in 2015. This decision reflected the clinical superiority and improved 
tolerability  of  subsequently  developed  all-oral  direct-acting  antiviral  regimens,  which  have 
fundamentally altered the landscape of Hepatitis C treatment. 

Fig. 3. The first-generation direct-acting antiviral drugs boceprevir 11 and telaprevir 12.

Boceprevir  11 and telaprevir  12 are all-tailor-made amino acid-based drugs, specifically a 
tri- and tetrapeptide, respectively. Interestingly, both feature cyclopropane rings, a structural motif 
that also connects them to the second-generation direct-acting ACC  1 containing antiviral drugs 

asunaprevir 13 (Fig. 4) [85], simeprevir 14 [86], paritaprevir 15 [87], and vaniprevir 16 [88], all of 
which received FDA approval for HCV treatment around 2015. 

While these compounds  13-16, being di- or tripeptides, share some structural similarities 
with the earlier drugs boceprevir 11 and telaprevir 12, a key distinguishing feature in their design is 
the significant conformational constraint imposed by the residue of ACC 1 often integrated within 
three distinct types of macrocyclic motifs [89]. The rapid and successful development of these four 
drugs 13-16 represents a remarkable achievement in a relatively short timeframe, underscoring the 
power of rational drug design. However, the full pharmaceutical potential of ACC 1 and its diverse 
array of derivatives remains largely untapped and ripe for further exploration. The unique steric and 
conformational properties imparted by the cyclopropane ring in ACC 1 offer a powerful tool for 
modulating  molecular  interactions  and  pharmacokinetic  profiles,  suggesting  a  wealth  of 
opportunities for the design of novel therapeutics beyond HCV treatment. 

Fig. 4. The second-generation ACC 1 derived antiviral drugs.

What is particularly noteworthy is the current development pipeline,  featuring numerous 
novel drug candidates incorporating the ACC 1 moiety. To illustrate the chemical architecture of 
current-generation HCV treatment drugs, we have selected neceprevir 17 [90], danoprevir 18 [91], 
glecaprevir 19 [92], and GS-9256 20 [93]. Chemically, these compounds are peptidomimetics that 
share  a  central  hydroxyproline  core  and  ACC  1 as  key  structural  elements.  Additional  steric 
constraints,  enabling  more  precise  biological  interactions,  are  introduced  through  macrocyclic 
bridges and bulky aromatic groups. Furthermore, these structures are stereochemically complex, 
possessing an average of five or more stereogenic centers and existing as single enantiomers [94],  

While these compounds 13-16, being di- or 
tripeptides, share some structural similarities 
with the earlier drugs boceprevir 11 and tela-
previr 12, a key distinguishing feature in their 
design is the significant conformational con-
straint imposed by the residue of ACC 1 often 
integrated within three distinct types of mac-

rocyclic motifs [89]. The rapid and successful 
development of these four drugs 13-16 repre-
sents a remarkable achievement in a relatively 
short timeframe, underscoring the power of 
rational drug design. However, the full phar-
maceutical potential of ACC 1 and its diverse 
array of derivatives remains largely untapped 
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and ripe for further exploration. The unique 
steric and conformational properties impart-
ed by the cyclopropane ring in ACC 1 offer a 
powerful tool for modulating molecular inter-
actions and pharmacokinetic profiles, suggest-
ing a wealth of opportunities for the design of 
novel therapeutics beyond HCV treatment. 

What is particularly noteworthy is the cur-
rent development pipeline, featuring numerous 
novel drug candidates incorporating the ACC 1 
moiety. To illustrate the chemical architecture of 
current-generation HCV treatment drugs, we 
have selected neceprevir 17 [90], danoprevir 18 
[91], glecaprevir 19 [92], and GS-9256 20 [93]. 
Chemically, these compounds are peptidomi-
metics that share a central hydroxyproline core 
and ACC 1 as key structural elements. Addi-

tional steric constraints, enabling more precise 
biological interactions, are introduced through 
macrocyclic bridges and bulky aromatic groups. 
Furthermore, these structures are stereochemi-
cally complex, possessing an average of five or 
more stereogenic centers and existing as single 
enantiomers [94], highlighting the critical im-
portance of the precise three-dimensional posi-
tioning of all functional groups. Notably, these 
structures also strategically incorporate fluorine 
[95–97] for fine-tuning their biopharmaceutical 
properties and metabolic stability, underscoring 
the significant role of fluorine in modern phar-
maceutical design [98–100]. Finally, as exempli
fied by GS-9256 20, the application of phos-
phorus analogs of carboxylic acids represents a 
growing trend in drug design [101–103].

Fig. 5. Recent antiviral drugs incorporating ACC 1 and fluorine substitution.

highlighting the critical importance of the precise three-dimensional positioning of all functional 
groups. Notably, these structures also strategically incorporate fluorine [95–97] for fine-tuning their 
biopharmaceutical properties and metabolic stability, underscoring the significant role of fluorine in 
modern pharmaceutical design [98–100]. Finally, as exemplified by GS-9256 20, the application of 
phosphorus analogs of carboxylic acids represents a growing trend in drug design [101–103].

Fig. 5. Recent antiviral drugs incorporating ACC 1 and fluorine substitution.

Given the widespread occurrence of ACC and its derivatives in natural products, coupled 
with the remarkable success of ACC-based compounds in the design of numerous HCV drugs, it is 
reasonable to expect that the synthesis of ACC has garnered significant attention. The extensive 
body of synthetic methodologies will be classified in the subsequent sections based on the mode of 
ACC skeleton construction. 

Successive di-alkylation of nucleophilic glycine equivalents

The first synthesis of racemic vinyl-ACC 23 was reported in 1981 by a group of biochemists 
studying the biological mechanism of ethylene production in plants [104]. The procedure was based 
on the alkylation of the starting Schiff base 21, derived from glycine methyl ester and benzaldehyde 
(Scheme 1). The vinyl-cyclopropane ring was formed in a key step, involving an intermolecular SN2 
alkylation followed by intramolecular SN2' cyclization of glycine Schiff base  21 with  trans-1,4-
dibromo-2-butene. A notable aspect of this approach is the high stereochemical control: the SN2–
SN2'  dialkylation  of  glycine  derivative  21 proceeded  with  complete  relative  stereochemistry, 
yielding the diastereomerically pure intermediate  22, which was then converted to the free amino 
acid 23 via acidic hydrolysis. The reactions were conducted under homogeneous conditions using a 
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Given the widespread occurrence of ACC 
and its derivatives in natural products, coupled 
with the remarkable success of ACC-based 
compounds in the design of numerous HCV 
drugs, it is reasonable to expect that the syn-
thesis of ACC has garnered significant atten-
tion. The extensive body of synthetic metho
dologies will be classified in the subsequent 
sections based on the mode of ACC skeleton 
construction. 

Successive di-alkylation of nucleophilic gly-
cine equivalents

The first synthesis of racemic vinyl-ACC 23 
was reported in 1981 by a group of biochemists 
studying the biological mechanism of ethylene 
production in plants [104]. The procedure was 
based on the alkylation of the starting Schiff 
base 21, derived from glycine methyl ester and 

benzaldehyde (Scheme 1). The vinyl-cyclopro-
pane ring was formed in a key step, involving 
an intermolecular SN2 alkylation followed by 
intramolecular SN2’ cyclization of glycine Schiff 
base 21 with trans-1,4-dibromo-2-butene. 
A notable aspect of this approach is the high 
stereochemical control: the SN2–SN2’ dialkyla
tion of glycine derivative 21 proceeded with 
complete relative stereochemistry, yielding the 
diastereomerically pure intermediate 22, which 
was then converted to the free amino acid 23 
via acidic hydrolysis. The reactions were con-
ducted under homogeneous conditions using a 
strong base (LDA) in THF at low temperature. 
This SN2–SN2’ dialkylation sequence proved to 
be a synthetically general and concise route to 
the vinyl-ACC skeleton, and has been employed 
in many subsequent studies.

strong base (LDA) in THF at low temperature. This SN2–SN2' dialkylation sequence proved to be a 
synthetically general and concise route to the vinyl-ACC skeleton, and has been employed in many 
subsequent studies.

Scheme 1. Synthesis of vinyl-ACC 23 via SN2–SN2′ dialkylation of Schiff base 21.

This  approach  was  thoughtfully  designed  for  large-scale  synthesis,  with  careful 
consideration of the cost structure [105], reaction simplicity, and operational convenience [106–
108]. For the construction of the vinyl-ACC framework, the authors selected the straightforward 
SN2–SN2' dialkylation sequence. The reaction of glycine ethyl ester Schiff base 24 (Scheme 2) with 
trans-1,4-dibromo-2-butene was systematically studied using a variety of bases and solvents. It was 
found that aprotic solvents were essential for high diastereoselectivity. In particular, the reaction 
conducted in toluene with lithium tert-butoxide as a base yielded the desired cyclopropane 25 with 
virtually complete diastereomeric purity. After Schiff base deprotection and simple purification by 
several extractions, diastereomerically pure racemic  26 was converted into Boc-protected vinyl-
ACC ethyl ester 27 in 65–70% overall yield. Enzymatic resolution of diastereomerically pure ethyl 
ester  27 using  Alcalase  proceeded  with  very  high  enantioselectivity,  producing  a  mixture  of 
(1S,2R)-28, as a free acid, and (1R,2S)-29, as an ethyl ester. 

Scheme 2. Enzymatic approach for preparation of enantiomerically pure derivatives 28 and 29.

In general,  enzymatic resolutions of sterically constrained α-amino acids are challenging 
[109–111] as most natural enzymes are sterically sensitive and adapted to the typical structure of α-
unsubstituted amino acids. 

Enantioselective  adaptation  of  the  SN2–SN2'  dialkylation  sequence  strategy,  employing  a 
chiral  phase  transfer  catalyst  (Scheme  3)  [112,  113].  Extensive  efforts  to  refine  the  catalyst’s 
structure ultimately led to the breakthrough discovery of the catalyst 32, with the benzylic moiety 
substitution proving essential—its unsubstituted benzyl counterpart  31 delivered a mere 2% ee of 
30. With catalyst 32, the synthesis of 30 achieved an impressive 77% enantiomeric excess (ee) and 
78%  yield,  marking  a  significant  advancement.  However,  meticulous  control  over  reaction 

Scheme 1. Synthesis of vinyl-ACC 23 via SN2–SN2′ dialkylation of Schiff base 21.

This approach was thoughtfully designed 
for large-scale synthesis, with careful conside
ration of the cost structure [105], reaction 
simplicity, and operational convenience [106–
108]. For the construction of the vinyl-ACC 
framework, the authors selected the straight-
forward SN2–SN2’ dialkylation sequence. The 
reaction of glycine ethyl ester Schiff base 24 
(Scheme 2) with trans-1,4-dibromo-2-butene 
was systematically studied using a variety of 
bases and solvents. It was found that aprotic 
solvents were essential for high diastereose-
lectivity. In particular, the reaction conducted 

in toluene with lithium tert-butoxide as a base 
yielded the desired cyclopropane 25 with vir-
tually complete diastereomeric purity. After 
Schiff base deprotection and simple purifica-
tion by several extractions, diastereomerically 
pure racemic 26 was converted into Boc-pro-
tected vinyl-ACC ethyl ester 27 in 65–70% 
overall yield. Enzymatic resolution of diaste
reomerically pure ethyl ester 27 using Alcalase 
proceeded with very high enantioselectivity, 
producing a mixture of (1S,2R)-28, as a free 
acid, and (1R,2S)-29, as an ethyl ester. 
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Scheme 2. Enzymatic approach for preparation of enantiomerically 
pure derivatives 28 and 29.

strong base (LDA) in THF at low temperature. This SN2–SN2' dialkylation sequence proved to be a 
synthetically general and concise route to the vinyl-ACC skeleton, and has been employed in many 
subsequent studies.

Scheme 1. Synthesis of vinyl-ACC 23 via SN2–SN2′ dialkylation of Schiff base 21.

This  approach  was  thoughtfully  designed  for  large-scale  synthesis,  with  careful 
consideration of the cost structure [105], reaction simplicity, and operational convenience [106–
108]. For the construction of the vinyl-ACC framework, the authors selected the straightforward 
SN2–SN2' dialkylation sequence. The reaction of glycine ethyl ester Schiff base 24 (Scheme 2) with 
trans-1,4-dibromo-2-butene was systematically studied using a variety of bases and solvents. It was 
found that aprotic solvents were essential for high diastereoselectivity. In particular, the reaction 
conducted in toluene with lithium tert-butoxide as a base yielded the desired cyclopropane 25 with 
virtually complete diastereomeric purity. After Schiff base deprotection and simple purification by 
several extractions, diastereomerically pure racemic  26 was converted into Boc-protected vinyl-
ACC ethyl ester 27 in 65–70% overall yield. Enzymatic resolution of diastereomerically pure ethyl 
ester  27 using  Alcalase  proceeded  with  very  high  enantioselectivity,  producing  a  mixture  of 
(1S,2R)-28, as a free acid, and (1R,2S)-29, as an ethyl ester. 

Scheme 2. Enzymatic approach for preparation of enantiomerically pure derivatives 28 and 29.

In general,  enzymatic resolutions of sterically constrained α-amino acids are challenging 
[109–111] as most natural enzymes are sterically sensitive and adapted to the typical structure of α-
unsubstituted amino acids. 

Enantioselective  adaptation  of  the  SN2–SN2'  dialkylation  sequence  strategy,  employing  a 
chiral  phase  transfer  catalyst  (Scheme  3)  [112,  113].  Extensive  efforts  to  refine  the  catalyst’s 
structure ultimately led to the breakthrough discovery of the catalyst 32, with the benzylic moiety 
substitution proving essential—its unsubstituted benzyl counterpart  31 delivered a mere 2% ee of 
30. With catalyst 32, the synthesis of 30 achieved an impressive 77% enantiomeric excess (ee) and 
78%  yield,  marking  a  significant  advancement.  However,  meticulous  control  over  reaction 
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significant advancement. However, meticulous 
control over reaction conditions was crucial—
water content and sodium hydroxide selection 
played pivotal roles in minimizing undesirable 
byproducts, particularly ester saponification. 
Notably, pin-milled NaOH with fine particle 
size (~30 μm) ensured complete conversion 
within 24 hours at 0°C, whereas commercial 
powdered NaOH led to extended reaction 
times and diminished yields. These findings 
underscored the profound impact of precise 
reagent selection and process optimization in 
achieving superior synthetic outcomes. 
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It is important to note that the isolation and purification of product 30 in this study relies on 
column chromatography procedures, which are known to be associated with the phenomenon of 
Self-Disproportionation of Enantiomers (SDE)—a widely reported occurrence in chiral amines and 
amino acid derivatives subjected to achiral column chromatography [114–116]. As a result, unless a 
dedicated SDE study on compound  30 is conducted, the reported stereochemical outcome [112, 
113] should be regarded as tentative. 

The elegant chemical transformation of glycine ethyl ester Schiff base  21 with alkylating 
reagent  33 is  illustrated  in  Scheme  4  [117].  The  four-carbon  framework  of  33 contains  three 
electrophilic  sites  with  distinct  reactivity,  enabling  a  stepwise  alkylation  cascade.  The  reaction 
proceeds under operationally convenient  conditions,  employing NaH as the base.  The first  two 
alkylation  steps  follow  a  typical  SN2–SN2'  sequence,  yielding  intermediate  34.  Subsequent 
neutralization of the reaction medium, followed by re-exposure to basic conditions using K₂CO₃, 
initiates the third and final alkylation, culminating in the formation of the sterically constrained 
bicyclic architecture 35. Most notably, the use of enantiomerically pure (S)-33 efficiently transmits 
stereochemical information, directing the configuration of two newly formed stereogenic centers. 
As a  result,  the  process  affords  the  diastereomerically  pure  intermediate  (2S,3R)-34,  ultimately 
leading to the final product (2S,3S)-35 with exceptional stereochemical fidelity. 

Scheme 4. Asymmetric synthesis of bicyclic ACC derivative 35.

Asymmetric synthesis of α-amino acids via Ni(II) complexes of glycine Schiff bases, such 
as those of type 36, represents a well-established and widely used methodology (Scheme 5) [118–
121]. Homologation of the glycine moiety within chiral Schiff base  36 can be achieved through 
various  reactions,  including  aldol  [122–125],  Michael  [126–129],  and  Mannich  [130–132] 
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It is important to note that the isolation and 
purification of product 30 in this study relies 
on column chromatography procedures, which 
are known to be associated with the pheno
menon of Self-Disproportionation of Enanti-
omers (SDE)—a widely reported occurrence 
in chiral amines and amino acid derivatives 
subjected to achiral column chromatography 
[114–116]. As a result, unless a dedicated SDE 
study on compound 30 is conducted, the re-
ported stereochemical outcome [112, 113] 
should be regarded as tentative. 

The elegant chemical transformation of gly-
cine ethyl ester Schiff base 21 with alkylating 
reagent 33 is illustrated in Scheme 4 [117]. The 
four-carbon framework of 33 contains three 
electrophilic sites with distinct reactivity, enab

ling a stepwise alkylation cascade. The reaction 
proceeds under operationally convenient con-
ditions, employing NaH as the base. The first 
two alkylation steps follow a typical SN2–SN2’ 
sequence, yielding intermediate 34. Subsequent 
neutralization of the reaction medium, followed 
by re-exposure to basic conditions using K₂CO₃, 
initiates the third and final alkylation, culminat-
ing in the formation of the sterically constrained 
bicyclic architecture 35. Most notably, the use of 
enantiomerically pure (S)-33 efficiently trans-
mits stereochemical information, directing the 
configuration of two newly formed stereogenic 
centers. As a result, the process affords the dia
stereomerically pure intermediate (2S,3R)-34, 
ultimately leading to the final product (2S,3S)-
35 with exceptional stereochemical fidelity. 
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Scheme 4. Asymmetric synthesis of bicyclic ACC derivative 35.

Asymmetric synthesis of α-amino acids via 
Ni(II) complexes of glycine Schiff bases, such 
as those of type 36, represents a well-estab-
lished and widely used methodology (Sche
me  5) [118–121]. Homologation of the gly-
cine moiety within chiral Schiff base 36 can be 
achieved through various reactions, including 
aldol [122–125], Michael [126–129], and Man-
nich [130–132] additions, as well as alkyl ha
lide alkylation [133, 134], including reactions 
with sterically constrained derivatives [135, 
136], dialkylation [137–139], and bisalkylation 
[140] reactions. Therefore, the application of 

the Ni(II) complex 36 holds significant poten-
tial for the preparation of ACC derivatives. In 
this context, the Ni(II) complex of Schiff base 
(R)-36, readily prepared from glycine, Ni(II) 
acetate or chloride, and an (R)-proline-deri
ved ligand 41 [141, 142], was reacted with 
trans-1,4-dibromo-2-butene under solid-li
quid phase-transfer catalysis (PTC) conditions 
[143, 144], using solid NaOH in the presence 
of tetrabutylammonium iodide (TBAI). This 
PTC alkylation yielded a mixture of mono
alkylated products 37 and 38 in a 4:1 ratio, 
with an overall yield of 79% [145, 146].
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Scheme 5. Asymmetric synthesis of vinyl-ACC 42 via proline-derived chiral Schiff base 36.
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Therefore, the application of the Ni(II) complex 36 holds significant potential for the preparation of 
ACC derivatives. In this context, the Ni(II) complex of Schiff base (R)-36, readily prepared from 
glycine, Ni(II) acetate or chloride, and an (R)-proline-derived ligand  41 [141, 142], was reacted 
with trans-1,4-dibromo-2-butene under solid-liquid phase-transfer catalysis (PTC) conditions [143, 
144], using solid NaOH in the presence of tetrabutylammonium iodide (TBAI). This PTC alkylation 
yielded a mixture of monoalkylated products 37 and 38 in a 4:1 ratio, with an overall yield of 79% 
[145, 146].

Scheme 5. Asymmetric synthesis of vinyl-ACC 42 via proline-derived chiral Schiff base 36.

The  relatively  low  diastereoselectivity  at  this  stage  was  inconsequential,  as  both 
diastereomers  37 and  38 were  utilized  in  the  subsequent  intramolecular  alkylation.  The  SN2' 
alkylation was accomplished by treating the resulting mixture with sodium tert-butoxide, affording 
the target vinylcyclopropanes 39 and 40 in a 9:1 ratio and a 73% yield. Notably, the direct one-pot 
sequential SN2–SN2' dialkylation of  36 under homogeneous conditions in  N,N-dimethylformamide 
(DMF) did not produce the desired products  39 and  40, suggesting that these conditions are too 
harsh  for  the  reagents  and  intermediates,  which  possess  multiple  reactive  centers.  Following 
chromatographic separation, the diastereomerically pure major product  39 was treated with 1  N 

HCl, resulting in the decomplexation of the Ni(II) complex and the formation of chiral ligand 41, 
along with the desired vinyl-ACC 42. The chiral ligand 41 was recycled and used to generate new 
batches of the starting glycine Schiff base Ni(II) complex 36. The target vinyl-ACC 42 was isolated 
using a cation exchange resin. 

Chiral  glycine  Schiff  base  Ni(II)  complex  36 was  also  employed  in  the  highly 
diastereoselective  synthesis  of  norcoronamic  acid  (2)  (Scheme 6)  [147].  A key  feature  of  this 
reaction  is  that  both  starting  compounds—the  Ni(II)  complex  of  Schiff  base  36 and  the 
corresponding  ester—are  chiral  and  possess  matching  (S)  absolute  configurations.  This  double 
asymmetric induction leads to complete diastereoselectivity in the formation of the cyclopropane 
ring. Consequently, the product 43 required no additional purification before being disassembled to 
yield  the  target  norcoronamic  acid  (2)  and  chiral  ligand  41.  Interestingly,  attempts  to  use  the 
racemic sulfate resulted in a 1:1 ratio of the corresponding diastereomers, indicating no significant 

The relatively low diastereoselectivity at 
this stage was inconsequential, as both dia
stereomers 37 and 38 were utilized in the sub-
sequent intramolecular alkylation. The SN2’ 
alkylation was accomplished by treating the 
resulting mixture with sodium tert-butoxide, 
affording the target vinylcyclopropanes 39 
and 40 in a 9:1 ratio and a 73% yield. Notably, 
the direct one-pot sequential SN2–SN2’ dialky
lation of 36 under homogeneous conditions 
in N,N-dimethylformamide (DMF) did not 
produce the desired products 39 and 40, sug-
gesting that these conditions are too harsh for 
the reagents and intermediates, which possess 
multiple reactive centers. Following chromato-
graphic separation, the diastereomerically pure 
major product 39 was treated with 1 N HCl, 
resulting in the decomplexation of the Ni(II) 
complex and the formation of chiral ligand 41, 
along with the desired vinyl-ACC 42. The chi-
ral ligand 41 was recycled and used to gene
rate new batches of the starting glycine Schiff 
base Ni(II) complex 36. The target vinyl-ACC 

42 was isolated using a cation exchange resin. 
Chiral glycine Schiff base Ni(II) complex 

36 was also employed in the highly diastereo
selective synthesis of norcoronamic acid (2) 
(Scheme 6) [147]. A key feature of this reaction 
is that both starting compounds—the Ni(II) 
complex of Schiff base 36 and the correspond-
ing ester—are chiral and possess matching (S) 
absolute configurations. This double asymmet-
ric induction leads to complete diastereose-
lectivity in the formation of the cyclopropane 
ring. Consequently, the product 43 required 
no additional purification before being disas-
sembled to yield the target norcoronamic acid 
(2) and chiral ligand 41. Interestingly, attempts 
to use the racemic sulfate resulted in a 1:1 ratio 
of the corresponding diastereomers, indicating 
no significant kinetic resolution in the alkylat-
ing reagent. It should be noted that noticeable 
kinetic resolution was observed in the alkyla-
tion of chiral Schiff base Ni(II) complexes of 
type 36 with racemic α-alkylbenzyl bromides 
[49, 148].
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Scheme 6. Asymmetric synthesis of norcoronamic acid (2) via chiral Schiff base 36.

kinetic resolution in the alkylating reagent. It should be noted that noticeable kinetic resolution was 
observed  in  the  alkylation  of  chiral  Schiff  base  Ni(II)  complexes  of  type  36 with  racemic  α-
alkylbenzyl bromides [49, 148].

Scheme 6. Asymmetric synthesis of norcoronamic acid (2) via chiral Schiff base 36.

The synthetic potential of Ni(II) complexes derived from glycine chiral Schiff bases in the 
field  of  asymmetric  AA synthesis  has  driven  the  development  of  next-generation  derivatives 
designed for large-scale preparation of tailor-made AAs with enhanced efficiency [149–151]. For 
example,  informed  by  extensive  crystallographic  data  [152],  Ni(II)  complex  44 (Fig.  6)  was 
strategically  engineered  with  chlorine  atoms  to  optimize  its  performance  in  asymmetric 
transformations  [153,  154].  This  complex  has  demonstrated  remarkable  efficiency  in  dynamic 
kinetic resolution of racemic AAs [155, 156]. Similarly, Ni(II) complex 45, featuring two elements 
of chirality, has shown exceptional selectivity in alkylation and aldol addition reactions, benefiting 
from double asymmetric induction, where central and axial chirality are stereochemically matched 
[121].  Meanwhile,  Ni(II)  complex  46 [157,  158]  has emerged as  the most  effective catalyst  in 
processes governed by second-order asymmetric transformation control [159], further expanding 
the potential of Ni(II)-based systems in complex synthetic applications. 

Fig. 6. New generation Ni(II) complexes of chiral nucleophilic glycine equivalents.

Ni(II)  complex  47,  derived  from  C₂-symmetric  bis(naphthyl)amine  [160–162],  holds 
significant potential for the asymmetric synthesis of AAs. Its application in the synthesis of vinyl-
ACC derivatives is illustrated in Scheme 7 [163]. 

After extensive experimentation, it was determined that the two-step SN2–SN2′ dialkylation 
of the glycine moiety in 47 was best carried out using a two-step approach. First, the reaction was 
performed  under  phase  transfer  catalysis  (PTC)  conditions  with  the  corresponding  dibromide, 
employing  30%  aqueous  NaOH  in  the  presence  of  TBAI,  yielding  product  48 as  the  major 
diastereomer (70:30 ratio). Without purification, the diastereomeric mixture was then treated with 
sodium tert-butoxide, leading to the cyclopropane-cyclized Ni(II) complex 49 with an 83% overall 
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the field of asymmetric AA synthesis has dri
ven the development of next-generation de-
rivatives designed for large-scale preparation 
of tailor-made AAs with enhanced efficiency 
[149–151]. For example, informed by exten-
sive crystallographic data [152], Ni(II) com-
plex 44 (Fig. 6) was strategically engineered 
with chlorine atoms to optimize its perfor-
mance in asymmetric transformations [153, 
154]. This complex has demonstrated remar
kable efficiency in dynamic kinetic resolution 

of racemic AAs [155, 156]. Similarly, Ni(II) 
complex 45, featuring two elements of chirali
ty, has shown exceptional selectivity in alky
lation and aldol addition reactions, benefiting 
from double asymmetric induction, where 
central and axial chirality are stereochemical-
ly matched [121]. Meanwhile, Ni(II) complex 
46 [157, 158] has emerged as the most effective 
catalyst in processes governed by second-order 
asymmetric transformation control [159], fur-
ther expanding the potential of Ni(II)-based 
systems in complex synthetic applications. 

Fig. 6. New generation Ni(II) complexes of chiral nucleophilic glycine equivalents.

Ni(II) complex 47, derived from C₂-sym-
metric bis(naphthyl)amine [160–162], holds 
significant potential for the asymmetric syn-

thesis of AAs. Its application in the synthesis of 
vinyl-ACC derivatives is illustrated in Scheme 
7 [163]. 
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After extensive experimentation, it was de-
termined that the two-step SN2–SN2′ dialkyla-
tion of the glycine moiety in 47 was best car-
ried out using a two-step approach. First, the 
reaction was performed under phase transfer 
catalysis (PTC) conditions with the corre-
sponding dibromide, employing 30% aqueous 
NaOH in the presence of TBAI, yielding pro
duct 48 as the major diastereomer (70:30 ra-
tio). Without purification, the diastereomeric 
mixture was then treated with sodium tert-bu-
toxide, leading to the cyclopropane-cyclized 
Ni(II) complex 49 with an 83% overall yield 
and exceptional diastereoselectivity (99.5% 
de)—highlighting the superior stereocon-

trolling properties of 47 compared to the pro-
line-derived complex 36. 

Product 49, without further purification, 
was subsequently disassembled by treatment 
with 1N HCl, affording free vinyl-ACC 42 and 
chiral ligand 50, which were efficiently sepa-
rated via simple extraction. Vinyl-ACC 42 was 
further purified using a cation exchange resin. 

Notably, ligand 50 is highly stable and not 
prone to racemization under typical organic 
synthesis conditions, making it virtually indefi-
nitely recyclable and reusable. In this regard, the 
application of ligand 50 presents a more eco-
nomical and practical approach—even surpass-
ing the efficiency of enantioselective catalysis. 
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Product  49, without further purification, was subsequently disassembled by treatment with 
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simple extraction. Vinyl-ACC 42 was further purified using a cation exchange resin. 

Notably,  ligand  50 is  highly stable and not  prone to  racemization under typical  organic 
synthesis conditions, making it  virtually indefinitely recyclable and reusable.  In this regard, the 
application of ligand 50 presents a more economical and practical approach—even surpassing the 
efficiency of enantioselective catalysis. 

Scheme 7. Asymmetric synthesis of vinyl ACC 42 via Ni(II) complex of Schiff base derived from axially 

chiral ligand 50.

This synthetic sequence was carried out using 33 g of Ni(II) complex 47, yielding 4.5 g of 
vinyl-ACC  42.  The process  demonstrates  a  virtually  complete  stereochemical  outcome,  a  fully 
recyclable  chiral  source,  and  operational  simplicity,  ensuring  convenient  and  efficient  reaction 
conditions.  Moreover,  the  proven  scalability  of  Ni(II)  complex  chemistry  further  supports  its 
potential for broad synthetic applications. 

(Diphenylmethylene)aminoacetonitrile  51 represents  another  type of  nucleophilic  glycine 
equivalent, utilized in the synthesis of ACC 1 via a dialkylation sequence. The cyclopropane ring 
was efficiently formed under PTC conditions using 1,2-dibromoethane as the electrophilic agent, in 
the presence of sodium hydroxide as a base [164–166]. Subsequent acidic hydrolysis removed the 
Schiff base and CN protecting groups in  52, yielding the target compound ACC  1. Notably, this 
approach is remarkably straightforward and well-suited for large-scale synthesis. 

Scheme 7. Asymmetric synthesis of vinyl ACC 42 via Ni(II) complex of Schiff base 
derived from axially chiral ligand 50.

This synthetic sequence was carried out  
using 33 g of Ni(II) complex 47, yielding 4.5 g 
of vinyl-ACC 42. The process demonstrates a 
virtually complete stereochemical outcome, a 
fully recyclable chiral source, and operational 

simplicity, ensuring convenient and efficient 
reaction conditions. Moreover, the proven 
scalability of Ni(II) complex chemistry further 
supports its potential for broad synthetic ap-
plications. 
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(Diphenylmethylene)aminoacetonitrile 51 
represents another type of nucleophilic glycine 
equivalent, utilized in the synthesis of ACC 1 
via a dialkylation sequence. The cyclopro-
pane ring was efficiently formed under PTC 
conditions using 1,2-dibromoethane as the 
electrophilic agent, in the presence of sodium 

hydroxide as a base [164–166]. Subsequent 
acidic hydrolysis removed the Schiff base and 
CN protecting groups in 52, yielding the tar-
get compound ACC 1. Notably, this approach 
is remarkably straightforward and well-suited 
for large-scale synthesis. 

Scheme 8. Preparation of ACC 1 via dialkylation of (diphenylmethylene)aminoacetonitrile 5 and synthesis of 

allo-norcoronamic acid 55 via dialkylation of isocyanoacetate 53

Isocyanoacetates are highly versatile reagents in amino acid synthesis,  exhibiting unique 
reactivity due to their electron-withdrawing isocyanide and ester functional groups. Their ability to 
serve  as  nucleophilic  glycine  equivalents  makes  them  particularly  valuable  for  the  tailored 
construction of amino acids via alkyl halide alkylations and various addition reactions [167−171]. 
For example, the alkylation of isocyanoacetate  53 with propene oxide proceeds efficiently in the 
presence  of  butyl  lithium  at  −78  °C,  yielding  product  54 with  an  excellent  yield  (>90%). 
Subsequent mesylation of the hydroxyl group in  54 is followed by a second alkylation step that 
induces  cyclopropane  ring  formation.  A final  hydrolytic  cleavage  of  the  isonitrile  and  ester 
protecting  groups  affords  ACC  55 with  an  overall  yield  of  approximately  50%.  Notably,  this 
cyclization protocol strongly favors the stereochemistry of allo-norcoronamic acid, with the major 
diastereomer comprising over 85% of the product [172,173]. 

An  intriguing  example  of  intramolecular  alkylation  within  the  proline  framework  is 
illustrated in Scheme 9. Naturally occurring and properly protected hydroxyproline 56 was treated 
with CBr₄/PPh₃, facilitating the stereoselective substitution of the hydroxyl group with a bromine 
atom. The resulting intermediate  57 was then exposed to harsh reaction conditions, utilizing an 
excess  of  a  strong  base  in  THF  at  −78  °C,  forcing  the  formation  of  an  extremely  sterically  
constrained bicyclic system 58, consisting of four- and three-membered rings. Remarkably, despite 
significant steric strain,  the process achieved a respectable yield.  Most notably,  this  cyclization 
reaction proceeded in a highly stereoselective manner, converting (S)-configured hydroxyproline 56 

into the (2R,3R)-bicyclic system 58 with impressive selectivity [174]. 

Scheme 9. Preparation of bicyclic ACC 58 from hydroxy proline 56.

Another example of intramolecular cyclization of amino acid derivatives, resulting in the 
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Scheme 8. Preparation of ACC 1 via dialkylation of (diphenylmethylene)aminoacetonitrile 5 
and synthesis of allo-norcoronamic acid 55 via dialkylation of isocyanoacetate 53

Isocyanoacetates are highly versatile re-
agents in amino acid synthesis, exhibiting 
unique reactivity due to their electron-with-
drawing isocyanide and ester functional 
groups. Their ability to serve as nucleophilic 
glycine equivalents makes them particularly 
valuable for the tailored construction of amino 
acids via alkyl halide alkylations and various 
addition reactions [167−171]. For example, 
the alkylation of isocyanoacetate 53 with pro-
pene oxide proceeds efficiently in the presence 
of butyl lithium at −78 °C, yielding product 
54 with an excellent yield (>90%). Subsequent 
mesylation of the hydroxyl group in 54 is fol-
lowed by a second alkylation step that induces 
cyclopropane ring formation. A final hydroly
tic cleavage of the isonitrile and ester protect-
ing groups affords ACC 55 with an overall yield 

of approximately 50%. Notably, this cyclization 
protocol strongly favors the stereochemistry of 
allo-norcoronamic acid, with the major dia
stereomer comprising over 85% of the product 
[172,173]. 

An intriguing example of intramolecular 
alkylation within the proline framework is il-
lustrated in Scheme 9. Naturally occurring 
and properly protected hydroxyproline 56 was 
treated with CBr₄/PPh₃, facilitating the stereo
selective substitution of the hydroxyl group 
with a bromine atom. The resulting interme-
diate 57 was then exposed to harsh reaction 
conditions, utilizing an excess of a strong base 
in THF at −78 °C, forcing the formation of an 
extremely sterically constrained bicyclic sys-
tem 58, consisting of four- and three-mem-
bered rings. Remarkably, despite significant 
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diastereomer comprising over 85% of the product [172,173]. 
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Another example of intramolecular cycliza-
tion of amino acid derivatives, resulting in the 
formation of a cyclopropane ring, is presented 
in Scheme 10. In this case, the ω-carboxy group 
in properly protected glutamic acid 59 was sub-
stituted with a bromine atom, and the resulting 
compound 60 underwent intramolecular cycli-
zation. The formation of the three-membered 
ring was achieved using NaH in THF at −78 °C. 

It should be noted that the application of two 
equivalents of NaH was necessary, as one mole 
of the base was used to ionize the N-H bond. 
The cyclization proceeded cleanly at the α-car-
bon, with no products of N-alkylation observed. 
Following cyclization, hydrolysis of the ester 
group and deprotection of CO₂Bn using hydro-
gen over a palladium catalyst afforded the target 
compound, ACC 1 [175–178]. 

Scheme 10. Preparation of ACC 1 via intramolecular cyclization of glutamic acid derivative 60.
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Alkyl 2-nitroacetates as carbenoid glycine equivalents. 

Reactions  between  carbenes  and  alkenes  represent  one  of  the  most  widely  utilized 
approaches for constructing cyclopropane rings [179]. In this context, compounds 61 and 62 (Fig. 
7),  each contributing a single carbon atom to the three-membered ring and carrying amino and 
carboxyl groups,  can be regarded as suitable carbenoid glycine equivalents for the synthesis of 
tailor-made  ACC  derivatives.  However,  the  precursors  of  carbenes  61 and  62—such  as  the 
corresponding diazo compounds—are highly unstable, requiring strongly electron-withdrawing or 
aromatic substituents directly attached to the carbene carbon. Consequently, nitroacetates  63 may 
serve as generalized carbenoid glycine equivalents. The synthesis of ACC derivatives via carbenes 
63 will thus necessitate an additional step involving chemo-selective reductive transformation of the 
nitro group into the requisite amino group [180, 181]. 

Fig. 7. Carbenoid glycine equivalents.

For  example,  the  cyclopropanation  reaction  has  been  extensively  studied  using  various 
diazoesters  64 (Scheme 11).  The yields are generally high,  while the diastereoselectivity varies 
significantly and is strongly influenced by the nature of the alkyl ester group [182]. The formation 
of the trans isomer 65 is typically favored over the cis diastereomer 66, though the ratio is clearly 
dependent on the steric bulk of the ester alkyl group—highest for methyl and lowest for tert-butyl. 
The nitro group was efficiently reduced to the corresponding amino functionality using either zinc 
or indium in the presence of hydrochloric acid [183]. Notably, this procedure can be carried out on a 
scale exceeding 250 g without any loss in yield or stereoselectivity. 

Alkyl 2-nitroacetates as carbenoid glycine 
equivalents. 

Reactions between carbenes and alkenes 
represent one of the most widely utilized ap-
proaches for constructing cyclopropane rings 
[179]. In this context, compounds 61 and 62 
(Fig. 7), each contributing a single carbon 
atom to the three-membered ring and carrying 
amino and carboxyl groups, can be regarded 
as suitable carbenoid glycine equivalents for 
the synthesis of tailor-made ACC derivatives. 
However, the precursors of carbenes 61 and 

62—such as the corresponding diazo com-
pounds—are highly unstable, requiring strong-
ly electron-withdrawing or aromatic substi
tuents directly attached to the carbene carbon. 
Consequently, nitroacetates 63 may serve as 
generalized carbenoid glycine equivalents. The 
synthesis of ACC derivatives via carbenes 63 
will thus necessitate an additional step invol
ving chemo-selective reductive transformation 
of the nitro group into the requisite amino 
group [180, 181]. 
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For  example,  the  cyclopropanation  reaction  has  been  extensively  studied  using  various 
diazoesters  64 (Scheme 11).  The yields are generally high,  while the diastereoselectivity varies 
significantly and is strongly influenced by the nature of the alkyl ester group [182]. The formation 
of the trans isomer 65 is typically favored over the cis diastereomer 66, though the ratio is clearly 
dependent on the steric bulk of the ester alkyl group—highest for methyl and lowest for tert-butyl. 
The nitro group was efficiently reduced to the corresponding amino functionality using either zinc 
or indium in the presence of hydrochloric acid [183]. Notably, this procedure can be carried out on a 
scale exceeding 250 g without any loss in yield or stereoselectivity. 

For example, the cyclopropanation reaction 
has been extensively studied using various dia
zoesters 64 (Scheme 11). The yields are gene
rally high, while the diastereoselectivity varies 
significantly and is strongly influenced by the 
nature of the alkyl ester group [182]. The for-
mation of the trans isomer 65 is typically fa-
vored over the cis diastereomer 66, though the 
ratio is clearly dependent on the steric bulk of 

the ester alkyl group—highest for methyl and 
lowest for tert-butyl. The nitro group was ef-
ficiently reduced to the corresponding amino 
functionality using either zinc or indium in the 
presence of hydrochloric acid [183]. Notably, 
this procedure can be carried out on a scale ex-
ceeding 250 g without any loss in yield or ste-
reoselectivity. 

Scheme 11. Rh-catalyzed cyclopropanation of nitrodiazoesters with styrene, followed 
by the reduction of the nitro group to an amino group.Scheme 11. Rh-catalyzed cyclopropanation of nitrodiazoesters with styrene, followed by the reduction of the 

nitro group to an amino group.

Intramolecular  cyclopropanation  of  molecules  containing  both  unsaturated  and  α-
nitrodiazoester  functionalities  has  been  successfully  carried  out  (Scheme  12)  [184].  Rhodium 
complexes derived from bulky carboxylate ligands, such as rhodium bis(1-adamantanecarboxylate) 
dimer  (Rh₂(OCOAd)₄),  achieved the  highest  yields  of  cyclopropanation  products.  Treatment  of 
nitrodiazoester  69,  bearing a  substituted unsaturated moiety,  with a  catalytic  amount  (0.5%) of 
rhodium catalyst prepared with adamantyl carboxylate in dichloromethane at mild heating (40°C) 
for about four hours resulted in the formation of a bicyclic product 70 with good isolated yields. As 
expected, higher yields (95%) were observed for products with minimal steric hindrance and ring 
strain (n = 3, R = H). Notably, in all cases studied, only a single diastereomer containing NO₂ and R  
in the bridged position was isolated. 

Scheme 12. Rh-catalyzed intramolecular cyclopropanations.

Cyclopropanation  via  nitrodiazoacetate  reactions,  as  precursors  to  carbenoid  glycine 
equivalents, can be successfully carried out in a catalytic enantioselective manner. As shown in 
Scheme 13,  the enantioselective cyclopropanation of  ethyl  α-nitrodiazoacetate  71 with terminal 
olefins is efficiently catalyzed by the chiral porphyrin-based cobalt(II) complex 72 [186−188]. The 
reaction proceeds in normal hexane at temperatures ranging from 0 °C to ambient conditions over a 
24-hour period. This process enables the enantioselective formation of the corresponding cis isomer 
73,  wherein  the  nitro  group and  R are  positioned  cis relative  to  each  other.  While  yields  and 
enantioselectivities are generally high, the stereochemical outcomes were not confirmed via SDE 
tests.  Specifically,  enantioselectivity  data  was  obtained  after  product  purification  by  column 
chromatography, followed by high-vacuum drying—potentially allowing for SDE effects via achiral 
chromatography [189−191] and sublimation [192−194]. Notably,  when R is an aryl substituent, 
enantioselectivity reaches approximately 90% ee, whereas alkyl and carbonyl derivatives exhibit 
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complexes derived from bulky carboxylate li-
gands, such as rhodium bis(1-adamantanecar-
boxylate) dimer (Rh₂(OCOAd)₄), achieved the 
highest yields of cyclopropanation products. 
Treatment of nitrodiazoester 69, bearing a 
substituted unsaturated moiety, with a catalytic 

amount (0.5%) of rhodium catalyst prepared 
with adamantyl carboxylate in dichloromethane 
at mild heating (40°C) for about four hours re-
sulted in the formation of a bicyclic product 70 
with good isolated yields. As expected, higher 
yields (95%) were observed for products with 
minimal steric hindrance and ring strain (n = 
3, R = H). Notably, in all cases studied, only a 
single diastereomer containing NO₂ and R in 
the bridged position was isolated. 
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24-hour period. This process enables the enantioselective formation of the corresponding cis isomer 
73,  wherein  the  nitro  group and  R are  positioned  cis relative  to  each  other.  While  yields  and 
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tests.  Specifically,  enantioselectivity  data  was  obtained  after  product  purification  by  column 
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Cyclopropanation via nitrodiazoacetate 
reactions, as precursors to carbenoid glycine 
equivalents, can be successfully carried out in 
a catalytic enantioselective manner. As shown 
in Scheme 13, the enantioselective cyclopro-
panation of ethyl α-nitrodiazoacetate 71 with 
terminal olefins is efficiently catalyzed by the 
chiral porphyrin-based cobalt(II) complex 72 
[186−188]. The reaction proceeds in normal 
hexane at temperatures ranging from 0 °C to 
ambient conditions over a 24-hour period. 
This process enables the enantioselective for-
mation of the corresponding cis isomer 73, 
wherein the nitro group and R are positioned 
cis relative to each other. While yields and 
enantioselectivities are generally high, the ste-

reochemical outcomes were not confirmed via 
SDE tests. Specifically, enantioselectivity data 
was obtained after product purification by co
lumn chromatography, followed by high-va
cuum drying—potentially allowing for SDE 
effects via achiral chromatography [189−191] 
and sublimation [192−194]. Notably, when R is 
an aryl substituent, enantioselectivity reaches 
approximately 90% ee, whereas alkyl and car-
bonyl derivatives exhibit enantioselectivities in 
the range of 75–88% ee. Reported yields vary 
significantly, ranging from 42% to 92%, high-
lighting the need for a more precise and sys-
tematic study of these cyclopropanation reac-
tions. 

Scheme 13. Enantioselective chiral Co-complex catalyzed cyclpropanation reactions.

enantioselectivities in the range of 75–88% ee. Reported yields vary significantly, ranging from 
42%  to  92%,  highlighting  the  need  for  a  more  precise  and  systematic  study  of  these 
cyclopropanation reactions. 

Scheme 13. Enantioselective chiral Co-complex catalyzed cyclpropanation reactions.

Another  example  of  enantioselective  cyclopropanation,  specifically  involving  (Z)-1,2-
disubstituted olefins and nitrodiazoacetates, is presented in Scheme 14 [195]. The catalyst used in 
this  synthesis,  bis-oxazoline  75,  features  two  distinct  substituents  (Me  and  Bn)  on  the  carbon 
bridging the two moieties and has been demonstrated as a preferred catalyst for enantioselective 
cyclopropanation of disubstituted olefins with diazoesters [196]. Treatment of (Z)-olefins  74 and 
ethyl nitrodiazoacetate 71 with copper complexes of bis-oxazoline 75 resulted in the formation of 
products  76,  with  moderate  yields  and  exhibiting  excellent  diastereoselectivity  (>99:1)  and 
enantioselectivity.  Medium-range  chemical  yields  combined  with  high  enantioselectivity  often 
indicate  the  manifestation  of  SDE  effects  [197–199].  This  method  is  quite  versatile,  as  the 
substituent R can be either an aryl group or an olefinic residue and can be further extended to cyclic 
alkenes. The only notable limitation of this approach is the requirement for the corresponding (Z)-
olefins. 

Scheme 14. Chiral Cu-complex catalyzed enantioselective cyclopropanation using nitrodiazoacetates and 

(Z)-1,2-disubstituted olefins.

As  noted  above  (vide  supra),  diazo  compounds  rapidly  decompose  under  standard 
conditions in the absence of stabilizing electron-withdrawing substituents [200]. As discussed in 
this text, nitrodiazoacetates serve as excellent reagents for various cyclopropanation reactions. The 
search  for  alternative  approaches  led  to  the  discovery  of  a  method utilizing  the  corresponding 
phenyliodonium derivatives [201], which are formed in situ from nitroesters and phenyliodonium 
acetate  [202−204].  This  approach  exhibits  reactivity  remarkably  similar  to  Rh-catalyzed 
cyclopropanation  with  nitrodiazoacetates,  suggesting  the  intermediate  formation  of  identical 
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conditions in the absence of stabilizing electron-withdrawing substituents [200]. As discussed in 
this text, nitrodiazoacetates serve as excellent reagents for various cyclopropanation reactions. The 
search  for  alternative  approaches  led  to  the  discovery  of  a  method utilizing  the  corresponding 
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Scheme 14. Chiral Cu-complex catalyzed enantioselective cyclopropanation 
using nitrodiazoacetates and (Z)-1,2-disubstituted olefins.

As noted above (vide supra), diazo com-
pounds rapidly decompose under standard 
conditions in the absence of stabilizing elec-
tron-withdrawing substituents [200]. As dis-
cussed in this text, nitrodiazoacetates serve 
as excellent reagents for various cyclopropa
nation reactions. The search for alternative 
approaches led to the discovery of a method 
utilizing the corresponding phenyliodonium 
derivatives [201], which are formed in situ 
from nitroesters and phenyliodonium acetate 
[202−204]. This approach exhibits reactivity 
remarkably similar to Rh-catalyzed cyclopro-
panation with nitrodiazoacetates, suggesting 
the intermediate formation of identical metal−
carbene species. As illustrated in Scheme 15, 

ethyl nitroacetate 77 and an excess (5 eq.) of 
olefin are treated with PhI(OAc)₂ (1.1 eq.) and 
Rh₂(Piv)₄ (0.5 eq.) in dichloromethane at am-
bient temperature, yielding cyclopropanation 
products 78 with good yields (>80%). These 
reactions are highly robust and can be per-
formed in near-open-air conditions, under-
scoring the practicality of this approach. The 
Ar group can be either a substituted phenyl 
or a naphthyl moiety, and the methodology 
extends to cis-disubstituted and cyclic olefins, 
further enhancing its versatility and synthetic 
value. It is proposed that the reaction proceeds 
via in situ formation of phenyliodonium deri
vatives 79, followed by the generation of ruthe-
nium−carbene species 80. 
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Scheme 15. Rh-Catalyzed approach for cyclopropanation reaction of nitroacetates 
and olefines via phenyliodonium derivatives.

metal−carbene species. As illustrated in Scheme 15, ethyl nitroacetate 77 and an excess (5 eq.) of 
olefin are treated with PhI(OAc)₂ (1.1 eq.) and Rh₂(Piv)₄ (0.5 eq.) in dichloromethane at ambient 
temperature, yielding cyclopropanation products 78 with good yields (>80%). These reactions are 
highly robust and can be performed in near-open-air conditions, underscoring the practicality of this 
approach.  The  Ar  group  can  be  either  a  substituted  phenyl  or  a  naphthyl  moiety,  and  the 
methodology extends to  cis-disubstituted and cyclic olefins, further enhancing its versatility and 
synthetic value. It is proposed that the reaction proceeds via  in situ formation of  phenyliodonium 
derivatives 79, followed by the generation of ruthenium−carbene species 80. 
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The  enantioselective  catalytic  version  of  this  reaction  can  be  achieved  using  chiral 
bisoxazoline ligands in combination with copper(I) as the metal catalyst. As illustrated in Scheme 
16 [205−207], methyl nitroacetate 81 reacts with an excess (5 eq.) of terminal olefin in the presence 
of  PhI=O (1.1  eq.),  AgSbF6 (2.4  mol%),  Na2CO3 (2.3  eq.),  CuCl  (2  mol%),  and  either  chiral 
bisoxazoline 82 or 84, leading to the formation of cyclopropanation products 83 or 85, respectively. 
The reactions are carried out in benzene at ambient temperature for approximately two hours. The 
reported chemical yields and stereochemical outcomes are generally favorable. The substituent R on 
the  olefin  counterpart  can  be  a  mono-substituted  phenyl  or  naphthyl  ring,  or  a  vinyl  group. 
Unfortunately, SDE tests were not conducted [208−210], and the enantiomeric purity values were 
obtained  only  after  product  isolation,  purification  via  column chromatography,  and  subsequent 
drying under high vacuum. Interestingly, the variability in the reported enantioselectivity is difficult 
to rationalize based on differences in the electronic or steric properties of substituents such as Me, 
MeO, Cl, or even t-Bu groups situated in the remote para-position of the phenyl ring, far from the 
reaction  center.  However,  these  substituents  do  contribute  to  variations  in  the  physicochemical 
properties of the products, affecting their SDE profiles under achiral chromatography conditions 
and their volatility (sublimation) [211−213].

The enantioselective catalytic version of this 
reaction can be achieved using chiral bisoxa
zoline ligands in combination with copper(I) as 
the metal catalyst. As illustrated in Scheme 16 
[205−207], methyl nitroacetate 81 reacts with an 
excess (5 eq.) of terminal olefin in the presence 
of PhI=O (1.1 eq.), AgSbF6 (2.4 mol%), Na2CO3 
(2.3 eq.), CuCl (2 mol%), and either chiral bi-
soxazoline 82 or 84, leading to the formation 
of cyclopropanation products 83 or 85, respec-
tively. The reactions are carried out in benzene 
at ambient temperature for approximately two 
hours. The reported chemical yields and stereo-
chemical outcomes are generally favorable. The 
substituent R on the olefin counterpart can be a 
mono-substituted phenyl or naphthyl ring, or a 
vinyl group. Unfortunately, SDE tests were not 
conducted [208−210], and the enantiomeric 
purity values were obtained only after product 
isolation, purification via column chromatog-
raphy, and subsequent drying under high vacu-
um. Interestingly, the variability in the reported 
enantioselectivity is difficult to rationalize based 
on differences in the electronic or steric proper-
ties of substituents such as Me, MeO, Cl, or even 
t-Bu groups situated in the remote para-position 
of the phenyl ring, far from the reaction center. 
However, these substituents do contribute to 

variations in the physicochemical properties of 
the products, affecting their SDE profiles under 
achiral chromatography conditions and their 
volatility (sublimation) [211−213].

An alternative approach for generating an 
in situ carbenoid glycine equivalent is present-
ed in Scheme 17. In this method, the oxalic 
acid-derived compound 86, which contains an 
activated carbonyl group, reacts with P(OEt)₃ 
in chloroform under reflux conditions, yield-
ing cyclopropanation product 89 with mode
rate efficiency and reasonably good diastereo-
selectivity governed by the stereogenic center 
of the starting azetidinone 86 [214]. The re-
action proceeds via interaction between the 
amide carbonyl of 86 and P(OEt)₃, leading to 
the formation of betaine intermediate 87. This 
intermediate stabilizes through the elimina-
tion of PO(OEt)₃, generating free carbene 88, 
which subsequently undergoes intramolecular 
cyclopropanation by reacting with terminal 
olefin residues. The resulting diastereome
ric mixture of products can be separated via 
column chromatography, affording the major 
diastereomer with a yield of 42%. Despite the 
relatively low-to-moderate yields, this metho
dology has been employed for the synthesis of 
various carbacepham analogs [215].
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Scheme 16. Cu-Catalyzed enantioselective catalytic cyclopropanation of nitroacetates 
and olefines via phenyliodonium derivatives.

Scheme 17. Cyclopropanation reaction via in situ generation of carbenoid
glycine equivalent using P(OEt)3.
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Fischer dialkylaminocarbenes are known to react with olefins to form cyclopropane rings 
[216]. The application of these reagents as carbenoid glycine equivalents for the synthesis of ACC 
derivatives is illustrated in Scheme 18 [217]. First, the Fischer dialkylaminocarbene complex 92 is 
prepared from alkyl 2-(dimethylamino)acrylate,  a dehydroalanine derivative  90,  and reagent  91. 
Next,  the  Fischer  complex  92 is  treated with  an excess  (4  eq.)  of  terminal  olefin  in  refluxing 
toluene, yielding cyclopropane product 93 with variable efficiency (40–70%) but consistently high 
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Fischer dialkylaminocarbenes are known to 
react with olefins to form cyclopropane rings 
[216]. The application of these reagents as car-
benoid glycine equivalents for the synthesis 
of ACC derivatives is illustrated in Scheme 18 
[217]. First, the Fischer dialkylaminocarbene 
complex 92 is prepared from alkyl 2-(dime
thylamino)acrylate, a dehydroalanine deri
vative 90, and reagent 91. Next, the Fischer 

complex 92 is treated with an excess (4 eq.) of 
terminal olefin in refluxing toluene, yielding 
cyclopropane product 93 with variable effi-
ciency (40–70%) but consistently high diaste-
reoselectivity (~95/5). However, the primary 
limitation of this approach is that it only allows 
for the preparation of ACC derivatives featu
ring a dimethylamino group.
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Scheme 18. Application of Fisher dialkylaminocarbene complex 
in cyclopropanation reactions with olefines.
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for the preparation of ACC derivatives featuring a dimethylamino group.

Scheme 18. Application of Fisher dialkylaminocarbene complex in cyclopropanation reactions with olefines.

Cyclopropanation of dehydroamino acids. 

As  discussed  in  Scheme  18,  dehydroalanine  derivatives  can  be  transformed  into 
corresponding carbenoid glycine equivalents,  contributing one carbon atom in cyclopropanation 
reactions with alkenes. This strategy can also be reversed, allowing dehydroalanine to act as an 
olefin, contributing two carbon atoms in reactions with carbenes [218−220]. A simple example of 
this  alternative  approach  is  the  reaction  shown  in  Scheme  19,  where  properly  protected  (Z)-
dehydrotryptophan 94 reacts with diazomethane to yield the spiro cyclopropanation product 95 as a 
single diastereomer, albeit with a relatively low yield (34%). The reaction proceeds overnight at 
ambient  temperature  in  diethyl  ether.  The  use  of  (E)-dehydrotryptophan  also  affords  the 
corresponding diastereomer of 95 with excellent diastereoselectivity. Cycloaddition product 95 can 
be conventionally converted into free amino acid  96 via acidic hydrolysis [221]. Notably, tailor-
made  tryptophan  derivatives  are  particularly  useful  for  studying  peptide  folding  and  peptide–
peptide interactions [222−224].

Scheme 19. Cyclopropanation of dehydrotryptophane with diazomethane.

This method can be extended to the use of substituted diazomethanes for the synthesis of 
ACC derivatives featuring multiple substituents on the cyclopropane ring. One noteworthy example 
is illustrated in Scheme 20 [225]. In this approach, trifluoromethyldiazomethane reacts with a series 
of  dehydroamino  acids  97,  enabling  the  preparation  of  various  tailor-made  β-amino  acids  99 

constrained by a trifluoromethylcyclopropane moiety [226]. The reactions of dehydroamino acids 
97 with 2,2,2-trifluorodiazoethane are conducted in acetonitrile at 80 °C over two days, yielding 
cyclopropanated  products  98 with  efficiencies  ranging  from  47%  to  87%  and  excellent 
diastereoselectivity (>95/5). The substituent R on the cyclopropane ring can be either an alkyl or 
aryl group, highlighting the versatility of this approach. Free amino acids  99 are obtained from 
products 98 via simple conventional hydrolysis. 
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ponding carbenoid glycine equivalents, con-
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also be reversed, allowing dehydroalanine to 
act as an olefin, contributing two carbon atoms 
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panation product 95 as a single diastereomer, 
albeit with a relatively low yield (34%). The 
reaction proceeds overnight at ambient tem-
perature in diethyl ether. The use of (E)-de
hydrotryptophan also affords the correspond-
ing diastereomer of 95 with excellent diaste
reoselectivity. Cycloaddition product 95 can 
be conventionally converted into free amino 
acid 96 via acidic hydrolysis [221]. Notably, 
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Scheme 19. Cyclopropanation of dehydrotryptophane with diazomethane.

This method can be extended to the use of 
substituted diazomethanes for the synthesis of 
ACC derivatives featuring multiple substitu-
ents on the cyclopropane ring. One notewor-
thy example is illustrated in Scheme 20 [225]. 
In this approach, trifluoromethyldiazomethane 
reacts with a series of dehydroamino acids 97, 
enabling the preparation of various tailor-made 
β-amino acids 99 constrained by a trifluoro
methylcyclopropane moiety [226]. The reac-

tions of dehydroamino acids 97 with 2,2,2-tri
fluorodiazoethane are conducted in acetonitrile 
at 80 °C over two days, yielding cyclopropana-
ted products 98 with efficiencies ranging from 
47% to 87% and excellent diastereoselectivity 
(>95/5). The substituent R on the cyclopropane 
ring can be either an alkyl or aryl group, high-
lighting the versatility of this approach. Free 
amino acids 99 are obtained from products 98 
via simple conventional hydrolysis. 
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Scheme 20. Cyclopropanation of dehydroamino acids with 2,2,2-trifluorodiazoethane.
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Mechanistically, the reactions of dehydroamino acids with diazomethane derivatives proceed 
via a [3+2] cycloaddition, resulting in 1-pyrazoline intermediates. The subsequent ring contraction 
is facilitated by electron-withdrawing groups and, in some cases, requires heating of the reaction 
mixture [227,228]. 

For example, the cyclopropanation of the phosphorus analog of dehydroalanine  100 with 
substituted diazomethanes leads to the formation of unusually stable pyrazoline intermediates 101, 
which are reported as solid compounds that can be stored at low temperatures (5 °C) for months 
without signs of decomposition [229]. However, upon heating in refluxing toluene, compounds 101 

undergo the expected ring contraction, ultimately yielding the target aminocyclopropanephosphonic 
acids 102 after subsequent hydrolysis. This approach is broadly applicable, as the substituent R on 
the starting diazomethane can be either an alkyl or aryl group. The yields range from 63% to 90%, 
with excellent diastereoselectivity (>99/1) for aryl derivatives but low (~55/45) for aliphatic ones. 
The synthesis of tailor-made aminophosphonic acids has attracted significant attention due to their 
diverse applications in medicinal chemistry, enzyme inhibition, and peptide engineering [230–233]. 

Scheme 21. Synthesis of aminocyclopropanephosphonic acids.

While diazo compounds are highly effective reagents for cyclopropanation reactions, their 
preparation and handling present inherent challenges. This has driven the need for safer and more 
efficient  alternatives,  leading  scientists  to  develop  new  reagents.  One  such  discovery  is 
tosylhydrazones,  which  have  proven  particularly  successful  in  cycloaddition  reactions  with 
dehydroamino acids [234]. In this approach, properly protected dehydroalanine  103 (Scheme 22) 
reacts with metalated tosylhydrazone 104 in the presence of a catalytic amount of a phase-transfer 
catalyst [235], yielding cyclopropane  105 with high diastereoselectivity. The major stereoisomer 
features aryl and amine groups positioned trans to each other. The reaction is conducted in toluene 
at 40 °C for 60 hours with 5 mol% of BnNEt₃Cl as the phase-transfer catalyst, producing 105 with 
yields ranging from 50% to 72%. The target ACC 106 is obtained via simple hydrolysis of the 
cyclization products 105.
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amino acids with diazomethane derivatives 
proceed via a [3+2] cycloaddition, resulting 
in 1-pyrazoline intermediates. The subsequent 
ring contraction is facilitated by electron-with-
drawing groups and, in some cases, requires 
heating of the reaction mixture [227,228]. 

For example, the cyclopropanation of the 
phosphorus analog of dehydroalanine 100 
with substituted diazomethanes leads to the 
formation of unusually stable pyrazoline inter-
mediates 101, which are reported as solid com-
pounds that can be stored at low temperatures 
(5 °C) for months without signs of decomposi-
tion [229]. However, upon heating in refluxing 

toluene, compounds 101 undergo the expected 
ring contraction, ultimately yielding the tar-
get aminocyclopropanephosphonic acids 102 
after subsequent hydrolysis. This approach is 
broadly applicable, as the substituent R on the 
starting diazomethane can be either an alkyl or 
aryl group. The yields range from 63% to 90%, 
with excellent diastereoselectivity (>99/1) for 
aryl derivatives but low (~55/45) for aliphatic 
ones. The synthesis of tailor-made aminophos-
phonic acids has attracted significant attention 
due to their diverse applications in medicinal 
chemistry, enzyme inhibition, and peptide en-
gineering [230–233]. 

Scheme 21. Synthesis of aminocyclopropanephosphonic acids.

While diazo compounds are highly effective 
reagents for cyclopropanation reactions, their 
preparation and handling present inherent 
challenges. This has driven the need for safer 
and more efficient alternatives, leading scien-
tists to develop new reagents. One such dis-
covery is tosylhydrazones, which have proven 
particularly successful in cycloaddition reac-
tions with dehydroamino acids [234]. In this 
approach, properly protected dehydroalanine 
103 (Scheme 22) reacts with metalated to-

sylhydrazone 104 in the presence of a cataly
tic amount of a phase-transfer catalyst [235], 
yielding cyclopropane 105 with high diastere-
oselectivity. The major stereoisomer features 
aryl and amine groups positioned trans to each 
other. The reaction is conducted in toluene at 
40 °C for 60 hours with 5 mol% of BnNEt₃Cl 
as the phase-transfer catalyst, producing 105 
with yields ranging from 50% to 72%. The tar-
get ACC 106 is obtained via simple hydrolysis 
of the cyclization products 105.



48 ISSN 2708-129X. Укр. хім. журн., 2025

CUTTING-EDGE STRATEGIES IN THE ASYMMETRIC SYNTHESIS OF α-AMINOCYCLOPROPANE CARBOXYLIC ACIDS: 
ESSENTIAL SCAFFOLDS FOR DRUG DISCOVERY.ORGANIC CHEMISTRY

Scheme 22. Cyclopropanation of dehydroamino acids using diazo compounds 
generated from metalated tosylhydrazone.
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This approach, initially utilizing metalated 
tosylhydrazones as precursors to diazo com-
pounds, was modified to incorporate non-me
talated tosylhydrazones derived from ketones, 
as illustrated in Scheme 23. In these reactions, 
protected dehydroalanine derivatives 107 are 
treated with aromatic ketone-derived tosyl-
hydrazones 108 in the presence of 20 mol% 
of a phase-transfer catalyst in toluene. A key 
distinction from previous conditions is the re-
quirement for a strong base, Cs₂CO₃ (2 eq.), 
and an elevated reaction temperature (90 °C). 

The resulting cyclopropanation products 109 
are obtained with good yields (~80%) and 
high stereoselectivity (~85/15) [236]. Given 
the strong interest in synthesizing phosphorus 
analogs of tailor-made amino acids [237–239], 
this approach was further applied to the prepa-
ration of phosphonate derivatives 110 using 
2-aminophosphonates 100 (Scheme 21) and 
ketone-derived tosylhydrazones 108. The cor-
responding phosphonates 110 were isolated 
with similar yields but of significantly lower 
diastereomeric purity 52/48. 

Scheme 23. Cyclopropanation reactions using non-metalated ketone-derived tosylhydrazones.

Scheme 22. Cyclopropanation of dehydroamino acids using diazo compounds generated from metalated 

tosylhydrazone.
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products 109 are obtained with good yields (~80%) and high stereoselectivity (~85/15) [236]. Given 
the strong interest in synthesizing phosphorus analogs of tailor-made amino acids [237–239], this 
approach  was  further  applied  to  the  preparation  of  phosphonate  derivatives  110 using  2-
aminophosphonates 100 (Scheme 21) and ketone-derived tosylhydrazones 108. The corresponding 
phosphonates 110 were isolated with similar yields but of significantly lower diastereomeric purity 
52/48. 

Scheme 23. Cyclopropanation reactions using non-metalated ketone-derived tosylhydrazones.

This methodology, cyclopropanation of dehydroamino acids using in situ generated diazo 
compounds from tosylhydrazones can be applied for catalytic enantioselective synthesis of ACC 
derivatives. For example, application of porphyrin-based Co(II)  catalyst type of  72 (Scheme 13) 
[240]. The reported stereochemical outcome is rather variable with diastereoselectivity in the range 
of 70/30 and enantioselectivity being even more disperse between 40 and 90% most likely as a 
result of the SDE [241–243]. 

The application of nonactivated hydrazones for the cyclopropanation of dehydroamino acids 
is illustrated in Scheme 24 [244]. In this method, hydrazone 108 is added dropwise to a solution of 
PhIO at ambient temperature, generating the corresponding diazo compound in situ. This reactive 
intermediate subsequently undergoes cyclopropanation with protected dehydroalanine 111, yielding 
ACC derivatives 112 in nearly quantitative amounts. 

For  unsymmetrical  hydrazones  108,  the  diastereoselectivity  of  product  112 formation  is 
moderate, with a ratio ranging between 4:1 and 5:1. Nonetheless, this approach is entirely metal-
free, offering remarkable safety and enhancing its synthetic value as a viable alternative to metal-
mediated methodologies. 
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This methodology, cyclopropanation of 
dehydroamino acids using in situ generated  
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applied for catalytic enantioselective synthesis 
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of porphyrin-based Co(II) catalyst type of 72 
(Scheme 13) [240]. The reported stereochemi
cal outcome is rather variable with diastereo
selectivity in the range of 70/30 and enantio
selectivity being even more disperse between 
40 and 90% most likely as a result of the SDE 
[241–243]. 

The application of nonactivated hydrazones 
for the cyclopropanation of dehydroamino 
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method, hydrazone 108 is added dropwise to a 
solution of PhIO at ambient temperature, ge
nerating the corresponding diazo compound 
in situ. This reactive intermediate subsequent-
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112 in nearly quantitative amounts. 
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moderate, with a ratio ranging between 4:1 
and 5:1. Nonetheless, this approach is entire-
ly metal-free, offering remarkable safety and  

enhancing its synthetic value as a viable alter-
native to metal-mediated methodologies. 

Scheme 22. Cyclopropanation of dehydroamino acids using diazo compounds generated from metalated 
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1,1-Dihaloalkanes are well-established as 
one-carbon unit donors in the cyclopropana-
tion with dehydroamino acids mediated by 
chromium salts [245, 246]. The reactions of 
dehydroamino acid derivatives 114, illustrated 
in Scheme 25, are typically carried out in ether 
using 10 mol% Cr(II) salts and 1.5 eq. Mn, 
maintained at 0 to -10 °C for 24 hours. To in-
duce enantioselectivity, chiral diamine ligands 
116 capable of metal chelation are employed. 
The substituent R can be a para-substituted 
phenyl, naphthyl, or alkyl group. When com-

paring dichloroalkanes with dibromo deri
vatives 115, the former exhibit slower reaction 
rates but yield products 117 with high efficien-
cy (~90%). Diastereoselectivity strongly favors 
the formation of products 117 with R and ami-
no groups positioned cis to each other, achiev-
ing excellent selectivity (>20/1) in most repor
ted cases [247]. The enantioselectivity of these 
reactions varies, ranging from 73% to 94% ee. 
However, the SDE tests [248–250] have not 
been conducted to validate the reported ste
reochemical data. 

Scheme 25. Catalytic enantioselective cyclopropanation of dehydroalanine 
derivatives with 1,1-dihaloalkanes.
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para-substituted phenyl, naphthyl, or alkyl group. When comparing dichloroalkanes with dibromo 
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SDE tests [248–250] have not been conducted to validate the reported stereochemical data. 

Scheme 25. Catalytic enantioselective cyclopropanation of dehydroalanine derivatives with 1,1-

dihaloalkanes.

Substituted  sulfonium ylides  can  also  serve  as  effective  one-carbon  unit  donors  in  the 
cyclopropanation of dehydroamino acids. As illustrated in Scheme 26, dehydroalanine derivative 
118 undergoes reaction with ylides 119 in a highly polar solvent such as acetonitrile or DMF [251]. 
To generate the reactive species from carbonyl-stabilized ylides 119, potassium carbonate has been 
found to  provide  excellent  yields  (>90%) and diastereoselectivity  (>99/1)  for  cyclopropanation 
products  120. For ylides  119 semi-stabilized by aromatic groups, cesium carbonate proved more 
effective, yielding products with a stereochemical outcome similar to that of carbonyl-stabilized 
ylides 119. In contrast, ylides 119 stabilized by alkene groups require tBuOK as a base, resulting in 
lower  yields  (79%)  and  compromised  diastereoselectivity  (9.3/1).  The  reaction  can  also  be 
conducted  using  chiral  sulfonium  ylide  121 in  acetonitrile  with  tBuOK,  providing  access  to 
scalemic products 120 with high diastereoselectivity (up to 90%) and yields (80%). 

Scheme 26. Application of stabilized sulfonium ylides for cyclopropanation of dehydroalanine derivatives.
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Substituted sulfonium ylides can also serve 
as effective one-carbon unit donors in the cyc
lopropanation of dehydroamino acids. As il-
lustrated in Scheme 26, dehydroalanine deri
vative 118 undergoes reaction with ylides 119 

in a highly polar solvent such as acetonitrile or 
DMF [251]. To generate the reactive species 
from carbonyl-stabilized ylides 119, potassium 
carbonate has been found to provide excellent 
yields (>90%) and diastereoselectivity (>99/1) 
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for cyclopropanation products 120. For ylides 
119 semi-stabilized by aromatic groups, cesi-
um carbonate proved more effective, yielding 
products with a stereochemical outcome simi
lar to that of carbonyl-stabilized ylides 119. 
In contrast, ylides 119 stabilized by alkene 
groups require tBuOK as a base, resulting in 

lower yields (79%) and compromised diaste-
reoselectivity (9.3/1). The reaction can also be 
conducted using chiral sulfonium ylide 121 in 
acetonitrile with tBuOK, providing access to 
scalemic products 120 with high diastereose-
lectivity (up to 90%) and yields (80%). 
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of dehydroalanine derivatives.

An interesting example of the use of bro-
moacetates as one-carbon unit donors in the 
cyclopropanation of dehydroamino acids is il-
lustrated in Scheme 27 [252, 253]. The process 
begins with the quaternization of the tertiary 
nitrogen in chiral amine 122 via reaction with 
the corresponding bromoacetate. The resul
ting quaternary salt 123 is then treated with  
Cs₂CO₃ to remove hydrogen bromide, gene
rating ylide 124, which subsequently engages 
in a Michael addition-type reaction with de-

hydroalanine 125 to form the stabilized in-
termediate 126. The ensuing cyclization of 
intermediate 126 yields the amino diester 127, 
while regenerating chiral amine 122, allow-
ing it to re-enter the reaction cycle. Tertiary 
amine is employed in amounts ranging from 
1 to 20 mol%. The reactions are conducted in 
acetonitrile at 80 °C for 24 hours. The chemical 
yields and enantioselectivity of this cyclopro-
panation exceed 90%; however, the SDE tests 
were not performed [254]. 

Scheme 27. Application of bromoacetates as one-carbon unit donors 
in the cyclopropanation of dehydroalanine.

cyclopropanation of dehydroamino acids is illustrated in Scheme 27 [252, 253]. The process begins 
with  the  quaternization  of  the  tertiary  nitrogen  in  chiral  amine  122 via  reaction  with  the 
corresponding  bromoacetate.  The  resulting  quaternary  salt  123 is  then  treated  with  Cs₂CO₃  to 
remove  hydrogen  bromide,  generating  ylide  124,  which  subsequently  engages  in  a  Michael 
addition-type  reaction  with  dehydroalanine  125 to  form  the  stabilized  intermediate  126.  The 
ensuing cyclization of  intermediate  126 yields  the amino diester  127,  while  regenerating chiral 
amine 122, allowing it to re-enter the reaction cycle. Tertiary amine is employed in amounts ranging 
from 1 to 20 mol%. The reactions are conducted in acetonitrile at 80 °C for 24 hours. The chemical 
yields and enantioselectivity of this cyclopropanation exceed 90%; however, the SDE tests were not 
performed [254]. 

Scheme 27. Application of bromoacetates as one-carbon unit donors in the cyclopropanation of 

dehydroalanine.

Another method for the asymmetric synthesis of fluorinated ACC is illustrated in Scheme 28 
[255].  This  approach  is  based  on  the  Reformatsky  reaction  of  fluorodibromoacetate  129 with 
properly protected dehydroalanine 128. The reaction is conducted in THF at -20 °C, yielding ACC 
derivative 130, with the fluorine atom positioned beta to the amino group. The process begins with 
the  formation  of  the  Reformatsky  reagent  [256],  where  one  of  the  bromine  atoms  in  129 is 
substituted with Zn, stabilizing it  as an enolate.  This intermediate then undergoes Michael-type 
addition to dehydroalanine 128, followed by cyclization, which involves substitution of the second 
bromine  atom.  Chiral  oxazolidinones  are  preferred  chiral  auxiliaries  in  asymmetric  synthesis, 
known for providing exceptional stereocontrol in Michael addition reactions [257–259]. As a result, 
the  diastereoselectivity  of  this  addition–cyclization  sequence  is  excellent,  exceeding  9:1,  with 
diastereomers readily separable by column chromatography. 

Scheme 28. Synthesis of ACC derivatives via Reformatsky-Michael-cyclization sequence.

Finally, an example of photocatalyzed cyclopropanation is illustrated in Scheme 29. This 
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Another method for the asymmetric syn-
thesis of fluorinated ACC is illustrated in 
Scheme 28 [255]. This approach is based on 
the Reformatsky reaction of fluorodibromo-
acetate 129 with properly protected dehydro-
alanine 128. The reaction is conducted in THF 
at -20 °C, yielding ACC derivative 130, with 
the fluorine atom positioned beta to the ami-
no group. The process begins with the forma-
tion of the Reformatsky reagent [256], where 
one of the bromine atoms in 129 is substitu
ted with Zn, stabilizing it as an enolate. This 

intermediate then undergoes Michael-type 
addition to dehydroalanine 128, followed by 
cyclization, which involves substitution of the 
second bromine atom. Chiral oxazolidinones 
are preferred chiral auxiliaries in asymmetric 
synthesis, known for providing exceptional 
stereocontrol in Michael addition reactions 
[257–259]. As a result, the diastereoselectivity 
of this addition–cyclization sequence is excel-
lent, exceeding 9:1, with diastereomers readily 
separable by column chromatography. 
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addition-type  reaction  with  dehydroalanine  125 to  form  the  stabilized  intermediate  126.  The 
ensuing cyclization of  intermediate  126 yields  the amino diester  127,  while  regenerating chiral 
amine 122, allowing it to re-enter the reaction cycle. Tertiary amine is employed in amounts ranging 
from 1 to 20 mol%. The reactions are conducted in acetonitrile at 80 °C for 24 hours. The chemical 
yields and enantioselectivity of this cyclopropanation exceed 90%; however, the SDE tests were not 
performed [254]. 
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Scheme 28. Synthesis of ACC derivatives via Reformatsky-
Michael-cyclization sequence.

Finally, an example of photocatalyzed cyclo-
propanation is illustrated in Scheme 29. This 
photocatalyzed radical addition–ring-closing 
sequence of alkyl halide-derived radicals pro-
vides a general method for synthesizing func-
tionalized cyclopropanes [260–262]. To gene
rate the corresponding radical from dichlo-
romethane, the reaction is performed in DMF 

under green LED light (525 nm), with zinc 
(3  eq.) as the reducing agent, NH₄Cl  (1  eq.), 
and vitamin B12 as the photocatalyst. Under 
these conditions, the dehydroalanine deriva
tive 131 undergoes clean cyclopropanation, 
yielding product 132 with 92% efficiency. Sub-
sequent acidic hydrolysis of 132 affords the 
target ACC 1 [263]. 

Scheme 29. Photocatalyzed cyclopropanation of dehydroalanine 
with dichloromethane.

photocatalyzed radical addition–ring-closing sequence of alkyl halide-derived radicals provides a 
general  method  for  synthesizing  functionalized  cyclopropanes  [260–262].  To  generate  the 
corresponding radical from dichloromethane, the reaction is performed in DMF under green LED 
light (525 nm), with zinc (3 eq.) as the reducing agent,  NH₄Cl (1 eq.),  and vitamin B12 as the 
photocatalyst.  Under  these  conditions,  the  dehydroalanine  derivative  131 undergoes  clean 
cyclopropanation, yielding product  132 with 92% efficiency. Subsequent acidic hydrolysis of  132 

affords the target ACC 1 [263]. 

Scheme 29. Photocatalyzed cyclopropanation of dehydroalanine with dichloromethane.

CONCLUSIONS. The  synthesis  of  α-amino-cyclopropane  carboxylic  acids  (ACC)  has 
evolved into a well-established and sophisticated field. The extensive body of research offers a 
diverse range of methodologies, providing multiple approaches for tailoring ACC derivatives to 
meet specific physicochemical, reactivity, and functional versatility requirements. While some of 
the  methods  reviewed  here  hold  historical  significance,  others  represent  groundbreaking 
advancements in modern synthetic strategies developed over the past decade. Despite this progress, 
certain ACC derivatives still pose considerable synthetic challenges. Notably, ACC variants with 
multiple substitutions on the cyclopropane ring remain underexplored in existing literature. The 
strategies discussed in this work center around the amino acid core and methods for constructing the 
cyclopropane  ring  around  it.  The  key  pathways  for  increasing  structural  complexity  include: 
dialkylation of nucleophilic glycine equivalents, cyclopropanation of carbenoid glycine equivalents, 
and addition reactions to dehydroamino acids. These routes comprehensively cover all documented 
methodologies and are relatively balanced in their representation across published studies. 

ACC  derivatives  are  an  exceptional  subclass  of  tailor-made  amino  acids,  seamlessly 
integrating the unique electronic and steric properties of their highly constrained cyclopropane ring. 
Beyond their  presence  in  biologically  significant  natural  compounds,  their  role  in  drug  design 
continues to expand, solidifying their importance in medicinal chemistry. Given that pharmaceutical 
applications  demand  enantiomerically  pure  derivatives,  asymmetric  synthesis  remains  a  central 
focus in this field. Several promising methodologies—such as chiral auxiliary-assisted asymmetric 
synthesis  and  catalytic  enantioselective  approaches—offer  operational  convenience  and  high 
stereochemical fidelity,  making them viable for large-scale preparation of enantiomerically pure 
ACC  derivatives.  However,  one  aspect  that  remains  insufficiently  explored  is  the  self-
disproportionation of enantiomers (SDE) in ACC compounds. Based on comparisons with other 
amino acids,  ACC derivatives are expected to exhibit  a  significant degree of SDE, particularly 
under achiral chromatography conditions. As a result,  integrating simulated moving bed (SMB) 
chromatography  with  SDE  principles  represents  the  most  practical  solution  for  obtaining 
enantiomerically pure compounds [94, 264]. Furthermore, given the regulatory importance of chiral 
drug characterization, investigating the SDE behavior of biologically active compounds [249, 265–
267] is essential for meeting US FDA requirements for chiral drug submissions [268–270]. Since 
sterically constrained amino acids serve as fundamental building blocks in biological, medicinal, 
and pharmaceutical  sciences,  synthetic  advancements  in  ACC derivatives are expected to  grow 
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CONCLUSIONS. The synthesis of α-amino-
cyclopropane carboxylic acids (ACC) has 
evolved into a well-established and sophis-
ticated field. The extensive body of research 
offers a diverse range of methodologies, pro-
viding multiple approaches for tailoring ACC 
derivatives to meet specific physicochemical, 
reactivity, and functional versatility require-
ments. While some of the methods reviewed 
here hold historical significance, others repre-
sent groundbreaking advancements in modern 
synthetic strategies developed over the past 
decade. Despite this progress, certain ACC de-
rivatives still pose considerable synthetic chal-
lenges. Notably, ACC variants with multiple 
substitutions on the cyclopropane ring remain 
underexplored in existing literature. The stra
tegies discussed in this work center around the 
amino acid core and methods for construct-
ing the cyclopropane ring around it. The key 
pathways for increasing structural complexity 
include: dialkylation of nucleophilic glycine 
equivalents, cyclopropanation of carbenoid 
glycine equivalents, and addition reactions to 
dehydroamino acids. These routes compre-
hensively cover all documented methodologies 
and are relatively balanced in their representa-
tion across published studies. 

ACC derivatives are an exceptional sub-
class of tailor-made amino acids, seamlessly 
integrating the unique electronic and steric 
properties of their highly constrained cyclo-
propane ring. Beyond their presence in biolo
gically significant natural compounds, their 
role in drug design continues to expand, so-
lidifying their importance in medicinal che
mistry. Given that pharmaceutical applications 
demand enantiomerically pure derivatives, 

asymmetric synthesis remains a central focus 
in this field. Several promising methodolo-
gies—such as chiral auxiliary-assisted asym-
metric synthesis and catalytic enantioselective 
approaches—offer operational convenience 
and high stereochemical fidelity, making them 
viable for large-scale preparation of enantio
merically pure ACC derivatives. However, one 
aspect that remains insufficiently explored is 
the self-disproportionation of enantiomers 
(SDE) in ACC compounds. Based on compari
sons with other amino acids, ACC derivatives 
are expected to exhibit a significant degree of 
SDE, particularly under achiral chromatogra-
phy conditions. As a result, integrating simu-
lated moving bed (SMB) chromatography with 
SDE principles represents the most practical 
solution for obtaining enantiomerically pure 
compounds [94, 264]. Furthermore, given the 
regulatory importance of chiral drug charac-
terization, investigating the SDE behavior of 
biologically active compounds [249, 265–267] 
is essential for meeting US FDA requirements 
for chiral drug submissions [268–270]. Since 
sterically constrained amino acids serve as 
fundamental building blocks in biological, me-
dicinal, and pharmaceutical sciences, synthetic 
advancements in ACC derivatives are expected 
to grow substantially in the coming years. 
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α-Аміноциклопропанкарбонова кислота 
(ACC) та її похідні широко поширені в рос-
линному царстві, виконуючи різноманітні 
функції — від регуляції життєвих циклів рос-
лин до механізмів захисту. Стерично обмеже-
на структура ACC виявилася надзвичайно ко-
рисною у розробленні численних лікарських 
засобів, зокрема інгібіторів протеази NS3/4A 
вірусу гепатиту C (HCV), і зіграла ключову 
роль у створенні кількох поколінь ефектив-
них препаратів проти HCV, із тривалими до-
слідженнями щодо їхнього подальшого вдо-
сконалення. Властиві ACC стеричні обмежен-
ня створюють значні труднощі у їхньому син-
тезі, особливо у енантіомерно чистій формі, 
що робить асиметричні методи центральною 
темою досліджень. У цій статті представлено 
комплексний огляд синтетичних методологій 
для отримання ACC та її похідних, згрупова-
них за ключовими перетвореннями, зокре-
ма діалкілування нуклеофільних похідних 
гліцину, циклопропанування карбеноїдних 
еквівалентів гліцину та реакції приєднання 
до дегідроамінокислот. Окремий акцент зро-
блено на енантіоселективних стратегіяx, що 
дозволяють отримувати ці специфічні амі-
нокислоти у високій чистоті. Крім того, роз-
глянуто аспекти самодиспропорціонування 
енантіомерів (SDE), які відіграють важливу 
роль в enantioselective catalysis. Об’єднуючи ці 
методології, ми прагнемо надати вичерпний 
ресурс для дослідників у синтетичній та ме-
дичній хімії, а також у галузі розроблення лі-
карських препаратів, сприяючи подальшому 
прогресу в цій важливій сфері. 

Ключові слова: амінокислоти, фарма
цевтика, циклопропан, хіральність, синтез, 
нуклеофільні еквіваленти гліцину, карбено-
їдні еквіваленти гліцину, дегідроамінокис
лоти, самодиспропорціонування енантіоме-
рів (SDE).
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