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SOUHRN

Prace predklada uceleny soubor soucasnych poznatkd o heterogenné katalyzované hydrogenaci
nitrila, ktera patfi mezi zakladni metody primyslové produkce fady dilezitych amint. Z velké
Casti prezentuje nové védecké poznatky, ke kterym uchaze¢ dospél béhem dlouholetého
vyzkumu této problematiky. Prace zahrnuje vSechna 3 hlediska studované problematiky:
katalytické, mechanistické a technologické, pficemz nejvétSi prostor je vénovan

mechanistickym aspektiim, kde je pfinos uchazece k dané problematice nejvetsi.

Byl navrzen a rozpracovan detailni mechanisticky model hydrogenace nitrili probihajici na
povrchu kovovych katalyzatort. Model byl vytvofen na zakladé uchazeova dlouhodobého
vyzkumu kinetiky této reakce, vychazi ze soucasnych poznatkti o adsorpci dusikatych latek na
kovy a opira se o dosavadni pfedstavy o mechanismu povrchové katalyzovanych hydrogenaci
nitrild. Model umoziuje vysvétlit dramatické rozdily jednotlivych kova v selektivité na vyssi
(sekundarni a terciarni) aminy a racionalizovat néktera dalsi, do té doby neobjasnéna
experimentalni fakta jako jsou (1) izomerace iminového meziproduktu pii hydrogenacni
aminaci karbonylovych sloucenin za katalyzy Ni a Co, (2) tvorba terciarniho aminu pfi
hydrogenaci nitrilti bez vodikovych atomii na a-C atomu, (3) transfer methylovych skupin mezi
aminy pii disproporcionaci smiSenych dialkyl- a trialkylamind a (4) vznik toluenu pfi

hydrogenaci benzonitrilu na Pd katalyzatorech.

Byla experimentdln¢ ovétena vratnost procesu tvorby terciarnich aminti hydrogenaci nitrilti a
experimentalné prokazana ucast tzv. aminokarbenového mechanismu na vzniku terciarnich
amint. Vyzkum Kinetiky pfemén amint na heterogennich kovovych katalyzatorech naznacil, ze

pokrokovy koncept , katalyzy piekryvnou vrstvou* mize byt spravny.

Byl studovan vliv reakéniho media na danou reakci a zjisténo, ze empirickou metodu
multiparametrické linearni regrese typu modelu Abrahama-Kamleta-Tafta nelze vyuzit k
hodnoceni rozpoustédlovych vlivi v heterogenné katalyzované hydrogenaci nitrilt. Zda se, Ze
model nedokéaze dobie vystihnout specifickou chemickou interakci rozpoustédla s povrchem

kovového katalyzatoru pii konkuren¢ni chemisorpci rozpoustédla na katalyzator.

Posledni ¢ast prace je vénovana technologickym aspektiim a piinasi nové poznatky dulezité pro

technickou praxi s moznym vyuZzitim pfi vyvoji technologii amint.

Prace je doplnéna vybérem 4 autorskych publikaci vztahujicich se k danému tématu.
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PREDMLUVA

PfedloZena habilitaéni prace prezentuje soubor novych védeckych poznatkli o
heterogenné katalyzované hydrogenaci nitrilt,, ke kterym jsem dospél béhem dvacetileté
spoluprace S chemickym primyslem vramci feSeni ruznych védecko-vyzkumnych projektt
zaméfenych na optimalizaci nebo vyvoj technologii vyrob aminti, anebo na feSeni aktudlnich
technologickych problémi stavajicich vyrob aminii. Velkou ¢ast téchto poznatkll jsem shrnul do
rozsahlého kritického piehledu publikovaného v c&asopise Current Organic Chemistry.
Vyznamnou ¢asti zminéné publikace byl navrh detailniho mechanistického modelu hydrogenace
nitrild na kovovych katalyzatorech, vytvoreny na zakladé mého dlouhodobého vyzkumu
kinetiky této reakce. Model umoznuje vysvétlit dramatické rozdily jednotlivych kovil
v selektivité na vyssi (sekundarni a terciarni) aminy a racionalizovat néktera dalsi, do té doby
neobjasnénad experimentalni fakta. Publikace je pfilohou habilitacni prace spolecné s tremi
dal$imi autorskymi publikacemi zaméfenymi na mechanistické a katalytické aspekty této
vyznamné prumyslové reakce. Odkazy na prace uvedené v prilohach jsou v textu znaceny jako
[Pi#iloha ¢&islo], odkazy na ostatni mé prace jako [K ¢islo] a na prace jinych autort jako [¢islo].

Habilita¢ni prace dale predklada dosud nepublikované poznatky zaméfené na
technologické aspekty hydrogenace nitrild.

Nekteré poznatky se opiraji o vysledky experimentalnich praci studentll vypracovanych
pod mym vedenim (jmenovité praci studentl Zuzany Nebtenské, Zdenika Severy a Kamily

Prochazkové).



Uvod

1. UVOD

1.1 Obecné metody produkce amini

Aminy maji Siroké uplatnéni ve vyrob¢ plastl, 1é¢iv, tenzidt, textilnich aditiv, flota¢nich
a antistatickych pfipravki, desinfekénich prostfedkii nebo zemédé€lskych chemikalii. Jelikoz se
habilitacni prace zabyva primyslovou hydrogenaci nitrili na aminy, povazuji za vhodné
v uvodu také struéné zminit étyfi dal§i praimyslové nejvyznamnéjsi zptisoby produkce amint.
Obecné se aminy vyrabé&ji riiznymi zpisoby, a konkrétni amin lze zpravidla vyrobit vice
zpusoby vychazejicimi z odlisnych surovin. O tom, ktery zpusob vyroby se uplatni, rozhoduje
ekonomika procesu, odrazejici samoziejmée i cenu vstupnich surovin a jejich dostupnost. Nékdy
mohou rozhodovat i ekologické aspekty procesu. Zmény relaci cen alternativnich vstupnich
surovin mohou vyvolat potfebu zmény zptisobu vyroby.

Reduktivni aminaci karbonylovych sloucenin nebo alkoholi se vyrabégji ethylaminy,
isopropylamin, butylaminy, cyklohexylamin, N-alkylaniliny, N,N-dimethyldodecylamin,
ethylendiamin a fada dalSich. Reduktivni (neboli hydrogenacni) aminace je reakce karbonylové
slouéeniny s amoniakem a vodikem v pfitomnosti hydrogena¢niho katalyzatoru (zpravidla na
bazi Ni, Cu, Pd, Pt, Co nebo Ru). V prvnim stupni vznika imin a voda, ve druhém stupni je imin
hydrogenovan na amin. Vychozi karbonylova slouCenina mize byt nahrazena piisluSnym
alkoholem, ktery za pritomnosti kovového katalyzatoru podléha dehydrogenaci na
karbonylovou slou¢eninu (napf. vyroba isopropylaminu z isopropylalkoholu a amoniaku).
Pokud je pfi reduktivni aminaci reaktantem namisto amoniaku primarni nebo sekundarni amin,
jsou produktem N-substituované aminy. Ptikladem muze byt reduktivni methylace
cyklohexylaminu  formaldehydem  (nebo  eventudlné  methanolem) na  N,N-
dimethylcyklohexylamin, ktery je vyznamnym katalyzatorem ve vyrobé polyuretanovych pén.

Z aminu/amoniaku a alkoholu vychazi také jiny proces produkce amind: amonolyza
alkoholi urychlovana acidobazickymi heterogennimi katalyzatory. Takto se z amoniaku a
methanolu pii teplotach v rozmezi 300 — 400°C a v piitomnosti alumosilikatovych katalyzatora
(popf. aluminy) vyrabé&ji methylaminy (mono-, di- a trimethylamin), které nelze produkovat
reduktivni aminaci z divodu snadného rozkladu methanolu na kovovych katalyzatorech na CO
a vodik. Amonolyza alkohold, neboli kysele katalyzovana alkylace amoniaku alkoholy, je
rovnovaznou reakci.

Dalsim procesem je amonolyza halogenderivati. Ta ma vSak fadu nevyhod: a) tvorbu
znaénych kvant odpadnich soli, nebot' vznikajici halogenovodik je potfeba neutralizovat
alkaliemi, b) korozivni prosttedi, c) problémy s kvalitou produktu a d) nedostatek levné vychozi
suroviny. Pfesto se timto zplisobem stale jest¢ ziskavaji cca 2/3 svétové produkce

ethylendiamini (ethylendiaminu a jeho homologu: diethylentriaminu, triethylentetraaminu atd.),
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a to v tzv. EDC procesu z 1,2-dichlorethanu a amoniaku v kapalné fazi. [1] Nové&jsi postup
spo¢iva v reduktivni aminaci monoethanolaminu v pfitomnosti vodiku a hydrogenac¢niho
katalyzatoru, ovSem ten poskytuje mensi podil zadaného acyklického homologu
diethylentriaminu nez proces EDA. Pramyslovy vyznam ma také amonolyza substituovanych
aromatickych halogenderivati (napt. amonolyza p-nitrochlorbenzenu na p-nitroanilin ve vyrobé
p-fenylendiaminu a vyroba nékolika dal$ich specialnich amint).

technicky snadno dostupnych nitroaromati, pii které se hydrogenolyticky $tépi vazba N—O. Ta
zcela nahradila star§i postupy redukce nitroaromati chemickymi Cinidly (napf. Béchamptv
proces). Nelze zde nezminit hydrogenaci nitrobenzenu na anilin, jez se realizuje jak v plynné
tak kapalné fazi, a vyuziva katalyzitory na bazi médi nebo palladia a platiny. Hlavnim
spotfebitelem anilinu (~85%) je vyroba 4,4‘-methylendianilinu, ktery je meziproduktem pro
vyrobu tvrdych (MDI) polyuretanovych hmot. Hydrogenace dinitrotoluenti na toluendiaminy
ma rovnéz znacny primyslovy vyznam. Toluendiaminy jsou pro zménu meziprodukty pro
vyrobu mékkych/pruznych (TDI) polyuretanovych hmot. Hydrogenovat na aminy lze i
nitrosolatky. Ptikladem takové hydrogenace s primyslovym vyznamem je hydrogenace 4-
nitrosodifenylaminu na 4-aminodifenylamin, ktera byla vyuzita ve vyrobé antioxidantti do

gumarenskych vyrobkii v ziavodé Duslo Sala.

1.2 Hydrogenace nitrili

Hydrogenace nitrild je vyuzivana zvlasté tam, kde je vychozi nitril snadno dostupny a
levny. Ve vétsim métitku se napf. z nitril mastnych kyselin (laurové a stearové) vyrabéji tzv.
,mastné”“ aminy: dodecylamin a oktadecylamin. Primyslové nejvyznamnéj§im uplatnénim
hydrogenace nitrili je vyroba hexamethylendiaminu (hexan-1,6-diaminu) z dinitrilu kyseliny
adipové. Hexamethylendiamin je vychozi latkou pro vyrobu polyamidd (zejména Nylonu 6,6) a
jeho svétova produkce dosahuje zhruba 1,5 milionu tun ro¢né [2]. Hydrogenace nitrild jsou
obvykle realizovany v kapalné fazi pii zvySeném tlaku vodiku a za pfitomnosti heterogennich
kovovych katalyzatort.

Obecné vede hydrogenace nitrilti ke smési primarniho, sekundarniho a terciarniho aminu.
V zavislosti na zvoleném katalyzatoru a reak¢énich podminkach mize v produktu hydrogenace
pfevazovat amin primarni, sekundarni nebo tercidrni. Vhodnou volbou reak¢nich podminek Ize
napiiklad zcela zamezit tvorbé sekundarniho a tercidarniho aminu a dosdhnout téméetr 100%
selektivity na primarni amin.

Reakéni schéma hydrogenace nitrilti vychazejici z navrhli von Brauna [3] a Greenfielda
[4] (obr. 1) bylo po dlouha 1éta v§eobecné akceptovano a do soucasné doby ziistava nejcastéji
citovanym reakénim schématem pro tvorbu sekundarnich a terciarnich aminti hydrogenaci

nitrild. V poslednim desetileti I1ze v literatufe pozorovat narlst praci, které se s vyuzitim
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modernich technik intenzivné vénuji detailnimu mechanismu povrchovych reakei heterogenné
katalyzované hydrogenace nitrild a studiu povrchovych meziproduktt. Na jedné stran¢ vysledky
téchto studii vnaseji trochu svétla do této problematiky, na druhé strané vSak s novymi poznatky
vyvstavaji zcela nové nezodpovézené otazky. Studie naznaCuji, ze intimni mechanismus
hydrogenace nitrili na pevnych katalyzatorech je podstatné komplikovan¢jsi, nez jak

predpoklada reakéni formalismus typu von Brauna a Greenfielda.

H, H,
R-C=N g=——> [R-CH=NH| &=——2 | R-CH,-NH,

R 'CHz'NHz

e
R-CH—NH-CH,-R

5 -
®) _Nh‘

NH, R-CH,-NH-CH,-R

=
/ R-CH=NH

N2 cny-r
7
H R-CH-N
2
/ 6  CHrR
CHz'R _NH3
7
R-CH,-N_ NH,
\ -

R'—CH=CH-N_
CHz‘R

Obr. 1: Reak¢ni schéma hydrogenace nitrilti podle Brauna [3] v Greenfieldové modifikaci [4]

1.3 Reakéni kroky hydrogenace nitrilua

Reakéni chemismus a mechanismus hydrogenace nitrili byl studovan mnoha autory
pocinaje Sabatierem a Senderensem [5], ktefi v roce 1905 navrhli, Ze je primarni amin tvofen ve
dvou krocich pres stadium primarniho aldiminu RCH=NH.

R-CN + H, - RCH=NH
RCH=NH + H;, - RCH;NH,

Mignonac [6] studoval hydrogenaci aromatickych nitrild, v reakénich smésich

identifikoval Schiffovy baze RCH=NCH,R a oznaCil je za meziprodukty pii tvorbé

sekundarnich amint. Pfi hydrogenaci benzonitrilu pedpokladdal vznik hydrobenzamidu 1 ze 3
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molekul benzaldehydiminu 2 a jeho nasledny hydrogenolyticky rozklad za tvorby benzylaminu
3 a Schiffovy baze 4 (reakce 1).

3 @—CH:NH —_ @—CHZN-CH—NZCH@ +  NH;

@ ®

2H,

O] 3

Odpovidajici ekvimolarni pomér primarniho a sekundarniho aminu v produktu vSak
Mignonac nezaznamenal ani ve svych vlastnich pokusech. V roce 1923 navrhli von Braun,
Blessing a Zobel [3] na zakladé¢ vysledkli hydrogenace rozsahlé fady nitrili provadéné
v kapalné fazi za ptitomnosti Raneyova niklu, ze sekundarni aminy jsou tvoreny nasledovné.
Nukleofilni adici primarniho aminu na a-uhlik aldiminu nejprve vznika 1-(alkylamino)alkan-1-
amin (5), pro ktery se v literatufe vzil zjednoduseny nazev 1-amino-dialkylamin (obr. 1). Z 1-
amino-dialkylaminu muze podle autori vzniknout sekundarni amin dvéma zpulsoby:
hydrogenolytickym rozkladem nebo alternativng, odst€penim amoniaku za vzniku sekundéarniho
iminu (Schiffovy baze, alkylidenalkylaminu), ktery je dale hydrogenovan na sekundarni amin.
Winans a Adkins [7] studovali hydrogenaci hydrobenzamidu a vysledky jejich experimenti
byly v souladu s von Braunovym mechanismem. Juday a Adkins [8] se zabyvali hydrogenaci
alifatickych i1 aromatickych nitrilti a zjistili, Ze pro hydrogenaci alifatickych nitrila jsou jejich
vysledky konzistentni s von Braunovym mechanismem, zatimco pii hydrogenaci aromatickych
nitril vznikd podle autorti Schiffova baze hydrogenolyzou dimeru aldiminu. Kindler a Hesse
[9] v roce 1933 navrhli, Ze terciarni aminy jsou tvofeny adici sekundarniho aminu na aldimin a
naslednou hydrogenolyzou vzniklého 1,1-bis(alkylamino)alkan-1-aminu (6) (zkracené
oznaCovaného jako l-amino-trialkylamin). To vSak nevystihuje skute¢nost, Ze cely proces
tvorby terciarnich aminl je vratny. Z terciarnich aminli a amoniaku vznika na povrchu
kovovych katalyzatort zpétné nitril [10,11, PFiloha 2]. Hydrogenolyticka reakce 1-amino-
trialkylaminu je ale evidentné nevratna. Greenfield [4] navrhl, Ze z 1-amino-trialkylaminu se
odstépi amoniak za vzniku enaminu, obsahujiciho dvojnou vazbu mezi o~ a f-uhlikem k dusiku,
a jeho hydrogenaci vznikne terciarni amin. Vzhledem k vratnosti této reakce je pak vysvétlena
vratnost celého procesu vzniku terciarnich aminti z nitrili. Enaminy jsou dobfe znadmé
meziprodukty Vv organické chemii a jsou téz povazovany za meziprodukty pfi hydrogenacni
aminaci karbonylovych sloucenin dialkylaminy na trialkylaminy. Volf a Pasek [10] studiem

hydrogenace lauronitrilu v ptitomnosti kobaltového katalyzatoru zjistili, ze sekundarni amin
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nevznikal hydrogenolyzou 1-amino-dialkylaminu, tj. N-dodecyldodekan-1,1-diaminu, a podali
dikaz, ze sekundarni amin vznika hydrogenaci sekundarniho iminu. Béhem hydrogenace se
v reak¢éni smési hromadil sekundarni imin (sledovano chromatograficky a spektroskopicky),
ktery se teprve po spotiebovani veskerého nitrilu v zdvéru reakce hydrogenoval na sekundarni
amin. Vsouladu stim se pfiklada menS$i vyznam hydrogenolytické reakci v Braunové
mechanismu vedouci k sekundarnimu aminu. Argumentem ve prospéch enaminové teorie
vzniku terciarnich amint byly experimentalni vysledky Rylandera a kol. [12] Hydrogenace
benzonitrilu na Pd a Pt vedla k sekundarnimu aminu, vznik tribenzylaminu nebyl pozorovan.
Adici dibenzylaminu na benzaldehydimin mtze vzniknout geminalni diaminosloucenina, avsak
eliminace amoniaku na enamin neni mozna z divodu absence atomti vodiku na B-uhlikovém
atomu vzhledem k dusiku. V tomto kontextu miize byt namitano, ze tribenzylamin nevznikal ze
sterickych duvodu, ale ani v pfipadé hydrogenace smési benzonitrilu s diethylaminem nebyl
vznik terciarniho aminu pozorovan [12]. V roce 1999 byla ucast enamini na tvorbé terciarnich
aminll potvrzena analyticky, tj. identifikaci enaminu v reakéni smési a jeho koncentracni
kiivkou s maximem typickym pro reakéni meziprodukty [13]. Podle Gomezové a kol. [14] vSak
ani pfimou hydrogenolyzu 1-amino-trialkylamind na terciarni aminy nelze vyloudit, jelikoz bylo
experimentalné zjisténo [15], Ze pii hydrogena¢ni aminaci benzaldehydu amoniakem
v pritomnosti Pd katalyzatoru obsahoval produkt 8 % tribenzylaminu, na jehoz tvorbé se enamin
nemohl podilet.

Brauntiv mechanismus v Greenfieldové modifikaci je znazornén na obr. 1. Jelikoz bylo
vySetieno [10], Ze vyjma hydrogenolytickych krokti jsou vSechny ostatni reakéni kroky
vratnymi reakcemi, je v moderni verzi reakéniho schématu na obr. 1 uzivan symbol vratnosti
reakci ——*. Za béznych pracovnich podminek hydrogenace nitrili se ale hydrogena¢ni kroky
chovaji zpravidla jako nevratné; dehydrogenace a disproporcionacni reakce vznikajicich aminii
neprobihaji [16, P¥iloha 4]. Piestoze je schéma ve vyse uvedené podobé formalni a nevystihuje
skuteCnost, ze se jedna o katalyticky proces, zlstava do souCasnosti nejCastéji citovanym
reakénim schématem pro tvorbu vys$Sich amint (tj. sekundarnich a terciarnich) hydrogenaci
nitrild [10,14,17-27]. Je evidentni, Ze zminény reakéni formalismus je spoleény jak pro
heterogenni, tak pro homogenni katalyzu. Diskuse k mechanismu povrchovych reakci
heterogenné katalyzované hydrogenace nitrilti bude uvedena dale.

Zatimco sekundarni iminy a enaminy byly v reakénich smésich hydrogenaci nitrild
jednoznacné identifikovany, klicovy meziprodukt — (primarni) aldimin doposud nebyl jinymi
autory v reakénich smésich spolehlivé analyticky prokazan. To v§ak neznamena, Ze nemize byt
reakénim meziproduktem. Experimentalni fakt 1ze vysvétlit n€kolika zptsoby [K1]:

a) meziprodukt reaguje tak rychle, Ze ho neni mozné zachytit

b) meziprodukt je na povrchu katalyzatoru silné sorbovan a v této formé dale reaguje

C) je nestaly a analyticky ho nelze stanovit
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Analogii je mozno nalézt u podobné katalytické reakce [28]. Pti reakci anilinu s alkoholy
na kovovych katalyzatorech vznikaji N-alkylaniliny, pfiCemz reakce probihd pies stadium
meziproduktu — karbonylové slouceniny. Pfi reakci s 2-propanolem v kapalné fazi je po celou
dobu vsadkového pokusu koncentrace acetonu jako meziproduktu rovnovazna (predfazena
rovnovaha) a analyticky méfitelna, zatimco pii reakci s ethanolem nebyl acetaldehyd detekovan,
ackoliv je bezesporu meziproduktem. Nepifimo byla ucast primarniho aldiminu v reakénim
sledu hydrogenace nitrili prok4dzana hydrogenaci benzonitrilu v ptebytku vodni pary, kdy

Vv prubéhu reakce vznikal benzaldehyd [29] (reakce 2).
R—C=N L R-CH=NH i—;o> R-CH=0 _ R-CH,-OH
B 3
Dal$im nepfimym diikazem jsou experimentalni vysledky Volfa a Paska z hydrogenace
benzonitrilu na Ni Kkatalyzatorech v kapalné fazi [30,31]. Koncentrace N-benzyliden-
benzylaminu v reakéni smési v prabéhu hydrogenace dosahuje v maximu 55-60 % a s

postupujici konverzi klesne nakonec na nulu. Pfitom kone¢na koncentrace dibenzylaminu je

pouze 10 %. Tento prubéh koncentrace reaktantii s konverzi (¢asem) vysvétluje vratnd reakce

(3):

@CH:NH + H2N—CH2@ P — @-CH:N—CH2—® + NH,

Dokud je v reakéni smési pritomny nitril a tedy i primarni aldimin (adsorbovany na
povrchu katalyzatoru), tvoii se sekundarni imin, ktery desorbuje do roztoku. Po vymizeni nitrilu
reaguje sekundarni imin s amoniakem a siln€ji sorbovany primarni aldimin se hydrogenuje na

primarni amin. Vratnost zapsané reakce je nesporna.

1.3.1 Detekce primarniho aldiminu v reakénich smésich

Neptitomnost primarniho aldiminu v objemové fazi je nejcastéji pripisovana jeho vysoké
reaktivité [10,14,17]. Gomezova a kol. [14] sledovali pomoci 'H NMR reakci benzaldehydu
s amoniakem (bez pritomnosti katalyzatoru) a zjistili, Ze benzaldehydimin (téZ nazyvany
benzylimin) nelze vreakéni smési detekovat, ackoliv bezesporu vznika. Analyticky byl
stanoven az nasledny produkt — hydrobenzamid.

V nedavné dobé jsem se zabyval technologickymi aspekty hydrogenacni aminace
benzaldehydu na benzylamin a posuzoval jeji moznosti pro prumyslovou aplikaci [K2]. V ramci
této prace jsem téz analyzoval ekvimolarni smés benzaldehydu a amoniaku. Na rozdil od
Gomezové a kol. [14] jsem ale ptekvapivé detekoval reaktivni meziprodukt benzaldehydimin,
ktery pti GC-MS analyze vytvoril samostatny chromatograficky pik. MS-spektrum latky (viz
obr. 2) korespondovalo s MS spektrem benzaldehydiminu z knihovny spekter NIST, majici

charakteristické m/z 77 a 104 amu (tj. m/z hlavnich pikii MS benzylaminu — 2 amu odpovidajici
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2 atomum vodiku) [K2]. Jak bylo uvedeno vyse, to, Ze se dosud nedafilo v reakénich smésich
reduktivnich aminaci a hydrogenaci nitrilti chromatograficky detekovat primarni aldiminy (jak
alifatické, tak aromatické), ackoliv bezesporu vznikaji, bylo pfisuzovano jejich vysoké
reaktivité. Aromatické aldiminy vSak musi byt méné¢ reaktivni nez alifatické: z divodu
pozitivniho mezomerniho efektu aromatického jadra, kterému vyhovuje konjugace s iminovou
skupinou. Proto se patrné podafilo benzaldehydimin chromatograficky stanovit (ikdyz ne

konkrétn€ v reakéni smési hydrogenace nitrild).
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Obr. 2: MS-spektrum (El, 70 eV) latky s RT = 3,12 min korespondujici s MS-spektrem

benzaldehydiminu z knihovny spekter. Spektrum oviivnéno pritomnosti malého mnoZstvi

benzylalkoholu a benzylaminu. [K2]

1.4 Zakladni charakteristika hydrogenace nitrila

Selektivita hydrogenace nitril zavisi na struktufe substratu, druhu a mnozstvi
katalyzatoru, bazicité ¢i acidité piisad, reakénim prostiedi a reak¢énich podminkach [10,14]. Na
slozeni produktu ma rozhodujici vliv druh kovu uzitého v katalyzatoru. Vliv ostatnich reak¢nich
parametri se uplatiuje mén€. Empiricky bylo zjisténo, Ze selektivita vi¢i sekundarnim a
terciarnim aminiim zhruba roste v pofadi Co < Ni < Ru < Rh < Cu << Pt < Pd. Zatimco s
vyuzitim kobaltu a niklu lze pfipravit z alifatickych nitrild ve vysokém vytézku primarni amin,
produktem hydrogenace na platiné a palladiu je ¢asto jen terciarni amin. Kovy lezici uprostied
této fady (Cu, Rh) jsou vhodnymi katalyzatory pro ptipravu sekundarnich amind. Dramatické
rozdily v selektivité Ni a Co na jedné strané a Pd a Pt na strané druhé jsou ilustrovany v tabulce
1 na piikladu hydrogenace butyronitrilu v kapalné fazi. Typ katalyzatoru, presnéji feCeno druh
kovu uzitého v katalyzatoru, ovliviiuje nejenom selektivitu procesu, ale téz vlastni pribéh
hydrogenace, zejména reak¢ni rychlost, tvar konverzni kiivky a pfipadné téz zptisob a rychlost
dezaktivace katalyzatoru. Napfiklad rychlost hydrogenace katalyzovana niklem a kobaltem je ve
veétsing piipadl témér konstantni az do vysokych konverzi vychoziho nitrilu, kdezto rychlost
hydrogenace na palladiu a platin¢ progresivné klesa s rostoucim stupném premény a reakce se

Casto zastavuje pred dosazenim 100%ni konverze nitrilu [33].
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Tabulka 1: Vliv druhu kovu na selektivitu hydrogenace butyronitrilu
Pomérné zastoupeni® primarniho, sekundarniho a terciarniho aminu v produktu hydrogenace

butyronitrilu [K1, 32]

Kov Co Ni Ni Pt Pd
Typ katalyzatoru Raney-Co Raney-Ni 65% 5% 5%
Ni/SiO, Pt/C Pd/C
Butylamin 94,5 84,8 85,8 2,8 1,4
Dibutylamin 55 15,1 14,1 17,9 16,2
Tributylamin 0,0 0,1 0,1 79,3 82,4

# mol.%; hydrogenace V kapalné fazi bez piitomnosti rozpoustédla, reakcni teplota 100°C, tlak
H, 5 MPa

V technickych aplikacich jsou nitrily vyuzivany zejména k piipravé primarnich amind.
Pridavek amoniaku je jednou z nejbéznéjSich technik zvySovani selektivity tvorby primarniho
aminu. Pisobeni amoniaku mize byt vysvétleno posouvanim rovnovahy kondenzacnich reakci
Vv Braunové mechanismu v neprospéch tvorby sekundarniho iminu a enaminu (a tedy i
sekundarniho a tercidrniho aminu). Podle Volfa a Paska [10] je téz za snizenou tvorbu
sekundarnich amind v pfitomnosti amoniaku odpovédna kompetitivni reakce primarniho
aldiminu s amoniakem na 1-amino-alkylamin, ktera snizuje koncentraci primarniho aldiminu
pro jeho reakci s primarnim aminem.

Vyznamného snizeni obsahu sekundarnich a terciarnich aminua v produktech hydrogenace
nitrild Ize dosdhnout pifidavkem malého mnozstvi alkalii, zejména NaOH, LiOH, KOH a
Na,COs, resp. jejich vodnych roztokd. Tento zplsob se ¢im dal tim vice uplatiuje
v primyslovych procesech, zejména na ukor technologii vyuzivajicich amoniak, jelikoz u¢inek
alkalif na selektivitu je vEétsi a pouziti amoniaku s sebou nese fadu nevyhod. Optimalni mnozstvi
alkalie, které je pro proces zasadni, je zpravidla predmétem firemnich know-how. Vétsi
mnozstvi alkalie muze zpusobit pokles reakéni rychlosti [14,17]. Ackoliv je z alkalii G¢inek
LiOH na selektivitu patrné nejvyssi [34], z ekonomickych divodi se Castéji pouziva NaOH.
Utinek piidavku alkalii je tak vyrazny, Ze umoziiuje dosdhnout téméf stoprocentni selektivity na
primarni amin i pii zdméné selektivnéjsSiho kobaltového katalyzatoru za vyznamné levnéjsi a
aktivnéjsi niklovy katalyzator, a soucasné pracovat za nizkého tlaku vodiku pod 5 MPa. Napf.
pii vyrobé hexamethylediaminu hydrogenaci adiponitrilu na Ni katalyzatoru v kapalné fazi
Vv pritomnosti ur¢itého mnozstvi vodného roztoku NaOH je pfi tlaku 3 MPa a teploté 75—-100°C
dosahovano 99% selektivity [2]. Mechanismus piisobeni bazi na aktivitu a selektivitu neni zatim
zcela objasnén, podle nékterych studii souvisi se zménou mnozstvi aminu adsorbovaného na

povrch Ni a Co katalyzatorti Raneyova typu [34-36].
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Detailni piehled a rozbor poznatkl o vlivu teploty, tlaku, reakéniho prostiedi, struktury
substratu ¢i typu katalytického nosi¢e a dalSich aspekti hydrogenace nitrili je soucasti
rozsahlého referatu Gomezové a kol. [14] z roku 2002 nebo starsi prace [10] Volfa a Paska.
Obecn¢ lze konstatovat, ze literatura nabizi v mnoha ptipadech rozporné informace o
hydrogenaci nitrilG a zaveéry o vlivu reakénich podminek na pribéh reakce neni tudiz mozné
generalizovat. Rovnéz o vlivu nosi¢e katalyzatoru na selektivitu hydrogenace nitrilt lze
Vv literatufe najit zcela protichidné experimentalni vysledky. Ve vétSin€ piipadii nebyl
pozorovan prakticky zadny vliv nosie na selektivitu [10,32,33,37,38], v nékterych piipadech
vSak byl zaznamenan nartst selektivity tvorby primarniho aminu se snizujici se kyselosti nosice
[20,39-41], v jiném ptipadé byl trend zcela opacny [42]. Ovlivnéni selektivity nosi¢em bylo
nejcasteji pozorovano u Ni a Co katalyzatord pti hydrogenaci v plynné fazi, nebylo pozorovano

u Pd katalyzatort, které siln€ preferuji tvorbu vyssich amint (sekundarnich a terciarnich).

2. MECHANISTICKE A KATALYTICKE ASPEKTY
PROCESU

2.1 Vychozi stav poznani
2.1.1 Lokalizace kondenza¢nich reakci pri heterogenné Kkatalyzované
hydrogenaci nitrili

Pro diskuzi o mechanismu heterogenné katalyzované hydrogenace nitrilii je dalezité
urCeni reakéniho mista, kde jednotlivé reakéni kroky probihaji. Obecné je kondenzace aminu s
karbonylovou slouceninou nebo iminem kysele katalyzovanou reakci. AvsSak napi. adice
primarniho aminu na aldehyd za vzniku iminu probiha velmi rychle i bez pfitomnosti kyselého
katalyzatoru. Stejné tak se pti reakci sekundarniho iminu s ,,cizim“ primarnim aminem rychle

ustavuje rovnovaha i bez ptitomnosti kyselého katalyzatoru [PFiloha 4] (reakce 4).

_CH=N-CH,-R! 2_CH,-
R'-CH=N-CH,-R' 4+ R2-CH,-NH, = _NH-CH,-R!

R'-CcH

— “NH-CH,-R>

R'-CH=N-CH,-R> +  R!-CH,-NH,

Je ale znamo, Ze kondenzace aromatického aminu s ketonem, ktery je v porovnani
s aldehydem méné reaktivni pro adici nukleofilni ¢astice, mize byt urychlena ptidavkem
heterogenniho kyselého katalyzatoru (napi. alumosilikatu) do reakéni smési [28]. Kondenzaéni
reakce Vreakénim schématu tvorby sekundarnich a terciarnich amint hydrogenaci nitrila
mohou teoreticky probihat v objemové fazi, na povrchu kovu, na povrchu kyselého nosice

katalyzatoru nebo soucasné na vice mistech.
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Jiz vroce 1955 pozorovali Juday a Adkins [8] pfi studiu hydrogenace nitrilu
Vv pfitomnosti primarniho aminu s odliSnym alkylem, Ze vedle nesymetrického sekundarniho
aminu vznika ve zna¢né mife i symetricky sekundarni amin. Podle mechanismu von Brauna,
ktery predpokladal, ze kondenzacni reakce vedouci k tvorbé sekundarniho iminu probiha
v kapalné fazi, by vSak mél vznikat pfednostné nesymetricky sekundarni amin. Juday a Adkins
navic zjistili, ze pfi pfidavcich aminu nad pomér amin/nitril = 1, nedochéazelo k vyraznému
zvySeni tvorby nesymetrického sekundarniho aminu. Tento fakt povazuji autofi za ditkaz toho,
ze hydrogenac¢ni a kondenzacni reakce v reakénim schématu hydrogenace nitrili jsou
konkuren¢nimi povrchovymi reakcemi a Ze povrch katalyzatoru je pifi molarnim pomeéru
primarni amin/nitril = 1 vzhledem k adsorpci primarniho aminu nasycen.

Volf a Pasek [10] dospéli ke stejnému zavéru. Pozorovali, Ze béhem hydrogenace
lauronitrilu na kobaltu v kapalné fazi nezavisi selektivita na koncentraci katalyzatoru v reakéni
smesi. Dale pozorovali, Ze pti pouziti Ni katalyzatort s riznou velikosti specifického povrchu
neni selektivita ovlivnéna aktivitou katalyzatoru. Pokud by kondenzacni reakce probihaly
V objemové fazi, mnozstvi katalyzatoru a jeho aktivita by ovliviiovaly selektivitu procesu.
Z pozorovani, Ze selektivita nezavisi na téchto parametrech, autoii vyvozuji, Ze kondenzacni
reakce probihaji zcela nebo pfevazné na povrchu katalyzatoru a nikoliv v objemové fazi.
Vzhledem k tomu, Ze jsou znamy vyrazné rozdily v selektivité jednotlivych kovi, autofi dale
predpokladaji, ze kondenzacnich reakci se Ucastni kovova slozka katalyzatoru. Severa [32]
experimentalné testoval, zda muze primarni aldimin desorbovat z povrchu katalyzatoru do
objemové faze a tam reagovat s primarnim nebo sekundarnim aminem. Porovnaval hydrogenaci
butyronitrilu v kapalné fazi (100°C, 5 MPa) na Raneyové niklu s hydrogenaci, pfi niz byl navic
pfidan heterogenni kysely katalyzator. Jako zastupce pevné kyseliny s Brenstedovymi kyselymi
centry zvolil zeolit HZSM-5 a jako zastupce pevné kyseliny s Lewisovymi kyselymi centry y-
aluminu. Ani v jednom piipadé nedoslo ke zméné slozeni hydrogenac¢niho produktu, z ¢ehoz
autor usoudil, Ze primarni aldimin nedesorbuje z povrchu katalyzatoru a kondenzacni reakce
neprobihaji v objemové fazi (Tabulka 2).

Ztohoto hlediska se tedy hydrogenace nitrild 1i8i od hydrogena¢ni aminace
karbonylovych sloucenin, pii které kondenzacni reakce karbonylové slouceniny s aminem
probihaji i v objemové fazi a mohou byt urychleny kyselym charakterem nosi¢e nebo
ptidavkem kyselého katalyzatoru do reakéni smési. Hydrogenace nitrild je naopak vyhradné
heterogenni proces, ktery probihd zcela na povrchu katalyzatoru. Pficinou je patrné vysoka
reaktivita primarniho aldiminu ve srovnéani s aldehydem a ketonem, jejimz nasledkem aldimin
vznikajici na povrchu katalyzatoru reaguje dale v adsorbovaném stavu a nedesorbuje do

objemové faze. [Priloha 1, K1]
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Tabulka 2: Selektivity katalyzatori na bazi Ni v hydrogenaci butyronitrilu [32, Ptiloha 1]

Katalyzator Selektivita (mol.%)?
Butylamin Dibutylamin Tributylamin

Raney-Ni 86,6 13,3 0,1
Raney-Ni + ZSM-5 87,5 12,4 0,1
Raney-Ni + Al,O; 86,2 13,6 0,1
Ni/SiO; 85,8 14,1 0,1
Ni/Al,O4 84,6 14,9 0,1
Ni/Mordenit 87,0 12,8 0,1
Ni/Beta-zeolit 86,5 13,4 0,1
Ni/ZSM-5 85,6 14,3 0,1

& pFi totdlni konverzi nitrilu;, hydrogenace v kapalné fazi bez pritomnosti rozpoustédla, reakcni
teplota 100°C, tlak H, 5 MPa

Koubek a kol. [33] v roce 1981 zjistili, ze pti hydrogenaci alifatickych nitrilti v kapalné
fazi na palladiovych katalyzatorech vznikaji nezavisle na reakénich podminkach ve vysokém
vytézku terciarni aminy a typ nosice neovliviiuje selektivitu procesu. Z toho usoudili, ze aktivni
centra pro hydrogenaci a kondenzaci jsou u nosiCovych Pd katalyzatorti lokalizovany na
povrchu kovu. Ke stejnému zavéru dospéli Pasek a kol. [38] a Severa [32] v ptipadé Ni
katalyzatort. Severa [32] pozoroval, Ze pii hydrogenaci butyronitrilu v kapalné fazi je obsah
primarniho aminu v hydrogenac¢nim produktu nezavisly na formé niklového katalyzatoru (Ra-
Ni, Ni/SiO,, Ni/Al,O3, Ni/ZSM-5, Ni/Beta-zeolit, Ni/Mordenit) (Tabulka 2).

Verhaak a kol. [39] naopak zjistili, ze v piipadé hydrogenace acetonitrilu v plynné fazi na
Ni katalyzatorech je selektivita vyznamné ovlivnéna typem nosice. Testovany byly katalyzatory
Ni/SiO, sriznym stupném redukce béhem jejich piipravy. Vice redukované katalyzatory
obsahovaly méné hydrokiemicitanu nikelnatého a byly proto méné kyselé. S rostouci teplotou
redukce se zvySovala jejich selektivita k ethylaminu. Ve stejné reakci byly testovany Ni
katalyzatory na nosic¢ich Al,O3. Kyselost téchto nosicl byla snizovana pfidavkem KOH. Vyssi
obsah K" ionti mél za nasledek vyssi selektivitu katalyzatoru k ethylaminu. Na zakladé téchto
vysledkli navrhli Verhaak a kol. dualni mechanismus, ve kterém hydrogenacni funkci
katalyzatoru zajiStuje kovova slozka a kyseld slozka katalyzatoru (kysely nosi¢) je odpovédna
za kondenzacni reakce vedouci k vy$§im amintim (obr. 3). Hydrogenace na primarni aldimin a
amin probihaji na kovové slozce. Zminéné latky nasledné migruji, pravdépodobné pies plynnou
fazi, ke kyselym centrim nosice, kde je aldimin protonizovan a reaguje s primarnim aminem.
Vysledné 1-amino-dialkylamoniové ionty jsou deprotonizovany, ztraceji NHjz za vzniku
sekundarniho iminu, ktery desorbuje z povrchu a migruje zpét na kov, kde je hydrogenovan na

sekundarni amin. V souladu stouto hypotézou vykazovaly hydrogenacni katalyzatory s
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v

kyselejsim nosicem vyssi selektivitu k tvorbé vysSich aminti a katalyzatory se zédsaditéjSim
nosi¢em vysokou selektivitu k primarnimu aminu, dokonce pii absenci amoniaku [37]. Nutno
podotknout, Ze Dallons a kol. [42] ziskali pii studiu vlivu nosi¢e Rh katalyzatoru na selektivitu
hydrogenace propionitrilu v kapalné fazi zcela opacné vysledky. Kyselejsi nosi¢ potlacoval

tvorbu sekundarniho aminu.
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Obr. 3: Bifunkéni mechanismus hydrogenace nitrilti navrzeny Verhaakem a kol. [39]

Bifunk¢ni mechanismus navrzeny Verhaakem a kol. byl v roce 1999 kriticky rozebran
Huangem a Sachtlerem [13]. Ti dokazali, Ze zminény mechanismus je nepravdépodobny,
protoze: @) sekundarni aminy jsou tvofeny i za pouziti nenosi¢ovych kovi nebo kovovych
katalyzatoru, jejichZ nosi¢ ma neutralni charakter, b) kysela mista v katalyzatoru jsou okamzité
neutralizovana v bazickém prostfedi amint, ¢) pokud by na povrchu kovu probihaly pouze
hydrogenace, pak by selektivita k vy§$im aminim neméla zaviset na vlastnostech kovu, a pii
hydrogenacich v plynné fazi by nemély byt tvofeny sekundarni a tercidrni aminy. Autofi
porovnali hydrogenaci butyronitrilu v plynné a kapalné fazi na riznych M/NaY katalyzatorech
se zeolitovym nosi¢em (M = Ru, Rh, Ni, Pd, Pt). Pii hydrogenacich v kapalné a v plynné fazi
vznikalo srovnatelné mnozstvi sekundarnich a tercidrnich aminti, coz indikuje, ze kondenzacni
reakce probihaji pouze v adsorbované vrstvé a nikoliv Vv kapalné fazi. Jedinou funkci kapalné
faze by tak mélo byt usnadnéni desorpce a tedy i snizeni deaktivace katalyzatoru. Jelikoz
zaménou druhu kovu v katalyzatoru se stejnym nosi¢em bylo dosazeno zcela rozdilnych
selektivit, dospéli autofi k zavéru, ze nejenom hydrogenacni ale i kondenzaéni reakce probihaji
na povrchu kovu a Ze selektivita k primarnimu aminu zavisi pouze na kovu, bez ohledu na typ

nosice, jeho kyselost a bez ohledu na reakéni médium [13]. Autofi tak znovu potvrdili zavéry,
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skepticky pohled na Verhaakiv dudlni mechanismus je spravny, s argumentem Huanga a
Sachtlera [13], Zze kysela mista nosicového katalyzatoru jsou neutralizovana aminy a nemaji
proto katalytickou aktivitu, 1ze polemizovat. Heterogenni kyselé katalyzatory jsou v pramyslové
praxi bézn¢ pouzivany i v kysele katalyzovanych reakcich, kterych se ucastni aminy (napf.
vyroba amint z alkenli a amoniaku na zeolitech, nebo vyroba methylamini z methanolu a
amoniaku na zeolitech). Pfi reakci amint s ketony a vodikem na kovovych katalyzatorech
(hydrogenaéni aminace) se pomaly vznik ketiminu urychluje ptidavkem alumosilikatu.

Zavérem lze shrnout, ze pfi hydrogenaci nitrili v kapalné fazi probihaji kondenzacni
reakce vedouci k sekundarnim a tercidarnim aminiim na povrchu kovi, kysely nosi¢ se na nich
nepodili. V piipadé hydrogenace v plynné fazi na Ni a Co katalyzatorech ma nosi¢ urcity vliv na
selektivitu procesu, coz vSak nutn€ nemusi znamenat bifunkéni mechanismus tvorby vyssich
amint. Tento jev mize souviset napt. se zménou elektronové hustoty na kovovych Ni ¢asticich

[43].

2.1.2 Mechanismus povrchovych reakci

V literatuie je publikovdno n€kolik mechanistickych ndvrhi pro sled povrchovych reakci
heterogenné katalyzované hydrogenace nitrilt [17,35,42,44-50, K1]. Ve vSech piipadech se
vSak jedna o vice ¢i méné spekulativni navrhy. V dosud publikovanych chemickych a fyzikalné-
chemickych studiich zatim neni dostatek informaci, na zakladé kterych by bylo mozné detailni
reakéni mechanismus povrchové hydrogenace nitrilii jednoznaéng stanovit, definovat a potvrdit.
Prvni uceleny mechanisticky model povrchovych reakénich krokti a povrchovych meziprodukti
byl publikovan vroce 1994 De Bellefonem a Fouillouxem [17], a vychazel z poznatku
organokovové koordinacni chemie a homogenni katalyzy. Model je znazornén na obr. 4.
Struktura povrchovych komplexi byla navrzena na zakladé piedpokladu podobnosti
s homogennimi organokovovymi komplexy. V souladu stim se autofi domnivaji, Zze
meziprodukty hydrogenace nitrilt mohou byt vazany na povrch kovového katalyzatoru atomem
dusiku nebo atomem a—uhliku (vzhledem k dusiku). Napt. primarni aldimin, vznikly postupnou
adici dvou atomti vodiku na molekulu nitrilu, tak nemusi byt pfitomen na povrchu katalyzatoru
striktn€ ve forme aldiminu koordinovaného s aktivnimi misty pomoci n-elektronti dvojné vazby
C=N a/nebo volnym elektronovym parem na dusiku, ale maze existovat téz ve forme
povrchového nitrenu R—-CH,—~N=M nebo povrchového aminoalkylkarbenu R(NH;)C=M. Podle
autorti probihd hydrogenace nitrilu pfes parcialné hydrogenované meziprodukty vézané na
povrch kovu vazbou M-N (nazvano ,,M-N route“), nebo pies parcialné hydrogenované
meziprodukty vazané na povrch kovu vazbou M—C (tzv. ,,M-C route™). Autofi ve své studii
dale podrobn¢ diskutuji koordina¢ni mod a geometrii ogranokovovych komplext.

V literatuie 1ze nalézt mnoho studii vibra¢nich spekter adsorbovanych nitrili a amind,

které ukazuji, jaké povrchové komplexy se objevuji na povrchu riznych kova, napf. lit. [19, 52-
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75]. Vzhledem ktomu, Zze ani soucasné mechanistické navrhy heterogenné katalyzované
hydrogenace nitrili nezahrnuji spekulace o detailni adsorpéni geometrii povrchovych
meziproduktl, vychazime ze zjednodusenych modelii na Grovni schémat na obr. 4 — 8. Ze studii
vibracnich spekter adsorbovanych nitrili a amini obecné vyplyva, Ze za rGznych podminek
mohou byt povrchové komplexy obsahujici dusikovy atom vazany na povrch kovu jak ptes
atom dusiku, tak pfes atom uhliku. Podminky, za kterych jsou takova spektra méfena, jsou vsak

Casto dosti vzdalené od béznych pracovnich podminek hydrogenaci nitrild.

RCN RCN*  RCN*+H RCN* + 2H RCN*+3H  RCN*+4H RCN +4H
R
) R R
C R\ R\ I R |
"M-N route" Il l?H CH, HC N \CHZ Hzc\
N — — | NH —p | - NH,
! N N ! NH :
v | | Y \
M M M M M M
T
— — R ~
R-C=N —>= R-C=N CH=NH R—CH,-NH,
| 1
v
M M
NH.
R o=NH R~ NH Riey™
"M-C route" | = || e
M M M

Obr. 4: Mechanisticky navrh elementarnich krokti povrchové hydrogenace nitrild podle De

Bellefona a Fouillouxe [17] (M znaci katalytické misto obsahujici jeden nebo vice atomii kovu)

: H;C_ Q)

R_ CH2 _NH2

VA

transamination
10 + 11 ——» by-products

Obr. 5: Mechanisticky navrh elementarnich krokd pro hydrogenaci acetonitrilu na povrchu Ni
podle Coqa a kol. [45]
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Dvé¢ alternativni reakéni cesty ,,M-N route” a ,,M-C route” jsou zahrnuty i v dalSich
mechanistickych navrzich. Na obr. 5 je uveden navrh elementarnich krokli pro hydrogenaci
acetonitrilu na Ni povrchu prezentovany Cogem a kol. [45] v experimentalni studii zabyvajici se
hydrogenaci acetonitrilu na katalyzatorech pfipravenych kalcinaci a redukci sloucenin
hydrotalcitového typu (LDH) s kationty Ni**/Co**/Mg”*/AI**. Existence povrchovych komplexii
vystupujicich v tomto mechanismu je podpofena fyzikalné-chemickymi studiemi z literatury,
sled jednotlivych elementarnich reakénich krokii je vSak pouhou spekulaci, coz také autofi
uvadéji. Pouze ndvrh reakéniho kroku kondenzace aldiminu s aminem (,transaminace®) v
navrzeném sledu elementarnich kroki je nepfimo podpoien experimentalnimi kinetickymi daty
— distribuci reakénich produktd pozorovanych v ptitomnosti Ni/Mg(Al)O a NiCo/Mg(Al)O
katalyzatort.

Coq a kol. [45] diskutuji a obhajuji sviij navrh reakénich meziprodukti a mechanismu
nasledovné. Spektroskopie neelastického rozptylu neutronti (INS) ukdzala, Ze adsorpce CH3CN
na Raneyoveé Ni je asociativni, bez §tépeni vazby C—H, a Ze CN vazba je vic¢i povrchu paralelni,
acetonitril je adsorbovan ve formé n, komplexu. [63] Stejné vysledky byly zjistény i v piipadé
adsorpce CH3;CN na evakuovanych Ni filmech [64] a na Pt (111) (cit.[54]). Naopak Friend a
kol. [65] navrhuje 1; komplex koordinovany na povrch Ni kolmo, volnym elektronovym parem
N atomu. Vysledky molekularniho modelovani s vyuzitim rozsitené Huckelovy metody (EHT)
naznacuji, ze na Ni (111) je mozna soutéz mezi m; a 1, formami [76], ale na Ni (100) a Ni
(110) ptevazuje n; forma [77]. Komplexy 10 a 11, které obsahuje mechanisticky navrh Coqa a
kol. (obr. 5), byly pozorovany elektronovou spektroskopii charakteristickych ztrat (HR-EELS)
pfi  termalnim rozkladu ethylaminu na Ni (111). Dominantné adsorbovany
aminomethylkarbenovy komplex 11 muze pii 330 K piednostné poskytnout acimidoylovy
komplex 10 [66]. Komplex 10 je téz predikovan molekularnim modelovanim (EHT) jako
produkt adice prvniho atomu vodiku na aktivovany komplex acetonitrilu 7 na povrchu Ni (111)
[78]. Prvnim krokem kondenzacni reakce mezi aldiminem a aminem je nukleofilni adice
primarniho aminu (prostfednictvim volného elektronového paru na dusikovém atomu) na
nenasyceny uhlikovy atom v molekule aldiminu za vzniku 1-amino-dialkylaminu. Jelikoz bylo
jiz diive prokazano, Ze kondenza¢ni reakce probiha na povrchu katalyzatoru, dochazi
k nukleofilni adici mezi dvéma adsorbovanymi slouc¢eninami (Langmuir-Hinshelwoodtv
mechanismus) nebo mezi adsorbovanou nenasycenou slouceninou a aminem z objemové faze
(Eley-Ridealtiv mechanismus). Podle Coqa a kol. [45] vysledky jejich kinetickych experimentt
s hydrogenaci acetonitrilu v plynné fazi na katalyzatorech Ni/Mg(Al)O a NiCo/Mg(Al)O
naznacuji, ze uvedena nukleofilni adice probih4 na povrchu niklu LH mechanismem. Za dtikaz
(ktery je vSak pon€kud problematicky) autofi povazuji, Ze pii ,,nafedéni* povrchu niklu méné

aktivnim kobaltem se zvysila selektivita ktvorbé primarniho aminu v porovnani

16



Mechanistické a katalytické aspekty procesu

s katalyzatorem Ni/Mg(Al)O a souCasn¢ se zvysila hydrogenacni aktivita vyjadiena poctem
CH3CN molekul pfeménénych za jednotku ¢asu na jednotkovém mnozstvi Ni+Co povrchovych
atomtl (byl pozorovan synergicky efekt mezi Ni a Co, které jsou ve spolecnych bimetalickych
agregatech). Podle hypotézy autort neni ER mechanismus nukleofilni adice aminu prostoroveé
neméla byt velmi senzitivni k ,,nafedéni* povrchu niklu méné aktivnim kobaltem. Na druhou
stranu, reakce adsorbovaného aminu s adsorbovanym nenasycenym meziproduktem (LH
mechanismus) vyzaduje vétsi velikost souvislych soubort Ni atomii a se zvySujicim se
~redénim* Ni povrchu se musi zvySovat selektivita na primarni amin, tak jak bylo také
pozorovano. Na tomto misté je nutno podotknout, Zze Ostgard [79] dospél na zakladé obdobnych
kinetickych pozorovani pii studiu hydrogenace benzonitrilu na Raneyoveé Ni Vv kapalné fazi ke
zcela opacnému zavéru; podle jeho hypotézy probihd kondenzace aldiminu s aminem ER
mechanismem. Coq a Kkol. [45] navrhuji, Ze ke kondenzaci (podle LM mechanismu) dochazi
mezi povrchovymi komplexy 11 a 10 nukleofilnim atakem volného elektronového paru na
dusiku komplexu 11 na nevysyceny elektrofilni ai-uhlik komplexu 10. Na rozdil od komplext 7,
10 a 11 ma nitrenovy komplex 9 a-uhlik vysycen a neni tedy reaktivni pro atak nukleofily. Coq
a kol. [45] predpokladaji, ze tzv. ,,M-N route” vedouci pies nitrenovy komplex bude proto
v hydrogenaci acetonitrilu selektivnéjsi pro tvorbu ethylaminu nez ,,M-C route* vedouci pies
aminomethylkarbenovy komplex. Podle molekularniho modelovani s vyuzitim rozsifené
Huckelovy metody (EHT) jsou na povrchu Ni (100) moZzné oba zminéné komplexy, nitrenovy
komplex ptevazuje [77], zatimco na Ni (111) by méla byt privilegovana druha reakéni cesta
[78].

Velice podobny mechanismus pro povrchovou kondenzaci vedouci k tvorbé
sekundarniho aminu navrhli Dallons a kol. [42] (viz obr. 6). Semi-hydrogenovany adsorbovany
nitril, odpovidajici v Coqové navrhu komplexu 10, reaguje s vicinalné adsorbovanym
primarnim aminem za vzniku 1-amino-dialkylaminu vazaného na povrch katalyzatoru c-vazbou
pfes a-uhlik. Po odstépeni amoniaku a adici vodikového atomu vznika sekundarni imin, ktery
desorbuje do objemové faze, nebo muze byt na povrchu katalyzatoru dale hydrogenovan na

sekundarni amin.

H, |

N

, R N
R RNH, R& | _-NHR -NH; N\ 7

RCN + 12H, —» C _ = T e

Obr. 6: Mechanisticky navrh vzniku sekundarniho aminu navrzeny Dallonsem a kol. [42]
Je zajimavé, ze jak Dallons a kol. [42], tak Coq a kol. [45] piedpokladaji, ze k nukleofilni

adici dochazi u adsorbované slouceniny odpovidajici semi-hydrogenovanému nitrilu (tj. RCN +

1H) a nikoliv u adsorbované slouceniny aldiminového typu (tj. RCN +2H).
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Podle Coga a kol. [45] neni atakujicim nukleofilem amin adsorbovany na povrch
katalyzatoru volnym elektronovym parem na dusiku, ale aminomethylkarbenovy komplex 11.
To je velmi diskutabilni hypotéza. Je obecné znamo, ze pifi hydrogenaci nitrilu v pfitomnosti
,»Cizitho* primarniho aminu jsou v produktu reakce pfitomny nesymetrické sekundarni aminy,
coz znamena, Ze nukleofilni adice na nenasyceny adsorbovany meziprodukt se ucastni i pfidany
,,Cizi“ amin. Je také znamo, ze za béznych podminek hydrogenace nitrilti (< 150°C, zvyseny tlak
vodiku) aminy nepodléhaji disproporcionaénim reakcim [16, PFiloha 4, P¥iloha 3, 80], jejichz
prvnim krokem je dehydrogenace na nenasycenou slouc¢eninu aldiminového typu. Komplex 11
je prave slouceninou tohoto typu. Podle mechanismu Coqa a kol. by se tak pfidany ,,cizi* amin

nemohl podilet na kondenzac¢nich reakcich, coz je v rozporu s experimentalnimi pozorovanimi.

Mechanisticky koncept zaloZzeny na tom, ze heterogenné katalyzovana hydrogenace
nitrild mize probihat dvéma odliSnymi meznimi zplsoby, pies parcialn¢ hydrogenované
meziprodukty vazané na povrch kovu bud’ atomem dusiku, nebo atomem o-uhliku, je
prezentovan i ve studii Chojeckého a kol. [44] a v dalSich pracich [35,46,47] autort vyzkumné
skupiny J. A. Lerchera. Schéma tohoto konceptu je uvedeno na obr. 7. V tomto i ve schématech
na obr. 4 — 7 se predpoklada, ze aktivni misto M muze odpovidat jednomu nebo vice
povrchovym atomim kovu. Vysledky molekularniho modelovani [77] naznacuji, Ze napf. pro
adsorpci molekuly acetonitrilu na Ni je zapotiebi vice jak jeden atom Ni (2 az 4). Podle
Shérringera a kol. [47] mtze teoreticky dochazet ke kondenzaénim reakcim nejenom pii reakéni
cesté vedouci pies aminoalkylkarbeny (,,M-C route) nebo ptes adsorbovany aldimin, ale téz pti
reakéni cesté vedouci pres nitreny (,,M-N route®). V prvém ptipadé se jedna o nukleofilni atak
volného elektronového paru N-atomu v molekule aminu na o-uhlik karbenu nebo iminu.
V druhém a méné pravdépodobném piipadé bude nasyceny o-uhlik aminu adsorbované¢ho
Vv sousedstvi atakovan volnym elektronovym parem N-atomu Vv molekule nitrenu (nukleofilni
substituce). Oba zpusoby principidlné¢ vedou k sekundarnimu iminu. Shérringer a kol. [47]
provedli kinetické experimenty, na jejichz zadkladé usoudili, Zze sekundarni iminy vznikaji prvné
jmenovanym zpusobem. Spolecné hydrogenovali acetonitril a butyronitril na Raneyové kobaltu
Vv kapalné fazi a na zakladé distribuce reakcnich produktd zjistili, ze n-butylamin reaguje
S parcialné¢ hydrogenovanym povrchovym meziproduktem mnohem rychleji nez ethylamin.
Jelikoz silngj8i induktivni efekt butylového fetézce usnadituje nukleofilni atak aminu na a-uhlik
nenasyceného povrchového meziproduktu, coz je v souladu s experimentalnim pozorovanim,
kondenzace probihd podle autorti timto zptisobem. ,,M-N route” reakcni cesta vedouci pres
nitreny tak smétuje k selektivni tvorbé primarniho aminu. Podle Chojeckého a kol. [44] muze
silna vazba pies N-atom stimulovat rychlou hydrogenaci uhlikového atomu v nitrilové skupiné

na amin a zamezit tak sekundarnim kondenzaénim reakcim.
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Obr. 7: Povrchové reakce hydrogenace nitrilt podle cit. [35,44,46,47]

Velmi vyznamné vysledky o chemii nitrili a amind na povrchu kovii a o mechanismu
hydrogenace nitrila byly ziskany v experimentalnich studiich Huanga a Sachtlera [48-50,81,82].
Vysledky téchto studii ukazuji, ze vodikovy atom adujici se na nenasycenou vazbu CN nemusi
pochazet z ,,atomarni vodikové vrstvy* na povrchu katalyzatoru, ale Ze mize byt poskytnut
neékterymi povrchovymi komplexy pilisobicimi jako vodikové donory. Autofi provadéli
deuterizaci acetonitrilu (CH;CN + D,) na M/NaY katalyzatorech (M= Ni, Rh, Ru, Pd, Pt) a
sledovali distribuci isotopu D v molekulach produktu [50]. Prosta stechiometrie ptedpoklada
vysyceni trojné vazby deuteriem. Piekvapivé vSak bylo pozorovano, Ze pouze terciarni aminy,
které nemaji zadny vodikovy atom vazany na dusiku, odpovidaji predpokladim. Isotopové
zastoupeni D a H atom v molekulach primarnich a sekundarnich amini bylo odlisné od
predpokladané stechiometrie. Pfekvapenim bylo nalezeni ur¢it¢ého mnozstvi aminu bez deuteria.
V nejvétsi mife byly zastoupeny isotopomery ethylaminu se dvéma atomy deuteria CH;CD,NH,
a péti atomy deuteria CD3CD,NH,, a v pfipad¢ diethylaminu isotopomery se sedmi atomy
deuteria CD3;CD,NHCD,CH;, a ¢&tyfmi atomy deuteria (CH3CD,)NH,. To ukazuje na
preferovani adice vodikového atomu na dusikovy atom a deuteria na uhlikovy atom
methylenové skupiny. Autofi provedli ,,deuterizaci® katalyzatoru Ru/SiO,, aby transformovali
OH skupiny nosice na OD skupiny a tim vylouc¢ili OH skupiny nosic¢e jako zdroj vodiku.
Produkty deuterizace acetonitrilu mély stejnou isotopovou distribuci bez ohledu na Upravu
nosi¢e katalyzatoru transformaci OH skupin. Autofi predpokladaji, ze vodik pochdzi z
methylovych skupin acetonitrilu ¢i z povrchové vazanych meziprodukt typu CHyN,, které
vznikly adsorpci nitrilu CN skupinou. Konsistentniho vysledku bylo dosazeno pii srovnani
deuterizace acetonitrilu s hydrogenaci deuterovaného acetonitrilu CD3CN na Ru/SiO,, kdy v
prvém piipadé byl dominantnim produktem CH3CD;NH; a v druhém ptipadé¢ CD3CH,ND..
Tento fakt podle autord potvrzuje, Ze dochézi k presunu atomil z methylové skupiny acetonitrilu

na dusikovy atom, respektive, ze methylova skupina acetonitrilu ptisobi jako donor atomi
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vodiku/deuteria. Tvorba aminu tedy neni pouze jednoduchou adici chemisorbovanych atomt
vodiku/deuteria na nitrilovou skupinu. Na zaklad¢ téchto vysledkti a na zaklad¢ vysledkt své
experimentalni studie [81] H/D vymény u amini a acetonitrilu na kovovych katalyzatorech
navrhli Huang a Sachtler zvlastni mechanismus deuterizace acetonitrilu, jehoZ zjednodusené
schéma je uvedeno na obr. 8. Jako piiklad kovu je ve schématu uvedeno Ru, jehoz sklon tvofit
silnou M—N vazbu Ize odvodit z jeho schopnosti katalyzovat syntézu amoniaku z prvka (N, +
Ho,).

H;C H;C H.C
\ \ 3&
$N N $D2 (liN (IiDz CN CD,
e
CH, N CH\2 /NH g e R
|
Ru Ru Ru

Obr. 8: Mechanismus deuterizace acetonitrilu navrzeny Huangem a Sachtlerem [48-50]

Béhem hydrogenace nitrilu se povrch kovu postupné husté pokryva N-vadzanymi adsorbaty. Za
reakénich podminek CH3CN + D, interaguje povrchovy komplex CH;—CD,—N=Ru s molekulou
CH3CN a nasledny transfer vodiku vede ke vzniku komplexu Ru=CH-CN a uvolnéni aminu
CH3CD,;NH,. Skupina =CH-CN poté reaguje s dvéma adsorbovanymi D atomy za vzniku

CHD,CN, takze sumarn¢ lze zapsat reakci jako:

2CH;CN + 2D, — CHD,CN + CH3;CD;NH, (5)

Nelze vyloucdit, ze zminény mechanismus je specificky jen pro piipad acetonitrilu, kde
Stépeni vazby C—H v methylové skupiné usnadiiuje resonancni stabilizace adsorbovaného
komplexu Ru=CH-C=N. Huang a Sachtler totiz v dal$i studii [49] spole¢né hydrogenovali
butyronitril a deuterovany acetonitrii CD3CN (na Ru/SiO, a Pt/SiO,) a zjistili, ze vSechny
vznikajici aminy obsahuji v aminové skupiné prevazné D atomy. Kdyby byla donorem vodiku
propylova skupina butyronitrilu, obsahovaly by aminové skupiny téZ ve vyznamném mnoZstvi
H atomy.

Nutno dodat, ze vroce 2008 Shirringer a kol. [47] studovali hydrogenaci CD3;CN
v kapalné fazi v pfitomnosti Raneyova Co, pficemz nepozorovali prakticky zadnou H/D

vymeénu a vylouéili, ze by probihal transfer D atomi z methylové skupiny na CN trojnou vazbu.
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2.2 Mechanisticky model jako prostiedek k vysvétleni rozdili
v katalytickych vlastnostech kovu

2.2.1 Co je pri¢inou rozdilnych selektivit kova?

Prestoze lze v literatuie nalézt vice jak sto praci zabyvajicich se hydrogenacemi nitrili na
heterogennich kovovych katalyzatorech, nebyly dosud uspokojivé objasnény pfic¢iny rozdili
v selektivité hydrogenace v zavislosti na uzitém kovu. V principu je ale ziejmé, ze tyto rozdily
jsou urceny elektronovou strukturou kovi [K3 a odkazy tam uvedené], respektive
elektronovymi vlastnostmi jejich d-past. Co se ty¢e vztahu mezi typem kovu a kinetickym
prubéhem hydrogenace (tvarem konverzni kfivky, reakénim fadem vzhledem K nitrilu) panuje
vSeobecny nazor, ze pri¢inou pozorovanych rozdild je odlisna sila sorpce reakénich komponent
na ruzné kovy [10-13,32,83,84,K4]. Slabinou zavért zalozenych na relativni sile sorpce
reak¢nich komponent na kovech je vsak skutecnost, ze jsou zpravidla dovozovany pouze na
zakladé kinetickych experimentd, tj. nepfimo. Je otdzkou, zda odli$nd sila sorpce reaktanti
mize byt zodpovédna také za dramatické rozdily v selektivit¢ hydrogenaci katalyzovanych
riznymi kovy. Zda se pravdépodobnéjsi, ze pfi¢inou rozdild v selektivité je schopnost
jednotlivych kovl vést hydrogenaci urcitym smérem, tj. preferovat jen urcitou reakéni cestu v
mozném reakénim systému [K1].

Reakce aldehydu s aminy je velice rychla i bez kyselé katalyzy a lze ofekavat, Ze i
kondenzaéni reakce jeho dusikatého analoga — primarniho aldiminu s aminy budou pfi
hydrogenacich nitrilii fizeny rovnovahou. Rozdily ve specifické selektivité katalyzatorti tak
patrn€ nesouvisi s ,,kyselosti* jejich povrchu, ale pfi¢inou by mohl byt napf. pravé zminovany
rozdilny mechanismus povrchovych reakci. Bodis a kol. [85] pficitaji tendenci tvofit vyssi
aminy pfi reduktivni aminaci aldehydd amoniakem hydrogenolytickym vlastnostem kovt. Ty z
platinovych kovi, které vykazuji ur¢ité hydrogenolytické vlastnosti, jako Rh nebo Ru, jsou
selektivni pro tvorbu primarniho aminu, zatimco platinové kovy, které jsou dobrymi
hydrogenacnimi katalyzatory, jako Pt a Pd, katalyzuji piednostné tvorbu sekundarniho a
terciarniho aminu. Go6bolos a Margitfalvi [86] zjistili, Ze selektivita kovovych katalyzatort
(Raneyovych katalyzatorat a M/Al,O3, M = Co, Ni, Ru, Rh, Pd, Pt) k primarnimu aminu v
hydrogenaci lauronitrilu odpovida opaénému poradi redukovatelnosti oxidi kovti a standardnich
redukénich potenciald kovovych iontt (tady ovsem musim podotknout, Ze oxidy Ni se redukuji
obtiznéji nez oxidy Co). S ponckud odliSnym navrhem piichazeji Huang a Sachtler ve studii
zabyvajici se vztahem mezi specifickou katalytickou selektivitou jednotlivych kovl a jejich
vlastnostmi [48,50]. Na zaklad¢ vysledkt kinetickych experimentii s deuterizaci acetonitrilu
autori navrhli, Ze selektivita kovu souvisi se sklonem kovu k tvorbé nasobnych vazeb. Ru je kov
s nejvyssim sklonem k tvorbé nasobnych ,,adsorpcnich® vazeb a zaroven vykazuje nejvyssi

selektivitu k primarnim aminim. Tvorba sekundarnich a terciarnich amini vyzaduje podle
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autorti mobilitu adsorbovanych skupin, a protoze je vazba Ru=N velmi silné, je CH;CD,N=Ru
nemobilnim adsorbovanym komplexem. Autofi dale uvadéji, Ze selektivita mize byt korelovana
téz s jinym katalytickym parametrem charakterizujicim ptrechodné kovy, konkrétné s chovanim
kovu pii H/D vyméné alkanu [81].

Na zaklad¢ literarnich poznatki shrnutych vyse se nabizela idea, ze by rozdily v
selektivit¢ hydrogenace nitrili katalyzované riznymi kovy mohly byt zplsobeny odlisSnym
zpisobem vazby reaktivnich meziprodukti na povrch kovu. Vysledky ptedchozich studii
naznacovaly, Ze s vysokou pravdépodobnosti je tzv. ,,M-N route” vedouci pies povrchovy
nitren selektivni k tvorbé primarnich amind, zatimco reak¢ni cesta prochazejici pies povrchovy
karben nebo m-koordinovany aldimin umoziiuje kondenzaci s nukleofilnimi aminy a ve svém
dasledku tak vede k tvorbé vyssich amint. Zda se, ze Co, Ni a dalsi kovy vykazujici vysokou
selektivitu k tvorbé primarnich amini (Ru a ¢aste¢né Rh) preferuji pti hydrogenaci nitrild
tvorbu reakénich meziproduktti vdzanych na povrch kovu prednostné pres atom dusiku, zatimco
Pd a Pt, svysokou selektivitou na vy$si aminy, preferuji tvorbu meziprodukti vazanych na
povrch piednostné pies atom o-uhliku [PFiloha 1, K1]. V ptipadé hydrogenace katalyzované
kovy se selektivitou mezi Co a Pd jsou patrné na povrchu katalyzatoru pfitomny oba typy
meziproduktt. Predstava, ze hydrogenace nitrilu mize sledovat ,,M—N route* nebo ,,M—C route*
samoziejmé neni pivodni a objevuje se v mnoha piedchozich studiich, zatim vSak nebyla
pouzita v tomto kontextu, tj. k vysvétleni dramatickych rozdila v selektivité¢ mezi Co a Ni na
jedné strang, a Pt a Pd na strané druhé. Nutno doplnit, ze Chojecki a kol. [44] pouzili tuto iivahu
k vysvétleni rozdilt ve specifické selektivité Raneyova kobaltu a stejného katalyzatoru

dopovaného LiOH u hydrogenace butyronitrilu.

2.2.2 Komplexni mechanisticky model heterogenné katalyzované hydrogenace
nitrili

Pfi soucasném stavu poznatkil o heterogenné katalyzované hydrogenaci nitrilt jiz nebylo
dostacujici diskutovat experimentalni fakta pouze na zaklad¢ reakcniho formalismu typu von
Brauna a Greenfielda, ktery nijak nezohlednuje, Ze k reakci dochazi na povrchu katalyzatoru.
V souladu s dosavadnimi poznatky a na zakladé rozboru doposud publikovanych
mechanistickych navrhd, byl vroce 2010 nové navrzen komplexni mechanisticky model
heterogenné katalyzované hydrogenace nitrilti, zahrnujici i tvorbu sekundarnich a terciarnich
amini [K1, PFiloha 1]. Model umoziiuje uspokojivé vysvétlit rozdily jednotlivych kovi
v selektivité na vy$s§i aminy, a jak bude ukazano dale, dokaze racionalizovat i néktera dalsi,
doposud neuspokojivé vysvétlena experimentalni fakta. NavrZzeny mechanisticky model je

v grafické podob¢€ zndzornén na obr. 9 a v dalsim textu bude zdvodnén a diskutovan.
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Obr. 9: Mechanisticky model povrchovych reakci navrzeny pro tvorbu prim., sek. a terc
heterogenni hydrogenaci nitrilti [K1, PFiloha 1]
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Koncept vychazi ze zjednodusené predstavy mechanismu postupné adice vodikovych
atomtl na dvojnou vazbu, znamou z hydrogenaci dvojnych vazeb C=C (krokovy mechanismus).
Predlozena predstava mechanismu heterogenné katalyzované hydrogenace nitrilt [PFiloha 1,
K1] je nasledujici. Po adsorpci nitrilu na povrch katalyzatoru (povrchové komplexy 12, resp. 13
na obr. 9), dochazi k postupné adici vodikovych atomi za tvorby nenasycenych povrchovych
komplexti. Nikl, kobalt a ruthenium za reakénich podminek relevantnich pro hydrogenace
nitrila (<150°C, zvySeny tlak vodiku) preferuji tvorbu reakcnich meziproduktli vazanych na
povrch kovu pfednostné pies atom dusiku, zatimco Pd a Pt preferuji tvorbu meziprodukti
vazanych na povrch prednostné pies atom o-uhliku. Pro zjednodusSeni nejsou ve schématu na
obr. 9 zakresleny polohydrogenované povrchové meziprodukty typu (RCN + 1H) a (RCN +
3H), ale jen meziprodukty aldiminového typu (tj. RCN + 2H). Nicmén¢ z kontextu je zfejmé, ze
napf. na Co a Ni bude povrchovému komplexu typu (RCN + 3H) odpovidat komplex R—CH,—
NH-M. Pii hydrogenaci na Co, Ni a Ru bude pfevazovat mezi povrchovymi komplexy
aldiminového typu nitren 14, ktery ma o-uhlik vysycen a je neaktivni pro kondenzac¢ni reakce
vedouci ke tvorbé vyssich amint. Tim lze vysvétlit vysokou selektivitu Ni, Co a Ru na primarni
aminy. Postupna adice dvou atomi na nitrenovy komplex 14 vede ke vzniku primarniho aminu
17 adsorbovaného na povrch katalyzatoru volnym elektronovym parem na dusiku. Naproti
tomu, pii hydrogenaci na Pd a Pt bude pievazovat mezi povrchovymi komplexy aldiminového
typu aminokarben 16 (dle klasifikace organokovové chemie: karbenovy komplex Fischerova
typu), nebo aldimin koordinovany s povrchem kovu m-elektrony vazby C=N, ptipadné =-
elektrony a volnym elektronovym parem N-atomu (komplex 15), a nebo ptipadné aldimin
rehybridizovany na di-sigma komplex. Jak aldiminové komplexy (zastoupené strukturou 15),
tak aminokarbenovy komplex 16 jsou vzhledem K ptitomnosti nevysyceného elektrofilniho o-
uhlikového atomu vysoce reaktivni pro adici dusikatého nukleofilu za tvorby nové vazby C—N.
Pro zjednoduseni je ve schématu na obr. 9. zakreslena pouze nukleofilni adice na
aminokarbenovy komplex 16. Alternativné ke kondenzaci mohou byt oba komplexy
hydrogenovany na primarni amin (17), ktery mtize desorbovat do objemové faze. V souladu se
znamym poznatkem, ze za béznych podminek hydrogenaci nitrild (<150°C, zvySeny tlak
vodiku) aminy nedisproporcinuji ani nedehydrogenuji, je v pfedloZzeném konceptu povazovana
hydrogenace povrchovych komplexi aldiminového typu na amin za nevratny krok. Jevi se jako
pravdépodobné, Ze rychlost urcujicim krokem pii disproporcionacnich a dehydrogenaénich
reakcich amintl je abstrakce atomu vodiku z adsorbovaného aminu.

Vzhledem k experimentalnimu faktu, ze pii hydrogenaci nitrilu participuje na tvorbé
vys$sich amind i ,,cizi* amin ptidany do reakéni smési, predpokladda diskutovany mechanisticky
navrh, ze atakujicim nukleofilem neni nenasyceny povrchovy komplex, jak uvazuje Coq a kol.
[45], ale nasyceny amin. Jelikoz doposud nepanuje shoda v tom, zda kondenzacni reakce pfi

hydrogenaci nitrili probihaji LH mechanismem nebo ER mechanismem, neni proto ani
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v pfedlozeném navrhu specifikovano, zda atakujicim nukleofilem je amin z objemové faze ci
amin adsorbovany volnym elektronovym parem N-atomu na povrchu katalyzatoru. Ve schématu
na obr. 9 je pribéh nukleofilni adice znazornén pouze formalné, a je proto uveden v zavorkach.
Detailni mechanismus této povrchové nukleofilni adice patrné jesté dlouho nebude znam.
Pfesuny H-atomd, resp. protonit béhem této adice by v budoucnu mohly objasnit experimenty
S izotopoveé znaCenymi atomy. Jak bylo uvedeno dfive, probihaji kondenza¢ni reakce pfi
hydrogenacich nitrili na povrchu kovu bez piitomnosti kyselého katalyzatoru. V literatuie
([10,12,14,47,87] a odkazy tam uvedené) lze najit mnoho experimentalnich vysledka ziskanych
pfi studiu vlivu struktury substrdtu na selektivitu heterogenni hydrogenace nitrili, které
dokladaji, Ze snizeni nukleofility primarniho aminu vede ke snizeni tvorby vysSich amind, tudiz
kondenzacni reakce na povrchu katalyzatoru probihaji nesporné mechanismem nukleofilni
adice. Zde prezentovany mechanisticky model ptedpoklada, ze produktem nukleofilni adice
primarniho aminu na aminokarben (celym nazvem povrchovy aminoalkylkarben) je po
odstépeni  amoniaku  N-alkylaminokarben 19  (celym nazvem  povrchovy  N-
alkylaminoalkylkarben). Tento komplex je formou povrchoveé vazaného sekundarniho iminu.
Analogicky, produktem nukleofilni adice sekundarniho aminu na aminokarben je N,N-
dialkylaminokarben 21 (celym nazvem povrchovy N,N-dialkylaminoalkylkarben), ktery je
formou povrchové vazaného enaminu. Povrchové komplexy 19 a 21 mohou desorbovat do
objemové faze jako sekundarni imin a enamin, nebo jsou dale hydrogenovany na sekundarni a
terciarni amin (22 a 23).

V souladu s Huang-Sachtlerovym pojetim konceptu tzv. ,overlayer catalysis*
(cit.[48,49,82], viz kapitola 2.2.7) se v mechanistickém navrhu ptredpoklada, ze vodikovy atom
adujici se na nenasycené povrchové meziprodukty nemusi vyluéné pochazet z ,atomarni
vodikové vrstvy“ na povrchu katalyzatoru, ale mize byt poskytnut nékterymi povrchovymi
komplexy pusobicimi jako vodikové donory (podrobngji v kapitole 2.2.7). Struktura
povrchovych komplext 12 — 17, jakoz i sled povrchovych reakci vedoucich pies tyto komplexy
K tvorb¢ primarniho aminu, byla pifevzata z mechanistického navrhu [35,44,46,47] autort

vyzkumné skupiny J. A. Lerchera.

2.2.2.1 Podpora navrZeného mechanistického konceptu jinymi autory

Podporou pro diskutovany mechanisticky koncept, uvazujici, ze Co, Ni a Ru preferuji pfi
hydrogenaci nitrilll tvorbu nitrenovych komplexi, zatimco Pd a Pt tvorbu karbenovych nebo
aldiminovych komplex, jsou studie Sharringera a kol. [46] a Ortiz-Hernandezové a kol. [19].
Sharringer a kol. [46] sledovali hydrogenaci CD3;CN na Raneyové kobaltu pomoci
spektroskopie neelastického neutronového rozptylu (INS). Na zaklad¢ porovnani INS spekter
reak¢énich meziproduktd s referenénimi spektry H,, CDsCN a CDsCH,NH, a se spektry

vypoltenymi ab initio teoretickymi metodami dospéli autofi k zavéru, Ze v piipadé Raneyova
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kobaltu je reakénim meziproduktem nitren. Autofi dodévaji, Ze jsou znamy stabilni
organokovové nitrenové komplexy kobaltu, ale jiz ne karbenové komplexy kobaltu, coz
naznacuje, ze povrchové nitreny jsou relativné stabilni a mohou pfevazovat pii hydrogenaci na
Raneyove Co. A naopak, jsou znamy stabilni organokovové aminokarbenové komplexy palladia
a platiny [88,89], coz podporuje hypotézu o pFitomnosti povrchovych aminokarbenti a iminti na
Pd a Pt. Ortiz-Hernandezova a kol. [19] sledovali adsorpci a hydrogenaci butyronitrilu na
Pd/Al,O; infracervenou spektroskopii technikou zesilené totalni reflektance (ATR-IR) a
zjistovali, zda nitreny jsou mezi povrchovymi meziprodukty na Pd. Jejich vysledky neprokazaly
na povrchu Pd pfitomnost Zadnych celné¢ N-vazanych adsorbovanych meziproduktt (tj. véetné
nitrenl1), naopak dominantnim meziproduktem na povrchu Pd byl adsorbovany aldimin se

silnou & interakci s povrchem a se sikmou konfiguraci C=N skupiny vzhledem k povrchu.

Po zvefejnéni diskutovaného mechanistického konceptu [PFiloha 1, Priloha 2, K1]
ovétoval jeho spravnost Muratsugu a kol. v ramci své studie publikované v r. 2015 v ¢asopise
Physical Chemistry Chemical Physics [90]. Autofi se zabyvali pfipravou Ru nanocastic na
povrchu draslikem-dopované aluminy a zjiStovali katalytické vlastnosti takto pripraveného
materidlu v hydrogenaci fady nitrilii. Pro lepsi pochopeni pozorované vysoké selektivity Ru
Castic smérem k primarnim aminim studovali autofi adsorpci a aktivaci acetonitrilu na Ru
katalyzatoru pomoci DFT vypoéti (teorie funkcionalu hustoty) v prostfedi programu DMol®,
Gradientové korigované funkcionaly PBE (Perdew—Burke—Ernzerhof) byly pouZity pfi vypoctu
vyménného a korelacniho potencidlu. Ru povrch byl modelovan jako periodicky systém Ru
(002) desek o tiech vrstvach. Stabilita kazdé adsorbované struktury odpovidajici CH;CN a jeho
produktd postupné hydrogenace (vCetn¢ tranzitnich stavll) byla porovnavana podle relativni
potencialni energie své nejstabilnéjsi konformace. DFT vypocty ukazaly, Ze tvorba nitrenovych
meziproduktl je nejvice favorizovana na Ru povrchu: relativni potencidlni energie nitrenového
meziproduktu byla mnohem mensi nez iminového (10,4 kcal.mol™) a aminokarbenového (8,3
kcal.mol.™)  meziproduktu. llustruje Obr. 10. NavrZeny mechanisticky koncept
predpokladajici, Ze kovy vykazujici vysokou selektivitu k tvorbé€ primarnich amini
preferuji pii hydrogenaci nitrili tvorbu nitrenovych meziprodukti vazanych na povrch
kovu pi‘ednostné pies atom dusiku, byl touto nezavislou praci jinych autori podepien pro

konkrétni pripad ruthenia.
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Obr. 10: Graficka podoba vysledkti molekularniho modelovani povrchovych meziprodukta
hydrogenace acetonitrilu na Ru. P¥evzato ze studie Muratsugu a kol. [90]

(&) Bocni a horni pohled na nejstabilnéjsi konfiguraci adsorbovaného acetonitrilu: (h-f). Prvni
termin v nomenklature predstavuje adsorpcéni pozici atomu dustku skupiny CN na hcp
vmezerené pozici (h) krystalové struktury RuU a druhy termin predstavuje adsorpcni pozici atomu
uhliku skupiny CN na fcc pozici (f) krystalové struktury. Atomy C, N a H jsou znaceny barvou
Sedou, modrou a bilou. Zelené a svétle modré koule predstavuji atomy Ru v horni (treti) a druhé
vrstve. Jednotka vzdalenosti vazby je nm.

(b) Mozné reakcni cesty hydrogenace nitrilu na katalyzatoru Ru.

(c) Bocni a horni pohled na nitrenové, karbenové a iminové meziprodukty na povrchu Ru a

relativni potencidlni energie vztazend k nitrenovym meziproduktiim (0,0 kcal mol™).
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2.2.3 Kompatibilita diskutovaného modelu s dal§imi experimentalnimi fakty

2.2.3.1 lzomerace iminového meziproduktu pfi hydrogenaéni aminaci karbonylovych
sloucenin za katalyzy Ni a Co

Predstava, ze Ni a Co preferuji pfi hydrogenacich nasobnych vazeb uhlik-dusik ,,M—N
route®, kdezto Pd a Pt preferuji ,,M—C route, umozituje vysvétlit, pro¢ pfi hydrogenacnich
aminacich aldehyda R-CHO aminy R%-CH,-NH, dochazi na povrchu Co a Ni katalyzatoru
k pfesmyku iminového meziproduktu, zatimco na Pd a Pt katalyzatoru nikoliv [PF¥iloha 3,
Piiloha 4] (reakce 6).

R!-CH=N-CH,-R? 4_& R'-CH,-N=CH-R? ©)
H,

Zminény presmyk je pfi hydrogenacnich aminacich katalyzovanych Ni a Co zodpovédny

za vznik celé fady nezddoucich vedlejSich produkti. Piesmyk probihd jen za pfitomnosti vodiku
adi¢né-abstrakénim mechanismem pies semi-hydrogenovany imin vdzany na povrch pies atom
dusiku [Ptiloha 4]. Neschopnost Pd a Pt katalyzovat tento pfesmyk je dana absenci N-vazanych
povrchovych komplexi na téchto kovech pifi hydrogenaci nasobnych vazeb uhlik-dusik.

Detailnéji je tato problematiky diskutovana ve zminéné studii [PFiloha 4].

Diskutovany mechanisticky koncept hydrogenace nitrili predpoklada, ze schopnost Ni a
Co na stran¢ jedné a Pd a Pt na strané druhé preferovat pouze urcitou reakéni cestu plati jen za
obvyklych podminek provozovani hydrogenaci nitrild. S rostouci teplotou pfestanou byt
postupné jednotlivé reakcni kroky fizeny kineticky. Za teplot, které jsou charakteristické pro
dehydrogenacni procesy, bude patrné na povrchu katalyzatoru vice druht povrchovych

komplext v rovnovaze.

2.2.3.2 Tvorba terciarniho aminu v reduktivni aminaci aldehydu bez ao-H atomu a
v hydrogenaci nitrilu bez a-H atomu

Jak je patrné ze schématu na obr. 9, v diskutovaném mechanistickém navrhu se
predpoklada, Zze chemicky odlisné slouceniny, sekundarni imin a enamin, jsou v adsorbované
podobé na povrchu kovového katalyzatoru latkami z chemického hlediska konzistentnimi
(karbeny). Proces tvorby tercidrniho aminu je tedy analogicky procesu tvorby sekundarniho
aminu. Jak bylo uvedeno diive, podle Gomezové a kol. [14] mohou terciarni aminy vznikat i pii
hydrogenaci nitrilt, jejichz molekuly nemaji dostupny vodik na uhlikovém atomu v a-poloze
vzhledem k CN skupiné (B-poloze vzhledem k dusiku). Od takovych nitrili nelze odvodit
piislusny enamin a proto se doposud piedpokladalo, ze v tomto pfipadé terciarni aminy vznikaji
ptimou hydrogenolyzou 1-aminotrialkylaminu. Tento vyklad vSak nevystihuje skutecnost, ze
cely proces tvorby vysSich amint je vratny. Podle mechanistického navrhu prezentovaného na

obr. 9 je zachovana vratnost celého procesu tvorby tercidrnich amint i v pfipadé hydrogenace
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nitrild bez P-H-atomu. Pfislusny 1-aminotrialkylamin sice nemize eliminaci amoniaku
poskytnout ,,volny“ enamin, muze vSak poskytnout N,N-dialkylaminokarben, ktery je
povrchovym analogem enaminu. Experimentalnimu prokazani vratnosti procesu tvorby
terciarnich aminii a experimentdlnimu ovéfeni spravnosti hypotézy aminokarbenového
mechanismu vzniku terciarnich aminti jsme se pozd¢ji rovnéz vénovali [PFiloha 2] a vysledky

jsou shrnuty v kapitole 2.2.5 a 2.2.6.

2.2.3.3 Transfer methylovych skupin mezi aminy p¥i disproporcionaci smiSenych
dialkyl- a trialkylaminu

Dalsi pfednosti diskutovaného konceptu je, ze umozituje racionalné vysvétlit i prenos
methylovych skupin mezi aminy pfi disproporcionaci smiSenych dialkyl- a trialkylaminti na
kovovych katalyzatorech, ktery pozorovali ve své studii Sivasankar a Prins [91]. Obecné lze
disproporciona¢ni reakce amini, ke kterym dochazi v pfitomnosti kovovych katalyzatorti pfi

teplotach nad 200°C, vyjadtit sumarnimi rovnicemi (7a-c):

M
2 R-NH, <«—= R-NH-R + NH;

M R
2 R-NH-R &—= R-NH, + /N—R

R

R\ M
N—R + NH; E—® R-NH, + R-NH-R
R

Predpoklada se, ze meziproduktem pii téchto reakcich je imin, resp. enamin. Tak
napiiklad pfi disproporcionaci sekundarniho aminu dochazi nejprve ke katalytické
dehydrogenaci na prislusny sekundarni imin. Ten reaguje s pritomnym sekundarnim aminem

pfes stadium geminalni diaminoslou¢eniny na primarni amin a enamin (rovnice 8):

R!-CH=N-CH,-R*> + R!-CH,-NH-CH,-R? 2
NH-CH,-R
— R'-CH
1
R'=CH L N-CHy=R
~ 2-
_N-CH-R'  + R2-CH,-NH, «—" | R'-CH;
R2—CH,

Poslednim krokem je hydrogenace enaminu na pfislusny terciarni amin. Sivasankar a
Prins [91] zjistili, ze pti disproporcionaci smiSeného sekundarniho aminu, N-methylhexylaminu,
katalyzované Pd/y-Al,O; vznikaji od pocatku reakce stejnou rychlosti nejen N,N-
dihexylmethylamin a methylamin, ale tézZ N,N-dimethylhexylamin a hexylamin. Na rozdil od
N,N-dihexylmethylaminu vS8ak tvorbu N,N-dimethylhexylaminu nelze vysvétlit imino-
enaminovym mechanismem, jelikoz k N,N-dimethylhexylaminu nelze odvodit pfislusny enamin

s dvojnou vazbou na stran¢ methylové skupiny. Transfer methylovych skupin autofi pozorovali
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I v ptipad¢ disproporcionace dalsich smisenych dialkyl- a trialkylaminti. Na zakladé toho autofi
usuzuji, Ze enaminy nejsou jedinymi moznymi meziprodukty pfi téchto reakcich.

Podle zde diskutovavaného mechanistického modelu hydrogenace nitrilli existuje
povrchovy komplex enaminového typu i v pfipadé enaminti s methylovymi skupinami. Pro vyse
uvedeny N,N-dimethylhexylamin je pfislusnym ,,povrchovym enaminem®, s dvojnou vazbou na
strané methylové skupiny, N,N-hexylmethylaminomethylkarben. Cely mechanismus vzniku
N,N-dimethylhexylaminu je znazornén na obr. 11. Sivasankar a Prins ve své dalsi studii [92]
navrhuji jiné vysvétleni, — podle autort je hledanym meziproduktem iminiovy kationt. Takovy
vyklad se jevi méné pravdépodobnym, jelikoz ptedpokldda transfer protonu v hydrogenacne-
dehydrogenacnim procesu. Navic, ucast N,N-dialkylaminokarbenovych komplexti na
transalkylaci u terciarnich amind potvrdil R. D. Adams a kol. [93] v ptipadé katalyzy karbonyl

klastry sulfido-osmia.

M| -M T
/C6H13 /NH—C6H13
CH3_NH_C6H13 - HC -« = N_C6H13
M I e
M ’
CeHiz T N
\ 2 N—CH,

/N—CH3 - HC/

H;C M ”

Obr. 11: Mechanismus navrzeny pro vznik N,N-dimethylhexylaminu disproporcionaci N-

methylhexylaminu

2.2.3.4 Tvorba toluenu pfi hydrogenaci benzonitrilu na Pd katalyzatorech

Jak bude ukazano nize, obhajovany mechanisticky koncept hydrogenace nitrild je téz
v souladu s vysledky nové studie Bakkera a kol. [94] zabyvajici se nestandardnim prabéhem
hydrogenace benzonitrilu na nosi¢ovém Pd katalyzatoru v kapalné fazi. Je znamo, ze na rozdil
od hydrogenace benzonitrilu na Ni, jejimz kone¢nym produktem je benzylamin a dibenzylamin,
je pfi hydrogenaci na Pd vyznamnym vedlejSim produktem toluen. Obdobné vznika toluen jako
hlavni vedlej$i produkt téz pti reduktivni alkylaci benzylaminu acetonem nebo formaldehydem
(proces reduktivni aminace) katalyzované Pd [95, K5]. Bakker a kol. [94] pii studiu vlivu tlaku

vodiku na aktivitu a selektivitu Pd katalyzatoru pfi hydrogenaci benzonitrilu zjistili, ze
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a) Srostoucim tlakem vodiku existuje maximum v hydrogenacni aktivit¢ katalyzatoru
odpovidajici tlaku 1 MPa

b) nad prahovou hodnotou tlaku vodiku 1,0 MPa rozsah hydrogenolyzy na toluen klesa

c) rozsah kondenzace na dibenzylamin se zvysSuje nad timto prahovym tlakem

Podle autort je pfic¢inou téchto anomalii specificka vlastnost palladia absorbovat do své
miizkové struktury vodik a tvofit od ur€itého prahového tlaku vodiku stabilni palladium -
hydrid. Ovlivnéni kinetiky reakce tvorbou Pd fS-hydridu bylo vysvétleno kombinaci teorie d-
pasii a teorie hrani¢nich molekularnich orbitalt.

Niklové katalyzatory jsou znamy svymi silnymi hydrogenolytickymi vlastnostmi, a proto
je jejich pouziti Casto limitovano z divodu hydrogenolyzy teplotou 200-250°C. Naopak
palladium je pouzivano u takovych hydrogenacné-dehydrogenacnich reakci, kdy z divodu
hydrogenolyzy nelze nikl pouzit. Vznik toluenu pii hydrogenaci benzonitrilu na Pd neni proto
standardni hydrogenolyzou. Toluen mtze hypoteticky vzniknout hydrogenolyzou kteréhokoliv
benzylového derivatu pfitomného v reakéni smési. Ackoliv je v literatufe hydrogenolitické
§tépeni benzylaminu a N-subtituovanych benzylamind na toluen a amoniak/amin na Pd
katalyzatorech dobie znamé [96-99], z méfeni reakéni kinetiky [94,95,100,101, K5] vyplyva, ze
pfednostné a mnohem snadnéji probiha hydrogenolyza benzylovych derivati s nasobnou
vazbou v konjugaci s aromatickym kruhem. Napt. hydrogenolyza benzonitrilu na toluen je
mnohem snaz$§i nez hydrogenolyza benzylaminu na toluen na stejnych nosic¢ovych Pd
katalyzatorech a podminek (1MPa Hy, 80°C) [94]. Jelikoz hydrogenace benzonitrilu vede pies
nenasycené meziprodukty, mohou byt za snadnou hydrolyzu na toluen zodpovédné téz N-
benzylidenbenzylamin a reaktivni meziprodukt benzaldehydimin. Podle Bakkera a kol. [94] je
nezbytnou podminkou pro snadnou hydrogenolyzu interakce pies delokalizované m-elektrony
aromatického kruhu. Stépeni vazby C-N pfi vzniku toluenu je dano ovlivnénim elektronové
struktury reagujici molekuly interakci s povrchem kovového katalyzatoru, v dasledku které je
tato vazba zeslabena. Centry adsorpce jsou ty Casti molekuly, které disponuji elektrony
schopnymi interakce s elektronovou strukturou katalyzatoru. Jsou to ptedev§im m-elektrony
nasobné vazby u nitrilu a iminovych meziproduktii, a volny elektronovy par aminové skupiny.
Dal$im centrem adsorpce mize byt aromaticky kruh. Silna sorpce amint, nitrild a imind na
povrchu kovovych katalyzatori je obecné znamou skute¢nosti. Pokud dojde vedle této sorpce
také k siln€jsi interakci aromatického kruhu s povrchem katalyzatoru, je zfejmé, ze takovato
dvoubodova sorpce mize vést k vyraznému oslabeni vazby C—N na strané benzylu, nebot’
v disledku sorpce bude dochazet k elektronovym posuntim smérem k povrchu katalyzatoru
[95]. Z uvedené tvahy vyvodili Volf a kol. [95], Ze na Pd katalyzatoru dochazi k dvoubodové
adsorpci molekul derivatl benzylaminu, na niz se podili téz n-elektrony aromatického kruhu,
kdezto na Ni katalyzatoru pfevazuje prosta sorpce pies amino-, imino-, ¢i nitrilo-skupinu. AvSak

ani Volfova hypotéza dvoubodové sorpce neobjasiiuje, pro¢ by k ni mélo dochazet pouze na Pd
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a nikoliv na Ni. Podle Bakkera a kol. [94] karbenové a nitrenové ¢astice nemaji n-systém, takze
adsorbaty budou vice kolmo orientovany k povrchu katalyzatoru, interakce pies m-elektrony
aromatického kruhu bude ztizena, nasledkem c¢ehoz hydrogenolyza na toluen je méné
pravdépodobna. Bakker a kol. ztoho vyvozuji, ze hydrogenace benzonitrilu probihd pies
multikoordinovany ,,side-on“ adsorbovany meziprodukt, i.e. o/n-adsorbovany imin s interakci
mezi delokalizovanymi n-elektrony aromatického kruhu a Pd povrchem, a tento meziprodukt je
zodpovédny za snadnou piimou hydrogenolyzu benzonitrilu na toluen. Tyto vyvody jsou zcela
vsouladu smym mechanistickym konceptem hydrogenace nitrili. Podle ného probiha
hydrogenace nitril na Ni katalyzatorech pfevazné ptes nitreny a dalsi ,.end-on* adsorbované
meziprodukty, a tudiz interakce m-elektronti aromatického kruhu s Pd povrchem je ztizena,
kdezto v ptipad¢ hydrogenace na Pd koncept predpokladda tvorbu meziproduktd tvorenych bud’

aminocarbenovymi ¢ésticemi nebo aldiminy koordinovanymi s povrchem kovu pfes m-system

C=N dvojné vazby (Obr. 12).
Q Nitrene

2

e
N
l
M

Amino-
carbene

Q Side-on adsorbed

imine

Obr. 12: Navrzena interpretace rozdilného chovani Ni a Pd pozorovaného pii hydrogenaci

benzonitrilu v souladu s diskutovanym mechanistickym konceptem
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2.2.4  Shrnuti ke kapitolam 2.2.2 a 2.2.3

Navrzeny mechanisticky koncept si neklade za cil detailné popsat fyzikalné-chemické
d¢je a elementarni pochody, ke kterym v procesu hydrogenace nitrili na povrchu kovovych
katalyzatort skute¢né dochazi. V soucasné dob¢é zatim nejsou k dispozici fyzikalné-chemické
studie, na jejichz zékladé by bylo mozné intimni reak¢éni mechanismus povrchovych reakci
zrekonstruovat a potvrdit pfimym zptisobem. Ani molekularni modelovani vzhledem k velkému
mnozstvi predpokladii a zjednoduseni by nebylo mozné povazovat za piimy dikaz spravnosti
takové rekonstrukce. Proto také navrzeny mechanisticky model nefesi detailni adsorpcni
geometrii povrchovych meziproduktti a je urcitou redukei skutecnosti, ktera vSak umoziuje
kvalitativné popsat rozdily v chovani raznych katalyzitori v hydrogenaci nitrild a
racionalizovat nektera dalSi experimentalni fakta. Navrzeny zjednoduseny model vychézi
z dosavadnich poznatkli o kinetice reakce, ze soucasnych poznatkli o adsorpci dusikatych latek
na kovy, a opird se o dosavadni pfedstavy o mechanismu povrchové katalyzovanych
hydrogenaci nitrila [17,35,44,46,47,K1]. T nové publikované prace jinych autord [90,94]

ukazuji, Ze navrzeny koncept je spravny.

2.2.5 Ovéreni vratnosti procesu tvorby terciarnich aminti hydrogenaci nitrili

Navrzeny komplexni mechanisticky koncept hydrogenace nitrild predpoklada, ze cely
proces tvorby terciarnich amint z nitrild je obecné vratny, respektive vSechny diléi kroky jsou
vratné. To obhajovali Volf a PaSek jiz ve své prilomové praci [10] zr. 1986, a to souborem
nékolika nezavisle pozorovanych experimentalnich fakti: a) smés primarniho a terciarniho
aminu je tvofena, kdyz terciarni aminy reaguji s amoniakem disproporciona¢nimi reakcemi
Vv pritomnosti hydrogenac¢nich katalyzatora; b) obdobné, sekundarni aminy reaguji s amoniakem
za vzniku primarnich amind; a C) nitrily jsou produkovany dehydrogenaci primarnich amind.
Uvazenim, ze dil¢i reakéni kroky disproporcionaci amind maji stejnou podstatu jako reakéni
kroky pti hydrogenaci nitrili, a uvazenim, Ze kombinaci zminénych reakci lze slozit reakéni
cestu vedouci od terciarniho aminu k nitrilu, dovozovali Volf a Pasek [10], Ze z terciarnich
amini a amoniaku vznikd na kovovych katalyzatorech zpétné nitril. AvSak piimy
experimentalni dikaz zatim nebyl k dispozici. Proto jsem se rozhodl takovy dikaz provést
[Piiloha 2]. Jelikoz za podminek vsadkové hydrogenace v kapalné fazi pii 110°C a tlaku
vodiku 5 MPa je termodynamickd rovnovéha pro vznik nitrilu z aminu nepfizniva, provedli
jsme kineticky experiment za podminek pfiznivych pro dehydrogenacni a disproporcionacni
reakce. Reakce terciarniho aminu a amoniaku byla vedena v plynné fazi za atmosférického tlaku
pii teploté 225°C v kontinualnim reaktoru s pevnym lozem Pd/C (nebo Cu-Cr) katalyzatoru.
Parametry a vysledky takového experimentu jsou podrobné popsany v [PFiloze 2]. Zastupcem
terciarniho aminu byl tributylamin a zjisténa nezanedbatelna ptitomnost butyronitrilu (4-9 hm.

%) v produktu disproporcionace smési tributylaminu a amoniaku byla pfimym dikazem, ze cely
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proces tvorby terciarnich amind hydrogenaci nitrili je obecné vratny. OvSem za béznych
pracovnich podminek vétSiny hydrogenaci (<120°C, zvySeny tlak vodiku) je rovnovaha
hydrogenac¢nich krokii v reakénim schématu zcela posunuta ve prospéch produkti a tyto kroky

se chovaji jako nevratné.

2.2.6 Prokazani ucasti aminokarbenového mechanismu na vzniku terciarnich
aminu

Zasadni soucasti navrzeného mechanistického konceptu hydrogenace nitrila je piedstava,

7ze na vzniku sekundarnich a terciarnich amini se muZe podilet vedle imino-enaminového

mechanismu, také tzv. aminokarbenovy mechanismus (Obr. 9, Obr. 13-14). Hypotéza

aminokarbenového mechanismu vzniku vySSich amini piedpokladd, Ze nenasycené

meziprodukty tvorby sekundarniho a terciarniho aminu, jmenovité sekundarni imin a enamin,

mohou existovat na povrchu kovového katalyzatoru také ve formé¢ povrchovych aminokarbend
(Obr. 13).

Imine-enamine mechanism Aminocarbene mechanism
Key intermediates Key intermediates
1
HC &
SNH R N
; C h— NH2
|
M M M M
Surface imine Aminocarbene
' R' ,
R" R\N/ R N
N 7 N
HC - CH R ~ /
' C
Y I
M M M M
Surface enamine N,N-Dialkylaminocarbene

Obr. 13: Hypotéza o dvou typech povrchovych meziproduktd [P¥iloha 2] (M — aktivni misto

odpovidajici jednomu nebo vice povrchovym atomiim kovu; R’= R-CH,— = R”-CH,—CH,-)

Ackoli jsou sekundarni imin a enamin chemicky odli§né slouceniny, v adsorbované
podob¢ jako povrchové aminokarbeny jsou latkami z chemického hlediska konzistentnimi a
proces tvorby terciarniho aminu je poté analogicky procesu tvorby sekundarniho aminu. Podle
uvedené hypotézy by tedy mohly vznikat tercidrni aminy i pfi hydrogenaci nitrill, jejichz
molekuly nemaji dostupny vodik na o-uhlikovém atomu vzhledem Kk nitrilové skupiné
(neboli B-uhliku vzhledem k atomu dusiku). Doposud se piedpokladalo, Ze takové nitrily

nemohou hydrogenaci poskytnout terciarni amin, jelikoz od téchto nitrili nelze odvodit
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pfislusny enamin. Toto tvrzeni se opiralo a experimentalni pozorovani, ze hydrogenaci
benzonitrilu nevznika tribenzylamin [12]. Pokud by se prokazalo, ze terciarni aminy vznikaji i
pti hydrogenaci zminénych nitrilti, byl by to neptimy dikaz svéd¢ici o spravnosti piedstavy
aminokarbenového mechanismu vzniku terciarnich aminti. Vysledky naSeho experimentalniho

ovefeni jsme publikovali ve studii [PFiloha 2].

"aminocarbene route" "enamine route"
*I‘ R
|
R Cx
\ N HC
. C—NH, +H, SN +H, :\NH
mino- ” —————— > v - Y Imine
carbene
M M M M M
+ R'-NH-R' + R'-NH-R'
R R R R
\ / \ /
e R ~INH
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~C—NH, SNH
I Y
M M M M
R’ !
' R
R / '
~N R'< N/
R_/
“CH-NH, R\Cél—NHz
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-NH, - NH,
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R'~_ A H (L/ R' N
R N +H, 250/ +H, R\
/ S N—R' - —
>C NH, <o N >  HCTCH
H \] ; NH;
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carbene

Obr. 14: Piedstava vzniku terciarnich aminti hydrogenaci nitrila [P¥iloha 2] (M — aktivni misto
odpovidajici jednomu nebo vice povrchovym atomim kovu; R’= R-CH,— = R”-CH,—CH,-)
Ackoliv aromatické nitrily nemaji dostupny vodik na a-uhlikovém atomu vzhledem k CN

skupiné, neni vhodné je pouzit pro experimentalni diikaz aminokarbenového mechanismu.
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Tvorba sekundarniho a terciarniho aminu pfi hydrogenaci aromatickych nitrilti je v porovnani
s hydrogenaci alifatickych nitrili znevyhodnéna. Tvorba téchto amind vyzaduje nukleofilni
adici aminu na meziprodukt aldimin, a aromatické aldiminy jsou obecné vzdy mén¢ reaktivni
vici nukleofilim v porovnani s alifatickymi aldiminy. Je to dané pozitivnim mezomernim
efektem aromatického jadra, kterému vyhovuje konjugace s karbiminovou skupinou. Po adici
aminu se karbiminova skupina a tedy i konjugace ztraci, coz Cini cely d¢&j relativné
nevyhodnym. Tim lze vysvétlit, pro¢ v minulosti nebyl pozorovan vznik tribenzylaminu
hydrogenaci benzonitrilu ani vznik diethylbenzylaminu hydrogenaci smési benzonitrilu a
diethylaminu [12]. Navic, jak naznacuje prace Bakkera a kol. [94], diky doplitkové interakci
benzenového kruhu s povrchem kovového katalyzatoru je benzaldimin vazan k povrchu
,,boén&* (,,side-on*), coz ztézuje tvorbu povrchovych aminokarbenovych species, a nukleofilni
kondenzace tak patrné mize probihat pouze imino-enaminovym mechanismem. Z téchto
duvodu jsme vybrali pro experimenty vychozi nitril alifaticky: trimethylacetonitril. Pro vznik
vyssich (tj. sekundérnich a terciarnich) amind je selektivni zejména Pd, proto byly hydrogenace
vedeny na tomto katalyzatoru. Jak je ilustrovano v tabulce 3, hydrogenace trimethylacetonitrilu
poskytla dineopentylamin (96,3 hm.%), neopentylamin (2,8 hm.%) a Zadny trineopentylamin.
To je vysvétlitelné: vznik trineopentylaminu mtize byt ze sterickych divodt velice ztizen. Proto
byly dale provedeny hydrogenace v pritomnosti ,,stericky nenaro¢nych® sekundarnich amint

typu: diethylamin, dipropylamin a dibutylamin.

Tabulka 3: Hydrogenace trimethylacetonitrilu s / bez ptidavku diethylaminu [PFiloha 2]

Nasada / Experiment ¢. 1 2 3
Hmotnost trimethylacetonitrilu [g] 70 37,2 32,8
Hmotnost diethylaminu [g] - 32,8 37,2
Hmotnost suSiny katalyzatoru [g] 3,0 3,0 1,8
Produkty Selektivita [(hm./hm.) %]
neopentylamin 2,80 11,21 77,22
Neopentyliden-neopentylamin 0,30 3,93 1,55
dineopentylamin 96,90 80,63 7,39
N,N-diethylneopentylamin - 3,32 13,20
N-ethylneopentylamin - 0,56 0,39
triethylamin - 0,35 0,25
Konverze nitrilu [%] 82,6 90,5 38,2

reakcni teplota 110°C, tlak H, 5 MPa, 5%-Pd/C (K-0203 Heraeus), reakcni cas 6h,
hydrogenace v kapalné fazi bez pritomnosti rozpoustédia

Obecné mohou hydrogenaci nitrilu R'-CN v ptitomnosti dialkylaminu R*-CH,-NH-CH,-R?
vzniknout dva typy terciarnich amint: (R-CHy-)sN a R*-CH,-N-(-CH»-R?),. V reakénich
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smésich byla hledana pfitomnost smiSen¢ho terciarniho aminu dialkylneopentylaminu, jehoz
tvorba by méla byt ze sterickych divodl zvyhodnéna pred tvorbou trineopentylaminu. Vskutku,
bylo zjisténo [Ptiloha 2|, Ze v pfipadé hydrogenace trimethylacetonitrilu v pfitomnosti vSech
vySeuvedenych stericky nendroCnych nizkych amind vznikal, vedle neopentylaminu a
dineopentylaminu, téz dialkylneopentylamin, a to fadové v jednotkach procent, tj.
v nezanedbatelném mnozstvi (N,N-dibutylneopentylamin 10,9 hm.%; N,N-
dipropylneopentylamin 15,9 hm.%; N,N-diethylneopentylamin 5 hm.%). Vznik
dialkylneopentylaminu nelze vysvétlit enaminovym mechanismem, jelikoz od kli¢ového
meziproduktu: N,N-dialkylneopentan-1,1-diaminu (neboli zkracené od 1-
aminoneopentyldialkylaminu) nelze odvodit korespondujici enamin z ddvodu absence
vodikovych atomil na neopentylovém fetézci v 3-poloze K terciarni aminoskupiné. V kontrastu s

tim, podle aminokarbenového mechanismu je jeho tvorba mozna, jak je znazornéno na Obr. 15.
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Obr. 15: Predstava vzniku N,N-diethylneopentylaminu hydrogenaci smési trimethylacetonitrilu
a diethylaminu [P¥iloha 2]

Ovsem lze namitat, ze existuji tii jiné reakéni cesty, kterymi by bylo mozné pozorovany
vznik dialkylneopentylaminu rovnéz vysvétlit:

1)

Jednim znich je pfima hydrogenolyza 1-aminoneopentyldialkylaminu za vzniku
dialkylneopentylaminu a amoniaku. Na Obr. 1 je hydrogenolyza obecného 1-
aminotrilalkylaminu, tak jak ji ptedpokladal Braun [3,4], rovnéz znazornéna. Tato nevratna
reakce v8ak nevystihuje skute¢nost, Ze cely proces tvorby terciarnich aminti hydrogenaci nitrilt
je obecné vratny, jak jsme jednozna¢né a piimo experimentalné prokazali (viz kapitola 2.2.5).
Tudiz, pfi hydrogenaci trimethylacetonitrilu v pfitomnosti dialkylaminu, nemtize byt nevratna

hydrogenolyza 1-aminoneopentyldialkylaminu zodpovédna za vznik dialkylneopentylaminu.
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)

Disproporcionana¢nimi reakcemi pritomnych amini. V reakéni smési hydrogenace
trimethylacetonitrilu v pfitomnosti diethylaminu byly nelezeny v uréittm mnozstvi, vedle
diethylneopentylaminu, také ethylneopentylamin a triethylamin (Tabulka 3). Posledni dva jsou
evidentné produkty disproporcionaci pfitomnych amint (dle rovnic 7a-c). Triethylamin je
produktem disproporcionace diethylaminu, pii niz vznika ethylamin a triethylamin.
Ethylneopentylamin je pak spolu samoniakem produktem disproporcionace ethylaminu
S neopentylaminem. Je proto mozné namitat, Ze i vznik diethylneopentylaminu je mozné
vysvétlit  disproporcionanacnimi reakcemi pfitomnych amint, konkrétné ethylaminu a
ethylneopentylaminu. Ethylamin nejprve dehydrogenuje na ethanimin. Ethanimin reaguje
s ethylneopentylaminem na N-ethyl-N-neopentylethan-1,1-diamin (zkracené 1-aminoethyl-
ethylneopentylamin), ktery se stabilizuje od§tépenim amoniaku za vzniku enaminu: N-ethenyl-

N-ethyl-neopetylaminu (Obr. 16)

XNH/\ + /:NH
Ty

T

NH,

\ /

P

Obr. 16: Predstava vzniku N,N-diethylneopentylaminu hydrogenaci smési trimethylacetonitrilu

a diethylaminu [P¥iloha 2]

Hydrogenace enaminu da diskutovany diethylneopentylamin. Na rozdil od 1-
aminoneopentyl-diethylaminu,  1ze od 1-aminoethyl-ethylneopentylaminu odvodit volny
enamin. Lze proto namitat, ze vznik diethylneopentylaminu, pozorovany pii hydrogenaci smési
trimetylacetonitrilu a diethylaminu, je mozné vysvétlit disproporciona¢nimi reakcemi amind
ptritomnych v reak¢ni smési, bez nutnosti predpokladu aminokarbenového mechanismu. Ovsem
tomuto alternativnimu vykladu neodpovida fakt, ze koncentrace diethylneopentylaminu
v reakéni smési byla Sestkrat vyssi nez koncentrace triethylaminu a ethylneopenylaminu (Obr.
17a a Obr. 17b), které evidentné maji ptavod v disproporcionacnich reakcich. V ptipadé
hydrogenace ¢. 3 (Tabulka 3) byla koncentrace diethylneopentylaminu dokonce 30x vyssil
Navic, jak je vidét zobrazku 17b, koncentra¢ni kiivka diethylneopentylaminu koreluje
s konverzni kiivkou trimethylacetonitrilu, tj. s rostouci konverzi nitrilu klesa rychlost jeho
tvorby. Kdyby pritomnost diethylneopentylaminu méla piivod v disproporcionacnich reakcich

pfitomnych aminti, rychlost jeho tvorby by neméla klesajici trend.
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Obr. 17a: Casovy pribéh hydrogenace trimethylacetonitrilu v piitomnosti diethylaminu (exp. ¢.
2). Koncentracni profil majoritnich latek. [P¥iloha 2]
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Obr. 17b: Casovy pribéh hydrogenace trimethylacetonitrilu v pfitomnosti diethylaminu (exp. ¢.

2). Koncentracni profil minoritnich produktii a krivka konverze nitrilu. [P¥iloha 2]

Abychom podali nezvratny dikaz, Zze vznik diethylneopentylaminu, pozorovany pii
hydrogenaci trimethylacetonitrilu v pfitomnosti ~ diethylaminu,  nelze = vysvétlit
disproporcionacnimi reakcemi aminl, byl proveden experiment ovéfujici rozsah
disproporcionacnich reakci amind za reak¢énich podminek shodnych s podminkami hydrogenace

trimethylacetonitrilu. Smés neopentylaminu a diethylaminu v pfitomnosti Pd katalyzatoru byla
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zahtivana pii teplot¢ 110°C a tlaku vodiku 5 MPa. Po Sesti hodinach byl obsah
diethylneopentylaminu v reakéni smési 0.39 hm.%, obsah triethylaminu 0,37 hm.% a obsah
ethylneopentylaminu 0,31 wt.% (Tabulka 4). Zatimco pfi hydrogenaci trimethylacetonitrilu ¢inil
po 6 hodinach obsah diethylneopentylaminu v reakéni smési 1,7 wt.% (exp. ¢. 2, Obr. 17b).
V ptipadé hydrogenace ¢. 3 byl jeho obsah jest¢ mnohem vyssi.

Tabulka 4: Experimentilni ovéfovani rozsahu disproporcionaénich reakci amini za
hydrogenacnich podminek: 7//0°C, 5 MPa, 3.0 g susiny Pd/C katalyzdtoru, 70 g reakcni smési,

1:1 mol. pomer neopentylamin / diethylamin [P¥iloha 2]

Reak¢ni doba [h] 0 0.25 6
Slozeni reakéni smési [hm. %]

neopentylamin 54,37 54,06 53,98
diethylamin 45,63 44,94 44,79
ethylamin 0,03 0,04
triethylamin 0,31 0,37
N-ethylneopentylamin 0,25 0,31
N,N-diethylneopentylamin 0,31 0,39
dineopentylamin 0,09 0,11

3)

Tretim moznym vysvétlenim je teorie Sivasankara a Prinse [92]. Sivasankar a Prins
[92] studovali kinetiku hydrodenitrogenace N-hexylmethylaminu a N,N-dihexylmethylaminu na
sulfidovanych NiMo//y-Al,O5 pii 280°C a 3 MPa. Zjistili, ze tvorbu nékterych pozorovanych
produktl nelze vysvétlit enaminovym mechanismem, jelikoz od smiSenych trialkylaminii nelze
odvodit pfislusny enamin s dvojnou vazbou na strané¢ methylové skupiny; pficemz
dehydrogenace smiSené¢ho trialkylaminu na nenasyceny meziprodukt je jednim z nutnych
reakénich krokdl. Autofi proto navrhuji, Ze dehydrogena¢né-hydrogenaénich procest se ucastni
také iminiové kationty jako meziprodukty. Konkrétng, iminiovy kationt CH,=N'R, vznikne,
jestlize volny par na N atomu a H atom o-C atomu (vzhledem aminoskuping) v molekule aminu
CH;3NR; podlehnou dvojité oxidaci a abstrakei protonu. Iminiovy kation da zpét amin pfijmutim
elektronu a H atomu [92]. Kdybychom tuto teorii aplikovali na nami studovanou hydrogenaci
trimethylacetonitrilu v pfitomnosti dialkylaminu, bylo by mozné vysvétlit pozorovany vznik
dialkylneopentylaminu i1 bez pfedpokladu aminokarbenového mechanismu a existence
povrchového aminokarbenového komplexu  [1-(dialkylamino)neopentyliden]kov. Klicovy
meziprodukt  N,N-dialkylneopentan-1,1-diamin  (tj.  1-aminoneopentyldialkylamin) by
odstépenim amoniaku neposkytl povrchovy aminokarben, ale pfijal by proton za vzniku
kationtu. Teprve az kationt by odstépil amoniak za tvorby neopentyliden-N,N-dialkyliminium

kationtu. Vysledny iminiovy kationt by piijal elektron a H atom a poskytl diskutovany
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dialkylneopentylamin. Takovy alternativni vyklad se jevi velice malo pravdépodobnym, jelikoz
predpoklada transfer protonu v hydrogenacné-dehydrogenacnim procesu na povrchu
heterogenniho kovového katalyzatoru a iontovy charakter hydrogenacnich a dehydrogenacnich

reakci, jeZ maji bezpochyby radikalovy charakter.

Na zaklad¢ vySeuvedené diskuze tedy muzeme shrnout, ze vysledky provedenych
kinetickych experimentti svéd¢i o spravnosti predstavy, Zze na vzniku sekundarnich a terciarnich
aminti hydrogenaci nitrild se muze podilet vedle imino-enaminového mechanismu, také

mechanismus aminokarbenovy.

2.2.7 Koncept ,Metal/Overlayer catalysis“ z pohledu hydrogenace nitrili

Postupem casu ptibyva stile vice pozorovani a dikazli, Ze hydrogenacni procesy na
povrchu kovovych katalyzatori jsou mnohem komplikovangj$i nez ptedpokladaji klasické
reakéni mechanismy popsané Horiutim a Polanyim, Langmuirem a Hinshelwoodem, nebo
Eleyem a Ridealem. Podle pokrokového konceptu tzv. ,katalyzy piekryvnou vrstvou®
(overlayer catalysis, resp. metal/overlayer catalysis) je béhem vétSiny reakci na katalyticky
aktivnim kovovém povrchu pokryt tento povrch velmi silné chemisorbovanou monovrstvou
¢astic s dlouhou dobou zdrzeni [82,102-106]. V piipadé hydrogenacné-dehydrogenacnich
reakci uhlovodiktl se jedna o vrstvu uhlovodikovych fragmentt a ¢astic s pomérem H/C kolem
~ 1, pfi syntéze amoniaku jde o chemisorbovany dusik a v pfipadé hydrodesulfurizace thiofenu
o smes siry a uhliku. Uvadi se, ze pti reakcich uhlovodikil na platiné je pokryto uhlovodikovymi
fragmenty pies 80% povrchu Pt. Na misto navrhii, Ze zbyvajici nepokryta kovova mista jsou
jedinymi aktivnimi centry pro katalyzu, pfibyva ditikazi, Ze uhlovodikova prekryvna vrstva je
aktivni soucasti pracujiciho katalyzatoru. Pouze kdyz je vrstva totaln¢ dehydrogenovana, mutize
deaktivovat kov tvorbou zesitovanych uhlikatych isad. Koncept katalyzy piekryvnou vrstvou
predpoklada, ze molekula reaktantu maze byt piemeénéna i bez vytvoteni chemické vazby S
atomem povrchu kovu: reaktanty jsou adsorbovany az na vrchu piekryvné vrstvy, kde muze
dochazet k prenosu atomtl.. Zvlasté vodikové atomy mohou byt reaktantim poskytnuty silné
vazanymi povrchovymi komplexy piekryvné vrstvy. Vzniklé vodikové vakance v prekryvné
vrstvé mohou byt doplnény z vodikovych atomi chemisorbovanych na povrchu kovu. To
vyzaduje, aby pfekryvnd vrstva byla propustnd pro molekuly vodiku, které tak mohou
dosahnout kovového povrchu a disociovat na ném. Siln¢ adsorbované fragmenty molekul
v pfekryvné vrstvé tedy nejsou pravymi reakénimi meziprodukty, ale ani nezucastnénymi
,»divaky* reakce. Napfiklad pfi hydrogenaci ethylenu na Pt je dominantni slozkou piekryvné
vrstvy povrchovy ethylidyn (M=C-CH,3) [105].
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Patrné nejvetsi zasluhy na rozpracovani zminéné teorie ma skupina prof. Somorjaie, ktera
téz prenos vodiku zuhlovodikové prekryvné vrstvy experimentdlné (zejména s vyuZzitim
izotopové znacenych atomil) a spektrofotometricky potvrdila a zjistila, Ze vrstva mize ovlivnit
reakéni rychlost hydrogenace i distribuci produktd [102,103] a ze Castice vrstvy, ac silné
vazan¢, jsou schopny migrace na povrchu kovu (vyuzitim vratnych hydrogenaéné-
dehydrogenacnich reakct).

Do konceptu pickryvné vrstvy zapadaji i poznatky o heterogennich asymetrickych
hydrogenacich molekul s prochirdlnim atomem uhliku probihajici na povrchu kovovych
katalyzatorti modifikovanych opticky aktivni slouc¢eninou. Ni katalyzator modifikovany opticky
Cistym izomerem kyseliny vinné pii enantioselektivni hydrogenaci methylacetoacetatu na
methylhydroxybutyrat je typickym a ¢asto studovanym piikladem. Podle Sachtlera a kol.
[107,82] je chirarita zavedena oSetfenim kovového katalyzatoru jednim z opticky aktivnich
izomerd kyseliny vinné, pfi¢emz chemisorpce kyseliny vinné je mnohem siln€jSi nez
chemisorpce vodiku ¢i methylacetoacetatu. V dasledku toho je povrch pokryt Ni komplexy
kyseliny vinné (resp. vinanl), které pusobi jako templaty pro preferencni tvorbu jednoho
enantiomeru methylhydroxybutyratu, a zaroven blokuji kovovy povrch pro adsorpci jinych
molekul s vyjimkou H,. Molekuly vodiku jsou dostate¢né malé pro to, aby difundovaly
mezerami ve vinanové prekryvné vrstve.

Sachtler a kol. pfedpokladaji existenci vrstvy velmi siln¢ adsorbovanych fragmenti
molekul reaktantt také pii hydrogenacich nitrilti na kovovych povrsich a to na zakladé vysledki
hydrogenacnich experimentli s reaktanty s izotopové znaenymi atomy [48-50,81,82], které
byly zminény detailné&ji v kapitolach 2.1.2 a 2.2.2. Piekryvna vrstva obecného vzorce CyHyN, se
vytvari velmi rychle pii 1. expozici Cerstvého katalyzatoru proudu reaktantd. Pii vystaveni
Cerstvého Pt katalyzatoru plynnému proudu smési acetonitrilu + H, se na vystupu z pratocného
reaktoru s pevnym loZzem katalyzatoru nejprve objevil ethan, pozdé&ji acetonitril a nakonec az
aminy [82]. To potvrzuje nase poznatky, ze sila adsorpce aminti na Pt a Pd je vy$$i nez nitrild, a
dale to ukazuje, Ze pii vytvareni vrstvy primarné adsorbovanych, siln¢ vazanych ¢astic dochazi
také ke Stépeni vazeb C—N, popt. C—C.

Piekryvna vrstva obecného vzorce CyHyN, je jednim ze zdroji atomii vodiku pfi
vysycovani nenasycené vazby hydrogenovaného nitrilu [48,49,82]. To demonstruji vysledky
hydrogenace acetonitrilu CH;CN deuteriem D, v plynné fazi, v pruto¢ném uspoiadani na
pevném lozi Ru katalyzatoru. Ackoliv nebyl k dispozici H,, v poc¢atecni fazi reakce je prekryvna
vrstva fragmentil acetonitrilu odpovédnd za rozsahlou tvorbu ethylaminu s nizkym obsahem
deuteria. Teprve po delsi reakéni dobé (4h TOS), kdy je piekryvna vrstva v izotopové
rovnovaze s proudem D,, mizi odchylky od ,naivni“ stechiometrie a vysledny produkt —

ethylamin obsahuje v priméru o¢ekavané 4 atomy deuteria na molekulu.
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Porovnanim experimentti na Pt a Ru autofi dale zjistili, ze aktivita v procesech prenosu
vodiku je u téchto kovi odlisna [82]. Zjednodusena piedstava, Ze hydrogenace probihaji na
vrchu prekryvné vrstvy stejnym zpGsobem u vSech prechodnych kovi, je ovSem evidentné
mylna: vSechny kovy by musely vykazovat stejnou reakéni selektivitu - a opak je pravdou (viz
kapitola 1.4). Realny mechanismus hydrogenace musi byt tedy mnohem komplikovangjsi. Podle
mého ndzoru nelze vyloucit ani paralelni chemisorpci siln¢ vazanych fragmentt ,,prekryvné
vrstvy“ a slabéji vazanych, skutecnych povrchovych meziprodukti na stejnych kovovych
aktivnich centrech, pficemz pravé silné¢ védzané fragmenty ,,moderuji“ aktivni misto do

»spravnych® katalytickych vlastnosti.

Na zakladé vySe uvedeného povazuji za dileZité upozornit na jedno tuskali pfi
interpretaci  vysledkh  experimentalnich praci (surface studies), které s vyuzitim
spektrofotometrickych metod studuji strukturu adsorbovanych molekul organickych latek na
povrch kovovych katalyzatord, nebo spiSe na definovanych povr§ich monokrystald kovt. Velmi
pfinosné a kvalitni prace v této oblasti publikuji autofi z vyzkumné skupiny Dr. M. Trenaryho.
Z pohledu hydrogenaci nitrili jsou zajimavé hlavn¢ studie adsorpce a povrchové chemie amind
a nitrild na povrchu Pt (111) [108-111]. Autofi potvrdili termalni desorpéni spektroskopii
Vv kontinualné cerpané UHV-komoie (TDS) v kombinaci s reflexni adsorpéni infracervenou
spektroskopii (RAIRS) a XPS (podpofené DFT vypoéty), ze methylaminy na povrchu Pt
postupné dehydrogenuji a pfi teplotach od 70°C (méfeno ve vakuu 10™° Torr) prevladaji na
povrchu aminokarbyny (M=C-NH,), N-alkylaminokarbyny (M=C-NHCHj), popt. N,N-
dialkylamino-karbyny (M=C-N(CHjs),). V piipad¢ adsorpce ethylaminu na Pt (111) dochazi
K postupné dehydrogenaci za vzniku povrchového aminovinylidenu (M=C=CHNH,, nad 57°C)
a aminoethynylu (M=C-C(M)(NH,), nad 147°C), pii vyssich teplotach jiz dochazi ke §tépeni
vazby C-C.

V kontextu vySe uvedené teorie katalyzy piekryvnou vrstvou je opodstatnéné se
domnivat, ze povrchové komplexy identifikované ve zminénych ,surface studies” nejsou
pravymi reakénimi meziprodukty, ale elementy ptekryvné vrstvy primarné adsorbovanych
¢astic. Neni proto rozpor mezi prokazanou existenci aminokarbynovych komplext na povrchu
Pt a tim, Ze mnou navrZzeny mechanisticky model takovy reakéni meziprodukt neuvazuje (jen

jako potencialniho zdroje, ptipadné ,,pfenasece” vodikovych atomu).

Na tomto misté chci zminit jeden sviij vyznamny poznatek o hydrogenaci nitrilt, ktery
ma piimou souvislost s popisovanym konceptem katalyzy pfekryvnou vrstvou. Jak jiz zde bylo
n¢kolikrat zminéno, za béznych podminek hydrogenace nitrili (< 150°C, zvyseny tlak vodiku)
nepodléhaji aminy v ustaleném rezimu dehydrogenaénim ani disproporciona¢nim reakcim [16,

Piiloha 4, Priloha 3, 80]. Vhodné pfipomenout, Ze prvnim krokem disproporcionacnich reakci
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amind je pravé dehydrogenace na nenasycenou slouceninu aldiminového typu. Za téchto
podminek rovnéz nedochazi na povrchu kovu k hydrogenolytickym §tépenim vazeb C—C, (ani
na Ni a Co, znamych svymi silnymi hydrogenolytickymi ucinky pri vyssich teplotach), popt. ke
Stépeni vazeb C—C bez asistence vodiku. Pfesto jsem v ramci svého dlouholetého vyzkumu
pfemén aminti na heterogennich kovovych katalyzatorech Casto pozoroval, Zze na zacatku
experimentl s hydrogena¢nimi podminkami, pfi prvnim styku organické latky s cerstvym
katalyzatorem, dochézi k prechodné zvySené tvorbé nezddoucich vedlejSich produktl, majicich
puvod v hydrogenolytickych, dehydrogenacnich a disproporcionacnich reakcich. Po kratké dobé
(fadoveé minut) se rozsah téchto vedlejSich reakci ustali na zlomku pocéatecni hodnoty, popf. je
nulovy. Napfiklad pfi prichodu smési vodiku a nizsich alifatickych amint pifes loze Cerstvého
Pd nebo Ni katalyzatoru pii 120°C jsme pozorovali v prvnich minutdch expozice katalyzatoru
ptitomnost uhlovodikii a produktii disproporcionacnich reakci na vystupu z reaktoru. Po chvili
tyto produkty vymizely a sloZeni na vystupu z reaktoru se jiz dale rovnalo sloZeni na vstupu.
Jiny typicky ptiklad (vsadkovy exp. v kapalné fazi) je uveden v tabulce 4 v kapitole 2.2.6.
Ekvimolarni smes neopentylaminu a diethylaminu v pfitomnosti Cerstvého Pd katalyzatoru byla
zahtivana v autoklavu pii teplot¢ 110°C a tlaku vodiku 5 MPa a byl zjistovan rozsah
disproporciona¢nich reakci aminti. Po 6 hodinach se vytvotilo 1,22 hm.% latek majicich ptivod
v disproporcionaénich reakcich, pfi¢emz ale 81% z tohoto mnozstvi se vytvotilo do 15 minuty
od zahajeni experimentu.

Sva vyseuvedena pozorovani pfi¢itam rychlému vytvafeni vrstvy velmi silné
adsorbovanych fragmenti molekul reaktantt pii 1. styku Cerstvého katalyzatoru s proudem
amind ¢i nitrild. Pfi ném dochazi ke $té€peni vazeb C—N, C-H, N-H i C-C za vzniku silné
vazanych fragmentd obecné¢ho vzorce CyHyN, k povrchu kovu. Produkty fragmentace s nizsi
afinitou ke kovovému povrchu (nasycené uhlovodiky, nasycené rekombinované aminy, nitrily)
povrch opoustéji do objemové faze [P¥iloha 2]. Uvedeny experimentélni jev lze tedy vysvétlit

pomoci konceptu katalyzy ptekryvnou vrstvou.

2.3 Fenomén ,nadrovnovaziného* obsahu terciarniho aminu
Vv produktech hydrogenaci nitrilii na Pd katalyzatorech

V systému hydrogenacné-kondenzacnich reakci hydrogenace nitrilu na palladiovém
katalyzatoru je terciarni amin findlnim produktem. Po totdlni konverzi nitrilu obsahuje
hydrogenat mnohem vice terciarniho aminu z hlediska vzajemného poméru primarni amin :
sekundarni amin : tercidrni amin : amoniak nez odpovida rovnovaznému slozeni téchto aminii,
a slozeni hydrogenatu se jiz dale neméni. Naprtiklad pii hydrogenaci butyronitrilu v kapalné fazi
na Pd pfi 100°C obsahuje hydrogenat 1,4 mol.% butylaminu, 16,2 mol.% dibutylaminu a 82,4
mol.% tributylaminu (Tabulka 1).

44



Mechanistické a katalytické aspekty procesu

Studovali jsme kinetiku a chemickou rovnovahu disproporcionacnich reakci butylaminu
na Pd vkapalné fazi pii nékolika teplotach v rozmezi 220 — 260°C [K6]. Ty probihaji na
povrchu kovového katalyzatoru za vysSich teplot podle rovnic 7a-c a vyslednym produktem je
smés butylaminu, dibutylaminu, tributylaminu a amoniaku (viz kapitola 2.2.3.3). llustruje
obrazek 18. Zjistili jsme, ze naptiklad pii 220°C, po dosazeni chemické rovnovahy, obsahuje
kapalna reakéni smés 27,5 mol.% butylaminu, 58,4 mol.% dibutylaminu a 14,2 mol.%

tributylaminu.
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Obr. 18: Casovy pribéh vsadkové disproporcionace butylaminu pii 240°C na Pd/SiO,. Body
jsou experimentalni hodnoty, kifivky jsou koncentracni zavislosti vyhodnocené pouzitym

kinetickym modelem. [K6, 32]

Disproporcionacni reakce aminti maji velmi malé tepelné zabarveni a rovnovazné slozeni
reak¢ni smési se prakticky neméni s teplotou. Tento fakt jsme rovnéz potvrdili experimentalné,
naméfené rovnovazné konstanty reakci se s teplotou neménily [K6]. Zjisténé hodnoty
aktivacnich energii (~ 175 kJ/mol) a pfedexponencialnich faktorti ptredmétnych reakci znovu
potvrdily, Ze rychlost disproporcionaénich reakei pii teplotach pod 150°C je zcela zanedbatelna.
Z vyse uvedeného vyplyva, Ze i pfi teploté¢ 100°C je obsah tributylaminu v rovnovazné smeési
aminti mnohem niz$i nez je obsah tributylaminu v produktu hydrogenace butyronitrilu vedené
na Pd. Na prvni pohled se tedy zda, Ze hydrogenace nitrili na Pd probiha ,,za chemickou
rovnovahu®. To vSak nelze — v prib&hu reakce nemtize byt porusen zakon termodynamiky. Ve
skute¢nosti je vySeuvedeny experimentalni jev termodynamicky konzistentni: béhem reakce
Gibbsova energie kontinualné sp&je do svého minima (pfitomny nitril ma silny vliv na volnou
entalpii celého reakéniho systému). Tento fenomén byl zdokumentovan a objasnén v publikaci
jinych autord nasi vyzkumné skupiny, a to na obdobném ptipadu: na reduktivni aminaci oktan-
1-olu [112].

V piipadé hydrogenace butyronitrilu se po jeho vyreagovani sloZeni aminu sice pfiblizuje
rovnovaze, avSak tato reakce — disproporcionace aminti — je za béznych reakcnich teplot

hydrogenaci nitrilti (< 150°C) nesmirn¢ pomala.
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3. ROZPOIOJSTF:DLOVE VLIVY V HYDROGENACI
NITRILU A JEJICH HODNOCENI

Vliv katalyzatoru na kinetiku hydrogenace nitrila je v literatufe dobfe zmapovan. Je vSak
prekvapivé, ze ackoliv se jedna o primyslové vyznamnou reakci, neexistuje zadna ucelena
studie, ktera by se systematicky zabyvala ulohou rozpoustédla pfi hydrogenaci nitrilti. Jelikoz
jsme se domnivali, Ze tato problematika je zajimava jak zhlediska teoretického tak i
praktického (moznost predikce), vénovali jsme se ji [K7, K8, K9] a tato kapitola shrnuje nase

dosavadni poznatky.

3.1 Studie s modelovym substratem butyronitrilem

Nase studium bylo motivovano snahou objasnit, ktera vlastnost rozpoustédla koreluje
sreakéni rychlosti hydrogenace a jak ktera vlastnost rozpoustédla ovliviiuje selektivitu
hydrogenace nitrilu na primarni, pfipadné sekundéarni a terciarni amin. Nasim cilem bylo i vliv
struktury rozpoustédla na kinetiku hydrogenace nitrilti kvantitativné ohodnotit. Za timto ucelem
byla provedena série hydrogenacnich experimenti v kapalné fazi, liSicich se pouzitym
rozpoustédlem, a byla sledovana reakcni rychlost a selektivita hydrogenace. Jako modelovy
substrat byl zvolen butyronitril [K7], tak jak je to obvyklé i u jinych studii v literatute, které se
zabyvaji vyzkumem kinetiky a mechanismu hydrogenaci nitrild. Jedna série experimentd byla
provedena v pfitomnosti niklového katalyzatoru a druhd v pritomnosti palladiového
katalyzatoru. U tak slozitého systému jako je heterogenné katalyticka hydrogenace doporucuje
literatura pouzit k hodnoceni rozpoustédlovych vlivih empirickou (také nazyvanou
,chemickou®) metodu multiparametrické linearni regrese odvozené na zakladé principu
linearnich vztaha solvata¢nich energii (LSER) [113-116]. Tato metoda je zaloZena na distribuci
fyzikalné-chemickych vlastnosti rozpoustédla do jednotlivych, navzajem nezavislych ptispevka.
To umoznuje kvantitativni posouzeni prispévki jednotlivych typt interakci v celkovém vlivu
prostiedi. Metodé se fika empirickd, jelikoZ hodnoti vliv prostfedi pomoci empirickych
charakteristik rozpoustédla. NejCastéji se vydé€luji tfi zakladni charakteristiky rozpoustédla:
kyselost, bazicita a schopnost interakci elektrostatického charakteru, tzv. nespecifickych
interakci.

Empirickych metod bylo navrzeno mnoho. Podle literatury ale dava v ptipad¢ vlivu
prostfedi na reakcni kinetiku nejlepsi vysledky metoda Abrahama-Kamleta Tafta (AKT)
[117,113]. Lze ji vyjadtit nasledujici rovnici (rovnice 9).

Y=Y, +d-6+s-z*+a-a+b-f+h-5; )
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V modelu AKT predstavuji veli¢iny d, S, @, b a h parametry nezavislé na rozpoustédle.
Tyto parametry charakterizuji dany proces a indikuji jeho citlivost vii¢i jednotlivym
charakteristikam rozpoustédla. Jsou to tedy ty koeficienty, které chceme ziskat. Veli¢ina Y, je
zavislou proménnou, to jest studovanou vlastnosti systému, v naSem ptipad¢ je to reakcni
rychlost nebo selektivita hydrogenace.

Reckymi symboly jsou uvedeny charakteristiky rozpoustédla, které jsou pro nékteré latky
tabelovany [napt. v 113]. #* oznacuje polaritu/polarizovatelnost, a je protondonorni schopnost
pro tvorbu vodikové vazby s rozpusténou latkou,  znaci protonakceptorni schopnost pro tvorbu
vodikové vazby s rozpusténou latkou a d.% je Hildebrandova kohezni energeticka hustota

definovana jako vyparna entalpie rozpoustédla pti 298 K na jednotku objemu (rovnice 10).

(10)

Clen d.d v rovnici AKT je korekce na polarizovatelnost s tim, Z¢ hodnota & je rovna 0,5 pro
polyhalogenovana rozpoustédla, 1,0 pro aromatickd a nule pro vSechna ostatni rozpoustédla.
Vliv prostiedi je v modelu vyjadien jako soucet prispévki nékolika riznych typt interakci mezi
solutem a molekulami rozpoustédla. Vyhodou modelu je, Ze regresni koeficienty ziskanych
korelaci maji jasny fyzikalni vyznam citlivosti selektivity nebo reakeni rychlosti vii¢i polarité-
polarizovatelnosti, kyselosti, bazicité a kohezni energii prostiedi.

Hydrogenace nitrilti jako heterogenné katalyzovana hydrogenaéni reakce je slozitym
tiifazovym reakénim systémem (plynny vodik, kapalnd reak¢éni smés a pevny katalyzator).
Vlastni reakce je souborem 3 d&ju: adsorpce reaktantl na povrch katalyzatoru, povrchové
reakce a nasledné desorpce. Z toho plynou pro studium rozpoustédlovych vlivii na kinetiku
hydrogenace nitrilti 3 specifické atributy tohoto systému: vedle (1) nevazebnych interakci mezi
molekulami reaktantu nebo produktu a rozpoustédla je tieba uvaZzovat i (2) kompetitivni
adsorpci molekul rozpoustédla na aktivni mista katalyzatoru a dale (3) rozdily v rozpustnosti
vodiku vlivem zmény rozpoustédla [118]. Bylo tedy otazkou, zda je viibec mozné modely typu
Abrahama-Kamleta-Tafta k hodnoceni rozpoustédlovych vlivii v hydrogenaci nitrili pouzit.

Vétsinou jsou totiz témito modely korelovany vlastnosti jednodussich, homogennich systémt.

Hydrogenacni experimenty byly realizovany v laboratornim vsadkovém slurry autoklavu
Vv pfitomnosti rozpoustédla a niklového (Ni/SiO;) nebo palladiového (Pd/SiO,) katalyzatoru.
Byla zvolena reakéni teplota 100°C, celkovy reakéni tlak 5 MPa a nizk4 pocatecni koncentrace
butyronitrilu v reakéni smési: 530 mmol/l. U kazdého experimentu byla stanovena pocatecni
reakeni rychlost a selektivita na primarni amin. Selektivita byla zjistovana pfi totdlni a pii

50%ni konverzi nitrilu a pro ucely hodnoceni rozpoustédlovych vlivi byla definovana
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13

»relativné®, jako pomeér latkového mnozstvi primarniho aminu ku sou¢tu mnozstvi sekundarniho
a terciarniho aminu v reakéni smési (rovnice 11), tj. jako podil rychlosti vzniku primarniho
aminu ku rychlosti vzniku sekundérniho a tercidrniho aminu.

n
§f = PA (11)
Ngp + Nrp

Vzhledem k tomu, ze rychlost hydrogenace butyronitrilu na niklovém i palladiovém
katalyzatoru byla az do vysoké konverze konstantni, bylo mozné do modelu Abrahama-
Kamleta-Tafta za zavisle proménnou dosazovat piimo reakéni rychlost ro vztazenou na
jednotkové mnozstvi katalyzatoru. Reakeni rychlosti vSak mtizeme korektné porovnavat pouze
tehdy, kdyz jsou pocatecni koncentrace obou reaktantd stejné v piipadé¢ pouziti vSech
testovanych rozpoustédel. To je splnéno pro butyronitril, nikoliv vSak pro vodik. Je to dano
jednak rozdilnou rozpustnosti vodiku v jednotlivych rozpoustédlech a jednak rozdilnym
parcialnim tlakem vodiku nad hladinou reak¢ni smési. Abychom tyto skutecnosti zohlednili,
korigovali jsme reakéni rychlost ry pomoci molarniho zlomku vodiku Xy, V reakéni smési, resp.

v daném rozpoustédle pii teploté 100°C a tlaku 5 MPa (rovnice 12).

r=— (12)

Co se tyCe vybéru souboru rozpoustédel; abychom mohli korelovat vlastnosti
rozpoustédel s reakcni rychlosti a selektivitou hydrogenace pomoci 5-parametrického modelu
Abrahama-Kamleta-Tafta, je potfeba mit k dispozici rozsahly soubor rozpoustédel s Sirokym
rozptylem hodnot jednotlivych charakteristik. Na druhou stranu ale musi rozpoustédla spliiovat
dalsi kritéria, ktera vybér dosti zuzuji. Rozpoustédlo musi byt inertni viici reakéni sméesi, musi
byt s reakéni smési misitelné a musi u ného byt znama potiebna fyzikaln¢-chemicka data: a to
jednak parametry pro model AKT, ale i rozpustnosti vodiku v takovém rozpoustédle. Na
zékladé téchto kritérii jsme pracovali s pomérné malym souborem 18 rozpoustédel zahrnujicich
alkoholy, aromaty, trialkylamin, cykloalkan, alkan a dialkylether.

Vysledky jsou uvedeny na obrazku 19. V grafu jsou vyneseny zjisténé hodnoty selektivit
hydrogenaci v riznych rozpoustédlech. Zelené sloupce piedstavuji hodnoty selektivit na
primarni amin pro hydrogenace na niklovém katalyzatoru, hnédé sloupce pro hydrogenace na
palladiovém katalyzatoru. Je vidét, ze bez ohledu na rozpoustédlo niklovy katalyzator skutecné
preferuje tvorbu primarniho aminu, zatimco paladium tvorbu amint vysSich (malad vySka
hnédych sloupci). Je vsak také vidét, Zze i rozpoustédlo, neboli reakéni prostfedi, ma na
selektivitu hydrogenace zna¢ny vliv.

Kvantifikace vlivu rozpoustédla spocivala v feSeni pétiparametrického linearniho
regresniho modelu Abrahama-Kamleta-Tafta. Odhad regresnich parametri modelu byl

proveden klasickou metodou nejmensich ¢tverci, s vyuzitim statistického programu QC Expert
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3.3. Statistické veli¢iny k diagnostice regresniho tripletu byly pievzaty tak, jak je definuje
zminény program ve vystupnim protokolu [119]. Zhodnotit statisticky vyznam jednotlivych
proménnych modelu umoziiuje spoétend hladina vyznamnosti p-level. Cleny s parametry,
jejichz spoctena hladina vyznamnosti prekracuje povolenou mez, je mozno povazovat za
statisticky nevyznamné a eliminovat je z modelu. Pfiléhavost regresniho modelu k namérenym
datim byla hodnocena pomoci vicendsobného korelacniho koeficientu R. Ke
vzajemnému porovnani riznych variant nékolika navrzenych modeldi pro jednu sadu zavisle
proménnych byla pouzita stfedni kvadratickd chyba predikce MEP. K posouzeni miry
jednoznaéné linedrni zé&vislosti naméfenych vlastnosti systému (rychlosti a selektivity) na
jednotlivych proménnych modelu AKT (vlastnostech rozpoustédla) slouzil Pearsontv parovy
korelacni koeficient. Detaily metodiky hodnoceni jsou uvedeny v praci nasich kolegii s tistavu

[120].
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Obr. 19: Vliv rozpoustédla na selektivitu pfi hydrogenaci butyronitrilu na Ni a Pd. Vynesena
relativni selektivita na primarni amin. Reakcni podminky: 100°C, 5MPa, 30 ml reakcni smeési,
pocdtecni koncentrace butyronitrilu 530 mmol/l; substrdt : Ni/SiO, = 26:1; substrdt - Pd/SiO, =
1,1:1 [K7]

Vysledky kvantifikace vlivu rozpoustédla na selektivitu byly nasledujici. V piipadé
hydrogenaci na niklovém katalyzatoru byly korela¢ni parametry d, s, b, h shledany statisticky
nevyznamnymi tj. nebyla nalezena zadna linedrni zavislost mezi selektivitou hydrogenace a
polaritou, bazicitou nebo kohezni energii. Po konstrukci a feSeni zjednoduseného zptesnéného
modelu S" = Y, + a.a bylo mozné konstatovat, ze selektivita hydrogenace koreluje

s protondonorni schopnosti pouzitého rozpoustédla (rovnice 13):
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S):ZSO% (Ni) = 113(i0’2) + 116(i0,3) o4
R =0,803 MEP = 0,356 (13)

V piipadé hydrogenace na palladiovém katalyzatoru byly shledany parametry d, s, a b
statisticky nevyznamnymi a bylo zapotiebi konstrukce zjednoduseného modelu S" = Y, + h. dy°
Z vysledného korelacniho vztahu (14) vyplyva, ze na selektivitu hydrogenace katalyzované

palladiem ma vliv jen kohezni energeticka hustota rozpoustédla.

S"xsm (Pd) = —0,59(+0,14) +1,8(+0,3) - 57
R=0,821 MEP =0,067 (14)

V grafu na obr. 20 jsou vyneseny zjisténé hodnoty reakénich rychlosti hydrogenaci
v ruznych rozpoustédlech. Graf ukazuje, k jakym dramatickym zménam v reakéni rychlosti
hydrogenace mize dojit zménou pouzitého rozpoustédla. Bez ohledu na to, zda jde o katalyzu

niklem ¢i palladiem.
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Obr. 20: Vliv rozpoustédla na reakéni rychlost hydrogenace butyronitrilu na Ni a Pd. Na ose x

vynesena pouzita rozpoustédla. [K7]

Druhy graf (Obr. 21) ukazuje reakéni rychlosti korigované na rozdilnou rozpustnost
vodiku v riznych rozpoustédlech a na rozdily v parcialnich tlacich vodiku v plynné fazi dané
rozdilnymi tenzemi rozpousStédel. I po takové korekci se reakéni rychlosti pro rizna
rozpoustédla stale velmi lisi. Z toho vyplyva jeden dulezity zavér: rozdily v reakénich
rychlostech hydrogenace nitrilti nejsou zptisobeny pouze rtuznou rozpustnosti vodiku v reakéni

smesi, ale jsou dany i fyzikalné-chemickymi vlastnostmi rozpoustédel.
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Co se tyce kvantitativniho vyhodnoceni vlivi rozpoustédel na reakéni rychlost, vysledky
statistické analyzy ukazaly, ze v piipadé hydrogenace na Pd neexistuje silna linearni zavislost
reakéni rychlosti (rp ani ry) hydrogenace butyronitrilu na zadné proménné modelu Abrahama-
Kamleta-Tafta a zadny parametr nebyl shledan statisticky vyznamnym. To znamena, ze reakéni
rychlost nelze v pouzitém souboru rozpoustédel hodnotit pomoci tohoto modelu. V piipadé
hydrogenace butyronitrilu na Ni rostla korigovana reakéni rychlost s rostouci protondonorni

schopnosti rozpoustédla a s klesajici protonakceptorni schopnosti rozpoustédla (rovnice 15).

I, = 239(+34) + 265(+73) - o — 250(+93) - 3 R=0,729 (15)
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Obr. 21: Vliv rozpoustédla na korigovanou reak¢ni rychlost ry hydrogenace butyronitrilu na Ni

a Pd. [K7]

3.2 Rozsireni studie o dalSi modelové substraty — pokus o zobecnéni
vysledkii

V dalsi studii [K8, K9] jsme zkouseli, zda ziskané vysledky plati obecné pro vSechny
nitrily nebo jen pro jeden zvoleny substrat. Modelové substraty byly rozsifeny o isobutyronitril,
propionitril a benzonitril. Testovanym katalyzatorem byl Ni katalyzator z ptfedchozi studie.
Soubor rozpoustédel byl rozsifen na 24 polozek, s Sir§im rozptylem hodnot parametrtt modelu
AKT. Zahrnoval 13 alkoholti (z nichz jeden je fluorovany), 3 aromatické uhlovodiky, 3 ethery,
2 cykloalkany a po jednom alkylamin, alkylchlorid a alkylester. Pii hydrogenaci vySeuvedenych
substrati vznikal na niklovém katalyzatoru v souboru rozpoustédel z velké ¢asti primarni amin.

Pozorované selektivity na primarni amin se u propionitrilu pohybovaly v rozmezi 55-85 %, u
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Rozpoustédlové vlivy v hydrogenaci nitrilii a jejich hodnoceni

isobutyronitrilu v rozmezi 75-95% a u benzonitrilu v rozmezi 60-80%. Reakéni rychlost
hydrogenace byla opét vyznamné ovlivnéna rozpoustédlem. Pficemz na rozdilech v rychlosti se
podilela jak rizna rozpustnost vodiku v daném rozpoustédle, tak i ostatni fyzikalné-chemické
vlastnosti rozpoustédla. Vysledky statistické analyzy pii hodnoceni kinetickych dat
hydrogenace modelem AKT bohuzel ukazaly, Ze neexistuje silna linearni zavislost reakéni
rychlosti a selektivity na zadné fyzikalné-chemické charakteristice modelu AKT. Nicméné
vysledky naznacily, Ze protondonorni schopnost rozpoustédla (a) ma ¢astecny pozitivni vliv jak
na selektivitu na primdrni amin tak na korigovanou reakéni rychlost hydrogenace, naopak
protonakceptorni schopnost rozpoustédla (5) ma negativni vliv na korigovanou reakéni rychlost
hydrogenace. Jak bylo uvedeno vyse, ke stejnému zavéru jsme dospéli i pii studiu hydrogenace

butyronitrilu. Z vysledki vSak vyplyva, Ze tento trend plati pouze pro alifatické nitrily.

Zavérem lze shrnout, Ze empirickou metodu multiparametrické linearni regrese typu
modelu AKT patrné nelze vyuzit k hodnoceni rozpoustédlovych vlivii v hydrogenaci nitrilt.
Model AKT se osvédcil pro studium vlivu reakéniho prostiedi na reakéni kinetiku jednodussich
homogennich systémt. Hydrogenace nitrili jako heterogenné katalyzovana reakce je vSak
slozitym tfifazovym reakénim systémem: plynny vodik, kapalnd reakéni smés a pevny
katalyzator. Vlastni reakce je souborem nékolika dil¢ich d&ja: adsorpce reaktanti na povrch
katalyzatoru, nékolika naslednych a bo¢nich povrchovych reakei, a nasledné desorpce. Z toho
plyne pro tuto reakci jeden specificky atribut, jeZ homogenni nekatalytické reakce neznaji.
Vedle nevazebnych interakci mezi molekulami reaktantd nebo produkta a rozpoustédla je tieba
uvazovat i kompetitivni adsorpci molekul rozpoustédla na aktivni mista katalyzatoru. Zda se
tedy, ze model AKT se svymi fyzikdln€-chemickymi charakteristikami rozpoustédla dokaze
popsat solvataci reaktantu rozpoustédlem, ale jiz nedokaze dobie vystihnout specifickou
chemickou interakci rozpoustédla s povrchem kovového Kkatalyzatoru pii konkurenéni
chemisorpci rozpoustédla na katalyzator. A zda se, ze pravé kompetitivni chemisorpce molekul
rozpoustédla s molekulami reaktantd a produkta uréuje ovlivnéni kinetiky hydrogenace nitrila,

kdeZto solvataéni efekty v kapalné fazi budou mit mnohem mensi vliv na kinetiku reakce.
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4. TECHNOLOGICKE ASPEKTY

Technologické aspekty hydrogenace nitrild byly piehledné shrnuty v zobecnéné podobé
Vv kapitole 1.4. Zde budou stru¢né ilustrovany na ptikladu dvou konkrétnich technologickych
ukolt, které jsem fesil pro primyslové partnery vV ramci nasi vyzkumné skupiny. Strohost tohoto
oddilu je dana skute¢nosti, ze mnoho informaci tohoto typu je pfedmétem obchodnich tajemstvi

a prumyslovi partnefi si zpravidla nepieji jejich zvefejnovani.

4.1 Minoritni latky formuluji technologii

Praxi ovéteny fakt, Ze minoritni latky (vedlej$i produkty a nelistoty) jsou obvykle

vvvvvv

ptikladu z vlastni praxe.

V minulosti jsem se podilel pod vedenim prof. Josefa Paska na vyvoji kontinualniho
procesu na vyrobu 3-(dimethylamino)propylaminu (DMAPA) [Piiloha 5]. Jednalo se o
autorskou ptivodni technologii, kterd zahrnovala kompletni nékolikalety experimentalni vyzkum
a nasledny vyvoj az do stadia designu nové jednotky. Navrzeny proces musel byt
konkurenceschopny, tj. mit nizké vyrobni naklady, pfimétené investi¢ni naklady, a kvalita
produktu musela mit minimalné uroveni béznou na svétovém trhu. Vyroba byla zrealizovana a
uspesné spusténa v zahrani¢i a svou kapacitou patii mezi nejvétsi na svété a poskytuje rovnéz
nejCistsi produkt na svété. Na stejné bazi byla o nékolik let pozdé&ji zrealizovana vyroba
DMAPA i v americké filidlce realizatora procesu. DMAPA je surovinou pro vyrobu

betainovych tenzidl Setrnych k lidské pokozce. Ty tvoti zaklad vSech kvalitnich Sampont.

H3C\ H3C\ +
P NCH,CH,CH,NH, /I\IICHZCHZCHZNHCOCHst
H.C H,C CH,COO~

Obr. 22: Struktura DMAPA a ptislusného betainového tenzidu

Uvedena technologie zahrnuje 3 uzly: (1) syntézu 3-(dimethylamino)propionitrilu
(DMAPN), (2) jeho hydrogenaci na DMAPA a (3) zpracovani produktu hydrogenace na
kontinualni rektifika¢ni lince.

Ackoliv hlavni reakce v procesu jsou jednoduché:

H;C H;C + H, H,C
NH \\_CEN  — H3C/N\—CEN W HSC/NMNHZ

DMAPN DMAPA
mohou probihat ¢etné vedlejsi reakce vedouci k pestré $kale nezadoucich minoritnich latek.
V ramci vyvoje technologie jsem mél na starosti mimo jiné vyzkum puvodu, chemie, reakéni

kinetiky a fyzikalné-chemickych vlastnosti téchto latek. Smyslem vyzkumu bylo navrhnout
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podminky syntéz tak aby vznik necistot byl minimalizovan a navrhnout zpracovani hydrogenatu
tak, aby necistoty bylo mozné separovat z produktu a ziskat produkt pozadované, velmi piisné
specifikace (limity pro nékteré necistoty jsou v fadu desitek ppm!).

V této ukazce se zamétim jen na vedlejsi reakce tykajici se hydrogenacniho uzlu, coz

zapada do tématu habilita¢ni prace. Na konci vyzkumu byly nase znalosti nasledujici:

4.1.1 Chemismus vzniku necistot v hydrogenaci DMAPN

Vedle tvorby ,zakladniho* wvedlejsiho produktu: sekundarniho aminu N,N-bis[3-
(dimethylamino)propyllaminu (BDMAPA), probihaji (resp. mohou probihat) i dalsi vedlejsi
reakce. Pti hydrogenaci DMAPN se nitril mize rozkladat na dimethylamin a akrylonitril, ktery
se dale hydrogenuje na propylamin.

CH, CH,
~N—CH;-CH;C=N —= “NH -+ CHyFCH—C=N
CH, CH,
+H, +H, +H,
CH=CH—C=N —> CH;CH;C=N —> CH;~CH;CH=NH — CH;~CH;-CH;NH,
Dimethylamin pak muze reagovat s 3-(dimethylamino)propylidenaminem, ktery je
meziproduktem hydrogenace DMAPN, a naslednou hydrogenaci poskytne N, NN’ ,N’-

tetramethylpropan-1,3-diamin (TMDAP).

CH,_ CH, CH, - NH,
~N—CH;-CH;CH=NH -+ “NH =—= ~N—CH;-CH;-CH-NH, | =<—=
CH, 3 CH, |
/N\
CH, CH,
-NH,  CH, _CH, +u, CH, _CH,
<—= _ °N—CH;CH=CH-NZ{ —>  “N-CH;-CHyCH;NZ
CH, CH, CH CH,
TMDAP

Podobné¢ mize byt konvertovan propylamin na N,N-dimethyl-N’-propylpropan-1,3-
diamin (PDMAPA).

CH,_ -NH; CH,
~N—CH;-CH;-CH=NH + CH3—CH2—CH2—NH2: ~N—CH;~CH;-CH=N—CH; CH; CH,
3 CH,
+H2 CH3
—_— ~N—CH;-CH;CH; NH-CH; CH; CH,
CH,

PDMAPA vznikd také adici DMAPA na propylidenamin a naslednou hydrogenaci
meziproduktu.

Prisné hlidanou necistotou v produktech DMAPA je propan-1,3-diamin (DAP), ktery
snizuje kvalitu betaind. Mlze vzniknout jednak reakci akrylonitrilu s amoniakem a néslednou

hydrogenaci nitrilové skupiny, a jednak podle nésledujiciho schématu:
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CH, CH,

“N—CH;CH;C=N + NH; — NH;CH;CH;C=N +  _NH
CH

3 3

|-
NH;CH;-CH;-CH;~NH,
DAP
V reakénich smésich se ve stopovych mnozstvich nachazel i N,N,N -trimethylpropan-1,3-
diamin (MDMAPA). Jedna z moznych cest jeho vzniku je reakce methylaminu (methylamin je
necistotou Vv DMA-surovine pro syntézu DMAPN) S primarnim iminem, 3-(dimethylamino)-
propylidenaminem (analogie se vznikem PDMAPA). Reakéni smés pii hydrogenaci vsak
neobsahovala takové mnozstvi methylaminu, jimz by bylo mozno vysvétlit vznik MDMAPA.
Puvod této necistoty jsme proto hledali jinde. Pokud by pii syntéze DMAPN vzniklo i urcité
mnozstvi kvartérnich amoniovych bazi, pak bychom ptivod MDMAPA mohli hledat v nich.

Jednu z moznosti vzniku MDMAPA za Gcasti kvartérnich bazi ukazuje nasledujici schéma

CH;~\_ .~ CH,-CH,-CN CH -H.O
N OH- 4+ ~ “N—CH;CH;CH;yNH, —
cHy” O CH-CH,-CN CH,
- HZO CI—I3 / CHZ-CHZ-CN
°N—CH;CH;CH;yNH-CH, + CH;N_
; CH,-CH,-CN
MDMAPA
+ 4H,

,CH;-CH;—CH;—NH,
CH;-N_
CH;-CH;~CH;—NH,
Produktem uvedené reakce je vedle MDMAPA i N,N-bis(3-aminopropyl)methylamin,
ptipadné jeho nenasycena forma N,N-bis(2-kyanoethyl)methylamin.
Dalsi stopovou necistotou v hydrogenatech je N,N-dimethylpropylamin (DMAP), jez
muze vzniknout reakci dimethylaminu s propylidenaminem, analogicky s ptedchozimi

reak¢énimi schématy

CH,_ _ +H, CH,_
“NH —+ CH;-CH;-CH=NH W CH/N_CHz_ CH;-CH,
3 3

Avsak velmi nizka koncentrace prislusnych prekurzorti vzniku DMAP v reakéni smési

neumoziovala touto cestou uspokojivé vysvétlit vznik DMAP v pozorované koncentraci. Je

wevr

aldiminu.
CH, +H CH,
~ 2 ~
“N—CH; CH;y CHyNH, ——  ”N—CH;-CH;CH, + NH,
H, Ni,Co CH,

Zjistili jsme, Ze DMAPN muze pti vyssi teploté reagovat a jeho hlavni reakei je:
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CH, CH, CH,
“N—CH;~CH;yC=N + >N-CH; CH;CH;yNH, —>  >NH +
CH, CH, CH,

CH
+  N—CH;yCH;CHyNH-CH;CH;C=N
CH

} propionitrileDMAPA
Kinetiku této reakce jsme méfili. Dalsi detaily o chemismu vedlejSich reakci probihajicich pii

hydrogenaci DMAPN lze nalézt v nasi publikaci [K4].

4.1.2 Vyvody pro vyvoj technologie

Vysledky méfeni kinetiky termostability DMAPN urc¢ily maximalni teplotu ve vataku pfi
rektifikaci na 150 — 160°C a tomu musel byt uzptisoben pracovni tlak v kolonach rektifika¢ni
linky. Pfi vyssi teplot¢ by DMAPN ve vafaku kolony reagoval s DMAPA za vzniku N-[3-
(dimethylamino)propyl]-N-(2-kyanoethyl)aminu tzv. propionitrilDMAPA a nizkovrouciho
DMA.

Rozkladné a kondenzacni reakce DMAPN jsou prvniho tadu k nitrilu, zatimco
hydrogenace DMAPN na Raneyové Ni ma tad blizky nule. To urcilo volbu reaktoru — pratocny
hydrogenacni autoklav s nizkou koncentraci nitrilu (tj. typu CSTR). Ten poskytuje vysokou
selektivitu procesu.

Pro cCistotu DMAPA jsou rozhodujici zejména 2 necistoty a to DAP (b.v. 136°C) a
TMDAP (b.v. 143°C), které se od DMAPA (b.v. 134°C) jen velmi obtizné separuji. Zjistili
jsme, ze DAP s DMAPA tvofi za atmosférického tlaku azeotrop s minimem bodu varu, za
nizkého tlaku ma naopak DAP niz$i tenzi a koncentruje se v destilaénim zbytku. TMDAP za
atmosférického tlaku zistava v paté kolony, pfi nizkém tlaku jsou tenze TMDAP a DMAPA
stejné. S ohledem na pfipustnou teplotu ve varaku se musi DMAPA rektifikovat za tlaku 15-25
kPa a pfi tomto tlaku se ob¢ latky oddéluji Spatné. OvSem uspotradani reaktorového uzlu
umoznilo snizit obsah obou latek na cca 10 ppm, coz je bezpené pod normou. Dals§i obtizné
separovatelnou necistotou je N-methyl-1,3-propandiamin (monomethylDAP), ktery vznika
z methylaminu obsazeného v DMA. | vtomto piipadé¢ jsme méfili relativni tékavost v relaci
k DMAPA v rozmezi uvazovanych pracovnich tlaka rektifikaénich kolon.

Pro demonstraci jak minoritni latky v procesu mohou formovat technologii je
vyseuvedeny prehled dostacujici, i kdyz jsem si védom, Ze existuji procesy, kde je determinace

technologie minoritnimi latkami mnohem zasadngjsi.
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4.2 Zhodnoceni moznosti vyuziti stavajici vyrobni jednotky
k produkci jinych produkti

42.1 Uvod

Reseni aktualnich technologickych otazek pro primyslové partnery bych chtél
demonstrovat na nasledujicim ptikladu. V minulosti jsem byl vyzvan, abych se vyjadfil k ideji
prumyslového partnera vyrabét na stavajicim zafizeni propylaminy hydrogenaci propionitrilu,
konkrétné vyrabét soubézné di(n-propyl)amin (DNPA) a tri(n-propyl)amin (TNPA). Na trhu je
vysoka poptavka po DNPA a urcita poptavka po TNPA; oba se primdrné pouzivaji ve vyrobé
pesticidi. O n-propylamin (MNPA) na trhu neni v soucasné dob¢é zajem. Stavajici zafizeni je
urc¢eno ke kontinualni produkci primarniho aminu DMAPA selektivni hydrogenaci pfislusného
nitrilu na Raneyové niklu s modifikaci hydroxidem sodnym a to v reaktoru typu CSTR,
konkrétné konstrukce tzv. gas-lift reaktoru se separaci té€Zkého Raneyova niklu z reakéni smési
pomoci gravitacni sedimentace. Piidavek NaOH zajistuje témet 100%-ni selektivitu na primarni
amin. Soucasti zafizeni je rovnéz rektifikaéni linka na izolaci produktu. Vyroba produktu bézi
v kampanich, a po kratkou dobu v roce je zatizeni nevyuzito a k dispozici pro ptipadnou vyrobu
jiného produktu. Na zékladé svych dlouholetych zkusenosti s problematikou hydrogenace nitrili
a experimentalniho vyzkumu syntézy terciarnich aminu (trialkylamind) vedeného v minulosti
jsem mohl formulovat nasledujici poznamky a vyjadieni k danému tématu. Nékteré detaily vSak
byly potfeba upfesnit nebo demonstrovat na novych, doplhujicich experimentech. Za

problematickou jsem povazoval zejména vyrobu terciarniho aminu — TNPA.

4.2.2 Hydrogenace na trialkylaminy na nosiCovych Kkatalyziatorech na
bazi vzacnych kovu

Podle literatury vedou hydrogenace nitrili na palladiovém nebo platinovém katalyzatoru

K tvorb¢ terciarnich aminu, pfipadné k tvorbé smési sekundarniho a terciarniho aminu. Realita je

takovd, ze platinové katalyzatory jsou pro hydrogenace nitrili prakticky neaktivni. OvSem

hydrogenace nitrilu vedena ve vsadkovém uspotadani na nosi¢ovém palladiovém katalyzatoru

(napt. typu 5%Pd/y-alumina) skutecné vede k produktu obsahujicimu zejména terciarni amin.

Naptiklad pti hydrogenaci propionitrilu na Pd/C (100°C, 5 MPa H,, vsadkové usporadani, bez

rozpoustédla), kterou jsme provedli v minulosti, obsahoval produkt 83 hmotnostnich procent

tri(n-propyl)aminu (TNPA), 6,5% di(n-propyl)aminu (DNPA) a 1 % n-propylaminu (MNPA).

Zbytek do sta procent tvofil nezreagovany propionitril (7,3 %) a vedlej$i produkty. Ovsem
z mnoha dtivodil neni zminéna syntézni cesta vhodna pro prumyslovou aplikaci:

1) Na rozdil od Raney-Ni, kde hydrogenace nitrild sleduje kinetiku nultého fadu vzhledem

ke koncentraci/konverzi nitrilu, je kinetika hydrogenace nitrili na Pd fadu vyssiho nez

jedna. Reakéni rychlost progresivné klesa s koncentraci nitrilu v reakéni smési a pii

koncentracich nitrilu niz8ich jak 1% je zpravidla jiz prakticky nulova. V mnoha
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2)

3)

4)

4.2.3

ptipadech se reakce zastavuje pied dosazenim 100%-ni konverze nitrilu. Hydrogenaci

propionitrilu na Pd tedy neni mozno vést v uspofadani CSTR (nizka koncentrace nitrilu

v reaktoru).

Prudky pokles reak¢ni rychlosti s konverzi nitrilu je zptisoben silnou sorpci produktt
hydrogenace (zejména terciarnich a sekundarnich aminit) na povrch Pd katalyzatoru.
Tato sorpce je tak silnd, Ze ma za nasledek tplnou dezaktivaci katalyzatoru. Katalyzator
je pro dalsi reakéni cyklus jiz neaktivni. Ztrata aktivity vSak neni trvala, jak jsme
v minulosti zjistili, promytim katalyzatoru vhodnym rozpoustédlem je mozné silné
adsorbované aminy zjeho povrchu odstranit a castecné obnovit jeho hydrogenacni
aktivitu.

Ackoliv jsou Pd katalyzatory pro hydrogenace nenasycenych uhlovodikti vysoce aktivni
jiz pii nizkych teplotach, jejich mérna aktivita k hydrogenaci nitrilii je naopak velmi
nizkd. V hydrogenaci nitrilti je Pd daleko méné aktivni nez Ni. Napf. pii vsadkove
hydrogenaci 3-(dimethylamino)propionitrilu (DMAPN) vedené ve slurry reaktoru pfi
90°C a tlaku 9 MPa s koncentraci vysoce aktivniho Pd katalyzatoru K-0251 Heraeus
(5%Pd/ y-alumina) 3 wt.%, je dosazeno 100%-ni konverze DMAPN teprve za 4 hodiny
[K4].

Me¢érna hustota nosic¢ovych Pd katalyzatorti je podstatné niz$i nez mérna hustota Raney-
Ni. V gas-lift reaktoru by proto nebylo mozné separovat katalyzator z reakéni smési
sedimentaci. Navic, na stejném provoznim zafizeni neni mozné pracovat v kampanich
stiidavé s Raney-Ni a Pd katalyzatory. I mala kontaminace Raneyova niklu nebo
vnitinich stén vyrobniho zatizeni palladiem by pii vyrobé ptivodniho primarniho aminu
(DMAPA) vedla ke znaénému zvySeni tvorby sekundarniho aminu a dalSich

nezadoucich vedlejsich produktt (viz kapitola 4.1.1 a studie [K4]).

Hydrogenace propionitrilu na smés dipropyl- a tripropyl-aminu za pouZiti
Raneyovych katalyzatori

Z hlediska moznosti vyuziti gas-lift reaktoru tedy ptipadaji v ivahu pouze katalyzatory

Raneyova typu (Ra-Ni, Ra-Co, Ra-Cu), neboli skeletalni kovové katalyzatory (téz oznaované

jako ,,sponge metal catalysts*). Mohu bohuzel kvalifikované konstatovat, Ze na Raneyovych

katalyzatorech nelze hydrogenaci nitrilu ziskat vyznamné mnozstvi terciarniho aminu, pouze

smés primarniho a sekundarniho aminu. Vhodnou modifikaci katalyzatoru a/nebo vhodnymi

reakénimi podminkami lze pak maximalizovat bud’ tvorbu primarniho aminu, nebo tvorbu

sekundarniho aminu.

Pro ilustraci uvadim vysledky vsadkové hydrogenace propionitrilu na komer¢nim

Raneyové niklu, kterou jsme provedli v minulosti. Ve slurry uspofadani, pii teploté 100°C a
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tlaku vodiku 5MPa, bez pridavku NaOH, jsme ziskali hydrogenacni produkt obsahujici 77 hm.
% MNPA, 20 hm. % DNPA a 0,4 hm. % TNPA. Za stejnych reakénich podminek, ale
s nosi¢ovym niklovym katalyzatorem Ni/SiO, (Kata-Leuna KL 6503-P) jsme ziskali produkt
obsahujici jen o néco malo vice DNPA nez v ptedchozim pfipadé (MNPA : DNPA : TNPA =72
:24: 0,5 wt. %).

Scilem odhadnout, jakou selektivitu na DNPA a TNPA by bylo mozné ziskat
hydrogenaci propionitrilu na CSTR gas-lift reaktoru ve stavajici vyrobni jednotce, a na Raney-
Ni katalyzatoru Vtéto jednotce pouzivaném Kk vyrobé DMAPA, provedli jsme nékolik
hydrogenacnich experimentti za soucasného odstrafiovani vznikajiciho amoniaku, tak aby se
reakéni rovnovaha posouvala ve prospéch sekundarniho a tercidrniho aminu. V laboratornim
meéftitku je realizace experimentll v CSTR pomérne€ komplikovana, museli jsme proto vyvozovat
z vysledki ndm dostupnych vsaddkovych experimentl. Jako katalyzator jsme pouzili vzorek
Raney-Ni za stavajici vyroby. Hydrogenace byla vedena pri teplotée 100°C a tlaku 5 MPa.
Nasadu 1. experimentu tvoril samotny propionitril, ndsadou 2. experimentu byla smés
obsahujici 10 hm. % propionitrilu, 60 hm. % MNPA a 30 hm. % DNPA. Béhem obou
hydrogenacnich experimentit byl z reaktoru periodicky kazdych 30 — 60 minut odpoustén
amoniak. Vzhledem Kk vysoké tenzi par MNPA za reakcni teploty, musel byt pied kaZdym
odpustenim amoniaku reaktor schlazen na laboratorni teplotu a teprve pak odtlakovan
vypusténim plynné atmosféry nad kapalnou reakcni smési. Poté byla plynnda atmosféra
Vv reaktoru nahrazena cerstvym vodikem. Po zpétném vyhrati na reakcni teplotu 100°C byl tlak
V reaktoru upraven na hodnotu 5 MPa. Periodickym odstranovanim amoniaku jsme simulovali
to, ze by se pri pripadné prumyslové realizaci na stavajicim CSTR reaktoru ze systému
odstranoval vznikajici amoniak. Hydrogenaci samotného propionitrilu ve vsadkovém
uspotadani (na Raney-Ni pouzivaném v jednotce) byl ziskan produkt obsahujici 72 hm. %
MNPA, 26 hm. % DNPA a 0,2 hm. % TNPA. V prato¢ném promichavaném reaktoru ovSem
bude selektivita na sekundarni amin vys$$i nez v pfipadé¢ vsadkového reaktoru s nasadou
vychoziho nitrilu. V CSTR je ustdlend koncentrace propionitrilu nizka; reakéni smés je tvofena
smesi prevazne€ primarniho a sekundarniho aminu. To mtze usnadnit kondenzaci reaktivniho
nenasycen¢ho meziproduktu (primarniho aldiminu) s pfitomnymi aminy a vést ve svém
disledku ke zvySené tvorbé sekundarniho, pfipadné i terciarniho aminu. Do jaké miry se mtze
zvysit selektivita na DNPA pfechodem do rezimu CSTR napovédél druhy hydrogenacni
experiment, ve kterém byl propionitril (6,95 g) hydrogenovéan v piebytku smési MNPA a DNPA
(38,8 g + 19,9 g). Z hmotnostni bilance tohoto experimentu vyplynulo, ze pfitomny propionitril
se pfeménil z 26 % na MNPA, ze 71 procent na DNPA, a z 1 % na TNPA.
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4.2.4 Modifikace skeletalnich kovovych katalyzatora

Vyrobei katalyzatorti maji Casto ve svych nabidkach Raneyovy niklové katalyzatory
modifikované Mo a Fe za ucelem zvySeni tvorby sekundarnich aminti pfi hydrogenaci nitrila
nebo reduktivni aminaci karbonylovych slouc¢enin. Takovym komerénim katalyzatorem je napf.

vvvvvv

sekundarni aminy vSak neni zas tak vyrazné.

V minulosti jsme na naSem pracovisti modifikovali Raney-Ni katalyzatory palladiem a
testovali efekt takové modifikace v hydrogenaci za semi-kontinudlnich podminek (reaktant
davkovan do reaktoru, ve kterém byl predlozen primarni amin a katalyzator). Byly pfipraveny
Raney-Ni obsahujici 1 nebo 2 % Pd, a to pisobenim adekvatniho mnozstvi stabilizovaného
roztoku PdCl, na komer¢ni katalyzator B 113CW Degussa. 1%-Pd/Raney-Ni vykazal
v hydrogenacnim testu o cca 30 relativnich procent vyssi selektivitu na sekundarni amin
v porovnani s nemodifikovanym Raney-Ni, aniz by se snizila aktivita katalyzatoru. Naproti
tomu modifikace Raney-Ni dvéma procenty Pd jiz vedla k dramatickému snizeni hydrogenacni
aktivity. Ovsem pred pfipadnym rozhodnutim vyuzit Raney-Ni katalyzator modifikovany Pd
pro vyrobu DNPA v gas-lift reaktoru by bylo nezbytné ovéfit dlouhodobymi kontinualnimi
laboratornimi experimenty, zda zvySeni selektivity na DNPA zlistava v ¢ase konstantni nebo
zda pozitivni efekt na selektivitu postupné mizi. Déale by bylo nutné ovéfit, zda Pd nema
negativni vliv na Zivotnost Raney-Ni katalyzatoru (neboli na stabilitu jeho hydrogenacni
aktivity v ¢ase). V pouziti Raney-Ni katalyzator modifikovanych Pd k vyrobé DNPA spatiuji
nebezpeci kontaminace stén vyrobniho zafizeni stopami palladia, coz mtize vést k zhorSeni

selektivity v kampani vyroby piivodniho primarniho aminu na stejném zafizeni.

Kdysi jsme ovétovali, zda mize piidavek heterogenniho silné kyselého katalyzatoru
(alumosilikatu, popt. aluminy) k Raney-Ni zvysit selektivitu k sekundarnim amintim pfi
hydrogenaci nitrild. Tohoto zptsobu se né¢kdy vyuziva pti reduktivni aminaci ketonii aminy za
ucelem urychleni vzniku N-substituované¢ho iminu (reakéniho meziproduktu) kondenzaci
ketonu a aminem. Zjistili jsme, Ze na selektivitu pfi hydrogenaci nitril v kapalné fazi nema
ptidavek pevného kyselého katalyzatoru prakticky zadny efekt. Diivodem je, ze na rozdil od
reduktivni aminace, v hydrogenaci nitrili probihaji vSechny reakéni kroky (vcetné téch
kondenzac¢nich, vedoucich k tvorbé sekundarniho a tercidrniho aminu) pouze na povrchu

kovového katalyzatoru (viz kapitola 2.1.1).

V ramci naseho vyzkumu vlivu rozpoustédel na kinetiku hydrogenace nitrilti jsme zjistili,
ze selektivitu hydrogenace propionitrilu na Ni katalyzatoru je mozné o néco posunout smérem
k DNPA a TNPA pouzitim aromatickych rozpoustédel, jako je toluen, xylen nebo anisol. Napf.

vsadkovou hydrogenaci 10% propionitrilu v anisolu byl ziskan produkt obsahujici aminy
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v poméru MNPA : DNPA : TNPA = 51 wt.% : 42 wt.% : 7 wt.%. Pro zdmér vyrabét DNPA

vsak neni tento poznatek nijak vyuzitelny.

Mezi skeletalni kovové katalyzatory patii také Raney-méd’. Je znamo, ze médéné
katalyzatory maji vyssi selektivitu na sekundarni aminy nez niklové katalyzatory. Na druhou
stranu jejich katalytickd aktivita je mnohem niz$i nez aktivita niklovych katalyzatort, jsou
aktivni az od teplot kolem 150°C. Provedli jsme jeden orienta¢ni experiment s cilem ovéfit
selektivitu Raney-médi v hydrogenaci propionitrilu. Pouzili jsme komeréni katalyzator Raney
2900 GRACE Davison, jeho koncentrace v reakéni smési byla 5 hm.%. Hydrogenace byla
provedena stejnym zplUsobem jako vySeuvedené vsadkové experimenty S periodickym
odstranovanim amoniaku (celkem 4x). Z analyz reakénich smési odebiranych Vv prubéhu
hydrogenace vyplynulo, Ze katalyzator neni aktivni pfi reakéni teploté¢ 110 ani 130°C. Reak¢ni
teplota byla proto zvySena po 3 hodinach az na 150°C. Je$té po Sesti hodinach pfi této reakcni
teploté zbyvalo v reakéni smési 10% nitrilu. Selektivita na jednotlivé aminy byla nasledujici

(hmotnostni vyjadreni): 52 % MNPA, 46 % DNPA a 1,8 % TNPA.

4.25 Recyklace propylaminu do hydrogenace propionitrilu

Pfi tvahach o moznosti vyroby DNPA z propionitrilu se patrné operuje s ideou
recyklovat vznikly nezadouci MNPA zpét do hydrogenace, tak aby se znovu ucastnil reakce a
poskytl zadany DNPA. V pfipadé¢ hydrogenace katalyzované palladiem skutecné¢ mutze
recyklovany primarni amin kvantitativné poskytnout sekunddrni amin (nebo dale az tercidrni
amin). Chemisorpce aminii na niklové katalyzatory je vSak v porovnani s chemisorpci na
palladium velmi slaba [K10,K11]; a schopnost primarniho aminu, pfitomného v objemové fazi
(4. kapalné reakéni smési), zapojit se do reakcnich krokli hydrogenace nitrilu je tedy v pripadé
katalyzy Ni omezena. Je ucelné vznikly MNPA vracet zpét do hydrogenace, ale je tfeba pocitat

S tim, ze Cast vzniklého MNPA bude patrné€ nutné ze systému odvadet.

4.2.6 Shrnuti vySeuvedeného technologického rozboru a zavéry pro vyrobce
Hydrogenaci propionitrilu je mozné za podminek v ramci hranic stavajiciho zavodu
selektivné vyrabét DNPA. Na skeletalnich kovovych katalyzatorech (vCetné téch
modifikovanych) v8ak podle naSich znalosti a pozorovani nelze produkovat ve vyznamnych
mnozstvich TNPA. TNPA vznikd ve vyznamnych mnoZstvich teprve pfi pouziti nosi¢ovych
palladiovych katalyzatoru. AvSak pro pramyslovou vyrobu TNPA je tato reakéni cesta
nevhodnd a nevyzpytatelna. Navic, na hydrogenaci propionitrilu katalyzovanou Pd nelze
aplikovat rezim CSTR. Schtidna vyroba TNPA (nebo spole¢na vyroba TNPA a DNPA) spociva
v disproporcionaci n-propylamintt v trubkovém reaktoru s pevnym loZzem kovového

katalyzatoru.
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DNPA by mélo byt mozné selektivné vyrobit hydrogenaci jak propionitrilu, tak akryloni-
trilu. Pokud by byla cena akrylonitrilu niz§i nez propionitrilu a jeho dostupnost pro vyrobce
naopak vyssi, lze uvazovat i této alternativé. Dvojna vazba C=C v molekule nenasycenych
nitrild se hydrogenuje za teplot kolem 100°C pifednostné, a tudiz by nemél byt problém s
nezadoucimi nenasycenymi aminy v produktu. Experimentalné¢ jsme vSak tuto alternativu

neovéfovali.
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5. ZAVERY

Prace piindsi uceleny soubor soucasnych poznatki o heterogenné katalyzované
hydrogenaci nitrild. Vybér tématu nebyl nahodny; vyzkumna skupina ve které pisobim se ptes
pul stoleti zabyva primyslovou syntézou amint, kam spada i tento proces, a je pochopitelné, ze
soubézné¢ s takovym aplikovanym vyzkumem dlouhodobé systematicky sledujeme také
literaturu o heterogenné katalyzované hydrogenaci nitrili a zaroven provadime vlastni
experimentalni vyzkum kinetiky a mechanismu této reakce. Tuto praci tedy zaroven pojimam
jako vytvoreni ,,zasobarny* teoretickych / chemickych a chemicko-technologickych védomosti
o zminéném procesu, které mohou byt vyuzity pfi realizaci technologii aminti. Prace zahrnuje

jak soucasné poznatky obecné a publikované, tak vysledky mého vlastniho 20-iletého vyzkumu.

24

e  Ackoliv selektivita hydrogenace nitrilti zavisi na mnoha faktorech (struktufe substratu,
druhu a mnozstvi katalyzatoru, bazicité ¢i acidité pfisad, reakénim prostfedi a reakénich
podminkach), rozhodujici vliv na sloZeni produktu ma druh kovu uzitého v katalyzatoru,
pricemz selektivita viici sekundarnim a tercidrnim aminiim zhruba roste v potadi Co < Ni
<Ru<Rh<Cu<<Pt<Pd

e Druh kovu ovliviluje nejenom selektivitu hydrogenace, ale téz vlastni prubéh
hydrogenace, zejména reakcni rychlost, tvar konverzni kiivky a ptipadné téz zptsob a
rychlost dezaktivace katalyzatoru. Pfi¢inou téchto rozdill je odlisna sila sorpce reakénich
komponent na ruzné kovy, kdezto pii¢inou rozdilt v selektivité je odlisny zpusob vazby
reaktivnich meziprodukti na povrch jednotlivych kovt.

e Byl navrzen a rozpracovan detailni mechanisticky model hydrogenace nitrilti probihajici
na povrchu kovovych katalyzatori. Model byl vytvofen na zikladé¢ dlouhodobého
vyzkumu kinetiky této reakce, vychazi ze souCasnych poznatkli o adsorpci dusikatych
latek na kovy a opira se o dosavadni pfedstavy o mechanismu povrchové katalyzovanych
hydrogenaci nitrili. Model umoziiuje vysvétlit dramatické rozdily jednotlivych kovu
v selektivité na vyssi (sekundarni a terciarni) aminy a racionalizovat néktera dalsi, do té
doby neobjasnéna experimentalni fakta jako jsou (1) izomerace iminového meziproduktu
pfi hydrogenacni aminaci karbonylovych sloucenin za katalyzy Ni a Co, (2) tvorba
terciarniho aminu pfi hydrogenaci nitrili bez vodikovych atomt na a-C atomu, (3)
transfer methylovych skupin mezi aminy pfi disproporcionaci smisenych dialkyl- a
trialkylaminti a (4) vznik toluenu pfi hydrogenaci benzonitrilu na Pd katalyzatorech.

e Model ptedpoklada, ze pti hydrogenaci na palladiu a platin¢ pfevazuji mezi povrchovymi

meziprodukty aminokarbenové komplexy nebo aldimin koordinovany s povrchem kovu
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n-elektrony, piipadné téz volnym elektronovym parem na N-atomu, zatimco hydrogenace
na kobaltu, niklu a rutheniu probiha ptes stadium povrchovych nitrent.

Model dale predpoklada, ze hydrogenace nitrilti na sekundarni a terciarni aminy probiha
soubézné jak imino-enaminovym tak tzv. aminokarbenovym mechanismem, tj. ze
nenasycené meziprodukty tvorby sekundarniho a terciarniho aminu, jmenovité
sekundarni imin a enamin, mohou existovat na povrchu kovového katalyzatoru také ve
formé& povrchovych aminokarbentd. Tato hypotéza byla experimentalné ovérena vhodné
zvolenymi kinetickymi experimenty S hydrogenaci alifatického nitrilu, jehoz molekuly
neobsahuji vodikové atomy na alfa-uhliku vzhledem k nitrilové skupiné.

V soucasné dobé zatim nejsou k dispozici fyzikalné-chemické studie, na jejichz zakladé
by bylo moZzné intimni reakéni mechanismus povrchovych reakci zrekonstruovat a
potvrdit pfimym zpisobem. Ani molekularni modelovani vzhledem k velkému mnozstvi
predpokladli a zjednoduSeni by nebylo mozné povazovat za ptimy dikaz spravnosti
takové rekonstrukce. Proto také navrzeny mechanisticky model nefesi detailni adsorpcni
geometrii povrchovych meziprodukti a je urcitou redukci skutecnosti, kterd vSak
umoziuje kvalitativné popsat rozdily v chovani riznych katalyzatori v hydrogenaci
nitrilt a racionalizovat nékteré dalsi experimentalni fakta.

Navrzeny mechanisticky model predpokladajici, Ze kovy vykazujici vysokou selektivitu k
tvorbé primarnich aminti preferuji pii hydrogenaci nitrili tvorbu nitrenovych
meziproduktli vazanych na povrch kovu prednostné pies atom dusiku, byl nezavislou
praci autorit Muratsugu a kol. podepfen pro konkrétni piipad ruthenia.

Byl proveden ptfimy experimentalni dikaz, ze cely proces tvorby terciarnich amind
hydrogenaci nitrili je obecné vratny. OvSem za béznych pracovnich podminek vétSiny
hydrogenaci (<120°C, zvySeny tlak vodiku) je rovnovdha hydrogenacnich kroka
v reakénim schématu zcela posunuta ve prospéch produktii a tyto kroky se chovaji jako
nevratné.

Na zaklad¢ dosavadnich poznatki stale nelze jednoznacné konstatovat, zda kondenzacni
reakce pii hydrogenaci nitrili probihaji LH mechanismem nebo ER mechanismem.
Experimentalni vysledky jsou rozporné.

Na zaGatku hydrogenaci, pfi prvnim styku organické latky s cCerstvym kovovym
katalyzatorem jsme Casto pozorovali prechodné zvysenou tvorbu nezadoucich vedlejsich
produktl,  majicich pivod v  hydrogenolytickych, dehydrogenacnich a
disproporcionac¢nich reakcich. Po kratké dobé¢ se rozsah téchto vedlejsich reakcei ustalil na
zlomku pocate¢ni hodnoty. Tento jev vysvétlujeme (v souladu s pokrokovym konceptem
katalyzy prekryvnou vrstvou®) rychlym vytvatenim vrstvy velmi silné adsorbovanych

fragmenti molekul reaktantd pfi 1. styku cerstvého katalyzatoru s proudem amint ¢i
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nitrili. Pfi ném dochazi ke Sté€peni vazeb C-N, C-H, N-H i C-C za vzniku siln¢
vazanych fragmentl obecného vzorce CyHyN, k povrchu kovu. Produkty fragmentace
s nizsi afinitou ke kovovému povrchu (nasycené uhlovodiky, nasycené rekombinované
aminy, nitrily) povrch opoustéji do objemové faze a jsou v 1. minutach hydrogenace
detekovany jako produkty hydrogenolytickych, dehydrogenacnich a disproporcionac¢nich
reakci. Vrstva ,,primarné* adsorbovanych Castic mtze byt zdrojem vodikovych atomi pfi

hydrogenacich slabéji vazanych molekul reaktantu.

Byl studovan vliv reakéniho media na danou reakci a zjisténo, Ze empirickou metodu
multiparametrické linearni regrese typu modelu Abrahama-Kamleta-Tafta (AKT) nelze
vyuzit k hodnoceni rozpoustédlovych vlivii v heterogenné katalyzované hydrogenaci
nitrild. Model AKT se osvéd¢il pro studium vlivu reakéniho prostiedi na reakéni kinetiku
jednodussich homogennich systémut. Hydrogenace nitrila jako heterogenné katalyzovana
reakce je vsak slozitym tfifazovym reakénim systémem: plynny vodik, kapalna reakéni
smés a pevny katalyzator. Vlastni reakce je souborem nékolika dilé¢ich d&ja: adsorpce
reaktanti na povrch katalyzatoru, nékolika naslednych a bo¢nich povrchovych reakei, a
nasledné desorpce. Z toho plyne pro tuto reakci jeden specificky atribut, jez homogenni
nekatalytické reakce neznaji. Vedle nevazebnych interakci mezi molekulami reaktantt
nebo produktd a rozpoustédla je tieba uvazovat i kompetitivni adsorpci molekul
rozpoustédla na aktivni mista katalyzatoru. Zda se tedy, ze model AKT se svymi
fyzikalné-chemickymi charakteristikami rozpoustédla dokaze popsat solvataci reaktantd
rozpoustédlem, ale jiz nedokdze dobie vystihnout specifickou chemickou interakci
rozpoustédla s povrchem kovového katalyzatoru pti konkurenéni chemisorpci
rozpoustédla na katalyzator. A zda se, ze pravé kompetitivni chemisorpce molekul
rozpoustédla s molekulami reaktant a produkta urcuje ovlivnéni kinetiky hydrogenace
nitrilt, kdezto solvataéni efekty v kapalné fazi budou mit mnohem mensi vliv na kinetiku
reakce.

Nicméné vysledky studia rozpoustédlovych vlivii naznacily, ze V ptipadé hydrogenaci
alifatickych nitrild ma protondonorni schopnost rozpoustédla (a) ¢asteény pozitivni vliv
jak na selektivitu na primarni amin tak na korigovanou reak¢ni rychlost hydrogenace;
naopak protonakceptorni schopnost rozpoustédla (f) ma negativni vliv na korigovanou

reakéni rychlost hydrogenace.

Technologické aspekty hydrogenace nitrild byly ilustrovany na piikladu dvou
konkrétnich technologickych ukold, které jsem fesil pro primyslové partnery v ramei nasi

vyzkumné skupiny.
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Na prikladu vedlejSich reakci probihajicich pfi hydrogenaci 3-(dimethylamino)-
propionitrilu v procesu na vyrobu 3-(dimethylamino)propylaminu (DMAPA) jsem
demonstroval jak minoritni latky v procesu mohou formulovat technologii.

Na rozdil od Raney-Ni, kde hydrogenace nitril sleduje kinetiku nultého fadu vzhledem
ke konverzi nitrilu, je kinetika hydrogenace nitrili na Pd fadu vyssiho nez jedna. Reak¢ni
rychlost progresivné klesa s koncentraci nitrilu v reakéni smési a pti koncentracich nitrilu
nizsich jak 1% je zpravidla jiz prakticky nulova. V mnoha pfipadech se reakce zastavuje
pred dosazenim 100%-ni konverze nitrilu. Hydrogenaci nitrilt na Pd tedy neni mozno
vést v uspofadani CSTR (tj. s nizkou koncentrace nitrilu v reaktoru).

Prudky pokles reakéni rychlosti s konverzi nitrilu je u hydrogenaci na Pd zptisoben silnou
sorpci produkti hydrogenace (zejména terciarnich a sekundarnich amintt) na povrch Pd
katalyzatoru. Tato sorpce je tak silna, Ze ma za nasledek tiplnou dezaktivaci katalyzatoru.
Katalyzator je pro dalsi reakcni cyklus jiz neaktivni. Ztrata aktivity vSak neni trvala, jak
jsme zjistili, promytim katalyzatoru vhodnym rozpoustédlem je mozné siln€¢ adsorbované
aminy z jeho povrchu odstranit a ¢aste¢né obnovit jeho hydrogenaéni aktivitu.

Ackoliv jsou Pd katalyzatory pro hydrogenace nenasycenych uhlovodikll vysoce aktivni
jiz pti nizkych teplotach, jejich mérna aktivita (vztazena k hmotnosti kovu) k hydrogenaci
nitrill je naopak velmi nizka. V hydrogenaci nitrili je Pd daleko mén¢ aktivni nez Ni.
Zjistili jsme, ze na selektivitu pii hydrogenaci nitrili v kapalné fazi nema pridavek
pevného kyselého katalyzatoru prakticky zadny efekt. Divodem je, ze na rozdil od
reduktivni aminace, v hydrogenaci nitrilii probihaji vSechny reak¢ni kroky (vcetné téch
kondenzac¢nich, vedoucich k tvorbé sekundarniho a terciarniho aminu) pouze na povrchu
kovového katalyzatoru.

V piipadé hydrogenace nitrilu katalyzované palladiem mize recyklovany primarni amin
kvantitativné¢ poskytnout sekundarni amin (nebo dale az terciarni amin). Chemisorpce
amind na niklové katalyzatory je vSak v porovnani s chemisorpci na palladium velmi
slaba; a schopnost primarniho aminu, ptitomného v kapalné reakéni smési, zapojit se do

reakénich krokli hydrogenace nitrilu je v pfipad¢ katalyzy Ni omezena.
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Mechanism
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6, Czech Republic

Abstract: The heterogeneous catalytic hydrogenation of nitriles is an important industrial process for the production of diverse amines.
The reaction scheme based on the von Braun and Greenfield proposals has been widely accepted for many years and it remains the most
frequently cited reaction sequence for the formation of secondary and tertiary amines via the hydrogenation of nitriles. Over the past dec-
ade, there has been a stream of published papers that, using modem scientific techniques, have intensively investigated the detailed
mechanism underlying the surface reactions of heterogeneously catalyzed nitrile hydrogenation and the surface intermediates. On the one
hand, the results of these studies bring some light to this issue; on the other hand, entirely new, unanswered questions arise from new
knowledge. The studies suggest that the mechanism of nitrile hydrogenation on solid catalysts is much more complicated than expected
based on the reaction formalism of von Braun and Greenfield. Unfortunately, there are as yet no physicochemical studies available that
could confirm in a straightforward manner the intimate details of the reaction mechanism of surface reactions. In this review, the various
speculative mechanisms proposed for heterogeneous nitrile hydrogenation are discussed. It seems very likely from current knowledge
that aminocarbene complexes and aldimines, coordinated to a metal via the n-system of a C=N double bond and/or via the nitrogen lone
pair, will prevail among the surface intermediates suggested for nitrile hydrogenation on palladium or platinum, whereas hydrogenation
on a cobalt or nickel surface will likely be associated with the formation of nitrene intermediates. This duality provides a satisfactory ex-

planation for the selectivity differences between metal catalysts in nitrile hydrogenation to primary amines.

Keywords: Adsorption, Benzonitrile, Carbene, Enamine, Heterogeneous catalysis, Hydrogenation, Imine, N-methylalkylamines dispropor-

tionation, Nitrene, Nitrile, Surface species, Transamination.

1. INTRODUCTION

The hydrogenation of nitriles is one of the basic methods em-
ployed in industrial production of many important amines widely
used to produce plastics, pharmaceuticals, detergents, textile addi-
tives, flotation and antistatic agents, antiseptics and agricultural
chemicals. In particular, it is applied when the starting nitrile is
readily available and cheap. Thus, for example, dodecylamine and
octadecylamine, the so-called “fatty” amines, are prepared on a
large scale from nitriles of fatty acids (lauric and stearic). The in-
dustrially most important application of the hydrogenation of ni-
triles is the production of hexamethylene diamine (hexane-1,6-
diamine) from the dinitrile of adipic acid. Hexamethylene diamine
is a starting material for the production of polyamides (especially
Nylon 6,6), and its global production is approximately 1.5 million
tons a year [1]. Hydrogenations of nitriles are usually performed in
the liquid phase at elevated pressures of hydrogen and in the pres-
ence of heterogeneous transition metal catalysts.

Generally, the hydrogenation of nitriles leads to a mixture of
primary, secondary and tertiary amines. Depending on the catalyst
chosen and the reaction conditions, any of the amines may prevail
as the principal hydrogenation product. A suitable choice of reac-
tion conditions may prevent the formation of, for example, the sec-
ondary and tertiary amines and, thus, yield the primary amine with
100% selectivity.

The reaction scheme (Scheme 1) based on the von Braun [2]
and Greenfield [3] proposals has been generally accepted for many
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years and, presently, it remains the most frequently cited reaction
sequence for the formation of secondary and tertiary amines via the
hydrogenation of nitriles. In the past decade, an increasing number
of papers have been devoted to detailed studies of the mechanisms
of surface reactions taking place during the heterogeneously cata-
lyzed hydrogenation of nitriles, as well as to the surface intermedi-
ates. On the one hand, the results of these studies throw new light
on the topic but, on the other, new knowledge generates new ques-
tions. The studies suggest that the subtle mechanism underlying the
hydrogenation of nitriles on solid catalysts is substantially more
complex than assumed by von Braun and Greenfield. So far, how-
ever, the intimate details of the mechanism of surface reactions
remain a subject of speculation. Various proposals for mechanisms
of the heterogeneous hydrogenation of nitriles, published in the
literature, are discussed in this review. The aim is to show how
these mechanisms have changed conceptually during the past dec-
ade. A complete mechanistic model is presented in the conclusion
of the review, enabling the interpretation of some thus far unex-
plained experimental data.

2. REACTION STEPS OF NITRILE HYDROGENATION

The chemical principles and mechanism of the hydrogenation
of nitriles have been investigated by many authors, starting with
Sabatier and Senderens [4]. They suggested, in 1905, that the pri-
mary amine is formed in two steps, with the primary aldimine
(RCH=NH) as an intermediate.

R-CN + H, - RCH=NH
RCH=NH + H2 d RCHzNHz

Mignonac [5] studied the hydrogenation of aromatic nitriles,
identified the Schiff bases (RCH=NCH,R) in the reaction mixtures

© 2012 Bentham Science Publishers
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and nominated them as intermediates during secondary amine for-
mation. For the hydrogenation of benzonitrile, he assumed the for-
mation of hydrobenzamide 1 from three molecules of benzaldehyde
imine 2 and its subsequent hydrogenolytic decomposition, yielding
benzylamine 3 and the Schiff base 4 (Scheme 2).

However, the equimolar ratio of primary to secondary amines
that should constitute the products was not recorded by Mignonac
even in his own experiments. In 1923, Braun, Blessing and Zobel
[2] suggested, based on the results of their hydrogenations of many
nitriles performed in the liquid phase in the presence of Raney
nickel, that the secondary amines are formed as follows. Through a
nucleophilic addition of the primary amine to the a-carbon of aldi-
mine, 1-(alkylamino)alkane-1-amine (5) is formed, for which the
simplified name 1-amino-dialkylamine is used in the literature
(Scheme 1). The corresponding secondary amine may arise from
1-amino-dialkylamine in two ways: by hydrogenolysis or, alterna-
tively, by splitting off ammonia and thus forming the secondary
imine (the Schiff base, alkylidenalkylamine), which undergoes
further hydrogenation to yield the secondary amine. Winans and
Adkins [6] examined the hydrogenation of hydrobenzamide and

QCHZ-NHZ
3)

their results were in agreement with von Braun’s mechanism. Juday
and Adkins [7] investigated the hydrogenation of both aliphatic and
aromatic nitriles and found that, for the aliphatic nitriles, their re-
sults agreed with von Braun’s mechanism whereas, for the aromatic
nitriles, the Schiff base is formed by hydrogenolysis of the dimer of
aldimine. In 1933, Kindler and Hesse [8] suggested that the tertiary
amines are formed by the addition of a secondary amine to aldimine
and subsequent hydrogenolysis of 1,1-bis(alkylamino)alkane-1-
amine (6) (denoted, for the sake of brevity, as I-amino-
trialkylamine). However, this does not explain the fact that the en-
tire process of tertiary amine formation is reversible: through a
reverse reaction on the surface of metal catalysts, nitriles may be
formed from tertiary amines and ammonia [9,10]. However, the
hydrogenolysis of 1-amino-trialkylamine is demonstrably irreversi-
ble. Greenfield [3] suggested a mechanism involving splitting off
ammonia from l-amino-trialkylamine to give an enamine, which
contains a double bond between the o and f carbons (with respect
to nitrogen), followed by its hydrogenation to form a tertiary amine.
The fact that this reaction is reversible provides an explanation for
the reversibility of the entire process of the conversion of nitriles to
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tertiary amines. Enamines are well known intermediates in organic
chemistry; for example, they are thought to be formed during the
reductive amination of carbonyl compounds by dialkylamines, lead-
ing to trialkylamines. Looking at the hydrogenation of dodecaneni-
trile in the presence of a cobalt catalyst, Volf and Pasek [9] found
that the secondary amine was not formed by hydrogenolysis of the
1-amino-dialkylamine (specifically N-dodecyldodecane-1,1-
diamine) and provided evidence that the secondary amine is formed
by the hydrogenation of the secondary imine. During the hydro-
genation, the secondary imine accumulated in the reaction mixture
(followed chromatographically and spectroscopically) and, only
after all the nitrile was consumed at the end of the reaction, was it
hydrogenated to the secondary amine. Thus, in accord with this
finding, less importance is attached to the hydrogenolytic reaction
in Braun’s mechanism leading to the secondary amine. In addition,
experimental results obtained by Rylander et al. [11] supported the
enamine hypothesis of tertiary amine formation. The hydrogenation
of benzonitrile on Pd and Pt led to the secondary amine; no forma-
tion of tribenzylamine was observed. Through the addition of
dibenzylamine to benzaldehydimine, a geminal diamino-compound
can be formed but the elimination of ammonia to give enamine is
not possible due to the absence of hydrogen atoms on the -carbon
atom with respect to nitrogen. In this context, it could be main-
tained that the formation of tribenzylamine is blocked due to steric
hindrance, but no tertiary amine (diethylbenzylamine) was formed
even for the case of hydrogenation of a benzonitrile/diethylamine
mixture [11]. In 1999, the participation of enamines in the forma-
tion of tertiary amines was confirmed analytically, i.e. by identify-
ing enamine in the reaction mixture and from its concentration
curve, the maximum of which was typical of reaction intermediates
[12]. According to Gomez et al. [13], the direct hydrogenolysis of
1-amino-trialkylamines to tertiary amines cannot be excluded be-
cause it was found experimentally [14] that the products of the re-
ductive amination of benzaldehyde by ammonia in the presence of
Pd catalyst included 8% tribenzylamine, in the formation of which
the enamine could not take part.

Braun’s mechanism, as modified by Greenfield, is presented in
Scheme 1. Since it has been proved [9] that, with the exception of
the hydrogenolytic steps, all the reactions are reversible, the symbol
of reversibility ( < )is used in this modemn version of the reac-
tion scheme. Under common working conditions, however, the
hydrogenations of nitriles usually behave as irreversible reactions;
dehydrogenations and disproportionation reactions of the amines
formed do not proceed [15,16]. In spite of the fact that the above
scheme is formal and does not reflect the role of the catalysts in the
process, it remains the most cited reaction scheme for the formation
of higher (i.e. secondary and tertiary) amines via the hydrogenation
of nitriles [9,13,17-25]. It is obvious that the reaction mechanism
presented above is common to both heterogeneous and homogene-
ous catalyses. Mechanisms of surface reactions of the heterogene-
ously catalyzed hydrogenation of nitriles are discussed below.

Whereas secondary amines and enamines have been unambigu-
ously identified in the reaction mixtures of nitrile hydrogenations,

the presence of the key intermediate — the (primary) aldimine — has
not yet been proved analytically. Of course, this does not mean it
could not be present as an intermediate. There are several explana-
tions for this experimental fact:

(a) The intermediate reacts so quickly that it is impossible to
detect it.

(b) It is firmly adsorbed on the surface of the catalyst and un-
dergoes further reactions in this form.

(c) It is unstable and undeterminable analytically.

A similar catalytic reaction [26] may serve as an analogy: when
N-alkylanilines are formed by reacting aniline with alcohols on
metal catalysts, the reaction proceeds via an intermediate — car-
bonyl compounds. When 2-propanol was used in the liquid phase,
acetone (the intermediate) was present in an analytically measur-
able, equilibrium concentration during the entire batch experiment,
whereas no acetaldehyde was detected when ethanol was used al-
though, undoubtedly, acetaldehyde is the intermediate in that case.

The participation of the primary aldimine in the nitrile hydro-
genation series of reactions was proved indirectly by hydrogenating
benzonitrile in an excess of water vapour, since benzaldehyde was
formed during the reaction [27] (Scheme 3).

Experimental results obtained by Volf and Pasek for the hydro-
genation of benzonitrile on Ni catalysts in the liquid phase [28,29]
represent another source of indirect evidence. During the hydro-
genation, the maximum concentration of N-benzylidenbenzylamine
in the reaction mixture reached 55-60% and, as the degree of con-
version increased, fell to zero. At the same time, the final concen-
tration of dibenzylamine was as low as 10 %. This dependence of
the concentrations of reactants on the degree of conversion (or
time) is explained by the reversible reaction (Scheme 4).

As long as the nitrile, and thus also the primary aldimine (ad-
sorbed on the catalyst surface), is present in the reaction mixture,
the secondary imine is formed, desorbing into the solution. After
the nitrile vanishes, the secondary amine reacts with ammonia and
the more strongly adsorbed aldimine is hydrogenated to the primary
amine. This reaction is indisputably reversible. The absence of the
primary aldimine in the bulk of the liquid is mostly ascribed to its
high reactivity [9,13,17]. Using '"H NMR spectroscopy, Gomez et
al. [13] followed the reaction of benzaldehyde and ammonia (with-
out any catalyst) and found that the primary aldimine (benzaldehy-
deimine), though it is undoubtedly formed, cannot be detected in
the reaction mixture. Only the subsequent product (hydroben-
zamide) was measured analytically.

3. BASIC CHARACTERISTICS
GENATION

OF NITRILE HYDRO-

The selectivity of nitrile hydrogenation depends on the structure
of the substrate, the nature and amount of the catalyst, the alkalinity
or acidity of the additives, the reaction medium and reaction condi-
tions [9,13]. The chemical nature of the metal catalyst has a deci-
sive influence on the composition of the products. The effects of
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Table 1. The Effect of the Metal Catalyst on Selectivity. Relative Amounts* of Primary, Secondary and Tertiary Amine Products of Butyronitrile

Hydrogenation [30]

Metal Co Ni Ni Pt Pd
_ 65% 5% 5%

Type of catalyst Raney-C Raney-N
ype ot catalys aney-to aney= Ni/SiO; PUC PA/C
Butylamine 94.5 84.8 85.8 28 1.4
Dibutylamine 5.5 15.1 14.1 179 16.2
Tributylamine 0.0 01 01 793 824

“ Mol.%; hydrogenation in the liquid phase without solvent, reaction temperature 100 °C, hydrogen pressure 5 MPa

other reaction parameters are less pronounced. It was found empiri-
cally that selectivity towards secondary and tertiary amines in-
creases approximately in the order Co <Ni<Rh <Ru<Cu<<Pt<
Pd. Whereas the primary amine can be prepared in a high yield
from aliphatic nitriles using cobalt and nickel, the product of the
hydrogenation on platinum and palladium is often only a tertiary
amine. The metals in the middle of the series (Cu, Ru) are suitable
catalysts for the preparation of secondary amines. Dramatic differ-
ences between the selectivities of Ni and Co, on the one hand, and
Pd and Pt, on the other, are illustrated in Table 1 using the example
of butyronitrile hydrogenation in the liquid phase.

The type of catalyst or, more specifically, the chemical nature
of metal in the catalyst influences not only the selectivity of the
process but also the course of the hydrogenation itself, especially
the reaction rate, the shape of the conversion curve and possibly
also the pathway and speed of deactivation of the catalyst. For ex-
ample, the rate of hydrogenation catalysed by nickel and cobalt is,
in most cases, almost constant up to high degrees of conversion of
the starting nitrile, whereas the rate of hydrogenation on palladium
and platinum progressively decreases with increasing degree of
conversion and the reaction often stops before 100% conversion of
the nitrile is achieved [31].

For technical applications, nitriles are utilized mostly to prepare
primary amines. The addition of ammonia is one of the most com-
mon techniques for enhancing the selectivity of primary amine
formation. The explanation for the action of ammonia is that it
shifts the equilibrium of the condensation reactions in Braun’s
mechanism to suppress the formation of the secondary imine and
enamine (and thus also the secondary and tertiary amines). Accord-
ing to Volf and Pasck [9], the formation of the secondary amines in
the presence of ammonia is also suppressed due to the competitive
reaction of the primary aldimine with ammonia to yield 1-amino-
alkylamine; this reaction reduces the concentration of the primary
aldimine and, thus, slows down its reaction with the primary amine.

A substantial decrease in the yields of secondary and tertiary
amines can be achieved by adding a small amount of alkali, in par-
ticular aqueous solutions of NaOH, LiOH, KOH or Na,CO;. This
modification is increasingly applied in industrial processes, replac-
ing the ammonia-based technologies, because the effect of alkali on
selectivity is stronger and the use of ammonia is associated with
several drawbacks. The optimum amount of alkali, crucial for the
process, is usually subject to the know-how of a particular com-
pany. Higher amounts of alkali may cause a decrease in the reaction
rate [13,17]. Although the effect of LiOH is probably the greatest of
all the alkalis [32], NaOH is more often used as it is less expensive.
The effect of alkali is so marked that it becomes possible to achieve
almost 100% selectivity with respect to the primary amine, even
when the more selective cobalt catalyst is substituted by the sub-
stantially cheaper and more active nickel one, and, moreover, to

apply a lower pressure of hydrogen (below 5 MPa). For example, in
the production of hexamethylenediamine by the hydrogenation of
adiponitrile on Ni catalyst in the liquid phase in the presence of a
certain amount of aqueous NaOH and at a hydrogen pressure of
3 MPa and 75-100°C, 99% selectivity was reached [1]. The
mechanism of action of the bases that influences activity and selec-
tivity has not yet been fully explained; according to some studies, it
is related to a change in the quantity of amine adsorbed to the sur-
face of the Ni and Co catalysts of the Raney type [32-34].

A detailed survey and analysis of the findings concerning the
effects of temperature, pressure, reaction medium, structure of the
substrate, the type of catalyst support and other aspects of nitrile
hydrogenations is given in the extensive review by Gomez et al.
[13] (2002) and in an earlier paper by Volf and Pasek [9]. Gener-
ally, it can be stated that, in many cases, there is conflicting infor-
mation on nitrile hydrogenation in the literature and conclusions
about the effects of the reaction conditions on the course of the
reaction cannot be generalized. Similarly, quite contradictory re-
sults can be found in the literature with regard to the effect of the
catalyst support on the selectivity of nitrile hydrogenation. In most
cases, the effect of the support was virtually nil or was insignificant
in terms of the selectivity observed [9,30,31,35,36]; in some cases,
however, an increase in selectivity for the primary amine was found
with decreasing acidity of the support [20,37-39]; in another case,
the trend was exactly the opposite [40]. Influences on selectivity
due to the nature of the support were most often observed in gas-
phase hydrogenation (especially for Ni and Co catalysts); on the
other hand, they were not found in liquid-phase hydrogenation for
Pd catalysts, which strongly favour the formation of higher (secon-
dary and tertiary) amines.

4. LOCATION OF CONDENSATION REACTIONS IN THE
HETEROGENEOUSLY CATALYZED HYDROGENATION
OF NITRILES

In discussing the mechanism of the heterogeneously catalyzed
hydrogenation of nitriles, it is important to specify the reaction site
at which the individual reaction steps proceed. Generally, the con-
densation of amines with carbonyl compounds or aldimines is an
acid-catalyzed reaction. However, for example, the addition of a
primary amine to an aldehyde to yield a secondary imine proceeds
very quickly even without any acid catalyst. Similarly, during the
reaction of a secondary imine with a “foreign” primary amine, the
equilibrium is established quickly also without any acid catalyst
[16] (Scheme 5§).

On the other hand, the condensation of an aromatic amine with
a ketone (which is less reactive towards the addition of a nucleo-
phile than an aldehyde) can be accelerated by introducing a hetero-
geneous acid catalyst (e.g., aluminosilicate) into the reaction mix-
ture [26]. Theoretically, condensation reactions, as represented by
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Table 2. Selectivities of Several Ni Catalysts in the Hydrogenation of Butyronitrile [30]

Selectivity (mol.%)"
Catalyst
Butylamine Dibutylamine Tributylamine

Raney-Ni 86.6 133 0.1
Raney-Ni + ZSM-5 875 12.4 0.1
Raney-Ni + ALO; 86.2 136 0.1
Ni/Si0, 85.8 14.1 0.1
Ni/ALO; 84.6 149 0.1
Ni/Mordenite 87.0 12.8 0.1
Ni/Beta-zeolite 86.5 134 0.1
Ni/ZSM-5 85.6 143 0.1

* After complete nitrile conversion; hydrogenation in the liquid phase without solvent, reaction temperature 100 °C, hydrogen pressure 5 MPa

the reaction scheme for the formation of secondary and tertiary
amines via the hydrogenation of nitriles, can proceed in the bulk
fluid phase (liquid or gas), on the surface of the metal, on the sur-
face of the acid support of the catalyst or simultaneously on multi-
ple sites.

As early as 1955, during a study of nitrile hydrogenation in the
presence of primary amines bearing different alkyl groups, Juday
and Adkins [7] observed that, in addition to the asymmetric secon-
dary amine, a symmetric secondary amine was formed in substan-
tial amounts. However, according to the mechanism of Braun, who
assumed that the condensation reaction leading to the secondary
imine proceeds in the liquid phase, the asymmetric secondary
amine should be formed preferentially. Moreover, Juday and Ad-
kins revealed that, when the amine-to-nitrile ratio was greater than
1, the formation of the asymmetric secondary amine did not in-
crease markedly. They considered this fact to be proof that the hy-
drogenation and condensation reactions (in the nitrile hydrogena-
tion reaction scheme) are competitive surface reactions and, at an
amine-to-nitrile mole ratio of 1, the surface of the catalyst is satu-
rated with respect to the primary amine.

Volf and Pasek [9] arrived at the same conclusion. They ob-
served that, during the hydrogenation of dodecane nitrile on cobalt
in the liquid phase, the selectivity did not depend on the concentra-
tion of the catalyst in the reaction mixture. They also noted that the
use of Ni catalysts having various specific surface areas did not
influence the selectivity. If the condensation reactions proceeded in
the liquid phase, the amount of catalyst and its activity would affect
the selectivity of the process. From the finding that the selectivity
did not depend on these parameters, the authors deduced that the
condensation reactions proceed completely or predominantly on the
surface of the catalyst and not in the liquid phase. Since individual
metals exhibit pronounced differences in selectivity, the authors
further assumed that it is the metallic component of the catalyst that
participates in the condensation reactions. Severa [30] tested ex-
perimentally whether the primary aldimine can desorb from the
surface of the catalyst to the liquid phase, subsequently migrate
onto the surface of the solid acid catalyst and there react with a
primary or secondary amine. He compared hydrogenations of buty-

ronitrile in the liquid phase (100 °C, 5 MPa) on Raney nickel per-
formed with and without an additional solid acid catalyst. He chose
zeolite HZSM-5 and y-alumina as examples of solid acids with
Brensted acidic centres and Lewis acidic centres, respectively. No
change in the hydrogenation product composition occurred in any
of these cases, so the author deduced that the primary aldimine does
not desorb from the surface of the catalyst and the condensation
reactions do not proceed in the bulk liquid or on the surface of the
acid catalyst (Table 2).

From this point of view, nitrile hydrogenation differs from the
reductive amination of carbonyl compounds. In the latter, conden-
sation reactions of a carbonyl compound with an amine proceed in
the bulk fluid phase and can also be accelerated by the acidic char-
acter of the catalyst support or by introducing an acidic catalyst into
the reaction mixture. In contrast, nitrile hydrogenation is an entirely
heterogeneous process that occurs exclusively on the catalyst sur-
face. The reason probably is that the primary aldimine, which is
formed on the catalyst surface, is more reactive than an aldehyde or
a ketone and, therefore, continues reacting in the adsorbed state,
before desorbing into the bulk fluid phase.

In 1981, Koubek er al. [31] found that hydrogenation of ali-
phatic nitriles in the liquid phase on palladium catalysts leads, inde-
pendently of reaction conditions, to a high yield of tertiary amines
whereas the type of support does not influence the selectivity. They
concluded that the active centres for hydrogenation and condensa-
tion are located, for supported Pd catalysts, on the metal surface.
Pasek et al. [36] and Severa [30] arrived at the same conclusion for
Ni catalysts. Severa [30] observed that, for the hydrogenation of
butyronitrile in the liquid phase, the yield of the primary amine
among the hydrogenation products is independent of the form of the
nickel catalyst (Ra-Ni, Ni/SiO,, Ni/Al,O;, Ni/ZSM-5, Ni/Beta-
zeolite, Ni/Mordenite) (Table 2).

On the contrary, Verhaak et al. [37] found that, for the case of
acetonitrile hydrogenation in the gas phase on Ni catalysts, the se-
lectivity is markedly influenced by the nature of the support. They
tested Ni/SiO, catalysts with varying degrees of reduction attained
during their preparation. Catalysts reduced to a greater degree con-
tained less nickel hydrosilicate and were, therefore, less acidic.
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Scheme 6. Bifunctional mechanism of nitrile hydrogenation suggested by Verhaak et al. [37].

Their selectivity towards ethylamine increased with increasing tem-
perature of the reduction. For the same reaction, Ni catalysts on an
AL O; support were tested. The acidity of these supports was re-
duced by adding KOH. A higher content of K* ions resulted in
higher selectivity of the catalyst towards ethylamine. On the basis
of these results, Verhaak et al suggested a dual mechanism, in
which the hydrogenation function of the catalyst is controlled by its
metal component while the acidic component (acidic support) is
responsible for the condensation reactions leading to higher amines
(Scheme 6). Hydrogenations leading to primary aldimines and
amines proceed on the metallic component. Then the substances
mentioned above migrate, probably via the gas phase, to the acidic
sites of the support where aldimines are protonated and react with
the primary amine. The resulting 1-amino-dialkylammonium ions
are deprotonated, lose NH; and yield the secondary imine, which
desorbs from the surface and migrates back to the metal where it is
hydrogenated to the secondary amine. In agreement with this hy-
pothesis, hydrogenation catalysts with more acidic supports showed
higher selectivity towards the formation of higher amines and, in-
versely, catalysts with more basic supports had higher selectivity
towards primary amines, even in the absence of ammonia [37].
Interestingly, when studying the effect of the support of a Rh cata-
lyst on the selectivity of propionitrile hydrogenation in the liquid
phase, Dallons et al. [40] obtained completely opposite results: the
more acidic support suppressed the formation of the secondary
amine.

The bifunctional mechanism suggested by Verhaak er al. was
criticized in 1999 by Huang and Sachtler [12] who demonstrated
that it is unlikely because: (a) secondary amines are formed even
when the metal catalysts are support-free or have a neutral support,
(b) the acidic sites in the catalysts are immediately neutralized in
the basic media of the amines and (c¢) if hydrogenations are the only
reactions proceeding on the surface of the metal, the selectivity
towards the formation of higher amines would not depend on the
properties of the metal and hydrogenations in the gas phase would
not yield secondary and tertiary amines. The authors compared
hydrogenations of butyronitrile in the gas and liquid phase on vari-
ous metal catalysts (M = Ru, Rh, Ni, Pd, Pt) with a NaY zeolite
support. Hydrogenations in both liquid and gas phase yielded com-
parable amounts of secondary and tertiary amines, which indicates
that condensation reactions proceed in the adsorbed layer only and
not in the liquid phase. The only function of the liquid phase would
then be facilitating the desorption and, thus, attenuating the deacti-

vation of the catalyst. Using the same support, an exchange of the
metal in the catalyst resulted in a totally different selectivity, which
led the authors to the conclusion that not only hydrogenation but
also condensation reactions proceed on the surface of the metal and
that the selectivity towards the primary amine depends only on the
nature of the metal, irrespective of the type and acidity of the sup-
port and the reaction medium [12]. Thus, the authors confirmed the
earlier conclusions by Volf and Pasek {9] and Koubek et al. [31].
Although scepticism about Verhaak’s dual mechanism is legitimate,
Huang and Sachtler’s statement [12] that the acidic sites of the sup-
ported catalyst are necutralized by amines and have, therefore, no
catalytic activity is questionable. Heterogeneous acidic catalysts are
commonly used in industry, even for acid-catalyzed reactions in
which amines participate (e.g., the production of amines from alke-
nes and ammonia on zeolites or the production of methylamines
from methanol and ammonia on zeolites). In the reaction of amines
with ketones and hydrogen on metal catalysts (reductive amina-
tion), the slow formation of ketamine is accelerated by the addition
of aluminosilicates.

It can be concluded that, in nitrile hydrogenation in the liquid
phase, condensation reactions leading to secondary and tertiary
amines proceed on the metal surface with no participation of the
acidic support. For the case of hydrogenation in the gas phase on Ni
and Co catalysts, the support exerts some influence on the selectiv-
ity of the process, which need not necessarily mean bifunctionality
of the mechanism of higher amine formation. This phenomenon can
be related to, e.g., changes in the electron density of the metal Ni
particles [41].

5. MECHANISM OF SURFACE REACTIONS

Several mechanisms detailing the succession of surface reac-
tions of heterogeneously catalyzed nitrile hydrogenation
[17,33,40,42-49] have been proposed. In all cases, however, these
proposals are more or less speculative. In the chemical and phys-
icochemical studies published so far, there is not enough informa-
tion and data to enable one to determine, define and prove a de-
tailed reaction mechanism for surface nitrile hydrogenation. The
first comprehensive mechanistic model of the surface reaction steps
and surface intermediates was published in 1994 by De Bellefon
and Fouilloux [17] and was based on knowledge of organo-metallic
coordination chemistry and homogeneous catalysis. The model is
presented in Scheme 7. The structure of the surface complexes was
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suggested assuming a similarity to homogencous organo-metallic
complexes. In accordance with this, the authors believe that the
intermediates of nitrile hydrogenation can be bound to the surface
of the metal catalyst through the nitrogen atom or the a-carbon
atom (with respect to nitrogen). For example, the primary aldimine,
formed by a sequential addition of two hydrogen atoms to a nitrile
molecule, need not be present on the surface of the catalyst strictly
in the form of the aldimine coordinated with the active site via the
n-electrons of the C=N double bond and/or the free electron pair on
the nitrogen atom, but can also exist in the form of a surface
nitrene, R-CH,-N=M, or a surface aminoalkylcarbene,
R(NH,)C=M. According to the authors, nitrile hydrogenation pro-
ceeds via partially hydrogenated intermediates bound to the metal
surface through the M-N bond (the so-called “M-N route”) or via
partially hydrogenated intermediates bound to the metal surface
through the M-C bond (the so-called “M-C route”). They also dis-
cuss in detail the coordination mode and geometry of the organo-
metallic complexes.

Many studies of the vibrational spectra of adsorbed nitriles and
amines can be found in the literature, showing the types of com-
plexes that occur on the surface of various metals [19,50-73]. Since
even contemporary mechanistic proposals for heterogeneously cata-
lyzed nitrile hydrogenation do not include speculation about the
adsorption geometry of the surface intermediates, we also do not

discuss them and begin the discussion based on simplified models
at the level of the Schemes 7-11. Generally, it follows from the
vibrational spectra of adsorbed nitriles and amines [19,50-73] that,
under varying conditions, the surface complexes containing the
nitrogen atom can be bound to the metal surface via both the nitro-
gen atom and the o-carbon atom. However, the conditions under
which such spectra are measured are often far from common reac-
tion conditions for nitrile hydrogenations.

The two alternative routes, “M-N” and “M-C”, are also in-
cluded in other mechanistic suggestions. A representation of the
elementary steps of acetonitrile hydrogenation on a Ni surface is
shown in Scheme 8, proposed by Coq ef al. {43] in their experimen-
tal study focused on the hydrogenation of acetonitrile on catalysts
prepared by calcination and reduction of compounds with hydrotal-
cite-like structures (LDHs) with NiZ'/Co?'/Mg*" /A" cations. The
existence of the surface complexes operating in this mechanism is
supported by physicochemical studies cited therein. The authors
admit, however, that the succession of individual elementary reac-
tion steps is mere speculation. Only the proposal of the reaction
step consisting of the condensation of an aldimine with an amine
(the “transamination™) is indirectly supported by experimental Ki-
netic data, i.e. by the distribution of reaction products observed in
the presence of the Ni/Mg(A1)O and NiCo/Mg(A1)O catalysts.
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Coq et al. [43] discuss and defend their proposal of reaction in-
termediates and the mechanism as follows. Inelastic neutron scatter-
ing spectroscopy (INS) showed that the adsorption of CH;CN on
Raney Ni is associative: no scission of the C-H bond takes place;
the CN bond is parallel to the surface as an n, complex [61]. The
same results were also obtained for the adsorption of CH;CN on
evaporated Ni films [62] and on Pt (111) [52]. In contrast, Friend et
al. [63] suggest the presence of a n; complex, coordinated perpen-
dicularly to the Ni surface, through the lone electron pair of the N
atom. The results of extended Hiickel calculations (EHT) suggest
that there is free competition between n; and n, forms on Ni (111)
[74], but the former prevails on Ni (100) and Ni (110) [75]. The
complexes 10 and 11, which are included in the mechanistic pro-
posal by Coq et al. (Scheme 8), were observed also by high-
resolution electron energy loss vibrational spectroscopy (HR-
EELS) during the thermal decomposition of ethylamine on Ni
(111). At 330K, the dominantly adsorbed aminomethylcarbene
complex 11 can preferentially yield acimidoyl complex 10 [64].
Complex 10 is also predicted by molecular modelling (EHT) to be a
product of the addition of the first hydrogen atom to the activated
acetonitrile 7 on the Ni (111) surface [76]. The first step of the con-
densation reaction between aldimine and amine is a nucleophilic
addition of the primary amine (through the lone electron pair on the
nitrogen atom) at the unsaturated carbon atom in the aldimine,
yielding 1-amino-dialkylamine. Since it was demonstrated earlier
that the condensation reaction proceeds on the surface of the cata-
lyst, the nucleophilic addition takes place between two adsorbed
compounds (the Langmuir-Hinshelwood [LH] mechanism) or be-
tween the adsorbed unsaturated compound and an amine from the
gas (or liquid) phase (the Eley-Rideal [ER] mechanism). According
to Coq et al. [43], the results of their kinetic experiments on the
hydrogenation of acetonitrile in the gas phase on Ni/Mg(A)O and
NiCo/Mg(AD)O catalysts imply that the nucleophilic addition pro-
ceeds on the Ni surface by the LH mechanism. The authors take as
evidence (rather problematic, however) that the “dissolution” of the
Ni surface by less active cobalt intensifies the selectivity towards
primary amine formation as compared to the Ni/Mg(ADO catalyst
and, simultaneously, the hydrogenation activity (expressed as the
number of CH;CN molecules converted in a unit of time on a unit
of amount of Ni+Co surface atoms) increases (a synergistic effect
between Ni and Co in common bimetal aggregates was observed).
According to the authors’ hypothesis, the ER mechanism of nu-
cleophilic addition is not more spatially demanding than the active
site for the hydrogenation of acetonitrile to ethylamine; therefore,
the reaction should not be very sensitive to “dissolution” of the Ni
surface by less active cobalt. On the other hand, the reaction of the
adsorbed amine with the adsorbed unsaturated intermediate (the LH
mechanism) requires a larger size Ni ensemble and, with increasing
“dissolution” of the Ni surface, the selectivity towards the primary
amine should increase, as was actually observed. It should be noted
here that, on the basis of a similar kinetic study of benzonitrile hy-
drogenation on Raney nickel in a liquid phase, Ostgard [77] arrived
at a totally opposite conclusion: according to his hypothesis, the
condensation of aldimine with amine proceeds by the ER mecha-
nism. Coq et al. [43] propose that the condensation (by the LH

mechanism) proceeds between the surface complexes 11 and 10,
through nucleophilic attack of the lone electron pair of the nitrogen
atom of complex 11 on the unsaturated electrophilic a-carbon of
complex 10. Unlike complexes 7, 10 and 11, the nitrene complex 9
contains a saturated o-carbon and, consequently, cannot react with
nucleophiles. Therefore, Coq et al. [43] assume that, in the acetoni-
trile hydrogenation, the so-called “M-N route” via the nitrene com-
plex will be more selective for the formation of ethylamine than the
“M-C route” via the aminomethylcarbene complex. According to
molecular modelling using extended Hiickel calculations, both
complexes mentioned above are plausible on the Ni (100) surface
(the nitrene complex being prevalent [75]), whereas the other reac-
tion route [76] should prevail on Ni (111).

A very similar mechanism of surface condensation leading to
the formation of a secondary amine was suggested by Dallons et al.
{40] (Scheme 9). The half-hydrogenated adsorbed nitrile, corre-
sponding to the complex 10 in Coq’s proposal, reacts with the vici-
nally adsorbed primary amine to give 1-amino-dialkylamine bound
to the catalytic surface through a o-bond via the o~carbon. After
cleaving off ammonia and the addition of a hydrogen atom, a sec-
ondary imine is formed that desorbs into the bulk fluid phase or can
be further hydrogenated on the catalyst surface to yield a secondary
amine.

Interestingly, both Dallons et al. [40] and Coq et al. [43] as-
sume that the nucleophilic addition occurs with an adsorbed com-
pound that corresponds to half-hydrogenated nitrile (i.e., RCN +
1H) and not with an aldimine (i.e., RCN + 2H).

According to Coq et al. [43], the attacking nucleophile is not
the amine adsorbed onto the catalytic surface through the lone elec-
tron pair on nitrogen but the aminomethylcarbene complex 11. This
is a very questionable hypothesis. It is generally known that, during
nitrile hydrogenation in the presence of an extraneous amine,
asymmetric secondary amines are present among the reaction prod-
ucts, which means that the “foreign” amine participates in the nu-
cleophilic addition to the unsaturated adsorbed intermediate. It is
also known that, under common conditions of nitrile hydrogenation
(< 150 °C, elevated hydrogen pressure), amines are not subject to
disproportionation reactions [15,16,78], the first step of which is
dehydrogenation leading to an unsaturated compound of the aldi-
mine type. Complex 11 is just such a compound of that type. Ac-
cording to the mechanism of Coq et al., the “foreign” amine added
would not participate in the condensation reactions, which disagrees
with the experimental observations.

The concept that heterogeneously catalyzed nitrile hydrogena-
tion can proceed via two different limiting routes (via partially hy-
drogenated intermediates bound to the metal surface through either
a nitrogen atom or an a~carbon atom) is presented also in a study
by Chojecki et al. [42], as well as in other papers from J. A. Ler-
cher’s research group [33.44,45] (Scheme 10). In the Schemes 7-
10, it is assumed that the active site M corresponds to one or more
surface metal atoms. The results of the molecular modelling suggest
[75] that, e.g., more than one Ni atom (2 to 4) is necessary for ad-
sorption of the acetonitrile molecule on Ni. According to Shérringer
et al. [45], condensation reactions can theoretically proceed not
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only via aminoalkylcarbenes (the “M-C route™) or via the adsorbed
aldimine, but also via nitrenes (the “M-N route”). In the former
case, nucleophilic attack by the lone electron pair of the N-atom in
the amine molecule on the o~carbon of the carbene or imine takes
place. In the latter, less probable case, the saturated a-carbon of an
amine adsorbed in the vicinity is attacked by the lone electron pair
of the nitrene N-atom (nucleophilic substitution). Essentially, both
possibilities lead to the secondary amine. Shirringer et al. [45] per-
formed kinetic experiments that led them to the conclusion that
secondary imines are generated in the former route. They hydro-
genated simultaneously acetonitrile and butyronitrile on Raney
cobalt in the liquid phase and found, on the basis of the distribution
of the reaction products, that n-butylamine reacts with the partially
hydrogenated surface intermediate much faster that ethylamine.
Since the butyl chain exerts a stronger inductive effect and thus
facilitates the nucleophilic attack of the amine on the a-carbon of
the unsaturated surface intermediate (which is in accordance with
experimental observations), the condensation proceeds, according
to the authors, in this way. So, the “M-N route” via nitrenes leads to
the selective formation of the primary amine. According to Cho-
jecki et al. [42], the strong bond via the N-atom may stimulate fast
hydrogenation of the carbon atom in the nitrile group to the amine
and thus prevent secondary condensation reactions.

Some very important results relating to the chemistry of nitriles
and amines on metal surfaces and the mechanisms of nitrile hydro-
genation were described in experimental studies by Huang and
Sachtler [46-48,79,80]. The results of these studies demonstrate that
the hydrogen atom to be added to the unsaturated CN bond need not
originate from the “atomic hydrogen layer” on the surface of the
catalyst but can be provided by some surface complexes, acting as
hydrogen donors. The authors deuterated acetonitrile (CH;CN + D5)
on M/NaY catalysts (M = Ni, Rh, Ru, Pd, Pt) and followed the dis-
tribution of the D isotope in the product molecules [48]. Simple
stoichiometry assumes saturation of the triple bond by deuterium.
Surprisingly, however, it was observed that this assumption was
fulfilled only for tertiary amines that have no hydrogen atom bound
to nitrogen. The isotopic abundances of the D and H atoms in the
primary and secondary amines differed from the assumed
stoichiometry. Unexpectedly, a certain amount of amine product
with no deuterium was found. The highest abundances were found
for isotopomers of ecthylamine with two deuterium atoms
(CH;CD,NH,) and five deuterium atoms (CD;CD,NH,) and, in the

case of diethylamine, isotopomers with seven deuterium atoms
(CD;CD,NHCD,CHj3) and four deuterium atoms [(CH3;CD,)NH,].
This suggests that hydrogen atoms are preferably added to the ni-
trogen atom whereas deuterium atoms are added to the carbon at-
oms of the methylene group. The authors performed a “deuteration”
of the Ru/SiO; catalyst to transform the OH groups of the support
into OD groups and thus excluded OH groups of the support as a
possible source of hydrogen. The products of deuteration of accto-
nitrile showed the same isotopic distribution, regardless of the
modification of the support by the transformation of the OH groups.
The authors assume that the hydrogen atoms originate from the
methyl groups of acetonitrile or from surface-bound intermediates
of the C,H,N, type, formed by adsorption of nitrile through its CN
group. A consistent result was achieved when comparing deutera-
tion of acetonitrile to the hydrogenation of deuterated acetonitrile,
CD;CN, on Ru/SiO;: in the former case, the dominant product was
CH;CD,NH,, whereas CD;CH,;ND, predominated in the latter case.
In the authors’ opinion, this confirms that the atoms of the methyl
groups of acetonitrile are transferred to the nitrogen atom; in other
words, the methyl group of acetonitrile acts as a donor of hydro-
gen/deuterium atoms. Thus, the formation of amine is not a simple
addition of chemisorbed atoms of hydrogen/deuterium atoms to the
nitrile group. On the basis of these results, as well as an experimen-
tal study of the H/D exchange between amines and acetonitrile on
metal catalysts [79], Huang and Sachtler suggested a special
mechanism for the deuteration of acetonitrile, the simplified scheme
of which is presented in Scheme 11. As an example of the metal,
they used Ru, the propensity of which to form strong M-N bonds
can be deduced from its ability to catalyze the synthesis of ammo-
nia from the elements (N, + Hy).

HyC HyC H,C
Wy ?DZ ™ €D, CN e,
—_—
CH; N CH;  NH o R
I N/ I
Ru Ru Ru

Scheme 11. Mechanism suggested by Huang and Sachtler {46-48] for the
deuteration of acetonitrile.

During nitrile hydrogenation, the metal surface is gradually and
densely covered by N-bound adsorbates. Under the conditions of
the reaction between CH;CN and D,, the CH3;~CD,~N=Ru surface
complex interacts with a molecule of CH;CN, and the subsequent
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transfer of hydrogen leads to the formation of a Ru=CH-CN com-
plex and the release of CH;CD,NH,. The =CH-CN group then re-
acts with two adsorbed D atoms to give CHD,CN, so that the reac-
tion can be summarized as follows:

2CH;CN + 2D, — CHD,CN + CH3CD,NH,

The possibility that the mechanism mentioned above is specific
only for the case of acetonitrile, where the scission of the C-H bond
in the methyl groups is facilitated by a resonance stabilization of the
adsorbed complex, Ru=CH-C=N, cannot be excluded. Contextu-
ally, Huang and Sachtler in their next study [47] performed simul-
taneous hydrogenations of butyronitrile and deuterated acetonitrile,
CD;CN, (on Ru/SiO, and Pt/SiO;) and found that all the amines
formed predominantly contained D atoms in the amine groups. If
the propyl group of butyronitrile were the hydrogen donor, the
amino groups would contain substantial amounts of H atoms.

It must be noted that, in 2008, Shirringer et al. [45] studied
CD;CN hydrogenation in the liquid phase in the presence of Raney
Co, wherein virtually no H/D exchange was observed. Therefore,
they excluded any possibility of the transfer of D-atoms from the
methyl group to the CN triple bond.

6. MECHANISTIC MODELLING AS A MEANS OF EX-
PLAINING THE DIFFERENCES IN CATALYTIC PROPER-
TIES OF METALS

6.1. What is the Reason for the Different Selectivities of Metals?

Although more than 100 papers dealing with nitrile hydrogena-
tions on heterogeneous transition metal catalysts can be found in
the literature, the reasons for the differences in hydrogenation selec-
tivity, which depend on the metal used, have not yet been satisfac-
torily explained. However, it is evident that, in general, the differ-
ences are related to the electronic properties of the d-bands of the
metals. As far as a relationship between the nature of the metal and
the kinetic course of the hydrogenation (the shape of the conversion
curve, the order of the reaction with respect to nitrile, catalyst deac-
tivation rate) is concerned, the general consensus of opinion is that
the reason for the observed differences is the different adsorption
strengths of the reaction components on various metals
[9,11,12,30,81-83]. However, the weak point in these conclusions,
based on relative adsorption strengths of the reaction components
on metals, is the fact that they are deduced solely from kinetic ex-
periments, i.e. indirectly. The question arises whether the differing
adsorption strengths can also be responsible for the dramatic differ-
ences in the selectivities of hydrogenations catalyzed by various
metals. The ability of individual metals to guide hydrogenation in a
particular direction, i.c. to prefer a particular reaction route in a
given reaction system, seems more probable.

The reaction of an aldehyde with amines is very fast even with-
out acid catalysis, so it is expected that the condensation reactions
of its nitrogenous analogue — primary aldimine — with amines dur-
ing nitrile hydrogenations will also be equilibrium-controlled. Thus,
the differences in the specific selectivities of catalysts are probably
not related to the “acidity™ of their surfaces; instead, the differences
could lie in the different mechanisms of surface reactions. Accord-
ing to Bodis et al. [84], the tendency to form higher amines during
the reductive amination of aldehydes by ammonia can be ascribed
to the hydrogenolytic properties of metals. Those metals that show
certain hydrogenolytic properties, such as Rh or Ru, selectively
form a primary amine, whereas those that are good hydrogenation
catalysts, such as Pt and Pd, preferentially catalyze the formation of
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secondary and tertiary amines. Gobolos and Margitfalvi [85] found
that the selectivity of metal catalysts (Raney catalysts and M/ALQ;,
M= Co, Ni, Ru, Rh, Pd, Pt) towards the primary amine in the dode-
canenitrile hydrogenation corresponds to the opposite sequence of
reducibility of metal-oxides and standard reduction potentials of
metal-ions. A somewhat different suggestion was presented by
Huang and Sachtler in their study dealing with the relationship be-
tween the specific catalytic selectivities of individual metals and
their properties [46,48]. On the basis of the results of kinetic ex-
periments involving the deuteration of acetonitrile, the authors pro-
posed that the selectivity of the metal is related to its tendency to
form multiple bonds. Ru is the metal with the highest tendency to
form multiple “adsorption” bonds and, simultaneously, it exhibits
the highest selectivity towards primary amines. According to the
authors, the formation of secondary and tertiary amines requires
mobility of the adsorbed groups and, since the Ru=N bond is very
strong, CH;CD,N=Ru is a non-mobile adsorbed complex. Further-
more, the authors state that the selectivities can also be correlated to
another catalytic parameter characterizing the transition metals,
specifically to the behaviour (viz. “the multiplicity*) in the H/D
exchange of alkanes [79].

On the basis of the knowledge summarized in this review, it can
be suggested that the differences in the selectivities of nitrile hy-
drogenation catalyzed by various metals could be caused by the
different ways reactive intermediates are bound onto the metal sur-
face. The results of preceding studies suggest that, with a high
probability, the so-called “M-N route” via the surface nitrene is
selective towards the formation of primary amines, whereas the
reaction route via the surface carbene or the n-coordinated aldimine
allows the condensation with nucleophilic amines to proceed and,
consequently, leads to the formation of higher amines. It seems that
Co, Ni and other metals exhibiting a high selectivity towards the
formation of primary amines prefer, during nitrile hydrogenation, to
form reaction intermediates bound to the metal surface preferen-
tially through the nitrogen atom, whereas Pd and Pt, with a high
selectivity towards higher amines, prefer to form intermediates
bound to the surface preferentially via the a-carbon. For the case of
hydrogenation catalyzed by metals with selectivities between those
of Co and Pd, probably both types of intermediate are present on
the catalyst surface. Obviously, this concept of nitrile hydrogena-
tion following the “M-N route” or the “M-C route” is not original
because it has appeared in many preceding studies but it has not
previously been used to explain the dramatic differences in selectiv-
ities between Co and Ni, on the one hand, and Pt and Pd, on the
other. It must be noted that Chojecki et al. [42] applied this reason-
ing to the interpretation of the differences in specific selectivities of
Raney cobalt, as well as the same catalyst doped with LiOH, when
hydrogenating butyronitrile.

6.2. A Complex Mechanistic Model of Heterogeneously Cata-
lyzed Hydrogenation of Nitriles

Given the present state of knowledge of heterogeneously cata-
lyzed nitrile hydrogenation, experimental findings can no longer be
interpreted solely on the basis of the reaction formalism proposed
by, e.g., Braun and Greenfield. This formalism does not take into
account the fact that the reaction takes place on the catalytic sur-
face. In accordance with present knowledge and on the basis of an
analysis of the mechanistic concepts published thus far, a novel
complex mechanistic model of heterogeneously catalyzed nitrile
hydrogenation, including the formation of secondary and tertiary
amines, was suggested in 2010 [49]. The model satisfactorily ex-
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plains the differences between individual metals in terms of their
sclectivities towards higher amines and, as will be demonstrated
below, enables one to rationalize some other experimental facts not

previously explained satisfactorily. The mechanistic model pro-
posed is presented in graphical form in Scheme 12.
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The concept is derived from a simplified form of the mecha-
nism of successive addition of hydrogen atoms to a double bond,
familiar from hydrogenations of C=C double bonds (the step
mechanism). This concept, applied to the mechanism of heteroge-
neously catalyzed nitrile hydrogenation [49], is as follows. After
nitrile is adsorbed onto the catalyst surface (surface complexes 12
and 13 in Scheme 12), a gradual addition of hydrogen atoms starts
to proceed, giving rise to unsaturated surface complexes. Under the
reaction conditions relevant for nitrile hydrogenations (<150 °C,
elevated hydrogen pressure), nickel and cobalt prefer to form reac-
tion intermediates bound to the metal surface via the nitrogen atom,
whereas Pd and Pt prefer to form intermediates bound to the surface
via the a-carbon atom or the n-system of a C=N double bond. For
the sake of simplicity, only the aldimine-like intermediates (i.e.,
RCN + 2H) and not the semi-hydrogenated surface intermediates
(of the type RCN + 1H and RCN + 3H) are included in Scheme 12.
Nevertheless, it is evident from the context that, e.g. with Co and
Ni, the R-CH,~NH-M complex corresponds to a surface complex
of the type RCN + 3H. Of all the surface aldimine-like complexes
occurring during hydrogenation on Co and Ni, nitrene 14 will be
dominant. This species has a saturated a-carbon atom and is there-
fore inactive towards condensation reactions leading to the forma-
tion of higher amines. In this way, the high selectivity of Ni and Co
towards primary amines can be explained. The gradual addition of
two hydrogen atoms to the nitrene complex 14 yields the primary
amine 17 adsorbed on the catalytic surface via the lone pair of the N
atom. On the other hand, during hydrogenation on Pd and Pt, the
aminocarbene 16 or the aldimine, coordinated with the metal sur-
face through the n-electrons of the C=N bond or possibly through
the n-electrons and the lone pair of the N-atom (complex 15), will
dominate over surface aldimine-like complexes. Due to the pres-
ence of the unsaturated electrophilic a-carbon atom, both com-
plexes (15 and 16) are highly reactive towards the addition of the
N-containing nucleophile leading to a new C-N bond. For the sake
of simplicity, only the nucleophilic addition to the aminocarbene
complex 16 is drawn in Scheme 12. Alternatively to the condensa-
tion, both complexes can be hydrogenated to yield a primary amine
(17), which can desorb from the catalyst surface. In accordance
with the knowledge that, under common conditions of nitrile hy-
drogenation (<150 °C, elevated hydrogen pressure), amines do not
disproportionate nor dehydrogenate, the hydrogenation of the sur-
face aldimine-like complexes to amine is considered, in the present
concept, to be an irreversible step. The abstraction of the hydrogen
atom from the adsorbed amine during the disproportionation and
dehydrogenation reactions of amines seems to be a rate-determining
step.

With respect to the fact that, during nitrile hydrogenation, a
“foreign” amine added to the reaction mixture can also participate
in the formation of higher amines, it is assumed in the mechanistic
proposal presented [49] that the attacking nucleophile is not the
unsaturated surface complex, as suggested by Coq er al. [43], but
the saturated amine. Since no agreement exists on the question of
whether the condensation reactions occurring during nitrile hydro-
genation proceed by the LH or ER mechanism, the present proposal
does not specify whether the attacking nucleophile is amine from
the bulk fluid phase or amine adsorbed via the lone pair of the
N-atom on the catalyst surface. The course of the nucleophilic addi-
tion is represented in the Scheme 12 only formally and is, therefore,
given in brackets. It is likely that the precise mechanism of this
surface nucleophilic addition will not be known for a long time.
Transfers of H atoms or protons occurring during this addition
could in future be elucidated by experiments with isotopically la-
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belled compounds. As mentioned above, the condensation reactions
occurring during nitrile hydrogenations on metal surfaces proceed
even in the absence of an acidic catalyst. Many experimental results
can be found in the literature (e.g. [9,11,13,45,86] and references
therein) dealing with the effect of the substrate structure on the
selectivity of the heterogeneous hydrogenation of nitriles; the data
demonstrate that decreasing nucleophilicity of the primary amine
leads to a lower yield of higher amines and, hence, condensation
reactions on the catalyst surface undoubtedly proceed by a mecha-
nism of nucleophilic addition. The mechanistic model presented in
cit. [49] assumes that the product of the nucleophilic addition of a
primary amine to an aminocarbene (i.. N-aminoalkylcarbene) is,
after splitting off ammonia, an N-alkylaminocarbene 19 (i.e. N-
alkylaminoalkylcarbene). This complex is a form of surface-bound
secondary imine. By analogy, the product of a nucleophilic addition
of a secondary amine to an aminocarbene is an
N, N-dialkylaminocarbene 21 (i.e. N N-dialkylaminoalkylcarbene),
which is a form of surface-bound enamine. The surface complexes
19 and 21 can desorb into the bulk fluid phase as secondary imines
and enamines or may be further hydrogenated to a secondary and a
tertiary amine (22 and 23), respectively.

In accordance with the Huang-Sachtler concept of the so-called
“overlayer catalysis™ [46,47,80], it is assumed in the mechanistic
proposal [49] that the hydrogen atom being added to unsaturated
surface intermediates need not originate exclusively from the
“atomic hydrogen layer” on the catalyst surface but can be provided
by some surface complexes acting as donors of hydrogen. The
structures of the surface complexes 12 — 17, as well as the succes-
sion of surface reactions leading via these complexes to a primary
amine, were taken from the mechanistic proposal [33,42,44,45] by
J. A. Lercher’s research group.

The mechanistic concept proposed in cit. [49] (assuming that,
during nitrile hydrogenation, Co and Ni prefer to form nitrene com-
plexes whereas Pd and Pt prefer to form carbene or aldimine com-
plexes) is supported by the studies of Shérringer et al. [44] and
Ortiz-Hernandez et al. [19]. Shérringer et al. [44] followed the hy-
drogenation of CD;CN on Raney cobalt using inelastic neutron
scattering spectroscopy (INS). Comparing the INS spectra of the
reaction intermediates with reference spectra of H,, CD;CN and
CD;CH,NH,, as well as with the spectra calculated ab initio, the
authors arrived at the conclusion that, in the case of Raney cobalt,
the reaction intermediate is a nitrene. They remark that stable or-
ganometal nitrene complexes of cobalt are known whereas carbenes
are not, which suggests that the surface nitrenes are relatively stable
and can dominate during hydrogenations on Raney Co. Ortiz-
Hernandez et al. [19] explored the adsorption and hydrogenation of
butyronitrile on Pd/Al,O; by infrared spectroscopy using the tech-
nique of attenuated total reflectance (ATR-IR) to find out if there
were nitrenes among the surface products on Pd. Their results did
not prove the presence of any N-bound end-on adsorbed intermedi-
ates (including nitrenes); on the contrary, the dominant intermediate
on the surface of Pd was an adsorbed aldimine exhibiting a strong =
interaction with the surface and a tilted configuration of the C=N
group with respect to the surface.

6.3. Compatibility of the Model Under Discussion with Other
Experimental Facts

6.3.1. Isomerization of an Imine Intermediate in a Reductive
Amination on Ni and Co

The concept that, during hydrogenations of multiple carbon-
nitrogen bonds, Ni and Co prefer the “M-N route” whereas Pd and
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Pt prefer the “M-C route” allows one to explain why, during reduc-
tive amination of aldehydes (R'=CHO) by amines (R*-CH, NH,), a
rearrangement of a secondary imine intermediate occurs on Co and
Ni catalysts, whereas on Pd and Pt catalysts it does not [16,87]
(Scheme 13).

Ni, Co

P
o m—

H,

R!-CH=N-CH,-R? R!-CH,-N=CH-R?

Scheme 13.

During the reductive amination catalyzed by Ni and Co, the re-
arrangement mentioned above is responsible for the formation of a
whole series of undesirable side products. According to Krupka and
Patera [16], the rearrangement takes place only in the presence of
hydrogen through the addition-abstraction mechanism via half-
hydrogenated imine species (R'-CH,-)(R*~CH,—)N-M, bound to
the surface through the nitrogen atom. The inability of Pd and Pt to
catalyze this rearrangement is caused by the absence of N-bound
surface intermediates on these metals during the hydrogenation of
multiple carbon-nitrogen bonds. For a more detailed discussion of
this point, see [16].

The mechanistic concept of nitrile hydrogenation under discus-
sion assumes that the ability of Ni and Co, on the one hand, and Pd
and Pt, on the other, to prefer a specific reaction route is operative
only under the usual nitrile hydrogenation conditions. With increas-
ing temperature, individual reaction steps gradually become not
kinetic-controlled. At temperatures characteristic of dehydrogena-
tion processes, an equilibrium involving more types of surface
complexes is probably established.

6.3.2. Formation of a Tertiary Amine in the Reductive Amination
of an Aldehyde Without an o-H Atom and in the Hydrogenation
of a Nitrile Without an a-H Atom

As seen in the Scheme 12, it is assumed in the mechanistic pro-
posal under discussion that chemically different compounds
(namely, a secondary imine and an enamine), when adsorbed on the
surface of a metal catalyst, are chemically consistent substances
(carbenes). Thus, the formation of a tertiary amine is analogous to
that of a secondary amine. As presented above, tertiary amines can
arise, according to Gomez et al. [13], even in the hydrogenation of
nitriles, whose molecules have no accessible hydrogen on the car-
bon atom in the o~position relative to the CN-group (B-position
relative to the nitrogen). No corresponding enamine can be derived
from such nitriles and, hence, it has been assumed until now that, in
this case, tertiary amines originate through direct hydrogenolysis of
a l-aminotrialkylamine. Such an interpretation, however, is not
consistent with the fact that the entire process of formation of
higher amines is reversible [9]. According to the mechanistic sug-
gestion presented in Scheme 12, the reversibility of the entire proc-
ess of tertiary amine formation is preserved, even in case of the
hydrogenation of nitriles having no oH atom (hydrogen on the o~
C-atom with respect to the CN-group). The corresponding
1-aminotrialkylamine cannot provide the “free” enamine by an

RI-CH=N-CH,-R?  +

RlZCH\
_N-CH,-R'  + R2-CH,-NH,
R?-CH;

Scheme 15.

R!-CH,-NH-CH,-R?

Krupka and Pasek

elimination of ammonia, though, but it can offer N,N-dialkyl-
aminocarbene, which represents a surface analog of enamine. In the
same way, it is possible to explain the reversible formation of a
tertiary amine by the reductive amination of an aldehyde with no o~
H-atom.

6.3.3. Transfer of Methyl Groups Between Amines During the
Disproportionation of Mixed Dialkyl- and trialkylamines

Another advantage of the concept under discussion is that it al-
lows one to explain rationally the transfer of the methyl groups
between amines during the disproportionation of mixed dialkyl- and
trialkylamines on metal catalysts, as was observed by Sivasankar
and Prins [88]. Generally, disproportionation reactions of amines
that occur in the presence of metal catalysts at temperatures above
200 °C can be expressed by summary equations in Scheme 14.

M

2 R-NH, +«—= R-NH-R + NH,

M R_
2 R-NH-R #—= R-NH, + N-R

R
R\ M
/N—R + NH; &—> R-NH, + R-NH-R
R
Scheme 14.

It is thought that, in these reactions, the intermediate is an imine
or enamine. For example, during the disproportionation of a secon-
dary amine, the catalytic dehydrogenation to the corresponding
secondary imine is the first step. The imine then reacts with the
secondary amine to yield, via a geminal diamino-compound, the
corresponding primary amine and enamine (Scheme 15).

The last step is the hydrogenation of enamine to the correspond-
ing tertiary amine. Sivasankar and Prins [88] found that, during the
disproportionation of a mixed sccondary amine, N-methylh-
exylamine, catalyzed by Pd/y-Al,O;, the initial rate of formation of
N,N-dihexylmethylamine and methylamine was almost equal to that
of N,N-dimethylhexylamine and hexylamine. Unlike N,N-
dihexylmethylamine, however, the formation of N,N-dimethyl-
hexylamine cannot be explained by an imine-enamine mechanism
because no corresponding enamine with a double bond on the side
of the methyl group can be derived from N,N-dimethylhexylamine.
Transfer of methyl groups was observed by the authors also in the
case of the disproportionation of other mixed dialkyl- and trialky-
lamines. On this basis the authors deduce that enamines are not the
only possible intermediates of these reactions.

According to the mechanistic model of nitrile hydrogenation
[49] under discussion, a surface complex of the enamine type exists
also for enamines bearing methyl groups. For N N-dimethyl-
hexylamine, the corresponding “surface enamine”, with a double
bond on the side of the methyl groups, is surface N,N-hexylmethyl-
aminomethylcarbene, i.e. “{[hexyl(methyl)amino]methylidene}
metal”. The full mechanism of the formation of N,N-dimethyl-

NH-CH,-R?
\ RI_CH/ C 2

~

N-CH,-R!
= | rR*-cHy



Nitrile Hydrogenation on Solid Catalysts

Caurrent Organic Chemistry, 2012, Vol 16, No. 8 1001

CH,=N-CgHj3
~ .
“U~. CHy;=NH—CeHy;
M| M NN
N
Cots _NH=CeHis
-H, _NH CH;-NH-Cg¢Hi3 H,C
CH;—-NH—-C¢H3 > HC - \N—CH
M || u C/ 67113
M }
CH 4“2
colg +Hy 6 l\; CH
N—CH; P —— 3
Ve HC
H;C M

Scheme 16. Mechanism suggested for the formation of N, N-dimethylhexylamine via disproportionation of N-methylhexylamine.

hexylamine is depicted in Scheme 16. Sivasankar and Prins in a
further study [89] propose another explanation: according to them,
the sought-after intermediate is an iminium cation. Such an inter-
pretation seems to be less probable since it assumes a transfer of a
proton on the metal surface in the hydrogenation-dehydrogenation
processes.

6.3.4. Formation of Toluene in the Hydrogenation of Benzonitrile
on Pd Catalysts

As will be demonstrated below, the mechanistic concept of ni-
trile hydrogenation [49] discussed here is also in agreement with
the results of a recent study by Bakker et al. [90] dealing with the
non-standard course of benzonitrile hydrogenation on a supported
Pd catalyst in the liquid phase. It is known that, unlike benzonitrile
hydrogenation on Ni, the final products of which are only benzy-
lamine and dibenzylamine, hydrogenation on Pd yields toluene as a
significant by-product. Similarly, toluene arises as the principle by-
product during the reductive alkylation of benzylamine by acetone
or formaldehyde (the process of reductive amination), catalyzed by
Pd [91,92]. When studying the effect of hydrogen pressure on the
activity and selectivity of the Pd catalyst during benzonitrile hydro-
genation, Bakker et al. [90] found that:

(a) the dependence of the catalytic hydrogenation activity on
hydrogen pressure has a maximum at 1 MPa

(b) above a threshold value of hydrogen pressure, namely
1 MPa, the hydrogenolysis to toluene decreases

(c) above this threshold pressure, condensation yielding diben-
zylamine increases.

According to the authors, the reason for these anomalies is an
intrinsic property of palladium to absorb hydrogen into its lattice
structure and to form, starting from a threshold hydrogen pressure,
a stable palladium B-hydride. The effects on reaction kinetics of the
formation of a Pd B-hydride were explained by combining d-band
theory and simple frontier molecular orbital theory.

Nickel catalysts are known for their strong hydrogenolysis
properties, so that their use is often limited to the temperature range
200-250 °C because of hydrogenolysis. In contrast, palladium is
used for hydrogenation-dehydrogenation reactions for which nickel
cannot be used due to hydrogenolysis. Therefore, the formation of
toluene during the hydrogenation of benzonitrile on Pd does not
represent a standard hydrogenolysis. Hypothetically, toluene can
originate via hydrogenolysis of any benzyl derivative present in the

reaction mixture. Although the hydrogenolytic cleavage of benzy-
lamine and N-substituted benzylamines to toluene and ammonia or
amine, respectively, on Pd catalysts is well known in the literature
[93-96], it follows from the reaction kinetics measurements [90-
92,97,98] that the hydrogenolysis of benzyl derivatives having a
multiple bond conjugated with an aromatic ring proceeds preferen-
tially and much more easily. For instance, the hydrogenolysis of
benzonitrile to toluene is much easier than that of benzylamine to
toluene on the same supported Pd catalysts and under the same
conditions [90,97] (1 MPa H,, 80 °C). Since the benzonitrile hy-
drogenation proceeds via unsaturated intermediates, N-benzyl-
idenbenzylamine and the reactive intermediate benzaldehydimine
may also be responsible for the ease of the hydrogenolysis to tolu-
ene. According to Bakker et al. [90], a prerequisite for facile hy-
drogenolysis is the interaction via delocalized n-electrons of the
aromatic ring. The scission of the C-N bond during toluene forma-
tion is achieved by perturbation of the electron structure of the re-
acting molecule through the interaction with the metal catalyst sur-
face; the consequence of the interaction is attenuation of this bond.
The centres of adsorption are those parts of the molecule that have
electrons able to interact with the electron structure of the catalyst.
These are primarily the n-electrons of the multiple bond of the ni-
trile and imine intermediates, as well as the lone pair of the amino
group. Another centre of adsorption can be the aromatic ring. The
strong sorption of amines, nitriles and imines onto the metal cata-
lyst surface is generally acknowledged. If, in addition to this sorp-
tion, there is also a stronger interaction between the aromatic ring
and the catalyst surface, this two-point sorption may obviously lead
to a strong attenuation of the C-N bond on the side of the benzyl
group because, as a result of the sorption, electron shifts towards
the catalyst surface will take place [91]. Volf ef al. [91] deduced
from this reasoning that a two-point adsorption of the molecules of
the benzylamine derivatives occurs on a Pd catalyst (with delocal-
ized aromatic n-electrons participating in this adsorption), whereas
a simple sorption viag an amino-, imino- or nitrile group prevails on
a Ni catalyst. However, Volf’s hypothesis does not explain why this
two-point sorption takes place only on Pd and not on Ni. According
to Bakker et al. [90], carbene and nitrene species have no a-system
so that the adsorbates will be oriented more perpendicularly to the
catalyst surface and, therefore, an interaction via the n-electrons of
the aromatic ring will be hampered. Consequently, hydrogenolysis
to toluene is less probable. Bakker et al. deduce therefore that the
benzonitrile hydrogenation proceeds via a multicoordinated side-on
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Scheme 17. Proposed interpretation of the different behaviours of Ni and Pd observed during the hydrogenation of benzonitrile.

adsorbed intermediate, i.e. a o/n-adsorbed imine, interacting
through its delocalized aromatic n-electrons with the Pd surface,
and this intermediate is responsible for the facile direct hydro-
genolysis of benzonitrile to toluene under mild reaction conditions.
These deductions are in entire agreement with the mechanistic con-
cept of nitrile hydrogenation published in a previous study [49] and
discussed in this review. According to the concept mentioned
above, nitrile hydrogenation on Ni catalysts proceeds predomi-
nantly via nitrenes and other end-on adsorbed species, so that the
interaction of the n-electrons of the aromatic ring with the Ni sur-
face is hampered. In the case of hydrogenation on Pd, the formation
of intermediates composed of either aminocarbene species or aidi-
mines coordinated with the metal surface via the n-system of the
C=N double bond is assumed to occur (Scheme 17).

7. CONCLUSION

Various proposals for mechanisms of the heterogeneous hydro-
genation of nitriles, published in the literature, were described. The
novel mechanistic concept suggested in 2010 [49] was explained
and discussed in detail at the end of this review. According to this
concept, under the reaction conditions relevant for nitrile hydro-
genations (<150 °C, elevated hydrogen pressure), nickel and cobalt
prefer to form reaction intermediates bound to the metal surface via
the nitrogen atom, whereas Pd and Pt prefer to form intermediates

bound to the surface via the a~carbon atom or the n-system of a
C=N double bond. Thus, aminocarbene complexes and aldimines,
coordinated to a metal vig the a-system of a C=N double bond
and/or via the nitrogen lone pair, will prevail among the surface
intermediates on palladium or platinum, while hydrogenation on a
cobalt or nickel surface seems to be associated with the formation
of nitrene intermediates (Scheme 12). This concept comes from
existing knowledge of the kinetics of the reaction and up-to-date
findings on the adsorption of N-containing substances onto metals,
and is based on existing concepts of the mechanism of surface-
catalyzed nitrile hydrogenations [17,33,42,44,45,49]. The concept
does not offer a detailed description of the physicochemical phe-
nomena and elementary processes that occur during nitrile hydro-
genation on the surface of metal catalysts. At present, no physico-
chemical data are available on which to base a direct proof of the
precise nature of surface reactions. It is therefore obvious that the
suggested concept is a simplified mechanistic model, which enables
one to describe qualitatively the differences in behaviour between
various catalysts used for nitrile hydrogenations and rationalize
some other experimental facts.
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Abstract The hydrogenation of an aliphatic nitrile, molecules of which do not
bear hydrogen atoms on the a-carbon with respect to the nitrile group, has been
studied to gain a deeper insight into the mechanism of the heterogeneously cata-
lyzed hydrogenation of nitriles. Hydrogenations were performed in the liquid phase
on a Pd/C catalyst at a reaction temperature of 110 °C and a hydrogen pressure of
5 MPa. In the hydrogenation of trimethylacetonitrile in the presence of a lower
aliphatic N,N-dialkylamine (e.g., diethylamine), the formation of a mixed tertiary
amine, dialkylneopentylamine, was observed. Experiments have shown that the
disproportionation reactions of the amines present are not responsible for its for-
mation. Since the corresponding enamine incorporating a double bond in the neo-
pentyl chain cannot be derived from the dialkylneopentylamine, the formation of the
dialkylneopentylamine cannot be explained in terms of the enamine theory of the
formation of a tertiary amine during the hydrogenation of the nitrile. It has been
proved experimentally that the entire process of tertiary amine formation by nitrile
hydrogenation is generally reversible: butyronitrile results from a reverse process
from tributylamine and ammonia on the surface of the metal catalyst. The combi-
nation of experimental facts thus obtained gives an indirect proof of the validity of
the hypothesis that the aminocarbene mechanism is involved in the formation of
secondary and tertiary amines by nitrile hydrogenation.
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Introduction

Heterogeneously catalyzed nitrile hydrogenation is used to produce many amines
that constitute specialty chemicals, pharmaceutical intermediates, or basic industrial
substances. It is usually performed in the liquid phase under an elevated hydrogen
pressure. Generally, nitrile hydrogenation leads to a mixture of a primary, a
secondary, and a tertiary amine. Depending on the catalyst chosen and the reaction
conditions, one of these amine types can predominate in the hydrogenation
products. Cobalt and nickel show a high selectivity for primary amine formation,
whereas platinum and palladium act selectively to yield higher (i.e., secondary and
tertiary) amines. Although the reaction scheme for the formation of primary,
secondary and tertiary amines is well known (Scheme 1), the detailed mechanisms
of the reactions proceeding on the surface of the hydrogenation catalyst and yielding
the respective amines are still the subject of much speculation. This uncertainty is
caused by a lack of physico-chemical studies, which would directly and
unambiguously confirm the mechanistic details of the surface reactions. Various
mechanisms for the heterogeneous hydrogenation of nitriles suggested in the
literature were discussed in our critical review [1]. It seems very likely that, for
hydrogenation on palladium and platinum, the prevailing surface intermediates are
aminocarbene complexes or aldimines coordinated to the metal surface through
n-electrons, or possibly also through the lone electron pair on the N atom, whereas
hydrogenation on cobalt and nickel involves the intermediacy of surface nitrenes
[1]. Recent findings suggest that nitrile hydrogenation yielding secondary and
tertiary amines probably proceeds simultaneously by both the enamine and the so-
called aminocarbene mechanisms [2].

It is the aim of the present experimental study to verify the cited, recently
published hypothesis [2] by appropriately chosen kinetic experiments.

The hypothesis of the aminocarbene mechanism for higher amine formation [2]
suggests that the unsaturated intermediates originating during the preparation of the
secondary and tertiary amines, namely the secondary imine and enamine, can also exist
on the surface of a metal catalyst in the form of surface aminocarbenes (Scheme 2).

Although secondary imines and enamines are chemically different compounds,
when absorbed as surface aminocarbenes, they represent substances that are
consistent from the chemical point of view, and the process of tertiary amine
formation is then analogous to that of secondary amine formation. According to the
aforementioned mechanistic hypothesis, tertiary amines ought also to arise during
the hydrogenation of nitrile molecules lacking accessible hydrogen on the o-carbon
atom with respect to the nitrile group (or f-carbon atom with respect to the nitrogen
atom). It has hitherto been assumed that such nitriles cannot yield a tertiary amine
by hydrogenation because the corresponding enamine cannot be derived from them.
This assumption was based on the experimental observation that tribenzylamine is
not formed in the hydrogenation of benzonitrile [3].

If it could be proved that tertiary amines also arise from the hydrogenation of
the abovementioned nitriles, it would provide indirect evidence of the correctness
of the aminocarbene mechanism concept leading to tertiary amines, as depicted
in Scheme 3. The corresponding product of nucleophilic addition, the
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1-dialkylamino-alkylamine, cannot yield a “free” enamine through the elimination
of ammonia, but it can still give an N,N-dialkylaminocarbene, which is a surface
analogue of the enamine.

Experimental

Hydrogenation runs were carried out under a constant pressure of 5 MPa at 110 °C
in the presence of a Pd/C catalyst (5 % Pd/active carbon, K-0203, Heraeus).
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All kinetic measurements were performed in the kinetic regime. A laboratory stirred
batch reactor (Parr 4564 + 4842) of volume 160 mL was used. The reactor was
equipped with a sampling probe with a frit of porous steel, which allowed sampling
of liquid free from catalyst solids. The hydrogenation course was monitored by
measuring the time dependence of hydrogen consumption and by GC analysis of
reaction mixture samples withdrawn at suitable time intervals.

The reaction of tributylamine with ammonia on metal catalysts was monitored in
the gas phase under atmospheric pressure. Experiments were performed in a
continuous-flow glass reactor with a fixed-bed catalyst; the bed had a volume of
100 mL. The carrier gas was either hydrogen or nitrogen. The whole apparatus and
the working procedure were described in [4]. The bed of the reactor consisted of
either a pelleted palladium catalyst (1 % Pd/C) or a tableted copper—chromite
catalyst composed of 34 % CuO, 37 % Cr,05, and 14 % BaO. Prior to the reaction,
the latter catalyst was reduced in situ by hydrogen in the gas phase.

A Shimadzu GC-17A gas chromatograph equipped with a flame-ionization
detector was used for the quantitative analysis of liquid samples. A DB-5 capillary
column of length 30 m was used for analysis. Components of the reaction mixtures
were identified by comparison of their elution times with those of analytical
standards and by GC-MS analysis using a Shimadzu QP 2010 instrument.

Results
Hydrogenation of trimethylacetonitrile
The hydrogenation of trimethylacetonitrile on a Pd catalyst was performed under the

conditions described in the Experimental section and in Table 1. Neopentylamine,
neopentylideneneopentylamine, and dineopentylamine were detected in the reaction

Table 1 Trimethylacetonitrile hydrogenation with and without diethylamine addition

Charge/experiment no. 1 2 3
Weight of trimethylacetonitrile [g] 70 37.2 32.8
Weight of diethylamine [g] - 32.8 37.2
Weight of a dry-matter catalyst [g] 3.0 3.0 1.8
Products Selectivity [(w/w) %]
Neopentylamine 2.80 11.21 77.22
Neopentylideneneopentylamine 0.30 3.93 1.55
Dineopentylamine 96.90 80.63 7.39
N,N-Diethylneopentylamine - 3.32 13.20
N-Ethylneopentylamine - 0.56 0.39
Triethylamine - 0.35 0.25
Nitrile conversion [%] 82.6 90.5 38.2

Bold indicates key components
Reaction conditions 110 °C, 5 MPa, reaction time 6 h
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Fig. 1 Temporal course of trimethylacetonitrile hydrogenation in the presence of diethylamine (expt.
No. 2). (a) Concentration profiles of the major substances. (b) Concentration profiles of the minor
products and the conversion curve of trimethylacetonitrile

mixtures, whereas trineopentylamine was absent. During the hydrogenation, the
concentration of neopentylideneneopentylamine passed through a maximum. After
6 h, the degree of trimethylacetonitrile conversion was 82.6 %, while the selectivity
in favor of dineopentylamine, defined as the weight ratio of dineopentylamine to all
products, was 96.9 % (Table 1, expt. no. 1).

Furthermore, two hydrogenations of trimethylacetonitrile in the presence of
diethylamine were performed. The reaction conditions and the results of both
hydrogenations are presented in Table 1 (expt. Nos. 2 and 3). These hydrogenation
runs differed in the concentration of the catalyst in the reaction mixture, as well as
in the initial weight ratio of trimethylacetonitrile to diethylamine. The data in
Table 1 give an indication of the extent to which variation of these two parameters
affected the distribution of individual components. Figs. l1a, b show the temporal
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Table 2 Hydrogenation of trimethylacetonitrile in the presence of various noncorresponding secondary
amines

Experiment No. 2 4 5

Added N,N-dialkylamine Diethylamine Dipropylamine Dibutylamine

Products Selectivity [(w/w) %]
Neopentylamine 11.21 45.83 31.63
Neopentylideneneopentylamine 3.93 0.31 0.69
Dineopentylamine 80.63 3391 53.39
N,N-Dialkylneopentylamine 3.32 18.43 12.73
N-Alkylneopentylamine 0.56 0.62 0.59
Trialkylamine 0.35 0.89 0.97

Nitrile conversion [%] 90.5 86.1 85.6

Bold indicates key components

Reaction conditions 110 °C, 5 MPa, 3.0 g of dry-matter Pd/C catalyst, 70 g of the reaction mixture, 1:1
nitrile:amine molar ratio, reaction time 6 h

dependencies of the concentrations of individual components present in the reaction
mixtures during the course of the hydrogenations. In contrast to the reaction
mixtures with trimethylacetonitrile alone, in this case, the mixtures additionally
contained a significant amount of a mixed tertiary amine, namely N,N-diethylne-
opentylamine. Besides, certain amounts of N-ethylneopentylamine and triethyl-
amine were also found. However, as follows from Fig. 1b, the formation of
N,N-diethylneopentylamine correlates with the conversion curve of the nitrile,
whereas the formation of the other two products exhibits a different course. The
quantities of these products are largely created at the beginning of the hydroge-
nation, and their concentrations do not increase markedly during later reaction
stages.

Furthermore, hydrogenations of trimethylacetonitrile in the presence of two other
non-corresponding secondary amines, namely dipropylamine and dibutylamine,
were performed (expt. Nos. 4 and 5). As demonstrated in Table 2, similar results
were obtained. The formation of a significant amount (units to tens of wt%) of a
mixed amine, i.e., N,N-dialkylneopentylamine, was observed. The reaction mixtures
also contained a small amount of N-alkylneopentylamine and trialkylamine bearing
alkyl moieties identical to those of the amine added.

Experimental verification of the extent of disproportionation reactions of amines
under the hydrogenation conditions

An equimolar mixture of neopentylamine and diethylamine in the presence of the
Pd catalyst was heated in an autoclave at 110 °C and 5 MPa hydrogen pressure. In
this way, the extent of the disproportionation reactions of amines under conditions
identical to those of the trimethylacetonitrile hydrogenation could be determined.
Generally, the disproportionation reactions of amines on metal catalysts can be
expressed by the following equations:
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M
2 R-NH, «—= R-NH-R + NH;
M R
2 R-NH-R S—>= R-NH, + /N—R
R
R M
N=R + NH; &— R-NH, + R-NH-R

R
The first step of these reactions is dehydrogenation of the amine to yield an

unsaturated product. For example, the disproportionation of diethylamine starts with
catalytic dehydrogenation leading to ethylidenethylamine, which reacts with the
diethylamine present by way of a geminal diamino compound to give ethylamine
and an enamine, i.e., N,N-diethyletheneamine. The final step is the hydrogenation of
the enamine to yield the corresponding tertiary amine. Due to the thermodynamic
equilibrium of the first dehydrogenation step, these reactions become significant at
temperatures above 200 °C [5-7]. Under the hydrogenation conditions, the
equilibrium of the first reaction step is shifted towards the starting reactants. The
real extent of the disproportionation reactions of amines in the particular case of
the hydrogenation under study was experimentally determined and the results are
presented in Table 3. After heating for 6 h, only a few tenths of wt% triethylamine,
N-ethylneopentylamine, N,N-diethylneopentylamine, and dineopentylamine were
found in the liquid reaction mixture. Moreover, 0.04 wt% ethylamine was determined
in the mixture, although the overall amount of ethylamine formed was probably higher.
Part of the ethylamine in the autoclave was likely to be present in the gaseous phase
above the liquid, together with ammonia. The ammonia content was not determined. As
was obvious from an analysis of the reaction mixture in the 15th min of the reaction
time, the amounts of the respective disproportionation products were largely created at
the very beginning of the experiment. Thereafter, the concentrations of these products
did not increase significantly. This is in agreement with our long-term experience with
conversions of amines on heterogeneous metal catalysts. At the beginning of a
hydrogenation, during the first contact of an organic compound with a fresh catalyst, we
have often observed a temporary increase in the formation of undesired by-products, as a

Table 3 Experimental testing of the extent of disproportionation reactions of amines under hydroge-
nation conditions: 110 °C, 5 MPa, 3.0 g of dry-matter Pd/C catalyst, 70 g of the reaction mixture,
1:1 molar ratio neopentylamine:diethylamine

Reaction mixture composition (Wt%) Reaction time (h)
0 0.25 6

Neopentylamine 54.37 54.06 53.98
Diethylamine 45.63 44.94 44.79
Ethylamine 0.03 0.04
Triethylamine 0.31 0.37
N-Ethylneopentylamine 0.25 0.31
N.N-Diethylneopentylamine 0.31 0.39
Dineopentylamine 0.09 0.11
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result of hydrogenolytic, dehydrogenation, and disproportionation reactions. After a
short time, the extent of these side reactions is stabilized, diminishing to just a fraction of
the original value. This phenomenon is well known in the field of metal catalysis (the
concept of “overlayer catalysis”) [8] and is explained in terms of formation of a layer of
very strongly adsorbed fragments of reactant molecules following scission of the C-N,
C-H, N-H, and C-C bonds. A layer of “primarily” adsorbed species having the general
formula C,H,N_, and possibly also C,H,, is formed upon the first exposure of the catalyst
to a stream of reactants, and can serve as a source of hydrogen atoms for hydrogenations
of less firmly bound molecules of a reactant [8].

Transformation of amines on the surface of hydrogenation catalysts
in a continuous-flow apparatus with a fixed-bed catalyst

Disproportionation of a mixture of tributylamine and ammonia was followed in the
gas phase at atmospheric pressure in a continuous-flow arrangement under the
reaction conditions described in the legend of Table 4. The reaction was catalyzed
by either a palladium or a copper catalyst. The mean catalyst bed temperature was
225 °C. The condensed product was quantitatively analyzed by gas chromatography
and its composition is given in Table 4. It is evident from the data in Table 4 that, at
temperatures above 200 °C, disproportionation reactions proceed to a considerable
extent. The reaction mixtures contained all of the conceivable products that could be
derived from the disproportionation of tributylamine with ammonia. The degree of
conversion and the composition at the output were determined by the activity of the
catalyst, the reaction pressure and temperature, as well as by the partial pressures of
the reactants, i.e., tributylamine, ammonia, and possibly also hydrogen. At best, the
mixture may achieve an equilibrium composition of amines under the given
conditions. It was obvious from the composition of the condensed product that the
palladium catalyst showed, in comparison to the copper one, a higher catalytic
activity, in terms of both catalyst volume and catalyst weight.

Table 4 Reaction of tributylamine and ammonia on metal catalysts

Catalyst Cu-Cr Pd/C

Carrier gas H, N, H, N,

Content of components in the output condensate (wt%)

Butylamine 3.21 1.08 7.99 3.24
Butyronitrile 0.72 4.06 4.08 9.32
Butylidenebutylamine 0.07 0.37 1.41 7.09
Dibutylamine 7.23 5.63 63.40 41.41
Tributylamine 87.77 87.46 21.64 36.88
N,N-Dibutylbut-1-en-1-amine 0.00 0.00 0.08 0.53

Bold indicates key components

Reaction conditions gas-phase continuous-flow reactor with 100 mL fixed bed of a catalyst (89 g of Pd/C
or 151 g of Cu—Cr catalyst), 225 °C, 1 atm., feeding rates of components: tributylamine at 180 mL h !
ammonia at 50 L h™", hydrogen or nitrogen at 120 L h™'
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The product formed under the palladium catalysis contained 4.08 wt% butyro-
nitrile, while that formed under the copper catalysis contained just 0.72 wt%. When
hydrogen as carrier gas was replaced by nitrogen, the thermodynamic equilibrium
shifted towards nitrile, its content in the product being increased to 9.32 and
4.06 wt%. Only negligible amounts of hydrocarbons were determined in the
products, indicating that, under both Pd and Cu catalysis and the specified reaction
conditions, no hydrogenolytic reactions of amines to form a hydrocarbon and a
lighter amine (or ammonia) take place.

Under identical conditions as in the preceding cases, an experiment was also
performed in which tributylamine alone was introduced into the reactor, with
hydrogen or nitrogen but without ammonia. As expected, tributylamine alone did
not react with either of the catalysts because it cannot disproportionate.

Discussion

It was found that benzonitrile, 2-cyanopyridine (2-pyridinecarbonitrile), and
trimethylacetonitrile are the only commercially available nitriles having molecules
that lack accessible hydrogen on the o-carbon atom with respect to the CN group.
In comparison to the hydrogenation of aliphatic nitriles, the formation of secondary
and tertiary amines through the hydrogenation of aromatic nitriles is disfavored. The
formation of these amines requires nucleophilic addition of an amine to an aldimine
(the intermediate), and aromatic aldimines tend to be less reactive towards nucleophiles
than their aliphatic counterparts. This is caused by the positive mesomeric effect of the
aromatic ring, which is convenient for the conjugation with the carbimine group. After
the addition of the amine, the carbimine group and therefore also the conjugation
vanishes, which makes the process relatively disadvantageous. It is for this reason that
no formation of tribenzylamine upon the hydrogenation of benzonitrile nor the
formation of diethylbenzylamine upon the hydrogenation of a mixture of benzonitrile
and diethylamine was observed in the past [3]. Moreover, as suggested in a paper by
Bakker et al. [9], because of an additional interaction of the delocalized aromatic
n-electrons with the surface of the metal catalyst, benzaldimine is bound to the surface
in a side-on manner. This hampers the formation of the surface aminocarbene species,
and thus the nucleophilic condensation can only proceed by the enamine mechanism.
This is discussed in more detail in our previous paper [1]. It is for this reason that an
aliphatic nitrile, namely trimethylacetonitrile, was chosen for the present mechanistic
study. To produce higher amines, Pd is especially selective and hydrogenations were
therefore performed on this catalyst. As presented in the Results section, the
hydrogenation of trimethylacetonitrile yielded dineopentylamine (96.3 wt%), neopen-
tylamine (2.8 wt%), and no trineopentylamine. This can be explained by the fact that
the formation of trineopentylamine is sterically strongly hindered. Therefore, hydro-
genations were carried out in the presence of “sterically less hindered” secondary
amines such as diethylamine, dipropylamine, and dibutylamine. Generally, two types of
tertiary amines, namely (R'-CH,);N and R'-CH,-N(CH,-R?),, can result from the
hydrogenation of a nitrile R'-CN in the presence of R>-CH,~NH-CH,-R?. We set out
to ascertain whether a mixed tertiary amine (dialkylneopentylamine), the formation of
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Scheme 4 The concept of N,N-diethylneopentylamine formation through the hydrogenation of a mixture
of trimethylacetonitrile and diethylamine

which was expected to be sterically preferred to that of trineopentylamine, was present
in the reaction mixture. Indeed, it was proved that, in the presence of all sterically less
hindered lower amines, the hydrogenation of trimethylacetonitrile yielded, in addition
to neopentylamine and dineopentylamine, also dialkylneopentylamine at a level of
several per cent, that is, a non-negligible amount. Its formation cannot be explained in
terms of the enamine mechanism, since the corresponding enamine cannot be derived
from the key intermediate, i.e., N,N-dialkylneopentane-1,1-diamine (or, for short,
1-aminoneopentyldialkylamine) due to the absence of hydrogen atoms on the neopentyl
chain in the f-position with respect to the tertiary amino group. In contrast, its
formation according to the aminocarbene mechanism is possible, as presented in
Scheme 4.

There are three other reaction routes that, in principle, can account for the
observed formation of dialkylneopentylamine, and these are discussed in the
following:

(1) One of them is direct hydrogenolysis of 1-diaminoneopentyldialkylamine
yielding dialkylneopentylamine and ammonia. Hydrogenolysis of a general
1-dialkylamino-alkylamine, as assumed by Braun [10], is indicated in Scheme 1
by a dashed arrow. This reaction route, however, does not reflect the fact that the
entire process of tertiary amine formation by nitrile hydrogenation is generally
reversible [11]. The hydrogenolytic reaction, leading to tertiary amines in Braun’s
mechanism, is demonstrably irreversible. It is assumed that in the first step of both
the enamine and aminocarbene mechanisms, ammonia is reversibly split off from
the 1-dialkylamino-alkylamine to give an enamine or surface aminocarbene,
yielding a tertiary amine after hydrogenation. Reversibility of this reaction step
ensures reversibility of the entire process of tertiary amine formation. Moreover,
according to the aminocarbene mechanism, the reversibility of the entire process of
tertiary amine formation is also preserved in the case of hydrogenations of nitriles
lacking an o-H atom (hydrogen on the «-C with respect to the CN group).

The general reversibility of the entire process of tertiary amine formation from
nitriles, as well as of each of its individual steps, was proved by Volf and Pasek in their
paper [11] by several independently observed experimental facts: (a) a mixture of a
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primary and a secondary amine is formed when a tertiary amine reacts with ammonia
by disproportionation in the presence of a hydrogenation catalyst; (b) similarly,
secondary amines react with ammonia to yield primary amines; and (c) nitriles are
produced by the dehydrogenation of primary amines. Taking into account that the
partial reaction steps of the disproportionation of amines have the same nature as those
of nitrile hydrogenation, and that by combining the mentioned reactions it is possible
to construct a reaction route leading from a tertiary amine and ammonia to a nitrile,
Volf and Pasek deduced [11] that a nitrile may be formed by a reverse reaction on a
metal catalyst from a tertiary amine and ammonia. Direct proof of this has, however,
proved elusive so far. We have therefore decided to provide it. Since, under the
conditions of batch hydrogenation in the liquid phase at 110 °C and 5 MPa hydrogen
pressure, the thermodynamic equilibrium is unfavorable for the formation of a nitrile
from an amine, we performed a kinetic experiment under conditions favorable for
dehydrogenation and disproportionation reactions. The reaction of a tertiary amine
and ammonia was conducted in the gaseous phase under atmospheric pressure at
225 °C, and the results of this experiment are described in detail in the Results section.
With regard to the hydrogenation of the model nitrile (i.e., trimethylacetonitrile),
trineopentylamine or dialkylneopentylamine would have been a logical choice for
performing the experiment. However, neither of these compounds was available in
a sufficient amount and in a pure form, and so the experiment was performed with
tributylamine. The fact that butyronitrile was detected among the products of
disproportionation of the tributylamine/ammonia mixture (Table 4) represents a
direct proof that the entire process of tertiary amine formation by nitrile hydrogenation
is generally reversible. Hence, in a hydrogenation of trimethylacetonitrile in the
presence of dialkylamine, the irreversible hydrogenolysis of 1-aminoneopentyldialk-
ylamine cannot be responsible for dialkylneopentylamine formation.

(2) In addition to diethylneopentylamine, some small amounts of ethylneopentyl-
amine and triethylamine were found in the reaction mixture from the hydrogenation of
trimethylacetonitrile in the presence of diethylamine (Table 1). Apparently, ethylne-
opentylamine and triethylamine are disproportionation products of the present amines.
The former, together with ammonia, is a product of the disproportionation of
ethylamine with neopentylamine. The latter, together with ethylamine, is a product of
the disproportionation of diethylamine. It could therefore be postulated that the
formation of diethylneopentylamine might also be explained in terms of dispropor-
tionation reactions of the amines present, specifically ethylamine and ethylneopen-
tylamine. In the first step, ethylamine is dehydrogenated to ethanimine. In the second
step, ethanimine reacts with ethylneopentylamine to give 1-aminoethyl-ethylneo-
pentylamine, which, in the third step, is stabilized by cleaving off ammonia to yield the
enamine, i.e., N-ethenyl-N-ethylneopentylamine (Scheme 5).

Finally, the hydrogenation of the enamine gives the diethylneopentylamine. The
free enamine can be derived from 1-aminoethyl-ethylneopentylamine (during the
disproportionation process of the mentioned amines), but not from 1-aminoneopen-
tyldiethylamine (during the hydrogenation of trimethylacetonitrile in the presence of a
dialkylamine). Thus, an objection may be raised that the formation of diethylneopen-
tylamine, observed during the hydrogenation of the mixture of trimethylacetonitrile
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and diethylamine, can be explained by disproportionation reactions of amines present
in the reaction mixture, without invoking the aminocarbene mechanism. However,
this alternative explanation is inconsistent with the fact that the concentration of
diethylneopentylamine in the reaction mixture was six times higher than those of
triethylamine and ethylneopentylamine (see Fig. 1b), which evidently originate only
from disproportionation reactions. In the case of the hydrogenation No. 2 (Table 1), the
concentration of diethylneopentylamine was even as much as 30x higher than that of
triethylamine or ethylneopentylamine. Moreover, as can be seen in Fig. 1, the
concentration curve of diethylneopentylamine correlates with the conversion curve of
trimethylacetonitrile, that is, the rate of its formation decreases with increasing nitrile
conversion. If the observed diethylneopentylamine had originated from disproportion-
ation reactions of the amines present, the rate of its formation would not show a decrease.

In order to provide indisputable evidence that the diethylneopentylamine formed
during the hydrogenation of trimethylacetonitrile in the presence of diethylamine
did not arise from disproportionation reactions of amines, an experiment was
performed to ascertain the extent of the disproportionation reactions of amines
under conditions identical to those employed in the hydrogenation of trimethyl-
acetonitrile. A mixture of neopentylamine and diethylamine was heated at 110 °C
and 5 MPa hydrogen pressure in the presence of the Pd catalyst. After 6 h, the
concentrations of diethylneopentylamine, triethylamine, and ethylneopentylamine
in the reaction mixture were 0.39, 0.37, and 0.31 wt%, in order, whereas during the
hydrogenation of trimethylacetonitrile the content of diethylneopentylamine in the
reaction mixture after 6 h was 1.7 wt% (expt. No. 2). In the case of hydrogenation
No. 3, its content was even much higher.

(3) Sivasankar and Prins [12] studied the kinetics of the hydrodenitrogenation of
N-hexylmethylamine and N,N-dihexylmethylamine on sulfided NiMo/y-Al,O3 at
280 °C and 3 MPa. They found that the formation of some of the observed products
could not be explained in terms of the enamine mechanism because it is impossible to
derive, from the mixed trialkylamine, the corresponding enamine having a double
bond on the side of the methyl group, and the dehydrogenation of the mixed
trialkylamine yielding such an unsaturated product is an essential reaction step in its
formation. The authors therefore suggested that iminium cations also take part in the
dehydrogenation—hydrogenation processes as intermediates. Specifically, an iminium
cation CH, = NTR,is formed if the lone pair on the N atom and the H atom on the o-C
atom (with respect to the amino group) in the molecule of CH;NR, undergo double
oxidation and proton abstraction. Conversely, the iminium cation gives an amine by
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adding an electron and an H atom [12]. If this theory is applied to the hydrogenation of
trimethylacetonitrile in the presence of a dialkylamine as studied here, it would be
possible to explain the observed formation of dialkylneopentylamine even without
assuming the aminocarbene mechanism and the existence of the surface aminocar-
bene complex [1-(dialkylamino)neopentylidene]metal. The key intermediate, i.e.,
N,N-dialkylneopentane-1,1-diamine (for short, 1-aminoneopentyldialkylamine)
would not yield the surface aminocarbene by elimination of ammonia; instead, it
would add a proton to give a cation. Only this cation could split off ammonia to form
the neopentylidene-N,N-dialkyliminium cation. The resulting iminium cation would
add an electron and an H atom and yield the relevant dialkylneopentylamine.
However, this alternative interpretation seems very unlikely because it assumes a
transfer of a proton in a hydrogenation—dehydrogenation process on the surface of a
heterogeneous metal catalyst, as well as ionic character of the hydrogenation and
dehydrogenation reactions, which are, undoubtedly, of a radical nature.

It can be concluded that the results of the kinetic experiments performed testify in
favor of the hypothesis [2] that, in addition to the enamine mechanism, the
aminocarbene mechanism is also involved in the formation of secondary and tertiary
amines by nitrile hydrogenation. The results of the present study have also
demonstrated unequivocally that the entire process of tertiary amine formation by
nitrile hydrogenation is generally reversible: on the surface of a metal catalyst,
nitrile is formed from a tertiary amine and ammonia by a reverse reaction. Under
common working conditions of most hydrogenations (<120 °C, elevated hydrogen
pressure), however, the equilibrium of hydrogenation steps in the reaction scheme is
completely shifted to the products, so that these steps appear to be irreversible.
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Abstract—The reductive amination reaction of acetone by cyclohexylamine over hydrogenation
metal catalysts was investigated. The study is focused on the formation of side products in the reaction.
It was verified that the formation of amines having unusual combinations of alkyls is caused by the
metal-catalyzed rearrangement of the double bond around the nitrogen atom in an imine intermediate
and consequent reactions of the isomeric imine. It was found that the isomerization reactions occur
over virtually all of the hydrogenation catalysts studied, while their respective activities for the imine
isomerization decreases in the order Ni = Co > Ru > Pt = Rh > Pd.

Keywords: Imine isomerization; reductive amination; side products; metal catalysts; acetone; cyclo-
hexylamine.

INTRODUCTION

Reductive amination is a common method for the preparation of many industrially
important amines. This is a reaction of a carbonyl (aldehyde or ketone) with
ammonia, a primary or secondary amine, and hydrogen over a hydrogenation
catalyst. In fact, this is a system of consecutive reactions, in which an imine
(aldimine or ketimine) is the key intermediate formed in the dehydration of an
aminoalcohol, the product of the condensation of an amine with the carbonyl
compound. In the next step, the imine is hydrogenated to the amine required. The
condensation of the carbonyl group with the amine is an acid-catalyzed reaction
(in the case of reactive aldehydes it occurs at a sufficient rate even if no catalyst is
present); the hydrogenation of the imine intermediate occurs over metal catalysts.
In addition to the sequence of the major reactions, in the system numerous
consecutive and side reactions occur that result in the formation of a wide spectrum
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of side products. Due to the basicity of the medium, carbonyl compounds
and imines undergo aldolization reactions, which, through consecutive reactions,
give product amines having alkyls different from those of the initial compounds.
The imine intermediate also undergoes condensation reactions with amines that
are present in the reaction mixture resulting in secondary and tertiary amines.
Amines created in the reaction mixture may furthermore react in disproportionation
reactions where, for example, from two molecules of secondary amine one molecule
of primary amine and one molecule of tertiary amine are formed. The first step in
the disproportionation of an amine is its dehydrogenation to an imine, which may
again react with some of the amines present in the reaction mixture.

The reactions mentioned lead towards the product of reductive amination being a
mixture of primary, secondary and tertiary amines, having alkyls corresponding to
the initial amine and the carbonyl compound, or with alkyls derived from products
of aldol condensations of carbonyl compounds and imines.

In reaction mixtures originating from reductive amination reactions, however,
there are amines which contain unexpected combinations of alkyls. In the reac-
tion mixture from the amination of butyraldehyde by ethylamine [1] over nickel and
cobalt catalysts amines were found, which consisted of all potential combinations
of alkyls derived from the initial compounds. The creation of butylamine, dibutyl-
amine, tributylamine, diethylamine, triethylamine and diethylbutylamine cannot be
explained by means of the mechanism of reductive amination described above. Ac-
cording to this mechanism butylideneethylamine is formed as an imine intermedi-
ate. The inevitable condition for the creation of aforesaid amines is, however, the
presence of ethylidenebutylamine. Ethylidenebutylamine may be formed in the de-
hydrogenation of ethylbutylamine over hydrogenation catalysts. This study shows
that the creation of the compounds discussed cannot be elucidated by means of the
dehydrogenation, because under the conditions applied for the reductive amination
the dehydrogenation occurs to a negligible extent only. Therefore, a hypothesis was
formulated that the creation of the unexpected side products is due to rearrange-
ment of the imine double bond on the nitrogen atom. Side products, whose creation
can be explained by isomerization of an imine intermediate, were observed in other
reductive aminations over nickel catalysts [2]. Isomerization of imine by rearrange-
ment of the double bond on the nitrogen atom is a known reaction [3]. This reaction
has been investigated as a prototype of the biochemical transamination [4, 5] and
as a method for conversion of amines to carbonyl compounds [6, 7] or prepara-
tion of amines from carbonyl compounds [8]. In all these cases, however, the re-
arrangement of imine is catalyzed by strong base. The rearrangement of the double
bond on the imine nitrogen atom was also mentioned by Lawson and Stevens [9] in
1968. They obtained N-cyclohexylidene-N-(diphenylmethyl)amine in the reaction
of 1,1-(diphenyl)methylamine and cyclohexanone. Heating N-cyclohexylidene-N-
(diphenylmethyl)amine to 200°C without a catalyst the double bond on the nitrogen
atom in the molecule of ketimine migrated and a mixture of both the imine iso-
mers was obtained. The authors found that the reaction is not reversible, and the
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shift of hydrogen atom around the nitrogen atom was assigned to the effects of the
two phenyl groups. Comparing the structures of both the isomeric imines it may
be found that the reason for such irreversible rearrangement is the increase in the
molecule stability. N-(diphenylmethylene)-N-cyclohexylamine is stabilized by con-
jugation of the C=N bond with the phenyl groups. Such isomerization is different
from that of the reversible catalytic rearrangement in reductive amination, which
depends on the type of hydrogenation catalyst. As already mentioned, compounds
whose formation is explained by the isomerization of imine were found in reaction
mixtures prepared over Ni and Co catalysts, but not over palladium catalysts [1].
There is no information on other catalysts regarding this. Therefore, this study was
aimed at producing evidence for the isomerization reaction, as well as at determin-
ing if other metal catalysts are also active for the isomerization.

MATERIALS AND METHODS
Apparatus and procedure

Experiments were carried out in a 250-ml high-pressure stainless-steel reactor
equipped with a magnetic propeller, thermowell, degassing valve, manometer and
needle valve for sampling. The reactor was heated by an electric heating jacket; the
temperature in the reactor was maintained at the value required by means of a PID
controller. The catalyst and reactants were placed into the reactor, the reactor was
closed and flushed three times with hydrogen. Then the reactor was heated up and
when the temperature required was reached the propeller was started. This moment
was taken as the onset of the experiments (zero time). Pressure was maintained
within the range +0.5 MPa around the required value by means of adding hydrogen
from a cylinder.

Analysis

The composition of the reaction mixture was monitored using gas chromatography.
The equipment utilized a 30-m-long capillary column, 0.53 mm in diameter
and with a DB-5 (J&W Scientific) non-polar silicone anchored phase. The
temperature program 100°C for 3 min isothermal, 10°C/min up to 250°C was
applied. Components of the reaction mixture were identified by comparing their
elution times with those of standards.

Catalysts and chemicals used

Raney-Ni: AKTIMET ‘M’, 65% dry matter, DODUCO (Pforzheim, Germany);
Raney-Co: 65% dry matter, DODUCO; Pd/C: 5 wt% Pd on charcoal, 48%
dry matter, Heraeus (Hanau, Germany); Pt/C: 5 wt% Pt on charcoal, 48% dry
matter, Heraeus; Rh/C: 5 wt% Rh on charcoal, 47% dry matter, Johnson Matthey
(Karlsruhe, Germany); Ru/C: 5 wt% Ru on charcoal, 47% dry matter, Johnson



772 M. Petrisko and J. Krupka

Matthey; Acetone p.a. (Penta, Prague, Czech Republic); propan-2-ol p.a. (Penta);
cyclohexylamine (BC-MCHZ, Ostrava, Czech Republic), freshly distilled before
use, hydrogen grade 3.0 (Linde-Technoplyn, Prague, Czech Republic).

RESULTS AND DISCUSSION
Model reaction

Because one of the aims was to prove analytically that the isomeric imine is present
in the reductive amination reaction mixture it was necessary to find a reaction sys-
tem in which both isomers of the imine and the corresponding secondary amine
could be separated chromatographically. Among a huge number of systems tested
only for the mixture cyclohexylideneisopropylamine (CH=IPA), isopropylidenecy-
clohexylamine (IP=CHA) and cyclohexylisopropylamine (CHIPA) could all the
components be separated. Therefore, the reductive amination of acetone (AC) with
cyclohexylamine (CHA) was employed as the model reaction (Scheme 1).

Assuming that the imine intermediate is isomerized the side reactions occurring
in the reductive amination are described in Schemes 2—4.

+H20
(CHA) (AC)

(IP=CHA) l
SR
(DIPCHA)
Scheme 1.
(CON)
Ol = O s (- O
(CH=IPA) (IPA) l*“z
{ yon
(CoL)

Scheme 2.
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The existence of imine isomerization should result in the presence of compounds
with alkyls in positions opposite to those of the initial compound. In the case of the
model reaction isopropylamine (IPA) and cyclohexanone (CON) should be formed
from acetone and cyclohexylamine (Scheme 2). If the catalysts are active for the
hydrogenation of the C=0 bond then cyclohexanol (COL) should also be formed.
In consecutive reactions products of the hydrolysis of the isomeric imine secondary
amines, diisopropylamine (DIPA) and dicyclohexylamine (DCHA), and their corre-
sponding imines isopropylideneisopropylamine (IP=IPA) and cyclohexylidenecy-
clohexylamine (CH=CHA), may be created (Schemes 3 and 4). Dicyclohexylamine
is also formed in the cyclohexylamine disproportionation, in which two molecules
CHA give one molecule DCHA and one molecule of ammonia. Ammonia released
in the reaction may further react with acetone producing isopropylamine and subse-
quently diisopropylamine. Due to the alkalinity of the mixture acetone undergoes an
aldolization reaction (Scheme 5), in which methylisobutylketone (MIBK) is formed.

Side products

The typical composition of the reaction mixtures is shown in Table 1, where results
of the experiments carried out over catalysts of Raney-Ni, Ru/C and Pt/C are
summarized. From the qualitative point of view the reaction mixtures prepared
over the catalysts mentioned are identical. In the mixtures all compounds included
in Schemes 1-5 were found. The course of reductive amination over nickel and
ruthenium catalysts was affected by their ability to catalyze hydrogenation of the
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Table 1.
Composition of reaction mixtures from reductive amination of acetone with cyclohexylamine

Concentration of products (mol%) over

Raney-Ni Ru/C Pv/C
2-Propanol 19.14 17.20 0.47
2-Propylamine 3.75 0.48 0.39
Acetone 11.30 7.36 9.24
Cyclohexanol 3.45 0.68 0.00
Cyclohexanone 0.48 0.84 0.06
Cyclohexylamine 30.94 35.36 19.79
Cyclohexylidenecyclohexylamine 0.73 0.23 0.02
Cyclohexylideneisopropylamine 0.07 0.02 0.02
Cyclohexylisopropylamine 4.05 7.23 28.97
Diacetone alcohol 0.01 0.01 0.01
Dicyclohexylamine 0.47 0.22 0.64
Diisopropylamine 0.25 0.09 0.08
Isopropylidenecyclohexylamine 8.62 10.30 4.36
Isopropylideneisopropylamine 0.83 0.18 0.03
Mesityl oxide 0.01 0.07 0.04
Methylisobutylketone 0.23 1.07 1.23
> SP 10.03 2.74 1.23
P 2.48 0.38 0.04

Conditions: 94.3 g, CHA +55.2 g A, T = 150°C, Py, = 0.8 MPa, reaction time 120 min, catalyst
charge: Raney-Ni, 2 g; Ru/C, 1 g; Pt/C, 1 g.

carbonyl group in a significant way. In the case of both the catalysts propan-
2-0l dominated the reaction mixture over the product of the reductive amination
(i.e., cyclohexylisopropylamine). This indicates that under the conditions given
the rate of hydrogenation of the C=0 bond in the ketone is higher than the rate
of hydrogenation of C=N bond in the imine. In the case of platinum catalyst the
hydrogenation of ketone was much slower. It is known that platinum is active for
the hydrogenation of C=0 bonds; in the presence of amines; however, its activity
for this hydrogenation is substantially reduced.

In the reaction mixtures there were products, whose formation may be explained
by means of the imine isomerization, i.e., isopropylamine, cyclohexanon, cyclo-
hexanol, dicyclohexylamine, disopropylamine, isopropylideneisopropylamine and
cyclohexylidenecyclohexylamine. The isomeric imine, cyclohexylideneisopropyl-
amine, was also detected in the mixtures. It is obvious that there are substantial
differences in the composition of the reaction mixtures obtained over various
catalysts. The amounts of compounds discussed () SP = sum of concentration
of CH=IPA, IPA, DIPA, COL, CON, DCHA, CH=CHA, IP=IPA) in reaction
mixtures with comparable concentrations of CHIPA (ccupa) are compared in
Table 2. The highest amounts of these compounds were formed over the nickel
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Table 2.
Amount of side products formed in reductive amination of acetone with cyclohexylamine over Ni, Ru
and PT catalyst

Catalyst Reaction time (min) ccurpa (mol%) > SP
Raney-Ni (2 g) 300 8.4 14.72
Ru/C (1 g) 120 7.2 2.74
Pt/C (1¢g) 30 8.3 0.28

943 g CHA + 552 g A, T = 150°C, p = 0.8 MPa.

G
PO e O

catalyst where the sum of their concentrations reached 14.7 mol%, while the desired
product (CHIPA) concentration was 8.5 mol%. At a comparable concentration
of CHIPA the reaction mixture obtained over the ruthenium catalyst contained
2.7 mol% of such products and the mixture obtained over platinum catalyst
contained merely 0.28 mol%.

The side products discussed may be formed via three reaction pathways. The first
reaction pathway goes through the proposed isomerization of isopropylidenecyclo-
hexylamine to cyclohexylideneisopropylamine (see Scheme 2). The subsequent two
pathways are based on disproportionation reactions of amines, or their first step, the
dehydrogenation of amines to imines. The primary reaction of the second reac-
tion pathway is dehydrogenation of the major product of reductive amination, cy-
clohexylisopropylamine, to cyclohexylideneisopropylamine (see Scheme 6). The
consecutive reactions yielding the side products are the same as in the first case.

In the case of the third reaction pathway cyclohexylideneisopropylamine is not
the precursor of the side products. They are formed due to reaction of acetone
or water with products of the cyclohexylamine disproportionation as ammonia,
cyclohexylidenecyclohexylamine and dicyclohexylamine.

In order to prove that the formation of the side products is a result of the double-
bond rearrangement in the imine it was necessary to determine if disproportionation
reactions of amines occur under the given reaction conditions. Thus, experiments
monitoring the extent of the cyclohexylamine disproportionation over Ru, Ni and
Pt catalysts were carried out. In order initial compositions of the reaction mixtures
in these to be similar to the composition of the reaction mixtures from the reduc-
tive amination, the charge contained CHA, as well as water. The CHA and water
content were comparable to those in the reaction mixtures from the reductive am-

Scheme 6.



776 M. Petrisko and J. Krupka

Table 3.
Comparison of amounts of side products from CHA disproportionation and reductive amination

Catalyst > SP (mol%) from
CHA disproportionation Reductive amination
Raney-Ni (2 g) 0.533 10.03
Ru/C (1 g) 1.055 2.261
Pt/C (1g) 0.012 1.01

943 g CHA + 552 g A, T = 150°C, py, = 0.8 MPa, reaction time = 120 min.

ination and acetone was replaced by propan-2-ol. Table 3 summarizes the results
of the experiments as values of ) SP compared to the same values acquired in cor-
responding reductive amination experiments performed under the same conditions
(temperature 150°C, hydrogen pressure 0.8 MPa, reaction time 2 h). As may be
seen the amounts of side products included in the quantity )  SP in the reaction
mixtures from experiments monitoring the CHA disproportionation over Ni and Pt
catalysts were negligible compared to the side products concentration in the mix-
tures from the reductive amination. In investigating the CHA dehydrogenation over
Ru catalyst the reaction mixture also contained isopropylamine, isopropylidenecy-
clohexylamine and cyclohexylisopropylamine, in similar amounts as those of the
products of the reductive amination. This is evidence that the dehydrogenation of
2-propanol to acetone, which is the precursor of such compounds, also occurred in
this case. It is obvious from the results given that the formation of the side products
discussed in the reductive amination cannot be explained just by the course of the
CHA dehydrogenation. For each of the three catalysts studied the isomerization of
the imine contributed significantly to the formation of side products discussed.

The isomeric imine, cyclohexylideneisopropylamine, was present in the order
of from hundredths to units of mol% only. A possible explanation is that the
imine isomerization is the rate-controlling step in the series of reactions leading
to the formation of the side products. Then almost all the isomeric imine is
hydrogenated to the secondary amine (CHIPA) or reacts to give cyclohexanone
and isopropylamine because the equilibrium of its hydrolysis is significantly shifted
towards cyclohexanone due to excess of water relative to the imine.

Comparison of activities of catalysts for the imine rearrangement

As mentioned above, there are substantial differences in the amounts of side
products formed in the course of the reductive amination over different catalysts
under the same reaction conditions. Therefore, the study was expanded to include
catalysts Pd/C, Rh/C and Raney-Co, and a quantitative comparison of their activities
for the isomerization reaction of the imine was performed. Reaction mixtures
containing products of consecutive reactions of the isomeric imine were obtained
over these catalysts as well. Over palladium catalyst, however, these amounts
were negligible. In order to make trustworthy comparison of the catalysts for a
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Figure 1. Amounts of side products from the reductive amination of acetone with cyclohexylamine
over different catalysts. 94.3 ¢ CHA + 552 g A, T = 150°C, py, = 1.2 MPa. 2 g Raney-Ni
or Raney-Co, 1 g Ru/C, Pt/C, Rh/C, Pd/C. (4) Raney-Ni, (l) Raney-Co, (A) Ru/C, (x) Pt/C, (O)
Rh/C, (@) Pd/C.

partial effect of a complex reaction system it is necessary to compare selectivities
or amounts of side products formed at the same conversion of one of the initial
compounds. However, this is not possible in the case of the reaction system studied
here. The concentration of cyclohexylamine is not substantially changed if Ru and
Ni catalyst are employed. This is probably due to the hydrogenation of acetone
to propan-2-ol over such catalysts. The decrease in the acetone concentration
by this side reaction leads to an equilibrium shift of the condensation of acetone
and cyclohexylamine towards the initial compounds. Therefore, to compare the
catalysts a relative quantity (P), defined as amounts of the side products monitored
(3_ SP) based on the amount of the major product (CHIPA), was used:

P = Z SP/ccHhipa,

where )~ SP = sum of concentrations (mol%) of CH=IPA, IPA, DIPA, COL, CON,
DCHA, CH=CHA and IP=IPA.

Figure 1 shows the results of the experiments carried out at temperature 150°C
and pressure 1.2 MPa as a correlation of the quantity P to the reaction time.

As may be seen, the catalysts are significantly different in terms of their activity
for the imine isomerization. The highest activity (and lowest selectivity of reductive
amination) was demonstrated by the Raney metals, nickel and cobalt. In contrast,
the isomerization reaction almost did not occur over palladium; concentrations of
the monitored side products in the reaction mixture prepared over this catalyst were
negligible. As is apparent from the logarithmic scale of the P values, the catalysts
showed differences of orders of magnitude in activities for the isomerization
reaction. From the point of view of the activity for the imine isomerization the
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catalysts studied may be arranged in the series as follows: Ni = Co > Ru > Pt =
Rh > Pd.

CONCLUSIONS

This study suggests that the formation of unusual side products in reductive
amination is due to the rearrangement of the imine intermediate double bond
and consecutive reactions of the isomeric imine. The isomerization occurs over
all catalysts tested. Over Raney-Ni and -Co, the isomerization of imine is the
dominant path towards the side products; however, over Pt and Pd catalysts the
isomerization occurs to a negligible extent only. The rearrangement of double bond
of the imine obviously originates from the imine interaction with the surface of
the hydrogenation catalysts through the bond C=N. This interaction has probably a
different character over different catalysts.
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Abstract

This paper deals with a study of the hydrogenation of N-substituted aliphatic aldimines, especially in the relation between a heterogeneous
hydrogenation catalyst and the formation of by-products. It was found that Pd and Pt catalysts exhibit high selectivity for the hydrogenation of
aliphatic aldimines of the type R'-CH=N-CH,—R” to the corresponding amine R'-CH,~NH-CH,—R?, while the selectivity of Ni and Co
catalysts is substantially lower. When hydrogenation is catalysed by Ni and Co, then the predominant products, besides R'-CH,-NH-CH,—
R?, are symmetric amines R!'-CH,-NH-CH,-R' and R>~CH,-NH-CH,—R?. The reaction mixtures also contain R'"-CH=N-CH,-R!, R*>-
CH=N-CH,-R? and R>-CH=N-CH,-R' during hydrogenation. Reaction pathways leading to the formation of these by-products were
postulated. The first step is Ni- and Co-catalysed isomerisation of the imine R'-CH=N-CH,-R? to R’>-CH=N-CH,-R', which occurs under
conditions of catalytic hydrogenation, and even at lower temperature when dehydrogenation reactions are excluded (e.g. 50 °C). The
tautomeric imine reacts further with the original imine, yielding R'~CH=N-CH,-R' and R>~CH=N-CH,-R?. It was found that the second
reaction occurs without any metal catalyst present; it is reversible and runs until equilibrium is reached. The third step is hydrogenation of
both the latter imines to the corresponding symmetric dialkylamines. Step-wise mechanisms for the metal-surface-catalysed imine
isomerisation and surface hydrogenation of N-substituted aldimine, which explain differences in the activity of the metals to catalyse
the imine isomerisation, were suggested.
© 2007 Elsevier B.V. All rights reserved.

Keywords: N-Alkylaldimine reactions; Isomerisation; Hydrogenation; Transamination; Transimination; Heterogeneous catalysis; Surface-adsorbed species;
Palladium; Platinum; Nickel; Cobalt

1. Introduction focuses on the hydrogenation of aldimines of the generic formula
Rl—CH:N—CHz—RZ, where R! and R? are short-chain aliphatic
A common industrial method for the preparation of N- alkyls and R' # R?:
substituted amines is the reductive amination of aldehydes and

ketones by primary amines in the presence of hydrogen and a R! - CH=N-CH,-R? Mapt_cq ,—NH—CH,—R? )
heterogeneous metal catalyst. This is a system of multiple cat.

reactions in which an N-substituted imine is the crucial
intermediate, hydrogenation of which yields the corresponding
secondary amine. In reductive amination catalysed by Ni or Co,
the reaction mixture contains numerous undesirable by-products
that originate from some of the imine reactions [1-3]. To gain a
better understanding of the pathways of side reactions in the
reductive amination of carbonyl compounds, the hydrogenation
of N-substituted imines was studied separately. This paper

Since heterogeneous catalysts based on Pd, Pt, Ni, and Co
are typically used in industrial applications of reductive
amination, they were investigated as the catalysts in this study.
The relation between heterogeneous hydrogenation catalysts
and the formation of by-products was determined in the
hydrogenation of N-substituted aliphatic aldimines to clarify
the chemical pathways of side reactions. The study does not
address the enantioselective reduction of prochiral imino-
compounds, in which homogeneous catalysts based on metal

* Corresponding author. complexes are usually employed. These issues are covered in

E-mail address: jiri. krupka@vscht.cz (J. Krupka). the general review of Blaser and Spindler [4].

0926-860X/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2007.07.012
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2. Experimental
2.1. Chemicals

N-Substituted aldimines were prepared by condensation of
the appropriate aldehyde and primary amine according to
standard procedure [5]. Then the raw aldimine was purified by
distillation in a rectification column (15 theoretic plates) with
the structured packing Sulzer LAB-EX. Distillation runs were
carried out under reduced pressure to maintain the reflux
temperature below 100 °C. This yielded products with GC
purity of 99.6-99.95%, depending on the aldimine structure.
The water and primary amine contents in the purified
aldimines were in the region of hundredths and tenths weight
percentage.

Dibutyl-hex-1-enyl-amine was synthesised by condensing
hexanal and dibutylamine using a modified Mannich—Davidsen
method [6,7] whereby equimolar amounts of the reactants and
no solvent were employed. The raw product was purified by
distillation as for the aldimines. Dibutyl-hex-1-enyl-amine was
acquired as 99% pure compound (water content 0.04 wt.%)
with a boiling point of 135 °C at 0.78 kPa.

Aldehydes and amines employed for aldimine and enamine
synthesis were of commercial origin (Sigma—Aldrich—Fluka).
Electrolytic grade hydrogen 4.0 (Linde, Czech Republic) was
used in the hydrogenation reactions.

2.2. Catalysts

Five different heterogeneous metal-based catalysts were
used for the hydrogenation experiments. These were 5% Pd/C
(K-0203, Heraeus), 5% Pt/C (K-0125, Heraeus), Raney Co (H
2-50, BASF), Raney Ni (K-0790 F, Heraeus), and 66% Ni/SiO,
(6404N-P, Kata-Leuna). The catalysts were commercial
samples intended for use in hydrogenation reactions in a
slurry reactor. The Raney-type catalysts were dewatered by
washing them in methanol before use. Prior to hydrogenation
runs at 50 °C, the Ni/SiO, catalyst was activated at 250 °C in
the gaseous phase in a hydrogen flux for 2 h.

2.3. Hydrogenation procedure

Hydrogenation runs were carried out “in substance” (i.e.
without any solvent present) under a constant pressure of 5 MPa
and temperature of 100 or 50 °C in the presence of a pulverised
catalyst. Catalyst concentrations in the reaction mixture were
0.1-0.25 wt.% for Pd and Pt, and 0.7-5 wt.% for Ni and Co. All
kinetic measurements were performed in the kinetic regime. A
laboratory stirred batch reactor (Parr 4564 + 4842) of 160 ml in
volume was used. The reactor was equipped with a sampling
probe with a frit of porous steel, which allowed sampling of
liquid free from catalyst solids. The hydrogenation course was
monitored by measuring the time dependence of hydrogen
consumption and by GC analysis of reaction mixture samples
withdrawn at suitable time intervals. The hydrogenation run
was terminated once the reaction mixture was no longer
consuming hydrogen.

2.4. Measurement of the extent of the amine
disproportionation reaction

A Parr 4564 reactor was charged with 0.5 mol of primary or
secondary amine and 2 g of hydrogenation catalyst and the
reactor was closed. The charge was kept under a hydrogen
atmosphere, heated to 100 or 50 °C, and stirred at this
temperature. After 2 h, a sample of the liquid reaction mixture
was withdrawn and analysed. In this way the extent of the
disproportionation reaction was determined at 50 and 100 °C
for hexylisobutylamine, butylisobutylamine, butylamine, and
isobutylamine when catalysed by Raney Ni, Raney Co, Pt/C,
and Pd/C. Analysis of outlet samples revealed the presence of
neither amine disproportionation products nor any unsaturated
compound formed through dehydrogenation of the initial
substance in any case. The compositions of the inlet and outlet
mixtures were identical.

2.5. Non-catalytic aldimine reactions

2.5.1. Reaction of dibutyl-hex-1-enyl-amine and
butylamine (Procedure A)

A flask equipped with a reflux condenser was charged with
0.1 mol of dibutyl-hex-1-enyl-amine and 0.1 mol of butyla-
mine. The flask was placed into a bath heated to 50 °C and the
reaction mixture was vigorously stirred. The initial dibutyl-hex-
1-enyl-amine contained 0.04 wt.% water. The reaction mixture
was continuously sampled and the samples withdrawn were
analysed. The reaction mixture composition ceased to change
after 2 h.

2.5.2. Reaction of hexylidene—butylamine and
dibutylamine

The mixture of hexylidene-butylamine (0.1 mol) and
dibutylamine (0.1 mol) was stirred at 50 °C by analogy of
the Procedure A. The initial hexylidene—butylamine contained
0.07 wt.% water and 0.09 wt.% butylamine. The reaction
mixture composition ceased to change after 2 h and the final
mixture had the same composition as for the aforementioned
reaction of dibutyl-hex-1-enyl-amine and butylamine.

2.5.3. Reaction of the N-substituted aldimine and primary
amine

The mixture of N-substituted aldimine (0.5 mol, e.g.
butylidene—isobutylamine) and primary amine (0.5 mol, e.g.
butylamine) was stirred at 20 °C and continuously sampled (by
analogy of the Procedure A). Once the reaction mixture
composition ceased to change with time, the temperature was
increased to 50 °C and several samples of the reaction mixture
were withdrawn again. When the reaction mixture composition
remained constant over time, the experiment was terminated.

2.5.4. Reaction of two N-substituted aldimines with
different alkylidene and alkyl substituents (Procedure B)

The typical procedure involved charging a Parr 4564 reactor
with 0.3 mol of isobutylidene—isobutylamine and 0.3 mol of
butylidene—butylamine. The initial isobutylidene—isobutylamine
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Table 1
N-Substituted aldimine hydrogenation in the presence of Pd/C and Pt/C
catalysts

Reactant R'-CH=N-CH,-R> Content of R'-CH,-NH-CH,—R? in

the product™ (mol%)

Hydrogenation Hydrogenation

on Pd/C on Pt/C
Isobutylidene—propylamine 93.8 95.9
Isobutylidene—butylamine 94.4 99.1
Isobutylidene—pentylamine 96.2
Isobutylidene—hexylamine 97.1 98.8
Propylidene—isobutylamine 93.0 96.4
Butylidene—isobutylamine 84.2 87.6
Hexylidene—isobutylamine 89.2 96.6

Reaction conditions: 100 °C, 5 MPa hydrogen, dry catalyst 0.13 wt.% relative
to the substrate.

* After complete aldimine conversion.

® The remainder of the reaction mixture contained predominantly primary and
tertiary amines.

contained 0.01 wt.% isobutylamine and 0.04 wt.% water. The
initial butylidene—butylamine contained 0.11 wt.% butylamine
and 0.07 wt.% water. The reaction mixture was heated under a
nitrogen atmosphere to 100 °C and stirred. The reaction mixture
was continuously sampled and analysed. The reaction mixture
composition ceased to change after 150 min.

Table 2

N-Substituted aldimine hydrogenation in the presence of Raney-nickel catalyst

2.6. Analysis

A Shimadzu GC-17A gas chromatograph equipped with
a flame-ionisation detector was used for quantitative
analysis of liquid samples. A 60-m-long DB-5 capillary
column (J.&W. Scientific) was used for analysis. Compo-
nents of the reaction mixtures were identified by com-
parison of their elution times to analytical standards and by
GC-MS analysis using a Shimadzu QP 2010 instrument. The
water content of liquid samples was determined volume-
trically by automated Karl Fischer titration (TitroLine alpha,
Schott).

3. Results and discussion
3.1. Hydrogenation selectivity

Secondary aldimines with different aliphatic alkyl sub-
stituents were hydrogenated in the presence of Pd, Pt, Ni, and
Co catalysts. The catalyst effects on hydrogenation selectivity
were monitored. The aldimines presented in Tables 1-4 were
used as model substrates. Their configuration has not been
determined yet, but according to information in the literature
[8], they should be E-isomers of higher thermodynamic
stability.

Reactant R'-CH=N-CH,-R*

Content of secondary amines in the product® (mol%)

Total R'-CH,-NH-CH,-R? (R'-CH,-),NH (R*-CH,-),NH
Isobutylidene—propylamine 85.0° 36.2 28.9 19.9
Isobutylidene—butylamine 95.2¢ 47.6 24.4 23.2
Isobutylidene—pentylamine 97.8¢ 65.6 16.1 16.1
Isobutylidene—hexylamine 95.8¢ 65.0 14.3 16.5
Propylidene—isobutylamine 93.8° 40.7 20.7 324
Butylidene—isobutylamine 98.3¢ 76.5 11.3 10.5
Hexylidene—isobutylamine 99.0¢ 86.5 6.8 5.7

Reaction conditions: 100 °C, 5 MPa hydrogen, dry catalyst 1.1 wt.% relative to the substrate.

* After complete aldimine conversion.

® The remainder of the reaction mixture comprises primary and tertiary amines and products of aldol-type condensation of aldimines.
¢ The remainder of the reaction mixture predominantly comprises primary and tertiary amines.

Table 3

N-Substituted aldimine hydrogenation in the presence of a Raney-cobalt catalyst

Reactant R'-CH=N-CH,-R*

Content of secondary amines in the product® (mol%)

Total R'-CH,-NH-CH,-R® (R'-CH,-),NH (R>-CH,-),NH
Isobutylidene—propylamine 85.4° 349 249 25.6
Isobutylidene—butylamine 90.4¢ 38.2 26.4 25.8
Isobutylidene—pentylamine 93.1° 43.0 25.8 243
Isobutylidene—hexylamine 91.1¢ 429 24.1 24.1
Propylidene—isobutylamine 85.0° 31.6 20.8 32.6
Butylidene—isobutylamine 97.7¢ 49.4 242 24.1
Hexylidene—isobutylamine 96.6¢ 48.0 25.0 23.6

Reaction conditions: 100 °C, 5 MPa hydrogen, dry catalyst 5 wt.% relative to the substrate.

? After complete aldimine conversion.

" The remainder of the reaction mixture comprises primary and tertiary amines and products of aldol-type condensation of aldimines.
¢ The remainder of the reaction mixture comprises predominantly primary and tertiary amines.
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Hexylidene-butylamine hydrogenation in the presence of nickel catalysts

99

Hydrogenation parameters

Content of secondary amines in the product™® (mol%)

Catalyst Reaction temperature (°C) Total Butylhexylamine Dihexylamine Dibutylamine
Raney Ni 100 93.3 56.1 18.3 18.9

50 93.3 75.1 8.5 9.7
Ni/SiO, 100 94.1 57.7 17.4 19.0

50 96.3 65.2 14.7 16.4

Reaction conditions: hydrogen 5 MPa, dry catalyst 5 wt.% relative to the substrate.

* After complete aldimine conversion.

® The remainder of the reaction mixture comprises predominantly primary and tertiary amines.

Table 1 summarises the results for aldimine hydrogenation
carried out in the presence of Pd/C and Pt/C catalysts. The table
lists the content of the main hydrogenation product, i.e. the
mixed secondary amine, in the reaction mixture after complete
reactant conversion. Typical reaction profiles for hydrogenation
over Pd and Pt catalysts are depicted in Figs. 1 and 2. Both the
Pd and Pt catalysts demonstrated relatively high selectivity for
hydrogenation of the aldimines studied: the secondary amine
yield was in most cases >90%. The remainder of the
hydrogenate consisted mostly of two by-products: the primary
and tertiary amines. For instance, the product of isobutylidene—
butylamine hydrogenation over Pd/C contained 94.4 mol%
butylisobutylamine, 2.4 mol% butylamine, and 2.4 mol%
butyldiisobutylamine.

The final product composition for the hydrogenation of R'—
CH=N-CH,-R” over Ni and Co catalysts is presented in
Tables 2—4. It is evident that hydrogenation selectivity over Ni
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Fig. 1. Time course of isobutylidene-butylamine hydrogenation over a Pd/C
catalyst; 100 °C, 5 MPa, 0.075 g of dry-matter catalyst (Heraeus K-0203),
0.45 mol of isobutylidene—butylamine. The primary and tertiary amine by-
products are not shown.

and Co catalysts was dramatically lower than for the previous
catalysts. The total content of secondary amines was 85-99%, as
in the case of Pd and Pt catalysts, yet the predominant
components of the hydrogenate were, besides the mixed
secondary amine R'-CH,~NH-CH,-R?, two symmetric sec-
ondary amines of the types (R'-CH,—),NH and (R>~CH,—),NH.
At a reaction temperature of 100 °C the content of symmetric
dialkylamines for hydrogenation over Ni and Co catalysts was of
the order of tens of per cent. For instance, in the hydrogenation of
hexylidene—butylamine over the Raney Ni catalyst at a reaction
temperature of 100 °C and hydrogen pressure of 5 MPa, the
hydrogenation product contained 56.1% butylhexylamine and
18.3% dihexylamine, and approximately the same amount of
dibutylamine. Similar results were obtained for hydrogenation
over the other nickel catalyst on a silica support (Table 4).
Therefore, it is clear that the low selectivity is caused by the type
of metal and not the catalyst form (supported versus Raney-type
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Fig. 2. Time course of isobutylidene—butylamine hydrogenation over a Pt/C
catalyst; 100 °C, 5 MPa, 0.075 g of dry-matter catalyst (Heraeus K-0125),
0.45 mol of isobutylidene—butylamine. The primary and tertiary amine by-
products are not shown.
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Fig. 3. Time course of isobutylidene—butylamine hydrogenation over a Raney
Ni catalyst; 100 °C, 5 MPa, 0.6 g of dry-matter catalyst (Heraeus K-0790 F),
0.45 mol of isobutylidene-butylamine. The primary and tertiary amine by-
products are not shown.

catalyst). A somewhat lower content of symmetric dialkylamines
was obtained by decreasing the reaction temperature from 100 to
50 °C, asillustrated in Table 4. The typical reaction profile for Ni-
and Co-catalysed hydrogenation of aldimines is illustrated for
hydrogenation of a model aldimine in Figs. 3 and 4. Figs. 1-4
depict the time dependence of the reaction component
concentrations during hydrogenation of isobutylidene—butyla-
mine. During hydrogenation over Pt or Pd only the initial
aldimine (solid diamonds, Figs. 1 and 2) and the butylisobu-
tylamine formed (open squares) were present in the reaction

R-CH=N—CH;— R’

R-CH=N—CH;—R’

mixture. However, for catalysis over Co or Ni, the reaction
mixture also contained dibutylamine and diisobutylamine, as
well as three secondary aldimines that formed during hydro-
genation, reached a maximum concentration, and then dis-
appeared from the reaction mixture again (Figs. 3 and 4). These
were isobutylidene—isobutylamine, butylidene—butylamine, and
butylidene—isobutylamine, which is tautomeric to the initial
isobutylidene—butylamine. For aldimine hydrogenation over Ni
and Co catalysts, the hydrogenates contained, besides the by-
products already mentioned, small amounts of primary and
tertiary amines. Compared to hydrogenation over Pd/C and Pt/C
catalysts, the composition of these amines was more varied, and
included structures R'~CH,~NH, and R>~CH,-NH, and all four

Fig. 4. Time course of isobutylidene—butylamine hydrogenation over a Raney
Co catalyst; 100 °C, 5 MPa, 2.8 g of dry-matter catalyst (BASF H2-50),
0.45 mol of isobutylidene—butylamine. The primary and tertiary amine by-
products are not shown.

tertiary amine structures, with substituents Rl—CHz— and/or R*—
CH,—.

3.2. Reactions of aldimines

Before discussing the reaction pathways for by-product
formation in the hydrogenation of N-substituted aldimines, it is
necessary to mention a couple of aldimine reactions.

The first is the spontaneous reaction of N-substituted imine
with primary amines according to

+ R-CH—NH 2
2?7 == | ; NH—CH;R

R—CH (1D
=

1
+ RECHyNH, SNH—CH;R

as reported by Haury [9]. In the first stage of the reaction, the
nucleophilic primary amine is added to the imine group and
forms a geminal diamino compound (aminal), which immedi-
ately dissociates to yield an amine, while the original N-
substituted imine or a new one is formed. This is actually
“replacement” of the alkyl group of the N-substituted imine
molecule with that of the primary amine. We experimentally
studied the reaction properties using several model aldimines. It
was found that when equimolar amounts of butylidene—
isobutylamine and butylamine were mixed at 20 °C, equilibrium
was reached within approximately 5 min, yielding an equili-
brium mixture of 25 mol% each of butylidene—isobutylamine,
butylidene—butylamine, butylamine, and isobutylamine. In the
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reaction of equimolar amounts of butylidene—butylamine and
isobutylamine, a reaction mixture of the same composition was
reached within 5 min. In the reaction of equimolar amounts of
isobutylidene-butylamine and isobutylamine, as well as the
reverse system of isobutylidene—isobutylamine and butylamine,
at 20 °C, an equilibrium mixture containing 25 mol% each of
isobutylidene—isobutylamine, isobutylidene-butylamine, buty-
lamine, and isobutylamine was obtained. The last two reaction
systems reached the equilibrium composition within a somewhat
longer time (approximately 10 min) than the first two systems

of traces of water. The preparation of aldimines and enamines did
not yield compounds entirely free of water. If it is assumed that
the reaction mixture contains some water, then the conversion of
the reactants observed can also be explained in another way [10].
Water can decompose the N-substituted aldimine into the
corresponding aldehyde and primary amine, and the aldehyde
formed reacts with the secondary amine to form the enamine,
with water released again, which attacks further aldimine
molecules. It is significant for the discussion in the next section
that both reaction pathways can be summarised as follows:

1 1

) ,  R&CH, R=CH__ ) ,

R=CH=N—CHyR" +  _°NH <=—== _ >N—CH;R + R-CHyNH, (I1Ib)
R=CH, R=CH,

with butylidene aldimines. The reason is clearly steric hindrance
of the imine group of isobutylidene—alkylamine in the nucleo-
philic attack, compared to the easier addition onto butylidene—
alkylamine. The experiments carried out demonstrated that for
aliphatic aldimines of simple structure, such as those studied in
this paper, equilibrium of the acid-base reaction (II) is
established relatively fast, even at low reaction temperatures.
The reaction of an N-substituted imine with the secondary
amine according to Eq. (Illa) is analogous to reaction (II):

2
R-CH=N—CH;—K® 4+ R“-CHyNH-CH; R’

It was further found that heating of a mixture of two different
N-substituted aldimines of the types R'-CH=N-CH,-R' and
R?-CH=N-CH,-R? yielded an equilibrium mixture containing
both initial aldimines and aldimines of the types R'-CH=N—
CH,-R? and R>-CH=N-CH,—R', which differ only in the
double bond position. In contrast, if the initial compounds were
tautomeric ‘“‘unsymmetric”’ aldimines, two corresponding
“symmetric’ aldimines were found in the reaction mixture
after heating. Thus, for instance, if an equimolar mixture of

2
SN NH—CH; K
R=cH = RECH i (ITla)
N 1 2 = _N—CH;R
, N—CH7R + R=CHyNH, = | RZcH ?
R=CH, 2

However, in elimination of the primary amine from the
unstable intermediate, an a-3-unsaturated tertiary amine, which
is known as an enamine, is formed instead of an aldimine. There
is no hydrogen atom bound to the ““tertiary” nitrogen atom in the
intermediate molecule, and therefore elimination of the primary
amine must involve splitting of the hydrogen from the 3-carbon
atom relative to the nitrogen atom. We verified the possibility of
such a transformation for one example of an actual reaction
system. Indeed, when an equimolar mixture of dibutyl-hex-1-
enyl-amine and butylamine was heated to 50 °C, the majority of
the enamine and butylamine was converted to hexylidene—
butylamine and dibutylamine. For heating of an equimolar
mixture of hexylidene—butylamine and dibutylamine to 50 °C,
only very small portions of the reactants were transformed to the
corresponding enamine and butylamine. The equilibrium
mixture composition at 50 °C was 48.1 mol% hexylidene—
butylamine, 48.1 mol% dibutyl-hex-1-enyl-amine, 1.0 mol%
dibutylamine, and 1.0 mol% butylamine. It can be stated that in
the presence of a secondary amine, a portion of the N-substituted
aldimine can be converted into the enamine and primary amine,
although the equilibrium of this reaction is shifted heavily in
favour of the reactants. However, the experiments carried out
could not confirm whether the conversion involves an aminal
intermediate according to Eq. (IIla) or occurs due to the presence

isobutylidene—isobutylamine and butylidene—butylamine or of
isobutylidene—butylamine and butylidene—isobutylamine was
heated for 150 min at 100 °C, then the equilibrium mixture
contained 24.6 mol% isobutylidene—isobutylamine, 24.5 mol%
isobutylidene—butylamine, 24.5 mol% butylidene—isobutyla-
mine, and 24.4 mol% butylidene-butylamine. A schematic
description of this conversion is

R'-CH=N-CH,—-R! + R>-~CH=N-CH,—R?
A
2R'-CH=N—CH,—-R? + R'—CH,—~N=CH-R?
(IVa)

Generally, the heating of two N-substituted aldimines to
yield mutual “exchange” of their alkyl substituents can also be
represented as

R'-CH=N-CH,-R? + R*~CH=N—-CH,-R*

A
2 R'-CH=N-CH,—R* + R*~CH=N—-CH,—R?
(IVb)
where R' # R? and R* # R™.

Unfortunately, it cannot be confirmed that the ““‘transimina-
tion” in Eq. (IVa) occurs in the bimolecular mechanism; or
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Eq. (IVa) is simply a summary of two partial reactions of the
same type as Eq. (I), in which there is a primary amine. The
aldimines synthesised in the study always contained at least
traces of the primary amine and water. If, for example, there is a
certain primary amine present in the initial reactant mixture, the
aldimine conversion observed can be explained as follows. In
the first step, the primary amine R*>~CH,~NH, reacts with the
initial R'-CH=N-CH,-R', forming R'-CH=N-CH,—R? and
R'-CH,-NH.. In the second step, the primary amine released
attacks the second of the initial aldimines, RZ—CH:N—CHz—Rz,
and yields R*—~CH=N-CH,-R' and R>-CH,—NH,, which again
enters into the reaction and the cycle is closed. Water effects can
be described in a similar way. On the other hand, it cannot be
excluded that ‘“‘transimination’ occurs, even in the absence of
the primary amine or another agent that is an acidic hydrogen
donor. Such a reaction could be interpreted by the transitional
formation of a four-member cyclic adduct, which is split in a
different way to that involved in its formation. The “‘transimina-
tion” reaction of an a-p-unsaturated aldehyde and a suitable
ketimine was explained similarly in an early study [11].

All three reactions presented in this section, namely the
“transimination” reaction in Eq. (IVa) and the acid-base
“transamination” reactions in Eqgs. (II) and (ITIb), can occur in
reductive amination or imine hydrogenation. However, in
contrast to the hydrogenation of the C=N double bond, which
occurs exclusively in the presence of a hydrogenation catalyst,
the rate of reaction of these three equilibrium reactions remains
unaffected by the metal catalyst.

3.3. Origin of by-products in aldimine hydrogenation

Results of the hydrogenation experiments revealed that the
predominant by-products of Ni/Co-catalysed hydrogenation of
the aldimine R'-CH=N-CH,-R? are the symmetric secondary
amines R'-CH,~NH-CH,-R! and R>~CH,~-NH-CH,-R?. It is
clear from the reaction profiles in Figs. 3 and 4 that both
symmetric secondary amines are formed in the hydrogenation
of the corresponding “symmetric” aldimines R'-CH=N—CH,—
R! and RZ—CH:N—CHZ—RZ, which are present in the reaction
mixture during hydrogenation according to the following
scheme:

R'-CH=N-CH,—R! *—Ht% R'—CH,~NH-CH,-R!,
cat.

RZ—CH:N—CHZ—R2+—I:2> R®-—CH,—NH-CH,—R? (V)
cat.

The discussion in the previous chapter demonstrated that the
formation of “symmetric”” aldimines R'-CH=N-CH,-R' and
R?-CH=N-CH,-R? can be explained by reaction (IVa) of the
initial aldimine R'~-CH=N-CH,-R” and aldimine R>~CH=N-
CHZ—RI, which has a double bond on the other side of the
nitrogen atom compared to the initial aldimine. As observed
from Figs. 3 and 4, such an aldimine isomer is actually present
in the reaction mixtures during hydrogenation. The question
arises as to how this isomeric aldimine appears in the reaction
mixture. The easy explanation is that it was formed in
dehydrogenation of the main product—the unsymmetric

secondary amine R'-CH,—NH-CH,—R?. It is known that amines
in the presence of a metal catalyst may be dehydrogenated at
higher temperatures [10,12]. This is the essence of the well-
known catalytic disproportionation of amines [10] that can be
summarised as

2R—NH, = R—NH-R + NH; (VIa)
cat. Ro

2 R-NH-R === R-NH, + _N-R (VIb)

Ro cat.

R/N—R + NH; === R-NH-R + R-NH, (VIo)

The first stage of these disproportionation reactions is amine
dehydrogenation to the corresponding imine (or enamine in
some cases). Yet it follows from many studies [1,2,10,12,13]
that the extent of the disproportionation reactions of amines
over metal catalysts is negligible under elevated hydrogen
pressure and at temperatures below 120 °C. Amine dispro-
portionation occurs at substantially higher temperatures and
low hydrogen pressures when amine dehydrogenation to the
imine is thermodynamically feasible. It was also verified in
separate experiments in the present study that amines do not
react at all over metal catalysts under reaction conditions
identical to those used for hydrogenation of N-substituted
aldimines. Indeed, it was found, for instance, that exposure of a
mixture of butylamine, a Raney Ni catalyst, and hydrogen to
100 °C for 2 h did not lead to the formation of any amount of
dibutylamine, ammonia, or butylidene-butylamine. It is
therefore unquestionable that the presence of the isomeric
aldimine R>-CH=N-CH,-R' in the hydrogenation of R'-
CH=N-CH,-R? at temperatures of up to ~100 °C cannot be
explained by dehydrogenation of the amine R'-CH,—NH-
CH,-R?. Consequently, the presence of the hydrogenation by-
products observed cannot be explained by disproportionation
reactions. However, the presence of the isomeric aldimine R%-
CH=N-CH,-R' can be accounted for according to reaction
(VIIa), the existence of which was expected by Volf et al. in
their 1977 study of the selectivity of reductive amination of
aldehydes by aliphatic amines [1]. In the reductive amination
process, an N-substituted imine (aldimine or ketimine) is an
intermediate.

Ni,Co

R'-CH=N-CH,—R? & R!-CH,N=CH-R? (VIIa)

Howeyver, the isomerisation of aldimines and ketimines in
Eq. (VIIa) is not spontaneous. According to the authors, it
requires the presence of a Ni or Co catalyst. They attribute the
formation of a wide spectrum of undesirable by-products to this
reaction in the reductive amination of butyraldehyde and 2-
ethylhexenal by aliphatic amines in the presence of catalysts
based on Ni and Co. Later, the existence of side reaction (VIla)
in reductive amination processes was proved by Petrisko and
Krupka [2]. The authors furthermore found that this
isomerisation is catalysed to various extents by all transition
metal catalysts, which are commonly used for hydrogenation



J. Krupka, J. Patera/Applied Catalysis A: General 330 (2007) 96-107 103

reactions, with activity for isomerisation decreasing in the order
Ni~ Co > Ru > Pt ® Rh > Pd. Nevertheless, there is a
difference of several orders of magnitude between the activity
of Ni and Co and that of Pd, Rh and Pt, so imine isomerisation
in the reductive amination of aldehydes and ketones catalysed
by Pd, Pt, and Rh is negligible.

On the basis of the aforementioned analysis and discussion,
it can be stated that the pathways of side reactions leading to the
formation of undesirable symmetric secondary amines in Ni/
Co-catalysed hydrogenation of aldimines of the type R'—
CH=N-CH,-R? were satisfactory elucidated. The crucial step
in these pathways is the Ni/Co-catalysed imine isomerisation.
The tautomeric imine RZ—CH:N—CH2—Rl formed further
reacts with the initial imine, yielding R'-CH=N-CH,-R' and
R>-CH=N-CH,-R?. All imines are subsequently hydroge-
nated. The isomerisation (VIla) of R'-CH=N-CH,-R? to R*~
CH=N-CH,-R' occurs exclusively in the presence of a metal
catalyst whereas the reaction (IVa) of Rl—CH:N—CH2—R2 with
R*-CH=N-CH,-R' remains unaffected by the metal catalyst.

It can be deduced from concentration profiles of unsaturated
reaction components during hydrogenation (Figs. 3 and 4) that
reaction (IVa) is close to equilibrium, while the isomerisation in
Eq. (VIIa) is probably the limiting step for formation of the
aforementioned by-products.

The primary and tertiary amines that appeared in the
reaction mixtures catalysed both by Ni and Co and by Pd and Pt
can be considered to be the second group of by-products of the
hydrogenation of Rl—CH:N—CHz—Rz. Reaction (IIIb) of the
initial aldimine and the secondary amine formed, accompanied
by subsequent hydrogenation of the enamine, is responsible for
their formation. If the catalyst is Ni or Co, the reaction mixture
contains more N-substituted aldimine and secondary amine
structures; thus, reaction (IIIb) followed by hydrogenation of
the enamines formed may provide a greater number of tertiary
and primary amines. Such structures were identified in reaction
mixtures for hydrogenation over Ni/Co catalysts (Section 3.1).

3.4. Structure—selectivity relationship in the hydrogenation
of N-substituted aldimines

Hydrogenations of two series of N-substituted aliphatic
aldimines were carried out. Aldimines of the first series differed
in the structure of the alkyl substituent; the alkylidene
substituent was isobutylidene. Aldimines of the second series
differed in the structure of the alkylidene chain, while an
isobutyl group was the alkyl substituent. The experimental
results demonstrate that the effects of alkyl and alkylidene
substituents on the selectivity of hydrogenation catalysed by Ni
and Co (Tables 2—4) are especially noteworthy, i.e. the effect on
the ratio of desirable product (unsymmetric secondary amine)
to undesirable symmetric secondary amines (at 100% aldimine
conversion). The ratio is denoted as UN/S (unsymmetric/
symmetric amines) and can be considered as a reciprocal
measure of the extent of the isomerisation reaction in
Eq. (VIIa). It is evident from Tables 2 and 3 that for all
aldimines studied, the UN/S ratio is higher for hydrogenation
catalysed by Raney Ni than for catalysis by Raney Co, which

indicates higher Co activity for this isomerisation compared to
Ni. The following can also be deduced from the results
presented in Tables 2—4:

(a) As the size of the alkyl or alkylidene chain increases, the
UNY/S ratio increases, i.e. the extent of imine isomerisation
decreases. For aldimines with linear aliphatic substituents
having more than five carbon atoms, no further change in
the UN/S ratio was observed.

(b) Imine isomerisation is a reversible reaction, but the reaction
equilibrium is slightly shifted in favour of the structure in
which the C=N double bond is less sterically hindered. For
example, the amount of side products originating from
imine isomerisation is much greater for hydrogenation of
isobutylidene—butylamine than for butylidene—isobutyla-
mine.

(c) Equilibrium of the isobutylidene—hexylamine isomerisation
to hexylidene—isobutylamine is slightly shifted towards the
latter structure. Therefore, it seems that for an aldimine with
the branched isobutylidene chain, the C=N bond is more
sterically hindered than in an aldimine with the linear C6-
ylidene chain. By analogy, it can be expected that the
equilibrium for aldimine—ketimine isomerisation would be
shifted in favour of the aldimine, in which the double bond
is less sterically hindered. It can also be assumed that for
hydrogenation of more complex ketimine structures, the
extent of the isomerisation reaction may be negligible for
steric reasons and the hydrogenation of such ketimines may
then be selective, even on Ni and Co catalysts.

3.5. Mechanistic aspects

3.5.1. Nature of the metal-catalysed imine isomerisation

It was investigated whether the imine isomerisation discussed
occurs over metal catalysts in the absence of hydrogen. For this
purpose, 0.5 mol of isobutylidene—butylamine and 3.2 g of Ni/
SiO; catalyst were stirred in a pressurised reactor at 100 °C under
a nitrogen atmosphere. After 4 h, no butylidene—isobutylamine,
butylidene—butylamine, or isobutylidene—isobutylamine was
detected in the reaction mixture. There was no isomerisation
of isobutylidene—butylamine over a Ni/SiO, catalyst in the
absence of hydrogen. Another aim was to determine whether
the imine isomerisation occurs over Raney Ni and Co catalysts in
the absence of hydrogen. However, it is known that the
characteristic preparation of catalysts of the Raney metal type
leads to a substantial amount of adsorbed hydrogen on the surface
of these catalysts. In fact, it was found that stirring and heating of
isobutylidene—butylamine at 100 °C under a nitrogen atmo-
sphere in the presence of fresh Raney Ni, a proportion was
converted to butylisobutylamine (~2%). This indicates there is
hydrogen present in the system. Other proportions of the
isobutylidene—butylamine were converted to butylidene—iso-
butylamine, butylidene—butylamine, and isobutylidene—isobu-
tylamine (~10%). A subsequent experiment verified that if
hydrogen is removed from the Raney Ni, isomerisation and
hydrogenation of the imine no longer occur. The Raney Ni was
stirred and heated at 100 °C for 3 h in a mixture of isopropyl
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alcohol and cyclopentene under a nitrogen atmosphere. Some of
the cyclopentene was converted to cyclopentane. The catalyst
was then separated from the liquid mixture and carefully washed
with isopropyl alcohol to remove all hydrocarbons present. This
treated catalyst was mixed with isobutylidene—butylamine and
stirred and heated for 3 h under a nitrogen atmosphere in a
pressurised reactor. No butylidene—isobutylamine, butylidene—
butylamine, or isobutylidene—isobutylamine was detected in the
reaction mixture. Only when the nitrogen atmosphere above the
reaction mixture was displaced with hydrogen (5 MPa) did the
aldimine start to undergo hydrogenation and isomerisation at the
same time. The results of this experiment are summarised in
Table 5.

Analogous results were obtained when isobutylidene—
butylamine was replaced with hexylidene—butylamine, hex-
ylidene—isobutylamine, or butylidene—isobutylamine, or when
Raney Ni was replaced with Raney Co. It is clear from these
results that aldimine isomerisation occurs over Ni and Co
catalysts only in the presence of hydrogen. Therefore,
Eq. (VIIb) provides a more correct representation of such a
conversion than Eq. (VIIa):

1 Ni.Co ) 2
R'—CH=N-CH,;—-R* 2 R'—CH,N=CH-R
Hy

(VIIb)

The fact that the imine does not react over Ni or Co in the
absence of hydrogen indicates that isomerisation on the catalyst
surface probably only occurs for adsorbed species that are in the
form of a semi-hydrogenated state. This isomerisation is
therefore part of the processes that occur on the catalyst surface
during hydrogenation of N-substituted aldimines. Thus, proposal
of a mechanism for the isomerisation must be developed in the
context of the mechanism for surface hydrogenation of the C=N
bond. However, a detailed description of the elementary steps
occurring among adsorbed species on a solid catalyst during
hydrogenation of compounds containing multiple carbon—

Table 5

nitrogen bonds is still the subject of speculation. No concrete
mechanism for hydrogenation of N-substituted aldimines over
solid catalysts has been presented in the literature so far.

3.5.2. Proposal of the aldimine hydrogenation mechanism

We suggest a mechanistic model for the surface-catalysed
hydrogenation of N-substituted aldimines that explains the
isomerisation observed. This model is schematically illustrated
in Fig. 5 as a sequence of partial steps. It is based on a simplified
idea of the mechanism of sequential addition of hydrogen
atoms to the double bond, which is known from hydrogenation
of a C=C double bond [14]. Our speculative idea of a step-wise
mechanism for the hydrogenation of N-substituted aldimines is
as follows.

The first step in the mechanism proposed is adsorption of the
free aldimine onto the catalyst surface (Eq. (VIIIa)), yielding a
surface w-complex or any other type of aldimine-like surface
complex, e.g., the aldimine coordinated to a metal via the
nitrogen lone pair and via the w-system of the C=N bond. The
next step is breakage of the imine C=N double bond by forming
the di-o-adsorbed complex B bound to the catalyst surface
through the nitrogen atom and a-carbon (Eq. (VIIIb)), or
potentially yielding an aminocarbene complex R'(R*-CH,—
NH)C=M (for the sake of simplicity, this is not depicted in the
scheme in Fig. 5). Hydrogen addition to species B yields the
semi-hydrogenated species C bound to the catalyst surface
through the nitrogen atom (Eq. (VIIlc)) and/or the semi-
hydrogenated species D bound to the catalyst surface through
the a-carbon (Eq. (VIIId)). Hydrogen addition to the possible
aminocarbene surface complex would also give species D.
Addition of a second hydrogen atom to the semi-hydrogenated
species C (Eq. (VIIg)) or D (Eq. (VIlle)) yields the secondary
amine E, which may desorb from the catalyst as in Eq. (VIIIf).
Abstraction of a hydrogen atom from the semi-hydrogenated
species C with the N-M bond may yield the di-c-adsorbed

Experimental evidence of the necessity for hydrogen for metal-surface-catalysed imine isomerisation

Compound Reaction mixture composition (mol%)

Step 1* (Nitrogen®) Step 2° (Nitrogen®) Step 3¢ (Hydrogen®)

0° 180° 0° 180° 0° 30°
2-Propanol 50 50.00 0.30 0.29 0.29 0.28
Cyclopentene 50 33.15 0.15 0.14 0.14 0.03
Cyclopentane 0.00 16.85 0.25 0.26 0.26 0.37
Isobutylidene—butylamine 99.25 99.18 99.18 23.82
Butylidene—isobutylamine 0.00 0.00 0.00 7.10
Butylidene—butylamine 0.00 0.00 0.00 6.46
Isobutylidene—isobutylamine 0.00 0.00 0.00 16.55
Butylisobutylamine 0.00 0.00 0.00 28.57
Dibutylamine 0.00 0.00 0.00 12.16
Diisobutylamine 0.00 0.00 0.00 4.47

Common reaction conditions: 100 °C, 1.4 g of Raney Ni catalyst (K-0790 F, Heraeus).
4 2 MPa of nitrogen; charge: fresh catalyst, 44.0 g of cyclopentene, 38.8 g of 2-propanol.

® Atmosphere.

¢ Liquid reaction mixture was replaced by 44 g of isobutylidene-butylamine, then the mixture of catalyst and imine was heated under a nitrogen atmosphere

(2 MPa).
¢ Nitrogen atmosphere was exchanged for hydrogen (5 MPa).
¢ Reaction time (min).
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R—CH=N—CH;R (free aldimine)

105

R-CH;-NH-CH;R®

(D) ‘ (free amine)
+ Me-surface +H ALl
(Vlla)
(on Pd’Pt) (VIIId) - Me-surface
(VIIIf)
R ~R’ R! R’
CHEE—El, SCH-N—CH,
(A) i o —— | | © (B
M M M (VIIIb) M M M
+H
(on Ni'Ca)
1 , (VIlIc)
R-CH;-N=CH-R (free isomeric aldimine)
1 2
R R
SCHyN—CH;
- Me-surface S (C)
h
(VIIIK) sl
+H
R —R? R’ R’
CH;N=CH SCcHEN—CH T
) e R — | (H)
M MM (VIILj) M M M

Fig. 5. Mechanistic proposal for metal-surface-catalysed hydrogenation of N-substituted aldimines (M, active site containing one or more metal atoms).

complex B in Eq. (VIIIc) again, or the “isomeric” complex H
in the reaction in Eq. (VIIIh). Desorption of the imine-like
species H releases the isomeric aldimine (Eqs. (VIIIj) and
(VIIIK)) into the reaction mixture.

The species responsible for adding hydrogen is not specified
in our proposal. It can be, for instance, hydrogen adsorbed onto
other active sites when hydrogen does not compete with
unsaturated species for the same active sites on the catalyst
surface. Another possibility is that hydrogen atoms are
provided by certain surface complexes acting as hydrogen
donors, as indicated by some studies [15—18] (for more details,
see the Huang and Sachtler general concept of overlayer
catalysis [17]).

We assume that all partial reaction steps are reversible,
apart from addition of the second hydrogen to the semi-
hydrogenated species, under the reaction conditions given. In
other words, we assume that hydrogen atom abstraction from
the adsorbed amine does not occur under the reaction
conditions for hydrogenation of aldimines. The conditions
given involve elevated hydrogen pressure and reaction
temperatures up to 120 °C, under which no disproportiona-
tion or dehydrogenation reactions of amines occur. It seems
likely that the rate-controlling step in the disproportionation
reactions of amines could be hydrogen atom abstraction from
the adsorbed amine.

Our proposed mechanism for surface-catalysed hydrogena-
tion of N-substituted aldimines explains the experimental
finding that aldimine isomerisation occurs solely in the
presence of hydrogen and a metal catalyst. Although the

mechanism proposed is mere speculation, certain aspects are
supported by existing findings and ideas on the adsorption of
nitrogenous compounds onto metals [19-25] and by ideas on
the mechanism of surface-catalysed hydrogenation of carbon—
nitrogen multiple bonds [26-28]. Klostermann et al. studied the
adsorption of primary aliphatic amines onto the surface of Ni/
Si0, and proposed a mechanism for amine dehydrogenation to
the corresponding nitrile based on dissociative chemisorption
[19]. The authors assumed that there are species of the
following types on the catalyst surface:

R

R R
SCH-NH,  CHyNH

: | TH—ITH C=NH CH=T C|=T
M M M M M M l\|/[ M M M M M
(K) (L) ™M) ™) 0) (P)

Surface species B, C, D, and H, which occur in our proposed
reaction mechanism (Fig. 5), can be considered as N-
substituted analogues to the species K, L, M assumed by
Klostermann et al. Jobson and Baiker assumed that at higher
temperatures, (C,N)-diadsorbed species [20,21] may be formed
in the dissociative adsorption of dimethylamine on copper/
alumina catalysts. We deduce that species B and H in Fig. 5
correspond to surface species formed in the dissociative
adsorption of secondary amines on metals at higher tempera-
tures (>150 °C). Needless to say, aldimine hydrogenation
occurs in the nitrile hydrogenation process as well. In industrial
applications, the process is most frequently carried out over
heterogeneous catalysts. In nitrile hydrogenation, the primary
aldimine is formed first. The aldimine probably exists merely in
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the form of species adsorbed on the catalyst surface, where it is
further hydrogenated to yield the primary amine [26,29-31]. A
proportion of the primary aldimine may condense with the
primary amine. The resulting geminal diamino compound is
stabilised by releasing ammonia, yielding the N-substituted
aldimine, which gives a secondary amine in the subsequent
hydrogenation. It is well known that in hydrogenation over
heterogeneous catalysts of the metal/support type, the active
sites for condensation reactions are located on the metal surface
[32]. Elementary steps of nitrile hydrogenation on a metal
surface have not been studied in situ so far, yet some authors
[26-28] assume that nitrile hydrogenation may occur through
both partially hydrogenated N-bonded and partially hydro-
genated C-bonded surface intermediates. Chojecki et al. [27]
monitored the co-adsorption of butyronitrile and hydrogen on
Raney-Co catalysts by means of inelastic neutron scattering
(INC) to characterise the surface reaction pathways occurring
during butyronitrile hydrogenation. On the basis of INC
measurements combined with ab initio theoretical calculations
supporting assignment of the vibrations of adsorbed molecules,
the authors proposed a mechanism of surface reactions for
butyronitrile hydrogenation to butylamine. The surface inter-
mediates considered, especially the expected structures of
semi-hydrogenated primary aldimine species and primary
aldimine-like species, are interesting in the context of the
present study. For the former, the authors expected structures of
the types K and L, which were already discussed above. For the
latter, three structures were expected: nitrene R—CH,—N=M,
aminoalkylcarbene R(NH,)C=M, and a primary aldimine
coordinated to a metal via the nitrogen lone pair and the -
system of the C=N bond. In the nitrene species, the a-carbon is
already saturated. In contrast to the other two structures, the
nitrene species (due to the strong N=M bond) is not capable of
condensing with a nitrogenous nucleophile and thus cannot lead
to the formation of secondary and tertiary amines (the reactive
carbon atom is protected). Structure L is created by the addition
of a hydrogen atom to the nitrene species. Therefore, it seems
that the “M-N route”” mechanism (keeping the M-N bond)
leads to selective formation of the primary amine [27] in nitrile
hydrogenation.

The last point to be discussed in our study is the question as
to why Ni and Co catalyse the isomerisation of aldimine in the
hydrogenation of N-substituted aldimines, while Pd and Pt
essentially do not. We can offer the following explanation.
According to the proposed scheme of surface reactions in the
hydrogenation of N-substituted aldimines (Fig. 5), the
essential conditions for isomerisation are that at least some
semi-hydrogenated aldimine is bound to the catalyst surface
through the nitrogen atom. Differences in the capability of
various metals to catalyse aldimine isomerisation can be then
explained by the difference between metals for the preferential
formation of species bound to the surface through the nitrogen
atom or through the a-carbon atom. According to this concept,
Pd and Pt would favour the formation of species bound to the
surface through the a-carbon atom, while Ni and Co would
favour the formation of species bound to the surface through
the nitrogen atom. Thus, the high selectivity of Pd/Pt-catalysed

hydrogenation of N-substituted aldimines can possibly be
attributed to the absence of semi-hydrogenated aldimine
species bound to the Pd/Pt surface through the nitrogen atom,
i.e. species necessary for aldimine isomerisation. In other
words, we speculate that in the hydrogenation of carbon-
nitrogen multiple bonds, Pd and Pt favour the ‘“M-C route”,
while Ni and Co favour the “M-N route”. With increasing
temperature, the reaction steps probably cease to be controlled
kinetically. At the higher temperatures characteristic for
dehydrogenation processes, there are likely many various
types of species in equilibrium on the catalyst surface,
regardless of the metal type.

The concept presented also satisfactorily explains differ-
ences in metal selectivity for nitrile hydrogenation to primary
and higher (secondary and tertiary) amines. It is known that Co
and Ni favour the formation of primary amines in nitrile
hydrogenation, while Pt and Pd favour the formation of
secondary and tertiary amines [32]. If Ni and Co preferably
follow the “M-N route” in nitrile hydrogenation, then those
species bound to the surface through the nitrogen atom
dominate among the primary aldimine-like species on the
catalyst surface. These species do not undergo condensation
reactions leading to the creation of higher amines. This can
explain the high selectivity of Ni and Co for primary amines.
Chojecki et al. [27] explained the high selectivity observed for
butyronitrile hydrogenation to primary amines catalysed by
LiOH-modified Raney Co on this basis. Our speculation that Pd
and Pt tend to preferentially form primary aldimine-like species
bound to the surface through their a-carbon atom can explain
the low primary-amine selectivity observed for Pd and Pt.
These preferred species can add nitrogenous nucleophiles while
forming a new C-N bond. Numerous studies of the vibrational
spectra of adsorbed nitriles and amines have indicated which
adsorbed species appear on the surface of various metals
[19,22-25,33-37]. To summarise, under different conditions,
adsorbed nitrogen-containing species can bind to the metal
surface through both the nitrogen atom and the carbon atom.
However, the conditions under which these spectra were
measured were generally very different to those used for
hydrogenation of aldimines or nitriles. Thus, the studies
mentioned can neither support nor disprove our speculative
proposal of the aldimine hydrogenation mechanism. However,
from extended Hiickel calculations it was suggested that for Ni,
carbenes and nitrenes can be formed as surface species, with
nitrenes being the preferred species [38].

It should be mentioned that the nature of the metal-
surface-catalysed imine isomerisation is entirely different
from that known for isomerisation of Schiff bases catalysed
by strong bases (e.g. potassium tert-butoxide) [39-42]. Since
metal-surface-catalysed hydrogenation is a radical reaction,
it is obvious that metal-surface-catalysed imine isomerisation
must also be of such character. As demonstrated above, we
can speculate that this follows an addition—abstraction
mechanism. In contrast, the mechanism of base-induced
carbon—nitrogen migration in Schiff bases was shown to
involve the formation of a delocalised 2-aza-allyl anion as an
intermediate [41].
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4. Conclusions

Heterogeneous Pd and Pt catalysts demonstrate high
selectivity for amines R!-CH,~NH-CH,-R? in the
hydrogenation of short-chain aliphatic aldimines of the type
R'-CH=N-CH,-R”. The selectivity of heterogeneous Ni and
Co catalysts is substantially lower. When catalysed by Ni and
Co, the predominant components in the hydrogenate are, in
addition to R'-CH,~NH-CH,-R?, symmetric amines R!-
CH,-NH-CH,-R' and R>-~CH,~NH-CH,—-R?. The reaction
mixtures also contain RI—CH:N—CHZ—RI, RZ—CH:N—CHZ—
R?, and R>-CH=N-CH,-R' during hydrogenation. The
reaction pathways for formation of these by-products was
postulated as follows:

(1) The first step is metal-surface-catalysed isomerisation of
the imine R'-CH=N—CH,-R?, yielding R>~CH=N-CH,—
R'.

(2) The tautomeric imine R2—CH:N—CH2—Rl formed further
reacts with the initial imine, yielding R'-CH=N-CH,-R'
and R>CH=N-CH,-R”. This reaction runs reversibly
without any metal catalyst present until equilibrium is
reached.

(3) The third step is hydrogenation of both the latter imines,
yielding the corresponding symmetric dialkylamines.

In summary, the formation of undesirable symmetric
secondary amines in the hydrogenation of N-substituted
aldimines of the type R'-CH=N-CH,-R” is due to
isomerisation of the initial aldimine, catalysed by Ni and
Co. This undesirable reaction reduces the selectivity not only
of hydrogenation of N-substituted aldimines carried out over
Ni and Co catalysts, but also of reductive amination of
carbonyl compounds by primary amines over Ni/Co catalysts
[1-3]. It was found that this type of metal-surface-catalysed
isomerisation occurs solely in the presence of hydrogen
during simultaneous hydrogenation of aldimines. The fact
that an aldimine would not react on Ni or Co in the absence
of hydrogen indicates that isomerisation of adsorbed species,
which are in a semi-hydrogenated state (addition—abstraction
mechanism), occurs on the catalyst surface. This experi-
mental observation can be formally described by Eq. (VIIb),
with classic double bonds as identified in the literature.
Tentatively, a simplified step-wise mechanistic model for the
surface-catalysed hydrogenation of N-substituted aldimines
was proposed, which explains the isomerisation observed.
The model also includes the working hypothesis that under
conditions for aldimine hydrogenation, Pd and Pt favour the
formation of species bound to the surface via the a-carbon
atom, while Ni and Co favour the formation of species bound
to the surface through the nitrogen atom. This concept
provides a satisfactory explanation not only for the
differences in metal activity observed for the isomerisation
discussed, but also for selectivity differences between
metals in nitrile hydrogenation to primary amines. However,
further experimental evidence is required to support these
speculations.
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