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I. WSTĘP 

Chemia związków nitrowych nieustająco wzbudza zainteresowanie chemików 

organików ze względu na szerokie spektrum zastosowań tych połączeń jako prekursorów  

w syntezie organicznej [1-9]. Współczesne zastosowania  nitrozwiązków związane są również  

z produkcją środków biologicznie aktywnych [9-11], bakteriobójczych [12-14] czy 

produktów leczniczych [15]. W grupie tej istotne miejsce zajmują sprzężone nitroalkeny. 

 Najbardziej uniwersalną, a zarazem najpopularniejszą metodą syntezy sprzężonych 

nitroalkenów jest termiczna dekompozycja odpowiednich estrów nitroalkilowych [16]. Do tej 

pory sugerowano, iż wszystkie reakcje termicznej dekompozycji estrów kwasów 

karboksylowych zachodzą według mechanizmu jednoetapowego, idealnie pericyklicznego 

[17-20], niezależnie od natury związku wyjściowego. Jednakże pogląd ten w moim 

przekonaniu jest błędny, i nie powinniśmy a priori odnosić go do wszystkich reakcji tej grupy. 

Należy zaznaczyć, w tym miejscu, że w ostatnich latach zakwestionowano mechanizm 

pericykliczny w wielu reakcjach z udziałem nitrozwiązków, w których był on uważany za 

słuszny. Są to między innymi reakcje Dielsa-Aldera 4,6-dinitrobenzofuroksanu z 1,1,1-

trimetylosiloksy-1,3-butadienem [21], czy reakcje dekompozycji fluoronitroazoksyzwiązków 

[22,23]. Dlatego też, natura reakcji dekompozycji estrów kwasów karboksylowych  

i nitroalkoholi wymaga głębszego poznania. 

 Niniejsza praca stanowi owoc kwantowo-chemicznych studiów procesów 

dekompozycji estrów kwasów karboksylowych i nitroalkoholi. W szczególności, w jej 

ramach postanowiłam zbadać mechanistyczne aspekty reakcji rozkładu estrów 

nitroalkilowych prowadzonych w warunkach termicznych oraz podobnych procesów 

katalizowanych kwasami Lewisa oraz kationami cieczy jonowych. 

Praca składa się z dwóch części. W pierwszej przeanalizowałam dostępne strategie 

syntezy sprzężonych nitroalkenów, ukazując na tym tle znaczenie procesu dekompozycji 

estrów. Z kolei, w drugiej części zebrałam zestawienie wyników badań własnych w postaci 

monotematycznego cyklu siedmiu recenzowanych publikacji naukowych. 
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II. CZĘŚĆ LITERATUROWA 

 

1. Sprzężone nitroalkeny – wprowadzenie 

Sprzężone nitroalkeny (conjugated nitroalkenes – CNA) stanowią wyjątkowo cenny  

i uniwersalny surowiec w syntezie organicznej [3, 4, 24-27].  

 

Ze względu na łatwą konwersję grupy nitrowej do różnorodnych grup funkcyjnych, 

nitroalkeny są prekursorami w preparatyce m.in. nitroparafin, amin, hydroksyloamin, 

oksymów, związków karbonylowych oraz wielu innych połączeń (Schemat 1) [9, 28-34]. 

 

Schemat 1. Przykładowe kierunki transformacji nitroalkenów w syntezie organicznej  

[9, 28-34].  

Nitroalkeny powszechnie stosowane są jako substraty w dużej grupie różnych 

popularnych chemicznych transformacji, między innymi w reakcjachy Michaela [35, 36] czy 

Friedla-Craftsa [37, 38]. Ponadto, ze względu na wysoką aktywność w reakcjach  

z komponentami nukleofilowymi [5, 39-48], nitroalkeny są uniwersalnymi prekursorami  
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w syntezie (również stereokontrolowanej) 4-, 5-, 6- i 7-członowych związków karbo-  

i heterocyklicznych [49-57]. 

Z uwagi na zarysowane wyżej uwarunkowania, nitroalkeny stanowią wyjątkowo cenny 

surowiec do syntezy produktów naturalnych [58, 59]. Łatwo ulegają ponadto polimeryzacji, 

dając użyteczne w technice militarnej związki wielkocząsteczkowe polinitrowe [60-62]. 

Sprzężone nitroalkeny wykazują godną uwagi aktywność biologiczną. Stosowane są jako 

prekursory wielu środków leczniczych posiadających działanie bakteriobójcze [10, 11, 63]. Są 

również stosowane jako prekursory substancji bioaktywnych wykazujących aktywność 

przeciwnowotworową i przeciwgruźliczą [10, 11, 64-66]. Wykazano ponadto szkodliwe 

działanie tych związków na owady [13, 14, 67]  oraz grzyby [68-70].  
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2. Metody syntezy sprzężonych nitroalkenów 

Wśród metod otrzymywania nienasyconych nitrozwiązków możemy wyróżnić dwie 

grupy: 

 reakcje otrzymywania nitroalkenów polegające na wprowadzeniu grupy nitrowej 

do układu zawierającego już wiązanie podwójne,  

 

 oraz reakcje w których następuje tworzenie wiązania podwójnego w nasyconych 

układach zawierających grupę nitrową. 
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2.1.Metody syntezy nitroalkenów polegające na wprowadzeniu grupy nitrowej do 

związków nienasyconych 

Pierwsze doniesienia dotyczące reakcji nitrowania nienasyconych węglowodorów 

pochodzą już z XIX wieku. I tak Bouis w 1855 roku [71], w reakcji okt-1-enu (1)  

z kwasem azotowym (V) uzyskał produkt, któremu przypisał strukturę 2-nitrookt-1-enu (2). 

Niestety praca nie zawiera żadnych doniesień na temat wydajności reakcji [71]. Nie wiadomo 

również czy zsyntezowany produkt jest w istocie indywidualnym połączeniem.  

 

Należy w tym miejscu zaznaczyć, że kilkanaście lat później, Konovalov [72], badał 

syntezę nitroalkenów na drodze reakcji różnych alkenów ze stężonym kwasem azotowym 

(V). Reakcje te realizują się z niską, nie przekraczającą 30% wydajnością i prowadzą do 

mieszanin izomerów trudnych do jednoznacznej identyfikacji.  

Z kolei zespół Gupta w 1987 roku [73], w swoich badaniach nad otrzymywaniem 

nitroalkenów zastosował dymiący kwas azotowy (V) w obecności azotanu (III) sodu  

i środowisku lodowatego kwasu octowego. Okazało się, że reakcja konwersji octanu  

dek-9-enu (3) w tych warunkach prowadzi do trzech produktów: dwóch nitroalkenów ((6) - 

27% i (7) - 9%) oraz nitroalkoholu (5) (60%). Zidentyfikowany w masie poreakcyjnej 

nitroalkohol (5) powstaje najprawdopodobniej w wyniku spontanicznej hydrolizy tworzącego 

się pierwotnie estru kwasu azotowego (III) (4). 

 

3-7: R=(CH2)8COOCH3. 
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W 1988 roku McMurray wraz z zespołem [74] opisali syntezę 3-nitroalkrylanu metylu 

(9). Reakcja ta realizuje się z udziałem tetratlenku diazotu, jodu oraz octanu sodu i prowadzi 

do produktu z wydajnością 78%. 

 

Z kolei Andrews i Kelly w 1981 roku [75] w roli czynnika nitrującego zastosowali 

kompleks palladu (II) (Pd(CH3CN)2(NO2)2). W tak realizowanej syntezie uzyskali oni  

2-nitrodec-1-en (11) z wydajnością zaledwie 13%. 

 

  Wyższe wydajności nitroalkenów otrzymali Corey i Estreicher [24] stosując w roli 

odczynnika nitrującego chlorek rtęci (II) i azotan (III) sodu w obecności trietyloaminy. Zespół 

ten zsyntezował 2-nitroheks-1-en (14a) oraz 3-nitroheks-3-en (14b) z wydajnościami 

odpowiednio 70% i 65%. Z kolei Pecunioso i Menicagli [76] w analogiczny sposób uzyskali 

5-nitroheks-5-en-2-on (14c) z wydajnością 40%. 

 

12-14: a)R
1
=C4H9, R

2
=H, b)R

1
=R

2
=C2H5, c)R

1
=(CH2)2C(O)CH3, R

2
=H. 

W 1994 roku Hwu, Chen i Ananthan [77] podobnie jak Gupta [73] przedstawili 

doniesienia na temat reakcji syntezy 2-alkilo i 2-arylonitroetenów (16a-d) przy użyciu 

mieszaniny azotanu amonowo-cerowego (IV) i azotanu (III) sodu jako odczynnika 

nitrującego. Syntezy te prowadzą do 2-alkilo i 2-arylonitroetenów (16a-d) z wysokimi 

wydajnościami (Tabela 1). 
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15,16: a)R=C6H13, b)R=C6H5, c)R=CH2Si(C3H7)3, d)R=CH2Si(C4H9)3. 

Tabela 1. Synteza 2-alkilo i 2-arylonitroetenów (16a-d) przy użyciu mieszaniny  

azotanu amonowo-cerowego (IV) i azotanu (III) sodu  [77]. 

2-alkilo,  

2-aryloeteny 
Produkt Wydajność [%] 

15a 16a 99 

15b 16b 82 

15c 16c 81 

15d 16d 86 

 

W 2013 roku Maity oraz współpracownicy, przeprowadzili szereg reakcji nitrowania 

olefin (15a-b, 17a-h) wykorzystując azotyn tertbutylu ((CH3)3CONO) oraz N-tlenek 2,2,6,6- 

tetrametylopiperydyny (TEMPO) jako katalizator [78]. Reakcje te dają możliwość syntezy  

2-alkilo i 2-arylonitroetenów (16a-b, 18a-h) z wydajnościami 74-85%. 

 

15,16: a)R=C6H13, b)R=C6H5. 

17,18: a)R=C6H11, b)R=C8H16Br, c)R=4-CH3-C6H4, d)R=4-CH3O-C6H4, e)R=2-Cl-C6H4, 

f)R=2-CH3O-C6H4, g)R=3-NO2-C6H4, h)R=4-CN-C6H4. 

Tabela 2. Synteza 2-alkilo i 2-arylonitroetenów (16a-b, 18a-h) w obecności  

TEMPO i (CH3)3CONO [78]. 

2-alkilo,  

2-aryloeteny 
Produkt Wydajność [%] 

15a 16a 82 

15b 16b 85 

17a 18a 82 

17b 18b 80 

17c 18c 80 

17d 18d 79 

17e 18e 84 

17f 18f 74 

17g 18g 82 

17h 18h 84 
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2.2.Metody syntezy nitroalkenów polegające na utworzeniu wiązania podwójnego  

w układach zawierających grupę nitrową 

2.2.1. Reakcje otrzymywania nitroalkenów oparte na konwersji 2-nitroetanoli 

Spośród wielu metod syntezy sprzężonych nitroalkenów polegających na utworzeniu 

wiązania podwójnego w układach nasyconych zawierających grupę nitrową, największe 

zastosowanie znalazły procedury oparte na konwersji nitroalkoholi. 

Doniesienia na temat dehydratacji nitroalkoholi przebiegające w fazie gazowej, 

przedstawił między innymi Hasche w 1942 roku [79]. Uzyskał on 1-fenylonitroeten (20) na 

drodze dehydratacji 2-fenylo-2-nitroetanolu (19). Reakcja ta przebiega w temperaturze  

250-350˚C i obecności tlenku chromu (VI) jako katalizatora. Niestety Autor nie podaje 

informacji na temat wydajności otrzymanego produktu [79]. 

 

 Bachman i Standisch w 1961 roku [80], w reakcjach dehydratacji 2-alkilonitroetanoli 

(22a-c), zastosowali inny katalizator – siarczan (VI) magnezu. Reakcja prowadzi do  

1-alkilonitroetenów (23a-c) z wydajnościami 15-40%. Nieco wyższe wydajności otrzymał  

w 1966 roku Abbott [81] stosując w roli katalizatora tlenek niobu (V). Reakcje przebiegające 

w obecności tlenku niobu (V) realizują się już w temperaturach 180-190˚C i prowadzą do  

1-alkilonitroetenów (23a-b), z wydajnościami 51-73%. 

 

22,23: a)R=CH3, b)R=C2H5, c)R=C3H7. 
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Tabela 3. Synteza 1-alkilonitroetenów (23a-c) przy użyciu katalizatorów  

MgSO4 [80] i Nb2O5 [81]. 

Nitroalkohol Katalizator Temperatura [˚C] Produkt Wydajność [%] 

22a MgSO4 290-350 23a 15 

22b MgSO4 290-350 23b 40 

22c MgSO4 290-350 23c 35 

22a Nb2O5 180 23a 51 

22b Nb2O5 180 23b 73 

 

Bachman i Standisch [80] podobnie jak Chattaway i Witherington [82] oraz 

Chattaway, Dewitt i Perkes [83] zajmowali się otrzymywaniem 2-(trichlorometylo)-1-alkilo-

1-nitroetenów (25a-c) na podobnej drodze. Reakcje te realizują się w obecności siarczanu 

(VI) magnezu, temperaturze 360°C i prowadzą do produktów (25a-c) z wydajnościami nie 

przekraczającymi 9%.  

 

24,25: a)R=H, b)R=CH3, c)R=C2H5. 

Tabela 4. Synteza 2-(trichlorometylo)-1-nitro-1-alkiloetenów (25a-c)  

w obecności MgSO4 [80]. 

Nitroalkohol Produkt Wydajność [%] 

24a 25a Śladowe ilości 

24b 25b 9 

24c 25c 4 

 

Ballini, Castagnani i Petrini [84] w 1991 roku do dehydratacji 1-alkilo  

i 1,2-dialkilonitroetanoli (26a-g) zastosowali tlenek glinu (III). Na tej drodze autorzy 

otrzymali 1-alkilo i 1,2-dialkilonitroeteny (16a, 27a-f) z wydajnościami sięgającymi 77%. 
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16: a)R
1
=C6H13, R

2
=H. 

26: a)R
1
=C6H13, R

2
=H, b)R

1
=R

2
=CH3, c)R

1
=CH3, R

2
=C2H5, d)R

1
=CH3, R

2
=(CH2)4COOCH3, 

e)R
1
=C2H5, R

2
=H, f)R

1
=C2H5, R

2
=CH2OH, g)R

1
=C2H5, R

2
=CH3. 

27: a)R
1
=R

2
=CH3, b)R

1
=CH3, R

2
=C2H5, c)R

1
=CH3, R

2
=(CH2)4COOCH3, d)R

1
=C2H5, R

2
=H, 

e)R
1
=C2H5, R

2
=CH2OH, f)R

1
=C2H5, R

2
=CH3. 

Tabela 5. Synteza 1-alkilo i 1,2-dialkilonitroetenów (16a, 27a-f) w obecności Al2O3 [84]. 

Nitroalkohol Produkt Wydajność [%] 

26a 16a 61 

26b 27a 75 

26c 27b 77 

26d 27c 76 

26e 27d 60 

26f 27e 64 

26g 27f 64 

 

Podobne podejście dotyczące dehydratacji 2-bromo-2-nitroetanolu (28) zastosowali 

Sopova wraz z współpracownikami [85]. Autorzy stosując silnie hydrofilowy tlenek fosforu 

(V) w temperaturze 180˚C, otrzymali 1-bromonitroeten (29) z wydajnością zaledwie 11%. 

 

Według podobnej procedury, Wilkendorf i Trenel w 1924 roku [86] zsyntezowali  

1-chloronitroeten (31). Jednakże, autorzy nie podają wydajności otrzymanego produktu. 

 

W 2006 roku Molteni wraz ze współpracownikami [87], stosując również tlenek 

fosforu (V), zsyntezowali 3-fluorometylo-1-nitroeteny (33a-c) oraz 3-chloro-3,3-
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difluorometylo-1-nitroeten (33d). Reakcje prowadzone w temperaturze 80-132˚C, prowadzą 

do produktów (33a-d) z wydajnościami 37-48%. 

 

32,33: a)R=CF3, b)R= C2F5, c)R=CHF2, d)R= CClF2. 

Tabela 6. Synteza 3-fluorometylo-1-nitroetenów (33a-c) oraz  

3-chloro-3,3-difluorometylo-1-nitroetenu (33d) [87]. 

Nitroalkohol 
Temperatura 

[°C] 
Produkt 

Wydajność 

[%] 

32a 132 33a 48 

32b 80-90 33b 37 

32c 80-90 33c 40 

32d 103-105 33d 39 

 

Z literatury wynika natomiast, że powyższa metoda nie ma zastosowania do syntezy 

nitroetenu [60]. 

Melton i McMurry w 1975 roku [88], przedstawili studia dotyczące reakcji 

dehydratacji 1-nitropropan-2-olu (34a) oraz 1,2-dialkilonitroetanoli (26a, 26g, 34b-c). 

Reakcje te prowadzone były w obecności chlorku metanosulfonylu (CH3SO2Cl) oraz 

trietyloaminy ((C2H5)3N). Autorzy otrzymali związki (27a, 27g, 35b-c) z wydajnością 

sięgającą 80%. Z kolei dehydratacja 1-nitropropan-2-olu (34a) prowadzi do produktu  

z wydajnością jedynie 30%, ponieważ obecna w reakcji trietyloamina sprzyja polimeryzacji 

1-nitropropenu (35a) [89, 90]. 

 

26,27: a)R
1
=R

2
=CH3, g)R

1
=C2H5, R

2
=CH3. 

34,35: a)R
1
=CH3, R

2
=H, b)R

1
=R

2
=C2H5, c)R

1
=C3H7, R

2
=C2H5. 
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Tabela 7. Synteza 1-nitropropenu (35a) oraz 1,2-dialkilonitroetenów (27a, 27g, 35b-c)  

w obecności CH3SO2Cl i (C2H5)3N [88]. 

Nitroalkohol Produkt 
Wydajność 

[%] 

26a 27a 67 

26g 27g 80 

34a 35a 30 

34b 35b 70 

34c 35c 78 

 

Zespół Gingras [91] w odniesieniu do dehydratacji 1-metylo-2-alkilonitroetanoli  

(36a-e) zastosowali trifenylofosfinę ((C6H5)3P) w obecności trietyloaminy (C2H5)3N.  

 

36,37: a)R=4-CH3O-C6H4, b)R=4-Cl-C6H4, c)R=(CH3)2C=CH(CH2)2CH(CH3)CH2, 

d)R=CH3(CH2)15CH2, e)R=C3H7. 

Tabela 8. Synteza 1-metylo-2-alkilonitroetenów (37a-e) w obecności (C6H5)3P/(C2H5)3N 

[91]. 

Nitroalkohol Czas [h] Produkt Wydajność [%] 

36a 1 37a 90 

36b 2 37b 95 

36c 2 37c 95 

36d 4 37d 80 

36e 3,5 37e 90 

 

Przeprowadzone eksperymenty wykazały, że reakcje te charakteryzują się wydajnością na 

poziomie 80-95%.  

Reakcjami dehydratacji nitroalkoholi zajmowali się również Rokhum i Bez [92]. 

Autorzy zaproponowali otrzymywanie 1,2-dialkilo i 2-alkilonitroetenów (37a, 39a) wobec 

trifenylofosfiny, jodu i imidazolu na nośniku polimerowym (PBTPP). 
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36,37: a) R
1
=4-CH3O-C6H4, R

2
=H. 

38,39: a)R
1
=3-Br-C6H4, R

2
= CH3. 

 

 

Tabela 9. Synteza 1,2-dialkilo i 2-alkilonitroetenów (37a, 39a) wobec  

trifenylofosfiny, jodu i imidazolu na PBTPP [92]. 

Nitroalkohol Produkt Wydajność [%] 

36a 37a 93 

38a 39a 89 

 

Knochel i Seebach [93], podobnie jak Gingras oraz jego współpracownicy [91], 

zajmowali się reakcjami dehydratacji 1-alkilo, 2-alkilo, 1,2-dialkilonitroetanoli (22a, 26a, 

40a-c) w obecności N,N’-dicykloheksylokarboimidu (DCC) stosując chlorek miedzi (I) jako 

katalizator. Autorzy w tych warunkach otrzymali 1-alkilo, 2-alkilo oraz 1,2-dialkilonitroeteny 

(23a, 27a, 41a-c) z wydajnościami sięgającymi 90%.  

 

22,23: a)R
1
=H, R

2
=CH3. 

26,27: a)R
1
=R

2
=CH3. 

40,41: a)R
1
=H, R

2
=C4H9, b)R

1
=H, R

2
=C6H13, c)R

1
=CH3-CH=CH-, R

2
=H. 
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Tabela 10. Synteza 1-alkilo, 2-alkilo i 1,2-dialkilonitroetenów (23a, 27a, 41a-c)  

w obecności CuCl i DCC [93]. 

Nitroalkohol Czas [h] Produkt Wydajność [%] 

22a 3,5 23a 45 

26a 17 27a 82 

40a 10 41a 90 

40b 2,5 41b 60 

40c 60 41c 70 

 

W 2012 roku Karaoglu i Baykal [94] przedstawili pierwsze doniesienia na temat 

syntezy 1-metylo-2-alkilonitroetenów (27a, 43a) prowadzonych w obecności hybrydowego 

organiczno-nieorganicznego, heterogenicznego katalizatora – kwasu  

4-pirydynokarboksylowego naniesionego na nanocząstki Fe3O4 (PPCA-Fe3O4). Reakcje te 

prowadzą do produktów (27a, 43a) z wydajnościami 67-92% [94]. 

 

26,27: a)R=CH3. 

42,43: a)R=C6H13. 

 

Tabela 11. Synteza 1-metylo-2-alkilonitroetenów (27a, 43a) w obecności katalizatora  

PPCA-Fe3O4 [94]. 

Nitroalkohol Produkt Wydajność [%] 

26a 27a 92 

42a 43a 67 
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Zespół Anbazhagana w 1997 roku [95-98], w odniesieniu do konwersji nitroalkoholi  

z relatywnie dużymi podstawnikami alkilowymi w pozycji 2 (44a-b) zastosowali katalizatory 

zeolitowe oraz heterogeniczne warunki reakcji.  

 

44,45: a)R=CH(CH3)2, b)R=C6H11. 

Ustalili, że reakcje te prowadzą do 2-alkilonitroetenów (45a-b) z wydajnościami powyżej 

73% (patrz Tabela 12). 

Tabela 12. Synteza 2-arylonitroetenów (45a-b) w warunkach heterogenicznych i obecności  

katalizatora H-Y [95]. 

Nitroalkohol Produkt Wydajność [%] 

44a 45a 73 

44b 45b 81 

 

Nitroalkohole można (jak wykazałam powyżej) poddać bezpośredniej dehydratacji. 

Jednak w praktyce znacznie lepiej jest przekształcić je w odpowiednie estry, i dopiero te 

połączenia przekształcić w odpowiednie nitroalkeny. Reakcje pirolizy estrów realizują się 

zazwyczaj w łagodniejszych warunkach, i bez konieczności operowania drogimi i/lub 

toksycznymi odczynnikami jak w przypadku bezpośredniej dehydratacji nitroalkoholi. 

W 1945 roku Blumquist, Tapp i Johnson [90] zajmowali się pirolizą benzoesanu  

2-nitropylu (46b). Reakcja ta przebiega w temperaturze 190-195˚C i prowadzi do  

2-nitropropenu (23a) z wydajnością 84%. Kilka lat później Hoff i Capaul [99] otrzymali  

2-nitroeten (47) w reakcji pirolizy benzoesanu 2-nitroetylu (46c). Reakcja realizuje się  

w temperaturze 260˚C i prowadzi do produktu z wydajnością 56%. Z 85% wydajnością 

Leseticky w 1973 roku [100] z beznoesanu 2-fenylo-2-nitoetylu (46a) w temperaturze  

180-190˚C otrzymał 1-fenylonitroeten (20). 
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20: R=C6H5. 

23: a)R=CH3. 

46: a)R=C6H5, b)R=CH3, c)R=H. 

47: R=H. 

Tabela 13. Synteza 1-alkilonitroetenów (20, 23a, 47) [90, 99, 100]. 

Benzoesan  

2-nitroalkilu 
Temperatura [˚C] Produkt Wydajność [%] 

46a 180-260 20 85 

46b 190-195 23a 84 

46c 260 47 56 

 

Pirolizą ftalanów di(nitroalkilowych) zajmowało się wiele zespołów [80, 89, 101-105]. 

Buckley i Scaife w 1947 roku [89], otrzymali nitroeten (47) wychodząc z ftalanu di(nitroetylu) 

(49a) z wydajnością 66%. Piroliza ftalanu di(nitropropylu) (49b) prowadzona  

w temperaturze 175-190˚C, prowadzi do produktu (23a) z wydajnością 56-58% [89, 101]. 

Podobne reakcje w odniesieniu do ftalanu di(nitrobutylu) (49c) [89, 101, 102], prowadzą do 

2-nitrobut-1-enu (23b) z wydajnościami sięgającymi 95%. Piroliza ftalanu di(nitropentylu) 

(49d) przebiega w takich samych warunkach temperaturowych i prowadzi do 2-nitropent-1-

enu (23c) z wydajnością 30-50% [80, 89]. Z kolei 2-nitroheks-1-en (14a) otrzymywany jest  

z wydajnością 58% [102].  

 

14: a)R=C4H9. 

23: a)R=CH3, b)R=C2H5, c)R=C3H7. 
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47: R=H. 

49: a)R=H, b)R=CH3, c)R=C2H5, d)R=C3H7, e)R=C4H9. 

Tabela 14. Synteza 1-alkilonitroetenów (14a, 23a-c, 47).  

Ftalan 
Temperatura 

[˚C] 
Produkt 

Wydajność 

[%] 

49a 170-185 47 66 [89] 

49b 175-180 23a 56 [89] 

49b 180-190 23a 58 [101] 

49c 180-190 23b 95 [101] 

49c 175-180 23b 71 [102] 

49c 175-180 23b 37 [89] 

49d 175-180 23c 50 [102] 

49d 175-180 23c 30 [89] 

49e 175-180 14a 58 [102] 

 

Buckley i Scaife [89] w analogiczny sposób otrzymali również 1-nitroprop-1-en (52)  

z wydajnością 67%. 

 

Z kolei Bachman i Standish [80] wykorzystując pirolizę ftalanów 

di(trichloronitroalkanów) (53a-d) realizującą się w temperaturze 180-190°C, otrzymali  

2-(trichlorometylo)-1-alkilonitroeteny (25a-c, 54) z wydajnościami 5-17%. 

 

25: a)R=H, b)R=CH3, c)R=C2H5. 

53: a)R=H, b)R=CH3, c)R=C2H5, d)R=C3H7. 

54: R=C3H7. 
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Tabela 15. Synteza 2-(trichlorometylo)-1-alkilonitroetenów (25a-c, 54) [80]. 

Ftalany 

di(trichloronitroalkanów) 
Produkt Wydajność [%] 

53a 25a 9 

53b 25b 17 

53c 25c 11 

53d 54 5 

 

Piroliza ftalanów di(nitroalkilowych) przebiega w nieco łagodniejszych warunkach niż 

benzoesanów nitroalkilowych, jednakże nie pozbawiona jest wad. Stosunkowo wysoka 

temperatura reakcji oraz postępująca w czasie reakcji powolna dehydratacja kwasu ftalowego 

powoduje powstanie wody, która z kolei sprzyja polimeryzacji niskocząsteczkowych 

nitroalkenów [89, 90]. 

 Hoff i Capaul [99] w swoich badaniach zajmowali się termiczną dekompozycją octanu 

nitroetylu (55). Reakcja ta przebiega w temperaturze 240˚C prowadzi do nitroetenu (47)  

z wydajnością 61%. 

 

Ci sami autorzy [99] analizowali również reakcje pirolizy propanianu (57a) i butylanu 

nitroetylu (57b). Reakcje te realizują się w temperaturze 240-250˚C i prowadzą do nitroetenu 

(47) z wydajnościami odpowiednio 60% i 55%. 

 

 57,58: a)R=C2H5, d)R=C3H7. 
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Tabela 16. Synteza nitroetenu (47) w reakcji pirolizy propanianu (57a)  

i butylanu nitroetylu (57b) [99]. 

Propianian, 

butylan nitroetylu 
Temperatura [°C] Produkt Wydajność [%] 

57a 240 47 60 

57b 250 47 55 

 

W 1946 roku Gold [106], jak również Hoff i Capaul [99] przedstawił badania 

dotyczące syntezy 1-nitroprop-1-enu (52) oraz 2-alkilonitroetenów (23a-b, 60) w wyniku 

pirolizy octanów nitroalkilowych (59a-d), w obecności soli wapnia i magnezu 

(Ca3(PO4)2+Mg3(PO4)2) w temperaturze 180-375˚C, uzyskując produkty (23a-b, 52, 60)  

z wydajnościami sięgającymi 90%. 

 

23: a)R
1
=CH3, R

2
=H, b)R

1
=C2H5, R

2
=H. 

52: R
1
=H, R

2
=CH3. 

59: a)R
1
=CH3, R

2
=H, b)R

1
=C2H5, R

2
=H, c)R

1
=H, R

2
=CH3, d)R

1
=CH2COOCH3, R

2
=H. 

60: R
1
=CH2COOCH3, R

2
=H. 

Tabela 17. Synteza 1-alkilo oraz 2-alkilonitroetenów (23a-b, 52, 60) [99, 106].  

Octan 

nitralkilowy 
Temperatura [˚C] Produkt Wydajność [%] 

61a 285 23a 79 

61b 275-375 23b 90 

61c 285 52 85 

61d 180 60 73 

 

Z kolei Hass, Susie i Heider w 1949 roku [107] jak również w 1963 roku Carroll, 

White i Wall [108], przedstawili doniesienia na temat termicznej dekompozycji octanów 

nitroalkilowych (61a-g) katalizowanych węglanem sodu w środowisku wrzącego benzenu. 

Reakcje te prowadzą do 2-alkilo oraz 1,2-dialkilonitroetenów (16a, 37e, 62a-e)  

z wydajnościami 39-68%.  
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16: a)R
1
=H, R

2
=C6H13. 

37: e)R
1
=CH3, R

2
=C3H7. 

61: a)R
1
=H, R

2
=C3H7, b)R

1
=H, R

2
=C4H9, c)R

1
=H, R

2
=C5H11, d)R

1
=H, R

2
=C6H13, e)R

1
=H, 

R
2
=C7H15, f)R

1
=CH3, R

2
=C3H7, g)R

1
=C2H5, R

2
=C3H7. 

62: a)R
1
=H, R

2
=C3H7, b)R

1
=H, R

2
=C4H9, c)R

1
=H, R

2
=C5H11, d)R

1
=H, R

2
=C7H15, 

e)R
1
=C2H5, R

2
=C3H7. 

Tabela 18. Synteza 2-alkilo oraz 1,2-dialkilonitroetenów (16a, 37e, 62a-e) [107, 108]. 

Octan 

nitroalkilowy 
Produkt Wydajność [%] 

61a 62a 68 

61b 62b 43 

61c 62c 65 

61d 16a 49 

61e 62d 61 

61f 37e 55 

61g 62e 39 

 

Feuer [109], Schwarz [110], Kędzierski [111] i Lampe wraz z zespołem [112] do 

pirolizy octanów nitroalkilowych (63a-i) zastosowali octan sodu. Reakcje dekompozycji 

niskocząsteczkowych octanów zachodzą w temperaturach 48-50˚C, z kolei do octanów 

zawierających większą liczbę atomów węgla w podstawnikach niezbędna jest temperatura 

130-160˚C. Nitroeten (47), 1-alkilo, 2-alkilo, 2,2-dialkilonitroeteny (14a, 23a-c, 52, 64a-c)  

w tych reakcjach otrzymywane są z wydajnością 42-68%. 

 

14: a) R
1
=C4H9, R

2
=R

3
=H. 

23: a) R
1
=CH3, R

2
=R

3
=H, b)R

1
=C2H5, R

2
=R

3
=H c)R

1
=C3H7, R

2
=R

3
=H. 



25 

 

47: R
1
=R

2
=R

3
=H. 

52: R
1
=R

2
=H, R

3
=CH3. 

63: a)R
1
=R

2
=R

3
=H, b) R

1
=R

2
=H, R

3
=CH3, c) R

1
=CH3, R

2
=R

3
=H, d) R

1
=R

2
=H, R

3
=C2H5, e) 

R
1
=H, R

2
=R

3
=CH3, f)R

1
=C2H5, R

2
=R

3
=H, g)R

1
=C3H7, R

2
=R

3
=H, h)R

1
=CH(CH3)CH3, 

R
2
=R

3
=H i)R

1
=C(CH3)3, R

2
=R

3
=H. 

64: a) R
1
=R

2
=H, R

3
=C2H5, b) R

1
=H, R

2
=R

3
=CH3, c)R

1
=CH(CH3)CH3, R

2
=R

3
=H. 

Tabela 19. Synteza nitroetenu (47), 1-alkilo, 2-alkilo, 2,2-dialkilonitroetenów  

(14a, 23a-c, 52, 64a-c) [109-112]. 

Octan 

nitroalkilowy 
Temperatura [˚C] Produkt Wydajność [%] 

63a 115-120 47 42 

63b 115-120 52 60 

63c 115-120 23a 58 

63d 115-120 64a 66 

63e 115-120 64b 62 

63f 48-50 23b 68 

63g 48-50 23c 43 

63h 130-150 64c 65 

63i 150-160 14a 49 

 

 Podobne podejście w odniesieniu do pirolizy octanu 2-fluoro-2-nitroetylu (65) 

zastosowali Eremenko i Oreshko w 1969 roku [113], stosując jako katalizator octan sodu  

i temperaturę 130-140°C. Uzyskali 1-fluoro-1-nitroeten (66), jednakże praca nie zawiera 

żadnych doniesień na temat wydajności otrzymanego produktu. 

 

Reakcjami otrzymywania 1,2-dialkilonitroetenów (68a-e) z octanów nitroalkilowych 

(67a-e) zajmowali się również Ferrand, Schneider, Gerardin i Liubinoux [114]. Reakcje te 

realizowane w obecności metanolanu potasu, prowadzą do produktów (68a-e)  

z wydajnościami 8-69%. 
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67,68: a)R
1
=C2H5, R

2
=CH3, R

3
=H, b)R

1
=C3H7, R

2
=C2H5, R

3
=H, c)R

1
=R

2
=-(CH2)4-, R

3
=CH3, 

d)R
1
=C3H7, R

2
=R

3
=C2H5, e)R

1
=R

2
=-(CH2)4-, R

3
=C2H5. 

Tabela 20. Synteza 1,2-dialkilonitroetenów (68a-e) z octanów nitroalkilowych (67a-e) [114]. 

Octan 

nitroalkilowy 
Produkt Wydajność [%] 

67a 68a 69 

67b 68b 60 

67c 68c 8 

67d 68d 53 

67e 68e 64 

 

Larkin, Cummings i Kreuz [115] wykazali, iż w roli prekursorów nitroalkenów 

wykorzystać można też estry kwasów nieorganicznych. W szczególności autorzy uzyskali  

2-alkilo (70a-d) i 2,2-dialkilonitroeteny (70e-f) w reakcji pirolizy azotanów (V) 

nitroalkilowych (69a-f) z wydajnościami sięgającymi 90%. 

 

69,70: a)R
1
=C3H7, R

2
=H, b)R

1
=C4H9, R

2
=H, c)R

1
=C6H11, R

2
=H, d)R

1
=C8H11, R

2
=H, 

e)R
1
=C3H7, R

2
=CH3, f)R

1
=CH2C(CH3)2CH3, R

2
=CH3. 

Tabela 21. Synteza 2-alkilo i 2,2-dialkilonitroetenów (70a-f)  

z azotanów (V) nitroalkilowych (69a-f) [115]. 

Azotan (V) 

nitroalkilowy 
Produkt Wydajność [%] 

69a 70a 90 

69b 70b 90 

69c 70c 90 

69d 70d 90 

69e 70e 50 

69f 70f 15 
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Z kolei Wilkendorf i Trenel w 1924 [116] otrzymali 1-chloronitroeten (31) w reakcji 

termicznej dekompozycji azotanu (V) 2-chloro-2-nitroetylu (72). Niestety autorzy nie podają 

wydajności uzyskanego produktu. 
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2.2.2. Inne reakcje otrzymywania nitroalkenów z nitrozwiązków nasyconych 

Oprócz wody i organicznych oraz mineralnych kwasów, także i inne cząsteczki mogą ulec 

eliminacji z nasyconych nitrozwiązków. I tak Gold [106, 117] 1947 roku przedstawił 

doniesienia na temat dehydrochlorowania 2-chloro-1-nitroetanu (73). Rekcje te realizują się  

w fazie gazowej, w temperaturze 250-450˚C, w obecności chlorku wapnia lub węglanu 

wapnia i prowadzą do produktu (47) z wydajnościami sięgającymi 30%. 

 

Tabela 22. Synteza 1-nitroetenu (47) [117]. 

Katalizator Temperatura [˚C] Produkt Wydajność [%] 

CaCl2 250 47 27 

CaCO3 275-450 47 30 

 

Kilka lat później również Viehe [118, 119] zajmował się reakcjami dehydrochlorowania. 

Poddał on dehydrochlorowaniu eterowe roztwory 1,1-dichloronitroetanu (75a)  

i 1,2-dichloronitroetanu (75b) za pomocą bezwodnego octanu sodu w temperaturze 0˚C. 

Autor otrzymał 1-chloro-2-nitroeten (76) z wydajnością 46% oraz 1-chloro-1-nitroeten (31)  

(w tym przypadku Autor nie podaje wydajności otrzymanego produktu). 

 

31: b)R
1
=H, R

2
=Cl. 

75: a)R
1
=Cl, R

2
=H, b)R

1
=H, R

2
=Cl. 

76: R
1
=H, R

2
=Cl. 

Podobne podejście w odniesieniu do reakcji termicznego dehydrochlorowania kwasu 

2-chloro-1-nitropropanowego (77a) oraz octanu 2-chloro-1-nitroetylu (77b) przedstawił 

Shechter wraz z zespołem [120]. Autorzy otrzymali produkty (78a-b) z wydajnościami 65%  

i 70% odpowiednio. 
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77,78: a)R=H, b)R=CH3. 

Tabela 23. Synteza estrów 3-nitroetenu (78a-b) [120]. 

Ester  

2-chloro-3-nitroetanu 
Temperatura [˚C] Produkt Wydajność [%] 

77a 110 78a 65 

77b 110-115 78b 70 

 

 Ci sami autorzy [120] analizowali również reakcje dehydrochlorowania eterowego 

roztworu 2-chloro-3-nitropropionitrylu (79) w obecności octanu sodu jako katalizatora. 

Uzyskali 3-nitroakrylonitryl (80) z wydajnością 79%. 

 

Z kolei Botata wraz z zespołem [103, 104] w reakcjach dehydrobromowania otrzymali  

1-chloro- (82a) oraz 1-bromo-1-nitrobut-1-en (82b) z wydajnościami odpowiednio 50%  

i 78%. 

 

81,82: a)R=Cl, b)R=Br. 

Syntezę nitroalkenów na drodze dehydrojodowania przedstawili w 1964 roku Pietrov, 

Rail i Vildovskaya [121]. Uzyskali oni 2-nitropent-1-en-3-yn (85a) oraz 2-nitroheks-1-en-3-yn 

(85b) z wydajnością 20%, stosując (CH3COO)2Sn w roli akceptora jodowodoru. 
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84,85: a)R=CH3, b)R=C2H5. 

W 1950 roku Obenland [122] do otrzymywania 2-nitrobut-1-enu (23b) zastosował 

dekompozycję N-(2-nitrobutylo)-dinitroetyloaminy (87). Reakcja realizuje się w temperaturze 

118-125°C i prowadzi do produktu z 46-53% wydajnością.   

 

W 1948 roku Blomquist [123] otrzymał 1-alkilonitroeteny (14a, 23a-c, 90) stosując 

termiczną dekompozycję chlorowodorków amoniowych (89a-e). Reakcje przebiegające  

w temperaturze 100-175˚C prowadzą do produktów (14a, 23a-c, 90) z wydajnościami  

50-75%. 

 

14: a)R=C4H9. 

23: a)R=CH3, b)R=C2H5, c)R=C3H7. 

89: a)R=CH3, b)R=C2H5, c)R=C3H7, d)R=C4H9, e)R=C5H11. 

90: R=C5H11. 

Tabela 24. Synteza 1-alkilonitroetenów (14a, 23a-c, 90) w reakcji termicznej dekompozycji 

chlorowodorków amoniowych (89a-e) [123]. 

Chlorowodorek 

amoniowy 
Temperatura [˚C] Produkt Wydajność [%] 

89a 105-160 23a 50 

89b 100-175 23b 73 

89c 110-115 23c 75 

89d 105-165 14a 70 

89e 110-150 90 70 
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Te same nitroalkeny uzyskali Emmons, Cannon, Dawson i Ross [124], na drodze 

termicznej dekompozycji trifluoroboranów amoniowych (92a-c). Otrzymali oni  

1-alkilonitroeteny (23a-c) stosując nieco niższą temperaturę oraz z wydajnościami 

sięgającymi 90%. 

 

23,92: a)R=CH3, b)R=C2H5, c)R=C3H7. 

Tabela 25. Synteza 1-alkilonitroetenów (23a-c) na drodze termicznej dekompozycji 

trifluoroboranów amoniowych (92a-c) [124]. 

Trifluoroborany 

amoniowe 
Temperatura [˚C] Produkt Wydajność [%] 

92a 105 23a 77 

92b 100 23b 86 

92c 110 23c 90 

 

 Z kolei Ranaganathan wraz z zespołem [125] przedstawili otrzymanie nitroetenu (47)  

z fenylosulfotlenku (94). Niestety Autorzy nie przedstawiają wydajności otrzymanego 

produktu. 

 

Barton, Togo i Zard w 1985 roku [126] przeprowadzili pirolizę 1,3-ditiofenylo-2-

nitropropanu (96) w obecności miedzi uzyskując 1-tiofenylometylonitroeten (97)  

z wydajnością 86%. 
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Jang, Lin i współpracownicy w 2003 roku [127], zaproponowali otrzymywanie  

2,2-dialkilonitroetenów (64b, 68a, 101a-i) z 2-nitromarkeptanów (99a-k). Związki te 

utleniane kwasem metachloroperoksybenzoesowym (m-CPBA) lub nadtlenkiem wodoru 

tworzą 2-nitroalkilosulfotlenki (100a-k), które ulegają konwersji do 2,2-dialkilonitroetenów 

(64b, 68a, 101a-i) [127]. 

 

64: b)R
1
=R

2
=CH3. 

68: a)R
1
=R

2
=C2H5. 

99-100: a)R
1
=R

2
=CH3, b)R

1
=CH3, R

2
=C2H5, c)R

1
=R

2
=C2H5, d)R

1
=CH3, R

2
=CH2CH(CH3)2, 

e)R
1
=CH3, R

2
=(CH2)3CH3, f)R

1
+R

2
=(CH2)4, g)R

1
+R

2
=(CH2)5, h)R

1
+R

2
=(CH2)6, 

i)R
1
+R

2
=(CH2)7, j)R

1
=CH3, R

2
=(CH2)2C6H4, k)R

1
=CH3, R

2
=C6H5. 

101: a)R
1
=CH3, R

2
=C2H5, b)R

1
=CH3, R

2
=CH2CH(CH3)2, c)R

1
=CH3, R

2
=(CH2)3CH3, 

d)R
1
+R

2
=(CH2)4, e)R

1
+R

2
=(CH2)5, f)R

1
+R

2
=(CH2)6, g)R

1
+R

2
=(CH2)7, h)R

1
=CH3, 

R
2
=(CH2)2C6H4, i)R

1
=CH3, R

2
=C6H5. 

Tabela 26. Synteza 2,2-dialkilonitroetenów (64b, 68a, 101a-i) z 2-nitromarkeptanów (99a-k) 

[127]. 

2-nitromarkeptany Rozpuszczalnik Czas [h] Produkt Wydajność [%] 

99a THF 12 64b 96 

99b THF 18 101a 82 

99c THF 60 68a 42 

99d CH3CN 13 101b 59 

99e CH3CN 14 101c 95 

99f DMF 3 101d 43 

99f DMF 8 101d ~5 

99g THF 12 101e 71 

99h THF 15 101f 68 

99h CH3CN 12 101f 83 

99i CH3CN 8 101g 51 

99j THF 24 101h 97 

99k THF 60 101i 5 

99k CH3CN 12 101i 23 
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W 1984 Grebennikov wraz z zespołem [22] ustalili, iż otrzymywanie nitroalkenów jest 

również możliwe na drodze pirolizy fluoroazoksyzwiązków. W swoich badaniach autorzy 

przedstawili otrzymywanie 2-nitropropenu (23a) na drodze pirolizy 

fluoroazoksydimetylonitrometanu (103), jednak nie podają oni wydajności otrzymanego 

nitroalkenu. Molekularny mechanizm tej reakcji był również w ostatnich latach obiektem 

szczegółowych badań [23]. 

 

W 1989 roku Lee i Oh [128], przedstawili studia dotyczące zastosowania  

2-trimetylosiloksy nitroalkanów (106a-g) w roli prekursorów nitroalkenów. Okazało się, że 

związki te w obecności wodorku sodu konwertują się do 1,2-dialkilonitroetenów (107a-g)  

z wydajnościami sięgającymi 82%. 

 

106,107: a)R
1
=C2H5, R

2
=4-CH3O-C6H4, b)R

1
=C2H5, R

2
=CH3, c)R

1
=C2H5, R

2
=(CH2)5CH3,  

d)R
1
=(CH2)4CH3, R

2
=4-NO2-C6H4, e)R

1
=(CH2)4CH3, R

2
=C4H4O, f)R

1
=(CH2)4CH3, R

2
=4-

CH3O-C6H4, g)R
1
=CH3, R

2
=(CH2)5CH3. 

Tabela 27. Synteza 1,2-dialkilonitroetenów (107a-g) z 2-trimetylosiloksy nitroalkanów 

(106a-g) [128]. 

2-trimetylosiloksy 

nitroalkany 
Produkt Wydajność [%] 

106a 107a 76 

106b 107b 67 

106c 107c 82 

106d 107d 82 

106e 107e 76 

106f 107f 70 

106g 107g 78 

 

Syntezę nitroalkenów z halogeno N,N-di(trimetylosiloksy)enamin (109a-e)  

w obecności octanu tetrabutyloamoniowego ((C4H9)4NOCOCH3) przedstawił w 2005 roku 
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Kunetsky wraz z zespołem [129]. Autorzy otrzymali nitroeten (47), 1-alkilo oraz  

2-alkilonitroeteny (23a, 52, 110a-b) z wydajnościami sięgającymi 82%. 

 

23: a)R
1
=H, R

2
=CH3. 

47: R
1
=R

2
=H. 

52: R
1
=CH3, R

2
=H. 

109: a)R
1
=H, R

2
=(CH2)2COOCH3, b)R

1
=H, R

2
=CH3, c)R

1
=R

2
=H, d)R

1
=C5H11, R

2
=H, 

e)R
1
=CH3, R

2
=H. 

110: a)R
1
=H, R

2
=(CH2)2COOCH3, b)R

1
=C5H11, R

2
=H. 

112: a)Br2 b)I2. 

Tabela 28. Synteza nitroetenu (47), 1-alkilo oraz 2-alkilonitroetenów (23a, 52, 110a-b)  

z halogeno N,N-di(trimetylosiloksy)enamin (109a-e) [129]. 

halogeno  

N,N-di(trimetylosiloksy)enamina 
X2 Produkt Wydajność [%] 

109a 112a 110a 82 

109b 112a 23a 71 

109c 112a 47 82 

109d 112b 110b 76 

109e 112b 52 23 

 

Na podstawie przeprowadzonego studium literaturowego można stwierdzić, iż metody 

syntezy nitroalkenów polegające na wprowadzeniu grupy nitrowej do związków 

nienasyconych realizują się z małą selektywnością oraz konieczne jest zastosowanie drogich 

i/lub toksycznych odczynników takich jak związków ceru [130-133], rtęci [130, 134-139] czy 

palladu [130, 138-140]. Z kolei bezpośrednia dehydratacja nitroalkoholi wymaga wysokich 

temperatur i/lub toksycznych związków jak na przykład tlenek fosforu (V). Jest to metoda 

mało uniwersalna i dedykowana do wąskich grup konkretnych połączeń. Przeprowadzona 

analiza literaturowa wskazuje, że najbardziej uniwersalną metodą syntezy nitroalkenów są 

reakcje termicznej dekompozycji estrów kwasów karboksylowych i nitroalkoholi oraz reakcje 

katalizowane zasadami. Procesy te mogą realizować się w warunkach bez katalitycznych, lub 
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jako reakcje katalityczne. Podobne reakcje katalizowane kwasami Lewisa nie były jak dotąd 

obiektem badań. 
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III. OMÓWIENIE WYNIKÓW BADAŃ WŁASNYCH 

 

1. Cel i zakres pracy 

Celem niniejszej pracy było zbadanie molekularnego mechanizmu reakcji 

dekompozycji estrów kwasów karboksylowych i nitroalkoholi prowadzonych w warunkach 

termicznych jak również w obecności kwasów Lewisa oraz kationów cieczy jonowych. Do tej 

pory sugerowano, iż reakcje dekompozycji estrów (niezależnie od ich budowy) przebiegają 

według mechanizmu jednoetapowego, idealnie pericyklicznego [141-144]. Jednakże, w mojej 

opinii, w przypadku reakcji dekompozycji estrów z mechanizmem uzgodnionym (idealnie 

pericyklicznym (I)) konkurować mogą mechanizmy asynchroniczne (E1-like (II) i E1-cb like 

(III)) oraz czysto jonowe (IV i V) (Schemat 2). 

 

Schemat 2. Teoretycznie możliwe mechanizmy termicznej dekompozycji estrów kwasów 

karboksylowych i nitroalkoholi. 



37 

 

Pomimo tego, iż reakcje termicznej dekompozycji estrów nitroalkilowych znane są od 

1883 roku [145, 146], to ich mechanizm został zaproponowany raczej intuicyjnie, i nie był do 

tej pory obiektem głębszych badań. Trzeba podkreślić w tym miejscu, że znajomość 

molekularnego mechanizmu tytułowych reakcji jest istotnym problemem ze względu zarówno 

teoretycznego jak i praktycznego. Reakcje te pozwalają bowiem na syntezę istotnych  

w chemii organicznej sprzężonych nitroalkenów (CNA). 

Badania teoretyczne w tym obszarze prowadziłam wykorzystując infrastrukturę 

obliczeniową „Prometheus” i „Zeus” znajdującą się w Akademickim Centrum 

Komputerowym CYFRONET. Wszystkie obliczenia zostały przeprowadzone w pakiecie 

GAUSSIAN 09 [147].  

W pierwszej kolejności postanowiłam zbadać molekularny mechanizm termicznej 

dekompozycji benzoesanu nitroetylu, analizując przy tym wpływ podstawników jak również 

środowiska reakcji na przebieg procesu dekompozycji. W ramach tego studium 

przeprowadziłam pionierskie w naszym kraju badania z zastosowaniem Teorii Molekularnej 

Gęstości Elektronowej (Molecular Electron Density Theory – MEDT) jak również Teorii 

Ewolucji Wiązania (Bonding Evolution Theory – BET) łączącej w sobie Funkcję Lokalizacji 

Elektronów (Electron Localization Function – ELF) oraz matematyczną Teorię Katastrof 

(Catastrophe Theory – CT). Zagadnienia te zostały szczegółowo przedstawione w pracach 

D01-D03. Następnie przeprowadziłam kwantowo-chemiczne obliczenia reakcji dekompozycji 

estrów kwasów karboksylowych i nitroalkoholi katalizowanych nieorganicznymi kwasami 

Lewisa. W tej roli zastosowałam borowodór (BH3) oraz trifluorek boru (BF3). Zagadnienia te 

zostały przedstawione w pracy D04. Kolejny etap badań obejmował analizę szeregu reakcji 

dekompozycji estrów kwasów karboksylowych i nitroalkoholi katalizowanych kationami 

cieczy jonowych. W szczególności były to kationy trietylosulfoniowy (TES), 

trietylofosfoniowy (TEP), etyloamoniowy (EA) oraz 1,3-dimetyloimidazoliowy (DMIM). 

Tematyka ta została przedstawiona w pracach D05-D07. Założyłam że tak sformułowany 

zakres badań pozwoli na formułowanie wniosków o charakterze ogólnym. 
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Abstract Using DFT calculations at various theory levels,
quantum-chemical simulations of decomposition paths were
performed for a series of nitroalkyl benzoates. It was discov-
ered, that these reactions proceed via polar, but one-step
mechanism. It turned out that depending on the nature of the
substituent in the ester molecule and on medium polarity, the
studied reactions may take place via transition states with
varied synchronicity — from E1-like structures, to E1cb-like
structures. A purely ionic, two-stage mechanism was not iden-
tified in any of the cases.

Keywords DFTstudy .Mechanism . Nitrocompounds .

Thermal elimination

Introduction

Conjugated nitroalkenes are very valuable precursors in or-
ganic synthesis. They are used, e.g., in syntheses of many
four-, five-, and six-membered carbo- and heterocycles in cy-
cloaddition reactions [1–4]. The presence of a nitro group
adjacent to the vinyl moiety activates it strongly in reactions
with nucleophilic reagents on one side, and on the other, en-
ables introduction of a nitro group to the final products, char-
acterized by an exceptionally wide spectrum of potential
transformation directions [4–8]. In practice, it results in the
possibility of further functionalization.

The most universal strategies for their synthesis are based
on the decomposition of esters of appropriate β-nitroalcohols
[4]. These may be, e.g., benzoic acid esters [9], which are easy
to synthesize and isolate (e.g., Scheme 1).

It is accepted, in general, that esters thermolysis takes
place according to a synchronous, Bpericyclic^ mecha-
nism, via a six-membered transition complex. It should
be underlined however, that several atypical mechanisms
have been discovered recently about reactions, which
earlier without any doubt were considered as synchro-
nous and Bpericyclic^: zwitterionic, stepwise [2+3] cy-
cloadditions [10–14], extremely asynchronous nitrous
acid extrusion [15, 16], thermal decomposition of
fluoronitroazoxy compounds [17], as well as multi-step
reactions between dienes and ethylenic dienophiles
which carry out via [3.3]-sigmatropic shift stage instead
of according to typical Diels-Alder mechanism [18–21].
Next, Domingo [22] generally undermines Bpericyclic^
notion for several organic reactions. It is significant that
many of these anomalous mechanisms have been imple-
mented in relation to nitrocompounds. In consequence,
general examination of mechanistic aspects of nitroalkyl
carboxylates decompositions process is necessary. Dis-
turbances in the electron-density redistribution within
transition states of benzoic acid extrusion reactions will
be certainly stimulated by the electron-withdrawing character
of nitrogroup. Therefore, in the case of nitroalkyl benzoates,
not one, but five theoretically possible reactions mechanisms
should be considered (Scheme 2): (i) ideal Bpericyclic^mech-
anism, (ii) asynchronous E1-like mechanism, (iii) asynchro-
nous E1cb-like mechanism as well as (iv,v) purely ionic
mechanisms.

With these concerns inmind, in this work, we have initiated
DFT mechanistic studies of model decomposition reactions of
selected nitroalkyl benzoates (Scheme 2). In particular, we
have performed simulations of reaction paths for processes
involving benzoates that contain substituents with various
donor-acceptor power in the phenyl ring. We analyzed these
reactions both in gaseous phase and in the simulated presence
of dielectric media.

R. Jasiński (*) :A. Kącka
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of Technology,, Warszawska 24, 31-155 Cracow, Poland
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Computational methods

All calculations reported in this thesis were performed on an
SGI-Altix 3700 computer in the CYFRONET regional com-
putational center in Cracow. Hybrid functional B3LYP with
the 6-31G(d) basis set included in the GAUSSIAN 09 package
[23] was used. Recently published reports show that the same
theoretical level was used, e.g., for the analysis of chemical
properties of nitro-functionalized compounds [12, 15, 17, 24,
25] including thermal decomposition process [15, 17]. In ad-
dition, similar simulations using more advanced B3LYP/6-

31G(d,p), B3LYP/6-31+G(d) as well as B3LYP/6-311G(d)
theoretical levels were performed. Optimizations of the stable
structures were performed with the Berny algorithm, whereas
the transition states were calculated using the QST2 procedure
followed by the TS method. Stationary points were character-
ized by frequency calculations. All reactants, and products had
positive Hessian matrices. All transition states showed only
one negative eigenvalue in their diagonalized Hessian matri-
ces, and their associated eigenvectors were confirmed to cor-
respond to the motion along the reaction coordinate under
consideration. For all reactions, intrinsic reaction coordinate

Scheme 1 Benzoic acids
extrusion from nitroalkyl
benzoates

Scheme 2 Five theoretically
possible reactions mechanisms
for decomposition of nitroalkyl
benzoates
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(IRC) calculations were performed to connect previously
computed transition structures (TS) with suitable minima.
For the calculations of solvent effect on the reaction paths
the polarizable continuum model (PCM) [26] in which the
cavity is created via a series of overlapping spheres was used.
Charge global electron density transfer (GEDT) [22] was cal-
culated according to the formula:

GEDT ¼ −ΣqA

where qA is the net charge and the sum is taken over all the
atoms of substructure. The same calculation methodology was
applied to solutions as to the gas phase. Results are collected
in Tables 1, 2, and 3.

Results and discussion

Energy profiles

B3LYP/6-31G(d) calculations showed that conversion of es-
ters 1a and b into respective nitroalkenes in gaseous phase
proceeds according to a one-step mechanism. In both cases,
between the minima for substrates and respective products
(Fig. 1) exists only one transition state (TS). This is confirmed

by IRC calculations. All attempts to find the ionic intermedi-
ate on reaction paths were not successful.

However, reaching this critical point by the reacting system
may require a different energy requirement to be met
(Table 1). In particular, the decomposition process of
nitrobenzoate 1a requires crossing the activation barrier of
ΔG=35 kcal mol−1. Fundamentally, it is associated with in-
creasing enthalpy of reaction system. On the other hand, en-
tropy of reaction system only slightly changes. This is typical
for elimination reactions which lead via high ordered transi-
tion states [27]. In case of an analogous reaction involving
nitrobenzoate 1b entropy of activation is also low, but the
activation barrier (determined by ΔH value) is greater than
41.5 kcal mol−1. This means that the presence of a substituent
in the vicinal position in relation to the nitro group makes
extrusion of a molecule of benzoic acid faster. Presumably,
this is a result of higher substituents crowd on β carbon atom
of nitroalkyl moiety. In consequence, this accelerates dissoci-
ation of -O-C(O)-Ph group.

Subsequently, we have performed simulations of theoreti-
cally probable paths of nitrous acid extrusion from 1a and b. It
was found, that these reactions proceed via one step, Cope-
like mechanism similar to described earlier thermal decompo-
sition of the product derived from 3-nitro-2-(trifluoromethyl)-
2H-chromene and 2-(1-phenylpropylidene)malononitrile
[15]. It should be noted however, that nitrous acid extrusion
process should be considered forbidden from kinetic point of
view (activation barriers equal 45.7 and 44.9 kcal mol−1 for
decomposition of 1a and b respectively).

A similar image of these reactions in gaseous phase is sup-
plied by calculation on higher theory levels (B3LYP/6-31G(d,
p), B3LYP/6-31+G(d), B3LYP/6-311G(d)). In particular, all
performed simulations clearly indicate a one-step reaction

Table 1 Kinetic and thermodynamic parameters for thermal
decomposition of nitroalkyl benzoates 1a–f according to B3LYP/6-
31G(d) calculations (T=298 K; ΔH, ΔG in kcal mol−1; ΔS in cal
mol−1 K−1)

Ester Solvent (ε) Transition ΔH ΔG ΔS

1a Gas phase 1a→TS 34.2 35.0 −2.7
(1.0000) 1a→2a+3a 12.4 0.2 40.9

Toluene 1a→TS 33.3 34.4 −3.6
(2.3741) 1a→2a+3a 10.9 −1.0 40.1

Water 1a→TS 32.3 33.5 −4.2
(78.3553) 1a→2a+3a 9.5 −2.3 39.6

1b Gas phase 1b→TS 40.6 41.5 −3.1
(1.0000) 1b→2a+3b 14.6 2.7 39.9

Toluene 1b→TS 39.8 40.7 −3.1
(2.3741) 1b→2a+3b 13.5 1.6 40.0

Water 1b→TS 38.3 39.0 −2.3
(78.3553) 1b→2a+3b 12.3 0.4 39.8

1c Gas phase 1c→TS 33.3 34.5 −4.0
(1.0000) 1c→2c+3a 12.2 1.6 35.5

1d Gas phase 1d→TS 39.5 40.9 −4.7
(1.0000) 1d→2c+3b 14.4 4.1 34.3

1e Gas phase 1e→TS 34.9 35.4 −1.7
(1.0000) 1e→2e+3a 12.3 0.0 41.4

1f Gas phase 1f→TS 41.5 42.5 −3.6
(1.0000) 1f→2e+3b 14.3 2.8 38.7

Table 2 Kinetic and thermodynamic parameters for thermal
decomposition of nitroalkyl benzoates 1a, b according to B3LYP/6-
31G(d,p), B3LYP/6-31+G(d) and B3LYP/6-311G(d) calculations (T=
298 K; ΔH, ΔG in kcal mol−1; ΔS in cal mol−1 K−1)

Ester Theory level Transition ΔH ΔG ΔS

1a B3LYP/ 1a→TS 31.8 32.5 −2.6
6-31G(d,p) 1a→2a+3a 9.8 −2.5 41.3

B3LYP/ 1a→TS 33.2 34.1 −3.1
6-31+G(d) 1a→2a+3a 8.6 −3.5 40.7

B3LYP/ 1a→TS 34.6 35.3 −2.2
6-311G(d) 1a→2a+3a 10.1 −2.2 41.4

1b B3LYP/ 1b→TS 38.1 39.1 −3.2
6-31G(d,p) 1b→2a+3b 11.8 0.0 39.8

B3LYP/ 1b→TS 40.3 41.1 −2.7
6-31+G(d) 1b→2a+3b 11.8 −0.1 40.0

B3LYP/ 1b→TS 41.2 42.0 −2.6
6-311G(d) 1b→2a+3b 12.7 0.6 40.3

J Mol Model (2015) 21: 59 Page 3 of 7 59



mechanism, and activation barriers along individual paths do
not differ significantly from those obtained on the basis of
B3LYP/6-31G(d) calculations. In every case, ester decompo-
sition 1a takes place much more easily than that of 1b
(Table 2).

B3LYP/6-31G(d) calculations also make it possible to shed
some light on the influence of the substituent in the leaving
group on the course of reaction. It turned out that regardless of
the nature of substituent in the benzene ring, esters of both 1-
nitropropane-1-ol and 2-nitropropane-1-ol will undergo de-
composition according to a one-step mechanism. It must also
be noted that electrodonating groups (e.g., NMe2) will lower
the activation barrier of the decomposition process, while
electroaccepting groups (e.g., NO2) will make the process
more difficult.

The further course of quantum-chemical studies also in-
cluded analysis of solvent influence on reaction kinetics. It
turned out that a polarity increase of the reaction medium
facilitates lowering of the activation barrier. It does not
change, however, the mechanism of carboxylic acid cleavage
from the parent ester. In all cases (even extremely polar aque-
ous environment), all attempts to find alternatively, two-step
reaction paths were not successful.

Transition structures

Studies on the transition state structure (TS) were started with
a reaction involving esters 1a and b. It turned out that both of
these TSs have a six-membered structure (Fig. 2). A new bond
is formed within both of these structures (H1-O6) and at the

Table 3 Electronic and geometrical characteristics of key structures of thermal decomposition of nitroalkyl benzoates 1a–f according to B3LYP/6-
31G(d) calculations

Dielectric constants of
reaction environment ε

Reaction Structure Interatomic distances [Ǻ] GEDT [e] Dipole
moment μ [D]

H1-C2 C2-C3 C3-O4 O4-C5 C5-O6 O6-H1

1.0000 1a→2a+3a 1a 1.091 1.528 1.450 1.359 1.217 2.398 0.14 3.18

TS 1.503 1.430 1.810 1.272 1.290 1.128 6.72

2a+3a 1.333 1.215 1.359 0.975

1.0000 1b→2a+3b 1b 1.091 1.525 1.434 1.363 1.216 2.547 0.18 2.39

TS 1.543 1.431 1.750 1.273 1.291 1.107 6.92

2a+3b 1.332 1.215 1.359 0.975

1.0000 1c→2c+3a 1c 1.086 1.529 1.445 1.366 1.220 2.381 0.19 4.85

TS 1.561 1.434 1.764 1.278 1.297 1.094 10.38

2c+3a 1.333 1.218 1.364 0.975

1.0000 1d→2c+3b 1d 1.089 1.525 1.430 1.371 1.219 2.690 0.22 4.37

TS 1.601 1.435 1.714 1.279 1.298 1.076 10.04

2c+3b 1.332 1.218 1.364 0.975

1.0000 1e→2e+3a 1e 1.091 1.527 1.454 1.353 1.215 2.493 0.08 5.76

TS 1.452 1.426 1.865 1.269 1.286 1.164 5.57

2e+3a 1.333 1.213 1.355 0.975

1.0000 1f→2e+3b 1f 1.090 1.524 1.438 1.357 1.214 2.730 0.13 5.36

TS 1.494 1.426 1.793 1.270 1.286 1.137 4.93

2e+3b 1.332 1.213 1.355 0.975

2.3741 1a→2a+3a 1a 1.086 1.528 1.451 1.357 1.218 2.409 0.18 3.52

TS 1.551 1.436 1.771 1.273 1.293 1.100 8.34

2a+3a 1.334 1.217 1.356 0.975

2.3741 1b→2a+3b 1b 1.089 1.525 1.436 1.360 1.217 2.729 0.22 2.56

TS 1.602 1.437 1.714 1.273 1.294 1.077 8.67

2a+3b 1.332 1.217 1.356 0.975

78.3553 1a→2a+3a 1a 1.086 1.529 1.454 1.354 1.220 2.427 0.23 3.93

TS 1.625 1.443 1.726 1.273 1.297 1.066 10.43

2a+3a 1.336 1.219 1.353 0.976

78.3553 1b→2a+3b 1b 1.089 1.525 1.438 1.358 1.219 2.740 0.27 2.81

TS 1.690 1.443 1.679 1.273 1.299 1.044 11.00

2a+3b 1.333 1.219 1.353 0.976
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same time, the nature of C2-C3 and C5-O4 bonds changes
(the bond gains features characteristic for a double bond)
and C5-O6 (the bond gains features characteristic for a single
bond). Simultaneously, H1-C2 and C3-O4 bonds become bro-
ken. Loosening of these bonds is, however, significantly
different.

The H1-C2 in the case of reaction of 1a→2a+3a is broken
more slowly than in the case of reaction 1b→2a+3b. In turn,
the C3-O4 bond of TS of reaction 1a→2a+3a is broken faster
than in the case of reaction 1b→2a+3b. This means that the
energetically relatively more favorable transition state of the
1a→2a+3a process has a more profound, asynchronous
character.

Subsequently to asynchronicity of bonds loosening, asyn-
chronous redistribution of electron density asynchrony is ob-
served. This is evidenced byGEDT index values (see Table 3).
Moreover, GEDT values as well as dipolemoments confirmed
polar nature of TSs. In consequence— according toDomingo
terminology [22] — they cannot be considered as
Bpericyclic^. Next, we have re-optimized transition state

Fig. 1 Gibbs free energy profiles for thermal decomposition of esters 1a and b in gas phase according to B3LYP/6-31G(d) calculations (T=298 K)

Fig. 2 Transition states for thermal decomposition reactions of esters 1a
(a) and b (b) in gas phase according to B3LYP/6-31G(d) calculations
(T=298 K)
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structures using UB3LYP/6-31G(d) theory level. It was found,
that both TSs have non-biradicaloid character. This is con-
firmed by < S2 > values which in both cases equal 0.00.

It must be noted that the geometric parameters of the stud-
ied TSs obtained using higher theory levels (B3LYP/6-31G(d,
p), B3LYP/6-31+G(d), B3LYP/6-311G(d)) are practically
identical.

B3LYP/6-31G(d) calculations also provided us with infor-
mation about the influence of the substituent in the leaving
group on the TS structure. It turned out that both in the case of
1-nitropropane-1-ol and 2-nitropropane-1-ol esters, the pres-
ence of an electrodonating substituent facilitates an increase in
TS synchronicity, whilst the presence of an electroaccepting
substituent facilitates an increase in TS asynchronicity. The
influence of the nature of the substituent on the symmetry of
transition complex is in general decidedly too weak to enforce
a change of the reaction mechanism to a two-step one. On the
other hand, substituent nature stimulated asynchronicity of
electron density redistribution. In particular, TSs of reaction
involving dimethylamino-substituted esters are characterized
by relatively higher GEDT values, whereas TSs of reaction
involving nitro-substituted esters— relatively lower. Howev-
er, in any case this process is ideal synchronous (GEDT≠
0.00e).

Finally, we have also analyzed the influence of the solvent
on the structure of TSs. It turned out that more polar medium
facilitates a faster loosening of the H1-C2 bond. At the same
time, it makes breaking the C3-C4 bond more difficult.
Asynchronicity of TSs increases in an extremely polar, aque-
ous medium. In consequence, TSs for reactions 1a→2a+3a
and reaction 1b→2a+3b under these conditions should be
interpreted rather as similar to the E1cb-like type. It should
be noted, that increasing of environment polarity stimulated
more polar nature of TSs. This is confirmed by GEDT values,
which reach even above 0.22e. However, it is not sufficient
(even in extremely polar, aqueous solution) to generate evi-
dence of ionic structures.

Conclusions

DFT calculations — regardless of theory level — indicate a
one-step mechanism of thermal decomposition of nitroalkyl
benzoates. However, depending on the nature of the substitu-
ent in the ester molecule and on medium polarity, the studied
reactions may take place via transition state structures with
varied synchronicity — from E1-like structures, through a
rather synchronous model, to E1cb-like structures. It must be
noted that a purely ionic, two-stage mechanism was not iden-
tified in any of the cases. Reaction kinetics may influence —
albeit to a limited extent — the nature of the substituent and
polarity of the reaction medium.
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A density functional theory mechanistic study of thermal 
decomposition reactions of nitroethyl carboxylates: undermine 
of “pericyclic” insight

Agnieszka B. Kącka  |  Radomir A. Jasiński

1  |   INTRODUCTION

Conjugated nitroalkenes (CNA) have proved to be a valu-
able group of reactants in organic chemistry. Their strong 
electrophilic character makes them important precursors to 
a wide variety of target molecules. They are useful com-
pounds applied, e.g., in syntheses of many four-, five- and 
six-membered compounds in cycloadditions reactions.[1–6] 
Applications of nitroalkenes in organic synthesis are largely 
due to their ease of conversion into a variety of functional-
ities. Moreover, a considerable number of nitroalkenes are 
exhibit remarkable biological activity.[7–10]

There are many strategies for preparation of CNA. 
However, most universal method is based on decompo-
sition of corresponding nitroalkyl esters. The thermal 
decomposition of carboxylic esters to yield an alkene and 
a carboxylic acid has been studied since 1883.[11,12] The 
esters that undergo pyrolysis may be divided into two 
classes: esters with β-hydrogen atom on the alkyl portion 
of the molecule and esters without β-hydrogen atoms. The 
pyrolysis of esters without β-hydrogen atoms in the alkyl 
portion requires higher temperatures and the products are 
suggestive of a free radical type mechanism.[13] However, 
if β-hydrogen atoms are accessible and the temperature of 
pyrolysis is optimum, only the excepted olefins and acids 
products are formed. Although few scientists[14] believe 
that all esters decompose by the same mechanism, however, 

others[15] take care that the mechanism is not the same in 
different cases.

Only one “pericyclic” variant of the mechanism of the 
thermal decomposition of esters is generally reproduced 
in academic books. Nonetheless, recently, several atypical 
mechanisms for process which were considered earlier as 
“pericyclic”. In these mechanisms, reaction groups were 
stepwise [2+3] cycloadditions,[16–18] thermal decomposi-
tion reactions of fluoronitroazoxy compounds,[19] as well as 
nitrous acid extrusion.[20–22] Additionally, Domingo gener-
ally negates the term “pericyclic process” for the majority 
as defined reactions.[23] Therefore, mechanistic aspects of 
nitroalkyl carboxylate decomposition reactions necessarily 
require a deep re-examination. Our work is part of this new 
trend.

In the event of nitroalkyl carboxylates, five theoretically 
possible reaction mechanism should be investigated: (i, v) 
purely ionic mechanism, (ii) asynchronous E1-like mecha-
nism, (iii) ideal pericyclic mechanism, and (iv) asynchronous 
E1 cb-like mechanism. All theoretically possible reaction 
mechanism are presented in Scheme 1.

The aim of this work is a density functional theory (DFT) 
mechanistic studies of the model decomposition reactions 
of selected nitroethyl carboxylates (Scheme 2). First, we 
decide to analyze rotational isomerism in nitroethyl benzo-
ate 1a as simple, model compounds at variety of theoretical 
level so as to determine, which forms will undergo rotation. 
Next, for the better comprehend of the mechanism of thermal 
decomposition of nitroethyl carboxylates, we have performed Contract grant sponsor: PL-Grid Infrastructure.
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simulations of reaction path for esters that contain various 
substituents at –C(O)O– group. These reactions were exam-
ined in gaseous phase and also in the presence of simulated 
dielectric media (toluene, water).

2  |   RESULTS AND DISCUSSION

2.1  |  Computational details
All calculations were carried out using the Zeus clus-
ter of computer in the CYFRONET Regional Computer 

S C H E M E   1   Theoretically possible mechanism for the thermal decomposition reaction of nitroethyl carboxylates
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S C H E M E   2   General scheme of the thermal decomposition of 
nitroethyl carboxylates. (a) R=C6H5; (b) R=C6H4–p–NMe2; (c) R=C6H4–
p–OMe; (d) R=C6H4–p–CF3; (e) R=C6H4–p–NO2; (f) R=C(CH3)3; (g) 
R=CH(CH3)2; (h) R=CH3.
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T A B L E   1   Dihedral angles in structure rotamers (°) for rotation around the C4–C5 bond

Theoretical level Reaction environment (ε)
Dihedral angle 
C4–C5–O10–C11

Dihedral angle 
N1–C4–C5–O10

Dihedral angle 
C5–C4–N1–O2

B3LYP/6-31G(d) Gas phase (1.0000) 1a(I) −81.94 −65.66 138.57
TS1a(I) −73.14 −120.16 164.90
1a(II) −80.08 −171.78 174.85
TS1a(II) −75.42 129.50 −154.90
1a(III) −101.51 74.34 −98.18

Toluene (2.3741) 1a(I) −82.74 −64.43 140.24
TS1a(I) −73.19 −121.52 163.86
1a(II) −81.19 −172.94 175.21
TS1a(II) −76.71 132.00 −154.94
1a(III) −98.53 74.24 −100.39

Water (78.3553) 1a(I) −83.11 −63.55 147.39
TS1a(I) −74.02 −122.46 163.21
1a(II) −82.69 −173.89 172.95
TS1a(II) −78.25 135.55 −155.35
1a(III) −96.00 73.60 −101.48

B3LYP/6-31+G(d) Gas phase (1.0000) 1a(I) −84.01 −65.21 130.99
TS1a(I) −73.87 −121.03 156.27
1a(II) −80.47 −170.10 171.54
TS1a(II) −76.94 128.81 −151.93
1a(III) 174.11 66.12 −134.65

B3LYP/6-31G(d,p) Gas phase (1.0000) 1a(I) −81.71 −66.18 139.79
TS1a(I) −73.44 −120.42 165.52
1a(II) −79.69 −171.54 174.80
TS1a(II) −75.66 129.50 −155.61
1a(III) −103.19 73.90 −97.17

T A B L E   2   Dihedral angles in structure rotamers (°) for rotation around the C5–O10 bond

Theoretical level Reaction environment (ε)
Dihedral angle 
C4–C5–O10–C11

Dihedral angle 
N1–C4–C5–O10

Dihedral angle 
C5–C4–N1–O2

B3LYP/6-31G(d) Gas phase (1.0000) 1a(III) −101.51 74.34 −98.18
TS1a(III) −112.57 72.83 −105.02
1a(IV) 173.64 66.30 −136.48
TS1a(IV) 134.89 65.57 −138.57
1a(V) 81.92 65.65 −138.56
TS1a(V) −4.63 73.00 −168.86

Toluene (2.3741) 1a(III) −98.53 74.24 −100.39
TS1a(III) −111.23 72.92 −110.12
1a(IV) 174.88 65.82 −138.53
TS1a(IV) 132.29 64.68 −140.86
1a(V) 82.74 64.43 −140.24
TS1a(V) −1.72 70.52 −167.23

Water (78.3553) 1a(III) −96.00 73.60 −101.48
TS1a(III) −109.91 73.22 −119.61
1a(IV) 177.62 66.40 −148.94
TS1a(IV) 122.46 63.35 −151.34
1a(V) 83.16 63.52 −147.35
TS1a(V) 3.21 66.96 −165.04

B3LYP/6-31+G(d) Gas phase (1.0000) 1a(III) 174.11 66.12 −134.65
TS1a(III) 174.87 79.67 −53.97
1a(IV) 174.09 66.13 −134.68
TS1a(IV) 130.13 64.50 −133.79
1a(V) 84.09 65.21 −130.99
TS1a(V) −3.92 73.45 −168.20

B3LYP/6-31G(d,p) Gas phase (1.0000) 1a(III) −103.19 73.90 −97.17
TS1a(III) −111.92 73.13 −104.16
1a(IV) 172.53 66.81 −137.80
TS1a(IV) 134.64 66.07 −140.00
1a(V) 81.67 66.18 −139.75
TS1a(V) −4.49 73.29 −168.95
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Centre in Cracow. The mechanism of the decomposition of 
nitroalkyl benzoates have been examined as implemented 
in the GAUSSIAN 09 package.[24] The geometric param-
eters for all the reactants, transition states, and products of 
the reactions studied were fully optimized using the DFT 
method. The calculations were performed using B3LYP[25] 
with 6-31G(d) basic set. Additionally, calculations in more 
advanced 6-31G(d,p), 6-31+G(d), and 6-31++G(d) basis 
sets were carried out.

Recently published reports[19,20,26–30] show that a simi-
lar approach was used successfully for the exploration of a 
reaction involving several different nitrocompounds. B3LYP 
is a combination of Becke’s three-parameter hybrid exchange 
functional[31] with the Lee–Yang–Parr-correlated function-
al.[32] Geometry optimization calculations have been carried 
out to obtain the global minima for reactant and products, and 

to locate the saddle point for the transition state. Stationary 
points were characterized by frequency calculations. All reac-
tants and products had positive Hessian matrices. All tran-
sition states showed only one negative eigenvalue in their 
diagonalized Hessian matrices, and their associated eigen-
vectors were confirmed to correspond to the motion along 
the reaction coordinate under consideration. Transition states 
were located using the (QST2) algorithm. For the optimiza-
tion process, the Berny analytical gradient was employed. 
Intrinsic reaction coordinate (IRC) calculations[33] have been 
made in all events to verify that the localized transition-state 
structures connect with the corresponding minimum station-
ary points associated with reactants and products. Solvents 
effects of toluene and water in the optimizations were taken 
into account using the polarizable continuum model (PCM) 
as developed by the Tomasi’s group[34] in the framework of 

F I G U R E   2   Structures of stable 
conformers of 2-nitroethyl benzoate 1a1a(IV)                                        1a(V)

1a(I)                                  1a(II)                           1a(III)
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the self-consistent reaction field (SCRF).[35] Values of enthal-
pies, entropies, and free energies in all calculations were cal-
culated with the standard statistical thermodynamics at 25°C 
and 1 atm.[36]

2.2  |  Rotational isomerism in nitroethyl 
benzoate (1a)
First, we decided to shed light on energetic properties of 
possible rotamers of 2-nitroethyl benzoate 1a. Rotational 
isomerism in 2-nitroethyl benzoate may arise generally by 
rotating around the C4–C5 and C5–O10 bonds (Fig. 1). 
Several different orientations of conformers were used as the 
starting point in the present computations. The geometry was 
fully optimized in each stable conformer to ensure that a true 
minimum had been found. The most stable conformation was 
chosen as a reference for calculating the relative energy of 
2-nitroethyl benzoate. Fundamental dihedral angles in the 
structure rotamers are shown in Tables 1 and 2.

Five optimized structures corresponding to low-
lying stationary points and transition states are shown in 
Figs 2–4, respectively. The Gibbs free energy profile for 
the rotational transition nitroethyl benzoate 1a are present-
ed in Figs 5–7.

Kinetic and thermodynamics parameters of 2-nitroethyl 
benzoate rotamers have been collected in Table 3 and 4. In 
gas phase, 1a exist generally in four forms. However, calcula-
tions using B3LYP with 6-31G(d) basic set show free rotation 
around the C4–C5 and C5–O10 bonds, which are possible 
even in room temperature. The most stable conformer is 
1a(IV), which has the least Gibbs free energy, regardless of 
the applied basic set, and in consequence, this isomeric form 
should be considered as starting structure for the decomposi-
tion processes. Similar calculations have also been provided 
in the presence of dielectric media. In the environment of tol-
uene, rotation also runs freely and the most stable conform-
er is also 1a(IV). The decomposition reaction carried out in 
water proceeded identically.

F I G U R E   3   Structures of rotation 
transition states for isomers of 2-nitroethyl 
benzoate 1a

TS1a(I)                               TS1a(II)                              TS1a(III)

TS1a(IV)                                            TS1a(V) 
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Similar picture of rotation isomerism in nitroethyl ben-
zoate 1a gives calculations on more advanced theory levels 
(B3LYP/6-31+G(d) and B3LYP/6-31G(d,p)). In particular, 
the geometries of the conformers are particularly identical to 
those obtained in B3LYP/6-31G(d) basic set. The Gibbs free 
energy profile for rotational transition 1a are also practically 
the same with those obtained in B3LYP/6-31G(d) basic set.

2.3  |  Energy profiles of carboxylic 
acid extrusion
The B3LYP/6-31G(d) calculation proved that conversion of 
ester 1a into corresponding nitroalkenes in the gaseous phase 
demean according to a one-step mechanism. The thermal 
decomposition of 1a(IV) proceeded through the transition 
complex TS (Fig. 8). The free Gibbs activation energy for 
this transition is equal to 39.65 kcal mol−1. A similar image 
of these reactions in the gaseous phase is provided by calcula-
tions on higher theory levels (B3LYP/6-31+G(d), B3LYP/6-
31++G(d), B3LYP/6-31G(d,p)). These calculations supplied 
a bit lower activation barrier for the decomposition process 
of 1a(IV) (Table 5). In particular, all performed simulations 
clearly indicate a one-step mechanism, and activation barriers 
along individual paths do differ slightly from those obtained 
in the B3LYP/6-31G(d) calculations. Only one transition 
state (TS) exist between the substrate and products, which 
was validated by IRC calculations.

Then, we performed simulations of theoretically possi-
ble competitive paths of nitrous acids extrusion from 1a(IV) 
(Fig. 8). The nitrous acid extrusion from 1a(IV) takes place 
via an activation barrier, which is equal to 47.01 kcal mol−1. 
Therefore, in this case, the nitrous acid extrusion process 
should be decidedly forbidden form kinetic point of view. 
In addition, similar simulations using more advanced theo-
ry levels were performed and provided a bit lower activation 
barrier for nitrous acid extrusion of 1a(IV) (Table 5).

B3LYP/6-31G(d) calculations also make it possible to 
present the influence of the substituent in the leaving group on 
the course of reaction. It turned out that regardless of the nature 
of substituent in benzene ring, esters will undergo decomposi-
tion according to a one-step mechanism. The decomposition 
process of substituted esters with electron-donating groups 
(EDG; e.g., NMe2, OMe)  will lower the activation barrier 

F I G U R E   5   Gibbs free energy profile for 
rotational transition 1a around the C4–C5 bond

F I G U R E   4   Rotational isomerism in 2-nitroethyl benzoate by rotation 
around the C4–C5 bond
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(up to 39.00 kcal mol−1). In turn, the decomposition process 
of esters with electron-accepting group (e.g., CF3, NO2) will 
make the process more difficult (Table 6).

Next, we also performed calculations by replacing the 
phenyl group on tert-butyl, isopropyl, and methyl group, 
respectively. B3LYP/6-31G(d) calculations proved that con-
version of esters 1f–1h into nitroalkenes proceeded according 
to a one-step mechanism. Moreover, calculations with men-
tioned substituents are slightly the same with those obtained 

for nitroethyl benzoate 1a. A similar image of these reactions 
in the gaseous phase are provided by calculations on high-
er theory levels (B3LYP/6-31+G(d), B3LYP/6-31++G(d), 
B3LYP/6-31G(d,p)). These calculations supplied a bit low-
er activation barrier for decomposition process of 1f–1h 
(Table 7).

Thereafter, the influence of solvent polarity on reaction 
kinetics decomposition of esters 1a–1h was also analyzed. 
It was found that the thermal decomposition reaction of 1b 
in the gas phase takes place via an activation barrier which is 
equal 39.00 kcal mol−1, whereas in the presence of water, the 
same reaction carried out with the activation barrier equal 
35.41 kcal mol−1. Similarly, it was assumed that strongly polar 
medium reduce the activation barrier value and make the decom-
position process run faster. Thus, regardless of the polarity of 
the medium, the reaction proceeds to a one-step mechanism.

2.4  |  Transition structures of thermal 
decomposition reactions
We then analyzed the transition-state structure (TS) of the 
decomposition process of ester 1a(IV). It turned out that TS 
has a six-membered structure (Fig. 9). Simultaneously, a new 
bond between atoms H6–O12 is formed, between atoms C4–
C5 and C11–O10 double bonds are formed, C11–O12 bond 
changes to a single bond and H6–C4 and C5–O10 bonds 
are broken. The process of electron density redistribution in 
the TS area is not ideally synchronized. The H6–C4 bond is 
not disrupted simultaneously with the creation of a O12–H6 
bond. In the TS range, the H6–C4 bond is very week, while 
a new O12–H6 bond is in the process of formation. Hence, 
the transition state and reaction should be investigated not 
as a “pericyclic process” but rather as a E1 cb-like reaction. 
According to Domingo terminology,[23] formed TS can be 
defined as typical for a “one-step two-stage” process.

F I G U R E   6   Rotational isomerism in 2-nitroethyl benzoate by rotation 
around the C5–O10 bond

F I G U R E   7   Gibbs free energy profile for 
rotational transition 1a around the C5–O10 
bond
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T A B L E   3   Kinetic and thermodynamics parameters for rotational isomerism in nitroethyl benzoate 1a, in line with the C4–C5 bond, according to 
density functional theory (DFT) calculations (T = 298K; ΔH, ΔG in kcal mol−1; ΔS in cal mol−1 K−1)

Basic seta Reaction environment (ε) Energy ΔH° ΔG° ΔS° Transition state ΔH‡ ΔG‡ ΔS‡

6-31G(d) Gas phase (1.0000) 1a(I)→1a(II) 0.81 0.70 −0.40 1a(I)→TS1a(I)→1a(II) 1.80 2.95 −3.83
1a(II)→1a(III) 1.54 1.25 0.99 1a(II)→TS1a(II)→1a(III) 2.18 3.99 −6.06

Toluene (2.3741) 1a(I)→1a(II) 1.02 0.78 0.50 1a(I)→TS1a(I)→1a(II) 2.02 3.26 −4.18
1a(II)→1a(III) 0.84 1.03 −0.62 1a(II)→TS1a(II)→1a(III) 3 3.53 −5.69

Water (78.3553) 1a(I)→1a(II) 1.23 1.22 0.03 1a(I)→TS1a(I)→1a(II) 2.32 3.67 −4.56
1a(II)→1a(III) −0.36 0.22 −1.93 1a(II)→TS1a(II)→1a(III) 1.38 3.09 −5.71

6-31G(d,p) Gas phase (1.0000) 1a(I)→1a(II) 0.83 0.67 0.54 1a(I)→TS1a(I)→1a(II) 1.77 2.89 −3.76
1a(II)→1a(III) 1.55 1.27 0.93 1a(II)→TS1a(II)→1a(III) 2.15 3.97 −6.11

6-31+G(d) Gas phase (1.0000) 1a(I)→1a(II) 1.18 0.93 0.85 1a(I)→TS1a(I)→1a(II) 1.88 3.28 −4.71
1a(II)→1a(III) 1.13 −1.00 −0.42 1a(II)→TS1a(II)→1a(III) 1.92 3.88 −6.59

aDFT calculations were performed by B3LYP level.
‡All values ΔH, ΔG are in kcal mol−1 and also all values ΔS are in cal mol−1 K−1. This values are containing two meanings, parameters of reactions and parameters of 
formations TS.

T A B L E   4   Kinetic and thermodynamics parameters for rotational isomerism in nitroethyl benzoate 1a, in line with the C5–O10 bond, according to 
density functional theory (DFT) calculations (T = 298K; ΔH, ΔG in kcal mol−1; ΔS in cal mol−1 K−1)

Basic seta Reaction environment (ε) Energy ΔH° ΔG° ΔS° Transition state ΔH‡ ΔG‡ ΔS‡

6-31G(d) Gas phase (1.0000) 1a(III)→1a(IV) −1.99 −1.95 −0.13 1a(III)→TS1a(III)→1a(IV) −0.55 1.16 −5.76
1a(IV)→1a(V) −0.37 −0.01 −1.25 1a(IV)→TS1a(IV)→1a(V) −0.32 1.36 −5.63

1a(V)→TS1a(V) 5.52 7.51 −6.69

Toluene (2.3741) 1a(III)→1a(IV) −1.72 −2.02 1.00 1a(III)→TS1a(III)→1a(IV) −0.52 1.00 −5.08
1a(IV)→1a(V) −0.14 0.12 −0.88 1a(IV)→TS1a(IV)→1a(V) −0.24 1.38 −5.43

1a(V)→TS1a(V) 5.21 7.24 −6.80

Water (78.3553) 1a(III)→1a(IV) −1.09 −2.06 3.23 1a(III)→TS1a(III)→1a(IV) −0.39 0.83 −4.08
1a(IV)→1a(V) 0.22 0.62 −1.32 1a(IV)→TS1a(IV)→1a(V) −0.04 1.99 −6.79

1a(V)→TS1a(V) 4.48 6.78 −7.68

6-31G(d,p) Gas phase (1.0000) 1a(III)→1a(IV) −2.02 −1.99 0.06 1a(III)→TS1a(III)→1a(IV) −0.57 1.09 −5.58
1a(IV)→1a(V) −0.37 0.05 −1.42 1a(IV)→TS1a(IV)→1a(V) −0.38 1.37 −5.85

1a(V)→TS1a(V) 5.25 7.49 −6.61

6-31+G(d) Gas phase (1.0000) 1a(III)→1a(IV) −0.00 −0.00 −0.01 1a(III)→TS1a(III)→1a(IV) 1.71 3.16 −4.88
1a(IV)→1a(V) −0.05 0.07 −0.40 1a(IV)→TS1a(IV)→1a(V) 0.13 1.45 −5.31

1a(V)→TS1a(V) 6.11 8.18 −6.91

aDFT calculations were performed by B3LYP level.
‡All values ΔH, ΔG are in kcal mol−1 and also all values ΔS are in cal mol−1 K−1. This values are containing two meanings, parameters of reactions and parameters of 
formations TS.

F I G U R E   8   Gibbs free energy profiles for 
benzoic acid as well as nitrous acid extrusion 
from 1a(IV) in the gas phase according 
to density functional theory calculations 
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We then also analyzed the influence of the substituent nature 
of the TS structure. The H6–C4 bond in the reaction 1e→2e+3 
is broken more slowly than in the reaction 1a→2a+3. In turn, 
the C5–O10 bond of TS of reaction 1e→2e+3 is broken fast-
er than in the reaction 1a→2a+3 (Table 8). By contrast, the 
H6–C4 bond in the reaction 1b→2b+3 is broken more faster 
than in the reaction 1a→2a+3. In turn, the C5–O10 bond of 
TS of the reaction 1b→2b+3 is broken slowly than in the 
reaction 1a→2a+3 (Table 8). Consequently, the EDG in the 
benzene ring further favored synchronicity, but the electron-
withdrawing group (EWG) favored asynchronicity.

Replacement of the phenyl group by the alkyl group in the 
ester molecule does not significantly impact the synchronici-
ty of the broken H6–C4 bond and the creation of the C5–O10 
bond. The obtained results are practically identical with those 
obtained for 2-nitroethyl benzoate 1a.

Finally, we analyzed the impact of solvent polarity on the 
TS structure. It turned out that the breaking of the H6–C4 
bond in the event of decomposition of 1a in the gas phase is 
slower than in the same reaction conducted in a polar, water 
environment. However, the C5–O10 bond is broken slowly 
in the gas phase than when conducted in water. Thus, the TS 
structure in a tiny polar environment is more similar to that in 
a “one-step two-stage” model.

3  |   CONCLUSIONS

In summary, DFT calculations, regardless of theory levels, 
prove that the thermal decomposition of nitroethyl carboxy-
lates cannot be considered as a pericyclic process. Detailed 
analysis of the IRC and geometry of transition states indicate 

T A B L E   5   Kinetic and thermodynamics parameters for the thermal decomposition ester and nitrous acid extrusion from 1a(IV) according to density 
functional theory (DFT) calculations (T = 298K; ΔH, ΔG in kcal mol−1; ΔS in cal mol−1 K−1).

Basic seta Reaction environment (ε) Energy ΔH° ΔG° ΔS° Transition state ΔH‡ ΔG‡ ΔS‡

6-31G(d) Gas phase (1.0000) 1a→2a+3 17.08 5.33 39.41 1a→TS1→2a+3 38.73 39.65 −3.08
1a→4+5 18.51 6.19 41.35 1a→TS2→4+5 47.04 47.01 0.09

6-31+G(d) Gas phase (1.0000) 1a→2a+3 13.77 2.14 38.99 1a→TS1→2a+3 37.93 39.12 −3.80
1a→4+5 16.15 3.90 41.09 1a→TS2→4+5 46.59 46.52 0.23

6-31++G(d) Gas phase (1.0000) 1a→2a+3 13.80 2.18 38.97 1a→TS1→2a+3 37.93 39.09 −3.92
1a→4+5 16.18 3.92 41.13 1a→TS2→4+5 46.58 46.51 0.21

6-31G(d,p) Gas phase (1.0000) 1a→2a+3 14.28 2.52 39.47 1a→TS1→2a+3 36.09 37.01 −3.08
1a→4+5 15.82 3.47 41.42 1a→TS2→4+5 44.84 44.78 0.22

aDFT calculations were performed by B3LYP level.
‡All values ΔH, ΔG are in kcal mol−1 and also all values ΔS are in cal mol−1 K−1. This values are containing two meanings, parameters of reactions and parameters of 
formations TS.

T A B L E   6   Kinetic and thermodynamics parameters for the thermal decomposition of nitroethyl benzoates 1a–1h according to 6-31G(d) calculations 
(T = 298K; ΔH, ΔG in kcal mol−1; ΔS in cal mol−1 K−1)

Estera Reaction environment (ε) Energy ΔH° ΔG° ΔS° Transition state ΔH‡ ΔG‡ ΔS‡

1a Gas phase (1.0000) 1a→2a+3 17.08 5.33 39.41 1a→TS1→2a+3 38.73 39.65 −3.08
Water (78.3553) 1a→2a+3 14.84 3.35 38.52 1a→TS1→2a+3 36.47 37.74 −4.25

1b Gas phase (1.0000) 1b→2b+3 17.54 5.65 39.86 1b→TS1→2b+3 37.52 39.00 −4.98
Water (78.3553) 1b→2b+3 15.00 2.95 40.41 1b→TS1→2b+3 34.30 35.41 −3.72

1c Gas phase (1.0000) 1c→2c+3 17.22 5.33 39.84 1c→TS1→2c+3 38.18 39.21 −3.48
Water (78.3553) 1c→2c+3 14.92 3.36 38.76 1c→TS1→2c+3 35.66 37.00 −4.47

1d Gas phase (1.0000) 1d→2d+3 16.81 4.99 39.62 1d→TS1→2d+3 39.29 40.30 −3.37
Water (78.3553) 1d→2d+3 14.75 3.02 39.33 1d→TS1→2d+3 37.26 38.25 −3.33

1e Gas phase (1.0000) 1e→2e+3 16.66 5.20 38.44 1e→TS1→2e+3 39.65 40.90 −4.19
Water (78.3553) 1e→2e+3 14.72 3.14 38.84 1e→TS1→2e+3 37.81 38.96 −3.85

1f Gas phase (1.0000) 1f→2f+3 17.17 6.19 36.83 1f→TS1→2f+3 38.64 40.33 −5.68
Water (78.3553) 1f→2f+3 14.94 3.27 39.13 1f→TS1→2f+3 36.35 37.06 −2.39

1g Gas phase (1.0000) 1g→2g+3 17.11 5.42 39.22 1g→TS1→2g+3 38.82 39.53 −2.36
Water (78.3553) 1g→2g+3 14.99 3.54 38.41 1g→TS1→2g+3 36.56 37.79 −4.13

1h Gas phase (1.0000) 1h→2h+3 17.08 5.30 39.51 1h→TS1→2h+3 38.79 39.91 −3.75
Water (78.3553) 1h→2h+3 14.95 3.44 38.63 1h→TS1→2h+3 36.41 37.80 −4.68

aDFT calculations were performed by B3LYP level.
‡All values ΔH, ΔG are in kcal mol−1 and also all values ΔS are in cal mol−1 K−1. This values are containing two meanings, parameters of reactions and parameters of 
formations TS.
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T A B L E   7   Kinetic and thermodynamics parameters for the thermal decomposition of nitroethyl benzoates 1a–1h according to density functional theory 
(DFT) calculations (T = 298K; ΔH, ΔG in kcal mol−1; ΔS in cal mol−1 K−1)

Basic seta Ester Energy ΔH° ΔG° ΔS° Transition state ΔH‡ ΔG‡ ΔS‡

6-31+G(d) 1a 1a→2a+3 13.77 1.91 38.99 1a→TS1→2a+3 37.94 38.88 −3.95
1b 1b→2b+3 14.10 2.12 40.15 1b→TS1→2b+3 36.52 38.22 −5.69
1c 1c→2c+3 13.84 2.11 39.34 1c→TS1→2c+3 37.31 38.51 −4.03
1d 1d→2d+3 13.51 1.79 39.31 1d→TS1→2d+3 38.71 39.55 −2.81
1e 1e→2e+3 13.44 1.97 38.47 1e→TS1→2e+3 38.99 40.18 −3.99
1f 1f→2f+3 13.72 2.12 38.92 1f→TS1→2f+3 37.75 38.85 −3.71
1g 1g→2g+3 13.82 1.87 40.06 1g→TS1→2g+3 38.06 39.12 −3.55
1h 1h→2h+3 13.79 2.04 39.42 1h→TS1→2h+3 38.22 39.59 −4.58

6-31++G(d) 1a 1a→2a+3 13.80 2.18 38.96 1a→TS1→2a+3 37.93 39.09 −3.89
1b 1b→2b+3 14.15 2.04 40.61 1b→TS1→2b+3 36.47 38.19 −5.77
1c 1c→2c+3 13.87 2.12 39.40 1c→TS1→2c+3 37.31 38.49 −3.95
1d 1d→2d+3 13.53 1.82 39.27 1d→TS1→2d+3 38.70 39.56 −2.90
1e 1e→2e+3 13.44 1.99 38.40 1e→TS1→2e+3 38.99 40.20 −4.06
1f 1f→2f+3 13.74 2.15 38.88 1f→TS1→2f+3 37.73 38.86 −3.80
1g 1g→2g+3 13.82 1.90 39.98 1g→TS1→2g+3 38.04 39.10 −3.56
1h 1h→2h+3 13.80 2.07 39.34 1h→TS1→2h+3 38.21 39.53 −4.43

6-31G(d,p) 1a 1a→2a+3 14.28 2.51 39.46 1a→TS1→2a+3 36.09 37.01 −3.08
1b 1b→2b+3 14.76 2.84 39.95 1b→TS1→2b+3 34.81 36.33 −5.10
1c 1c→2c+3 14.42 2.55 39.83 1c→TS1→2c+3 35.51 36.55 −3.51
1d 1d→2d+3 14.01 2.14 39.79 1d→TS1→2d+3 36.68 37.69 −3.41
1e 1e→2e+3 13.86 2.37 38.52 1e→TS1→2e+3 37.05 38.31 −4.22
1f 1f→2f+3 14.34 2.78 38.76 1f→TS1→2f+3 35.97 37.16 −3.98
1g 1g→2g+3 14.30 2.67 39.01 1g→TS1→2g+3 36.20 36.91 −2.37
1h 1h→2h+3 14.27 2.53 39.38 1h→TS1→2h+3 36.15 37.30 −3.83

aDFT calculations were performed by B3LYP level.
‡All values ΔH, ΔG are in kcal mol−1 and also all values ΔS are in cal mol−1 K−1. This values are containing two meanings, parameters of reactions and parameters of 
formations TS.

T A B L E   8   Geometrical characteristics of key structures of the thermal decompositions of nitroethyl benzoates 1a–1h according to B3LYP/6-31G(d) 
calculations

Reaction environ-
ment (ε) Reaction Structure

Interatomic distances [Ǻ]

H6–C4 C4–C5 C5–O10 O10–C11 C11–O12 O12–H6

Gas phase (1.0000) 1a→2a+3 1a 1.088 1.518 1.435 1.363 1.216 2.707
TS1 1.569 1.424 1.750 1.273 1.292 1.095
2a+3 1.327 1.215 1.359 0.975

Water (78.3553) 1a→2a+3 1a 1.088 1.516 1.439 1.358 1.219 2.754
TS1 1.707 1.432 1.694 1.272 1.300 1.040
2a+3 1.328 1.219 1.352 0.976

Gas phase (1.0000) 1b→2b+3 1b 1.088 1.519 1.431 1.371 1.219 2.698
TS1 1.621 1.427 1.722 1.278 1.300 1.069
2b+3 1.327 1.218 1.364 0.975

Gas phase (1.0000) 1c→2c+3 1c 1.088 1.518 1.433 1.366 1.217 2.706
TS1 1.591 1.425 1.737 1.275 1.296 1.084
2c+3 1.327 1.218 1.361 0.975

Gas phase (1.0000) 1d→2d+3 1d 1.088 1.518 1.437 1.359 1.215 2.723
TS1 1.542 1.422 1.769 1.271 1.289 1.110
2d+3 1.327 1.214 1.357 0.975

Gas phase (1.0000) 1e→2e+3 1e 1.088 1.517 1.439 1.357 1.214 2.741
TS1 1.524 1.421 1.784 1.270 1.288 1.120
2e+3 1.327 1.213 1.355 0.975

Gas phase (1.0000) 1f→2f+3 1f 1.088 1.521 1.434 1.365 1.212 2.683
TS1 1.574 1.424 1.748 1.268 1.290 1.093
2f+3 1.327 1.212 1.361 0.976

Gas phase (1.0000) 1g→2g+3 1g 1.088 1.519 1.436 1.364 1.212 2.702
TS1 1.574 1.425 1.747 1.268 1.289 1.095
2g+3 1.327 1.212 1.360 0.976

Gas phase (1.0000) 1h→2h+3 1h 1.088 1.519 1.436 1.363 1.211 2.704
TS1 1.561 1.424 1.759 1.267 1.287 1.102
2h+3 1.327 1.210 1.359 0.976
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that these processes should be included in the group of 
“one-step two-stage” reactions. The synchronicity of TS, to 
a certain extent, can be controlled by changing the electric 
nature and volume of the substituent in the leaving group, but 
should be sufficient enough so as not to alter the purely ionic 
mechanism.
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1  Introduction

The thermal decomposition of alkyl esters to produce alk-
enes and carboxylic acids is a well-established process 
experimentally investigated a great number of times [1–5]. 
Detailed reviews that report on many studies involving the 
kinetics and mechanism of the decomposition of esters are 
available [4, 5].

Conjugated nitroalkenes (CNAs) have proved to be a val-
uable group of reactants in organic chemistry. Their strong 
electrophilic character makes them important precursors 
towards a wide variety of target molecules. They are useful 
compounds applied, e.g. in syntheses of many four-, five- 
and six-membered compounds in cycloaddition reactions 
[6–11]. Applications of nitroalkenes in organic synthesis are 
largely due to their ease of conversion into a variety of func-
tionalities. Moreover, a considerable number of nitroalkenes 
exhibits remarkable biological activity [12–15].

There are many strategies for the preparation of CNAs. 
However, the most universal method is that based on the 
decomposition of nitroalkyl esters. The thermal decompo-
sition of carboxylic esters to yield an alkene and a carbox-
ylic acid has been studied since 1883 [16, 17]. Recently, we 
theoretically studied the thermal decomposition of nitroalkyl 
esters [18, 19]. Thus, for the thermal decomposition of 
nitroethyl benzoate (NEB) 1 yielding nitroethylene 2 and 

Abstract  The molecular mechanism of the decomposition 
reaction of nitroethyl benzoate (NEB) 1 yielding nitroethyl-
ene 2 and benzoic acid 3 has been studied within the Molec-
ular Electron Density Theory (MEDT) using DFT methods 
at the B3LYP/6-31G(d) computational level. This decompo-
sition reaction takes place through a one-step mechanism. 
Bonding Evolution Theory (BET) analysis of this reaction 
provides a complete characterisation of the electron density 
changes along the reaction. The reaction begins through the 
synchronous rupture of the O–C and C–H single bonds of 
NEB 1. Interestingly, while the rupture of the O–C single 
bond takes place heterolytically, that of the C5–H6 one 
takes place homolytically, yielding the formation of a pseu-
doradical hydrogen atom. These changes, which demand 
a high energy cost of 37.1 kcal mol−1, are responsible for 
the high activation energy associated with this decomposi-
tion reaction. Formation of the C–C double bond present in 
nitroethylene 2 takes place at the end of the reaction. The 
six differentiated phases in which the IRC associated with 
this reaction is divided clearly point out its non-concerted 
nature, thus ruling out the proposed pericyclic mechanism. 
This reaction, whose associated TS presents a more or less 
distorted six-membered cyclic structure in which all atoms 
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benzoic acid 3, we proposed [19] that this process could be 
characterised by a one-step two-stage mechanism [20] (see 
Scheme 1).

This decomposition reaction presents a high activation 
energy, 42.5 kcal mol−1, the reaction being endothermic by 
16.3 kcal mol−1. The geometry of the transition state struc-
ture (TS) given in Fig. 1 shows that it presents a distorted 
six-membered rearrangement in which the length of the 
breaking O–C single bond is 1.750 Å, while the distances 
between the H atom and the C and O atoms are 1.569 and 
1.095 Å, respectively [19].

Contemporary determination of the principles control-
ling a reaction mechanism is closely tied with the progress 
of quantum chemistry. One of the fundamental goals for 
understanding a given chemical rearrangement is to analyse 
the changes of quantum mechanical observables such as the 
electron density along the reaction pathway. This approach 
enables a comprehensive picture of the chemical reactivity 
in terms of how and when chemical events, e.g. bond rup-
ture and formation processes, will take place. To this end, 
the Bonding Evolution Theory (BET) [21], which combines 
the topological analysis of the electron localisation func-
tion (ELF) [22] with the mathematical Catastrophe Theory 
(CT), was proposed [23–25]. BET has proved to be a useful 
quantum chemical tool for the study of reaction mechanisms 
[26–29].

Very recently, Domingo proposed the Molecular Elec-
tron Density Theory (MEDT) [30], in which changes in the 
electron density, but not molecular orbital (MO) interac-
tions such as the Frontier Molecular Orbital (FMO) theory 
proposed [31], are responsible for the reactivity in organic 
chemistry. Note that the electron density obtained from the 
wavefunction is the unique physically observable. Within 
MEDT, besides an exhaustive exploration and characterisa-
tion of the reaction paths associated with the studied reac-
tion, analysis of the CDFT reactivity indices [32, 33], as well 
as quantum chemical tools based on the topological analysis 

of the molecular electron density such as the ELF [22], the 
Quantum Theory of Atoms In Molecules (QTAIM) [34] and 
Non-Covalent Interactions (NCI) [35], are used in order to 
study the reactivity in organic chemistry.

It is stay accepted that decomposition reactions of alkyl 
carboxylates are essentially a pericyclic process [36]. None-
theless, the last reports [37, 38] based on the analysis of the 

Scheme 1   General scheme 
of decomposition reaction of 
nitroethyl benzoate (NEB) 1. 
B3LYP/6-31G(d) relative ener-
gies with respect to NEB 1 are 
given in kcal·mol−1. Note that 
broken lines at TS within the 
breaking and forming regions 
do not refer to a conjugated 
cyclic pattern but only indicate 
the bonds that are going to 
break or form

Fig. 1   B3LYP/6-31G(d) geometry of TS. Distances are given in ang-
stroms, Å [19]
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evolution of the electron density along a reaction involving 
a cyclic arrangement of nuclei, i.e. pseudocyclic reactions 
[39], reveal that the pericyclic mechanism does not exist as 
the bonding changes are not concerted [40]. In this work, 
as a continuation of the quantum chemical study about the 
decomposition reaction of nitroethyl carboxylates [18, 19], 
an MEDT study of the decomposition process of NEB 1 is 
performed in order to establish the molecular mechanism of 
this decomposition reaction and the nature of the electronic 
rearrangement along it.

2 � Computational details

Calculations were performed using the Prometheus com-
puter cluster in the CYFRONET regional computer centre 
in Cracow and the cluster of Domingo’s group. All calcula-
tions were carried out with the GAUSSIAN 09 package [41]. 
DFT calculations were performed using the B3LYP [42, 43] 
functional together with the 6-31G(d) basis set [44]. The sta-
tionary points were characterised by frequency calculations 
in order to verify the number of imaginary frequencies (zero 
for local minima and one for TSs). The IRC [45] paths, com-
puted using the second order González-Schlegel integration 
method [46, 47], were traced in order to obtain the energy 
profiles connecting TS to the two associated minima of the 
proposed mechanism.

ELF studies were performed with the TopMod [48] 
programme using the corresponding gas phase B3LYP/6-
31G(d) monodeterminantal wavefunctions. For the BET 
study, the corresponding gas phase reaction channel was 
followed by performing the topological analysis of the ELF 
for 855 nuclear configurations along the IRC path. ELF cal-
culations were computed over a grid spacing of 0.1 a.u. for 
each structure, and ELF localisation domains were obtained 
for an ELF value of 0.75.

3 � Results and discussion

The present theoretical study has been divided into three 
sections: i) in Sect. 3.1, an ELF topological analysis and a 
natural population analysis (NPA) of the reagent NEB 1 are 
performed in order to characterise its electronic structure; ii) 
in Sect. 3.2, a BET study of the decomposition reaction of 
NEB 1 is performed in order to characterise the molecular 
mechanism of this intramolecular process; and finally, iii) 
in Sect. 3.3, an MEDT study of the decomposition reaction 
of NEB 1 based, on the one hand, the BET study, and, on 
the other hand, the analysis of the energies related to the 
different bonding changes taking place along to the reac-
tion, is given with the aim of providing an explanation of its 
activation energy.

3.1 � ELF and NPA characterisation of the electronic 
structure of NEB 1

One appealing procedure that provides a straightforward 
connection between the electron density distribution and 
the chemical structure is the quantum chemical analysis of 
Becke and Edgecombe’s ELF [22]. Therefore, in order to 
characterise the electronic structure of NEB 1, a topological 
analysis of the ELF was first performed. ELF localisation 
domains and their attractor positions, together with the most 
representative valence basin populations, as well as the pro-
posed ELF-based Lewis structure, together with the natural 
atomic charges, are shown in Fig. 2.

ELF topological analysis of NEB 1 shows the presence 
of three monosynaptic basins over the O1 and O3 oxygen 
atoms, V(O1), V′(O1) and V(O3), integrating total electron 
populations of 5.36e (O1) and 4.60e (O3), four disynaptic 
basins V(O1, C2), V(C2, O3), V(O3, C4) and V(C4, C5), 
integrating 2.39e, 1.61e, 1.39e and 1.95e, and one V(C5, 
H6) protonated basin with a population of 2.07e.

Within the ELF context, monosynaptic basins are asso-
ciated with non-bonding regions, disynaptic basins are 
related to bonding regions and protonated basins corre-
spond to bonding regions involving hydrogen atoms [49]. 
Thus, within the Lewis bonding model [50, 51], the V(O1), 
V′(O1) and V(O3) monosynaptic basins can be associated 
with O1 and O3 oxygen lone pairs, the V(O1, C2), V(C2, 
O3) and V(C5, C4) disynaptic basin with O1–C2, C2–C3 
and C4–C5 single bonds, and the V(O3, C4) disynaptic and 
V(C5,H6) protonated basins with the O3–C4 and C5–H6 
bonds that are going to be broken along the decomposition 
reaction of NEB 1 (see the proposed ELF-based Lewis struc-
ture in Fig. 2). Note, however, that the O1 and O3 oxygen 
“lone pairs” cannot actually be considered so. Interestingly, 
the V(O1, C2) population, which permits to categorise the 
O1–C2 bonding region as a single one, and the population 
of the O1 oxygen monosynaptic basins, ca. 5e, as well as 
the depopulated O3–C4 single bond, contrast with the com-
mon bonding pattern represented for NEB 1 (see the Lewis 
structures in Fig. 2). It is also worth mentioning that the 
latter feature may, at first glance, suggest a high feasibility 
for the rupture of the O3–C4 single bond.

Once the bonding pattern of NEB 1 was established, the 
charge distribution was analysed through an NPA [47, 48]. 
Natural atomic charges of the most relevant atoms are shown 
together with the proposed ELF-based Lewis structure given 
in Fig. 2. NPA of NEB 1 reveals that while the O1 and O3 
oxygen atoms gather the higher negative charges of the 
six-membered framework involved in the reaction, − 0.61e 
(O1) and − 0.56e (O3), the C5 carbon is half as negatively 
charged, − 0.35e, and the C4 carbon only slightly, − 0.14e. 
On the other hand, while the carbonyl C2 carbon presents 
a relatively high positive charge, 0.82e, the H6 hydrogen is 
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positively charged by 0.27e. Thus, while the O1, O3, C4 and 
C5 atoms gather negative charges, only the C2 carbon and 
the H6 hydrogen are positively charged.

Considering the set of resonance Lewis structures of NEB 
1, neither the O3 oxygen nor the C4 or C5 carbons would 
never somehow gather negative charges. Consequently, the 
electronic structure of NEB 1 arising from both the topo-
logical analysis of the ELF and the NPA is quite different to 
that expected (see Fig. 2). Note that the charge distribution 
obtained through the NPA is the consequence of the asym-
metric electron density delocalisation within a molecule 
resulting from the presence of different nuclei in the mol-
ecule, rather than the consequence of the resonance Lewis 
structures.

3.2 � BET study of the decomposition reaction of NEB 1

When trying to achieve a better understanding of the mecha-
nism of organic reactions, the so-called BET [21] has proven 
to be a very useful methodological tool. This quantum 
chemical methodology makes it possible to understand the 
bonding changes along a reaction path and, thus, to establish 
the nature of the electronic rearrangement associated with a 
given molecular mechanism [26–29].

The populations, among other relevant parameters, of the 
most significant ELF valence basins (those associated with 
the bonding regions directly involved in the reaction) of the 
selected points of the IRC, Pi, defining the different topolog-
ical phases are gathered in Table 1, while ELF localisation 

domains and their attractor positions for the points involved 
in the bond formation processes are shown in Fig. 3.

The long Phase I (see Fig. 4), 2.24 Å ≥ d(O1–H6) > 1.52 Å, 
1.44 Å ≤ d(O3–C4) < 1.66 Å and 1.09 Å ≤ d(C5–H6) < 1.13 Å, 
begins at P0, which is the discontinue point of the IRC from 
TS towards the isolated reagent NEB 1. The ELF picture of P0 
usually resembles that of the separated reagents. Thus, ELF 
topological analysis of P0 only reveals slight changes in the 
ELF valence basin electron populations of NEB 1 (see Table 1 
and Fig. 2). Along this phase, the population of the V(O1, C2) 
disynaptic basin progressively decreases, while that of the 
V(C2, O3) and V(C4, C5) gradually increases, a behaviour 
maintained until the end of the reaction at MC. The V(C5, H6) 
protonated basin is also slightly depopulated. Note that along 
this phase, the O1 and H6 atoms remain non-bound.

Phase II ,  1.52  Å  ≥  d(O1–H6)  >  1.35  Å, 
1.66 Å ≤ d(O3–C4) < 1.70 Å and 1.13 Å ≤ d(C5–H6) < 1.28 
Å, begins at P1. At this point, the first most relevant topologi-
cal change along the reaction path takes place; together with 
the disappearance of the V(O3, C4) disynaptic basin present 
in the previous phase by means of a fold F catastrophe, a new 
V′(O3) monosynaptic basin is created with an initial population 
of 1.04e, strongly increasing the non-bonding total electron 
density of the O3 oxygen to 5.79e. This significant topological 
change indicates that the rupture of the O3–C4 single bond 
begins at an O3–C4 distance of ca. 1.66 Å, resulting in the 
formation of a O3 pseudoradical centre. In this phase, the ben-
zoate framework is formed.

Fig. 2   a ELF localisation domains of NEB 1, represented at an iso-
surface value of ELF = 0.75; b ELF basin attractor positions, together 
with the most representative valence basin populations; c the pro-
posed ELF-based Lewis structures, together with the natural atomic 

charges, obtained through an NPA; and d the commonly used Lewis 
representation. Negative charges are coloured in red and positive 
charges are coloured in blue. ELF valence basin population and natu-
ral atomic charges are given in average number of electrons, e 
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Phase III ,  1.35  Å  ≥  d(O1–H6)  >  1.08  Å, 
1.70 Å ≤ d(O3–C4) < 1.76 Å and 1.28 Å ≤ d(C5–H6) < 1.60 Å, 
begins at P2. At this point, the second most relevant topologi-
cal change along the reaction path occurs; the V(C5, H6) pro-
tonated basin present at the previous phase splits into two new 
V(C5) and V(H6) monosynaptic basins integrating 1.16e and 
0.73e (see P1 and TS in Fig. 3). This significant topological 
change, associated with a cusp C catastrophe, indicates that the 
rupture of the C5–H6 bond takes place closely after the O3–C4 
one, at a C5–H6 distance of ca. 1.28 Å, resulting in the forma-
tion of a C5 pseudoradical centre and a free pseudoradical 
H6 hydrogen. It should be emphasised that along this phase, 
the population of the two V(O1) and V′(O1) monosynaptic 
basins is redistributed between them in such a manner that at 
the end of this phase both basins end up with 1.30e and 4.15e. 
In this phase, the TS of the reaction, TS, d(O1–H6) = 1.095 Å, 
d(O3–C4) = 1.750 and d(C5–H6) = 1.569 Å, is found, present-
ing only slight variations in the ELF basin populations with 
respect to the topological features of P2 (see Table 1).

Along Phases I–III, the two V(O3, C4) disynaptic and 
V(C5, H6) protonated basins disappear, while the V(O1, 
C2) disynaptic basin is being depopulated and those related 
to the C2–C3 and C4–C5 bonding regions are being popu-
lated. Thus, the bonding changes taking place along Phases 
I–III, which are mainly associated with the rupture of the 
two O3–C4 and C5-H6 bonds, demand a high energy cost 
(EC) of ca. 37.1 kcal mol−1 (see Table 1).

Phase IV ,  1.08  Å  ≥  d(O1–H6)  >  0.99  Å, 
1.76 Å ≤ d(O3–C4) < 2.00 Å and 1.60 Å ≤ d(C5–H6) < 1.85 Å, 
begins at P3. At this point, the third most relevant topologi-
cal change along the reaction path takes place; together with 
the strong depopulation of the V(O1) and V′(O1) monosyn-
aptic basins by 1.16e, so that both merge into one new V(O1) 
monosynaptic basin integrating 4.36e, and the disappearance 
of the V(H6) monosynaptic basin, a new V(O1, H6) protonated 
basin is created with an initial population of 1.65e through the 
merger of two V(O1) and V(H6) monosynaptic basins (see 
P3 in Fig. 3). This topological change, associated with a cusp 
C catastrophe, reveals that the formation of the new O1-H6 
single bond begins at an O1-H6 distance of ca. 1.08 by shar-
ing part of the non-bonding electron density of the O1 oxygen 
with the pseudoradical H6 hydrogen. The V(C5) monosyn-
aptic basin is still present at P3 with a population of 1.15e, 
but progressively decreases along Phase IV until 0.55e. As a 
consequence, the population of the adjacent V(C4, C5) disyn-
aptic basin, integrating 2.51e at P3, increases in such a manner 
that the C4–C5 bonding region gradually acquires double bond 
character (see P3′s Lewis structure in Table 2).

Along Phase IV, a new V(O1,H6) protonated basin is 
created and further populated, while the other V(O1, C2), 
V(C2, O3) and V(C4, C5) disynaptic basins experience 
the same changes as in previous phases. The electron den-
sity of the V(C5) monosynaptic basin gradually decreases, 
being redistributed into the adjacent V(C4, C5) disynaptic 
basin provoking its population. Thus, the bonding changes 
taking place along Phase IV, which are mainly associated 

Table 1   ELF valence basin 
populations, distances of the 
breaking and forming bonds, 
relativea electronic energies of 
the IRC points, P0–P5, defining 
the six phases characterising 
the molecular mechanism of the 
decomposition of NEB 1. The 
stationary points 1, TS and MC 
are also included. Distances are 
given in angstroms, Å, electron 
populations in average number 
of electrons, e, and relative 
energies in kcal mol−1

a Relative to the first point of the IRC, P0

Points 1 P0 P1 P2 P3 P4 P5 MC TS

Catastrophes F C† C F C†

Phases I II III IV V VI
d(O3–C4) 1.435 1.436 1.663 1.696 1.761 1.997 2.006 3.288 1.750
d(C5–H6) 1.088 1.086 1.133 1.283 1.596 1.848 1.856 2.834 1.569
d(O1–H6) 2.707 2.243 1.518 1.353 1.077 0.991 0.990 0.976 1.095
ΔEa − 5.4 0.0 22.0 30.4 37.1 30.8 30.5 10.9 37.1
V(O1, C2) 2.39 2.37 2.20 2.10 1.95 1.71 1.71 1.64 1.91
V(C2, O3) 1.61 1.59 1.76 1.87 2.07 2.29 2.28 2.37 2.04
V(C4, C5) 1.95 1.99 2.06 2.14 2.51 3.60 1.68 1.74 2.47
V′(C4, C5) 1.92 1.79
V(O1) 2.64 2.69 2.60 2.20 1.35
V′(O1) 2.70 2.67 2.93 3.32 4.36 4.40 4.39 4.45 4.13
V(O3) 4.60 4.70 4.75 4.62 4.07 3.15 3.14 2.62 4.17
V′(O3) 1.04 1.08 1.41 2.21 2.23 2.71 1.35
V(C5) 1.16 1.15 1.19
V(H6) 0.73 0.58
V(O3, C4) 1.39 1.36
V(C5, H6) 2.07 2.04 1.96
V(O1, H6) 1.65 1.79 1.80 1.69
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with the formation of the new O1–H6 bond, release a 
molecular relaxation energy of ca. 6.3 kcal mol−1 (see 
Table 1).

Phase V ,  0.991  Å  ≥  d(O1–H6)  >  0.990  Å, 
2.00 Å ≤ d(O3–C4) < 2.01 Å and 1.85 Å ≤ d(C5–H6) < 1.86 Å, 
begins at P4. At this point, established by a fold F catastro-
phe, while the V(C5) monosynaptic basin disappears, the 
V(C4, C5) disynaptic basin reaches 3.60e as a consequence 
of the redistribution of the population of the former basin 
into the latter. This high electron density permits to char-
acterise the C4–C5 bonding region as a double bond at P4 
(see P4′s Lewis structure in Table 2). On the other hand, the 
non-bonding electron density of the O3 oxygen atom is also 
redistributed between the two V(O3) and V′(O3) monosyn-
aptic basins, integrating 3.15e and 2.21e.

Final ly,  the  long Phase VI  (see  Fig.   4) , 
0.99 Å ≥ d(O1–H6) ≥ 0.98 Å, 2.01 Å ≤ d(O3–C4) ≤ 3.29 Å 
and 1.86 Å ≤ d(C5–H6) ≤ 2.83 Å, begins at P5 and ends at 
molecular complex MC, which is a minimum in the reaction 
path from TS towards the separated products, nitroethylene 
2 and benzoic acid 3. At P5, the only notable topological 
change is the split of the single V(C4, C5) disynaptic basin 
present in the nitroethylene framework at the previous phase 
into two new V(C4, C5) and V′(C4, C5) disynaptic basins, 
integrating 1.68e and 1.92e, by means of a cusp C† catastro-
phe. This topological change is simply the consequence of 
an electron density reorganisation within the C4–C5 double 
bond region, as the total population has not varied.

Along Phases V and VI, the population of the disyn-
aptic basins corresponding to the C4–C5 bonding region 
considerably increases, while the population variations of 

Fig. 3   ELF localisation domains, represented at isosurface values 
of ELF  =  0.75, together with their attractor positions the points of 
the IRC defining Phases I and II, involved in the rupture of the O3–
C4 and C5–H6 bonds, and TS and Phase IV involved in the rupture 

of the C5–H6 bond and the formation of the O1–H6 bond along the 
decomposition reaction of NEB 1. The electron populations, in e, are 
given in brackets
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the other basins follow the same trend that along previous 
phases. Consequently, the bonding changes taking place 
along Phases V and VI, which are mainly associated with 
the formation of the C4–C5 double bond of nitroethylene 2 
and the complete reorganisation to form the final structures 
of nitroethylene 2 and benzoic acid 3, release the maximum 
MRE along the reaction, ca. 19.9 kcal mol−1 (see Table 1).

At MC, d(O1–H6) = 0.967, d(O3–C4) = 3.288 Å and 
d(C5–H6) = 2.834 Å, only slight variations in the ELF 
basin populations with respect to those calculated at P5 are 
observed. After the increase of the population of the mono-
synaptic basins associated with the O3 oxygen due to the 
rupture of the O3–C4 single bond, they have been depopu-
lated to 5.33e towards the V(C2, O3) disynaptic basin, which 
reaches 2.37e. Similarly, the monosynaptic basins associated 
with the O1 oxygen end up with 4.45e after their early popu-
lation coming from the V(O1, C2) disynaptic basin and their 
next depopulation towards the new V(O1, H6) protonated 
basin, which integrates 1.69e.

From this BET study, the molecular mechanism of the 
decomposition reaction of NEB 1 can be summarised as fol-
lows (see Lewis structures in Table 2): i) this reaction is top-
ologically characterised by six differentiated phases, empha-
sising the non-concerted nature of the bonding changes 
taking place along the reaction; ii) the reaction begins with 
the depopulation of the V(O3, C4) disynaptic and V(C5, 
H6) protonated basins, associated with the two O3–C4 and 
C5–H6 bonds that are going to be broken (Phases I–III), 
until they disappear (first the V(O3, C4) disynaptic basins 
and later the V(C5, H6) protonated one) giving rise to the 
formation of two V(C5) and V(H6) monosynaptic basins; iii) 
along Phases I–III, no bound six-membered cyclic structure 
exists. This fact, together with the non-concerted nature of 

the bonding changes, also allows ruling out the proposed 
pericyclic mechanism [52, 53] in which the bonding changes 
take place “in concert on a closed curve” assuming a bound 
cyclic structure; iv) as TS is found at the end of Phase III 
(see Fig. 4), the high activation energy associated with this 
decomposition reaction, 42.5 kcal mol−1 (see Table 1), can 
mainly be related to the disappearance of the mentioned 
V(O3, C4) and V(C5, H6) basins; v) TS consists of three 
different separated frameworks: the nitroethylene one, the 
benzoate one and a free pseudoradical hydrogen, preclud-
ing any conjugation and thus, any aromatic character of 
the TS [39]; vi) next, a new V(O1, H6) protonated basin, 
associated with an O1–H6 bond, is formed at Phase IV 
through the merger of two V(O1) and V(H6) monosynaptic 
basins at dO1-H6 = 1.08 Å, and further populated releasing 
6.3 kcal mol−1; and finally, vii) the V(C5) monosynaptic 
basin disappears towards the V(C4, C5) disynaptic basin, 
whose population suddenly increases and causes the split 
into two V(C4, C5) and V′(C4, C5) disynaptic basins asso-
ciated with the C4–C5 double bond of the nitroethylene 
framework.

3.3 � MEDT study of the decomposition reaction of  
NEB 1

Within MEDT, the bonding changes are topologically and 
energetically analysed in order to understand the origin of 
the activation and the reaction energies associated with an 
organic reaction. In this section, the bonding changes aris-
ing from the BET study and their associated energy changes 
along the decomposition reaction of NEB 1 are summarised 
and described in a chemical fashion. Note that BET is a 
powerful tool to study the bonding changes along a reac-
tion pathway, i.e. the molecular mechanisms, but neither the 
energies associated with the bonding changes nor energy 
differences between competitive reaction pathways are ana-
lysed within BET.

The sequential bonding changes resulting from the BET 
study of the decomposition reaction of NEB 1 are summarised 
in Table 2, together with a simplified representation of the 
molecular mechanism by ELF-based Lewis structures, while 
the phases and groups in which the corresponding IRC is 
topologically divided are represented in Fig. 4. Some appeal-
ing conclusions can be drawn from this MEDT study: i) the 
molecular mechanism of this reaction is topologically char-
acterised by six differentiated phases which, in turn, can be 
reorganised in three Groups A–C associated with significant 
chemical events (see Table 2 and Fig. 4). This fact clearly 
allows ruling out the pericyclic mechanism [53] proposed for 
this reaction; ii) Group A, which comprises Phases I–III and 
demands a high EC of ca. 37.1 kcal mol−1, is associated with 
the rupture of the O3–C4 and C5–H6 bonds of NEB 1; iii) the 
rupture of the O3–C4 and C5–H6 bonds, at dO3-C4 = 1.66 Å 

Fig. 4   Phases in which the IRC associated with the decomposition 
reaction of NEB 1 is topologically divided. The red point indicates 
the position of TS, black broken lines separate the phases defined by 
points Pi along the IRC, while blue, pink and green areas represent 
the different groups in which the reaction is mechanistically divided. 
Relative energies (∆E, in kcal  mol−1) are given with respect to the 
more stable conformational isomer of NEB 1 
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and dC5-H6 = 1.28 Å, is only slightly asynchronous and could 
be considered a synchronous process (∆dO3-C4 = 0.03 Å and 
(∆dC5-H6 = 0.15 Å); iv) the rupture of these bonds leads to the 
formation of three O3, C5 and H6 pseudoradical centres; v) as 
TS is found at the end of Phase III, the high activation energy 
associated with this decomposition reaction in gas phase, 
42.5 kcal mol−1, can mainly be related to the rupture of the 
O3–C4 (ca. 22.0 kcal mol−1) and C5–H6 (ca. 15.1 kcal mol−1) 
bonds of NEB 1, yielding two separated frameworks and a 
free hydrogen H6 atom stabilised by the C5 pseudoradi-
cal centre and the non-bonding O1 electron density; vi) the 
low electron population of the V(O3, C4) disynaptic basin 
together with the high EC demanded for the rupture of the 

first O3–C4 single bond suggests that this bond has a strong 
ionic character; vii) Group B, which comprises only Phase 
IV and releases an MRE of 6.3 kcal mol−1, is mainly associ-
ated with the formation of the new O1–H6 bond at a O1–H6 
distance of ca. 1.1 Å by sharing part of the non-bonding elec-
tron density of the O1 oxygen with the free pseudoradical H6 
hydrogen; and finally, viii) Group C, which comprises Phases 
V and VI and releases an MRE of 19.9 kcal mol−1, is mainly 
associated with the formation of the C4–C5 double bond at 
the nitroethylene framework and to the molecular electronic 
relaxation associated with the formation of nitroethylene 2 
and benzoic acid 3.

Table 2   Sequential bonding changes along the decomposition reac-
tion of NEB 1, showing the equivalence between the topological 
characterisation of the different phases and the chemical processes 

occurring along them. Distances are given in angstroms, Å, while the 
energies involved in each group, ∆E, are given in kcal mol−1

Group Phases D1(O1–H6) 
d2(O3–C4)
d3(C5–H6)

∆E Topological characterisation Chemical process

A I–III (TS) 2.24 ≥ d1 > 1.08
1.44 ≤ d2 < 1.76
1.09 ≤ d3 < 1.60

37.1 Disappearance of the V(O3, C4) and V(C5, H6) basins Rupture of the O3–C4 and
C5–H6 bonds

B IV 1.08 ≥ d1 > 0.99
1.76 ≤ d2 < 2.00
1.60 ≤ d3 < 1.85

− 6.3 Formation of the V(O1, H6) protonated basin Formation of the O1–H6 bond

C V, VI 0.99 ≥ d1 ≥ 0.98
2.00 ≤ d2 ≤ 3.29
1.85 ≤ d3 ≤ 2.83

− 19.9 Disappearance of the V(C5) monosynaptic basin and 
split of the V(C4, C5) disynaptic basin into two V(C4, 
C5) and V′(C4, C5) disynaptic basins

Formation of the C4–C5 double bond
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4 � Conclusions

The molecular mechanism of the decomposition reaction 
of NEB 1 yielding nitroethylene 2 and benzoic acid 3 has 
been studied within the MEDT using DFT methods at the 
B3LYP/6-31G(d) computational level. This decomposition 
reaction takes place through a one-step mechanism. BET 
analysis of this reaction provides a complete characterisa-
tion of the electron density changes along the reaction. The 
reaction begins by the synchronous rupture of the O3–C4 
and C5–H6 single bonds of NEB 1. These changes, which 
demand an energy cost of 37.1 kcal mol−1, are responsible 
for the high activation energy associated with this decom-
position reaction. Interestingly, while the rupture of the 
first O3–C4 single bond takes place heterolytically, the 
rupture of the C5–H6 takes place homolytically, leading to 
the formation of a pseudoradical hydrogen atom. Forma-
tion of the C4–C5 double bond present in nitroethylene 2 
takes place at the end of the reaction. In spite of the fact 
that this process releases an MRE of 19.9 kcal mol−1, it 
is not sufficient to overcome the energy demanded for the 
rupture of the O3–C4 and C5–H6 bonds, and consequently, 
the overall process is endothermic.

The six differentiated phases in which the IRC associ-
ated with this decomposition reaction is divided clearly 
point out the non-concerted nature of the bonding changes. 
This behaviour, together with the flux of the electron den-
sity on going from the reagent NEB 1 towards TS1 (see 
Fig. 5), makes it possible to reject a pericyclic mechanism. 
These reactions in which the six associated atomic centres 
are assembled in a more or less distortioned six-membered 
cyclic rearrangement at the TS but not necessarily bound 
have recently been categorised as pseudocyclic reactions. 
Consequently, the decomposition reaction of NEB 1 can 

be considered a non-concerted one-step pseudocyclic 
reaction.
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Abstract The molecular mechanism of the decomposition reaction of nitroethyl

benzoates catalyzed by Lewis acids based on boron element—BH3 and BF3—was

studied using density functional theory methods. These reactions take place much

faster than the uncatalyzed process. However, the presence of fluorinated Lewis

acids has a unique influence on the molecular mechanism. In the case of BF3, a

change from a one-step mechanism to a two-step one involving a zwitterionic

intermediate is observed.

Keywords Thermal elimination � DFT study � Nitroalkene � Fluorine

effect

Introduction

Conjugated nitroalkenes (CNAs) are valuable precursors for a wide variety of

building blocks and intermediates in organic synthesis [1–3]. These compounds are

found to be important because of their biological activities, such as insecticidal

[4, 5], fungicidal [5–8], bactericidal [9, 10], and antitumor effects [11], including

pharmacologically valuable substances [6–9]. They have proved to be valuable

precursors for a wide variety of target molecules. The versatility of the nitro group

enables its transformation into many compounds with diverse functionalities

[12–14]. Furthermore, CNAs are strong electrophilic ethylenes participating in polar
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Diels–Alder reactions, and alternatively these electrophilic species readily undergo

addition reactions with various nucleophiles, thus providing an array of valuable

products [11].

Thermal decomposition of alkyl esters to produce alkenes and carboxylic acids is

a well-established process that has been studied for over a century [15, 16].

Although some of the decomposition reactions for preparation of nitroalkenes are

productive, many of them require strict reaction conditions, are expensive, and lead

to low yield of nitroalkenes. Examples include elimination of carboxylic acid from

nitroalkyl benzoates carried out at temperature of 180–190 �C [17], and decom-

position of nitroalkyl phthalates, which proceeds at 170–185 �C [18]. Additionally,

highly reactive nitroalkenes rapidly polymerize under these conditions [19].

Research in this field to identify benign conditions for obtaining conjugated

nitroalkenes is therefore essential.

This work is a continuation of our extensive study on the synthesis and

fundamental properties of CNAs. Previously [20, 21], we analyzed mechanistic

aspects of the decomposition of nitroalkyl carboxylates under thermal conditions.

We demonstrated that thermal decomposition of nitroethyl carboxylates should not

be recognized as a pericyclic but rather as a two-stage one-step process [22]. We

also performed quantum-chemical calculations on the decomposition of nitroalkyl

carboxylates catalyzed by triethylsulfonium (TES), triethylphosphonium (TEP)

[23], and 1,3-dimethylimidazolium (DMIM) [24] cations. We proved that, in

presence of TES, TEP, and DMIM cations, the decomposition process of nitroethyl

benzoates takes place much faster than in the same process without catalyst.

It is well known that use of Lewis acids can lead to significant changes in the

nature of the molecular mechanism in comparison with the uncatalyzed process

[25]. The aim of this work is a quantum-chemical study on the molecular

mechanism of the decomposition reactions of model nitroethyl benzoates, without

or in presence of inorganic Lewis acid (LA) catalysts, viz. borane (BH3) and boron

trifluoride (BF3) (Scheme 1).

These catalysts have also been applied for other types of fundamental reaction,

for instance, polar Diels–Alder [26–28] or [3 ? 2]-cycloaddition reactions [29]. The

decomposition process of nitroethyl carboxylates is carried out in dichloromethane

environment, because it is a good solvent for LAs [26, 27, 30, 31].

Results and discussion

As shown by M06-2X/6-31 ? G(d) calculations, the first step of the decomposition

reaction of nitroethyl benzoate (1a) is formation of a prereaction complex

(1a[BH3]) between the ester and the LA- BH3. Electron-deficient molecules, such

as BF3 and BH3, contain less than an octet of electrons around one atom, showing a

strong tendency to gain an additional pair of electrons by reacting with substances

that possess a lone pair of electrons. As a result, a bond is formed. The bond formed

between a Lewis acid (BH3) and nitroethyl benzoate (1a) is a coordinate covalent

bond, because both electrons are provided by only one of the atoms. After it is

formed, however, a coordinate covalent bond behaves like any other covalent single

A. Kącka et al.

123



bond. Consequently, the creation of a prereaction complex entails a drop in reaction

enthalpy by 15.0 kcal mol-1 (Fig. 1, Table 1). The LA catalyst—BH3—is located

near to the oxygen atom of the nitro group. We also analyzed many other

orientations of the LA BH3 catalyst to the ester molecule. For subsequent research,

we chose the most stable form.

Further conversion of the reacting system along the reaction coordinate leads to

the transition state structure (TS). As these data from M06-2X/6-31 ? G(d) calcu-

lations show, this is related to an enthalpy increase of over 31.9 kcal mol-1 for the

reaction catalyzed by the LA BH3. This barrier, however, is much smaller than

suggested by the DFT calculations for a similar decomposition reaction without LA

catalysis (about 39.5 kcal mol-1) (Fig. 1, Table 2). Afterwards, the TS is converted

to products 2 and 3a (Figs. 1, 2).

In the structure of transition states, a C–H single bond between O5 and H6 atoms

is formed. Two double bonds are formed between the C1–C2 and O3–C4 atoms, the

C4–O5 bond is changed to a single bond, and the H6–C1 bond becomes broken

(Fig. 3, Table 3).

On the basis of the calculations performed, we also analyzed the influence of the

LA BH3 catalyst in the structure of TS. It turned out that the H6–C1 bond in the

reaction catalyzed by the LA BH3 is broken earlier than in the uncatalyzed process.

In TS, the rupture of the O5–H6 single bond is in any case very advanced. The

global electron density transfer (GEDT) value for the transition state for the

R = a – H, b – NO2, c – NMe2; LA= BH3 or BF3

Scheme 1 Mechanism of LA-catalyzed decomposition reaction of nitroethyl benzoates 1a–c
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decomposition reaction catalyzed by the Lewis acid BH3 is 0.40[e]. This value is

comparable to the GEDT value for the transition state of similar noncatalytic

processes. TS structures have a polar nature, as proved by the values of GEDT

indices and their dipole moments (Table 3).

The nature of the substituent on the benzene ring also has an impact on the TS, in

the case of catalytic reactions and those carried out without presence of catalyst. In

the case of the reactions [1b][BH3] ? [2][BH3] ? 3b, the H6–C1 and C2–O3

bonds are broken more slowly than the same bonds in the reaction

[1a][BH3] ? [2][BH3] ? 3a. In turn, the H6–C1 and C2–O3 bonds in the case

Fig. 1 M06-2X/6-31 ? G(d) enthalpy profiles for decomposition of nitroethyl benzoate 1a, catalyzed by
BH3 and without catalyst

Table 1 M06-2X/6-

31 ? G(d) kinetic and

thermodynamic parameters for

decomposition of nitroethyl

benzoates catalyzed by BH3

according to M06-2X

calculations (T = 298 K; DH,

DG in kcal mol-1, DS in

cal mol-1 K-1; 1a R = H, 1b
R = NO2, 1c R = NMe2)

Ester Transition DH DG DS

1a 1a ? BH3 ? [1a][BH3] -15.0 -4.2 -36.1

[1a][BH3] ? TS 31.9 32.2 -1.0

[1a][BH3] ? [2][BH3] ? 3a 17.3 5.2 40.6

1b 1b ? BH3 ? [1b][BH3] -14.9 -3.1 -39.5

[1b][BH3] ? TS 34.1 33.8 0.4

[1b][BH3] ? [2][BH3] ? 3b 17.3 4.3 43.6

1c 1c ? BH3 ? [1c][BH3] -15.3 -4.2 -37.5

[1c][BH3] ? TS 29.2 30.3 -3.9

[1c][BH3] ? [2][BH3] ? 3c 17.8 5.6 40.7
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of the reaction [1c][BH3] ? [2][BH3] ? 3c are broken faster than in the case of the

reaction [1a][BH3] ? [2][BH3] ? 3a (Table 3).

It should also be mentioned that DFT study using the same M06-2X functional

but with larger 6-31 ? G(d,p) and 6-311 ? G(d) basis sets gives a similar

representation of these reactions. These calculations show that the mechanism of the

decomposition reaction of nitroalkyl carboxylates catalyzed by the LA BH3 and

without catalyst are also suggestive of a one-step mechanism. In the case of

calculations based on M06-2X/6-31 ? G(d,p) theory level, we observed a decrease

in the activation enthalpy (Figs. 1, 2).

Fig. 2 M06-2X/6-31 ? G(d) Gibbs free energy profiles for decomposition of nitroethyl benzoate 1a,
catalyzed by BH3 and without catalyst

Table 2 M06-2X/6-31 ? G(d) kinetic and thermodynamic parameters for decomposition of nitroethyl

benzoates according to M06-2X calculations (T = 298 K; DH, DG in kcal mol-1, DS in cal mol-1 K-1;

1a R = H, 1b R = NO2, 1c R = NMe2)

Ester Transition DH DG DS

1a 1a ? TS 39.5 40.2 -2.2

1a ? 2 ? 3a 18.2 6.4 39.8

1b 1b ? TS 41.4 42.6 -4.2

1b ? 2 ? 3b 18.3 6.6 39.3

1c 1c ? TS 37.4 38.3 -2.9

1c ? 2 ? 3c 18.4 6.6 39.5
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The situation is quite different in the case of the decomposition reaction of

nitroethyl carboxylate catalyzed by the LA BF3. The results of M06-2X/6-

31 ? G(d) calculations showed that the first step of the decomposition of nitroethyl

benzoate (1a) is also formation of a prereaction complex (1a[BF3]). Consequently,

the creation of a prereaction complex entails a drop of reaction enthalpy by

10.5 kcal mol-1 (Fig. 4). Nonetheless, the Gibbs free energy for this transition is

equal to 1.0 kcal mol-1 (Fig. 4). This is a consequence of large negative entropy

changes, linked to an increase in the ordering of the reaction system. The BF3

molecule is also located near to the oxygen atom of the nitro group, but is bonded to

an oxygen atom other than the BH3 molecule. We analyzed many other orientations

of the BF3 catalyst to the ester molecule, but for further research we chose the most

stable form.

Thereafter, the prereaction complex is recast to TS1. This transition requires an

activation enthalpy which is more than 22 kcal mol-1 (Fig. 4, Table 4). However, it

is significantly less than in the case of the decomposition process of 1a without

presence of the LA BF3 (about 39.5 kcal mol-1).

In TS1, one single bond breaks (Fig. 5, Table 5). It is the bond between the C1

and H6 atoms. Subsequently, a new single bond between atoms H6 and O5 is

formed. It should be mentioned that, in contrast to the LA- BH3-catalyzed

decomposition reaction of 1a and to the uncatalyzed process, the second single bond

C2–O3 is not broken at this reaction stage. TS1 has an evidently polar,

‘‘zwitterionic-like’’ nature. This is substantiated by the value of the global electron

density transfer (GEDT), which is equal to 0.43[e].

Further advance of the reaction leads to intermediate I. I has a polar, zwitterionic

nature, as confirmed by the GEDT value (0.46[e]) and dipole moment (15.67[D]).

Decomposition of this intermediate proceeds via TS2. This step requires energy of

Fig. 3 M06-2X/6-
31 ? G(d) geometry of TSs of
decomposition of nitroethyl
benzoate 1a, catalyzed by BH3

and without catalyst
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25.3 kcal mol-1 (Fig. 4, Table 4). In the structure of TS2, the C2–O3 single bond

breaks (Fig. 5, Table 5).

We also performed quantum-chemical study on the decomposition of the other

nitroethyl benzoates 1b and 1c. In the reaction [1b][BF3] ? [2][BF3] ? 3b, it was

found that the H6–C1 and C2–O3 single bonds are broken more slowly (2.798 Å

and 1.845 Å) than in the reaction [1a][BF3] ? [2][BF3] ? 3a. In turn, the H6–C1

Fig. 4 M06-2X/6-31 ? G(d) enthalpy and Gibbs free energy profiles for decomposition of nitroethyl
benzoate 1a catalyzed by BF3

Table 4 M06-2X/6-

31 ? G(d) kinetic and

thermodynamic parameters for

LA BF3-catalyzed

decomposition of nitroethyl

benzoates according to M06-2X

calculations (T = 298 K; DH,

DG in kcal mol-1, DS in

cal mol-1 K-1; 1a R = H, 1b
R = NO2, 1c R = NMe2)

Ester Transition DH DG DS

1a 1a ? BF3 ? [1a][BF3] -10.5 1.0 -38.6

[1a][BF3] ? TS1 22.8 24.3 -5.1

[1a][BF3] ? I 20.9 22.9 -6.7

[1a][BF3] ? TS2 25.3 26.1 -2.5

[1a][BF3] ? [2][BF3] ? 3a 17.5 5.4 40.7

1b 1b ? BF3 ? [1b][BF3] -10.1 1.8 -39.9

[1b][BF3] ? TS1 24.9 26.0 -3.5

[1b][BF3] ? I 23.5 24.0 -1.8

[1b][BF3] ? TS2 26.8 27.6 -3.0

[1b][BF3] ? [2][BF3] ? 3b 17.2 4.8 41.7

1c 1c ? BF3 ? [1c][BF3] -11.1 -0.3 -35.6

[1c][BF3] ? TS1 20.1 22.4 -7.8

[1c][BF3] ? I 16.2 19.0 -9.4

[1c][BF3] ? TS2 23.1 25.6 -8.2

[1c][BF3] ? [2][BF3] ? 3c 18.1 7.2 36.5
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and C2–O3 single bonds are broken faster (2.952 Å and 1.938 Å) in the reaction

[1c][BF3] ? [2][BF3] ? 3c than in the case of the reaction

[1a][BF3] ? [2][BF3] ? 3a.

The decompositions of the nitroethyl benzoates 1a–c proceed according to a

similar mechanistic scheme at the higher theory levels of M06-2X/6-31 ? G(d,p)

and M06-2X/6-311 ? G(d). Calculations at M06-2X/6-31 ? G(d,p) level gave

slightly lower activation enthalpy (Fig. 4).

On the grounds of the quantum-chemical calculations, we propose the

mechanisms of the decomposition reactions of nitroethyl benzoates 1a–c catalyzed

by the LAs BH3 and BF3 shown in Scheme 2. It turned out that the LA BH3-

catalyzed decomposition reactions of nitroethyl carboxylates proceed via a polar

one-step mechanism. In turn, the decomposition of nitroethyl carboxylates catalyzed

by the fluorinated LA BF3 proceeds via a two-step mechanism involving a

zwitterionic intermediate.

Computational details

All calculations reported in this paper were performed on the ‘‘Prometheus’’

computer cluster in the CYFRONET regional computer center in Cracow. The

mechanism of decomposition of nitroalkyl benzoates catalyzed by LAs was

examined as implemented in the GAUSSIAN 09 package [32]. The geometric

parameters for all the reactants, TSs, and products of the reactions studied were

fully optimized using the density functional theory (DFT) method. The calculations

were performed at M06-2X level with the 6-31 ? G(d) basis set. The B3LYP

functional was replaced by M06-2X because of its increased accuracy. Additionally,

Fig. 5 M06-2X/6-31 ? G(d) geometries of the TSs and intermediate associated with LA- BF3-catalyzed
decomposition of nitroethyl benzoate 1a
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calculations using the more advanced 6-31 ? G(d,p) and 6-311 ? G(d) basis sets

were carried out.

Published reports show that a similar approach was used successfully to explore a

reaction involving several different nitro and other compounds [33–35]. M06-2X is

a hybrid meta exchange–correlation functional developed recently [36], parame-

terized to include short-range dispersion energy. Geometry optimization calcula-

tions were carried out to obtain the global minima for the reactants and products,

and to locate the saddle point for the TS. Stationary points were characterized by

frequency calculations. All reactants and products had positive Hessian matrices.

All TSs had only one negative eigenvalue in their diagonalized Hessian matrices,

and their associated eigenvectors were confirmed to correspond to motion along the

reaction coordinate under consideration. TSs were located using the (QST2)

algorithm. Intrinsic reaction coordinate (IRC) calculations [37] were carried out for

all events to verify that the localized TSs connected with the corresponding

minimum stationary points associated with reactants, products, and intermediates.

The reaction environment polarity was simulated using a relatively simple self-

consistent reaction field (SCRF) [38–40] based on the polarizable continuum model

(PCM) of Tomasi’s group [41–43]. Since the solvent used is usually dichlor-

omethane, we used a dielectric constant at 298.0 K of e = 8.93.

Charge global electron density transfer (GEDT) [44] was calculated according to

the formula

R = a – H, b – NO2, c – NMe2

Scheme 2 Mechanisms of decomposition reaction of nitroethyl benzoates 1a–c catalyzed by LAs BH3

and BF3
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GEDT ¼ �RqA;

where qA is the net charge and the sum is taken over all the atoms of the

substructure.

The values of enthalpies, entropies, and free energies in all calculations were

calculated using standard statistical thermodynamics at 25 �C and 1 atm [45].

Conclusions

This quantum-chemical DFT study demonstrates that the LA BH3-catalyzed

decomposition reactions of nitroethyl benzoates proceed via a polar one-step

mechanism. By contrast, the decomposition reaction of nitroethyl benzoates

catalyzed by the fluorinated LA BF3 proceeds via a two-step mechanism involving

formation of a zwitterionic intermediate. These decomposition reactions, catalyzed

by the LAs BH3 and BF3, take place much faster than the same reactions without

catalyst.
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ABSTRACT
A quantum chemical study of the decomposition reactions of nitroethyl benzoates catalyzed by triethyl-
sulfonium and triethylphosphonium cations was carried out using various DFT theory levels. It was found
that these reactions take place according to a one-step but polar mechanism, and much faster than the
uncatalyzed process.

GRAPHICAL ABSTRACT

Introduction

The synthesis of conjugated nitroalkenes (CNA) has been a
challenge for many years because of their importance in terms
of their application as either biologically or pharmacologically
active substances.1–6,7 As stated, some nitroalkene motifs have
also been reported as pro-apoptotic anticancer8 and antibac-
terial agents.9 Nitroalkenes are also valuable precursors to
a wide variety of building blocks, and in organic synthesis
as key intermediates in the construction of more complex
molecules.10–13 The synthetic versatility of these derivatives
arises from the powerful electron-withdrawing effect of the
nitro substituent that makes them hard electrophiles and, there-
fore, goodMichael acceptors14–16 as well as efficient dienophiles
in Diels-Alder reactions17–20 and dipolarophiles in 1,3-dipolar
cycloadditions.21–25 The versatility in organic synthesis is

CONTACT Agnieszka Kącka akacka@chemia.pk.edu.pl Institute of Organic Chemistry and Technology, Cracow University of Technology, Warszawska , -
Cracow, Poland.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/gpss.

largely due to the ease with which they are transformed in to
various functionalities.26 For example, they provide access to
useful synthetic precursors such as amines,27 nitroalkanes,28
ketones,29 oximes,30 or N-substituted hydroxylamines.31

The most common method for the preparation of
nitroalkenes involves the decomposition of nitroalkyl esters.32
The thermal decomposition of alkyl esters to produce alkenes
and carboxylic acids is a well-established process that has been
studied for over a century.33 Although some of the decomposi-
tion reactions for the preparation of nitroalkenes are efficient,
they are provided in strict reaction conditions, are expensive,
and lead with a low yield to nitroalkenes. For example, decom-
positions of nitroalkyl phthalates proceed at 170–185°C.34 As
similar elimination of carboxylic acid from nitroalkyl benzoates
is carried out at a temperature 180–190°C.35 Unfortunately,

©  Taylor & Francis Group, LLC
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simple, high reactive nitroalkenes such as nitroethene, nitro-
propenes, and many others, rapidly polymerize under these
conditions.36 Therefore, research undertaken in the field on
looking for mild conditions of obtained CNA are necessary and
justified.

This present work is a continuation of our comprehen-
sive study on the decomposition process of nitroalkyl carboxy-
lates.22,37 Previously, we performed a DFT mechanistic study of
the decomposition reaction of selected nitroalkyl benzoates. We
demonstrated that the thermal decomposition of nitroethyl car-
boxylates cannot be considered as a pericyclic process. Detailed
analysis indicated that these process should be included in the
group of “one-step two-stage” reactions.22

Ionic liquids, in different ways, have been applied in cataly-
sis: as the catalyst itself, as a co-catalyst or catalyst activator, as
the source of a new ligand for a catalytic metal centre, or just as
the solvent for the reaction. In the literature we findmany exam-
ples of applications of ionic liquids in catalysis.38–43 For example,
phosphonium and sulfonium ionic liquids are applied as cata-
lysts in the thermal decomposition of cyclic organic peroxides44
and hydrothermal decomposition reactions of cellulose, glucose
and fructose.45

The potentially powerful way in which an ionic liquid can
be used in catalysis is as a combination of both solvent and cat-
alyst. However, changing the solvent leads to a faster reaction,
and the new solvent can be viewed as being a catalyst. After all,
the reaction has been accelerated and the solvent has remained
unchanged by the process.46

The aim of this work is a quantum chemical study of the
molecular mechanism of the decomposition reaction of model
nitroethyl benzoates in the presence of Et3PH+ and Et3S+

cations. The cations may be obtained from ionic liquids, which
have been generating interest over the last decade due to
their properties. Ionic liquids with these cations have been
tested in practice as reaction mediums for several organic
reactions.38,47–49

Results and discussion

Computational details

All calculations were carried out using the Prometheus com-
puter cluster in the CYFRONET regional computer centre in
Cracow. The mechanism of the decomposition of nitroalkyl
benzoates catalyzed by the triethylsulfonium and the tri-
ethylphosphonium cations have been examined as implemented
in GAUSSIAN 09 package.50 The geometric parameters for all
the reactants, transition states and products of the reactions
studied were fully optimized using the density functional the-
ory (DFT) method. The calculations were performed using the
B3LYP51 with 6–31G(d) basic set. Additionally, calculations in
more advanced 6-31G(d,p), 6-31+G(d), and 6-31++G(d) basis
sets, were carry out.

Recently published reports52–58 show that a similar approach
was used successfully for the exploration of a reaction involving
several different nitro compounds. B3LYP is a combination
of Becke’s three parameter hybrid exchange functional59 with

the Lee, Yang and Parr correlated functional.60 Geometry opti-
mization calculations have been carried out to obtain the global
minima for the reactant and products, and to locate the saddle
point for the transition state. Stationary points were charac-
terised by frequency calculations. All reactants, and products
had positive Hessian matrices. All transition states showed only
one negative eigenvalue in their diagonalized Hessian matrices,
and their associated eigenvectors were confirmed to correspond
to the motion along the reaction coordinate under considera-
tion. Transition states were located using the (QST2) algorithm.
For the optimization process, the Berny analytical gradient
was employed. Intrinsic reaction coordinate (IRC) calcula-
tions61 have been made in all events to verify that the localized
transition state structures connect with the corresponding
minimum stationary points associated with reactants and
products.

The reaction environment polarity was simulated using
Polarizable Continuum Model (PCM).62 It was assumed that
the reaction environment has dielectric constant, ε = 14.1, for
reaction catalyzed by triethylsulfonium cation, and ε = 10.1 for
the reaction catalyzed by triethylphosphonium cation (the most
typical triethylsulfonium ionic liquids have ε = ∼13.2–15.863,64
and the triethylphosphonium ionic liquid have ε = ∼8–1265).

Charge global electron density transfer (GEDT)66 was
calculated according to the formula:

GEDT = − �qA

where qA is the net charge and the sum is taken over all the
atoms of the substructure.

The values of enthalpies, entropies and free energies in
all calculations were calculated with the standard statistical
thermodynamics at 25°C and 1 atm.67

Energetical aspects of the decomposition reactions
catalyzed by the TES and the TEP cations

Results of the B3LYP/6–31G(d) calculations showed, that the
first step of the decomposition of nitroethyl benzoate (1a) is the
formation of a pre-reaction complex ([1][TES] and [1][TEP])
between the molecule of the ester and the triethylsulfonium
and the triethylphosphonium cations, respectively (Scheme 1).
A formation pre-reaction complex is associated with the reduc-
tion enthalpy of the reaction of about 2.31 kcal·mol−1 for
[1][TES] complex and 2.78 kcal·mol−1 for [1][TEP] complex.
Optimally, from the energetic point of view the orientation of
these cations is situated nearby the oxygen atoms of the nitro
group.

Next, the pre-reaction complex is converted to the transition
state (TS[TES] and TS[TEP], respectively) (Scheme 1, Figure 1
and 2). It results in the enthalpy of activation increase of over
22 kcal·mol−1 for the reaction catalyzed by both cations (Table 1
and 2). This barrier, however, is significantly smaller than shown
by DFT calculations for a similar reaction provide without ionic
liquid cations (about 38 kcal·mol−1).37 Further conversion of the
transition state leads to products 2 and 3 (Scheme 1).

We have also performed B3LYP/6-31G(d) calculations,
which present the influence of the substituent in the leaving
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Scheme . Mechanism of the decomposition reaction of nitroethyl benzoates catalyzed by the triethylsulfonium (TES) and the triethylphosphonium (TEP) cations.

group. Regardless of the nature of the substituent in the ben-
zene ring, esters will undergo the decomposition according
to a one-step mechanism. In the event of the reaction cat-
alyzed by the triethylphosphonium cation, the decomposition
process of substituted esters with the electrodonating group
(1b – NMe2) will lower the enthalpy of the activation barrier
(19.64 kcal·mol−1). Then, the decomposition process of esters
with the electroaccepting group (1c – NO2) will make the pro-
cess tougher (24.70 kcal·mol−1) (Table 2). Calculations obtained
for the decomposition process of substituted esters in uncat-
alyzed conditions give similar results (NMe2 – 37.52 kcal·mol−1,
NO2 – 39.65 kcal·mol−1).38 The situation is the same, in the
case of the reaction catalyzed by the triethylsulfonium cation.
In the presence of the electrodonating group the process runs

faster (18.44 kcal·mol−1), but electroaccepting groups make the
increase in the enthalpy of the activation and process proceed
with more difficulty (23.14 kcal·mol−1) (Table 1).

It should also bementioned that calculations at higher theory
levels B3LYP/6-31+G(d), B3LYP/6-31++G(d), and B3LYP/6-
31G(d,p) give a similar image of these reactions. These calcu-
lations supplied slightly lower enthalpy of activation (Table 1
and 2). In the event of the uncatalyzed decomposition, we also
observed a decrease in the enthalpy of activation.38

Transition structures of the decomposition reactions

The transition states (TS[TES] and TS[TEP]) have a six-
membered structure (Figure 3). Simultaneously, new bonds are

Figure . Energy profiles for the decomposition of nitroethyl benzoate a catalyzed by the triethylsulfonium cation.
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4 A. KĄCKA AND R. JASIŃSKI

Figure . Energy profiles for the decomposition of nitroethyl benzoate a catalyzed by the triethylphosphonium cation.

formed: between atoms H6-O5 and between atoms C1-C2 and
C4-O3 double bonds. The C4-O5 bond is changed to a single
bond. H6-C1 and C2-O3 bonds become broken (Table 4).

Thereafter, we also analysed the influence of the TES and
the TEP cations of structure TS. It was found that the H6-C1

bond in the case of reactions catalyzed by the TES and the TEP
cations are created faster than in the case of the uncatalyzed
reaction. In turn, the C2-O3 bond of TS of reactions catalyzed
by both cations are broken more slowly than in the case of
the uncatalyzed process.38 In the reaction catalyzed by the

Table . Kinetic and thermodynamics parameters for thedecompositionof nitroethyl benzoates catalyzedby the triethylsulfoniumcation (T= K;�H,�G in kcal·mol−,
�S in cal·mol−·K−; a - R= H, b - R= NMe, c - R= NO).

Ester Theoretical level Transition �H �G �S

1a -G(d) 1a+TES→[1a][TES] − . . − .
[1a][TES]→TS[TES] . . − .
[1a][TES]→[2][TES]+3a . − . .

-+G(d) 1a+TES→[1a][TES] . . − .
[1a][TES]→ TS[TES] . . − .
[1a][TES]→[2][TES]+3a − . − . .

-++G(d) 1a+TES→[1a][TES] . . − .
[1a][TES]→ TS[TES] . . − .
[1a][TES]→[2][TES]+3a − . − . .

-G(d,p) 1a+TES→[1a][TES] − . . − .
[1a][TES]→ TS[TES] . . − .
[1a][TES]→[2][TES]+3a . − . .

1b -G(d) 1b+TES→[1b][TES] − . . − .
[1b][TES]→ TS[TES] . . − .
[1b][TES]→[2][TES]+3b . − . .

-+G(d) 1b+TES→[1b][TES] . . − .
[1b][TES]→ TS[TES] . . − .
[1b][TES]→[2][TES]+3b − . − . .

-++G(d) 1b+TES→[1b][TES] . . − .
[1b][TES]→ TS[TES] . . − .
[1b][TES]→[2][TES]+3b − . − . .

-G(d,p) 1b+TES→[1b][TES] − . . − .
[1b][TES]→ TS[TES] . . − .
[1b][TES]→[2][TES]+3b . − . .

1c -G(d) 1c+TES→[1c][TES] − . . − .
[1c][TES]→ TS[TES] . . − .
[1c][TES]→[2][TES]+3c − . − . .

-+G(d) 1c+TES→[1c][TES] . . − .
[1c][TES]→ TS[TES] . . − .
[1c][TES]→[2][TES]+3c − . − . .

-++G(d) 1c+TES→[1c][TES] . . − .
[1c][TES]→ TS[TES] . . − .
[1c][TES]→[2][TES]+3c − . − . .

-G(d,p) 1c+TES→[1c][TES] − . . − .
[1c][TES]→ TS[TES] . . − .
[1c][TES]→[2][TES]+3c . − . .
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PHOSPHORUS, SULFUR, AND SILICON 5

Table . Kinetic and thermodynamics parameters for the decomposition of nitroethyl benzoates catalyzed by the triethylphosphonium cation (T =  K; �H, �G in
kcal·mol−,�S in cal·mol−·K−; a - R= H, b - R= NMe, c - R= NO).

Ester Theoretical level Transition �H �G �S

1a -G(d) 1a+TEP→[1a][TEP] − . . − .
[1a][TEP]→TS[TEP] . . − .
[1a][TEP]→[2][TEP]+3a . − . .

-+G(d) 1a+TEP→[1a][TEP] − . . − .
[1a][TEP]→ TS[TEP] . . − .
[1a][TEP]→[2][TEP]+3a − . − . .

-++G(d) 1a+TEP→[1a][TEP] − . . − .
[1a][TEP]→ TS[TEP] . . − .
[1a][TEP]→[2][TEP]+3a − . − . .

-G(d,p) 1a+TEP→[1a][TEP] − . . − .
[1a][TEP]→ TS[TEP] . . − .
[1a][TEP]→[2][TEP]+3a . − . .

1b -G(d) 1b+TEP→[1b][TEP] − . . − .
[1b][TEP]→ TS[TEP] . . − .
[1b][TEP]→[2][TEP]+3b . − . .

-+G(d) 1b+TEP→[1b][TEP] − . . − .
[1b][TEP]→ TS[TEP] . . − .
[1b][TEP]→[2][TEP]+3b . − . .

-++G(d) 1b+TEP→[1b][TEP] − . . − .
[1b][TEP]→ TS[TEP] . . − .
[1b][TEP]→[2][TEP]+3b . − . .

-G(d,p) 1b+TEP→[1b][TEP] − . . − .
[1b][TEP]→ TS[TEP] . . − .
[1b][TEP]→[2][TEP]+3b . − . .

1c -G(d) 1c+TEP→[1c][TEP] − . . − .
[1c][TEP]→ TS[TEP] . . − .
[1c][TEP]→[2][TEP]+3c . − . .

-+G(d) 1c+TEP→[1c][TEP] − . . − .
[1c][TEP]→ TS[TEP] . . − .
[1c][TEP]→[2][TEP]+3c . − . .

-++G(d) 1c+TEP→[1c][TEP] . . − .
[1c][TEP]→ TS[TEP] . . − .
[1c][TEP]→[2][TEP]+3c . − . .

-G(d,p) 1c+TEP→[1c][TEP] − . . − .
[1c][TEP]→ TS[TEP] . . − .
[1c][TEP]→[2][TEP]+3c . − . .

Figure . Transition state TS structures for the decomposition of nitroethyl ben-
zoates 1a catalyzedby the TES and the TEP cations according toBLYP/-G(d) data.

TES cation, it was found that the H6-C1 bond is broken faster
(1.793 Å) than in the reaction catalyzed by the TEP cation. In

turn, the C2-O3 bond of TS is broken more slowly (1.665 Å) in
the case of reaction catalyzed by the TES cation than in the case
of the reaction catalyzed by the TEP cation. In turn, the H6-C1
and C2-O3 bonds are broken faster in the case of reactions
[1b][TES]→[2][TES]+3b and [1b][TEP]→[2][TEP]+3b
than in reactions [1c][TES]→[2][TES]+3c and [1c][TEP]
→[2][TEP]+3c. In turn, the compound 1c, the H6-C1 bonds
are createdmore slowly than in the reaction proceeding without
substituents (Table 4).

Additionally, the analysis of key bond orders within the tran-
sition states showed that the process of rehybridization of reac-
tion sites are very similar (Table 3).

For comparison, the GEDT value for the transition states
of similar non-catalytic processes is half as large as the GEDT
value for the decomposition reaction catalyzed by TES and TEP
cations (Table 4).37

Table . KeyWiberg bond orders for transition states structures of the decomposi-
tion of nitroethyl benzoates catalyzed by the TES and the TEP cations according to
BLYP/-G(d) data.

Wiberg bond orders

Structure C-C O-C C-O

TS[TES] . . .
TS[TEP] . . .
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6 A. KĄCKA AND R. JASIŃSKI

Table . Key parameters for structures of the decomposition of nitroethyl benzoates catalyzed by the TES and the TEP cations according to BLYP/-G(d) data (a - R =
H, b - R= NMe, c - R= NO).

Interatomic distances [Å]

Reaction Structure H-C C-C C-O O-C C-O O-H GEDT [e]

[1a][TES]→[2][TES]+3a [1a][TES] . . . . . .
TS[TES] . . . . . . .
[2][TES]+3a . . . .

[1b][TES]→[2][TES]+3b [1b][TES] . . . . . .
TS[TES] . . . . . . .
[2][TES]+3b . . . .

[1c][TES]→[2][TES]+3c [1c][TES] . . . . . .
TS[TES] . . . . . . .
[2][TES]+3c . . . .

[1a][TEP]→[2][TEP]+3a [1a][TEP] . . . . . .
TS[TEP] . . . . . . .
[2][TEP]+3a . . . .

[1b][TEP]→[2][TEP]+3b [1b][TEP] . . . . . .
TS[TEP] . . . . . . .
[2][TEP]+3b . . . .

[1c][TEP]→[2][TEP]+3c [1c][TEP] . . . . . .
TS[TEP] . . . . . . .
[2][TEP]+3c . . . .

Conclusions

In summary, DFT calculations of the decomposition reaction of
nitroethyl benzoates catalyzed by the triethylsulfonium and the
triethylphosphonium cations proceeds according to the polar
one – step mechanism. For comparison, B3LYP/6-31G(d) cal-
culations suggests that, in the presence of the TES and the TEP
cations of ionic liquids, the decomposition process of nitroethyl
benzoates should take place much faster than in the same pro-
cess without the catalyst.

Furthermore, both types of cations, in a similar manner,
accelerate the process of the decomposition of nitroethyl ben-
zoates. These cations are characterized by approximate, high
global electrophilicity (for the TES cation – 4.3eV, for TEP
cation 3.7eV). Using the scale proposed by Domingo68,69, these
cations should be classified as belonging to the group of strong
electrophiles.
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DFT calculations at different theory levels, indicate consistently, that in the presence of ethylammonium
cation, a nitroethyl benzoates decomposition process is expected to take place much faster than under
‘‘conventional” (non-catalyzed) conditions. The one-step mechanism being replaced by a two-step mech-
anism involving a zwitterionic intermediate.
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1. Introduction

Conjugated nitroalkenes (CNA) are valuable building blocks for
the synthesis of many interesting compounds, which are difficult
to obtain in an alternative, synthetic way. In particular, based on
reactions involving CNA three-, four-, five- and six-membered
carbo- and heterocycles may be prepared [1–3], via cycloaddition
or cyclocondensation processes. The presence of a nitro group in
the molecule makes them highly reactive components in reaction
with nucleophilic reagents [4,5]. Additionally, the introduction of
a nitro group to target compounds provides many opportunities
for further functionalization due to the possibilities for the trans-
formation of nitro compounds into carbonyl compounds (Nef reac-
tion) [3,6,7] nitrile N-oxides (Mukaiyama reaction) [8],
hydroxylamines [9,10] aminoalcohols (via a Henry reaction/reduc-
tion sequence) [3,11–13], esters and nitronic acid salts [3,14] and
many others.

The most universal strategy for the preparation of CNA is
decomposition of the appropriate nitroalkyl carboxylates [15].
Unfortunately, many of these processes require relatively dramatic
conditions. For example, decompositions of nitroalkyl phthalates
proceed at 180–200 �C [16]. Similar elimination of carboxylic acid
from nitroalkyl benzoates are carried out at temperatures higher
than 185 �C [17]. Alternatively, some CNA may be obtained via
base-catalyzed E1cb elimination in boiling benzene [18]. Unfortu-
nately, simple, high reactive nitroalkenes such as nitroethene,
nitropropenes, halonitroethenes and many others, rapidly poly-
merize under these conditions [15,19] Therefore, research aimed
at searching for relatively mild conditions for a universal method-
ology for preparation of CNA from nitroalkyl carboxylates is
justified.

This work is a continuation of our comprehensive study about
the synthesis and fundamental properties of CNA [5,20–26]. Previ-
ously [26], we analyzed in detail mechanistic aspects of the decom-
position of nitroalkyl carboxylates under thermal (non-catalyzed)
conditions. Our DFT calculations suggest, that these processes pro-
ceed via a one-step reaction. However, this is not a ‘‘pericyclic”
mechanism, but rather strong a asynchronous one-step, two-
stage mechanism. In presented work, we decided to shed light on
a theoretically possible decomposition of model nitroalkyl car-
boxylates catalyzed by ethylammonium cation (EA+). In practice,
the source of ethylammonium cation under reaction conditions
may be, for example ionic liquid, which has been tested in practice
as a reaction medium for several organic reactions [27,28]. It is
possible that in the presence of this catalyst, one-step mechanism
decomposition of starting molecules may be competed with a two-
step, ionic mechanism (Scheme 1). It should be noted at this point,
that our recent studies show that some nitroalkene-cycloaddition
reactions catalyzed by ammonium cations proceed via a multi-
step, zwitterionic mechanism [20,29], instead of the one-step

http://crossmark.crossref.org/dialog/?doi=10.1016/j.comptc.2017.02.008&domain=pdf
http://dx.doi.org/10.1016/j.comptc.2017.02.008
mailto:radomir@chemia.pk.edu.pl
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mechanism, which was observed under non-catalytic conditions
[30–32].
2. Computational details

All calculations reported in this thesis were performed on SGI-
Altix 3700 computer in the CYFRONET regional computational
centre in Cracow. Hybrid functional B3LYP with the 6-31+G(d, p)
basis set included in the GAUSSIAN 09 package [33] was used.
Recently published reports show that the same functional was
used e.g. for the analysis of chemical properties of nitro-
functionalized compounds [20–22,26,34] including thermal
decomposition process [23,35–37]. In addition, similar simulations
using more advanced B3LYP/6-31++G(d, p) as well as B3LYP/6-311
+G(d, p) theoretical levels were performed. Optimizations of the
stable structures were performed with the Berny algorithm,
whereas the transition states were calculated using the QST2
procedure followed by the TS method. Stationary points were
characterised by frequency calculations. All reactants, and prod-
ucts had positive Hessian matrices. All transition states showed
only one negative eigenvalue in their diagonalized Hessian
matrices, and their associated eigenvectors were confirmed to
correspond to the motion along the reaction coordinate under
consideration. For all reactions, intrinsic reaction coordinate
(IRC) calculations were performed to connect previously computed
transition structures (TS) with suitable minima. The reaction
environment polarity were simulated using PCM [38]. It was
assumed that the reaction environment has dielectric constant,
e = 28, because most typical ethylammonium ionic liquids have
e� 26–30 [39]. Similar approach has been successfully used by the
Domingo group for the analysis of Diels-Alder reaction between
N-tosylpyrroles and isoprene in the presence of dialkylimida-
zolium ionic liquids [40]. Charge global electron density transfer
(GEDT) [41] was calculated according to the formula:

GEDT ¼ �RqA

where qA is the net charge and the sum is taken over all the atoms
of substructure.

3. Results and discussion

In particular, we performed a quantum chemical study about
the elimination of benzoic acids from nitroethyl benzoates in the
presence of EtNH3

+ cation. These studies will be the first stage of
a comprehensive research project under new, highly effective
strategies for the preparation of CNA. Additionally, our studies will



Fig. 1. Energy profiles for decomposition of nitroethyl benzoate 1 catalyzed by
(EA+) according to data of B3LYP/6-31+G(d, p) calculations.
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help toward better understanding of the mechanistic aspects of
organic reactions which earlier (and wrongly!) were considered
as ‘‘pericyclic”.

B3LYP/6-31+G(d, p) calculations showed that the first stage of
the decomposition of nitroethyl benzoate (1) is a formation of a
pre-reaction complex ([1][EA+]) between the ester molecule and
ethylammonium cation. It is connected with the reduction of the
enthalpy of the reaction system (DH) about 3 kcal�mol�1 (Table 1).
However, Gibbs free energy (DG) for this transition is equal to
6.26 kcal�mol�1. This is a consequence of large negative entropy
changes (DS), which are linked with an increase in the ordering
of the reaction system. Within the [1][EA+], the ethylammonium
cation is located near the oxygen atoms of the nitro group. How-
ever, any r-bonds at this stage are not formed. Similar complexes
between CNA and imidazolium cations were recently described
[20,29].

Firstly we decide to explored the reaction path which is associ-
ated with one-step (channel A on Scheme 1) decomposition of
nitroethyl benzoate (1). Unfortunately, all attempts to find transi-
tion state on the reaction path proceeding via one step decomposi-
tion of the nitroethyl benzoates were failed.

Our calculations showed, that conversion of 1 must be proceed
via alternative molecular mechanism. The first stage of this trans-
formation is formation of the transition state TS1B. This transition
required Gibbs free energy of activation which is more than
28 kcal�mol�1 (Fig. 1, Table 1). However, this is significantly less
than in the case of the thermal decomposition process of 1 without
the presence of the ethylammonium cation (more than
39 kcal�mol�1) [26]. So, the catalytic presence of EA+ in the reac-
tion environment significantly reduces the barrier of reaction,
although it is rather still too high to occur at room temperature.
It should be noted that entropy of the reaction system is changed
only slightly at this stage.

Due to issues mentioned above, simple thermal elimination of
benzoic acid (described previously in work [26]) in the presence
of EA+ should be considered as formally forbidden.
Table 1
Energetical parameters for decomposition of nitroethyl benzoate 1 catalyzed by (EA+)
cal�mol�1�K�1).

Basis set Path Transition

6-31+G(d, p) B 1 + EA+? [1][EA+]
[1][EA+]? TS1B
[1][EA+]? [IB][EA+]
[1][EA+]? TS2B
[1][EA+]? 2 + 3 + EA+

C 1 + EA+? I1C
1 + EA+? TS1C
1 + EA+? I2C
1 + EA+? TS2C

6-31++G(d, p) B 1 + EA+? [1][EA+]
[1][EA+]? TS1B
[1][EA+]? [IB][EA+]
[1][EA+]? TS2B
[1][EA+]? 2 + 3 + EA+

C 1 + EA+? I1C
1 + EA+? TS1C
1 + EA+? I2C
1 + EA+? TS2C

6-311+G(d, p) B 1 + EA+? [1][EA+]
[1][EA+]? TS1B
[1][EA+]? [IB][EA+]
[1][EA+]? TS2B
[1][EA+]? 2 + 3 + EA+

C 1 + EA+? I1C
1 + EA+? TS1C
1 + EA+? I2C
1 + EA+? TS2C
In TS1B one r-bond is breaking (Fig. 2, Table 2). It is a bond
between atoms C1 an H6 of nitroethyl moiety. Subsequently, a
new r-bond between H6 and the oxygen atom from the carbonyl
group (O5) is formed. It should be underscored, that in contrast to
the uncatalyzed process of 1 decomposition [26], the second r-
bond C2AO3 is not breaking at this reaction stage. Next, TS1B
has an evidently polar, ‘‘zwitterionic-like” nature. This is confirmed
by the value of global electron density transfer between substruc-
tures (GEDT), which is equal 0.37e.

Further conversion of TS1B leads to intermediate ([IB][EA+]), in
which a new r-bond O5AH6 is practically fully formed. [IB][EA+]
have polar, zwitterionic nature (GEDT = 0.38e). Decomposition of
this zwitterion proceeds via TS2B, and requires a small amount
of Gibbs free energy (Fig. 1, Table 1). Subsequently, the entropic
factor is practically unchanged in comparison to [IB][EA+].
according to data of B3LYP calculations (T = 298 K; ΔH, ΔG in kcal�mol�1, ΔS in

DH DG DS

�3.00 6.28 �31.15
25.75 28.17 �8.14
26.71 28.03 �4.41
27.08 28.77 �5.66
7.98 �4.11 40.52
49.57 50.52 �3.17
6.55 7.59 �3.50
0.39 0.27 0.41
5.75 4.75 3.37

�2.28 6.40 �29.11
25.72 28.02 �7.69
26.73 27.38 �2.18
27.07 28.75 �5.48
8.01 �4.05 40.45
49.54 50.50 �3.20
6.58 7.61 �3.49
0.41 0.29 0.41
5.77 4.60 3.92

�3.11 6.39 �31.75
26.78 29.20 �8.23
28.14 29.31 �4.04
27.69 28.83 �3.92
6.84 �4.87 39.18
49.13 49.86 �2.55
7.70 8.83 �3.78
1.26 1.38 �0.40
5.18 3.63 5.20



Fig. 2. Key structures of decomposition of nitroethyl benzoate 1 catalyzed by (EA+) according to data of B3LYP/6-31+G(d, p) calculations.
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In TS2B the C2AO3 r-bond is breaking (Fig. 2, Table 2). IRC cal-
culations confirmed, that this structure is linked with the valley of
[IB][EA+], and the valley of final products (Scheme 1). It should be
underscored at this point that under the considered conditions, the
thermodynamic equilibrium of the overall process is completely
shifted into products (DG = �4.11 kcal�mol�1). At this stage,



Table 2
Key parameters for structures of decomposition of nitroethyl benzoate 1 catalyzed by (EA+) according to data of B3LYP/6-31+G(d, p) calculations.

Reaction Structure Interatomic distances [ÅA
0

] GEDTa [e]

H6AC1 C1AC2 C2AO3 O3AC4 C4AO5 O5AH6

B [1][EA+] 1.088 1.517 1.440 1.359 1.221 2.853
TS1B 1.611 1.484 1.520 1.293 1.287 1.067 0.37
[IB][EA+] 1.700 1.476 1.535 1.288 1.293 1.036 0.38
TS2B 1.913 1.432 1.692 1.269 1.308 0.995 0.33

C I1C 1.090 1.536 1.429 1.365 1.220 2.654
TS1C 1.304 1.518 1.460 1.323 1.262 1.293 0.31
I2C 2.137 1.483 1.500 1.290 1.302 0.980 0.49
TS2C 2.856 1.393 1.983 1.250 1.326 0.970 0.25

a Global electron density transfer: GEDT = �RqA; where qA is the net charge and the sum is taken over all the atoms of substructure.
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entropy of the reaction system significantly increases, which is
linked with a decrease in the ordering of the reaction system.

Next, we considered an alternative reaction mechanism, in
which ethylammonium cation EA+ is capable of acting as a proton
donor (path C on Scheme 1). For this purpose, we tested many pos-
sibilities of protonation of the starting ester. From all of the
attempts only one was successful. In this way we obtained the
structure I1C (Scheme 1), in which the proton moved from EA+
is linked with the oxygen atom of the NO2 group.

Decomposition of I1C proceeds via a stepwise mechanism, with
a zwitterionic intermediate I2C (Table 2). This process requires a
relatively lower energy of activation (Table 1), as in the case of
reaction B (Scheme 1). Unfortunately, under reaction conditions
it is reaction channel C that must be considered as forbidden from
an energetic point of view, because the Gibbs free energy of forma-
tion of I1C intermediate is more than 20 kcal�mol�1 (!) higher than
the key activation barrier for process 1 + EA+? [1][EA+]? 2 + 3
+ EA+.

It should be also noted that a similar picture of title reactions is
provided by calculations at higher theory levels B3LYP/6-31++G(d,
p) as well as B3LYP/6-311+G(d, p). In particular, independent of the
theory level, the geometric parameters of critical structures are
practically identical. Some small differences appear only at ener-
getic description of the critical points. These differences do not
however influence the picture of energetic aspects of transforma-
tion described. Thus, it may be assumed that applications of
B3LYP/6-31G(d, p) theory level is completely sufficient for resolv-
ing this type of problems.

4. Conclusion

In conclusion, DFT calculations indicate consistently that a
nitroethyl benzoates decomposition process catalyzed by ethylam-
monium cations proceeds a via two-step mechanism involving a
zwitterionic intermediate. All attempts to find transition state on
the reaction path proceeding via one step decomposition of the
nitroethyl benzoates were failed. This is dramatic change of mech-
anistic scheme in comparison to an uncatalyzed process.
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[24] R. Jasiński, Molecular mechanism of thermal decomposition of
fluoronitroazoxy compounds: DFT computational study, J. Fluor. Chem. 160
(2014) 29–33.
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1. Introduction 

       The synthesis of nitroalkenes is very significant in organic chemistry. Conjugated nitroalkenes 
(CNA) have been recognized as versatile synthetic intermediates in various organic syntheses because 
of their easy conversion to a variety of diverse functionalities.1-5 They react as dienophiles, 
heterodienes, 1,3-dipoles and, above all, as Michael acceptors.6-8 Conjugated nitroalkenes are also 
distinguished by their biological properties.9-11 Among various biological properties, the anticancer 
activity of nitroalkenes and their novel MBH adducts with other activated alkenes has highlighted the 
enormous potential of nitroalkene derivatives as bioactive molecules.12-14 Furthermore, nitroalkenes are 
important precursors of many insecticides,15 fungicides16 and pharmaceuticals.13 

 
       Several methods are available for the preparation of nitroalkenes.1,17-20 However, a great demand 
still exists for a method to prepare nitroolefins in a convenient and effective way. The present work is  
a continuation of our comprehensive study about the synthesis and fundamental properties of CNA.21-

28 Our previous works27,28 present the decomposition of nitroalkyl carboxylates under thermal 
conditions. DFT calculations confirmed that these processes proceed via the one step mechanism, not 
“pericyclic”, but quite a strong asynchronous one-step, two-stage mechanism.  
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       This work is a continuation of our quantum chemical study of the decomposition reaction of 
nitroethyl benzoates in the presence of the 1,3-dimethylimidazolium (DMIM) cation. It should be 
mentioned, that our recent studies show that some nitroalkene cycloaddition reactions catalyzed by the 
imidazolium cation proceed via a stepwise, zwitterionic mechanism,29,30 instead of the one step 
mechanism, which was noted in the case of non-catalytic conditions. This cation can be introduced for 
reaction as an ionic liquid. Such ionic liquid was used in organic reactions.31-34 

 
2. Results and Discussion 
 
2.1 Computational details 
 

      All calculations were carried out using the Prometheus computer cluster in the CYFRONET 
regional computer centre in Cracow. The mechanism of the decomposition of nitroalkyl benzoates 
catalyzed by the 1,3-dimethylimidazolium cation have been examined as implemented in the 
GAUSSIAN 09 package.35 The geometric parameters for all the reactants, transition states and products 
of the reactions studied were fully optimized using the density functional theory (DFT) method. The 
calculations were performed using the B3LYP36 with 6-31G(d) basic set. Additionally, calculations in 
more advanced 6-31+G(d) and 6-31G(d,p) basis sets, were carry out. 

      B3LYP is a combination of Becke’s three parameter hybrid exchange functional37 with the Lee, 
Yang and Parr correlated functional.38 Geometry optimization calculations have been carried out to 
obtain the global minima for the reactant and products, and to locate the saddle point for the transition 
state. Stationary points were characterised by frequency calculations. All reactants, and products had 
positive Hessian matrices. All transition states showed only one negative eigenvalue in their 
diagonalized Hessian matrices, and their associated eigenvectors were confirmed to correspond to the 
motion along the reaction coordinate under consideration. Transition states were located using the 
(QST2) algorithm. For the optimization process, the Berny analytical gradient was employed. Intrinsic 
reaction coordinate (IRC) calculations39 have been made in all events to verify that the localized 
transition state structures connect with the corresponding minimum stationary points associated with 
reactants and products. The reaction environment polarity was simulated using PCM.40 It was assumed 
that the reaction environment has dielectric constant, ε= 13, for the reaction catalyzed by the 1,3-
dimethylimidazolium cation (the most typical 1,3-dimethylimidazolium ionic liquids have ε=~11,6-
15,141). 

Charge global electron density transfer (GEDT)42 was calculated according to the formula: 

GEDT=-ΣqA, (1)

where qA is the net charge and the sum is taken over all the atoms of the substructure.  

      The values of enthalpies, entropies and free energies in all calculations were calculated with the 
standard statistical thermodynamics at 25ºC and 1 atm.43  

2.2 Energetical aspects of the decomposition reaction catalyzed by the DMIM cation 

      The reaction pathway of the decomposition reaction was studied using the B3LYP/6-31G(d) 
theoretical level. Recently published reports26,44-48, indicate that a similar approach was used 
successfully for the exploration of a reaction involving several different nitrocompounds. These 
calculations proved that the first step of the decomposition of nitroethyl benzoate (1a) is the 
establishment of a pre-reaction complex ([1][DMIM]) between the ester molecule and the 1,3-
dimethylimidazolium cation. Consequently, the creation of a pre-reaction complex entails the drop of 
reaction enthalpy by 3.54 kcal·mol-1 (Fig. 1 and Fig. 2). The DMIM cation is located near to the oxygen 
atom of the nitro group. We also analyzed many other orientations of the DMIM cation to the ester 
molecule. For further research we chose the most stable form. 
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      Thereafter, the pre-reaction complex is recast to TS, which is associated with an increase in the 
enthalpy of activation over 33.31 kcal·mol-1 (Fig. 2). The decomposition reaction of nitroethyl benzoate 
1a catalyzed by the DMIM cation proceeded faster than the same reaction without the catalyst. The 
enthalpy of the activation of the uncatalyzed process is equal to 38.73 kcal·mol-1.28 Subsequently, the 
TS is converted to products 2 and 3 (Scheme 1).     

      Similar studies have been performed for the decomposition reactions of other nitroethyl benzoates 
which are substituted by NMe2 (1b) and NO2 (1c) functional groups. The decomposition process of 
substituted ester with the electrodonationg group (NMe2) will lower the activation barrier. In particular, 
for the decomposition of compound 1b, the activation barrier is 30.61 kcal·mol-1. The decomposition 
process of the 1c compound with an NO2 group has an activation barrier of 35.13 kcal·mol-1. Therefore, 
as could be expected, the presence of an electroaccepting group will make the process more difficult 
(Table 1). For comparison, the uncatalyzed process give similar results (NMe2 – 37.52 kcal·mol-1 , 
NO2 – 39.65 kcal·mol-1).28 It turned out that, regardless of the nature of the substituent in the benzene 
ring, the decomposition process always followed the same mechanism (Scheme 1). 

      We have also performed similar a DFT study using more advanced B3LYP/6-31+G(d) and 
B3LYP/6-31G(d,p) theory levels. These calculations show that the mechanism of the decomposition 
reaction of nitroalkyl carboxylates also indicate one-step mechanism and makes that process proceed 
more mildly. The value of the enthalpy of activation for compound 1a are 30.07 kcal·mol-1 and 30.47 
kcal·mol-1, respectively (Table 1). 

Table 1. Kinetic and thermodynamic parameters for the decomposition of nitroethyl benzoates 
catalyzed by 1,3-dimethylimidazolium cation (T=298 K; ∆H, ∆G in kcal·mol-1, ∆S in cal·mol-1·K-1; 
1a - R=H, 1b - R=NMe2, 1c - R=NO2) 

Ester Theoretical level Transition ΔH ΔG ΔS 

1a 

6-31G(d) 
1a+DMIM→[1a][DMIM] -3.54 3.99 -25.24 
[1a][DMIM]→TS 33.31 34.31 -2.86 
[1a][DMIM]→[2][DMIM]+3a 3.54 -3.99 26.00 

6-31+G(d) 
1a+DMIM→[1a][DMIM] -0.47 6.43 -23.14 
[1a][DMIM]→TS 30.07 32.20 -3.02 
[1a][DMIM]→[2][DMIM]+3a -20.54 -28.29 26.00 

6-31G(d,p) 
1a+DMIM→[1a][DMIM] -4.22 4.88 -30.51 
[1a][DMIM]→TS 30.47 31.98 -5.09 
[1a][DMIM]→[2][DMIM]+3a 4.22 -4.88 30.51 

1b 

6-31G(d) 
1b+DMIM→[1b][DMIM] -3.74 3.54 -24.44 
[1b][DMIM]→TS 30.61 31.23 -2.06 
[1b][DMIM]→[2][DMIM]+3b 14.94 1.05 46.59 

6-31+G(d) 
1b+DMIM→[1b][DMIM] -0.66 6.09 -22.64 
[1b][DMIM]→TS 29.38 30.98 -5.36 
[1b][DMIM]→[2][DMIM]+3b 11.14 -1.97 43.97 

6-31G(d,p) 
1b+DMIM→[1b][DMIM] -3.86 3.28 -23.95 
[1b][DMIM]→TS 27.78 28.60 -2.76 
[1b][DMIM]→[2][DMIM]+3b 11.61 -1.33 45.51 

1c 

6-31G(d) 
1c+DMIM→[1c][DMIM] -3.24 3.66 -23.15 
[1c][DMIM]→TS 35.13 36.56 -4.80 
[1c][DMIM]→[2][DMIM]+3c 14.09 1.11 43.56 

6-31+G(d) 
1c+DMIM→[1c][DMIM] 12.30 7.29 -25.28 
[1c][DMIM]→TS 31.80 35.61 -4.24 
[1c][DMIM]→[2][DMIM]+3c -1.80 -2.60 43.65 

6-31G(d,p) 
1c+DMIM→[1c][DMIM] -3.32 3.4 -22.52 
[1c][DMIM]→TS 34.28 34.28 -6.67 
[1c][DMIM]→[2][DMIM]+3c -1.23 -1.23 42.11 
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Fig. 1. Gibbs free energy profiles for the 
decomposition of nitroethyl benzoate 1a  
catalyzed by the 1,3-dimethylimidazolium 
cation 

Fig. 2. Enthalpy profiles for the decomposition 
of nitroethyl benzoate 1a  
catalyzed by the 1,3-dimethylimidazolium 
cation 
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Scheme 1. Mechanism of the decomposition reaction of nitroethyl benzoates catalyzed by the 
1,3-dimethylimidazolium cation 

2.3 Transition structure of the decomposition reaction  

      The TS, also in the decomposition reaction catalyzed by the 1,3-dimethylimidazolium cation, has 
a six-membered structure (Fig. 3). Simultaneously, new bonds are formed: between atoms O5-H6 and 
between atoms C1-C2 and O3-C4 double bonds. The C4-O5 bond is change to a single bond, and H6-
C1 and C2-O3 bonds become broken (Table 2).       
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Fig. 3. Transition state TS structure for the decomposition of nitroethyl benzoates 1a catalyzed by the 
DMIM cation 

Table 2. Key parameters for structures of the decomposition of nitroethyl benzoates catalyzed by the 
DMIM cation according to B3LYP/6-31G(d) data (1a - R=H, 1b - R=NMe2, 1c - R=NO2) 

Reaction Structure 
Interatomic distances [Ǻ] GEDT 

[e] H6-C1 C1-C2 C2-O3 O3-C4 C4-O5 O5-H6 

[1a][DMIM][2][DMIM]+3a 

[1a][DMIM] 1.088 1.517 1.437 1.360 1.218 2.727  
TS 1.789 1.432 1.688 1.270 1.304 1.019 0.30 

[2][DMIM]+3a  1.329  1.219 1.353 0.976  

[1b][DMIM][2][DMIM]+3b 

[1b][DMIM] 1.088 1.517 1.434 1.368 1.223 2.752  
TS 1.885 1.422 1.721 1.276 1.318 1.000 0.35 

[2][DMIM]+3b  1.329  1.224 1.361 0.976  

[1c][DMIM][2][DMIM]+3c 

[1c][DMIM] 1.088 1.516 1.440 1.353 1.216 2.744  
TS 1.730 1.436 1.682 1.268 1.296 1.036 0.28 

[2][DMIM]+3c  1.329  1.216 1.348 0.976  

  

      Finally, we analysed the influence of the DMIM cation of structure TS. It was found that the H6-
C1 bond in the reaction catalyzed by the DMIM cation is broken faster than in the uncatalyzed process. 
In turn, the C2-O3 bond of the TS of reaction with the ionic liquid cation is broken more slowly than 
in the case of the uncatalyzed reaction.28 The nature of the substituent in benzene ring also has an 
impact on the transition structure. In the case of reaction [1b][DMIM][2][DMIM]+3b, the H6-C1 
and C2-O3 bonds are broken faster than the same bonds in reaction [1a][DMIM][2][DMIM]+3a. 
By contrast, the H6-C1 and C2-O3 bonds in the case of reaction [1c][DMIM][2][DMIM]+3c are 
broken more slowly than in the case of reaction [1a][DMIM][2][DMIM]+3a (Table 2). 

      The GEDT value for the transition state for the decomposition reaction catalyzed by the 1,3-
dimethylimidazolium cation is 0.30. This value is bigger than the same GEDT value for the transition 
states of similar non-catalytic processes. 

3. Conclusions  
 
      Our quantum chemical study proved that the decomposition reaction of nitroethyl benzoates 
catalyzed by the 1,3-dimethylimidazolium cation proceeded via a polar one-step mechanism. 
Compared to the uncatalyzed process, the decomposition reaction in the presence of the 1,3-
dimethylimidazolium cation proceed faster. All other research for the localization of different reaction 
channels lead via the ionic intermediate failed. 
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IV. WNIOSKI 

 Na podstawie przeprowadzonych badań teoretycznych można sformułować 

następujące wnioski: 

1. Obliczenia kwantowo-chemiczne niezależnie od poziomu teorii wskazują,  

iż mechanizm dekompozycji estrów kwasów karboksylowych i nitroalkoholi nie może 

być traktowany jako mechanizm pericykliczny. 

2. Szczegółowe analizy trajektorii IRC oraz geometrii stanów przejściowych wskazują, 

że procesy te powinny być zaliczane do grupy procesów „one-step – two-stage”. 

3. Analizy wykonane techniką BET wskazują, że proces dekompozycji benzoesanu 

nitroetylowego rozpoczyna się od synchronicznego rozluźnienia wiązań O-C i C-H. 

Podczas heterolitycznego rozerwania wiązania O-C, zachodzi homolityczne 

oddziaływanie atomów C5-H6, powodując utworzenie pseudorodników. Formowanie 

wiązania podwójnego obecnego w nitroetylenie dokonuje się w ostatniej fazie reakcji.  

4. Na kinetykę reakcji dekompozycji estrów kwasów karboksylowych i nitroalkoholi  

w pewnym zakresie wpływ ma charakter podstawnika oraz polarność medium 

reakcyjnego. 

5. Reakcje dekompozycji estrów kwasów karboksylowych i nitroalkoholi w obecności 

BH3 przebiegają według polarnego, jednostopniowego mechanizmu. Z kolei 

dekompozycja tych samych estrów katalizowana przez BF3 dokonuje się według 

mechanizmu dwustopniowego przechodzącego przez jonowy intermediat. Oba te 

procesy realizują się szybciej, niż analogiczne procesy niekatalityczne. 

6. W obecności kationów cieczy jonowych (trietylosulfoniowego, trietylofosfoniowego, 

1,3-dimetyloimidazoliowego oraz etyloamoniowego) – reakcje rozkładu estrów 

kwasów karboksylowych i nitroalkoholi przebiegają szybciej, niż w warunkach bez 

katalitycznych. Spośród testowanych kationów najefektowniejszymi okazały się być 

kationy trietylosulfoniowy (TES) oraz  trietylofosfoniowy (TEP). 

7. Proces dekompozycji estrów kwasów karboksylowych i nitroalkoholi w obecności 

kationu etyloamoniowego (EA) realizuje się według mechanizmu dwustopniowego, 

przechodzącego poprzez jonowy intermediat. 
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V. STRESZCZENIE 

W ramach pracy przeprowadzono kwantowo-chemiczne studia nad molekularnym 

mechanizmem reakcji dekompozycji estrów kwasów karboksylowych i nitroalkoholi. 

Symulacje te wykonano dla reakcji realizujących się w warunkach termicznych jak również 

katalitycznych. W roli katalizatorów zastosowano kwasy Lewisa (BH3 i BF3) oraz kationy 

cieczy jonowych (trietylosulfoniowy, trietylofosfoniowy, 1,3-dimetyloimidazoliowy  

i etyloamoniowy). 

W pierwszym etapie tych studiów zbadano mechanizm procesu termicznej 

dekompozycji estrów kwasów karboksylowych i nitroalkoholi. Okazało się, iż reakcje te 

powinny być zaliczane do grupy procesów „one-step – two-stage”. Szczegółowa analiza 

MEDT ukazuje, iż tytułowe procesy, rozpoczynają się od synchronicznego rozluźnienia 

wiązań O-C oraz C-H (przy czym podczas heterolitycznego rozerwania wiązania O-C, 

zachodzi homolityczne oddziaływanie atomów C5-H6, powodując utworzenie 

pseudorodników), podczas gdy formowanie wiązania podwójnego dokonuje się w ostatniej 

fazie reakcji.  

Kolejny etap badań obejmował studia reakcji dekompozycji estrów kwasów 

karboksylowych i nitroalkoholi katalizowane nieorganicznymi kwasami Lewisa. Okazało się, 

iż procesy te realizują się szybciej niż procesy bez obecności katalizatora. W szczególności 

reakcje w obecności BH3 przebiegają według polarnego, jednostopniowego mechanizmu, 

podczas gdy przy obecności BF3 realizują się według mechanizmu dwustopniowego 

przebiegającego przez jonowy intermediat. 

Ostatni etap badań obejmował reakcjie dekompozycji estrów kwasów karboksylowych 

i nitroalkoholi w obecności kationów cieczy jonowych. Okazało się, że procesy te realizują 

się znacznie szybciej niż w warunkach bezkatalitycznych (najszybciej w obecności kationów 

trietylosulfoniowego i trietylofosfoniowego). Należy w tym miejscu zaznaczyć, że proces 

katalizowany przez kation etyloamoniowy realizuje się według mechanizmu 

dwustopniowego, przechodzącego poprzez jonowy intermediat.  
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VI. ABSTRACT 

The study involved quantum-chemical analysis of the molecular mechanism of 

decomposition of carboxylic esters of nitroalcohols. Simulations were performed for reactions 

proceeding in thermal as well as catalytic conditions. Lewis acids (BH3, BF3) and ionic liquid 

cations (triethylsulfonium, triethylphosponium, 1,3-dimethylimidazolium, and 

ethylammonium) were used as catalysts. 

The first step consisted in the analysis of the mechanism of thermal decomposition of 

carboxylic esters of nitroalcohols. The reactions were found to fall within the category of 

“one-step – two-stage” processes. As demonstrated by detailed MEDT analysis, the title 

processes begin with synchronous loosening of O-C and C-H bonds (with homolytic 

interaction occurring between C5 and H6 atoms upon heterolytic cleavage of the O-C bond, 

thus generating a pseudoradical) whereas the formation of the double bond takes place at the 

last stage of the process.  

The next step consisted in the analysis of the mechanism of decomposition of 

carboxylic esters of nitroalcohols catalyzed by inorganic Lewis acids. The processes were 

observed to proceed faster than non-catalyzed processes. In particular, reactions catalyzed by 

BH3 proceed along a polar, single-stage mechanism while reactions catalyzed by BF3 proceed 

along a two-stage mechanism via an ionic intermediate. 

The last step of the study consisted in the analysis of the mechanism of decomposition 

of carboxylic esters of nitroalcohols catalyzed by ionic liquid cations. The processes were 

shown to proceed much faster than in non-catalytic conditions (with reaction rates being the 

highest in the presence of triethylsulfonium or triethylphosphonium ions). It should be noted 

that the process catalyzed by the ethylammonium cation proceeds along a two-step 

mechanism via an ionic intermediate. 
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VII. ZUSAMMENFASSUNG 

Im Rahmen der Arbeit wurde das quantenchemische Studium über molekularen 

Mechanismus der Zersetzungsreaktion der Ester von Carbonsäuren und Nitroalkoholen 

durchgeführt. Diese Simulation wurde für Reaktionen durchgeführt, die sich sowohl in 

thermischen aus auch katalytischen Bedingungen realisieren. Als Katalysatoren wurden 

Lewis-Säuren (BH3 und BF3) und Kationen der ionischen Flüssigkeiten (Triethylosulfonium, 

Triethylofosfonium, 1,3-Dimethyloimidazolium und Ethyloammonium) verwendet. 

Auf der ersten Etappe dieses Studiums wurde Mechanismus des Prozesses der 

thermischen Zersetzung der Ester von Carbonsäuren und Nitroalkoholen geprüft. Es hat sich 

erwiesen, dass diese Reaktionen zur Prozessgruppe „one-step – two-stage” gezählt werden 

sollen. Die ausführliche MEDT-Analyse zeigt, dass die Titelprozesse mit einer 

synchronischen Lockerung der Bindungen O-C und C-H beginnen (wobei während der 

heterolytischen Bindungsprengung O-C eine homolytische Wirkung der Atome C5-H6 

stattfindet und Bildung von Pseudoradikalen verursacht), während die Formung der 

Doppelbindung in der letzten Phase der Reaktion zustande kommt.  

Die nächste Etappe der Untersuchungen umfasste das Studium von 

Zersetzungsreaktion der Ester von Carbonsäuren und Nitroalkoholen, mit anorganischen 

Lewis-Säuren katalysiert. Es hat sich erwiesen, dass sich diese Prozesse schneller realisieren 

als die Prozesse ohne Katalysator. Insbesondere verlaufen die Reaktionen in Anwesenheit von 

BH3 nach polarem, einstufigem Mechanismus, während sie sich in Anwesenheit von BF3 nach 

zweistufigem Mechanismus realisieren, der durch ionischen Intermediat verläuft. 

Die letzte Etappe des Studiums umfasste das Studium von Zersetzungsreaktion der 

Ester von Carbonsäuren und Nitroalkoholen in Anwesenheit von Kationen der ionischen 

Flüssigkeiten. Es hat sich bewiesen, dass sich diese Prozesse bedeutend schneller realisieren, 

als in Bedingungen ohne Katalysator (am schnellsten in Anwesenheit von Kationen: 

Triethylosulfonium und Triethylofosfonium). Es ist dabei zu bemerken, dass sich der Prozess, 

der durch Ethyloammonium-Kation katalysiert wird, nach zweistufigem Mechanismus 

realisiert, der durch ionischen Intermediat verläuft. 
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VIII. АВТОРЕФЕРАТ 

В рамках работы проведены квантово-химические исследования молекулярного 

механизма реакции разложения сложных эфиров карбоновых кислот и нитроспиртов. 

Моделирование было выполнено для реакций, которые проводились как в термических, 

так и в каталитических условиях. В качестве катализаторов использовались кислоты 

Льюиса (BH3 и BF3) и катионы ионных жидкостей (триэтилсульфоний, 

триэтилфосфоний, 1,3-диметилимидазолий и этиламмоний). 

На первом этапе этих исследований был рассмотрен механизм процесса 

термического разложения сложных эфиров карбоновых кислот и нитроспиртов. 

Оказалось, что эти реакции должны быть включены в группу процессов „one-step – two-

stage”. Детальный анализ MEDT показывает, что заглавные процессы начинаются с 

синхронного ослабления связей O-C и C-H (причем во время гетеролитического 

расщепления связи О-С происходит гомолитическое взаимодействие атомов C5-H6, что 

приводит к образованию псевдорадикалов), тогда как образование двойной связи 

происходит в заключительной фазе реакции.  

Следующий этап исследований включал изучение реакций разложения сложных 

эфиров карбоновых кислот и нитроспиртов, катализируемых неорганическими 

кислотами Льюиса. Оказалось, что эти процессы происходят быстрее, чем без 

присутствия катализатора. В частности, реакции в присутствии BH3 протекают в 

соответствии с полярным одностадийным механизмом, а в присутствии BF3 – с 

двухстадийным механизмом, протекающим путем создания ионного нтермедиата. 

Последний этап исследований касался изучения реакций разложения сложных 

эфиров карбоновых кислот и нитроспиртов в присутствии катионов ионных жидкостей. 

Оказалось, что эти процессы протекают намного быстрее, чем при некаталитических 

условиях (быстрее всего в присутствии катионов триэтилсульфония и 

триэтилфосфония). Здесь следует отметить, что процесс, катализируемый катионом 

этиламмония, осуществляется в соответствии с двухстадийным механизмом, 

проходящим путем создания ионного нтермедиата. 
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