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ABSTRACT 

The ability of many transition metal complexes to catalyze organic reactions (in the 

homogeneous phase) is one of the most powerful strategies to address the issue of the "ideal" 

synthesis. The choice of the transition metal and the possibility of rationally designing a 

particular ligand, provides the opportunity to adjust the steric and electronic properties of the 

complex, having a significant relevance on the selectivity and efficiency of a particular 

reaction. In the last 60 years, the increase in work related to the chemistry of transition metals 

has resulted in the great progress of homogeneous catalysis, this being a fundamental tool both 

in academia and industry. Part of these achievements has been due to the fundamental role that 

phosphorus ligand chemistry has occupied in an infinite number of catalytic processes. These 

have contributed strongly to the broad development of the field of homogeneous catalysis 

which is an important piece in the organic synthesis and industrial production of a wide variety 

of chemical products. 

This work focuses on studying the synthesis of the novel tris(8-quinolinyl)phosphite, 

(P(OQuin)3, 1)  and its reactivity with metal complex precursors of groups 8, 9 and 10. Both 

P(OQuin)3 and its coordination compounds were evaluated in catalytic bond formation 

reactions. P(OQuin)3 has a phosphorus atom that can strongly coordinate to a metal atom, and 

three quinoline groups, in which nitrogen atoms are present, which can be weakly coordinated. 

It is expected that in P(OQuin)3, the hemilabile character is greatly influenced by competition 

between the three quinoline groups with the same coordination probabilities.  

Phosphites are widely used in catalytically active metal complexes, but they have very 

rarely exploited as catalyst themselves. Transfer hydrogenation reactions are commonly 

catalyzed by precious-metal compounds for which crustal abundance, expense, and toxicity are 

significant issues. Therefore, the development of metal transfer hydrogenations is an attractive 

objective. In CHAPTER II, the synthesis and characterization P(OQuin)3 is applied as a 

precatalyst in a metal-free transfer hydrogenation. P(OQuin)3 promotes the dehydrogenation of 

H3N·BH3 (AB) and reduction of symmetric/asymmetric azoarenes using AB as an H2 source 

in good yields (up to 95%). Mechanistic studies suggest that P(OQuin)3 is a precatalyst for an 

unknown catalytically active species. Kinetic studies and deuteration experiments reveal that 

the transfer of protic and hydride hydrogen from AB occurs at the same time with a large 

negative activation entropy of ΔS‡= -31 e.u. In the frame of sustainable chemistry, systems like 

this fulfills at least six of the twelve principles of the green chemistry. 
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Figure A1. Synthesis of P(OQuin)3 and its application at the organocatalytic reduction of azoarenes 

using ammonia borane as H2 source. 

In CHAPTER III, a novel Pd(II) metal complex bearing P(OQuin)3 has been isolated 

and fully characterized. X-ray diffraction analysis shows that the ligand P(OQuin)3 binds the 

metal center as a bidentate P-N chelate. The complexes [Pd{P(OQuin)3}Cl2] is an efficient 

catalysts for the oxidative coupling of benzylamine to N-benzylidenebenzylamine using air as 

terminal oxidant. This methodology avoids the use of dangerous oxidants, additives, high 

temperatures or organic solvents. Other primary amines can be converted to their corresponding 

imines with moderate yields. The cross-coupling of benzylamine with substituted anilines to 

yield aldimines was achieved. The catalyst can be recovered from the reaction mixture and was 

reused in a next run without significant loss of its activity. 

 

Figure A2. Synthesis of novel Pd(II) complex bearing P(OQuin)3 and its catalytic application in 

oxidative coupling of primary amines to imines. 
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In CHARTER IV, two novel Rh(I) metal complexes bearing P(OQuin)3 have been isolated 

and fully characterized. [(k2-P,N){P(OQuin)3}Rh{P(R)3}Cl] (R = Ph, Cy) (PN-RhPh and PN-

RhCy) can be obtained from different Rh(I) precursors as starting material. PN-RhPh has a 

dynamic behavior at variable temperature and PPh3 dissociate from coordination sphere. One 

uncoordinated quinoline of P(OQuin)3 can take up the empty coordination site, yielding a 

tricoordinate mode of P(OQuin)3, [(3-N,P,N)RhCl]. PN-RhCy is obtained by a ligand 

exchange PPh3/PCy3 using PN-RhPh as a starting material. PN-RhPh is a very efficient catalyst 

for the 1,2-chemoselective hydroboration of pyridines. This reaction is carried out under mild 

conditions using 0.5 mol% [Rh], ratio Py/BH 1:1.1 at 50 °C, yielding the N-boryl-1,2-

dihydropyridines with 100% of conversion and 95% of regioselectivity. This methodology 

represents the best system reported for late transition metal catalyzed hydroboration of 

pyridines. 

 

Figure A3. Synthesis of novel Rh(I) complex bearing P(OQuin)3 and its application in regioselective 

1,2-hydroboration of substituted pyridines and quinolines. 

Finally in CHAPTER V, two novel Ru(II) metal complexes bearing P(OQuin)3 have been 

isolated and fully characterized. [(k3-N,P,N){P(OQuin)3}Ru{PPh3}Cl2] had the same dynamic 

behavior as the Rh(I) complexes discussed in CHAPTER IV. A new complex with a 

tetracoordinate mode of P(OQuin)3, [(k4-N,N,P,N)RuCl2] (PN3-Ru) is obtained. PN3-Ru 

resulted is an efficient as catalysts for the dehydrogenative coupling of silanes w or w/o 

alcohols to yield polysilanes and polysiloxanes respectively, forming high MW polymers with 

>95% yield. PN3-Ru presents an alternative to early transition metal catalysts which frequently 

require the use of additives such as nBuLi.   
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Figure A4. Synthesis of novel Ru(II) complexes bearing P(OQuin)3 and it applications in 

dehydrogenative reactions. 
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RESUMEN  

La capacidad de muchos complejos de metales de transición para catalizar reacciones 

orgánicas (en la fase homogénea) es una de las estrategias más poderosas para abordar el tema 

de la síntesis "ideal". La elección del metal de transición y la posibilidad de diseñar 

racionalmente un ligando en particular, brinda la oportunidad de ajustar las propiedades 

estéricas y electrónicas del complejo, teniendo una relevancia significativa en la selectividad y 

eficiencia de una reacción particular. En los últimos 60 años, el aumento de trabajos 

relacionados con la química de los metales de transición ha resultado en un gran progreso de 

catálisis homogénea, siendo esta una herramienta fundamental tanto en la academia como en 

la industria. Parte de estos logros se debe al papel fundamental que la química del ligando de 

fósforo ha ocupado en un extenso número de procesos catalíticos. Estos han contribuido en 

gran medida al amplio desarrollo del campo de la catálisis homogénea, que es una pieza 

importante en la síntesis orgánica y la producción industrial de una amplia variedad de 

productos químicos. 

Este trabajo se centró en el estudio de la síntesis del nuevo tris(8-quinolinil)fosfito, 

(P(OQuin)3), y su reactividad con ciertos precursores metálicos de los grupos 8, 9 y 10. Tanto 

P(OQuin)3 como sus compuestos de coordinación fueron evaluados en reacciones para la 

formación de compuestos orgánicos de interés. P(OQuin)3 tiene un átomo de fósforo que puede 

coordinarse fuertemente con el centro metálico y 3 grupos quinolina, en los que están presentes 

átomos de nitrógeno, que pueden coordinarse débilmente a este. Se espera que en P(OQuin)3, 

el carácter hemilabil esté muy influenciado debido a la competencia entre las 3 quinolina con 

las mismas probabilidades de coordinación. 

En la literatura se encuentra que los fosfitos se usan ampliamente en complejos 

metálicos catalíticamente activos, pero muy raramente se han explotado como catalizadores 

cumpliendo un rol protagonista. Por otro lado, las reacciones de hidrogenación por 

transferencia son comúnmente catalizadas por metales preciosos para los cuales la abundancia, 

el valor y la toxicidad son problemas importantes. En este sentido, en el CAPÍTULO II se 

describe la síntesis y caracterización del nuevo y voluminoso P(OQuin)3 y se estudia su 

aplicación como precatalizador en una reacción de hidrogenación por transferencia libre de 

metales. P(OQuin)3 es capaz de promover la deshidrogenación de H3N·BH3 (AB) y la 

reducción de azoarenos simétricos / asimétricos utilizando AB como fuente de H2, obteniendo 

rendimientos realmente buenos (hasta 95%). El estudio mecanistico sugiere que P(OQuin)3 

actúa como precatalizador, así como los estudios cinéticos (DKIE) revelan que la transferencia 

de los hidrógenos prótico e hidruro desde AB ocurre al mismo tiempo en el estado de transición 
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del paso determinante con un ΔS ‡ = - 31 eu, siendo este más factible (energéticamente 

hablando) que sistemas anteriormente reportados. En el marco de la química sostenible, 

sistemas como este cumplen al menos 6 de los 12 principios de la química verde. 

 

Figura R1. Síntesis de P(OQuin)3 y su aplicación en la reducción organocatalítica de azoarenos 

utilizando amoniacoborano como fuente de H2. 

En el CAPÍTULO III, un nuevo complejo de Pd (II) que tiene P(OQuin)3 como ligando 

principal ha sido aislado y completamente caracterizado. El análisis de difracción de rayos X 

muestra que el ligando P(OQuin)3 se coordina al centro metálico mencionado como un quelato 

P-N bidentado. El complejo [2(P,N){P(OQuin)3}PdCl2] resulta ser un catalizador eficiente 

para el acoplamiento oxidativo de la bencilamina para formar N-bencilidenbencilamina 

utilizando aire como oxidante terminal. 

 

Figura R2. Síntesis de un nuevo complejo de Pd (II) que lleva P(OQuin)3 y su aplicación catalítica 

en el acoplamiento oxidativo de aminas primarias. 
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Esta metodología evita el uso de oxidantes peligrosos, aditivos, altas temperaturas o 

solventes orgánicos. Otras aminas primarias son transformadas en sus iminas correspondientes 

con rendimientos moderados. Se logró el acoplamiento cruzado de bencilamina con anilinas 

sustituidas para producir aldiminas. El catalizador se puede recuperar de la mezcla de reacción 

y ser reutilizado en una próxima ronda sin pérdida significativa de su actividad. 

Mientras que en el CAPITULO IV, dos nuevos complejos metálicos de Rh (I) con 

P(OQuin)3 han sido aislados y completamente caracterizados. [2(P,N) 

{P(OQuin)3}Rh{P(R)3}Cl] (R= Ph, Cy) (PN-RhPh y PN-RhCy) se pueden obtener de 

diferentes precursores de Rh (I) como material de partida. PN-RhPh tiene un comportamiento 

dinámico a temperatura variable y PPh3 disocia, saliendo de la esfera de coordinación. Una 

quinolina no coordinada de P(OQuin)3 puede ocupar el puesto de coordinación vacio y asi 

generar un modo tridentado de P(OQuin)3, [
3(N,P,N)RhCl]. PN-RhCy se obtiene mediante un 

intercambio de ligando PPh3/PCy3 utilizando PN-RhPh como material de partida. PN-RhPh es 

un catalizador muy eficiente para la hidroboración quimioselectiva-1,2 de piridinas. Esta 

reacción se lleva a cabo en condiciones suaves, 0,5 mol% [PN-RhPh], relación Py/BH 1:1.1 a 

50 °C, produciendo las N-boryl-1,2-dihidropiridinas con hasta un >95% de conversión y 95% 

de regioselectividad. Bajo esta metodología, una serie de quinolinas son reducidas con los 

mismos porcentajes de rendimiento y selectividad. Esta metodología representa el mejor 

sistema reportado para la hidroboración de piridinas catalizadas por un complejo de metal de 

transición tardío. 

 

Figura R3. Síntesis de un nuevo complejo de Rh (I) y su aplicación en la hidroboración 1,2-

regioselectiva de piridinas y quinolinas sustituidas. 

Finalmente, en el CAPÍTULO V, dos nuevos complejos metálicos de Ru (II) que llevan 

P(OQuin)3 como ligando principal han sido aislados y completamente caracterizados. 
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[3(N,P,N){P(OQuin)3}Ru{PPh3}Cl2] puede formar isómeros en solución y estos han sido 

determinados por difracción de rayos X con una configuración meridional (mer) y facial (fac). 

[3(N,P,N){P(OQuin)3}Ru{PPh3}Cl2] tiene el mismo comportamiento dinámico del complejo 

de Rh (I) [2(P,N) {P(OQuin)3}Rh{P(R)3}Cl] a temperatura variable y un nuevo complejo con 

un modo tetradentado de P(OQuin)3 es obtenido [(4- P,N3)RuCl2] (PN3-Ru). Dado que los 

polímeros a base de silicio con alto peso molecular son importantes en el desarrollo de nuevos 

materiales y derivatización de superficies, PN3-Ru resultó ser un catalizador eficiente para el 

acoplamiento deshidrogenativo de silanos con o sin alcoholes para producir polisilanos y 

polisiloxanos, respectivamente, obteniendo polímeros de alto peso molecular con rendimientos 

mayores al 95%. Catalizadores a base de metales de transición tempranos los cuales han sido 

hasta ahora los más eficientes para dicha reactividad, con frecuencia requieren el uso de 

aditivos como nBuLi, esta metodología basada en PN3-Ru, evita su uso o de cualquier otro 

aditivo. 

 

Figura R4. Síntesis de nuevos complejos de Ru (II) y sus aplicaciones en reacciones 

deshidrogenativas. 
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ZUSAMMENFASSUNG  

Die Fähigkeit vieler Übergangsmetallkomplexe, organische Reaktionen (in der 

homogenen Phase) zu katalysieren, ist eine der wirksamsten Strategien, um das Problem der 

"idealen" Synthese anzugehen. Durch die Wahl des Übergangsmetalls und die Möglichkeit, 

einen bestimmten Liganden rational zu entwerfen, können die sterischen und elektronischen 

Eigenschaften von Metallkomplexen so eingestellt werden, dass eine optimale Selektivität und 

Effizienz einer bestimmten Reaktion erreicht wird. In den letzten 60 Jahren hat die Zunahme 

der Arbeiten im Zusammenhang mit der Chemie der Übergangsmetalle zu großen Fortschritten 

bei der homogenen Katalyse geführt. Ein Teil dieser Erfolge ist auf die grundlegende Rolle 

zurückzuführen, die die Phosphorligandenchemie bei einer unzähligen katalytischen Prozessen 

gespielt hat. Diese hat stark zur breiten Entwicklung des Gebiets der homogenen Katalyse 

beigetragen, welche eines der wichtigtens Werkzeuge in der organischen Synthese und der 

industriellen Herstellung einer Vielzahl chemischer Produkte darstellt. 

Diese Arbeit befasst sich mit der Synthese des neuen Tris(8-quinolinyl)phosphits 

(P(OQuin)3, 1) und seiner Reaktivität gegenüber Metallprecursoren der Gruppen 8, 9 und 10. 

Sowohl P(OQuin)3 als auch seine Koordinationsverbindungen werden in Reaktionen zur 

Bildung von interessierenden organischen Verbindungen bewertet.  P(OQuin)3 hat ein 

Phosphoratom, das stark an ein Metall koordiniert werden kann, und drei Chinolingruppen, in 

denen Stickstoffatome vorhanden sind, die schwach koordiniert werden können. Es wird 

erwartet, dass P(OQuin)3 hemilabile Koordinationseigenschaften aufweist. Der hemilabile 

Charakte wird durch die Konkurrenz zwischen drei Chinolingruppen beeinflusst. 

Das Literaturstudium zeigt, dass Phosphite in katalytisch aktiven Metallkomplexen weit 

verbreitet sind, aber sie wurden sehr selten selbst als Katalysator genutzt. Andererseits werden 

Transferhydrierungsreaktionen üblicherweise durch Edelmetalle katalysiert, für die 

Krustenhäufigkeit, Kosten und Toxizität bedeutende Probleme sind. In diesem Sinne wird in 

KAPITEL II die Synthese und Charakterisierung des neuen sperrigen P(OQuin)3 beschrieben 

und seine Anwendung als Präkatalysator bei einer metallfreien Transferhydrierung untersucht. 

P(OQuin)3 fördert die Dehydrierung von H3N·BH3 (AB) und die Reduktion von 

symmetrischen / asymmetrischen Azoarenen unter Verwendung von AB als H2-Quelle und 

erzielt wirklich gute Ausbeuten (bis zu 95%). Mechanistische Studien legen nahe, dass 

P(OQuin)3 als Präkatalysator fungiert, und kinetische Studien zeigen (DKIEs), dass der 

Transfer von protischem Wasserstoff und Hydridwasserstoff von AB gleichzeitig im 

Übergangszustand mit einer negativen Reaktionsentropie ΔS‡= -31 eu erfolgt. Im Rahmen 
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einer nachhaltigen Chemie erfüllt das System mindestens 6 von 12 Prinzipien der grünen 

Chemie. 

 

Abbildung Z1. Synthese von P(OQuin)3 und seine Anwendung bei der organokatalytischen 

Reduktion von Azoarenen unter Verwendung von Ammoniaboran als H2-Quelle. 

In KAPITEL III wurde ein neuer Pd(II)-Metallkomplex mit P(OQuin)3 isoliert und 

vollständig charakterisiert. Eine Röntgenstruktursanalyse zeigt, dass der Ligand P(OQuin)3 das 

erwähnte Metallzentrum als zweizähniges P-N-Chelat bindet.  

 

Abbildung Z2. Synthese des neuen Pd(II)-Komplexes mit P(OQuin)3 und dessen katalytische 

Anwendung bei der oxidativen Kupplung von primären Aminen. 

Die Komplexe [Pd{P(OQuin)3}Cl2] sind ein wirksamer Katalysator für die oxidative 

Kupplung von Benzylamin an N-Benzylidenbenzylamin unter Verwendung von Luft als 

terminalem Oxidationsmittel. Diese Methode vermeidet die Verwendung gefährlicher 
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Oxidationsmittel, Additive, hohe Temperaturen und organische Lösungsmittel. Andere primäre 

Amine können mit moderaten Ausbeuten in ihre entsprechenden Imine umgewandelt werden. 

Die Kreuzkupplung von Benzylamin mit substituierten Anilinen führt zu Aldiminen. Der 

Katalysator kann aus dem Reaktionsgemisch zurückgewonnen werden und wurde im nächsten 

Lauf ohne signifikanten Verlust seiner Aktivität wiederverwendet. 

In KAPITEL IV wurden zwei neue Rh(I) -Metallkomplexe mit P(OQuin)3 isoliert und 

vollständig charakterisiert. [(2-P,N){P(OQuin)3}Rh{PR3}Cl] (R = Ph, Cy) (PN-RhPh und 

PN-RhCy) kann aus verschiedenen Rh(I)-Verbindungen erhalten werden. PN-RhPh zeigt ein 

dynamisches Verhalten bei variabler Temperatur und PPh3 kann die Koordinationssphäre 

verlassen. Ein unkoordinierter Chinolinrest von P(OQuin)3 kann die freie Koordinatinsstelle 

besetzen und einen trikoordinierten Modus von P(OQuin)3, [(3-N,P,N)RhCl] ergeben. PN-

RhCy wird durch einen Ligandenaustausch PPh3 / PCy3 unter Verwendung von PN-RhPh als 

Ausgangsmaterial erhalten. PN-RhPh ist ein sehr effizienter Katalysator für die 1,2-

chemoselektive Hydroborierung von Pyridinen. Diese Reaktion wird unter milden 

Bedingungen, 0,5 mol% [Rh], Verhältnis Py / BH 1: 1,1 bei 50 ºC durchgeführt, wobei die N-

Boryl-1,2-dihydropyridine mit 100% Umwandlung und 95 % Regioselektivität erhalten 

werden. Diese Methode stellt das beste, bisher bekannte System dar für die durch späte 

Übergangsmetalle katalysierte Hydroborierung von Pyridinen dar. 

 

Abbildung Z3. Synthese des neuen Rh(I)-Komplexes mit P(OQuin)3 und dessen Anwendung bei der 

1,2-regioselektiven Hydroborierung substituierter Pyridine und Chinoline. 

Schließlich wurden in KAPITEL V zwei neue Ru(II) -Metallkomplexe mit P(OQuin)3 

isoliert und vollständig charakterisiert. [(3-N,P,N){P(OQuin)3}Ru{PPh3}Cl2] hatte das 

gleiche dynamische Verhalten wie die in KAPITEL IV beschriebenen Rh(I)-Komplexe und 

bildet einen neuen Komplex[(4-N,N,P,N)RuCl2] (PN3-Ru) mit einem tetrakoordinierten 

Modus von P(OQuin)3. PN3-Ru erwies sich als effizienter Katalysator für die dehydrierende 
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Kupplung von Silanen ohne und mit Alkoholen, um Polysilane bzw. Polysiloxane zu erhalten. 

Hierbei wurden Polymere mit hohem Molekulargewicht in >95% Ausbeute erhalten. PN3-Ru 

ist eine interessante Alternative zu frühen Übergangsmetallkatalysatoren, bei denen häufig ein 

Additiv wie nBuLi verwendet werden muss. 

 

Abbildung Z4. Synthese neuer Ru(II)-Komplexe mit P(OQuin)3 und Anwendung in dehydrierenden 

Reaktionen. 
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     ABBREVIATIONS AND SYMBOLS 

MeCN Acetonitrile h Hours 

H3N•BH3 Amineborane H2 Hydrogen 

Å Angstrom iPr iso-propyl 

BnNH2 Benzylamine MHz Megahertz 

βn Bite angle mp Melting point 

BCP Bond critical point  OMe Methoxy 

br Broad Me Methyl 

cm Centimeter μL Microliter 

δ Chemical shift in ppm  mg Milligrams 

J Coupling constant mL Milliliter 

Cy Cyclohexane mmol Millimol 

COD 1,5-Cyclooctadiene  min Minutes 

COE Cyclooctene m Multiplet 

DCM Dichloromethane nm Nanometer 

Et2O Diethyl ether nBu n-Butyl 

° Degree NMR Nuclear magnetic resonance 

°C Degree Celsius o-Tol ortho-toluene 

K Degree Kelvin OQuin 8-oxy-quinoline 

iPr2N di-isopropylamine ppm Part per million 

DMSO Dimethyl sulfoxide OPh Phenoxy 

d Doublet Ph Phenyl 

DKIE Deuterated kinetic isotopic effect Py Pyridine 

EDG Electron-donating group RT Room temperature 

EWG Electron-withdrawing groups s Singlet 

ν Frequency in cm-1 IR Spectroscopy infrared 

g Grams tBu tert-Butyl 

Hz Hertz THF Tetrahydrofuran 
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1.1 General Information. 

Catalysis is at the heart of modern synthetic chemistry, since 90% of all commercial 

chemical compounds are obtained by methods that involve at least one catalytic step.1 

Consequently, the global catalyst market has grown steadily in recent decades.2 Although the 

history of the development and applications of man-made catalysts goes back to the 19th 

century, the study of catalytic systems (heterogeneous and homogeneous) is still among the 

most dynamic fields of chemical research. The increasing pressure to reduce energy 

consumption, protect the environment and conserve natural resources is challenging synthetic 

chemicals more than ever. The search for the "ideal" synthetic process, which produces useful 

compounds with 100% yield and selectivity, economically, environmentally benign and 

sustainably continues. The development of sustainable synthetic methodologies should be 

addressed following the so-called "twelve principles of green chemistry".3a,b These identify 

catalysis as one of the main tools for the development and implementation of more 

environmentally friendly synthetic protocols. In this sense, the design of new catalysts and 

catalytic systems that reduce or eliminate the use and generation of hazardous substances is of 

great interest. 

The ability of many transition metal complexes to catalyze organic reactions (in the 

homogeneous phase) is one of the most powerful strategies to address the issue of the "ideal" 

synthesis. The choice of the transition metal and the possibility of rationally designing a 

particular ligand, provides the opportunity to adjust the steric and electronic properties of the 

complex, having a significant relevance on the selectivity and efficiency of a particular 

reaction.4 In the last 60 years, the increased interest in the chemistry of transition metals has 

resulted in a great progress for homogeneous catalysis, making it a fundamental tool both in 

academia and industry.5 The leading role that homogenous catalysis has played in recent times 

has been demonstrated through the awarded of three Nobel Prizes in the current century: 1.-

Noyori, Sharpless and Knowles, 2001; 2.-Grubbs, Schrock and Chauvin, 2005; 3.-Heck, 

Negishi and Suzuki, 2010.6 

Phosphorus ligand chemistry has played a key role in the development of an infinite number 

of catalytic processes.7 These have contributed strongly to the progress of the field of 

homogeneous catalysis with relevance for both organic synthesis and industrial production of 

several chemical products. 
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1.2 Phosphite ligands.  

Due to the special properties of metal complexes with phosphorus ligands, trivalent 

phosphorus compounds have played, and continue playing, an important role as adjusting 

agents of steric and electronic properties of complexes used in homogeneous catalysis.7  

In terms of electronic structure, the π-backbonding properties of phosphorus can be strongly 

modified by replacing the P-C bonds (phosphines) with P-O bonds (Figure 1.1), resulting in 

phosphinites, phosphonites or phosphites. 

 

Figure 1.1 Trivalent phosphorus compounds. 

 

In recent decades, phosphite ligands of general formula P(OR)3 have been of great 

interest in the field of catalysis, particularly in asymmetric reactions. One of the main 

advantages of these compounds is that they can be simply prepared from alcohols (Figure 1.2a) 

in the presence of an organic base, which allows an easy adjustment of their steric and 

electronic properties (Figure 1.2b). The use of such ligands in coordination chemistry has 

resulted in many metal complexes that have become catalysts with high selectivity. 

 

Figure 1.2. a) General reaction for phosphite synthesis (above). b) General structures of symmetric 

and asymmetric phosphites reported in the literature (below). 

Symmetrically substituted phosphite ligands (A) are the simplest components of this 

family of phosphorus compounds and have been used in catalysis since the 1960s. This P(OR1)3 

function is present in many phosphorus compounds: alone (trialkyl8 or triaryl9) or mixed with 

other donor heteroatoms such as nitrogen or sulfur, or other phosphorus functions such as 

phosphines, phosphites or phosphoramidites.10 These compounds have been widely used in 
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homogeneous catalysis as ligands.8-10 Asymmetrically substituted phosphites are usually 

prepared by combining an alcohol and a diol (D). A variety of organic transformations with 

high rates of regio- and stereoselectivity are catalyzed by metal complexes with this type of 

ligands.11 Phosphites of type (B),12 which contain two different alkoxy substituents, are less 

common, and so far only a single example of monofunctional phosphites with three different 

substituents (C)13 has been described. 

In general, phosphites are less prone to oxidation than phosphines, but they can be 

broken down by hydrolysis or alcoholysis and suffer rearrangements such as the Michaelis-

Arbuzov reaction.14 However, it is known that, often, the rate of hydrolysis is low for bulky 

phosphites.7,15 

Phosphites have a very wide coordination chemistry, so much so that complexes 

containing phosphite ligands with most transition metals have been reported.16 They are strong 

π-acceptors and form stable complexes with electron-rich transition metals. The strong binding 

of the M-phosphite bond suggests that π-backbonding prevailing over σ-donation. Steric 

properties are defined by the cone angle (Tolman angle)17 in monophosphites and by the bite 

angle18 in diphosphites or phosphite mixed with other heteroatoms (Figure 1.3a-b).  

 

Figure 1.3. Cone angle illustration, θ (left) and the bite angle, βn (right) in a generic          

organophosphorus-metal complex. 

1.3 Phosphite-nitrogen ligands.  

In general, ligands can be differentiated according to their coordination mode as 

monodentate, bidentate or polydentate (Figure 1.4). In particular, the hybrid ligands can be 

bidentate or polydentate ligands. These contain at least two chemically different functions 

capable of binding to a metal center. 19 Frequently, these two functions are different from each 

other and each one is linked differently with the metal center. This fact influences the reactivity 

of the complex against various external substrates, which in a catalytic process could have 

implications on chemo- or regioselectivity. 
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Figure 1.4. Phosphorus ligands with different coordination modes. 

A hybrid ligand can be coordinated to a metal in different ways: monodentate, stable 

chelate, hemilabile chelate, ligand with double or superior coordination capacity and even in 

bridge mode for the formation of metal dimers with or without MM bonds (Figure 1.5).20  

 

 

Figure 1.5. A hybrid ligand contains two chemically different donor functions (left). Coordination 

modes of hybrid ligands (right). 

One of the most prominent classes of bidentate ligands are the P,N hybrid ligands.21 

The P,N ligands combine in their structure two very diverse chemical functions, such as those 

of a hard donor (nitrogen) and a soft donor (phosphorus) according to Pearson's definition 

(Figure 1.6a). The π-acceptor character of phosphorus can stabilize a metal center in a low 

oxidation state, while the σ-donor capacity of nitrogen makes the metal more susceptible to 

oxidative addition reactions. This combination might help to stabilize the intermediate 

oxidation states that could be implicated in a catalytic cycle. In addition, the P,N ligands can 

exert a degree of regiocontrol by a phenomenon known as the trans effect (Figure 1.6b). This 

occurs when the position trans to the donor atom that has a greater -acceptor capacity 

(phosphorus) is more electrophilic than that trans to the -donor (nitrogen).22 As an example, 

the nucleophilic substitution of an olefin will take place at the allyl end trans to phosphorus in 

a complex with -allyl-metal bond (Figure 1.6b).  
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Figure 1.6. a) General characteristics of a ligand P,N. b) trans effect and its implication on 

nucleophilic substitution. 

The design of P,N ligands has proven to be a powerful tool to obtain catalytic precursors 

with certain properties 23 and has been the subject of study by many research groups. With these 

ligands a control can be exercised in the metal coordination sphere, making it possible to 

observe new catalytic properties in the resulting complexes. 

Pfaltz,24a Helmchen, 24b and Williams,24c developed independently a new class of 

ligands, the phosphinoxazoline (PHOX) ligands. The combination of a P-ligand fragment and 

a chiral N ligand part is another way to build up non-C2-symmetric, chelating ligands, wherein 

the two ligand parts are more fundamentally distinguished, compared to the modified 

diphosphine ligands.24a-c Here, the “soft” P-ligand exhibits -acceptor properties, while the 

hard” N-ligand is dominantly acting as a -donor. The beneficial effect of the combination of 

two ligands with different electronic properties is well illustrated in the palladium catalyzed 

allylic alkylation.24b Crystal structure and NMR data confirmed that palladium-allyl-PHOX 

complexes exhibit a strong electronic differentiation of the allylic fragment, and it was 

observed that these complexes are predisposed to be attacked at the allylic carbon atom trans 

to the phosphine group.24b Electronic differentiation of this type has also been calculated and 

demonstrated by Moberg et al. using pseudo-C2-symmetric ligands, i.e. with sterical symmetry 

and electronic asymmetry.24d 
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Since then, a variety of ligands have been developed with P, N coordination mode, using 

oxazoline, imines, amines units, etc. 16,25 Most of the known examples have been applied in the 

generation of catalysts based on Rh, Ir and Pd, showing excellent chemoselectivity. Phosphites 

containing the quinoline unit (E-Q; Figure 1.7),26 have been used successfully in catalytic 

systems with Rh and Pd in hydroformylation reactions of olefins obtaining high 

regioselectivities. 

 

Figure 1.7. Reported phosphorus compounds bearing the 8-oxy-quinoline unit. 

An extensive literature review on the subject showed that there are no precedents for 

the synthesis of the acyclic phosphorus compound (III) tris(8-quinolinyl)phosphite, P(OQuin)3, 

(1; Figure 1.7), and therefore, there are no examples of studies of their reactivity against metal 

complexes or their application in catalysis. 
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The incorporation of the quinoline unit in the formation of a phosphite type ligand 

would allow a monofunctional ligand to be transformed into a hybrid ligand. In addition, 

coordination of the type 2-P,N would be possible, which could generate a particular reactivity 

in various types of reactions catalyzed by transition metals containing P(OQuin)3. The 

incorporation of the quinolinic function as a substituent group(s) around the phosphorus could 

generate bi- or polydentate chelate-like metal species that present a strong steric hindrance 

around the coordination sphere. This fact would prevent, for example, the free rotation of the 

metal-ligand bond (Figure 8), thus generating greater structural rigidity in the complex. Such 

rigidity would force certain substrates to coordinate in a specific way, which would be expected 

to translate into regioselectivity and / or enantioselectivity.27 

 

Figure 1.8. Structural difference of metal complexes with monofunctional and hybrid phosphorus 

ligands. 

1.4 Coordination chemistry of 8-oxyquinoline containing phosphorus ligands with 

second-row metal centers of group 8,9 and 10. 

Systems containing an electron-donating center of a different nature, apart from the 

phosphorus center, are being vigorously studied. P,N-Bidentate ligands are highly important. 

They simultaneously exhibit properties of both soft and hard bases and promote redistribution 

of functions in a catalytic cycle, formation of bimetallic structures and a specific arrangement 

of the metal coordination sphere. Thus P,N-bidentate ligands can provide cis- or trans-

chelation, bridging binding in either the ‘head-to-tail’ or ‘head-to-head’ fashions (in particular, 

in structures with metal-metal bonds) and P-monodentate coordination.28 The type of 

coordination depends, first of all, on the length of the bridge linking the donor atoms. Systems 

with two binding points are typical chelating agents. The bridging type coordination is barely 

known for them, whereas ligands with three binding points are capable of bridging 

coordination. Coordination of a P,N-system to a central atom gives rise to two moieties 

differing in kind, containing electron-donating centers with different steric and electronic 

characteristics. Being structurally asymmetric, P,N-bidentate ligands also possess clear-cut 

electronic asymmetry. In addition, both steric and electronic parameters of the electron-

donating centers and the nature of the bridge linking them can be varied over a wide range.29 
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In this section, an overview about the coordination chemistry of phosphorus ligands bearing 

a 8-oxyquinoline moiety is presented. Herein, highlights of the reactivity of such ligands 

towards metal centers as Ru, Rh and Pd is provided. 

Garagorri et al.30 studied the reaction of [RuCp(CH3CN)3]PF6 with 1 equiv. of R2POQuin 

ligands (L, O or P; Figure 1.7) in CH2Cl2 at room temperature for 2 h. The synthesis yielded 

the half-sandwich complexes [RuCp(R2POQuin)(CH3CN)]PF6 (Ra–c) in 80–94% isolated 

yields (Scheme 1.1). Complexes Ra-c are orange solids which are air-stable both in the solid 

state and in solution for several days. In the 31P NMR spectra of Ra–c exhibit a singlet at 160.0, 

194.3, and 175.6 ppm, respectively. 

 

Scheme 1.1 Synthesis pathway of Ru-complexes Ra-c. 

The solid-state structure of Rc was determined by single-crystal X-ray diffraction. An 

ORTEP diagram is depicted in Figure 1.9. Complex Rc adopts a typical three-legged piano 

stool conformation with CH3CN and the N and P atoms of the PNquin ligand as the legs. The 

Ru–N1, Ru–N2, and Ru–P1 distances are 2.149(2), 2.059(2), and 2.1681(4) Å, respectively, 

with P1–Ru–N1, P1–Ru–N2, and N1–Ru–N2 angles of 89.02(4)°, 95.63(4)°, and 84.34(6)°. 

The Ru–C distances range from 2.163(2) to 2.257(2) Å (mean 2.206 Å). The chelate ring Ru1–

P1–O1–C13–C14–N1 is notably non-planar and the quinoline moiety remarkably twisted (non-

planarity 0.065 Å, interplanar angle between its two 6-membered rings 7.0(1)°. Ru1, P1, and 

O1 deviate by 0.77, 0.37, and -0.42 Å from the mean plane through quinoline. 
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Figure 1.9. Molecular structure of [RuCp(PNquin-BIPOL)(CH3CN)]PF6·½(C2H5)2O (Rc) showing 

50% displacement ellipsoids (PF6, H atoms and solvent solvate were omitted for clarity). 

Also, treatment of [Ru(6-p-cymene)(-Cl)Cl]2 with 2 equiv. of R2POQuin ligands (L, 

O or P; Figure 7) in the presence of 2 equiv. of AgCF3SO3 in CH2Cl2 at room temperature for 

2 h affords the half-sandwich complexes [Ru(6-p-cymene)(R2POQuin)Cl]CF3SO3 (Sa–c) in 

85–86% isolated yields as orange air-stable complexes (Scheme 1.2). 

 

Scheme 1.2. Synthesis pathway of Ru-complexes Sa-c. 

Complexes Sa-c have been characterized by 1H, 13C and 31P NMR spectroscopy, and 

elemental analysis. In the 31P NMR spectrum, Sa–c exhibit singlets at 126.2, 160.2, and 153.8 

ppm, respectively. 

In other work, Francio et al.26o report the reactions between the ligands phosphite-N (L; 

Figure 1.7) and the complexes [Ru(6-p-cymene)(-Cl)Cl]2 and [Rh(5-C5Me5)(-Cl)Cl]2, 

which lead to the expected pseudo-tetrahedral organometallic compounds of the type Ra-c or 

Sa-c. The asymmetric induction and the configurational stability at the metal center of the 

synthesized isoelectronic half-sandwich ruthenium and rhodium complexes was also discussed 

by these authors. The absolute configuration of one P,N-rhodium (III) complex was determined 
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by X-ray diffractometry. Rhodium (I), palladium (II), and platinum (II) complexes have 

previously been synthesized using the chiral ligand L. 26q 

In fact, on coordination to a metal center, L can form a six-chelate metallic-ring, and 

this feature strongly influences the outcome when it reacts with [Ru(6-p-cymene)(-Cl)Cl]2 

or [Rh(5-C5Me5)(-Cl)Cl]2. The reaction of L with [Ru(6-p-cymene)(-Cl)Cl]2 in a 2:1 

molar ratio in toluene afforded the complex [Ru(6-p-cymene)(L)Cl2] (Ta), in which the L 

ligand is monodentate P-bonded to the ruthenium center (Scheme 1.3).  

 

Scheme 1.3. Synthesis pathway of Ru-complexes Ta-b. 

Acetone solutions of Ta are not conducting, indicating that Ta is a neutral species. The 

31P{1H} NMR (C6D6) spectrum exhibits one singlet at  130.1 ppm. In the 1H NMR spectrum 

no shift to lower field with regard to the free ligand was observed for the signal of the proton 

ortho to the nitrogen. The addition of NH4PF6 to a THF solution of Ta promoted the chelation 

process of the P-coordinated ligand L. After several days the cationic chelate complex [Ru(6-

p-cymene)(L)Cl]PF6 (Tb) was obtained as a pair of diastereoisomers differing in the 

configuration at the metal center. A ratio of 10:1 between the diastereoisomers Tb and Tb 

was estimated by integration of the singlets observed in the 31P{1H} NMR (C6D6) spectrum at 

 155.1 and 143.1 ppm, respectively. Unfortunately, Francio et al. were unable to separate Tb 

and Tb by crystallization or chromatographic techniques, due to their low stability in solution 

over prolonged time or on silica. Moreover, mixtures of Tb and Tb in various solvents rapidly 

decompose on warming, thus preventing the possibility to obtain information about the 

configurational stability of the metal stereocenter.  

Similarly, the reaction of [Rh(5-C5Me5)(-Cl)Cl]2, with L afforded the compound 

[Rh(5-C5Me5)(L)Cl2] (Ua) as an orange solid which is air-stable in the solid state for a long 

time.31 Complex Ua is not stable in chlorinated solvents and in methanol. The structure of Ua 

in which L is monodentate through phosphorus was confirmed by conductivity measurements 

in acetone, which showed the complex to be neutral. Furthermore, 1H NMR exhibited no 

chemical shift difference between the proton ortho to the quinolinic nitrogen and the free ligand 

L.32 When NH4PF6 was added to Ua in THF, the cationic chelate complex [Rh(5-
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C5Me5)(L)Cl]PF6 (Ub) was formed, as confirmed by analytical, conductivity, and 1H NMR 

spectroscopic data. Complex Ub was obtained as a pair of diastereoisomers, Ub and Ub, in 

the molar ratio 15:1, as estimated by the integration of the doublets respectively at  146.5 

(1JRhP = 237 Hz) and  135.7 ppm (1JRhP = 217 Hz) in the 31P{1H} NMR (C6D6) spectrum. The 

diastereoisomers Ub and Ub have opposite configurations at rhodium. Since the molar ratio 

between the diastereoisomers does not change on refluxing for 36 h in methanol, thus the 

epimerization does not occur. Crystallization of the diastereomeric mixture from 

dichloromethane-methanol afforded orange crystals after several days. These crystals 

corresponded to the major diastereoisomer Ub, as was established by 31P{1H} NMR 

spectroscopy. An X-ray crystallographic study proved that the absolute configuration of this 

diastereoisomer is SRhSUb
. They further confirmed that Ub is configurationally stable in 

refluxing methanol over 24 h. DCM solvation molecules were found in the crystals of complex 

Ub. A view of the structure of Ub is shown in Figure 1.10. 

 

Figure 1.10. Molecular structure of the complex Ub with the atomic numbering system. The 

ellipsoids are drawn at the 30% probability level. 

The metal displays a three-legged piano-stool type of coordination involving an 5-

coordinated pentamethylcyclopentadienyl group (the five Rh-C bond distances are within the 

range 2.165(9)-2.252(9) Å), a Cl atom, and the P and N atoms of the phosphite chelate L ligand. 

If the centroid of the Cp* ring is considered as a single site, the coordination geometry can also 
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be described as pseudotetrahedral. The six-membered Rh1-N1-C11-C12-O3-P1 ring shows a 

roughly boat-shaped conformation, while the O3 and N1 atoms are displaced by 0.408(6) and 

0.519(7) Å, respectively, from the mean plane through the other four atoms. The bite angle P1-

Rh1-N1 is 89.1(2)° and the Rh1-P1, Rh1-Cl1, and Rh1-N1 bond distances are 2.209(2), 

2.397(2), and 2.149(7) Å, respectively. In the L ligand, the coordinated-quinoline moiety is 

slightly twisted. The P-O(1-3) bond distances, 1.597(6), 1.598(5), and 1.604(6) Å, are 

practically identical, the O-P-O angles are within the range 94.8(3)-122.5(2)°, and the two 

naphthyl groups are planar and form a dihedral angle of 54.5(2)°. 

Two reports concern the Pd-coordination chemistry of 8-hydroxyquinoline containing 

phosphorus ligands, Crociani et al. reported the preparation of a phosphinite ligand, namely 8-

(di-tert-butylphosphinooxy)quinoline, (N; Figure 1.7) and its palladium(II) coordination 

chemistry (Scheme 1.4) in 2008,26s. This ligand contains a phosphinito group and, like other 

phosphinites,33 is rather unstable as it decomposes quickly even when stored at –20 °C under 

N2 atmosphere. This prevented any further purification and characterization by elemental 

analysis. Nevertheless, as shown by its 1H and 31P{1H} NMR spectroscopy, the raw product is 

sufficiently pure to be used in Pd-coordination chemistry. The complex [(tBu2POQuin)Pd(3-

allyl)]BF4 (V) appear thermally stable and no decomposition was observed after prolonged time 

at ambient temperature both in the solid state and in solution.  

 

Scheme 1.4. Synthesis pathway of Pd-complex V. 

P,N ligands with an 8-oxyquinoline group have already been studied,34 but this is the first 

example of a phosphinite–quinoline compound. Complex V was isolated as BF4 salt, and its 

ionic nature is confirmed by conductivity measurements in CH2Cl2 solution. As suggested by 

the downfield shifts of the 1H NMR signal of the H (ortho to N atom) quinoline proton and of 

the 31P NMR signal upon coordination, N acts as a P,N-bidentate ligand in this complex. The 

chelating nature of N is clearly indicated by the X-ray structural analysis of V. (Figure 1.11) 
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Figure 1.11. Molecular structure of complex V showing the atom labelling scheme and thermal 

ellipsoids at 40% probability level. Hydrogen atoms and the BF4 anion are omitted for clarity. 

The orientation around the central metal is distorted square-planar with the allylic 

carbons and the P and N donor atoms comprising the immediate coordination sphere. The bite 

angle P– Pd–N of 92.8(2)° is close to the idealized value of 90° and in line with the presence 

of a flexible six-membered chelate ring. The quinoline plane is twisted, N–C4–C5–C6–C7–

C8–C9–C10–C11–C12 makes a dihedral angle of 30.2(1)° with the P–Pd–N plane and the 

oxygen atom being at a distance of 0.152(4) Å from this plane.  

The central carbon of the allyl ligand is disordered in two positions with an occupancy 

factor of 0.60 for C2 and 0.40 for C2´. Such structural disorder seems to be a common feature 

for cationic complexes of the type [Pd(3-C3H5)(P,N)]+ (P,N= iminophosphine or phosphino–

oxazoline),35 although it was not found for the complex where P,N is a phosphinito–

oxazoline.36 In both orientations, the three allylic carbon atoms are bonded to palladium. In the 

C1–C2–C3 unit the C–C bond distances are of comparable values [1.36(2) and 1.34(2) Å], 

whereas in the C1–C2´–C3 unit the C–C bond lengths are significantly different [1.39(2) and 

1.26(3) Å]. The longer Pd–C3 bond trans to phosphorus [2.208(9) Å], compared to Pd–C1 

trans to nitrogen [2.111(6) Å], reflects the greater trans influence of the P donor atom. The 

dihedral angles between the allyl planes C1–C2–C3, C1– C2´–C3 and the P–Pd–N plane are 

128(2)° and 121(2)°, respectively. 

In 2010, Xia et al,26t reported the synthesis of 8-quinolinyl-phosphinite ligands 

R2POQuin, (R = Ph, iPr, Cy) (O-Q; Figure 1.7) with a similar fashion as those reported by 

Crociani et al. (vide supra). Xia showed the synthesis, characterization, and catalytic 
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applications of three new palladium complexes containing 8-quinolylphosphinites (Scheme 

1.5). Due to their air-sensitive nature,26s,33 the phosphinites were used directly without further 

purification to react them with bis(benzonitrile)dichloropalladium(II) affording the 

corresponding palladium quinolylphosphinite complexes (Wa-c). All the complexes can be 

stored and handled in air. They were also thermally robust, showing no sign of decomposition 

under 200 °C in air. They were characterized by 1H and 31P NMR spectroscopy and infrared 

(IR) spectroscopy. The solid-state structures of the palladium complexes (Wa-c) were 

determined through X-ray diffraction studies. The elemental analysis results matched well with 

the expected values. 

The 1H NMR spectra of the three palladium complexes exhibited chemical shifts for the 

quinolyl hydrogen (ortho to N atom) around 10.5 ppm. This reflects a downfield shift of 1.5 

ppm with respect the same resonance for the reported free ligands.26s The rest of the quinolyl 

hydrogens showed smaller shifts in comparison with the ligand. The methyl groups in the 

isopropyl moieties in complex Wb became nonequivalent, reflecting the restriction of rotation 

of the isopropyl in the palladium complexes. The 31P signals ranged from 115 to 162 ppm.  

 

Scheme 1.5. Synthesis pathway of Pd-complex Wa-c. 

Suitable crystals of Wa-c for X-ray analysis were grown by slow evaporation of 

dichloromethane and hexane solutions. The molecular structures of the complexes were al- 

most identical. A representative structure of Wa is shown in Figure 1.12. The structure of Wa 

showed a distorted square-planar geometry around the palladium ion, which is bonded to the P 

and N atoms from the quinolylphosphinite as well as two Cl atoms. The bond angles of N–Pd–

Cl1 and P–Pd– Cl2 are 175.58 and 170.88, respectively. The bond lengths for Pd–P (2.177 A˚ 

) and Pd–N (2.080 A˚), are comparable to the reported values by Crociani et al. in related di-

tert-butyl quinolylphosphinite palladium complex.26s The Pd–Cl2 distance trans to the 

phosphorus is slightly longer than the Pd–Cl1 distance trans to the nitrogen atom, suggesting 

a stronger trans effect of the phosphinite donor. 



 

 49 

 

Figure 1.12. Molecular structure of complex Wa showing the atom labelling scheme and thermal 

ellipsoids at 40% probability level. Hydrogen atoms are omitted for clarity. 

1.5 Catalytic application of phosphite-nitrogen ligands. 

To achieve the highest levels of reactivity and selectivity in catalysis, several reaction 

parameters must be optimized, but one of the most crucial is perhaps the design of the ligand.37 

In this context, in the early 1990s, phosphites emerged as suitable ligands for asymmetric Rh-

catalyzed hydroformylation38 and Cu-catalyzed 1,4-additions.39 In recent years, their use has 

been successfully extended to other catalytic reactions. The most noteworthy of phosphite-

containing ligands are the important breakthroughs achieved using it in the asymmetric 

hydrogenation of functionalized and unfunctionalized olefins, asymmetric allylic substitution, 

and the Heck reaction, among others. The capacity of this kind of ligand to mediate catalytic 

processes with a high degree on regio- and stereocontrol have motivated many research groups 

around the world the continuous development in this regard. As stated before, phosphite ligands 

are extremely attractive for catalysis because they are easy to prepare from readily available 

alcohols, which enables the synthesis and screening of ligand series in the search for high 

activities and selectivities for each particular reaction. For this reason, phosphite ligands have 

not been often used in non-asymmetric catalysis and its contribution to this field has remained 

largely unexplored. 

Excellent activities and enantioselectivities have been achieved for the asymmetric 

hydrogenation of dehydroamino acids and other functionalized alkenes and ketones. For the 

hydrogenation of unfunctionalized olefins and imines, iridium complexes containing P,N 

ligands have become the most successful catalysts.40 
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Several phosphite-oxazoline ligands have recently been developed for the Ir-catalyzed 

hydrogenation of minimally functionalized olefins.41 Taddol based phosphite-oxazoline 

ligands, developed by Pfaltz et al., represented the first successful application of such ligands. 

These ligands provided enantioselectivities up to 95% in the hydrogenation of several E and Z-

trisubstituted alkenes (Figure 1.13).41a 

 

Figure 1.13. Taddol-based phosphite-oxazoline. Summary of the best results obtained. 

More recently, two large libraries of phosphite-oxazoline ligands derived from hydroxyl-

amino acid derivatives41b,c and D-glucosamine41d have been developed. These libraries are 

highly modular, and thus, several ligand parameters that are known to be important in catalytic 

performance can be studied. By carefully selecting the ligand components, high activities and 

enantioselectivities were obtained in the hydrogenation of several E- and Z-trisubstituted and 

1,1-disubstituted olefins. It should be noted that the introduction of a bulky biaryl phosphite 

moiety in the ligand design is highly advantageous in the product outcome. Therefore, such 

ligands provided higher enantioselectivities than their Taddol-based phosphite-oxazoline Y 

analogues. 

Very recently, a library of readily available phosphite-oxazole/thiazole ligands (Ya-g; 

Figure 1.14) was applied in the Ir-catalyzed asymmetric hydrogenation of several largely 

unfunctionalized E-and Z-trisubstituted and 1,1-disubstituted terminal alkenes.41e The ligand 

library combines the advantages of the oxazole/thiazole moieties with those of the phosphite 

scaffold. They are more stable than their oxazoline counterparts, less sensitive to air and other 

oxidizing agents than phosphines and phosphinites, and easy to synthesize from readily 

available alcohols. Dieguez and co-workers again found that the effectiveness at transferring 

the chiral information in the product can be tuned by choosing suitable ligand components, and 

in this way enantioselectivities can be maximized for each substrate as required. 

Enantioselectivities were therefore excellent (ee values up to >99%) in a wide range of E- and 

Z-trisubstituted and 1,1- disubstituted terminal alkenes.41e 
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Figure 1.14. Phosphite-oxazole/thiazole ligand library. 

Other heterodonor phosphite-N ligands applied in asymmetric hydrogenation are the 

ferrocenyliminophosphites Z (Figure 1.15). These ligands provided moderate-to-good 

enantioselectivities (up to 97%) in the Rh-catalyzed hydrogenation of R-dehydroamino acid 

derivatives41f and very poor ee’s in the Pd-catalyzed reduction of R-ketophosphonates.41g 

 

Figure 1.15. Ferrocenyliminophosphites ligands. 

Several phosphite-oxazoline ligands have been applied in the Pd-catalyzed allylic 

substitution reactions of several substrate types (Scheme 1.6).42 Phosphite-oxazoline ligands 

(A1-3a-c) were first successfully applied in this process by Pfaltz et al. (Figure 1.16).42d  
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Scheme 1.6. Two classes of asymmetric allylic substitution reactions. 

 

Figure 1.16. Phosphite-oxazoline ligands A1-3. 

Ligands A1-3a-c were designed to overcome the problem of regioselectivity in the 

allylic alkylation of monosubstituted linear substrates. Pfaltz et al. found that regio- and 

enantioselectivities were affected by substituents in the oxazoline moiety and by the 

substituents/configuration of the phosphite moiety. The best results were obtained with ligand 

A2b, which provides an excellent combination of regioselectivities (up to 95%) in the desired 

branched isomer and enantioselectivities (up to 94%). These ligands were successful because 

of the combination of two ligand parameters that directed the nucleophilic attack to the most 

substituted allyl terminus (Scheme 1.7).42d  
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Scheme 1.7. Key Pd-Allyl intermediates containing monosubstituted substrates. 

The first of these parameters is the π-acceptor capacity of the phosphite moiety, which 

decreases the electron density of the most substituted allylic terminal carbon atom via the trans-

influence, favoring the nucleophilic attack to this carbon atom (B1; Scheme 1.7). The second 

is the introduction of a bulky biaryl phosphite moiety, which shifts the equilibrium to the 

desired Pd-allyl (C1; Scheme 1.7) intermediate.  

  The application of such ligands in the asymmetric Pd-catalyzed allylic substitution 

reactions was very successful. Therefore, excellent activities (TOF’s > 2400 mol-1.h-1, and 

regio- (up to 99%) and enantioselectivities (ee’s up to >99%) were obtained for hindered and 

unhindered disubstituted and monosubstituted substrates (Figure 1.17). It is noteworthy that 

these ligands are more versatile than their phosphine-oxazoline PHOX analogues. The 

excellent results are consistent with the presence of a π- acceptor flexible bulky biphenyl 

phosphite moiety. The results indicate that the enantioselectivity is affected by both the 

substituents in the biphenyl phosphite and in the oxazoline moieties. The best 

enantioselectivities are obtained using a bulky tetra-tert-butyl-biphenyl phosphite moiety. It 

should be noted that the choice of the oxazoline substituent depends on the substrate. Thus, for 

hindered linear substrates, a phenyl substituent is required, while for unhindered ones more 

sterically demanding substituents (tBu or iPr) are needed.  

 

Figure 1.17. Summary of the best results obtained in the Pd-catalyzed allylic substitution using 

ligands A1-3a-c. 
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In summary, several heterodonor phosphite-containing ligands have been described and 

found to be very efficient in many catalytic systems. The most successful ligands combine the 

phosphite moiety with a nitrogen donor group. An examination of the literature about 

heterodonor phosphite-nitrogen ligands reveals that three main scaffold types have been 

investigated: phosphite-oxazoline,43 phosphite-pyridine,44 and phosphite-amine45 ligand 

combinations. Among the phosphite-pyridine ligand type are the 8-oxyquinoline-containing 

phosphorus compounds which have been scarcely studied in catalytic applications.   

One example, is the report by Crociani et al.26s in 2008. There, the Pd(II)-complex V 

(see above, Scheme 1.4) and its chlorine analogue bearing ligand N ([(N)PdCl2]) were 

employed as precatalyst in reactions leading to C–C bond formation such as the Suzuki–

Miyaura reaction. The catalytic activity of those complexes in the coupling of phenylboronic 

acid with aryl bromides and chlorides were tested. (Scheme 1.8) The initial experiments were 

carried out with complex [(N)PdCl2], in toluene using an aryl bromide/palladium ratio of 

100000:1 in the presence of K2CO3 as the base. While at temperatures lower than 90 °C the 

reaction with p-bromoacetophenone proceeds at modest rates, above 100 °C the catalyst 

activity becomes impressive (TON= 100.000, TOF=50.000 h-1), so that a complete substrate 

conversion is achieved in two hours.  

 

Scheme 1.8. Suzuki-Miyaura coupling using palladium complexes V and [(N)PdCl2]. 

Such high reaction rates are observed even in the coupling of phenylboronic acid with 

bromobenzene a substrate lacking an activating electron-withdrawing group (EWG). 

Encouraged by these results, Crociani et al. extended the substrate scope to the more 

challenging coupling of phenylboronic acid with aryl chlorides. Under the same reaction 

conditions and with a substrate/catalyst ratio of 200:1, the coupling of p-chlorocetophenone 

with phenylboronic. acid proceeds to completion in two hours. Likewise, the less activated 

chlorobenzene is coupled with phenylboronic in high yield (85% yield, TON=200, TOF= 85). 

Further experiments showed that also the cationic allyl complex X is active in promoting the 

Suzuki coupling of phenylboronic acid with the same aryl halides (best result, >99% yield, 

TON= 90.000, TOF=45.000 h-1). Considering that the reaction conditions were not optimized, 

the catalytic potential of complexes [(N)PdCl2] and V appears of particular interest. As a matter 
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of fact, the coupling of aryl chlorides with boronic acids is usually carried out using 1–3 mol% 

of catalyst46 and only a small number of catalysts46b-h are able to activate aryl chloride substrates 

at loading lower than 1 mol% in short reaction time. 

Finally, Arena et al.47 reported the efficiency of the catalytic system formed by 

Cu(OTf)2 and the ligands L (Figure 1.7) in the enantioselective conjugate addition of Et2Zn to 

2-cyclohexenone (Scheme 1.9). The most promising result was obtained using a Cu(OTf)2/L 

molar ratio of 0.03 at -15 °C, in CH2Cl2 as a solvent. Under these conditions the conversion is 

almost complete (95%) within 2 h and (S)-3-ethylcyclohexanone was obtained in 51% ee, while 

in toluene the corresponding ee value was lowered to 35%. The reaction proceeded more slowly 

and less selectively when the catalyst loading was reduced. 

 

Figure 1.18. Cu-catalyzed enantioselective 1,4-addition of diethylzinc to cyclohex-2-enone. 

1.6 Outline 

The main focus of this work is the synthesis of tris(8-quinolinyl)phosphite, P(OQuin)3, (1; 

Figure 1.7) and its reactivity against metallic precursors of groups 8, 9 and 10. Both 1 and the 

resulting compounds with transition metals will be evaluated in selected catalytic 

transformations, in particular leading to nitrogen compounds of interest (imines, 

diphenylhydrazines, hydropyridines). P(OQuin)3 has a phosphorus atom that can be 

coordinated to a metal as well as three quinoline groups, in which nitrogen atoms can also be 

coordinated. It is expected that 1, will be a hemilabile ligand due to competition between the 

three quinoline groups with the same coordination ability. Also, given the known lability of 

certain metal-nitrogen bonds, the generation / exchange of a vacant site in the metal center 

would be possible. This hybrid character of 1 could be relevant both in the activity and 

selectivity of the reactions involving it as catalyst, as well as in the stabilization of cationic or 

anionic metallic (intermediate) species. 
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1.7 Objectives 

1.7.1 General Aim 

➢ Study the synthesis, characterization, coordination chemistry and catalytic properties 

of the new compound tris(8-quinolinyl)phosphite, P(OQuin)3, 1. Evaluate the 

potential of 1 as ligand will be investigated through its reactivity against metallic 

precursors from groups 8, 9 and 10. Evaluate 1 and the resulting species with 

transition metals in selected catalytic transformations, in particular leading to 

nitrogen compounds of interest (imines, diphenylhydrazines, hydropyridines).  

1.7.2  Specific Aim. 

➢ Synthesize and characterize 1 based on synthetic protocols already reported for 

similar phosphites. 

➢ Optimize the procedure for the synthesis of 1, changing different reaction conditions 

such as: temperature, solvent, nature of the base, reaction time, among others. 

➢ Evaluate the catalytic potential of 1 in the reduction of azocompounds. 

➢ Study the reactivity of the synthesized ligand against metal precursors of groups 8, 

9 and 10 such as Ru (II), Rh (I) and Pd (II). 

➢ Evaluate the catalytic potential of a Pd (II) metal complex bearing the ligand 1 in the 

oxidative coupling of primary amines to yield imines. 

➢ Evaluate the catalytic potential of a Rh (I) metal complex bearing the ligand 1 in the 

hydroboration of pyridines. 

➢ Evaluate the catalytic potential of a Ru (II) metal complex bearing the ligand 1 in 

dehydrogenative transformations. 

➢ Optimize each catalytic reaction by varying different reaction conditions such as: 

temperature, solvent, catalyst / substrate ratio, reaction time, among others. 

➢ Evaluate the scope and limitations of the optimized catalyst systems by varying the 

substrates. 
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Chapter II 

Tris(8-quinolinyl)phosphite: Synthesis, characterization and its organocatalytic application on 

transfer hydrogenation of azocompounds. 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from M. A. Chacón-Terán, R. E. Rodríguez-Lugo, R. Wolf, V. 

R. Landaeta, «Metal-Free Transfer Hydrogenation of Azocompounds with Ammonia Borane 

using a Simple Acyclic Phosphite Precatalyst», Eur. J. Inorg. Chem. 2019, 4336–4344. 
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2.1 Introduction 

Hydrogenation is one of the most fundamental transformations in organic synthesis, and 

its industrial applications are broad, particularly in the production of fine chemicals to 

pharmaceuticals.48 Considering that using H2 gas requires special reaction (pressure) vessels 

and particular safety measures, researchers have dedicated substantial effort to develop simpler 

and safer alternatives for the reduction of unsaturated moieties. In this sense, transfer 

hydrogenation (TH) has become a practical and useful tool in reduction chemistry in the last 

decade.49 TH-reactions using precious-metal catalysts have been intensively investigated.50 

However, for these, abundance, cost, and toxicity are significant issues. Furthermore, 

considering that for large-scale applications a catalyst for the release/transfer of hydrogen must 

be cheap and based on abundant materials, the use of platinum-group metals should be avoided. 

In this respect, organocatalytic-TH using main-group compounds is currently undergoing great 

development.51 

Among the broad variety of potential hydrogen storage materials, ammonia-borane 

(AB) has attracted particular interest due to its high weight percent of available hydrogen 

(19.6%), high stability in air, high portability and the fact that its dehydrogenation is 

thermodynamically favorable (ΔH= -5.1 kcal/mol).52 Although rapid H2-release from AB has 

been widely demonstrated by metal-based catalysts,53,54 latest focus on the hydrogen transfer 

from AB (or amine-boranes in general) has been directed to organocatalyzed dehydrogenation 

using, for example, p-block based systems.55,56 Cornella et al. have addressed the use of 

pnictogen-based compounds for TH reactions from AB, e.g. a bismuth57 and several 

phosphorus-based catalysts.58-52 DFT calculations have revealed an energetically feasible 

pathway for a concerted double hydrogen transfer (concerted metathesis) from AB, using a 

phosphorus catalyst.44 

Studies by Radosevich and co-workers59 have shown that a highly-strained T-shaped 

phosphorus (III) compound D1 (Scheme 2.1a) promotes the TH of azobenzene (2a) with yields 

up to 98% of 1,2-diphenylhydrazine (3a). Reduction of 2a with quantitative yields was also 

achieved by Kinjo and co-workers60,61 using diazaphospholene E1 (Scheme 2.1b).62 In 

addition, these authors also investigated the potential of such compounds as transfer 

hydrogenation/hydroboration catalysts for the reduction of unsaturated bonds using AB and 

HBpin respectively, through a hydrophosphination/metathesis mechanism.47 Similarly, Speed 

et al. described the reduction of imines and conjugated C=C bonds using HBpin and the 

diazaphospholene F1 as precatalyst (Scheme 2.1c).48,63 Treatment of F1 with HBpin (1 equiv.) 

resulted in the formation of E1. The authors remarked that, after the hydrophosphination 
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reaction, the initial metathesis occurred only at the exocyclic P-N or P-O bond (whichever the 

case). Prolonged exposure of B to AB or HBpin initiates further P-N bond cleavage, and the 

generation of PH3 was observed.64,65 

 

Scheme 2.1. Cyclic phosphorus compounds used in catalytic transfer hydrogenation (TH) from 

different H2 sources to unsaturated bonds.  

Lately, reports by the groups of Radosevich,50 Kinjo51 and Speed66 proved that it is 

possible to extend this application to challenging reduction reactions such as stereoselective 

reduction of imines and −unsaturated aldehydes, chemoselective reduction of C=C bonds 

in −unsaturated esters and hydroboration of pyridines. Additionally, diazaphospholene E1 

catalyzes C-C coupling reactions,51b and an analogue of F1 has been used to promote reductive 

Claisen rearrangement in presence of boranes.67 These investigations suggest the possibility to 

further expand the scope of phosphorus compounds and their catalytic reactivity. 
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2.2 Synthesis of tris(8-quinolinyl)phosphite, P(OQuin)3, 1. 

Upon reaction of PCl3 with a slight excess of 8-hydroxy-quinoline, in the presence of base, 

the new trivalent phosphorus compound tris(8-quinolinyl)phosphite, P(OQuin)3, 1, was 

obtained (Scheme 2.2). The product was isolated as a white microcrystalline solid in high yield 

(95%) and can be prepared on a multigram scale (10 g). Elemental analysis, HR-MS and NMR 

spectroscopic data (1H, 13C{1H}, and 31P{1H}) are according to the proposed formulation. 

Protons and carbons were assigned using 2D NMR analysis such as HMQC and HMBC. 

P(OQuin)3 is very sensitive to air and moisture but can be stored at room temperature for 

months in a glovebox under an inert atmosphere.  

 

Scheme 2.2. General reaction for the synthesis of P(OQuin)3, 1. 

The formation of 1 was monitored by 31P{1H} NMR in order to investigate the effect of 

aspects such as reaction temperature, time and solvent on the reaction yield. Over the 

temperature range 0-60 °C, time range 3-16 h and Et2O, THF or CH2Cl2 as solvents, not 

significant differences on the productivity and selectivity of the reaction were observed. 

Nevertheless, the selection of the base is critical as described in Table 1. For example, the 

synthesis of P(OQuin)3 can proceed with a high excess of 8-hydroxy-quinoline (8 equiv. regard 

to PCl3), yielding only 45% of the desired product (entry 2, Table 2.1). 

Table 2.1. Screening of base for the synthesis of 1. a 

Entry Base Yield b 

1 NEt
3
 85 

2c 8-Hidroxyquinoline 45 

3 nBuLi 90 

4 NaH 95 

[a] PCl3 (2.10 g, 15.3 mmol), 8-hydroxyquinoline (6.88 g, 47.4 mmol), base (47.4 mmol), THF (50 

mL) and Et2O (100 ml), argon atmosphere, RT, 3 h. [b] Isolated yield. [c] 8-hydroxyquinoline (17.76 

g, 122.3 mmol) w/o additional base. 
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When the reaction proceeds in the presence of NEt3 or nBuLi, the product can be obtained 

with high yield and “sufficiently clean” based on spectroscopic analysis (1H and 31P{1H} NMR) 

but not analytically pure as confirmed by elemental analysis, which revealed the existence of 

some impurities. The problem lies in the difficulties to eliminate the formed NEt3·HCl or LiCl 

in an efficient way. For this reason, an alternative base for the synthesis of 1 was employed, 

namely sodium hydride. Following a reported procedure for the preparation of the lithium 

quinolinate salt, NaH readily reacts with 8-hydroxy-quinoline to get the sodium analogue as a 

bright yellow solid. Moreover, the sodium quinolinate can be prepared in-situ and reacted with 

PCl3. The formed-NaCl can be separated more easily than NEt3·HCl or LiCl. An analytically 

pure batch of phosphite was obtained in 95% yield after recrystallization from dichloromethane 

and diethyl ether. 

31P{1H} NMR in THF-d8 spectrum shows a singlet resonance at δ 130 ppm, as depicted in 

Figure 2.1a. This value is shifted downfield, as already described for similar compounds68,69. 

In the 1H NMR (THF-d8) four sets of signals that integrate to 6 or 18 protons are found (Figure 

2.1b), which means that a magnetic equivalence is observed between these three quinoline 

moieties. The resonances represent two set of separate spin systems. The first of them, an 

AMX-type system, corresponds to the pyridine scaffold. The signals exhibit a doublet of 

doublet multiplicity with a chemical shift of 8.30 (3JHH = 4.2 Hz, 4JHH = 1.7 Hz), 8.20 (3JHH = 

8.3 Hz, 4JHH = 1.7 Hz) and 7.29 (3JHH = 8.4 Hz, 3JHH = 4.2 Hz) ppm, respectively. The large 

shift on a signal ( 8.30 ppm) corresponds to the H atom ortho to the N atom, as confirmed by 

2D NMR experiments (COSY, HSQC and HMBC). The second set of resonances, a multiplet 

between 7.59-7.49 ppm, shows an ABC-type spin system. Such signals are assigned to the 

phenolate group. 
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a) 

 

b)

 

Figure 2.1. a) 31P{1H} NMR and b) 1H NMR spectra of P(OQuin)3 at RT in THF-d8.  

Crystals suitable for X-ray diffraction analysis were obtained via slow evaporation of a 

THF solution of 1. The molecular structure of 1 is shown in Figure 2.2. Two independent 

molecules are observed in the asymmetric unit, with a distorted trigonal-pyramidal geometry 

around the P atom (pseudo-tetrahedral taking the phosphorus lone-pair into account). The 

heterocyclic rings are oriented in a way that the O–C bonds are directed toward the electron 

lone pair of the P atom. In this scenario, two nitrogen centers (N3/N2 and N5/N6) are pointing 

toward the vertex of the pyramid (P1 and P2, correspondingly) while the third nitrogen is 

directed away from the phosphorus center (N1 and N4, correspondingly). Indeed, each of the 

nitrogen atoms N2 and N6 shows a short contact with the oxygen O1 and O4, correspondingly. 

The N–O interatomic distance is in average 3.03(4) Å.  

An interesting feature in the crystal packing of 1 is the existence of π-stacking between 

proximal N-heterocyclic rings in each one of the independent molecules (Figure 2.3). The 
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centroid–centroid distance is 3.765 Å. This value is within the equilibrium distances calculated 

by Sherrill70 for π-stacking, i.e. 3.45–3.95 Å. 

 

Figure 2.2. ORTEP drawing of the molecular structure of the phosphite ligand tris(8-

quinolinyl)phosphite, P(OQuin)3. Thermal ellipsoids are drawn at the 50% probability level. 

Hydrogen atoms have been neglected for clarity. Two independent molecules per asymmetric unit 

were found.  

 

 

Figure 2.3. Packing of the molecules in the unit cell: π-stacking between proximal N-heterocyclic 

rings in each one of the independent molecules 
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Several contacts are present in the asymmetric unit of 1: P⋯H, O⋯H, N⋯H and C–H⋯C–

H interactions. The average of the interatomic distances and angles around the phosphorus 

atoms are listed in Table 2.2 and 2.3. The P–O bond lengths are significantly longer in 1 than 

those in the related compound tris(1-naphthyl)phosphite,68 as shown in Table 2.2.  

Table 2.2. Selected distances [Å] for 1 and the related compound tris(1-naphthyl) phosphite. 

 

 
 

 

Bond 1 a Tri(1-naphtyl)phosphite 

P-O 

1.6406(11) 1.6086(11) 

1.6526 (12) 1.6376(11) 

1.6558 (12) 1.6425(11) 

C-O 

1.3752(18) 1.3889(17) 

1.3767(19) 1.3906(18) 

1.3799(18) 1.4026(17) 

a Average of the two independent molecules in the unit cell. 

The C–O distances and the O–P–O angles are significantly shorter in 2 than the analogous 

distances for tris(1-naphthyl)phosphite.68 As a matter of fact, to the best of our knowledge, in 

average the O–P–O angles (93.5°) in 1 are shorter than the values previously obtained for any 

other phosphite ligand, cyclic or acyclic. The shortest average value for this kind of angle, 95.6° 

(Table 2.3), was the one reported for tris((2,6-diphenyl)phenyl)phosphite.69 Such small bond 

angles are attributed to the steric hindrance of the substituents surrounding the P-atom. In 

average, the O–P–O angles of phosphite ligands are in the range of 97–98°. 

Unlike D1–F1, which require several synthetic steps, 1 is quickly prepared in a one-pot 

reaction from commercial products on a gram scale, rendering it convenient for catalytic 

applications. P(OQuin)3 presents intramolecular interactions in the solid-state that restrain the 

structure and originate a distorted geometry around the P atom (with an average O-P–O bond 

angle of 93.5 degrees) which, being acyclic, could somehow get a similar reactivity to the 

strained or cyclic PIII compounds previously mentioned. 

 

 



 

 65 

Table 2.3. Comparison of selected angles for 1 with related (acycle) phosphorus (III) 

compounds. 

 
 

 
 

 
 

1 a Tri(1-naphtyl)phosphite 
Tris((2,6-diphenyl) 

phenyl)phosphite 

O1-P-O2 88.07(3) O1-P-O2 94.73(5) O1-P-O2 94.91(2) 

O1-P-O3 94.79(2) O1-P-O3 98.02(6) O1-P-O3 96.33(2) 

O2-P-O3 97.27(3) O2-P-O3 101.91(6) O2-P-O3 95.65(2) 

∢ 93.37 ∢ 98.22 ∢ 95.63 

a Average of the two independent molecules in the unit cell. 

2.3 Reactivity of Tris(8-quinolinyl)phosphite towards H3N·BH3 as hydrogen source. 

Considering the studies by Radosevich,59 Kinjo60 and Speed,63 it becomes interesting to 

explore the potential of the p-block compound 1 as an organocatalyst in similar 

transformations. Thus, initially, it was important to study the reactivity of 1 toward AB. To this 

end, a test using a twenty-fold excess of AB was carried out (Scheme 2.3a). The selective 

formation of PH3 (
31P δ= –242 ppm, 1JPH= 180 Hz; Scheme 2.3b) along with dehydrogenated 

ammonia borane species, such as borazine and polyborazylene,53 was observed (Scheme 2.3c)  

by 31P and 11B NMR spectroscopy. 

These findings evidence the dehydrogenation of ammonia borane along with a chemical 

transformation of 1. To evaluate the effect of the amount of AB complex on the reaction with 

1, the ratio 1/AB was reduced to 1:1 (Scheme 2.4) and 1:5 (Scheme 2.5). The stoichiometric or 

pseudo-stoichiometric reaction were conducted as independent tests. Although in such cases 

the reaction is less selective, producing several phosphorus- and boron-containing species 

(identified by 31P or 11B NMR, respectively), it was possible to observe products of the 

interaction of 1 with AB and to confirm that 1 is a hydrogen acceptor, which is transformed 

into other compounds. In particular, the presence of quinoline-based boron compounds, such 

as the corresponding borinate ester BH2(OQuin) (11B NMR δ= 5.9 ppm, 1JBH= 122 Hz) and the 

boronate ester BH(OQuin)2 (
11B NMR δ= 8.8 ppm, 1JBH= 135 Hz), was determined (Scheme 

2.4d and 2.5c). Also, an-other (major) signal at 14 ppm in 11B NMR, attributed to the in-situ 
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formation of B(OQuin)3, was identified, along with the common AB dehydrogenation product 

polyborazylene. 

 

PH3 

1JPH= 187 Hz 

 Dehydrogenated 

AB byproducts 

H3NBH3 

 31P NMR 

 

Scheme 2.3. a) Reactivity of 1 toward 20-fold of AB at 60 °C for 12 h in THF-d8. b) 31P {1H} NMR 

spectrum of such reaction mixture (the inset shows a section of the proton-coupled 31P NMR 

spectrum). c) 11B NMR spectrum of such reaction mixture. 
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0 h 

2 h 

4 h 

6 h 

8 h 

10 h 

12 h 

 H3NBH3 

 

P(Oquin)3 

No PH3 detected       

1JPH= 566 

Hz 

31P NMR 
 

0 h 

2 h 

4 h 

6 h 

8 h 

10 h 

12 h 

 

HB(Oquin)

2 

H2BOquin 

Polyborazylene 

& borazine 

 

No H3BNH3 left 

B(Oquin)3 

 

Scheme 2.4. a) Equimolar reaction of 1 + AB at 60 °C for 12 h in THF-d8. b) 1H NMR monitoring of 

such reaction mixture as a function of time, at 60 °C. c) 31P {1H} NMR monitoring of such reaction 

mixture, every 2 h at 60 °C (the inset shows a section of the proton-coupled 31P NMR spectrum). d) 

11B NMR spectrum of such reaction mixture after 12 h at 60 °C. 
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PH3 

P(Oquin)3 

1JPH= 566 Hz 

31P NMR 

P4 

 

HB(Oquin)

2 

H2BOquin 
Polyborazylen

e 

H3NBH3 

-BH4 B(Oquin)3 

 
Scheme 2.5 a) Reactivity of 1 toward 5 equiv. of AB at 60 °C for 12 h in THF-d8. b) 31P {1H} NMR 

spectrum of such reaction mixture after 12 h at 60 °C (the inset show the proton-coupled 31P NMR 

signal of the species resonating at 6.99 ppm). c) 11B NMR spectrum of such reaction mixture after 12 

h at 60 °C. DADB: diammoniate of diborane [71]  

Regardless of such lack of selectivity, after determining the reactivity of 1 as hydrogen 

acceptor from AB, it was important then to study its potential to promote transfer hydrogenation 

reactions or, more specifically, to determine whether the phosphite or its products after 

dehydrogenation of AB could engage in the transfer of hydrogen to an unsaturated substrate.  

2.4 Reduction of azocompounds catalyzed by P(OQuin)3. 

The hydrogenation of azobenzene (2a) in the presence of 1 to yield 1,2-diphenylhydrazine 

(3a), was tested as a model reaction (Table 2.4). For the sake of comparison, other analogous 

phosphite compounds were also tested as catalyst precursors. The reduction of 2a in THF at 60 

°C produces 3a in high yields (>95% after 16 h; entry 1). By using stoichiometric amounts of 
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AB (1.1 equiv. relative to azobenzene) at the highest catalyst loading studied (i.e. 30 mol%), 

the reaction proceeded without significant loss in yield, but a longer reaction time was required 

(>95% after 24 h; entry 2). However, when stoichiometric amounts of AB were used at catalysts 

loadings between 20 mol% and 5 mol%, the catalytic activity dropped significantly (entries 4, 

6, 9 and 11 compared to entries 3, 5, 8 and 10, respectively). The observed effect is more 

pronounced for lower catalyst loadings. Good conversion was achieved using 10 mol% of 1 

and a four-fold excess of AB (80% after 24 h; entry 8). Moderate activity was observed for 

loadings below 5 mol% of 1 (57%; entry 10). Lowering the pre-catalyst loading to 12.5 mol% 

still gave high conversions of 2a when compared to higher catalysts loadings (ca. 90%; entries 

3 or 5 vs entry 7). Compounds similar to 1, e.g. ((R)-binapthol)-P(8-OQuin)26q and P(1-O-

Naphthyl)3,
68 or the aromatic phosphite P(OPh)3, were inefficient catalyst precursors under the 

studied conditions, yielding 3a in only 63%, 17% or 40%, respectively (entries 13 and 14). In 

the absence of a catalyst precursor, a very poor conversion was observed, thus highlighting the 

catalytic nature of the transformation (entry 15). In a screening of solvents, high activity was 

also obtained in acetonitrile, benzene, and toluene. In particular, the latter two apolar 

hydrocarbons gave a quantitative reduction of 2a after 24 h. However, THF was selected as the 

solvent for the rest of the studies to avoid interference with aromatic signals at quantifying 

steps on the 1H NMR spectra.  
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Table 2.4. Metal-free transfer hydrogenation of 2a using the phosphite 1 as precatalyst. 

Screening of catalyst precursors. a 

 

 

 

 

 

Entry 
Catalyst Precursor 

P(OR)3 

Time 

(h) 

Catalyst loading 

(mol%) 

Conversion 

(%)c 

1 1 [b] 16 30 >95 

2 1 b 24 30 >95 

3 1 [b] 24 20 >95 

4 1 b 24 20 78 

5 1 [b] 24 15 94 ± 1 (91) d 

6 1 b 24 15 75 ± 3 

7 1 [b] 24 12.5 87 ± 3 

8 1 [b] 24 10 80 ± 2 

9 1b 24 10 57 ± 2 

10 1 [b] 24 5 57 ± 2 

11 1b 24 5 20 ± 1 

12 P(OPh)3 64 30 40 

13 
((R)-1,1'-binaphthane-2,2'-

diyl)P(8-OQuin) 
64 30 63 

14 P(1-O-Naphthyl)3 64 30 17 

15 None 64 0 <5 

[a] 2a (54.7 mg, 0.3 mmol), AB (37.0 mg, 1.2 mmol, 4 equivalents), 1,3,5-trimethoxybenzene (16.7 

mg, 99.0 µmol, internal standard), THF (1.25 mL), argon atmosphere, 60 °C, 24 h. [b] AB (10.2 

mg, 0.33 mmol, 1.1 equivalents). [c] Conversions determined by 1H NMR using the internal 

standard. Values with errors are the result of at least two independent experiments. Triplicates were 

performed when the deviation of two experiments was larger than ±5. [d] Values in parenthesis 

correspond to isolated yield. 

Considering the spectroscopic evidence obtained from the reactivity tests (i.e. the formation 

of PH3, BH2(OQuin), BH(OQuin)2 and HOQuin it was important then to determine the 
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influence of such compounds on the model reaction (Table 2.5) and, thus, to shed some light 

into the possible mechanism and/or catalytic species involved in the transformation. Initially, 

the catalytic activity of 8-quinolinol (HOQuin) was tested. 70% conversion was achieved with 

30 mol% of 8-quinolinol after 24 h. Longer reaction time (64 h) did not increase the conversion 

in this case (entry 1 and 2, respectively; Table 2.5). Also, NaPH2 was independently examined 

as a PH3 source. No conversion of 2a to 3a was observed, using either NaPH2 or combining 

NaPH2 with HCl (10 mol%, 1.0 M in Et2O) to produce PH3 in situ. (entry 3 and 4, respectively; 

Table 2.5).  Subsequently, the catalytic performance of a 1:3 mixture of NaPH2 and 8-

quinolinol was investigated. This mixture yielded a conversion to 3a of >95% after 24 h, thus 

reproducing the performance (in terms of product yield) achieved by 1. The substrate to AB 

ratio could be lowered to 2:1 and the reduction of 2a still occurred effectively (>95%, entry 8; 

Table 2.5). 

Finally, to investigate the possible role of the boron-containing species generated in situ 

from the system 1 + AB, separate TH reactions were performed using some of the boron-esters 

observed in the reactivity tests. In fact, H2BOQuin and HB(OQuin)2 were among such boron 

compounds detected on the NMR scale experiments (Figure 2.4a).  

 

Figure 2.4. 11B NMR spectrum of a 1:5 reaction mixture of 1 + AB after 12 h at 60 °C (blue), isolated 

HB(OQuin)2 (green), isolated H2BOQuin (red). 

 

These were also independently synthesized72 (Figure 2.4b,c) to be used on the catalytic 

tests, yielding 70% and >95% conversion of 2a to 3a, respectively. The use of H2B(OQuin) as 

catalyst72 in the reaction led to a yield of the diphenylhydrazine product 3a lower than with the 

system 1 + AB. This seems to indicate that H2B(OQuin) is not the (sole) species responsible 

for the catalysis in this case. Unfortunately, it was impossible to assess the role of B(OQuin)3 

on the reaction. Attempts to isolate pure B(OQuin)3 (which was assigned to a signal at 14 ppm 

in the 11B NMR spectra, vide supra) yielded a mixture of HxB(OQuin)3-x (x = 0,1,2) that could 

HB(OQuin

)2 

H2B(OQuin) 

H3NBH3 
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not be separated. Steric crowding on the boron atom, due to the presence of the three “OQuin” 

moieties, could be responsible for the impossibility to isolate such compound.  

Table 2.5. Optimization process for the TH of azobenzene using different catalyst mixtures.  

Entry [Cat] 
Equiv. 

AB 

Time Conversion 

(%) n 

1a,b 30 mol% 8-OH-Quinoline 4 64 70 

2a,b 30 mol% 8-OH-Quinoline  4 24 70 

3a,c 10 mol% NaPH2 4 64 <2 

4a,c,d 10 mol% NaPH2 + 10 mol% HCl 4 64 <2 

5a-c 10 mol% NaPH2 + 30 mol% 8-OH-Quinoline 4 24 >95 

6a-c 10mol% NaPH2 + 30 mol% 8-OH-Quinoline 4 16 >95 

7a-c,e 10 mol% NaPH2 + 30 mol% 8-OH-Quinoline 1 16 >95 

8a-c,f 10 mol% NaPH2 + 30 mol% 8-OH-Quinoline 0.5 16 >95 

9a-c,g 10 mol% NaPH2 + 30 mol% 8-OH-Quinoline 0.25 24 45 

10a,c,h 10 mol% NaPH2 + 10 mol% 8-OH-Quinoline 4 24 >95 

11a-d 
10 mol% NaPH2 + 10 mol% HCl + 30 mol% 8-

OH-Quinoline 

4 16 
>95 

12a,b,i 10 mol% PMe3 + 30 mol% 8-OH-Quinoline 4 64 <10 

13a,c,j 10 mol% NaPH2 + 30 mol% 1-Naphtol 4 64 2 

14a,b,k 10 mol% LiNH2 + 30 mol% 8-OH-Quinoline 4 64 58 

15a,l 30 mol% H2BOQuin  4 24 70 

16a,m 30 mol% HB(OQuin)2  4 24 >95 

[a] 2a (36.4 mg, 0.2 mmol), AB (24.7 mg, 0.8 mmol, 4 equivalents), 1,3,5-trimethoxybenzene (11.1 

mg, 66.0 μmol, internal standard), THF (1 mL), argon atmosphere, 60 °C, 24 h. [b] 8-

hydroxyquinoline (8.7 mg, 60.0 μmol). [c] NaPH2 (1.1 mg, 30.0 μmol). [d] HCl (0.7 mg, 20 μl, 20.0 

μmol, 1 M in Et2O). [e] AB (6.1 mg, 0.2 mmol). [f] AB (3.1 mg, 0.1 mmol). [g] AB (1.6 mg, 50.0 

μmol). [h] 8-hydroxyquinoline (2.9 mg, 20.0 μmol). [i] Trimethylphosphine (1.5 mg, 20.0 μmol). 

[j] 1-Naphtol (8.7 mg, 60.0 μmol). [k] LiNH2 (1.4 mg, 60.0 μmol). [l] H2BOQuin (9.4 mg, 60.0 

μmol). [m] HB(OQuin)2 (18.0 mg, 60.0 μmol).  [n] Conversions determined by 1H NMR using the 

internal standard. 

The findings from the reactivity tests strongly suggest that 1 is indeed a catalyst precursor, 

which serves as an appropriate source of the actual catalyst(s). While the identity of the true 

catalyst(s) presently remains unknown, both the phosphorus source and the “OQuin” moiety 

are required for the catalytic TH of 2a from AB. Furthermore, although NaPH2/8-quinolinol 

and HB(OQuin)2 (entry 16, Table 2.5) also worked effectively in converting 2a into 3a in the 
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presence of AB, the use of these catalytic systems would be more inconvenient. NaPH2 is hard 

to prepare, difficult to handle and pyrophoric.73 HB(OQuin)2 (as well as H2B(OQuin)72) is 

thermally unstable and needs to be stored cold under inert atmosphere. For all the above, 1 was 

chosen as catalyst precursor for the rest of the study. 

The following were selected as optimized conditions to examine the scope of the catalytic 

system with a series of symmetrical and unsymmetrical (E)-diazenes (Table 2.6): 10 mol% of 

catalyst precursor 1, 4 equivalents of AB, 60 °C, 24 h (unless otherwise stated). Although the 

best conversion for substrate 2a was achieved using 15 mol% of phosphite 1 as catalyst, for the 

rest of the azoarenes studied the use of catalytic loadings of 10 mol%, 12.5 mol% or 15 mol% 

did not significantly affect the conversion obtained. Thus, the catalyst loading was kept to the 

lowest possible to achieve the observed yields (Table 2.4). Symmetrical azoarenes bearing 

electron-donating groups (EDG) such as methyl in different relative positions (p-, m- and/or o-

, 2b-d, k), were converted into the corresponding phenylhydrazine compounds with good 

yields. The bulky compound 2d is the only exception, for which 35% of the corresponding 

product was achieved after 24 h. Steric hindrance around the N=N bond might explain the low 

yield for such a compound. 

In the case of p-dimethylamino derivatives (2j and 2l, symmetrical and unsymmetrical, 

respectively) a quantitative conversion was achieved. For p-methoxy (2i) a moderate 

conversion was obtained. Likewise, symmetrical and unsymmetrical azoarenes bearing 

electron-withdrawing groups (EWG) in the para position, such as fluoro (2e), chloro (2f), and 

bromo (2g) derivatives, were reduced with good to excellent yields. In addition, a derivative 

substituted with trifluoromethyl groups (2h) in the m-position was tested, and a conversion of 

90% was achieved. (E)-diazenes bearing a p-NH2 (2n) or p-COOH (2m) gave very poor yields 

of the corresponding hydrazine after 24 h. Increasing the reaction time up to 64 h in these cases 

did not improve the conversion, suggesting that the system does not tolerate groups that have 

acidic protons.  
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Table 2.6. Metal-free transfer hydrogenation of azocompounds using the phosphite 1 as 

precatalyst. Screening of substrates. a 

 

 

 

Symmetrical 

 
 

 

3b 90 3c 89 3d 35 

 
 

  

3e 92 [b] (89) 3f >95[b] (92) 3g >95[c] (90) 

 
 

  

3h 90 3i 65 3j 92 

 
3k >95 (90) 

Unsymmetrical 

   
3l >95 3m <10 3n <10 

[a] 2b-n (0.3 mmol), 1 (13.9 mg, 30.0 μmol), AB (37.0 mg, 1.2 mmol), 1,3,5-trimethoxybenzene 

(16.7 mg, 99.0 μmol, internal standard) THF (1.25 mL), Argon atmosphere, 60 °C, 24 h. [b] 16 h. 

[c] 12 h. Given conversions (%) determined by 1H NMR spectroscopy. Values in parentheses (%) 

correspond to isolated yields. 
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2.5 Kinetic studies for the reduction of azocompounds catalyzed by P(OQuin)3. 

The kinetics for the catalytic TH of 2a to yield 3a were examined. The progress of the 

reaction as a function of time was monitored by 1H NMR spectroscopy (Figure 2.5). Plotting 

ln ([AZB]/[AZB]o) vs. time (h) returned a straight line (Figure 2.6). Here, [AZB] is the molar 

concentration of azobenzene at each given time and [AZB]o is the initial molar concentration 

of azobenzene. This simple experiment suggested a pseudo-first-order rate equation with regard 

to the azobenzene concentration in the presence of an excess of AB. Additionally, an induction 

period was observed, which needed to be considered for the analysis of the kinetic data. This 

period might be related to the time required for the activation of the precatalyst 1, thus forming 

the actual active species, as evidenced by the reactivity tests (vide supra).  

 

Figure 2.5. Azobenzene concentration as a function of time during the first 14 h of reaction. 
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Figure 2.6. Representation of Ln([AZB]/[AZB]o) vs. time 

 

The evaluation of the reaction order with regard to the other individual components of the 

system was also carried out. A generic rate law for the TH of azobenzene is shown in equation 

1 (Eq. 1). From this, the values α, , and γ were determined by measuring the influence of the 

concentration for each respective component on the reaction rate. 

r = k·[AZB]α·[cat]·[AB]γ (Eq. 1) 

The rate of the reaction was measured as a function of the concentration of azobenzene, 

ranging between 0.044 M and 0.220 M, while the concentration of precatalyst and AB, 

temperature and time were kept constant (Table 2.7). The representation of ln r vs. ln [AZB] 

(Figure 2.7) returned a straight line with a slope of 1.02, indicating a first-order dependence on 

the concentration of azobenzene. This confirmed the result from the monitoring of the reaction 

as a function of time (vide supra).  

Table 2.7. Reaction rates as a function of azobenzene concentration.  

[AZB](mol.L-1) Ln [AZB] r (mol.L-1.s-1) R2 Ln r 

0.044 -3.1235656 8.205E-06 0.994 -11.710767 

0.088 -2.4304185 1.993E-05 0.976 -10.823284 

0.132 -2.0249534 2.937E-05 0.985 -10.435537 

0.176 -1.7372713 3.692E-05 0.983 -10.206757 

0.220 -1.5141277 4.638E-05 0.970 -9.9786422 
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Figure 2.7. Representation of Ln(r) as a function of Ln[AZB]. 

Likewise, the rate of reaction was measured depending on the catalyst concentration, 

ranging from 0.004 M to 0.025 M, while the concentration of azobenzene, concentration of 

AB, temperature and reaction time were kept constant. (Table 2.8) A fractional order (1/2) 

dependence on catalyst concentration can be observed from the plot of ln r vs. ln [cat] with a 

slope value of 0.48 (Figure 2.8). The kinetic data was also analyzed using the graphical method 

described by Burés et al.,74 thus confirming our findings for catalyst loadings higher than 10 

mol%. This result suggests that there is a complex relationship between the catalyst 

concentration and the reaction rate and confirms that 1 act as a precatalyst. The fractional order 

could be a consequence of the induction time required to form the actual catalyst or could also 

be related to the fact that more than one catalytically active species is involved. 

Table 2.8. Reaction rates as a function of precatalyst concentration. 

[precat] mol% [precat] M Ln [precat] 
r        

mol.L-1.s-1 
R2 Ln r 

2.5 0.004 -5.52146092 1.598E-05 0.972 -11.0441726 

5 0.007 -4.96184513 2.162E-05 0.977 -10.7418917 

10 0.013 -4.34280592 2.689E-05 0.985 -10.5237561 

15 0.019 -3.9633163 3.296E-05 0.977 -10.3202159 

20 0.025 -3.68887945 3.920E-05 0.972 -10.1468338 
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Figure 2.8. Ln(r) as a function of Ln[precat]. 

Given the fact that an excess of AB (4 equivalents respect AZB, formally up to 12 eq. H2) 

has been used, its concentration is higher than needed at any time and, thus, it can be considered 

constant. Consequently, AB concentration disappears from the rate law equation (Eq. 1) and it 

is integrated into the rate constant k, leading to an apparent rate constant kapp = k[AB]γ. Once 

the order of reaction with respect [AZB] and [1] were determined, the magnitude of kapp could 

be calculated (0.029 ± 0.005 s–1· L0.5·mol–0.5). These kinetic experiments indicate that the rate 

law can be represented as in equation 2 (Eq. 2) at constant temperature (60 °C) and using a 

four-fold excess of AB (formally 12 equivalents of H2). 

r = kapp·[AZB]·[1]1/2 (Eq. 2) 

The temperature dependence on the rate of reaction was evaluated using temperature ranges 

between 40 °C and 80 °C, at 10 °C intervals. The representation of the ln [AZB] vs. time gave 

a straight line (Figure 2.9). An induction time caused by precatalyst activation was observed, 

which was inversely proportional to the temperature and the substrate concentration. Points 

representing the induction time were discarded from the graph, to obtain a better fit on linearity.  
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Figure 2.9. Ln [AZB] at different temperatures vs. time.  

After determination of the temperature influence on the reaction rate, both Eyring and 

Arrhenius analysis were performed (Table 2.9 and 2.10, Figure 2.10 and 2.11, respectively). 

The ln (r/T) was plotted against the inverse of the temperature (1/T) (Figure 2.10) yielding a 

straight line in accordance with the corresponding equation (Eq. 3).  

𝐿𝑛 (
𝑟

𝑇
) =  (

−𝛥𝐻‡

𝑅
) . (

1

𝑇
) +  𝐿𝑛 (

𝑘𝐵

ℎ
) +  𝐿𝑛 (

𝛥𝑆‡

𝑅
) 

(Eq. 3)  

From the slope and the intercept, values of ΔH‡=17.1 ± 2.6 kcal/mol, ΔS‡=-31 ± 7 e.u and 

ΔG‡
(298.15 K) = 26.4 ± 5.7 kcal/mol were calculated. The sign and magnitude of the entropy of 

activation are consistent with a reaction step involving a transition structure typical of a 

bimolecular reaction. This might be in agreement with an associative mechanism, in which at 

least two reaction partners form a single activated complex.55a-c,64,75 Then, The ln r was plotted 

against 1/T (Figure 2.11) and from the Arrhenius analysis, an activation energy of 17.8 ± 4.1 

kcal/mol was obtained using the corresponding equation (Eq. 4). 

𝐿𝑛(𝑟) =  (−
𝐸𝑎

𝑅
) . (

1

𝑇
) +  𝐿𝑛𝐴 (Eq. 4) 
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Table 2.9. Reaction rates as a function of the temperature. Ln(r/T) vs. 1/T for Eyring analysis. 

T / K 1/T r / mol.L-1.s-1 r / T Ln (r/T) 

313.15 0.00319336 1.472E-06 4.701E-09 -19.175571 

323.15 0.00309454 2.275E-06 7.040E-09 -18.771647 

333.15 0.00300165 8.205E-06 2.463E-08 -17.519360 

343.15 0.00291418 1.927E-05 5.616E-08 -16.695129 

353.15 0.00283166 2.952E-05 8.359E-08 -16.297335 

 

 

 

Figure 2.10. Eyring plot for TH of azobenzene catalyzed by P(OQuin)3. Based on respective 

equations, activation thermodynamic parameters were determined. 

 

 

Table 2.10. Reaction rates as a function of the temperature. Ln(r) vs. 1/T for Arrhenius analysis. 

T / K 1/T K / mol.L-1.s-1 Ln r 

313.15 0.00319336 1.472E-06 -13.428889 

323.15 0.00309454 2.275E-06 -12.993531 

333.15 0.00300165 8.205E-06 -11.710767 

343.15 0.00291418 1.927E-05 -10.856961 

353.15 0.00283166 2.952E-05 -10.430443 
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Figure 2.11. Arrhenius plot for TH of azobenzene catalyzed by P(OQuin)3. Based on respective 

equation activation energy was determined. 

To the best of our knowledge, only two examples of kinetic experiments have been reported 

for the TH of azobenzene involving AB as the hydrogen source. Kinjo and co-workers studied 

the kinetics for the TH of azobenzene using the diazaphospholene catalyst E1 (Scheme 2.1b). 

60,61 Their results also suggest a first-order rate equation with regard to the substrate. 

Radosevich and co-workers59 carried out kinetic experiments for the TH of azobenzene 

catalyzed by species D1 (Scheme 2.1a). Also, in this case, in the presence of an excess of 

azobenzene, the reaction follows a pseudofirst-order kinetics. Furthermore, Eyring analyses 

were performed obtaining the following activation thermodynamics parameters: ΔH‡ = 21.8 

kcal/mol, ΔS‡ = –11.6 e.u and ΔG‡
(298.15) = 25.2 kcal/mol, for Kinjo's system; ΔH‡ = 12.4 

kcal/mol, ΔS‡ = –36 e.u and ΔG‡
(298.15) = 23.13 kcal/mol, for Radosevich's system. The sign of 

the enthalpy of activation (+ΔH‡) and the sign and magnitude of the entropy of activation (–

ΔS‡) in the present work agree with the results cited before. Moreover, the magnitudes of the 

free-energy of activation (+ΔG‡) are very similar in all cases. This might suggest that the nature 

of the transition state of the rate-determining step is related in these cases. 

Further kinetic analysis using deuterated ammonia boranes was carried out to examine 

deuterium kinetic isotope effects (Figure 2.12). The DKIEs values were determined based on 

the ratio of the reaction constants (kAB/kDAB), where kAB corresponds to the reaction constant 

with the protic and hydride ammonia borane and kDAB is the reaction constant of each of the 

respective deuterated ammonia boranes. 
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Figure 2.12. Deuterated kinetic isotopic effect (DKIE's) on reaction rate for the TH of azobenzene 

with deuterated ammonia boranes. 

Normal DKIEs values of 1.45 and 1.50 were observed for the reaction of azobenzene with 

D3N·BH3 and H3N·BD3, respectively, and a DKIE of 2.14 in the case of the fully-deuterated 

compound. The group of Kinjo reported a trend similar to the one found in this investigation 

for the kinetic isotope effect (KIE) in their system, i.e. kAB > kAB(D) > kA(D)B > kA(D)B(D) (AB(D) 

= H3N·BD3; A(D)B = D3N·BH3; A(D)B(D) = D3N·BD3), determined by experimental and 

theoretical means. The overall KIE was associated with the cleavage of both B–H and N-H 

bonds in the rate determining step of the reaction, in a double-hydrogen transfer concerted 

mechanism.60,61 For the TH of azobenzene catalyzed by 1, as expected, the DKIE obtained with 

perdeuterated AB (D3N·BD3, kAB/kA(D)B(D) = 2.14), corresponds to the product of the individual 

KIEs (within the experimental error, kAB/kA(D)B(D) = 1.45, kAB/kAB(D) × 1.50, kAB/kA(D)B  = 2.18). 

This suggests that B–H and N-H bonds are simultaneously broken and are probably relevant to 

the rate-determining step (RDS). Similar observations have been previously made for other 

homogeneous catalytic systems of AB dehydrogenation.57,76 In the literature,50d,57,60,61,75-77 

kAB/kA(D)B(D) values ranging from 1.39 75 to 7.05 57 have been considered as significant and a 

clear indication of both B–H/N-H bond breaking as the rate-determining step. 

Finally, a Hammett study was performed to investigate the effect of different substituents 

in p-position on the aryl ring. THF solutions (0.132 M) of different p-substituted azobenzene 

compounds were chosen as follow: two of them bearing electron- donating groups (Me and 
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OMe, Table 2.11), and two with electron-withdrawing groups (Cl and F; Table 2.11). The 

reaction rate (r) for each substrate (2a–b, e–f, i) was obtained from the slope of the plot of the 

natural logarithm of the substrate concentration ln ([p-FG-AZB]) against time. Once the 

reaction rate for the p-substituted azobenzene series was known, a Hammett analysis was 

carried out. Log k was plotted against the substituted constant (σ) as depicted in Figure 2.13 

using the corresponding equation (Eq.5). 

Table 2.11. Reaction rates for different p-substituted azoarenes. Hammett analysis. 

p-Substituent 
Substituent 

constant 

(σ) 

r  

(mol.L-1.s-1) 
R2 log r Ln r 

ΔG‡
(333.15) 

Kcal/mol 

OMe -0.268 1.308x10-5 0.970 -4.883 -11.244 27.020 

Me -0.170 2.071E-05 0.965 -4.683 -10.784 26.715 

H 0.000 2.689E-05 0.981 -4.570 -10.523 26.543 

F 0.062 3.630E-05 0.990 -4.440 -10.223 26.344 

Cl 0.227 5.932E-05 0.953 -4.226 -9.732 26.019 

 

𝐿𝑜𝑔(𝑟) =  𝜌‧𝜎 +  𝐿𝑜𝑔(𝑟°) (Eq. 5) 

 

 

Figure 2.13. Representation Log (r) vs substituent constant (σ).  = 1.26. 

The Hammett plot returns a straight line and reveals a linear free-energy relationship (ΔG‡) 

between the p-substituted azobenzene compounds. In other words, ΔH‡ is nearly constant for 

the series whereas ΔS‡ is proportional to the substituent constant σ. The azocompound series 

studied followed the linear-free energy relationship (LFER) equation (Eq. 6) with a reaction 
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constant (ρ) of 1.294. The sign of the reaction constant indicates that the transition state of the 

rate-determining step presumably carries a negative charge, while the magnitude means that 

this system is less sensitive to functional groups around the aryl ring than related systems.60,61 

               𝛥𝐺 (𝑇)
‡ =  𝑅𝑇‧ {𝐿𝑛 (

𝑘𝐵‧𝑇

ℎ
) –  𝐿𝑛 (𝑟)} (Eq.6) 

The experimental evidence and results obtained, along with the kinetic data (rate of 

reaction, activation thermodynamics parameters, DKIE, and LFER) confirm that AB suffers 

dehydrogenation initiated by the acyclic phosphite (1), thus generating catalytically active 

species which perform the transfer hydrogenation of azobenzenes. The system is very efficient, 

and a variety of substituted phenylhydrazines were obtained. However, it is not possible to 

make a mechanistic outline or to propose a catalytic cycle for the system since the identity of 

the active species (catalyst) could not be unequivocally determined. Regardless of that, it 

becomes clear that: 1) P(OQuin)3 is a precatalyst, and its use is more convenient than the in 

situ catalytic system NaPH2 + 8-HOQuin, 2) the mechanism is probably associative, as 

reflected in the ΔS‡ which indicates a more ordered (concerted TH) transition state, and 3) 

deuteration of AB significantly affects the reaction rate and suggests a simultaneous N-H and 

B–H bond cleavage that (directly or indirectly) influences the rate-determining step. 

2.6 Chapter conclusions.  

The new phosphite P(OQuin)3, based on 8-hydroxy-quinoline, was prepared on a multigram 

scale and fully characterized. The phosphorus (III) compound 1 reacts with AB generating a 

catalytically active system which was exploited to perform the transfer hydrogenation of apolar 

N=N bonds in azoarenes. The corresponding hydrazines were obtained in high yields. The 

reaction conditions were studied for a model reaction (azobenzene as substrate) and the 

hydrazine formation proceeds under mild reaction conditions: 10 mol% of 1 as catalyst 

precursor, 60 °C, 24 h and 4 equivalents of AB.  

Kinetic measurements indicate that the best approximation for the rate law is r = 

0.029±0.005 s–1·L0.5·mol–0.5.[AZB].[1]1/2 at a constant concentration of AB and temperature 

(60 °C). The analysis of KIEs indicated that the cleavage of B–H and N-H bonds of AB is either 

part of the rate-determining step or at least has a significant indirect effect in the reaction rate. 

Activation thermodynamic parameters were obtained from both Eyring and Arrhenius analysis, 

and suggest that the reaction proceeds through an organized transition state, consistent with an 

associative mechanism. A Hammett plot showed a linear free-energy relationship (ΔG‡) among 

the p-substituted azobenzene compounds studied. The kinetic and mechanistic investigations 
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do not provide enough evidence on the identity of the catalytically active species, formed from 

1, but suggest that AB is involved in more than one reaction step (at least in the reaction with 

phosphite 1 and in the hydrogen transfer to the substrates).  

The potential of 1 to promote novel transformations via bond activation in small molecules 

will certainly be an ongoing area of interest in our group. Additional efforts are also being 

directed to the synthesis of alternative σ3-P compounds for the reduction of even less reactive, 

nonpolar covalent bonds. 

2.7 Experimental Section 

Synthesis of P(OQuin)3: 

• Using NEt3 or nBuLi as base: To a solution of 8-hydroxyquinoline (3.28 g, 22.6 mmol) 

in Et2O (50 mL) a solution of triethylamine (2.36 g, 23.3 mmol) in Et2O (50 mL) was added 

dropwise, while stirring. Then, a solution of phosphorus trichloride (635 μL, ca. 1g, 7.3 mmol) 

in Et2O (100 mL) was added dropwise at 5 °C (ice bath) for 1 h. Once the addition was finished, 

the mixture was left to warm up to room temperature for 3 h. A colorless solid was formed 

(product 2 plus NEt3•HCl) and the mother liquors were analyzed by 31P{1H} NMR. Typically, 

PCl3 reacts within 3-5 h. Depending on the amount of moisture/air present during the reaction 

a yellow or reddish solution could be formed. The solid was filtered off and washed twice with 

Et2O (30 mL) in order to eliminate unreacted 8-hydroxyquinoline, hydrolyzed product, NEt3 

and the yellow/reddish side product. Then CH2Cl2 (50 mL) was added two times to extract the 

phosphite from the residual ammonium salt. The solvent was removed under reduced pressure 

to obtain a white powder (2.85 g, 85% yield). 1H NMR (300.1 MHz, CD2Cl2, 25ºC): δ = 8.36 

(dd, 3JHH = 4.2 Hz, 4JHH = 1.7 Hz, 1H, H2), 8.17 (dd, 3JHH = 8.3 Hz, 4JHH = 1.7 Hz, 1H, H4), 

7.60-7.49 (m, 3H, H5-7), 7.30 (dd, 3JHH = 8.4 Hz, 3JHH = 4.2 Hz, 1H, H3). 13C{1H} NMR (75.5 

MHz, CD2Cl2, 25ºC): δ = 150.5 (s, Cquat), 148.8 (s, C2), 140.9 (s, Cquat), 135.7 (s, C4), 129.6 (s, 

Cquat), 126.8, 122.2 (s, C5 & C6), 121.4 (s, C3), 118.8 (d, 3JPC = 5.5 Hz, C7). 31P{1H} NMR 

(121.5 MHz, CD2Cl2, 25ºC): δ = 129.0 ppm (s). Analytically pure samples were obtained by 

using nBuLi (3.05 equiv., 85% yield) as base upon several recrystallizations. Anal. Calcd. for 

C27H18N3O3P•0.5CH2Cl2 C, 65.29; H, 3.79; N, 8.31. Found: C, 65.78; H, 3.95; N, 8.26. ATR 

IR (ν in cm-1): 3036 w, 3008 w, 1614 w, 1594 w, 1568 w, 1497 m, 1466 m, 1421 w, 1389 w, 

1371 w, 1312 m, 1243 s, 1165 w, 1089 s, 1055 s, 1027 w, 962 w, 913 w, 892 s, 844 m, 821 s, 

810 s, 788 m, 767 s, 751 s, 711 m, 680 s, 658 m, 632 w, 607 w, 588 w, 573 w, 559 w, 544 m, 

532 w, 505 w, 481 w, 465 w, 432 m, 431 m, 415 w.  
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• Using NaH as base: Step 1: To a suspension of NaH (0.813 g, 33.9 mmol) in Et2O (25 

mL) a solution of 8-hydroxyquinoline (5.41 g, 37.3 mmol) in Et2O (50 mL) was added dropwise 

while stirring at -20 °C for 2 h. A yellowish fluorescent solid was formed, identified as 

NaOQuin, and the solvent was filtered off. More Et2O  (50 mL) was added in order to remove 

unreacted 8-hydroxyquinoline and the solution was filtered off again. The remaining solid was 

dried under vacuum. NaOQuin can be isolated in high yield (5.22g, 93%). Step 2: A solution 

of NaOQuin (3.26 g, 18.9 mmol) in THF (50 mL) was charged into a dropping funnel. The 

solution was added dropwise to a solution of phosphorus trichloride (0.850 g, 6.2 mmol) in 

Et2O (100 mL) at -20 °C for 1 h. Once the addition was finished, the mixture was allowed to 

reach room temperature, during a period of 3 h. A colorless solid was formed (product 1 plus 

NaCl). The solvent was removed under reduced pressure and then extracted twice with CH2Cl2 

(2 x 50 mL) to separate the phosphite from the residual sodium salt and unreacted NaOQuin. 

The combined CH2Cl2 extract was evaporated to dryness under vacuum to afford a white 

powder (2.70 g, 94% yield). If necessary, the phosphite can be recrystallized from 

dichloromethane and diethyl ether. Alternatively, the 8-quinolinol sodium salt can be generated 

in situ and reacted then, without isolation and purification, with PCl3. Using this methodology, 

a spectroscopically and analytically pure compound is typically obtained with only one 

recrystallization step. 1H NMR (400.1 MHz, THF-d8, 25 ºC): δ [ppm] = 8.28 (dd, 3JHH = 4.1 

Hz, 4JHH = 1.7 Hz, 1H, H2), 8.16 (dd, 3JHH = 8.3 Hz, 4JHH = 1.7 Hz, 1H, H4), 7.56-7.44 (m, 3H, 

H5-7), 7.26 (dd, 3JHH = 8.4 Hz, 3JHH = 4.1 Hz, 1H, H3). 13C{1H} NMR (100.6 MHz, THF-d8, 

25 ºC): δ [ppm] = 150.5 (s, Cquat), 148.8 (s, C2), 140.9 (s, Cquat), 135.7 (s, C4), 129.6 (s, Cquat), 

126.8, 122.2 (s, C5 & C6), 121.4 (s, C3), 118.8 (d, 3JPC = 5.5 Hz, C7). 31P{1H} NMR (162.0 

MHz, THF-d8, 25 ºC): δ [ppm] = 130.9 (s). HRMS (MALDI): m/z calc. for C27H18N3O3PNa 

486.0978 [M+Na]+ ; found 486.0974. Anal. Calcd. for C27H18N3O3P•0.5CH2Cl2 : C, 65.29; H, 

3.79; N, 8.31. Found: C, 65.78; H, 3.95; N, 8.26. 

Catalytic TH of azo compounds: Compound 1 (13.9 mg, 0.030 mmol), the corresponding 

azocompound 2a–n (0.300 mmol), ammonia borane (37.0 mg, 1.20 mmol), the internal 

standard 1,3,5- trimethoxybenzene (16.7 mg, 0.099 mmol) and THF (1.25 mL) were loaded in 

a Schlenk tube under argon atmosphere. The Schlenk tube was sealed, placed in an oil bath, 

and heated at 60 °C. The reaction was monitored by 1H NMR spectroscopy. Products 3a–n 

were purified by flash column chromatography on silica gel (9:1 = petroleum ether/ethyl 

acetate) or simply extracted from the reaction mixture with n-hexane when quantitative 

conversion was achieved. 
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Spectroscopic data of hydrazine products 

 

Diphenylhydrazine (3a). 
1
H NMR (300.1 MHz, CD3CN): δ 

[ppm] = 7.15 (t, 3J = 8.0 Hz, 4H, CHar), 6.81 (dd, 3J = 8.0 Hz, 

4J = 1.2 Hz, 4H, CHar), 6.75 (tt, 3J = 7.3 Hz, 4J = 1.2 Hz, 2H, 

CHar), 6.34 (br, s, 2H, NH); 
13

C{
1
H} NMR (75.5 MHz, 

CD3CN): δ [ppm] = 149.6 (s, Cquat), 129.3 (s, CHar), 118.8 (s, 

CHar), 112.0 (s, CHar). 

 
Figure 2.14. 1H NMR spectrum (300.1 MHz) of 3a in CD3CN. 

 

 
Figure 2.15. 13C{1H} NMR spectrum (75.5 MHz) of 3a in CD3CN. 
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Bis(4-methylphenyl)hydrazine (3b). 1H NMR (300.1 

MHz, CD3CN): δ [ppm] = 7.79 (d, 3J = 8.5 Hz, 4H, 

CHar), 7.37 (d, 3J = 8.5 Hz, 4H, CHar), 2.42 (s, 6H, CH3), 

2.14 (s, 2H, NH); 13C{1H} NMR (75.5 MHz, CD3CN): δ 

[ppm] = 161.3 (s, NCquat), 129.5 (s, CHar), 122.1 (s, 

Cquat), 116.6 (s, CHar), 20.6 (s, CH3). 

 

 

Bis(3,5-di(methyl)phenyl)hydrazine (3c). 1H NMR 

(400.1 MHz, CD3CN): δ [ppm] = 6.51 (s, 6H, CHar), 5.46 

(s, 2H, NH), 2.25 (s, 12H, CH3); 
13C{1H} NMR (100.6 

MHz, CD3CN): δ [ppm] = 149.4 (s, NCquat), 139.3 (s, 

Cquat), 121.9 (s, CHar), 110.2 (s, CHar), 21.6 (s, CH3). 

 

Bis(4-fluorophenyl)hydrazine (3e). 1H NMR (400.1 

MHz, CD3CN): δ [ppm] = 6.93 (t, 3J = 9.0 Hz, 4H, CHar), 

6.81 – 6.78 (m, 4H, CHar), 5.55 (s, 2H, NH); 13C{1H} 

NMR (100.6 MHz, CD3CN): δ [ppm] = 157.3 (d, 1JCF = 

236.4 Hz, FCquat), 145.0 (s, NCquat), 116.0 (d, 2JCF = 22.6 

Hz, CHar), 113.5 (d, 3JCF = 7.5 Hz, CHar); 19F NMR 

(376.5 MHz, CD3CN): δ [ppm] = –128.4. 

 

 

Bis(4-chlorophenyl)hydrazine (3f). 1H NMR (400.1 

MHz, CD3CN): δ [ppm] = 6.95 (d, 3J = 8.7 Hz, 4H, 

CHar), 6.57 (d, 3J = 8.7 Hz, 4H, CHar), 6.28 (br., 2H, NH); 

13C{1H} NMR (100.6 MHz, CD3CN): δ [ppm] = 148.2 

(s, NCquat), 128.9 (CHar), 122.9 (s, ClCquat), 113.4 (CHar). 

 

 

Bis(4-bromophenyl)hydrazine (3g). 1H NMR (400.1 

MHz, CD3CN): δ [ppm] = 7.28 (d, 3J = 8.9 Hz, 4H, 

CHar), 6.76 (d, 3J = 8.9 Hz, 4H, CHar), 6.48 (s, 2H, NH); 

13C{1H} NMR (100.6 MHz, CD3CN): δ [ppm] = 148.6 

(s, NCquat), 131.8 (s, CHar), 114.0 (s, CHar), 110.0 (s, 

BrCquat). 

 



 

 89 

 

Bis(3,5-di(trifluoromethyl)phenyl)hydrazine (3h). 

1H NMR (400.1 MHz, THF/C6D6 capillary): δ [ppm] = 

8.22 (s, 2H, CHar), 7.65 (s, 4H, CHar), 1.60 (s, 2H, NH). 

This compound could not be isolated as a pure product. 

 

Bis(4-methoxyphenyl)hydrazine (3i). 

1H NMR (400.1 MHz, THF/C6D6 capillary): δ [ppm] = 

8.13 (d, 3JHH = 8.7 Hz, 4H, CHar), 7.30 (d, 3JHH = 8.7 Hz, 

4H, CHar), 6.25 (br., 2H, NH), 4.11 (s, 6H, OCH3). This 

compound could not be isolated as a pure product. 

 

 

Bis(4-dimethylaminophenyl)hydrazine (3j). 

1H NMR (400.1 MHz, THF/C6D6 capillary): δ [ppm] = 

7.67 (d, 3JHH = 9.7 Hz, 4H, CHar), 6.78 (s, 2H, NH), 6.70 

(d, 3JHH = 9.7 Hz, 4H, CHar), 2.96 (s, 12H, NCH3). This 

compound could not be isolated as a pure product. 

 

 

Bis(2-methylphenyl)hydrazine (3k). 1H NMR (300.1 

MHz, CD3CN): δ [ppm] = 7.07 (d, 3J = 7.3 Hz, 2H, 

CHar), 7.01 (t, 3J = 7.7 Hz, 2H, CHar), 6.77 (d, 3J = 7.3 

Hz, 2H, CHar), 6.68 (t, 3J = 7.7 Hz, 2H, CHar), 6.08 (br., 

2H, NH), 2.23 (s, 6H, CH3); 
13C{1H} NMR (75.5 MHz, 

CD3CN): δ [ppm] = 146.7 (s, NCquat), 130.1 (s, CHar), 

126.7 (s, CHar), 121.4 (s, Cquat), 118.5 (s, CHar), 110.6 (s, 

CHar), 16.5 (s, CH3). 

 

Kinetic study: In a dry 25 mL Schlenk tube with a silicone septa-screw-cap and under argon 

atmosphere a THF solution of azobenzene (0.500 mmol, 0.132 M), 1 (23.2 mg, 0.050 mmol), 

ammonia borane (72.1 mg, 2.00 mmol), and 1,3,5-trimethoxybenzene (28.0 mg, 0.165 mmol) 

were loaded and heated at 60 °C. Aliquots (0.2 mL) for NMR sample were transferred with a 

syringe and the NMR tubes were filled with dry THF and a C6D6 capillary. Reaction progress 

was monitored as consumption of azobenzene, by 1H NMR, every 30 minutes for 14 h.  

Rate of reaction as a function of substrate or precatalyst concentration. 

Dependence on the concentration of substrate: The general procedure was applied using the 

following concentration (mol.L–1) of azobenzene: 0.044, 0.088, 0.132, 0.176 and 0.220. The 
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concentration of precatalyst and AB, as well as temperature and time, were kept constant during 

such experiments. 

Dependence on the concentration of precatalyst: The general procedure was applied using 

the following concentration (mol.L–1) of 1: 0.004, 0.007, 0.013, 0.019 and 0.025. The 

concentration of substrate and AB, as well as temperature and time, were kept constant during 

such experiments. 

Rate of reaction as a function of temperature (Eyring and Arrhenius study): The general 

procedure was followed for the range of temperatures 40–80 °C, rising the temperature in 10 

°C intervals. The concentration of substrate, 1 and AB, as well as time, were kept constant 

during such experiments. The Eyring plot was obtained based on the representation of ln (r/T) 

against the inverse of temperature (1/T). With this, activation thermodynamic parameters were 

calculated. The Arrhenius plot was obtained from ln (r) vs. inverse of temperature (1/T), which 

returned the activation energy.  

Hammett study: The general procedure was applied using different p-substituted azobenzenes, 

bearing either electron-donating or electron-withdrawing groups (OMe, Me, F and Cl). The 

Hammett plot was obtained by representing graphically Log (r) against the corresponding 

substituent coefficient σ for each substrate individually.  

Deuterium kinetic isotope effect (DKIE's). A [D8]THF solution of azobenzene (27.3 mg, 

0.150 mmol, 0.220 M), 1 (7.0 mg, 0.015 mmol), ammonia borane H3N·BH3 (18.5 mg, 0.600 

mmol), and 1,3,5-trimethoxybenzene (8.3 mg, 0.049 mmol) were loaded in a dry J-Young- 

Tube, under argon atmosphere. The tube was sealed and heated at 60 °C. The reaction progress, 

as consumption of azobenzene, was monitored by 1H NMR spectroscopy in-situ at 20-minute 

intervals for 6 h. This procedure was repeated for different deuterated ammonia borane adducts 

(D3N·BH3, H3N·BD3, and D3N·BD3, 0.600 mmol). The DKIE values were determined based 

on the ratio of reaction rates (kAB/kDAB). 
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Chapter III 

Pd(II)-coordination chemistry of P(OQuin)3.                                                                      

Application in the catalytic aerobic oxidation of amines 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from R. E. Rodríguez-Lugo, M. A. Chacón-Terán, S. De León, 

M. Vogt, A. J. Rosenthal, V. R. Landaeta, «Synthesis, characterization and Pd(II)-

coordination chemistry of the ligand tris(8-quinolinyl)phosphite. Application in the catalytic 

aerobic oxidation of amines». Dalton Trans. 2018,47, 2061‒2072. 

https://pubs.rsc.org/en/content/articlelanding/2018/dt/c7dt04000h
https://pubs.rsc.org/en/content/articlelanding/2018/dt/c7dt04000h
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3.1 Introduction 

Imines and their derivatives are important building blocks for the synthesis of heterocyclic 

compounds and fine chemicals of pharmaceutical and biological relevance. These are usually 

prepared through effective Lewis acid-catalyzed condensation reactions between amines and 

carbonyl compounds in the presence of dehydrating agents, but other protocols have also 

attracted considerable attention.78  Among them, one-pot oxidative processes are interesting 

alternatives since these reduce energy consumption, waste emission, and the number of 

operating stages and purification steps compared to traditional methodologies.79  Three kinds 

of oxidative processes for imine formation have been described:80   

a) (Dehydrogenative) Oxidative couplings of alcohols with amines.81  

b) Self-coupling of primary amines.82 

c) Oxidative dehydrogenation of secondary amines.83  

All these are based on metal,84 metal-free,85 photo-,86 and bioinspired87 catalysts. The 

atmospheric oxidation of amines mediated by transition metals has been described. Copper 

salts, in combination with additives or simply CuCl alone, have been used as a method for 

imine formation. 88 Ogawa89 and Gao90 reported the use of vanadium complexes for the green 

oxidation of primary amines into the corresponding imines. Other homogeneous systems based 

on Zn,91 Co,92 Fe,93 Ag,94 Pd, 95,96 Au97 and Ir98 coordination compounds have been described 

as catalysts for the aerobic oxidation of amines to imines.  

Here the synthesis and characterization of a coordination compound of Pd(II) bearing the 

phosphite ligand 1 is described. The application of such metal complex as a homogeneous 

catalyst for the oxidative coupling of primary amines to yield imines is also discussed, along 

with kinetic measurements. To the best of our knowledge, no examples of Pd complexes 

bearing phosphite ligands have been reported as catalysts for this type of reaction. 
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3.2 Synthesis and characterization of the Pd(II) complex 

The reaction of 1 with the metal precursor [Pd(COD)Cl2] (COD = 1,5-cyclooctadiene, 

C8H12) was studied. The complex [2P,N-{P(OQuin)3}PdCl2], (4), is accessible by treating 

such a metal precursor in dichloromethane with a solution of the ligand in the same solvent at 

−75 °C (Scheme 3.1). When the reaction mixture was allowed to reach room temperature, the 

coordination compound precipitated as a pale-yellow solid in 79% yield. The complex is 

remarkably stable toward air and moisture. 

 

Scheme 3.1. Synthesis of the palladium (II) complex 4, [2(P,N)-{P(OQuin)3}PdCl2]. 

IR, UV-Vis spectra, elemental analysis and NMR spectroscopic data (1H, 13C{1H}, and 

31P{1H}) of 4 are in accordance with the proposed formulation. Protons and carbons were 

assigned using 2D NMR analysis such as COSY, HMQC and HMBC. The resonance of the 

31P{1H} NMR in the free ligand is strongly shifted to lower frequencies (high field) upon 

coordination to the palladium center (130 ppm for 1 vs. 32 ppm for 4; Figure 3.1a).  

The opposite effect is observed for the resonances of the protons in the ortho and para 

positions with regard to the N atom. Upon coordination, such protons are significantly shifted 

to higher frequencies compared with those of the free ligand (Figure 3.1b). (see page 55), “It is 

expected that 1 will be a hemilabile ligand due to competition between the three quinoline 

groups with the same coordination ability”. A set of four signals that integrate to 6 or 18 

protons are found in the 1H NMR spectrum. That means that there is a hemilability behavior of 

1 in a DCM solution of 4. This dynamic process is possibly so fast that at room temperature 

the NMR device records these three quinoline moieties as a single one (equivalency). 
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a)

 

b)

 

Figure 3.1. a) 31P{1H} NMR spectrum (121.5 MHz) and b) 1H NMR spectrum (300.1 MHz) at 298 K 

of 4 in CDCl3. 

Crystals suitable for X-ray diffraction analysis were obtained from dichloromethane. 

(Figure 3.2) The solid state structure of 4 reveals that the ligand 1 binds the metal center as a 

bidentate chelate through the P atom and one of the N atom donors of the heterocycles (N1 in 

Figure 3.2a) confirming a 2(P,N) coordination mode of 1. The other two quinoline units are 

oriented in such a way that a short contact is established between the N atoms (N2 and N3) and 

the O atom center (O1) of the chelating quinoline fragment. The N–O distance for this 

interaction is, in average, 3.01(6) Å. The complex exhibits a slightly distorted square planar 

geometry, since the chelate (plane P1/Pd1/N1) is not co-planar with the chlorine atoms (plane 

Cl1/Pd1/Cl2). The deviation from co-planarity between the planes P1/Pd1/N1 and Cl1/Pd1/Cl2 

is only 5.06 degrees. The two aromatic units of the coordinated quinoline moiety are twisted, 

as indicated by the C19–C7–N1–C11 and C19–C7– C17–C25 torsion angles (Table 3.1, 

numbering scheme in Figure 3.2a). Such twisting of the quinoline ring has been also described 

for the related compounds, N-Q.26s,t (Chapter I; Figure 7) By applying ± 3σ criterium, the 
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lengths Pd–P, P–O and Pd–Cl (trans to the P center) in 4 are significantly shorter than in the 

related compounds N-Q. The Pd–Cl bond length (trans to the N atom)is similar to the one 

observed in P,26t while the interatomic distance Pd–N is similar to that observed in N.26s 

 

Figure 3.2. ORTEP drawing of the molecular structure of the complex [Pd{P(OQuin)3}Cl2], 4. 

Thermal ellipsoids are drawn at 50% probability level. Hydrogen atoms and a dichloromethane 

solvate molecule have been removed for clarity.  
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Table 3.1. Selected geometric parameters (Å, °) for 4 and the related compounds N-Q.50 

 

 4 N O P a Q 

Pd—P 2.1513 (6) 2.2554 (14) 2.1765 (6) 2.1835 (6) 2.1804 (7) 

Pd—N 2.1275 (19) 2.137 (5) 2.0803 (18) 2.0615 (18) 2.072 (2) 

Pd—Cl (trans to N) 

Pd—Cl (trans to P) 

2.3027 (6) 

2.3756 (6) 

- 

- 

2.2880 (7) 

2.3809 (6) 

2.2982 (6) 

2.3993 (6) 

2.3000 (7) 

2.4130 (7) 

 1.5773 (16) 1.632 (4) 1.6176 (16) 1.6236 (16) 1.6244 (8) 

P—O 1.5846 (17) - - - - 

 1.5962 (15) - - - - 

      

P—Pd—N 91.07 (5) 92.79 (13) 86.28 (5) 86.74 (5) 86.64 (6) 

Cl—Pd—Cl 88.67 (2) - 89.68 (2) 92.35 (2) 92.86 (3) 

cis P—Pd—Cl 85.00 (2) - 91.65 (2) 91.43 (2) 91.32 (3) 

cis N—Pd—Cl 95.43 (5) - 93.00 (5) 90.20 (5) 90.78 (6) 

P—Pd—Cl 172.91 (2) - 170.84 (2) 170.21 (2) 167.88 (2) 

N—Pd—Cl 174.91 (5) - 175.48 (5) 175.06 (5) 171.60 (6) 

C19-C7-N1-C11 9.05 -6.72 -4.76 -10.62, 

11.21 

5.73 

C19-C7-C17-C25 7.17 -4.38 -1.58 -10.56, 

9.27  

6.86  

[a] Average of the two independent molecules in the unit cell. 

3.3 Oxidative coupling of primary amines catalyzed by complex 4.  

Compound 4 was tested as a catalyst precursor for the oxidative homo-coupling of 

benzylamine to N-benzylidenebenzylamine, as a model reaction (Table 3.2). Other Pd sources, 

such as [Pd(COD)Cl2] or PdCl2, were not efficient catalyst precursors for this reaction under 

the studied conditions (entries 2 and 3). Moreover, other phosphorus-containing compounds, 

e.g. [Pd(PPh3)2Cl2] and [Pd(P(OPh)3)2Cl2], were not as efficient as 4 for the oxidative homo-

coupling of benzylamine (entries 4 and 5). The mercury test suggests that metallic palladium 

or nanoparticles are not likely to be responsible for the activity observed (entry 6). In fact, no 
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palladium black is formed. In the absence of the catalyst (blank run) a very poor yield was 

achieved (entry 7) confirming the catalytic nature of the transformation. 

Table 3.2. Solvent free oxidative coupling of benzylamine to N-Benzylidenebenzylamine. 

Screening of catalysts. a 

 

Entry Catalyst [Pd] Yield b (%) TON/TOF (h-1) 

1  4 >99 100/5.6 

2 [Pd(COD)Cl2] 5 5/0.3 

3 [PdCl2] 4 4/0.2 

4 [Pd(PPh3)2Cl2] 52 52/3.0 

5 [Pd(P(OPh)3)2Cl2] 11 11/0.6 

6 4 / Hg(l) 90 90/5 

7 None 2 - 

[a] Reaction conditions: Benzylamine (154.3 mg, 1.44 mmol), [Pd] (9.2 mg, 14 μmol, 1 mol%), open 

to atmosphere, 80 °C, 18 h. [b] Yield determined by 1H NMR. 

The effect of selected solvents on the oxidative coupling of benzylamine to N-

benzylidenebenzylamine catalyzed by 4 was studied (Table 3.3). Under solvent-free conditions 

and in toluene the yield is high, >99% and 87% respectively (entries 1 and 2). Acetonitrile and 

2-propanol were not efficient as reaction media for this system, evidenced by the diminished 

catalytic activity (entries 3 and 4). These experiments were carried out in an open atmosphere 

and identical flasks were used in order to prevent problems of air (oxygen) diffusion into the 

reaction mixture.  
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Table 3.3. Palladium catalyzed oxidative coupling of benzylamine to N-

Benzylidenebenzylamine. Screening of reaction conditions: solvent. a 

 

Entry Solvent Yield b (%) TON/TOF (h-1) 

1 None >99 100/5.6 

2 Toluene 87 87/4.8 

3 2-Propanol 18 18/1 

4 Acetonitrile 8 8/0.4 

[a] Reaction conditions: Benzylamine (154.3 mg, 1.44 mmol), 4 (9.2 mg, 14 μmol, 1 mol%), solvent 

(1.4 mL, 1 mol/L amine), open to atmosphere, 80 °C, 18 h. [b] Yield determined by 1H NMR. 

Different catalyst loadings were evaluated (Table 3.4). Under the established reaction 

conditions, the yield drops significantly for catalyst loadings below 0.5 mol% (entries 4–6 vs. 

entries 1–3).  

Table 3.4. Palladium catalyzed oxidative coupling of benzylamine to N-

Benzylidenebenzylamine. Screening of reaction conditions: catalyst loading. a 

 

Entry Catalyst loading, 4 (mol%) Yield b (%) TON/TOF (h-1) 

1 1 >99 100/5.6 

2 0.75 >99 100/5.6 

3 0.6 70 70/3.9 

4 0.5 55c 55/3.1 

5 0.25 21 21/1.2 

6 0.1 9 9/0.5 

[a] Reaction conditions: Benzylamine (154.3 mg, 1.44 mmol), open to atmosphere, 80 °C, 18 h. [b] 

Yield determined by 1H NMR. [c] Average of two experiments (55±4%). 

The model reaction was carried out using different oxidants (Table 3.5). Oxygen, pure or 

present in air, is a suitable oxidant (entries 1–2), while nitrous oxide or organic oxidants 

(quinones) are not appropriate (entries 3–5). Under an inert atmosphere (N2; entry 6) the 

benzylamine homo-coupling does not occur, thus demonstrating the need for oxidizing 
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conditions. entries 1 and 2 formally correspond to experiments under different oxidant (O2) 

pressures, but the long reaction time (18 h) masked its effect on the reaction performance. The 

same experiments were conducted by shortening the reaction time (entries 3 and 4) to address 

the role of the oxygen pressure. The yield drops significantly when the reaction is carried out 

for 4 h in an open atmosphere (61%) compared with the almost quantitative oxidation of the 

amine under 50 psi air (ca. 10 psi O2) and the same period of time.  

Table 3.5. Palladium catalyzed oxidative coupling of benzylamine to N-

Benzylidenebenzylamine. Screening of reaction conditions: oxidant (ox). a 

 

Entry Oxidant (ox) Yield b (%) TON/TOF (h-1) 

1 Air >99 100/5.6 

2 Oxygen >99 c 100/5.6 

3 N2O <1 - 

4 DDQ - - 

5 Naphthoquinone - - 

6 None (N2 atmosphere) <1 - 

[a] Reaction conditions: Benzylamine (154.3 mg, 1.44 mmol), 4 (9.2 mg, 14 μmol, 1 mol%), 80 °C, 18 

h. H2ox is the reduced form of the oxidant (ox). [b] Yield determined by 1H NMR. [c]10 psi O2 in 98 

mL autoclave, ca. 2.73 mmol O2. 

Once the appropriate oxidant, catalyst precursor, and reaction media (solvent-free) were 

identified, the effect of other variables on the model reaction was studied (Table 3.6). Under 

atmospheric pressure, the yield drops significantly if the reaction is performed at room 

temperature (entries 1 vs. 2). In an autoclave (30 psi air, ca. 1.72 mmol O2) the reaction time 

can be shortened up to one third if the catalytic reaction is carried out at 80 °C (entries 1, 3 and 

4). Under these conditions (30 psi air, 80 °C and 6 h) the catalyst loading can be lowered to 0.5 

mol% without a significant loss of activity (entries 4 vs. 5). Likewise, with this catalyst loading 

the reaction time was shortened to 4 h and the yield remained very high (entry 6), but the 

attempts to further reduce the reaction time (entry 7) caused a significant drop in product 

formation. When the temperature was reduced to 60 °C while the catalyst loading remained 

low (0.5 mol%) and the reaction time was relatively short (6 h), a high yield was obtained (entry 

8). The need of longer reaction times and higher temperatures when the reaction is carried out 

under atmospheric pressure was confirmed by performing the reaction at 60 °C and only 6 h, 
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which gave the product in moderate yields (entry 9). At 60 °C, the reaction time cannot be 

further shortened to 4 h without significantly affecting the activity (entries 6 and 10). In 

conclusion, these experiments indicate that the optimal reaction conditions are: no solvent, 0.5–

1 mol% [Pd{(P(OQuin)3)}Cl2] as the catalyst precursor, at 60 °C for 6 h and using air as a 

terminal oxidant (30 psi, in a 98 mL autoclave, ca. 1.72 mmol O2, 1.2 equivalents). Under these 

conditions, the amine was cleanly converted into the imine and neither benzaldehyde nor 

benzonitrile were detected as side products. Ammonia formation was qualitatively proved by 

bubbling the gas phase of the reaction through a basic mixture of KI and HgI2 (Nessler’s 

reagent), upon which a brown precipitate immediately formed.  

Table 3.6. Palladium catalyzed oxidative coupling of benzylamine to N-

Benzylidenebenzylamine. Screening of reaction conditions: pressure, temperature and time. a 

 

Entry Pressure (psi), temperature (°C), time (h) Yield b  (%) TON/TOF (h-1) 

1 Atmospheric, 80, 18 >99 100/5.6 

2 Atmospheric, 25, 18 4 4/0.2 

3c 30, 80, 12 >99 100/8.3 

4c 30, 80, 6 >99 100/16.7 

5c,d 30, 80, 6 >99 200/33.3 

6c,d 30, 80, 4 >99 200/50 

7c,d 30, 80, 2 36 72/36 

8c,d,e 30, 60, 6 >99 200/33.3 

9 Atmospheric, 60, 6 68 68/11.3 

10c,d 30, 60, 4 50 100/25 

11f 300, 80, 4 23 230/57.5 

[a] Reaction conditions: Benzylamine (154.3 mg, 1.44 mmol), 4 (9.2 mg, 14 μmol, 1 mol%), 80 °C, 18 h. 

[b] Yield determined by 1H NMR. [c] 30 psi air, 21 % O2, 98 mL autoclave, ca. 1.72 mmol O2. [d] Catalyst 

loading: 0.5 mol%. [e] Average of two experiments. [f] Catalyst loading: 0.1 mol%, 300 psi air, ca. 17.2 

mmol O2. 

Finally, the oxidative coupling of benzylamine to N-benzylidenebenzylamine was also 

tested under more drastic conditions to aim at a higher TON and TOF (i.e., higher pressure and 

temperature, shorter reaction time and lower catalyst loading). Although only 23% of 5a was 

achieved, a TON of 230 was reached and almost 60 molecules of the substrate were converted 

per molecule of catalyst in one hour (entry 11; Table 3.6).  
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Under the optimized reaction conditions, a screening of several amines was performed to 

explore the scope and limitations of the catalytic system studied (Table 3.7). As shown before, 

benzylamine is converted into N-benzylidenebenzylamine with excellent yield (entry 1).  

Table 3.7. Oxidative coupling of amines to imines. Screening of substrates. a 

 

Entry Amine Yield b  (%) TON/TOF (h-1) 

1 
 (5a) 

>99 100/16.7 

2 

(5b) 

28 28/4.7 

3 c 

(5b) 

89 89/14.8 

4 

(5c) 

59 59/9.8 

5 

(5d) 

60 60/10 

6 (5e) 47 47/7.8 

7 
(5f) 

- - 

8 

(5g) 

- - 

9 (5h) - - 

10 (5i) - - 

[a] Reaction conditions: amine (1.44 mmol), [Pd{(P(OQuin)3)}Cl2] (9.2 mg, 14 μmol, 1 mol%), 30 

psi air (98 mL autoclave, ca. 1.72 mmol O2), 60 °C, 6 h. [b] Yield determined by 1H NMR. [c] 18 h. 

Under the same conditions, the related 4-methoxy-benzylamine gave the corresponding 

imine with low yield (entry 2). However, at a longer reaction time (18 h) the activity increased 

significantly (entry 3). Other primary amines bearing only one alpha hydrogen, 2-propylamine 

and α-methyl-benzylamine are oxidatively homo-coupled with moderate yields (entries 4 and 

5). With the aliphatic primary amine n-propylamine moderate activity was observed (entry 6). 

The role of the amine hydrogen atom(s) in the alpha position was investigated in two simple 
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experiments using N,N-dibenzylamine and tert-butylamine as substrates. In both cases, no 

imine formation was detected and only the starting amines were observed by 1H NMR or GC-

MS. Hence, it can be concluded that this system of oxidative homo-coupling of amines to 

imines works best for primary amines (entry 7) bearing at least one hydrogen in the alpha 

position (entry 8). Likewise, functionalized aliphatic primary amines (ethanolamine and 

ethylenediamine) gave only the starting substrate and no imine formation was observed by 1H 

NMR or GC-MS (entries 9 and 10). 

The cross-coupling of benzylamine with aromatic primary amines (substituted anilines) 

was also investigated (Table 3.8). Anilines were chosen to avoid any additional competitive 

homo-coupling and the formation of E/Z isomers. Unfortunately, the selectivity for the cross-

coupled products 8a–j is low and, instead, the product from benzylamine homocoupling(6a) is 

predominantly obtained. Imines 8b, 8e, 8h and 8j (entries 2, 6, 9 and 11, respectively) were not 

observed. The best results in this screening were obtained for the imines 8c (21%, entry 4), 8f 

(24%, entry 7) and 8g (36%, entry 8). In an attempt to improve the ratio of 8/6a, a three-fold 

excess of p-toluidine was used but no significant improvement in the yield of 8c was achieved 

(entries 3 and 4). Some substrates, such as aniline itself (entry 1), ortho-substituted anilines 

(entries 2 and 6) and those bearing nitro groups (entries 8 and 9), might deactivate the catalyst 

since the conversion of benzylamine drops considerably. In a final attempt to obtain cross-

coupled products, tert-butyl amine was used instead of aniline(s). Unfortunately, once again 

the reaction only returned the product of benzylamine homocoupling (62%). 

Although several homogeneous systems for the aerobic oxidation of amines to imines have 

been described, to the best of our knowledge only two examples of Pd complexes have been 

reported as catalysts for this type of reaction.94,95 Both systems employ Pd compounds with 

photoactivity and the oxidation of amines (only secondary amines) takes place under photo 

chemical conditions. No records were found in the literature for the aerobic oxidation of amines 

catalyzed by metal complexes bearing phosphite ligands. The methodology described here is 

simple: one pot reaction of the neat amine with air in the presence of the catalyst, applying 

relatively short times, moderate temperatures and moderate pressures. The catalyst can be 

recovered from the reaction mixture by precipitation with hexanes and it can be reused in a 

next run without a significant loss of activity. 
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Table 3.8. Palladium catalyzed oxidative cross-coupling of benzylamine with anilines to 

imines. a 

 

Entry Amine Conversion of 5a b (%) 8 (%) c 6a (%) c 

1 
(7a) 

3 9 91 

2 

(7b) 

53 - >99 

3 

(7c) 

>99 19 81 

4d 
(7c) 

>99 21 79 

5 
(7d) 

>99 15 85 

6 
(7e) 

16 - >99 

7 
(7f) 

65 24 76 

8 
(7g) 

20 36 64 

9 

(7h) 

31 - >99 

10 
(7i) 

82 9 91 

11 
(7j) 

>99 - >99 

[a] Reaction conditions: benzylamine (1.44 mmol), amine (1.44 mmol), 4 (9.2 mg, 14 μmol, 1 mol%), 30 

psi air (98 mL autoclave, ca. 1.72 mmol O2.), 60 °C, 6 h. [b] Conversion of 5a to either 8 or 6a determined 

by 1H NMR (residual signal of 5a vs. internal standard). [c] Yield determined by 1H NMR (8 or 6a vs. 

internal standard).  [d] 3 equivalents of p-toluidine were used. 
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3.4 Kinetic studies for the oxidative coupling of primary amines catalyzed by the Pd-

P(OQuin)3 complex. 

The kinetics for the oxidative coupling of benzylamine (BnNH2) to N-

benzylidenebenzylamine (model reaction) was examined. Although this reaction proceeds well 

under solvent free conditions, toluene was used as a solvent to perform the kinetic 

measurements to study the effect of changing the amine concentration. The progress of the 

reaction as a function of time was monitored by 1H NMR. (Figure 3.3) The T1 relaxation times 

of benzylamine and N-benzylidenebenzylamine in toluene were determined to set a relaxation 

delay (d1 = 15 s) long enough to obtain reliable integrals. The reaction was monitored for the 

first 5 hours and was carried out under atmospheric pressure, at 80 °C, with 1 mol% catalyst 

and 0.5 mol L−1 of benzylamine.  

 

Figure 3.3. Decreasing benzylamine concentration during the first 5 h of reaction.  

The representation of ln([BnNH2]/[BnNH2]o) vs. time returns a straight line (Figure 

3.4). Here [BnNH2] is the molar concentration of benzylamine at any “t” time and [BnNH2]o is 

the initial molar concentration of benzylamine. This suggests a first order rate equation with 

regard to the amine concentration and a rate constant of 0.016 h−1. Considering that very low 

conversion was achieved under these conditions, it might lead to errors in the conversion 

determined by 1H NMR. Further kinetic experiments were carried out under pressure and by 

increasing the amine and catalyst concentration. 
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Figure 3.4. Ln([BnNH2]/[BnNH2]o) vs. time. Conditions: 0.5 mol L−1 of benzylamine, 1 mol% 

catalyst, atmospheric pressure, 80 °C, toluene, 1,3,5-trimethoxybenzene (242.2 mg, 1.4 mmol in 5.6 

mL) as internal standard. 

In general, the rate law for this system can be expressed as: 

r = k·[BnNH2]
α·[cat]·[ O2]

γ (Eq. 7) 

where   and  are the partial reaction orders on the amine, catalyst and oxygen concentrations, 

respectively. 

In this sense, the rate of reaction (r, mol.L−1.h−1) was measured as a function of the amine 

concentration, while the concentration of the catalyst, air pressure, temperature and time were 

kept constant (Table 3.9). The representation of Ln(r) vs. Ln([BnNH2]) (Figure 3.5) gives a 

straight line with a slope of 1.06, thus indicating a first-order dependence on the concentration 

of benzylamine.  

Table 3.9. Rate of reaction (r) as a function of amine concentration [BnNH2]. 

Volume from 10 mol/L 

BnNH2 stock solution (mL) 

[BnNH2] 

(mol L-1) 

r 

(mol L-1 h-1) 
Ln([BnNH2]) Ln(r) 

2.0 7.0 1.809 1.946 0.593 

2.2 8.0 1.973 2.079 0.679 

2.4 8.5 2.125 2.140 0.753 

2.8 10.0 2.627 2.303 0.965 
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Figure 3.5. Representation log([BnNH2]) vs. log(r). Conditions: 0.5, 1.0, 1.5 and 4.8 mol L−1 

benzylamine (max. 4.8 mmol), 0.015 mol L−1 catalyst (9.6 mg, 15 μmol), 130 psi air (98 mL, ca. 7.45 

mmol O2), 60 °C, 2 h, toluene, 1,3,5-trimethoxybenzene (84.1 mg, 0.5 mmol in 1.0 mL) as internal 

standard. 

Likewise, the rate of reaction r was measured as a function of the catalyst concentration, 

while the concentration of the amine, air pressure, temperature and time were kept constant 

(Table 3.10). A first order dependence on the catalyst concentration is observed by the plot 

log(r) vs. log([cat]) with a slope value of 1.04 (Figure 3.6). 

Table 3.10. Rate of reaction r as a function of catalyst concentration ([4]). 

Mass of complex 4 (mg) [4] (mol L-1) r (mol L-1 h-1) Ln([4]) Ln(r) 

9.0 0.05 0.194 -2.996 -1.639 

18.0 0.10 0.343 -2.302 -1.070 

27,0 0.15 0.558 -1.897 -0.583 

36.0 0.20 0.710 -1.609 -0.342 
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Figure 3.6. Representation log([4]) vs. log(r). 

Although several efforts were made to measure the rate of reaction r under different air 

pressures, unfortunately the reaction order with regard to the oxygen partial pressure could not 

be accurately determined due to technical difficulties. These kinetic experiments indicate that 

the rate law can be represented as in (Eq. 8), where kapp = k[O2]. The apparent rate constant 

kapp was calculated by measuring the rate of reaction as a function of the product 

[BnNH2][cat]=P, i.e., r = kappP (Table 3.11 and Figure 3.7). 

r = kapp·[BnNH2]·[4] (Eq. 8) 

The plot r vs. P depicts a straight line that almost intercepts the origin (−0.008) and the 

slope is the value for k = 0.756 L.mol−1.h−1.  

Table 3.11. Rate of reaction r as a function of the product [BnNH2][cat] = P. 

[4] (mol L-1) [BnNH2] (mol L-1) [BnNH2][cat] = P (mol2 L-2) r (mol L-1 h-1) 

0.05 5.0 0.218 0.154 

0.10 5.0 0.467 0.343 

0.15 5.0 0.729 0.558 

0.20 5.0 1.000 0.740 
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Figure 3.7. Representation of r vs. [BnNH2][cat] = P. Conditions: 5 mol L−1 benzylamine (1.4 mmol 

in 0.28 mL), 0.05, 0.1, 0.15 and 0.2 mol L−1 catalyst, 130 psi air (98 mL, ca. 7.45 mmol O2), 60 °C, 

2 h, toluene, 1,3,5-trimethoxybenzene (11.8 mg, 0.07 mmol) as internal standard. 

In consequence, the best estimation obtained for the rate law is r = 0.756 L mol−1 h−1 

[BnNH2][cat] at a constant air pressure (130 psi, 98 mL, ca. 7.45 mmol O2) and temperature 

(60 °C). To the best of our knowledge, no kinetic experiments have been reported for the 

homocoupling of primary amines to yield imines under homogeneous conditions. Suib et al. 

have performed kinetic experiments for the atmospheric oxidation of 4-methoxybenzylamine 

to the corresponding imine using a heterogeneous catalyst (meso Cs/MnOx).83a Their results 

suggest a first-order rate equation with regard to the amine concentration and a rate constant of 

0.42 min−1 (0.007 h−1).. 

3.5 In situ NMR experiments: reactivity of the Pd(II) complex 4 with benzylamine 

The reaction of the metal complex 4 in neat BnNH2 (in the absence and presence of air) and 

stoichiometric reactions of complex 4 with two equivalents of benzylamine in CDCl3 (in the 

absence and presence of air) were carried out and monitored by both 1H and 31P{1H} NMR). 

The free phosphite ligand, its corresponding oxide or its hydrolytic product were not detected 

in any of the 31P{1H} spectra. This might indicate that ligand dissociation does not take place, 

although it does not exclude the possibility of (fast) N dissociation (hemilability). 

In neat benzylamine in the absence of air, the characteristic 31P{1H} resonance of 

complex 4 (δ = 32.0 ppm) was not observed and, instead, two new resonances (formed in the 

time scale of the experiment’s setup) were identified (δ = 48.4and 44.8 ppm). (Figure 3.8) After 

heating for 1 h (60 °C) five new resonances were detected (δ = 23.1, 19.7, 17.7, 7.5 and 2.7 
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ppm, singlets). Air (40 psi) was charged into the reactor. After 1 h at 60 °C, the homo-coupling 

product 6a was detected (1H NMR), while in the 31P NMR the resonance at 7.5 ppm was 

predominant. Additional heating (overnight) yielded only ca. 3% of imine 5a (1H NMR) and a 

featureless 31P{1H} NMR. 

 

Figure 3.8. Complex 4 in neat benzylamine: in situ NMR monitoring by 31P{1H} NMR (121.5 MHz). 

a) Inert atmosphere, room temperature, < 5 minutes after mixing 4 and BnNH2; b) Inert atmosphere, 

1 h at 60 °C; c) 40 psi air, 60 °C, < 5 minutes after loading the air pressure; d) 40 psi air, 60 °C, 1 h 

after loading the air pressure. 

 

In the stoichiometric in situ experiment, the signal at 44.1 ppm was observed upon addition 

of BnNH2 to a CDCl3 suspension of 4. In this case, the characteristic 31P{1H} resonance of 

complex 4 (δ = 32.0 ppm) persisted up to 1 h at room temperature and disappeared after heating 

(2 h, 60 °C). (Figure 3.9) In contrast to the experiment in neat benzylamine, a single 

phosphorus-containing species was detected. Air (40 psi) was added to the sample and only 

after 2 h at 60 °C a new signal (δ = 53.0 ppm) appeared and persisted for 4 h. Remarkably, after 

16 h under these conditions, imine 6a and complex 4 were quantitatively formed.  
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Figure 3.9. Stoichiometric test 4 + benzylamine: in situ NMR monitoring by 31P{1H} NMR (121.5 

MHz). a) Inert atmosphere, room temperature, < 5 minutes after mixing 4 and BnNH2; b) Inert 

atmosphere, 2 h at 60 °C; c) 40 psi air, 60 °C, 4 h after loading the air pressure; d) 40 psi air, 60 °C, 

16 h after loading the air pressure. 

Based on these results, the isolation of the specie observed at 44.1 ppm in the 31P{1H} 

spectra was attempted. Complex 4 was treated with 8 equivalents of benzylamine in 

dichloromethane under an inert atmosphere (Scheme 3.2). 

 

Scheme 3.2. Reaction of complex 4 with BnNH2. Isolation of 9 or 9’. 

Stirring of the reaction mixture (RT, 1 h) yields a complete conversion of 4 into a new 

complex 9/9′ (δ = 44.1 ppm) as can be seen on the 31P{1H} spectrum (Figure 3.10). Filtration 

of the reaction mixture, followed by treatment of the clear solution with hexanes, yielded a 
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bright yellow solid. The 1H NMR spectrum suggests the presence of benzylamine in the 

compound assigned as 9/9′, based on the characteristic resonance of the methylene group (3.84 

ppm) and the integral value of aromatic signals.  

 

Figure 3.10. 31P{1H} NMR spectrum (121.5 MHz) at 298 K of 9 in CD2Cl2. 

 Variable temperature NMR measurements, both for 1H and 31P{1H}, reveal the existence 

of a dynamic process (fluxionality) associated with the rotation of the Pd–N bond in the 

coordinated benzylamine (Figures 3.11 and 3.12). 

  

Figure 3.11. 1H NMR spectra of 9 at variable temperature (600.0 MHz, CD2Cl2).  
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Figure 3.12. 31P{1H} NMR spectra of 9 at variable temperature (121.5 MHz, CD2Cl2). 

Careful analysis of the relative ratio of the integrals(aromatics/methylene) at different 

temperatures indicates that complex 9/9′ contains only one coordinated BnNH2. Thus, the 

formula of 9/9′ would be [Pd(BnNH2){P(OQuin)3}Cl2]/[Pd(BnNH2){P(OQuin)3}Cl]Cl 

respectively. To find out whether the Cl− or the N arm of the chelate P(OQuin)3 dissociates 

from the Pd(II) center (leading to the cationic complex 9 or the neutral 9′) 9/9′ was reacted with 

NaPF6. The reaction proceeds cleanly to a unique species 10 (Scheme 3.3). 

 

Scheme 3.3. Reaction of complex 9/9’ with NaPF6. Attempt to elucidate 10. 

The significant shift in 31P{1H} NMR (Δδ = 9 ppm, toward higher frequencies; Figure 3.13) 

suggests that 9′ is more likely to be formed. Given the inherent trans influence of the 

phosphorus atom (as evidenced by the different Pd–Cl distances in the solid-state structure of 
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4) one of the chloride ligands should be more labile than the other, and the N-arm could 

dissociate generating an hemilabile ligand. Crystals of 9/9′ suitable for X-ray diffraction 

analysis could not be isolated. Attempts to perform an elemental analysis of this compound 

have so far been unsuccessful since the coordinated BnNH2 is eliminated from 9/9′ under 

vacuum to yield back 4, as confirmed by 31P{1H} NMR (vacuum was required to remove 

residual solvents, CH2Cl2 and Et2O from the synthesis).  

 

Figure 3.13. 31P{1H} NMR spectra of 10 (121.5 MHz, CD2Cl2). 

MS analyses of 9/9′ revealed the species [Pd(NH2){P(OQuin)3}]+ (585.0302 μm, LIFDI-

MS) and[Pd(ND3){P(OQuin)3}Cl]+ (624.01 μm, HESI-MS, deuterium from NMR solvents) 

along with the decomposition products from the Arbuzov reaction. These analyses would 

indicate that compound 9/9′ decomposes/reacts under the conditions of the MS analysis. Thus, 

the observed species would bear either ammonia or amide ligands, confirming the finding of 

NH3 evolution in the catalytic reactions. Although these experiments do not provide solid 

evidence of the mechanism that governs the oxidative coupling of primary amines catalyzed 

by 4, two facts are clear:  

(1) Dissociation of the phosphite ligand under the studied conditions appears to be unlikely. 

(2) Amine pre-coordination takes place. Furthermore, once the amine is coordinated to the 

Pd center, its transformation into the corresponding imine only happens in the presence of 

an appropriate oxidant (O2). 

3.6 Chapter conclusions 

P(OQuin)3 ligand binds Pd(II) as a bidentate P–N chelate, as confirmed by X-ray diffraction 

analysis of the compound [Pd{P(OQuin)3}Cl2]. This Pd(II) complex is a suitable catalyst or 
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precatalyst for the solvent-free oxidative coupling of primary amines to imines. The reaction 

conditions were optimized for a model reaction (benzylamine as the substrate) and the imine 

formation can proceed under mild conditions: 0.5 mol% [Pd{(P(OQuin)3)}Cl2]as the catalyst 

precursor, 60 °C, 6 h and 30psi of air as the terminal oxidant (ca. 1.72 mmol O2, 1.2 

equivalents). TONs up to 230 were reached and almost 60 molecules of the substrate were 

converted per molecule of catalyst in one hour. Kinetic measurements indicate that the rate law 

is r = 0.756 L.mol−1.h−1 [BnNH2].[cat] at a constant air pressure (130 psi, 25 mL, ca.1.90 mmol 

O2) and temperature (60 °C). The partial order regard to the oxygen concentration could not be 

accurately determined. In situ and variable temperature NMR experiments suggest that the 

dissociation (and oxidation) of the phosphite ligand does not take place under the studied 

conditions. Coordination of the amine moiety to the Pd atom was concluded from the NMR 

experiments. The cross-coupling of benzylamine with aromatic primary amines (substituted 

anilines) was studied but the selectivity toward the asymmetric imines was found to be low. 

3.7 Experimental section. 

Preparation of cis-dichloro-(P,N)-tris(8-quinolinyl)phosphite palladium (II), 4. 

To a solution of [PdCl2(COD)] (242.0 mg, 0.84 mmol) in CH2Cl2 (10 mL) was added a 

solution of 1 (397.0 mg, 0.85 mmol) in CH2Cl2 (10 mL) at -75 °C, and the mixture was stirred 

for 30 min. Then, the mixture was left to warm up to room temperature and was stirred for 

additional 3 h. All volatile materials were removed under reduced pressure. The complex was 

washed twice with dried Et2O (20 mL) and twice with dried hexane (20 mL). The solid was 

dried under vacuum to obtain a pale-yellow solid (426.0 mg, 79% yield). 1H NMR (300.2 MHz, 

CDCl3, 25ºC): δ = 10.26 (d, 3JHH = 5.4 Hz, 1H, H2), 8.48 (dd, 3JHH = 8.3 Hz, 4JHH = 1.4 Hz, 1H, 

H4), 7.79-7.68 (m, 3H, H5-7), 7.62 (dd, 3JHH = 8.3 Hz, 3JHH = 5.4 Hz, 1H, H3). Given the low 

solubility of 4 in CDCl3, the 13C resonances are poorly resolved. 31P{1H} NMR (121.5 MHz, 

CDCl3, 25ºC): δ = 31.8 ppm (s). 1H NMR (600.1 MHz, DMSO-d6, 25ºC): δ = 10.11 (d, 3JHH = 

5.1 Hz, 1H, H2), 8.94 (dd, 3JHH = 8.3 Hz, 4JHH = 1.4 Hz, 1H, H4), 8.08 (dd, 3JHH = 7.8 Hz, 4JHH 

= 1.8 Hz, 1H, H5), 7.93 (dd, 3JHH = 8.3 Hz, 3JHH = 5.3 Hz, 1H, H3), 7.90-7.85 (m, 2H, H6-7). 

13C{1H} NMR (150.9 MHz, DMSO-d6, 25ºC): δ = 159.1 (s, C2), 142.5 (s, C4), 129.0 (s, C6), 

126.2 (s, C5), 123.0 (s, C3), 122.4 (d, 3JPC = 5.5 Hz, C7), quaternary carbons (C8-10) are poorly 

resolved. 31P{1H} NMR (121.5 MHz, DMSO-d6, 25ºC): δ = 32.3 ppm (s). LRMS (ESI): m/z 

calc. for C28H21N3O4PPdNa 692.96 [M•MeOH+Na]+; found 692.96. Analytically pure samples 

were obtained upon recrystallization in CHCl3. Anal. Calcd. for C27H18N3O3Cl2PPd•3.5CHCl3: 

C, 34.61; H, 2.05; N, 3.97. Found: C, 34.44; H, 1.99; N, 3.58. IR (KBr disk, ν in cm-1): 1634 
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m, 1593 w, 1579 w, 1511 m, 1502 w, 1466 m, 1385 m, 1377 m, 1307 m, 1253 m, 1240 w, 1196 

m, 1098 m, 923 m, 854 m, 826 m, 760 m, 753 m, 721 m, 603 w, 575 w, 459 w. UV-Vis (CHCl3, 

λmax in nm): 246, 328. 

General procedure for catalytic oxidative homo-coupling of amines to imines. 

A glassware flask (5 mL) or Parr reactor (98 mL) was charged with the catalyst precursor (Table 

3, 0.014 mmol, 1 mol%) and the corresponding amine (Table 2-8, 1.4 mmol). If applicable, see 

Table 4, the corresponding solvent was added (1.4 mL, 1 mol/L). If applicable, an oxidant 

(Table 6) was added or the autoclave was pressurized at the specified pressure. (see Table 7). 

The reaction mixture was stirred at the specified temperatures and during the time stated. (see 

Table 7). If applicable, the system was cooled to room temperature and the pressure of gas was 

carefully released. The yield was determined by 1H NMR using 1, 3, 5-trimethoxybenzene as 

internal standard. Hexanes were added to the crude of reaction in order to precipitate the 

catalyst and the solution was flash chromatographed through silica. The imines 6a-e were thus 

obtained upon evaporation of the eluent (hexane and ethyl acetate).  

Spectroscopic data of homo-coupling products 

 

N-Benzylidenebenzylamine (6a). Yellow liquid. 1H NMR 

(300 MHz, CDCl3): δ 8.38 (s, 1H), 7.79-7.77 (m, 2H), 7.41-

7.40 (m, 3H), 7.33 (d, J = 4.5 Hz, 4H), 7.27-7.23 (m, 1H), 4.82 

(s, 2H). 13C NMR (125.4 MHz, CDCl3): δ 162.0, 139.4, 136.3, 

130.8, 128.7, 128.6, 128.3, 128.0, 127.0, 65.1. MS (ESI): m/z 

196 [M + 1]. 

 

Figure 3.14. 1H (300 MHz) NMR spectra at 298 K of isolated 6a in CDCl3. 

 

Ha 

Hb 

Hc 
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Figure 3.15. 13C{1H}-APT (75.5 MHz) NMR spectra at 298 K of isolated 6a in CDCl3. 

 

 

N-(4-methoxi)Benzylidene-4-methoxibenzylamine 

(6b). Yellow liquid. 1H NMR (300 MHz, CDCl3): δ 8.27 

(s, 1H), 7.80 (d, 2H), 7.23 (d, 2H), 6.88 (dd, 4H ), 4.70 (s, 

2H), 3.81 (s, 3H), 3.77 (s, 3H). 13C NMR (125.4 MHz, 

CDCl3): δ 160.9, 158.6, 131.9, 131.7, 129.8, 129.1, 

114.0, 64.38, 55.86. MS (ESI): m/z 256.16 [M + 1]. 

 

 

N-Isoprpylidenepropylamine (6c). Yellow liquid. 1H 

NMR (300 MHz, CDCl3): δ 3.36 (m, 1H), 1.73(s, 3H), 

1.59 (s, 3H), 0.86 (d, 6H ). 13C NMR (125.4 MHz, 

CDCl3): δ 00.0, MS (ESI): m/z 100 [M + 1]. 

 

 

N-(Methyl-Benzylidene)Methylbenzylamine (6d). 

Yellow liquid. 1H NMR (300 MHz, CDCl3): δ 7.00-7.09 

(m, 10H), 4.33 (q, 1H), 1.54 (s, 3H ), 1.21 (d, 3H). 13C 

NMR (125.4 MHz, CDCl3): δ 165.68, 147.06, 145.74, 

128.18, 128.09, 126.51, 126.40, 126.23, 125.56, 59.03, 

30.33, 25,16. MS (ESI): m/z 224.31 [M + 1]. 

 

a 

b 

c* c 

c* 

d-f 

d*-f* 
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 N-Propylidenepropylamine (6e). Yellow liquid. 1H 

NMR (300 MHz, CDCl3): δ 3.08 (t, 1H), 2.06 (s, 2H), 

1.90 (s, 2H), 1.72 (s, 3H ), 1.55 (m, 2H), 0.83 (t, 3H). 13C 

NMR (125.4 MHz, CDCl3): δ 53.21, 43.93, 26.60, 11.90, 

11.35. MS (ESI): m/z 100 [M + 1]. 

General procedure for catalytic oxidative cross-coupling of amines to imines. 

A Parr reactor (98 mL) was charged with 4 (0.01 mmol, 1 mol%) , benzylamine (150 mg, 1.4 

mmol), and the corresponding aniline (1.4 mmol). For solid anilines (see Table 9), toluene was 

added as solvent (1.4 mL, 1 mol/L). The Parr reactor was pressurized at 30 psi of air and the 

reaction mixture was stirred at 60 °C for 6h. The system was cooled to room temperature and 

the pressure of gas was carefully released. The yield was determined by 1H NMR using 1, 3, 

5-trimethoxybenzene as internal standard. Hexanes were added to the crude of reaction in order 

to precipitate the catalyst and the solution was flash chromatographed through silica. The 

imines 8a, 8c, 8d, 8f, 8g and 8i were thus obtained upon evaporation of the eluent (hexane and 

ethyl acetate). 

Spectroscopic data of cross-coupling products 

 

N-Benzylideneaniline (8a). Yellow liquid. 1H NMR (300 

MHz, CDCl3): δ 8.37 (s, 1H), 7.81-7.79 (m, 2H), 7.36-7.18(m, 

8H).  

 

Figure 3.16. 1H (300 MHz) NMR spectra at 298 K of 8a crude in CDCl3. 
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Figure 3.17. 13C{1H}-APT (75.5 MHz) NMR spectra at 298 K of 8a crude in CDCl3. 

 

 

4-methyl-N-Benzylideneaniline (8c). Yellow liquid. 1H NMR 

(300 MHz, CDCl3): δ 8.38 (s, 1H), 7.90-7.87 (m, 2H), 7.48-7.25 

(m, 3H), 7.33 (d, J = 4.5 Hz, 4H), 7.27-7.23 (m, 1H), 4.82 (s, 

2H). 13C NMR (125.4 MHz, CDCl3): δ 162.0, 139.4, 136.3, 

130.8, 128.7, 128.6, 128.3, 128.0, 127.0, 65.1. 

 

 

2-hydroxi-N-Benzylideneaniline (8d). Yellow liquid. 1H 

NMR (300 MHz, CDCl3): δ 8.38 (s, 1H), 7.79-7.77 (m, 2H), 

7.41-7.40 (m, 3H), 7.33 (d, J = 4.5 Hz, 4H ), 7.27-7.23 (m, 1H), 

4.82 (s, 2H). 13C NMR (125.4 MHz, CDCl3): δ 162.0, 139.4, 

136.3, 130.8, 128.7, 128.6, 128.3, 128.0, 127.0, 65.1. 

 

 

4-methoxi-N-Benzylideneaniline (8f). Yellow liquid. 1H NMR 

(300 MHz, CDCl3): δ 8.38 (s, 1H), 7.79-7.77 (m, 2H), 7.41-7.40 

(m, 3H), 7.33 (d, J = 4.5 Hz, 4H ), 7.27-7.23 (m, 1H), 4.82 (s, 

2H). 13C NMR (125.4 MHz, CDCl3): δ 162.0, 139.4, 136.3, 

130.8, 128.7, 128.6, 128.3, 128.0, 127.0, 65.1. 

 

 

* 

* 

* 

Aniline (*) 

a 
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d* 
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2-hydroxi-5-nitro-N-Benzylideneaniline (8g). Yellow liquid. 

1H NMR (300 MHz, CDCl3): δ 8.38 (s, 1H), 7.79-7.77 (m, 2H), 

7.41-7.40 (m, 3H), 7.33 (d, J = 4.5 Hz, 4H), 7.27-7.23 (m, 1H), 

4.82 (s, 2H). 13C NMR (125.4 MHz, CDCl3): δ 162.0, 139.4, 

136.3, 130.8, 128.7, 128.6, 128.3, 128.0, 127.0, 65.1. 

 

 

4-bromo-N-Benzylideneaniline (8i). Yellow liquid. 1H NMR 

(300 MHz, CDCl3): δ 8.41 (s, 1H), 7.90-7.87 (m, 2H), 7.48-7.25 

(m, 7H). 13C NMR (125.4 MHz, CDCl3): δ 162.0, 139.4, 136.3, 

130.8, 128.7, 128.6, 128.3, 128.0, 127.0, 65.1. 

 

General procedure for the kinetic experiments 

 In situ progress of the reaction as a function of time 

In a round-bottom flask the complex 4 (0.03 mmol, 1 mol%) and a solution of benzylamine in 

toluene (5.6 mL from stock solution 0.499 mol/L, 300 mg, 2.8 mmol) were placed. The round 

flask was connected to a short condenser and the mixture was heated to 80 °C. 1, 3, 5-

trimethoxybenzene was used as internal standard. Samples of 0.4 mL were taken every hour 

during 5 h and analyzed by 1H NMR. Under these conditions, the amine was cleanly converted 

into imine and neither benzaldehyde nor benzonitrile were detected as side-products. The progress 

of reaction, as consumption of benzylamine, was followed on time (Figure 3.3). The 

representation of Ln([BnNH2]/[BnNH2]o) vs. time returns a straight line (Figure 13). Here 

[BnNH2] is the molar concentration of benzylamine at any “t” time and [BnNH2]o is the initial 

molar concentration of benzylamine. 

Rate of reaction r as a function of [BnNH2] at constant catalyst concentration ([4] = 0.01 

mol/L), reaction time, temperature and pressure. 

A Parr reactor (98 mL) was charged with the complex 4 (18.4 mg, 28 μmol, 0.01 mol/L) and an 

appropriate volume from a stock solution of benzylamine in toluene (10 mol/L, final volume: 

2.8 mL, Table 3.8). The Parr reactor was pressurized at 130 psi of air and the reaction mixture 

was stirred at 60 °C for 2h. The system was cooled to room temperature and the pressure of gas 

was carefully released. The yield was determined by 1H NMR using 1, 3, 5-trimethoxybenzene 

as internal standard. The rate of reaction r (mol L-1 h-1) was calculated by means of the amount 

of imine (mmol) formed divided by the total volume (2.8 mL) and the time of reaction (2 h). 

The representation of log(r) vs. log([BnNH2]) gives a straight line with a slope of 1.06 (Table 3.9 

and Figure 3.5). 
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Rate of reaction r as a function of [4] at constant benzylamine concentration ([BnNH2] = 5 

mol/L), reaction time, temperature and pressure. 

A Parr reactor (98 mL) was charged with a solution of benzylamine in toluene (0.14 mL from 

stock solution 10.0 mol/L, final volume: 0.28 mL) and an appropriate amount of the complex 4 

(0.05, 0.1, 0.15 and 0.2 mol/L, Table 3.10). The Parr reactor was pressurized at 130 psi of air 

and the reaction mixture was stirred at 60 °C for 2h. The system was cooled to room 

temperature and the pressure of gas was carefully released. The yield was determined by 1H 

NMR using 1, 3, 5-trimethoxybenzene as internal standard. The rate of reaction r (mol L-1 h-1) 

was calculated by means of the amount of imine (mmol) formed divided by the total volume 

(2.8 mL) and the time of reaction (2 h). The representation of log(r) vs. log([4]) gives a straight 

line with a slope of 1.15 (Table 3.10 and Figure 3.6). 

Rate of reaction as a function of the product [BnNH2][cat] = P at constant reaction time, 

temperature and pressure. Determination of the apparent rate constant kapp. 

A Parr reactor (98 mL) was charged with a solution of benzylamine in toluene (0.14 mL from 

stock solution 10.0 mol/L, final volume: 0.28 mL) and an appropriate amount of the complex 4 

(0.05, 0.1, 0.15 and 0.2 mol/L, Table 3.11). The Parr reactor was pressurized at 130 psi of air 

and the reaction mixture was stirred at 60 °C for 2h. The system was cooled to room 

temperature and the pressure of gas was carefully released. The yield was determined by 1H 

NMR using 1, 3, 5-trimethoxybenzene as internal standard. The rate of reaction r (mol L-1 h-1) 

was calculated by means of the amount of imine (mmol) formed divided by the total volume 

(2.8 mL) and the time of reaction (2 h). The representation of log(r) vs. log([P]) gives a straight 

line with a slope of 0.756 L mol-1 h-1 (Table 3.11 and Figure 3.7). 

In situ experiments 

In neat benzylamine. 

Under inert atmosphere, the complex 4 (10.0 mg, 16 μmol), benzylamine (ca. 0.4 mL) and a 

sealed inner tube filled with DMSO-d6 (ca. 0.1 mL) were placed in a young NMR tube. The 

mixture was immediately analyzed by 1H and 31P{1H} NMR and then after 0.5 and 1 h. The 

sample was heated to 60 °C and analyzed twice (1 and 2 h). The tube was pressurized with air 

(40 psi) and spectra were recorded every hour for two hours. The system was heated to 60 °C 

and analyzed four times (1, 2, 4 and 16 h). Selected 31P{1H} and 1H NMR spectra are shown 

in Figure 3.8.  
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In situ stoichiometric experiment. 

Under inert atmosphere, the complex 4 (10.0 mg, 16 μmol), benzylamine (4.2 mg, 39 μmol, 2.4 

equivalents) and CDCl3 (ca. 0.5 mL). were placed in a young NMR tube. The mixture was 

immediately analyzed by 1H and 31P{1H} NMR and then after 0.5 and 1 h. The sample was 

heated to 60 °C and analyzed twice (1 and 2 h). The tube was pressurized with air (40 psi) and 

spectra were recorded every hour for two hours. The system was heated to 60 °C and analyzed 

four times (1, 2, 4 and 16 h). Selected 31P{1H} and 1H NMR spectra are shown in Figure 3.9. 

Isolation of the species observed in the stoichiometric experiments. 

To a suspension of 4 (50.0 mg, 0.078 mmol) in CH2Cl2 (3 mL) was added a solution of 

benzylamine (66.9 mg, 0.62 mmol) in CH2Cl2 (3 mL) and the mixture was stirred for 1 h. The 

reaction mixture was filtered-off in order to remove any unreacted 4. The clear filtrate was 

concentrated to ca. 1 mL and Et2O (5 mL) was added. A bright yellow solid was formed. The 

product was washed with Et2O (3 x 5 mL) and was dried under vacuum to obtain a yellow solid 

(53.0 mg, 90% yield). 1H NMR (600.0 MHz, CD2Cl2, 25ºC): δ = 10.02 (t, 3JHH = 4.2 Hz, 1H), 

8.78 (br., 2.34H), 8.33-8.19 (m, 5.52 H), 7.68-7.23 (m, 32.08 H), 7.02-6.97 (m, 1.45 H), 6.87-

6.82 (m, 1.35 H), 3.84 (br., 3.81 H, CH2). Ratio CHar / CH2 = 43.74 / 3.81 = 11.48 / 1 = 22.96 

/ 2 ~ 23 / 2. 13C{1H} NMR (150.9 MHz, CD2Cl2, 25ºC): δ = 165.9 (s, Cquat), 152.3 (s, CHar), 

151.5 (s, CHar), 147.2 (s, Cquat), 145.9 (s, Cquat), 139.5 (s, CHar), 138.5 (s, CHar), 131.5 (s, Cquat), 

130.4 (s, CHar), 130.3 (s, CHar), 128.7 (s, CHar), 127.5 (s, CHar), 127.0 (s, CHar), 124.8 (s, Cquat), 

124.1 (s, CHar), 121.8 (s, CHar), 121.6 (s, CHar), 114.6 (s, JPC = 6.4 Hz, CHar), 111.8 (s, CHar), 

46.6 (s, CH2). 
31P{1H} NMR (121.5 MHz, CD2Cl2, 25ºC): δ = 44.2 ppm (s). IR (KBr disk, ν in 

cm-1): 3454 m, 2997 m, 2890 m, 1573 m, 1499 s, 1467 s, 1395 m, 1323 m, 1260 m, 1237 m, 

1083 m, 1010 w, 901 w, 797 m, 746 m, 695 m, 611 w, 553 m, 513 m, 483 m. UV-Vis (CHCl3, 

λmax in nm): 249, 323. 

 

 

 

 

 

 

 

 



 

 122 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter IV 

Rh(I)-coordination chemistry of P(OQuin)3.                                                                      

Application in the 1,2-regioselective hydroboration of pyridines and quinolines 
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4.1 Introduction 

There has been much interest in the dearomatizing transformations of pyridine derivatives, 

which lead to the synthesis of six-membered nitrogen-containing cyclic compounds 

directly.99,100 These transformations are particularly attractive for obtaining partially 

unsaturated cyclic compounds such as 1,2-dihydropyridine (DHP) derivatives, which are useful 

synthetic intermediates for the synthesis of nitrogen-containing organic molecules.100,101 As 

exemplified by Fowler’s NaBH4 reduction of N-(alkoxycarbonyl)pyridinium chloride,102 such 

dearomatizing transformations have been achieved mainly through the formation of pyridinium 

salts,100 in which nucleophilic attack to the pyridine ring is facilitated.103  

Transition metal-catalyzed addition reactions to pyridines are also an attractive strategy for 

the reduction of pyridine rings without stoichiometric activation to form pyridinium salts, but 

such simple additions to pyridine derivatives are still relatively unexplored. Although 

hydrogenation is the simplest reaction to reduce pyridine rings, the harsh reaction conditions 

and overreduction to form piperidine derivatives are often problematic.104,105 Alternatively, 

catalytic hydrosilylations have been developed to obtain di- and tetrahydropyridines.106,107 

However, it should be noted that existing hydrosilylation systems have encountered low 

product selectivity,106 overreaction,107a,b and a narrow substrate scope.107c Therefore, it is highly 

desirable to develop an efficient catalytic addition to pyridines that allows selective partial 

reduction to dihydropyridine derivatives. 

In 2011, Suginome et al. found that pyridine derivatives undergo addition of silylboronic 

esters in the presence of a palladium catalyst to give N-boryl-4-silyl-1,4-dihydropyridines.108 

This reaction was the first catalytic addition to pyridine derivatives to introduce non-hydrogen 

elements onto the carbon atoms of the pyridine ring. There, it was assumed that one of the 

driving forces of the reaction is the formation of the boron−nitrogen bond, which is known to 

be a stable covalent bond. Then, it was envisioned that the use of boron-containing reagents 

would promote the addition to pyridine rings by virtue of the formation of a strong B−N bond. 

Recently, Marks et al.109 and Suginome et al.110 described the first early (lantanide) and late 

(rhodium) transition-metal-catalyzed hydroboration of pyridines111 giving N-boryl-1,2-

dihydropyridines in a regioselective manner. It should be noted that magnesium-catalyzed 

hydroboration of pyridine derivatives has just been reported in the literature.112  

Here the synthesis and characterization of a Rh(I) complex bearing the ligand 1 is 

described. The application of this coordination compound as a homogeneous catalyst for the 

1,2-regioselective hydroboration of pyridines is also discussed. No Rh-complexes bearing 

phosphite ligands have been previously reported as catalysts for this type of reaction. 



 

 124 

4.2 Synthesis and characterization of the Rh(I) complex 

The reaction of 1 with the precursors complexes [(COD)RhCl(PPh3)] (COD = 1,5-

cyclooctadiene, C8H12) and [(PPh3)3RhCl] (Wilkinson catalyst) was studied. The complex 

[2P,N-{P(OQuin)3}RhCl(PPh3)], (11), is accessible by treating such a metal precursor in 

dichloromethane (DCM) with a solution of the ligand in the same solvent at −75 °C (Scheme 

4.1). When the reaction mixture was allowed to reach room temperature, compound 11 was 

obtained after solvent evaporation and a washing step with diethyl ether. The product is a pale-

orange solid sensitive to air/moisture and was isolated in high yield (80%). LIFDI-MS, 

elemental analysis and NMR spectroscopic data (1H, 13C{1H}, and 31P{1H}) of 11 are in 

accordance with the proposed formulation. Proton and carbon signals were assigned using 2D 

NMR analysis such COSY, HMQC and HMBC.  

 

Scheme 4.1. Synthesis of the rhodium (I) complex 11, [2(P,N){P(OQuin)3}RhCl(PPh3)]. 

The 31P{1H} NMR spectrum shows two sets of doublet of doublet (dd) resonances at δ 

116.3 ppm (1) and 50.0 ppm (PPh3) with their respective coupling constants 1JPRh = 311.0 Hz, 

2JPP = 52.8 Hz and 1JPRh = 171.1 Hz, 2JPP = 52.8 Hz (Figure 4.1a). The phosphorus resonance 

is upfield shifted for 1 and downfield shifted for PPh3 with regard to the corresponding value 

for the free ligands. The chemical shifts and coupling constants (nJPP and nJPRh) are similar to 

the ones observed for analogous rhodium (I) complexes bearing phosphine and phosphite 

moieties at “cis” configuration. For instance: a) [Rh(acac)(R,R-BINAPHOS)]113, 31P{1H}  

NMR (121 MHz , CDCl3) δ 152.5 ppm (dd, 1JPRh = 325.1 Hz, 2JPP = 80.8 Hz, P(OR)3) and 51.9 

ppm (dd, 1JPRh = 178.5 Hz, 2JPP = 80.8 Hz, PPh2), where R,R-BINAPHOS = (R)-(2-

(diphenylphosphino)-1,1’-binaphthalen-2-yl)-(R)-1,1’-binaphthalen-2,2’-yl)phosphite.; b) 

[Rh(COD)(P-OP)]114, 31P{1H} NMR (162 MHz, CD2Cl2): δ 132.3 ppm (dd, 1JPRh = 267 Hz, 

2JPP = 61 Hz, P(OR)3) and 16.4 ppm (dd, 1JPRh = 136 Hz, 2JPP = 61 Hz, PPh2), where P-OP = 

(R)-{2-[Di(1-naphthyl)phosphino]phenyl}-1,1’-(5,5’,6,6’-tetramethyl)biphenyl-2,2’-diyl 

phosphite.; c) [(P(OPh)3)Rh(PPh3)2]
115, 31P{1H} NMR (121 MHz , CDCl3) δ 114.8 ppm (dd, 

1JPRh = 310.8 Hz, 2JPP = 44.6 Hz, P(OPh)3) and 36.6 ppm (dd, 1JPRh = 134.4 Hz, 2JPP = 44.6 Hz, 
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PPh3). Based on such literature examples, the spectroscopic data recorded for 11 strongly 

indicates that in solution there is a “cis” spatial configuration for the phosphorus ligands. 

The 1H NMR spectrum confirms the 2(P,N) coordination mode of the tris(8-

quinolyl)phosphite ligand, as indicated by the presence of downfield shifted signals 

corresponding to the coordinate pyridine scaffold of the quinoline group. The four set of 

signals, δ 9.10, 8.22, 7.56 and 7.09 ppm, that correspond to 1 are clearly resolved from the 

resonances that belong to the triphenylphosphine, and the integral values exhibit a 18/15 (or 

6/5) ratio (Figure 4.1b).  

a)

 

b)

 

Figure 4.1. a) 31P{1H} NMR spectrum (121.5 MHz) and b) 1H NMR spectrum (300.1 MHz) at 298 K 

of 11 in CD2Cl2. 

As well as in the Pd-P(OQuin)3 complex (Chapter III), the 1H NMR spectrum for 1 in 

11 shows two separate spin systems (Figure 4.1b). The first of them, an AMX-type system arise 

from the pyridine scaffold. The signals exhibit a doublet and doublet of doublet multiplicity 

with a chemical shift of 9.10 (d, 3JHH = 3.6 Hz), 8.23 (dd, 3JHH = 8.3 Hz, 3JHH = 3.2 Hz) and 

7.56 (d, 3JHH = 8.1 Hz) ppm. The largest shift on a signal ( 9.10 ppm) corresponds to the H 
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ortho to the N atom, as confirmed by 2D NMR experiments (COSY, HSQC and HMBC). This 

spectroscopic data suggests that ligand 1 is hemilabile in a CD2Cl2 solution of 11. Such a 

dynamic process is possibly so fast that the NMR device records the three quinoline moieties 

as a single one (equivalency), as similarly observed for the palladium complex in the previous 

chapter. The second set of resonances, a multiplet between 7.85-7.71 (m, 9H) ppm, shows an 

ABC spin system. Such signals are assigned to the phenolate group. Finally, the multiplets 

between 7.38-7.34 (m, 6H) and 7.15-7.05 (m, 9H) ppm are assigned to the phenyl groups of 

PPh3. 

Two types of crystals, 11 and 11, with different unit cell parameters were obtained by 

different crystallization methods and both were suitable for X-ray diffraction analysis. The 

crystals denoted as 11 (Figure 4.2) were grown by layering hexane over a DCM solution of 

11. On the other hand, 11 (Figure 4.3) was obtained by slow diffusion of Et2O over a THF 

solution of 11. The solid-state structures of 11 and 11 reveals in both cases that the ligand 1 

binds the Rh center as a bidentate chelate. The X-ray diffraction analysis confirms the 2(P,N) 

coordination mode of 1 observed by 1H NMR in solution, as well as the “cis” spatial 

configuration between both phosphorus ligands expected from the 2JPP coupling constants form 

the 31P{1H} NMR. Selected bond distances and angles are listed in Table 4.1.  
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Figure 4.2. ORTEP drawing of the molecular structure of the complex 

[2(P,N){P(OQuin)3}RhCl(PPh3)], 11. Thermal ellipsoids are drawn at 50% probability level. 

Hydrogen atoms and dichloromethane solvate molecule have been removed for clarity. 

In 11, the Rh–P1, Rh–N1, Rh–P2 and Rh–Cl1 distances are 2.095(2), 2.151(2), 

2.235(4) and 2.412(1) Å, respectively, with an angle between both phosphorus atoms P1–Rh–

P2 of 93.16(4)°. The six-membered ring defined by Rh-N1-C22-C26-O1-P1 shows a roughly 

half-chair-shaped conformation, where the P1 atom is displaced by 1.21 Å from the mean plane 

through the other 5 atoms. The bite angle P1-Rh-N1 is 90.22(2)°. The P1-O(1-3) bond 

distances, 1.629(6), 1.598(5), and 1.618(6) Å, are quite shortened with regard to the free ligand, 

likely due to the strong σ-donation from the phosphite to the metal center. The O-P-O angles 

are within the range 95.36(3)-104.48(2)°. Concerning 11, the bond distances and angles 

around the metal center are almost identical to those in 11. Interestingly, in both cases the 

trans angles P1—Rh—Cl1 are around 160°, illustrating the strong geometry distortion around 

the rhodium atom, probably caused by the sterical hindrance of 1.  
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Figure 4.3. ORTEP drawing of the molecular structure of the complex 

[2(P,N){P(OQuin)3}RhCl(PPh3)], 11. Thermal ellipsoids are drawn at 40% probability level. 

Hydrogen atoms and THF/Et2O solvate molecules have been removed for clarity. 

The complex 11 exhibits a considerable distorted square planar geometry, since the 

chelate (plane P1/Rh1/N1) is not co-planar with the other phosphorus atom (PPh3) and chlorine 

(plane P2/Rh1/Cl1). The deviation from co-planarity between the planes P1/Rh1/N1 and 

P2/Rh1/Cl1 is 21.68 degrees. The two aromatic units of the coordinated quinoline moiety are 

slightly twisted, as indicated by the C21–C27–C26–N1 and C22–C26– C27–C25 torsion angles 

(0.12°).  
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Table 4.1. Selected geometric parameters (Å, °) for 11 and related compounds 

   

 11 11 Ua31 G1 

Bond distance (Å) 

Rh—P1 2.095(2) 2.101 (4) 2.209 (2) 2.215 (7) 

Rh—P2 2.235(4) 2.236 (5) - - 

Rh—N1 

Rh—Cl 

2.151(2) 

2.412(1) 

2.155 (2) 

2.392 (3) 

2.149 (6) 

2.397(6) 

2.123 (18) 

2.393 (7) 

 1.629(6)  1.607(4)  1.597 (6) - 

P—O 1.598(5) 1.605(5) 1.598 (5) - 

 1.618(6) 1.626(4) 1.604 (6) - 

Angles (°)      

P1—Rh—N1 90.22 (5) 90.93 (4) 89.09 (17) 92.93 (5) 

P1—Rh—P2 93.16 (2) 93.90 (1) - - 

P2—Rh—Cl1 90.57 (2) 87.44 (3) - - 

N1—Rh—Cl1 90.62 (5) 88.86 (4) 85.60 (17) 89.76 (5) 

P1—Rh—Cl1 160.74 (2) 164.81 (2) 93.70 (3) 176.96 (2) 

Torsion angles of coordinate quinoline moiety (°) 

C21–C27–C26–N1 9.05 3.01 - - 

C22–C26– C27–C25 7.17 6.96 - -  

a Average of the two independent molecules in the unit cell. 

In 11 the distorted square planar geometry is also observed, but the deviation from co-

planarity between the planes P1/Rh1/N1 and P2/Rh1/Cl1 (35.9°) is considerably larger than the 

one in 11. The two aromatic units of the coordinated quinoline moiety are slightly twisted as 

indicated by the C21–C27–C26–N1 and C22–C26– C27–C25 torsion angles (3.05°) and it is 

also bigger than in 11. The twisting of the coordinated quinoline scaffold has been also 

observed in related compounds, for example the complex Ua30 (Table 4.1). The bond distances 

P–O, Rh–N, and Rh–Cl in 11− are slightly shorter than in the related compound Ua. The bond 

distances Rh–P in 11− are significantly shorter than in Ua and in G1. 116 Meanwhile, the bite 

angles P-Rh-N in 11− are quite similar to the one in Ua but shorter than in G1. 
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4.3 Reactivity of the Rh(I) complex 11 toward different external agents (NMR scale). 

The reactivity of the new complex 11 toward different external agents was investigated. 

The reactions were performed in situ at NMR scale. The stability in solution of 11 in selected 

solvents and at different temperatures was first examined. In particular, the dissociation of the 

triphenylphosphine and subsequent coordination of one quinoline moiety was expected 

(Scheme 4.2).  

 

Scheme 4.2. PPh3 dissociation from 11 in a CDCl3 solution of 11 to form 12. 

A THF solution of 11 is stable over the course of 6 h at room temperature, as evidenced by 

31P{1H} NMR spectroscopy. The same behavior was observed both at lower and higher 

temperatures, namely 0 and 50 °C. In CDCl3, the stability of 11 in solution is completely 

different. By 31P{1H} NMR monitoring of a CDCl3 solution of 11 at 50 °C was possible to 

observe the gradual dissociation of PPh3 (s, δ -5 ppm) and subsequent formation of the complex 

12 (d, δ 90.8 ppm, JPRh = 161.6 Hz) (Figure 4.4). After 6 h, the phosphine dissociation was 

completed. Such a reaction also takes place at room temperature but within 24 h, while at low 

temperature (0 °C) the chloroform solution of 11 seems to be stable. Complex 12 represents 

the first example of a phosphite ligand coordinated to Rh (I) in a NPN pincer-fashion. This 

compound might open new research opportunities in the already rich NPN ligand chemistry. 

Likewise, this example demonstrates the polydenticity of 1. Unfortunately, after many attempts 

to determine the molecular structure of 12, it was not possible to obtain monocrystals of 

sufficient quality for X-ray diffraction analysis. 

. 
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Figure 4.4. 31P{1H} NMR (121.5 MHz) reaction monitoring of 11 into 12 at 323 K in CDCl3. 

 As stated in Chapter I, phosphite can be broken down by hydrolysis or alcoholysis 

and suffer rearrangements such as the Michaelis-Arbuzov reaction. Nevertheless, once 

phosphites are coordinated to a transition metal center, they are quite stable and less prone to 

suffer this kind of transformation. In this sense, an unexpected reactivity was found when 11 

was dissolved in CDCl3 (not dry, commercially available CDCl3 without further purification) 

charged with 30 psi of air and heated at 50 °C for 24h in a J. Young NMR tube (Scheme 4.3). 

 

Scheme 4.3. Retro-Arbuzov-like dearylation reaction by 11 in not dry/degassed CDCl3 solution. 

 The Michaelis-Arbuzov rearrangement, also known as the Arbuzov rearrangement, 

Arbuzov reaction, or Arbuzov transformation, is one of the most versatile pathways for the 

formation of carbon-phosphorus bonds and involves the reaction of an ester of trivalent 

phosphorus with alkyl halides.117 There is a variation of the Arbuzov-rearrangement with the 

same main features but it is called retro-Arbuzov regrouping. This alternative includes the 

construction of a halide-phosphorus bond instead of an alkyl-phosphorus moiety. Such a retro-

Arbuzov reaction is quite rare and it is usually reported solely for the free phosphite (organic 

reaction) under particular conditions. 118 
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A solution of 11 in “wet” CDCl3 and under aerobic conditions yielded, among others, a 

new rhodium (III) complex (13, Scheme 4.3) following a retro-Arbuzov scheme. The reaction 

mixture was monitored by 31P {1H} NMR spectroscopy. Under the specified conditions, 11 

reacted quite unselectively, as evidenced by the formation of at least 3 phosphorus-rhodium 

containing species plus free PPh3 and OPPh3 (Figure 4.5). The 31P{1H} NMR spectrum shows 

13 as the main product as two set of doublet of doublets (dd) resonances at δ 69.3 (1JPRh = 151,0 

Hz, 2JPP = 29.5 Hz) and 55.5 (1JPRh = 146.0 Hz, 2JPP = 30.1 Hz) ppm. The other phosphorus-

rhodium containing compounds formed correspond to the resonances at δ 61.0 (1JPRh = 130.7 

Hz) and 16.2 (1JPRh = 92.5 Hz) ppm. Unfortunately, these species were not fully identified. 

Since free PPh3 and its oxide OPPh3 were detected, the unidentified compounds are very likely 

exclusively featuring 1, or its retro-Arbuzov derivative, as ligand.  

 

Figure 4.5. 31P{1H} NMR spectrum (121.5 MHz, CDCl3) of 11 at 298 K (blue), reaction mixture after 

3 h at RT (red) and reaction mixture after 24 h at 50 °C (green).    

Although it was a not clean reaction, suitable crystals for X-ray diffraction analysis were 

obtained from the CDCl3 solution in the same NMR tube, which confirmed such unusual 

reactivity for 11 (Figure 4.6). The solid-state structure of 13 reveals that the retro-Arbuzov 

phosphorus compound binds to the metal center as a tridentate chelate. The OP(OQuin)2
- 

scaffold, a XL2-type ligand, coordinates the Rh center in a fac-3(N,P,N) mode with its 

phosphorus atom cis to the triphenylphosphine and cis to one chloride. The complex exhibits a 

slightly distorted octahedral geometry, since some angles are away from the ideal value (90°) 

for an octahedral geometry. Selected bond distances and angles are listed in Table 4.2. 
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Figure 4.6. ORTEP drawing of the molecular structure of the complex 

[3(P,N,N){OP(OQuin)2}RhCl2(PPh3)], 13. Thermal ellipsoids are drawn at 40% probability level. 

Hydrogen atoms have been removed for clarity. 

 The novel compound 13 represents the first N,P,N-Rh(III) metal complex ever 

reported. Some interesting aspects the solid-state structure of 13 will be briefly discussed. The 

Rh-Cl1 bond is quite long (2.489 Å) likely due the strong bonding between Rh-P1, as expected 

for a phosphorus anionic species. Likewise, the bond Rh-P2 (PPh3, 2.333 Å) is relatively long, 

which might be due to a strong sigma donation from the quinoline moiety in trans position 

(trans influence). Such an elongated Rh-P2 moiety can be a useful reactive position for further 

applications, e.g. ligand substitution (trans effect) or catalysis. Also, for catalytic applications, 

the variable denticity of the ligand OP(OQuin)2
- could be important to stabilize reactive 

intermediates with lower or higher electron count and/or coordination number than 13. 
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Table 4.2. Selected geometric parameters (Å, °) for 13. 

Bond distance (Å) Angles (°) 

Rh—P1 2.186(2) P1—Rh—N1 84.25 (5) 

Rh—P2 2.333(4) P1—Rh—N2 86.87 (2) 

Rh—Cl1 (trans P1) 2.489(2) P1—Rh—P2 98.47 (2) 

Rh—Cl2 (trans N1) 2.325(6)  P2—Rh—N1 93.24 (5) 

Rh—N1 (trans Cl2) 2.122(5) P2—Rh—N2 174.49 (2) 

Rh—N2 (trans P2) 2.145(6) Cl1—Rh—Cl2 88.41 (2) 

P1—O3 (oxi) 1.474(4) N1—Rh—N2 88.60 (2) 

P1—O2 (Quin N1) 1.631(2)   

P1—O3 (Quin N2) 1.626(6)    

Simple ligand substitution reaction was also examined. The complex 11 reacts with 1.1 

equiv. of PCy3 at room temperature yielding the related species 14 (Scheme 4.4). The reaction 

mixture was monitored by 31P{1H} NMR and full conversion was achieved after 3 h. The 

31P{1H} NMR spectrum exhibits, beside two new sets of doublets of doublets, the presence of 

free PPh3 (-5 ppm) and OPPh3 (23 ppm) as depicted in Figure 4.6. 

 

Scheme 4.4. Ligand exchange reaction at complex 11. 

The 31P{1H} NMR spectrum of 14 shows two doublet of doublets (dd) resonances at δ 

117.8 (1JPRh = 311,0 Hz, 2JPP = 52.8 Hz, 1) and 55.9 (1JPRh = 171.1 Hz, 2JPP = 52.8 Hz, PPh3) 

ppm as depicted in Figure 4.6. Such phosphorus chemical shift values are shifted toward upfield 

(1) and downfield (PCy3) with regard to the corresponding resonance of the free ligands. 

Additionally, the chemical shift values and coupling constants of 14 are quite similar to the 

ones observed for the parent rhodium (I) complex 11. Again, the spectroscopic evidence 

strongly suggests a cis spatial configuration between both phosphorus ligands in solution. 
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Figure 4.6. 31P{1H} NMR spectrum (121.5 MHz, THF-d8) at 298 K of: 11 (green), reaction mixture 

11 + PCy3 after 3 h (red) and isolated 14 (blue). 

In the aromatic region of the 1H NMR spectrum (THF-d8) four sets of signals that 

integrate to 6 or 18 protons are found (Figure 4.7), which means that there is a magnetic 

equivalence between the three quinoline moieties. The resonances represent two separate spin 

systems. The first of them, an AMX-type system, is assigned to the pyridine scaffold. The 

signals exhibit a doublet of doublets multiplicity with a chemical shift of δ 8.83 (dd, 3JHH = 4.5 

Hz, 4JHH = 1.7 Hz), 8.03 (dd, 3JHH = 8.3 Hz, 4JHH = 1.7 Hz) and 7.15 (dd, 3JHH = 8.3 Hz, 4JHH = 

4.5 Hz) ppm. The largest shift of a signal ( 8.83 ppm) corresponds to the H ortho to the N 

atom, which is upfield shifted in comparison with 11. The second set of resonances, δ 8.09 (d, 

3JHH = 7.6 Hz), 7.45 (dd, 3JHH = 8.2 Hz, 4JHH = 1.5 Hz) and 7.38 (t, 3JHH = 7.9 Hz) ppm, shows 

a ABM spin system and is assigned to the phenolate group. 

 

Figure 4.7.  1H NMR spectrum (300.1 MHz, THF-d8) of 14 at 298 K . 

The new complex 14 was isolated as red crystals from a saturated THF solution at - 30 

°C, and its molecular structure was unambiguously established by single-crystal X-ray 

diffraction analysis. An ORTEP diagram of such a compound is shown in Figure 4.8, while 

selected bond lengths and angles are listed in Table 4.3.  
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The X-ray diffraction analysis of complex 14 reveals the presence of two independent 

molecules in the unit cell. As demonstrated for 11, in 14 the ligand 1 binds the metal center as 

a 2(P,N) chelate. forcing a cis spatial configuration between both phosphorus ligands. The 

other two quinoline units are oriented away from the metal center. The complex exhibits a 

slightly distorted square planar geometry, since the chelate (plane P1/Rh1/N1) is not co-planar 

with the chlorine and phosphorus atom (plane P2/Rh1/Cl1). The deviation from co-planarity 

between the planes P1/Rh1/N1 and P2/Rh1/Cl1 is about 10 degrees.  

The bond distances Rh-P1 (2.101 Å), Rh-N1 (2.165 Å) and Rh-P2 (2.273 Å) are slightly 

longer than in 11 (Table 4.3 vs Table 4.1). Meanwhile, the bond Rh-Cl1(2.383 Å) in 14 is 

slightly shorter than in 11. Taking into account that PCy3 is more basic than PPh3, the -

donation makes the metal center more electron rich, which subsequently elongates the binding 

to 1. The most important structural differences between 14 and 11 can be seen in the bond 

angles. Due to the fact that PCy3 is bulkier than PPh3, the bite angle P1-Rh-N1 (85.3°) is shorter 

than in 11 and P1-Rh-P2 (99.18°) deviates considerably from 90°. 

Table 4.3. Selected geometric parameters (Å, °) for 14.a 

Bond distance (Å) Angles (°) 

Rh—P1 2.101(3) P1—Rh—P2 99.18 (9) 

Rh—P2 2.273(2) P1—Rh—N1 85.3 (2) 

Rh—Cl1 2.383(2) P1—Rh—Cl 166.21 (9) 

Rh—N1 2.165(7) P2—Rh—Cl 90.18 (8) 

 P1—O 1.622(7) N1—Rh—Cl 85.80 (2) 

a Average of the two independent molecules in the unit cell. 

 

 



 

 137 

 

Figure 4.8. ORTEP drawing of the molecular structure of the complex 

[2(P,N){P(OQuin)3}RhCl(PCy3)] (14).  Thermal ellipsoids are drawn at the 50% probability level. 

Hydrogen atoms and THF solvate molecules have been removed for clarity. Two independent 

molecules per asymmetric unit were found. The values reported for selected bond distances and 

angles correspond to the average of both independent molecules. 

Finally, chloride abstraction reaction from 11 was carried out to prepare a cationic 

rhodium derivative (Scheme 4.5). The purpose of such reaction was to study whether one of 

the uncoordinated quinolines scaffolds would occupy the vacant position left by the chloride 

ligand.  

 

Scheme 4.5. Chloride abstraction reaction from 11. 
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Treatment of a solution of the chloride complex 11 with one equivalent of either NaPF6 or 

NH4PF6 at room temperature did not lead to the expected cationic complex [{3(N,P,N)-

P(OQuin)3}Rh(PPh3)][PF6] (15), even when the mixture was left reacting for several hours. 

Heating the reaction mixture to 50 °C promoted the formation of the retro-Arbuzov product as 

well as 3 additional phosphorus-containing compounds. It is clear that by heating, the 

decomposition of 1 prevailed over the removal of the halide. 

Once the stability and reactivity of 11 was explored, the research interest was to explore the 

potential of such a compound as a homogeneous catalyst. Several types of reactions were 

considered as possible targets to do so and the 1,2-hydroboration of pyridines returned very 

interesting results. 

4.4 Regioselective 1,2-hydroboration of pyridines and quinolines catalyzed by 11. 

Compound 11 was tested as a catalyst precursor for the regioselective hydroboration of 

pyridine (Py, 16) with pinacolborane in order to yield 1,2 dihydropyridine (DHP, 17), as a 

model reaction (Scheme 4.6). A wide range of reaction parameters, including catalysts, 

solvents, temperature and the relative ratio of the different reaction components, have been 

screened to achieve optimal reaction conditions. The reduction of 16 in C6H6 at 80 °C by 11 as 

(pre)catalyst, produces DHPs in a selective manner (> 99% after 24 h; entry 4, Table 4.4). 

Under the studied reaction conditions other Rh sources, such as [(COD)RhCl]2, [Cp*RhCl2]2 

or [(Ph3P)3RhCl], returned significant amounts of side products along with some DHPs (entries 

1-3, Table 4.4). In particular, unlike the other Rh complexes, 11 seems to be regioselective 

toward the 1,2-hydroboration of pyridine. In the absence of the catalyst (blank run) no 

conversion at all was achieved (entry 5), thus confirming the catalytic nature of the 

transformation. 

 

Scheme 4.6. Hydroboration of pyridine (Py) by a rhodium source yielding dihydropyridines (DHP). 

Once 11 was confirmed as the best Rh source among the ones considered here for this 

transformation, different catalyst loadings were evaluated (Table 4.5). Under the established 

reaction conditions, the reaction works selectively with a catalyst loading below 1.0 mol% of 11. 

Side-products were formed when catalyst loading exceeds 1 mol% but those were not identified 
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(entries 1-2). The yields drop significantly for catalyst loadings below 0.25 mol%, but the 

selectivity to the 1,2-product increases (entries 3-5 vs 6-7). This fact could mean that the 

concentration of the reaction components might play an important role and thus its evaluation was 

taken into consideration.  

Table 4.4. Screening of catalyst in the hydroboration of Py. a 

Entry Rh Catalyst 
Catalyst loading 

(mol%) 

Conversion 

(%) b,c 

DHP 

Product 

(%) c 

Ratio 

1,2:1,4 

Side 

products 

(%) c 

1 [(COD)RhCl]2 0.5 (1 per Rh) 60 15 0:100 45 

2 [Cp*RhCl2]2 0.5 (1 per Rh) 42 13 16:84 29 

3 [(Ph3P)3RhCl] 1 78 9 0:100 69 

4 11 1 55 55 71:29 - 

5 - none 0 - - - 

[a] Py (11.8 mg, 150 μmol, 0.25 M), pinBH (28.8 mg, 225 μmol) and [Rh] (0.75 μmol, 0.5 mol% 

/1.50 μmol, 1 mol%), were stirred in 0.6 mL C6H6 at 80 °C for 24 h. [b] Conversion determined by 

1H NMR as consumption of Py using hexamethylbenzene (1.35 mg, 8.33 μmol) as internal standard 

after reaction. [c] Average of three individual reactions.  

Table 4.5. Screening of catalyst loading in the hydroboration of Py. a 

Entry 

Catalyst 

loading 

(mol%) 

Conversion 

(%) b,c 

DHP Product 

(%) c 

Ratio 

1,2:1,4 

Side products 

(%) c 

1 3.0 80 62 52:48 18 

2 2.0 74 67 62:38 7 

3 1.0 55 55 71:29 - 

4 0.75 47 47 74:26 - 

5 0.50 44 44 77:23 - 

6 0.25 29 29 87:13 - 

7d 0.10 17d 17d 87:13 - 

[a] Py (11.8 mg, 0.150 mmol, 0.25 M), pinBH (28.8  mg, 0.225 mmol) and 11 (1.50 μmol, 1 mol%), 

were stirred in 0.6 mL C6H6 at 80 °C for 24 h. [b] Conversion determined by 1H NMR as consumption 

of Py using hexamethylbenzene (1.35 mg, 8.33 μmol) as internal standard after reaction. [c] Average 

of three individual reactions. [d] Average of two individual reactions. 

The effect of pyridine concentration on the reaction selectivity was evaluated (Table 4.6). 

A catalyst loading of 0.10 mol% of 11 was used. In general, the conversion is better when the 
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pyridine concentration increases, but either the formation of side products or poor selectivity is 

observed for [Py] > 2.0 mol/L (entries 6 and 7). Side products were also detected at relatively low 

substrate concentration (entry 1). The reaction works properly, both effectively and selectively, in 

the Py concentration range 0.25-1.0 M (entries 2-6). 

 Table 4.6 Screening of substrate concentration in the hydroboration of Py. a 

Entry [Py] (M) 

Catalyst 

loading 

(mol%) 

Conversion 

(%) b,c 

DHP 

Product 

(%) c 

Ratio 

1,2:1,4 

Side 

products 

(%) c 

1 0.063 1.0 34 26 82:18 8 

2 0.25 1.0 55d 55d 71:29 - 

3 0.25 0.10 17 17 87:13 - 

4 0.50 0.10 31 31 87:13 - 

5 1.0 0.10 47 47 81:19 - 

6 2.0 0.10 57 46 78:22 11 

7 4.0 0.10 61 30 65:35 31 

[a] Py (11.8 mg, 0.150 mmol), pinBH (28.8 mg, 0.225 mmol) and 11 (see Table), were stirred in 0.6 

mL C6H6 at 80 °C for 24 h. [b] Conversion determined by 1H NMR as consumption of Py using 

hexamethylbenzene (1.35 mg, 8.33 μmol) as standard. [c] Average of two individual reactions, unless 

otherwise noted. [d] Average of three individual reactions. 

The influence of the relative amount of pinBH with regard to Py on the reaction 

performance was also examined (Table 4.7). The conversion of Py is better at higher pinBH 

loadings, but at expenses of the formation of side products (entries 3-7). The hydroboration 

works properly in a quite limited ratio of [pinBH]/[Py], namely between 1 and 1.5 (entries 1 

and 2). The fact that the reaction requires a stoichiometric amount or a slightly excess of pinBH 

makes it attractive from the perspective of atom-economy. 

The effect of selected solvents on the hydroboration of pyridine catalyzed by 11 was 

also studied (Table 4.8). Under solvent-free conditions Py was fully consume but the reaction 

is highly unselective, forming side products rather than actually DHPs (entry 7). Compared 

with benzene as reaction media, in THF the conversion of Py is higher but the selectivity to the 

1,2-regioisomer is lower (entries 2 and 4). Acetonitrile is not a suitable solvent as evidenced 

by the diminished catalytic activity in comparison with the reference system (entry 6 vs 3). 

Finally, in toluene both better conversion and higher selectivity to the 1,2-regioisomer was 

achieved (entry 5 vs 3). 
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Table 4.7. Screening of pinBH equivalents in the hydroboration of Py. a 

Entry 
pinBH 

(Eq) 

Conversion 

(%) b,c 

DHP Product 

(%) c 

Ratio 

1,2:1,4 

Side products 

(%) c 

1 1.0 50 50 75:25 - 

2 1.5 55d 55d 71:29 - 

3 2.0 68 63 68:32 5 

4 2.5 71 62 65:35 9 

5 3.0 62 48 72:28 14 

6 3.5 84 55 66:34 29 

7 4.0 83 58 66:34 25 

[a] Py (11.8 mg, 0.150 mmol, 0.25 M), pinBH (28.8 mg, 0.225 mmol) and 11 (1.3 mg, 1.50 μmol), 

were stirred in 0.6 mL C6H6 at 80 °C for 24 h. [b] Conversion determined by 1H NMR as consumption 

of Py using hexamethylbenzene (1.35 mg, 8.33 μmol) as standard. [c] Average of two individual 

reactions, unless otherwise noted. [d] Average of three individual reactions. 

With toluene as solvent, the hydroboration of Py (1.0 M) was performed again in a range 

of catalyst precursor between 0.5-1.0 mol% with 1.25 and 1.50 equiv. of HBpin at 80 ºC for 24 h 

(entries 1-3 vs 4-6, Table 4.9). Among the first six experiments, five of them returned side products 

(entries 1-6), which suggests that such concentration of pyridine is detrimental for the selectivity 

of the reaction. Therefore, the subsequent studies were carried out with a pyridine concertation of 

0.75 M (entries 7-8 vs 9-11). By using either 1.25 or 1.50 equiv. of HBpin, no side products were 

observed and up to 81% conversion with an isomer ratio 1,2:1,4 of 63:37 was achieved (entry 8). 

Further improvement of the selectivity was attempted by means of the reaction temperature, 

reaction time and the use of additive(s). The effect of the temperature was tested in a range 

between 50-80 ºC. When the temperature is lowered to 70 ºC, both the conversion and the 

isomer ratio are better (entry 12 vs 8). At 60 or 50 °C, the conversion dropped significantly and 

the isomer ratio decreased (entry 12 vs 16-17). 
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Table 4.8 Screening of solvent in the hydroboration of Py. a 

Entry Solvent 

Catalyst 

loading 

(mol%) 

Conversion 

(%) b,c 

DHP 

Product 

(%) c 

Ratio 

1,2:1,4 

Side 

products 

(%) c 

1 C6H6 1.0 55 55 71:29 - 

2 THF 1.0 59 59 61:39 - 

3 C6H6 0.25 29d 29d 87:13 - 

4 THF 0.25 56 56 58:42 - 

5e Toluene 0.25 36 36 92:8 - 

6e MeCN 0.25 27 27 82:18 - 

7f Neat 0.25 100 - - 100 

[a] Py (11.8 mg, 0.150 mmol, 0.25 M), pinBH (28.8 mg, 0.225 mmol) and 11 (1.5 μmol, 1 mol% / 

0.37 μmol, 0.25 mol%), were stirred in 0.6 mL solvent (see Table) at 80 °C for 24 h. [b] Conversion 

determined by 1H NMR as consumption of Py using hexamethylbenzene (1.35 mg, 8.33 μmol) as 

standard. [c] Average of two individual reactions, unless otherwise noted. [d] Average of three 

individual reactions. [e] 1,3,5-trimethoxybenzene (2.8 mg, 16.67 μmol) as standard. [f] Several side 

products were formed, and they could not be properly identified by 1H NMR. 

Once the optimal reaction temperature was know, the effect of additive(s) on the 

hydroboration of Py was evaluated. Suginome et al110 in 2012 noticed that the regioselectivity 

in this transformation is dependent on the nature of the phosphorus ligand used. Selective 1,4-

hydroboration (17:18 = 1:99) was found to be catalyzed by a Rh-PPh3 catalyst generated in situ 

from [RhCl(COD)]2 and PPh3 (P/Rh = 1), although with low yield owing to the formation of 

unidentified byproducts. In contrast, 1,2- hydroboration selectively took place in high yields, 

when the reaction was carried out using a rhodium catalyst bearing PCy3. In this sense, the 

addition of 0.75 mol% of PCy3 to the system was tested (entry 13, Table 4.9). Unfortunately, 

compared with the respective experiment without additive (entry 8), low conversion and 

formation of side products were observed. Based on the hypothesis that a presumable cationic 

complex would be involved on this catalytic transformation, the effect of adding NaPF6 to the 

studied system was also verified (entry 14). A very high selectivity to the 1,2-DHP (>95%) was 

obtained but a low conversion was reached (only 44%). 
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Table 4.9. Screening of conditions in the hydroboration of Py. a 

Entry 
Eq. 

pinBH 

[Py] 

(M) 

T 

(°C) 

Catalyst 

loading 

(mol%) 

Conver

sion 

(%) b,c 

DHP 

Product 

(%) c 

Ratio 

1,2:1,4 

Side 

products 

(%) c 

1 1.50 1.0 80 1.0 86 67 52:48 19 

2 1.50 1.0 80 0.75 82 72 64:36 10 

3 1.50 1.0 80 0.50 67 60 71:29 7 

4 1.25 1.0 80 1.0 80 71 56:44 9 

5 1.25 1.0 80 0.75 80 77 57:43 3 

6 1.25 1.0 80 0.50 75 75 63:37 - 

7 1.50 0.75 80 1.0 85 85 58:42 - 

8 1.50 0.75 80 0.75 81 81 63:37 - 

9 1.25 0.75 80 1.0 82 82 54:46 - 

10 1.25 0.75 80 0.75 66 66 67:33 - 

11 1.25 0.50 80 0.75 52 52 76:24 - 

12 1.50 0.75 70 0.75 84 84 70:30 - 

13d 1.50 0.75 70 0.75 55 50 85:15 5 

14e 1.50 0.75 70 0.75 44 44 95:5 - 

15f 1.50 0.75 70 0.75 90 90 60:40 - 

16 1.25 0.75 60 0.75 70 70 77:23 - 

17 1.25 0.75 50 0.75 66 66 73:27 - 

18g 1.50 0.75 70 0.75 76 76 81:19 - 

19h 1.50 0.75 70 0.75 68 68 81:19 - 

20i 1.50 0.75 70 0.75 55 55 81:19 - 

[a] Py (11.8 mg, 0.150 mmol), pinBH (28.8 mg, 0.225 mmol) and 11 (1.5 μmol, 1 mol% / 0.75 μmol, 

0.75 mol%), were stirred in toluene (as much as required for the appropriate Py concentration) at the 

specified temperature for 24 h. [b] Conversion determined by 1H NMR as consumption of Py using 

1,3,5-trimethoxybenzene (2.8 mg, 16.67 μmol) as standard. [c] Average of two individual reactions. 

[d] 0.75 mol% PCy3. [e] 0.75 mol% NaPF6. 
 [f] THF 6 mL. [g] 18 h. [h] 12 h. [i] 6 h. 

 Lastly, in this optimization process, the influence of time over the reaction yield was 

investigated. By conducting the hydroboration for 18 h was possible to improve the selectivity 

toward the 1,2 regioisomer (81%), without significantly reducing the yield (76%, entry 18). 

The attempts to additionally reduce the reaction time (entries 19-20) caused a significant drop 

in product formation while retaining the same regioisomer ratio.  
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 Under the optimized reaction conditions, 0.75 M Py, 1.5 eq HBpin, 0.75 mol% 11, 18 

h, 70 °C and toluene as solvent, a screening of several pyridines and quinolines was performed 

to explore the scope and limitations of the catalytic system studied (Table 4.10). Substituted 

pyridines 16b−i and quinolines 16j−q underwent hydroboration using the novel rhodium 

complex 11 as (pre)catalyst in toluene at 70 °C for 18 h. The reaction of HBpin with 4-

tertbutylpyridine (16b) and 4-(dimethylamino) pyridine (16e), proceeded effectively to give 

the corresponding 1,2-hydroboration products 17b and 17e in moderate yields. The electron 

deficient 4-trifluoromethylpyridine (16c) and the electron rich 4-methoxypyridine (16d) were 

also suitable substrates for the hydroboration protocol described here, leading to the high-yield 

formation of the corresponding 1,2-dihydropyridines 17c and 17d. Remarkably, hydroboration 

of 3-substituted pyridines such as 3-bromopyridine (16f) and 3-picoline (16g), gave the 1,2-

hydroboration products 17f−g with high yield (up to >95%) and regioselectivity (>95%). On 

the contrary, 2-substituted pyridines (16h-i) were not reduced under these conditions. The 

formation of 1,4-DHP compounds was not detected in any of the examples presented above. 

 For quinolines, the hydroboration proceeded better than with pyridines as substrates. 

The investigated system tolerates a variety of substrates with both electron-donating and 

electron-withdrawing substituents and produced 1,2-dihydroquinoline (1,2-DHQ) products 

with excellent regioselectivities (>95%). Quinolines bearing an electron-donating methyl group 

at the C3 and C4 position afforded the corresponding 1,2-hydroboration products in excellent 

yields (16m-l, >95%). Likewise, quinolines possessing electron-withdrawing halogen atoms 

(Cl, and Br) at the C3 or C4 position also proceeded well with the regioselective dearomative 

1,2-reduction, affording 1,2-DHQ up to >95% yields (16n-o, > 95%). For the quinoline 16p, 

substituted at C4 and C7 by Cl, the formation of the corresponding 1,2-DHQ compound is 

quantitative (16p). The reduction of 5,6,7,8-tetrahydroquinoline was also performed 

quantitatively under these conditions (16q). By using 2-trifluoromethylquinoline as a substrate 

the reduction reaction did not proceed, probably due to steric hindrance. 
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Table 4.10. Screening of substrates in the hydroboration of pyridines and quinolines. a-c 

 

Pyridines 

    
16b 47 (33) 16c >95 (86) 16d >95 (88) 16e 25 (14) 

    

16f >95 (87) 16g 90 (81) 16h 0 16i 0 

Quinolines d,e 

   
 

16j 90 [90:10] (83) 16k >95 (90) 16l >95 (86) 16m >95 (81) 

 
 

 
 

16n >95 (90) 16o >95 (90) 16p >95 (90) 16q >95 (86) 

[a] Py (11.8 mg, 0.150 mmol, 0.25 M), pinBH (28.8 mg, 0.225 mmol) and 11 (0.75 μmol, 0.75 mol%), 

were stirred in 0.6 mL Toluene at 70 °C for 18 h. [b] Conversion determined by 1H NMR as consumption 

of the corresponding substrate using 1,3,5-trimethoxybenzene (2.8 mg, 16.67 μmol) as standard. [c] 

Average of two individual reactions. Values in parenthesis (%) correspond to isolated yields. [d] pinBH 

(24.0 mg, 187 μmol, 1.25 equiv.). Values in brackets correspond to the 1,2:1,4 isomeric ratio. [e] 12 h. 

 Although C2-substituted pyridines are not suitable substrates for its 1,2-

hydroboration catalyzed by 11, the hydroboration of 2-vinylpyridine to get the DHP product 

17r (a, Scheme 4.7) was attempted. Interestingly, HBpin reacted effectively with 2-

vinylpyridine (16r) to yield the regioselective reduction of the terminal C=C bond instead of 

the C=N 1,2-hydroboration product 17r (a, Scheme 4.7). In contrast, the hydroboration of 
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styrene did not take place under identical reaction conditions (b, Scheme 4.7). This might 

indicate that the reduction of 16r possibly occurred by the so called “nitrogen-promoted” 

hydroboration of alkenes, well exemplified in previous reports from the literature.119 

 

Scheme 4.7. Hydroboration of a) 2-vinylpyridine and b) styrene catalyzed by 11. 

4.5 Chapter conclusion 

P(OQuin)3 reacted with two different rhodium (I) sources in order to form 11 in high 

yield (Scheme 4.1). Compound 11 represents the first example of a heteroleptic rhodium (I) 

complex where a P,N-phosphite and a phosphine ligand are present in the coordination sphere 

of the metal center. The ligand 1 binds to Rh(I) as a bidentate P–N chelate, as confirmed by X-

ray diffraction analysis of the compound [2P,N-{P(OQuin)3}RhCl(PX3)] (where X= Ph and 

Cy, 11 and 14 respectively). For 11, two different crystalline materials were obtained with 

different unit cells but with almost identical bond parameters (bond lengths and bond angles).  

[2P,N-{P(OQuin)3}RhCl(PPh3)] was fully characterize in solution by NMR spectroscopy, 

which suggested the “cis” spatial configuration between both phosphorus ligands also in 

solution. The stability of the new complex 11 toward selected external agents was tested at 

NMR scale. Through this kind of study, it was possible to chemically transform 11 via ligand 

dissociation (Scheme 4.2), ligand exchange (Scheme 4.4), and retro-Arbuzov rearrangement 

(Scheme 4.3) into new Rh complexes. The last reactivity probably represents the first example 

of a retro-Arbuzov rearrangement for a coordinated phosphite, 13. Chlorine abstraction 

(Scheme 5) with PF6 inorganic salts was not possible, mainly due to further decomposition of 

11 to yield 13 plus other non-identified phosphorus containing compounds. The Rh(I) complex 

11 resulted to be a suitable catalyst for the 1,2 regioselective hydroboration of pyridines and 

quinolines to form 1,2-DHP and 1,2-DHQ, respectively, in high yield. Reaction conditions were 

optimized for a model reaction (pyridine as model substrate) and the N-boryl formation can 

proceed under mild conditions: 1.5 equiv. of HBpin, 0.75 mol% of 11 as catalyst precursor, 70 

°C, 18 h and toluene as reaction media. No base or additive(s) were required, TONs up to 130 
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were reached and almost 8 molecules of the substrate were converted per molecule of catalyst 

in one hour, which represents the best ever catalytic system reported for this kind of 

transformation mediated by a late-transition metal. The described protocol tolerates a variety 

of substrates with both electron-donating and electron-withdrawing substituents and produces 

1,2-hydroborated pyridines and quinolines (1,2-DHP and 1,2-DHQ) with high 

regioselectivities (>95%). 

4.6 Experimental section. 

Synthesis of {(P,N)-(tris(8-quinolinyl))phosphite}(tris(phenyl)phosphine)rhodium 

chloride (I), 11. 

From [RhCl(PPh3)3]: 

To a solution of [RhCl(PPh3)3] (199.0 mg, 0.215 mmol) in CH2Cl2 (10 mL) was added a 

solution of P(OQuin)3 (100.0 mg, 0.215 mmol) in CH2Cl2 (10 mL) at –75 °C, and the mixture 

was stirred for 2 h. Then, the mixture was left to warm up to room temperature and was stirred 

overnight. All volatile materials were removed under reduced pressure. The complex was 

washed twice with dried Et2O (20 mL). The solid was dried under vacuum to obtain a pale 

orange solid (170.0 mg, 91% yield).  

From [(COD)RhCl(PPh3)]: 

To a solution of [(COD)RhCl(PPh3)] (109.0 mg, 0.215 mmol) in CH2Cl2 (10 mL) was added a 

solution of P(OQuin)3 (100.0 mg, 0.215 mmol) in CH2Cl2 (10 mL) at –20 °C, and the mixture 

was stirred for 2 h. Then, the mixture was left to warm up to room temperature and was stirred 

overnight. All volatile materials were removed under reduced pressure. The complex was 

washed twice with dried Et2O (20 mL). The solid was dried under vacuum to obtain a pale 

orange solid (150.0 mg, 80% yield).  

1H NMR (400.1 MHz, THF-d8, 25 °C): δ = 9.10 (d, 3JHH = 3.6 Hz, 3H), 8.23 (dd, 3JHH = 8.3 

Hz, 3JHH = 1.7 Hz, 3H), 7.85-7.71 (m, 9H), 7.56 (d, 3JHH = 7.8 Hz, 3H), 7.39-7.30 (m, 6H), 

7.21-7.05 (m, 9H). 13C{1H} NMR (150.9 MHz, THF-d8, 25 °C): δ = 151.7 (s, C2), 147.9 (d, 

JPC = 7.0 Hz, C4), 139.8 (d, JPC = 4.5 Hz, C8), 136.8 (s, C9), 136.3 (s, C10), 136.0 (s, PPh3), 

135.1 (d, 3JPC = 10.9 Hz, PPh3) 129.5 (s, C5), 128.4 (d, JPC = 2.1 Hz, C6) 126.7 (d, JPC = 10.1 

Hz, PPh3), 122.8 (s, C3), 120.9 (s, PPh3), 120.1 (d, JPC = 6.4 Hz, C7) . 31P{1H} NMR (121.5 

MHz, THF-d8, 25 °C): δ = 116.1 (dd, 1JPRh= 311 Hz, 2JPP= 53 Hz, P(OQuin)3); 49.8 (dd, 1JPRh= 

171 Hz, 2JPP= 53 Hz, PPh3). LIFDI-MS: m/z calc. for C27H18N3O3PRhCl 600.91 [M•-PPh3]
+; 

found 600.91. Anal. Calcd. for C45H33N3O3ClP2Rh•0.66 C4H8O•0.33 C4H10O: C, 62.82; H, 

4.48; N, 4.49. Found: C, 62.87; H, 4.38; N, 4.49.  
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Reactivity of 11 toward different external agents (at NMR scale). 

Phosphine (PPh3) dissociation in CDCl3 to yield 12 

Under inert atmosphere, the complex 11 (10.0 mg, 11.5 μmol), and CDCl3 (ca. 0.5 mL). were 

placed in a young NMR tube. The mixture was immediately analyzed by 1H and 31P{1H} NMR 

at room temperature (RT). Then, the sample was heated to 50 °C inside the NMR device and 

spectra were recorded every two hours for six hours. The last NMR spectrum recorded 

displayed a full conversion of 11 into 12. 31P{1H} NMR (121.5 MHz, THF-d8, 25 °C): δ = 90.8 

ppm (d, 1JPRh= 162 Hz)  

Retro-Arbuzov-like dearylation reaction. 

The complex 11 (10.0 mg, 11.5 μmol), was placed in a J. Young NMR tube. Then, 11 was 

dissolved in not dry CDCl3 (ca. 0.5 mL) and the tube was pressurized with air (30 psi), closed 

and shaken. The sample was heated up to 50 °C in an oil bath for 24 h. After reaching room 

temperature, the mixture was immediately analyzed by 1H and 31P{1H} NMR. The 31P{1H} 

NMR spectrum displayed the formation of 13 along with other side-products. 31P{1H} NMR 

(121.5 MHz, THF-d8, 25 °C): δ = 69.3 ppm (dd, 1JPRh = 151 Hz, 2JPP = 30 Hz, P(OQuin)3); 55.5 

ppm (dd, 1JPRh = 146 Hz, 2JPP = 30 Hz, PPh3). Suitable crystals for X-ray diffraction analysis 

were obtained by slow evaporation of a saturated CDCl3 solution.  

PPh3/PCy3 Ligand exchange reaction 

Under inert atmosphere, the complex 11 (10.0 mg, 11.5 μmol), PCy3 (3.3 mg, 11.6 μmol), 

and THF-d8(ca. 0.5 mL). were placed in a young NMR tube. The mixture was analyzed by 1H 

and 31P{1H} NMR after 3 h at RT. Then, all volatile materials were removed under reduced 

pressure. The new complex was washed twice with dried Et2O (20 mL). The product was dried 

under vacuum to obtain a pale pink solid (170.0 mg, 91% yield). 1H NMR (400.1 MHz, THF-

d8, 25 °C): δ = 8.83 (d, 3JHH = 4.5 Hz, 3H), 8.03 (dd, 3JHH = 8.3 Hz, 4JHH = 1.7 Hz, 3H), 8.09 

(d, 3JHH = 7.6 Hz, 3H), 7.15 (dd, 3JHH = 8.3 Hz, 3JHH = 4.5 Hz, 3H), 7.45 (dd, 3JHH = 8.2 Hz, 

4JHH = 1.5 Hz, 3H), 7.38 (t, 3JHH = 7.9 Hz, 3H) 1.66 (m, 21H) 1.26 (m, 9H). 31P{1H} NMR 

(121.5 MHz, THF-d8, 25 °C): δ = 117.8 ppm (dd, 1JPRh = 311 Hz, 2JPP = 53 Hz, P(OQuin)3); 

55.9 ppm (dd, 1JPRh = 171 Hz, 2JPP = 53 Hz, PPh3). A suitable sample for X-ray diffraction 

analysis was obtained as red crystals from a saturated THF solution of 14 at -30 °C.  
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General procedure for the 1, 2-regioselective catalytic hydroboration of pyridines. 

Pyridine (11.9 mg, 150 µmol), pinacolborane (28.8 mg, 225 µmol), 11 (1.0 mg, 1.12 µmol), 

and toluene (0.2 mL), were placed in a Schlenk tube. The resulting mixture was stirred for 18 

h at 70 °C. Products 17a–g were purified by flash column chromatography on silica gel and 

hexane as eluent. For the optimization of the reaction conditions to yield 17a, 

hexamethylbenzene (1.4 mg, 83.3 µmol) was added as standard once the reaction was 

completed. When toluene or acetonitrile were used as solvent, 1,3,5-trimethoxybenzene instead 

of hexamethylbenzene was added as standard (2.9 mg, 66.6 µmol). The mixture was analyzed 

by 1H NMR to determine the conversion of Py and the yields of the products 1,2-DHP and 1,4-

DHP. Note: N-boryl-1,2-dihydro pyridine/quinoline products 17a-g are highly air- and 

moisture-sensitive and decompose rapidly when exposed to the atmospher. 1H NMR data of 

17a-g obtained with this methodology are in accordance with the ones in previous reported 

procedures.109-112 

Spectroscopic data of DHP products 

 

N-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-

dihydropyridine (17a).  

1H NMR (400 MHz, C6D6) major isormer δ 6.74 (d, JHH = 7.6 

Hz, 1H), 5.77-5.83 (m, 1H), 5.04-5.14 (m, 2H, overlapped 

signals), 4.18 (dd, JHH = 4.0, 1.6 Hz, 2H), 1.00 (s, 12H) ppm. 

minor isormer δ 6.56 (dt, JHH = 8.4, 1.6 Hz, 2H), 4.55-4.60 (m, 

2H), 2.82 (tt, JHH = 3.2, 1.6 Hz, 2H), 0.96 (s, 12H) ppm. 

 

 

N-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-4-

tertbuthyl-1,2-dihydropyridine (17b).  

1H NMR (400 MHz, C6D6) δ 6.74 (d, JHH = 7.6 Hz, 1H), 5.77-

5.83 (m, 1H), 5.04-5.14 (m, 1H), 4.18 (dd, JHH = 4.0, 1.6 Hz, 

2H), 1.35 (s, 9H), 1.00 (s, 12H) ppm. 

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-

Trifluoromethyl-1,2-dihydropyridine (17c).  

1H NMR (400 MHz, C6D6) δ 6.61 (d, JHH = 7.6 Hz, 1H), 5.22-

5.28 (m, 1H), 5.14 (dd, JHH = 7.6, 1.6 Hz, 1H), 3.86-3.90 (m, 

2H), 0.96 (s, 12H) ppm.  
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N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-

methoxy-1,2-dihydropyridine (17d).  

1H NMR (400 MHz, C6D6) δ = 6.31 (d, JHH = 7.7 Hz, 1H), 

5.66-5.53 (m, 1H), 4.81 (dd, JHH = 7.7, 1.9 Hz, 1H), 4.02 (s, 

3H), 3.42-3.38 (m, 2H), 1.18 (s, 12H) ppm. 

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(N,N-

(dimethyl)amino)-1,2-dihydropyridine (17e).  

1H NMR (400 MHz, C6D6) δ = 6.3 (d, JHH = 7.7 Hz, 1H), 5.36-

5.28 (m, 1H), 4.73 (dd, JHH = 7.6, 1.7 Hz, 1H), 3.45-3.40 (m, 

2H), 2.95 (s, 6H), 1.18 (s, 12H) ppm. 

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-bromo-

1,2-dihydropyridine (17f).  

1H NMR (400 MHz, C6D6) δ = 6.30 (d, JHH = 7.26 Hz, 1H), 

5.98 (m, 1H), 4.74 (dd, JHH = 7.26, 1.4 Hz, 1H), 4.20 (d, JHH = 

1.4 Hz, 2H), 1.19 (s, 12H) ppm.  

 

 

N-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3-methyl-

1,2-dihydropyridine (17g).  

1H NMR (400 MHz, C6D6) δ 6.66 (d, JHH = 7.2 Hz, 1H), 5.54 

(d, JHH = 5.6 Hz, 1H), 5.08 (dd, JHH = 7.2, 5.6 Hz, 1H), 4.12 (s, 

2H), 1.42 (s, 3H), 1.02 (s, 12H) ppm.  

 

General procedure for the 1,2 regioselective catalytic hydroboration of quinolines. 

Quinoline (19.4 mg, 150 µmol), pinacolborane (24.0 mg, 187 μmol), 11 (1.0 mg, 0.75 μmol, 

0.75 mol%), 1,3,5-trimethoxybenzene (2.9 mg, 66.6 µmol, standard) and toluene (0.2 mL), 

were placed in a Schlenk tube. The resulting mixture was stirred for 12 h at 70 °C. The mixture 

was analyzed by 1H NMR to determine the conversion of the corresponding quinoline and the 

yields of the 1,2-DHQ products. Products 17j–q were purified by flash column chromatography 

on silica gel and hexane as eluent. Note: N-boryl-1,2-dihydro pyridine/quinoline products 17j-

q are highly air- and moisture-sensitive and decompose rapidly when exposed to the atmospher. 

1H NMR data of 17j-q obtained with this methodology are in accordance with the ones in 

previous reported procedures.109-112 
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Spectroscopic data of DHQ products 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-

dihydroquinoline (17j).  

1H NMR (400 MHz, C6D6) major isomer δ 7.54 (d, JHH 

= 8.1 Hz, 1H), 7.01 – 6.91 (m, 1H), 6.83 – 6.61 (m, 2H), 

6.18 (d, JHH = 9.6 Hz, 1H), 5.60 – 5.53 (m, 1H), 4.02 (dd, 

JHH = 4.2, 1.8 Hz, 2H), 1.05 (s, 12H) ppm. minor isomer 

8.14 (d, JHH = 8.3 Hz, 1H), 7.13-7.04 (m, 1H), 6.94-6.76 

(m, 3H), 4.88-4.75 (m, 1H), 3.31 (d, JHH = 2.4 Hz, 2H), 

1.01 (s, 12H) ppm. 

 

 

N2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-

dihydroisoquinoline (17k). 

1H NMR (400 MHz, C6D6) δ 6.99 (t, JHH = 7.4 Hz, 1H), 

6.88 (td, JHH = 7.4, 0.8 Hz, 1H), 6.81 (t, JHH = 8.3 Hz, 

2H), 6.72 (d, JHH = 7.4 Hz, 1H), 5.62 (d, JHH = 7.5 Hz, 

1H), 4.62 (s, 2H), 1.02 (s, 12H) ppm.  

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-

methyl-1,2-dihydroquinoline (17l).  

1H NMR (400 MHz, C6D6) δ 7.88 (d, JHH = 10 Hz, 1H), 

7.10 (td, JHH = 13.0, 1.5 Hz, 1H), 6.88 (dd, JHH = 7.5, 2 

Hz, 1H), 6.84 (td, JHH = 7.5, 1.0 Hz, 1H), 6.01 (s, 1H), 

2.07 (s, 2H), 1.49 (s, 3H), 1.05 (s, 12H) ppm. 

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-

methyl-1,2-dihydroquinoline (17m). 

1H NMR (400 MHz, C6D6) δ 7.85 (d, JHH = 10 Hz, 1H), 

7.14 (m, 1H), 6.86 (t, JHH = 7.5 Hz, 1H), 5.46-5.40 (m, 

1H), 4.11 (dd, JHH = 4.1, 1.5 Hz, 2H), 1.80 (s, 3H), 1.05 

(s, 12H) ppm. 
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N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-

chloro-1,2-dihydroquinoline (17n). 

1H NMR (400 MHz, C6D6) δ 7.85 (d, JHH = 10 Hz, 1H), 

7.14 (m, 2H), 6.86 (t, JHH = 7.5 Hz, 1H), 5.43-5.37 (m, 

1H), 4.13 (d, JHH = 2.0 Hz, 2H), 1.05 (s, 12H). 

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-

bromo-1,2-dihydroquinoline (17o).  

1H NMR (400 MHz, C6D6) δ 7.88 (d, JHH = 10 Hz, 1H), 

7.10 (td, JHH = 12.1, 1.5 Hz, 1H), δ 6.88 (dd, JHH = 7.5, 

2.3 Hz, 1H), 6.84 (td, JHH = 7.5, 1.0 Hz, 1H), 6.01 (s, 

1H), 2.28 (s, 2H), 1.05 (s, 12H). 

 

 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,7-

dichloro-1,2-dihydroquinoline (17n). 

1H NMR (400 MHz, C6D6) δ 7.85 (d, JHH = 11 Hz, 1H), 

7.14 (s, 1H), 6.86 (d, JHH = 11 Hz, 1H), 5.35 (m, 1H), 

4.13 (d, JHH = 2.0 Hz, 2H), 1.05 (s, 12H, CH3). 

 

General procedure for regioselective C=C bond hydroboration of 2-vinylpyridine. 

2-Vinylpyridine (15.7 mg, 150 µmol), pinacolborane (28.8 mg, 225 µmol), 11 (1.0 mg, 0.75 

μmol, 0.75 mol%), 1,3,5-trimethoxybenzene (2.9 mg, 66.6 µmol, internal standard) and toluene 

(0.2 mL), were placed in a Schlenk tube. The resulting mixture was stirred for 18 h at 70 °C. 

The mixture was analyzed by 1H NMR spectroscopy to determine the conversion of 2-

vinylpyridine and the yield of the reduced olefin. Product 17r* was purified by flash column 

chromatography on silica gel and hexane as eluent. 

 

 2-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-

ethylene)pyridine (17r*).  

1H NMR (400 MHz, C6D6) δ 8.53 (d, JHH = 7.6 Hz, 1H), 7.75 

(dt, J = 4.0, 1.6 Hz, 1H), 7.45 (d, JHH = 5.6 Hz, 1H) 6.95 (dd, 

JHH = 7.6, 5.6 Hz, 1H), 3.58 (t, JHH = 6.5 Hz, 2H), 2.07–2.01 

(m, 2H) 1.00 (s, 12H).  
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Chapter V 

  Ru(II)-coordination chemistry of P(OQuin)3.                                                                  

Application in dehydrogenative reactions  
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5.1 Introduction 

Catalysis is a valuable to maximize the efficiency, product selectivity, and sustainability of 

chemical transformations. The understanding of catalytic performance/activity can be 

systematically achieved through the utilization of coordination and organometallic compounds 

as molecularly defined catalysts. One major way to control the reactivity of a metal containing 

species is by modifying the structure or the nature of the surrounding ligands. Among the most 

common donor atoms, C, N and P play a central role.120 In homogeneous and asymmetric 

catalysis homotopic or heterotopic polydentate ligands have attracted much attention. Such 

ligands bearing different donor atoms can induce increased selectivity owing to different 

electronic and steric properties of the atoms bound to the reactive metal site.121 Since the late 

eighties, advances in the field of asymmetric catalysis have been achieved by the use of 

phosphite ligands with nitrogen-based heterocycles as the fragment that helps to reach a high 

degree of regiocontrol.122 

 In particular, heterotopic P,N ligands, such as 1, are quite versatile to stabilize metal 

complexes thanks to the combination of a π-acceptor (P atom) and a σ-donor (N atom). For 

example, the phosphorus atom might help to stabilize low oxidation state intermediates21 while 

the nitrogen donor would make the metal more susceptible to undergo oxidative addition 

reactions.22 Such properties are convenient to perform several type of reactions, e.g. the 

dehydrogenative coupling of silanes to yield polysilanes and polysiloxanes. The 

dehydrogenation of silanes, R2SiH2, to oligo- and polysilicon compounds has been intensively 

investigated 123 and both -bond metathesis according to 2Si–H → Si–Si + H–H (metallocene 

catalysts) or a sequence of oxidative addition/reductive elimination (catalysts with late 

transition metals) have been reported as plausible mechanistic pathways.124 However most of 

them commonly require the use of additive such as nBuLi or similar in a stoichiometric ratio. 

Therefore, the development of novel polysilicon materials under friendly-environmental and 

economically feasible methodologies is of great relevance. 

Here the synthesis and characterization of a Ru(II) compound bearing the ligand 1 is 

described. The application of such a complex as a homogeneous catalyst for dehydrogenative 

reactions, in particular the dehydrocoupling of silanes or dehydrogenation of formic acid, is 

also discussed. There are not examples of Ru-phosphite complexes as catalyst for this type of 

reactions.  
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5.2 Synthesis and characterization of the Ru(II) complex 

The reaction of 1 with the metal precursor [(PPh3)3RuCl2] was studied (Scheme 5.1). 

Ligand 1, as 3-N,P,N, into the ruthenium center was incorporated by treating [(PPh3)3RuCl2]  

in THF with a solution of the ligand 1 in the same solvent at −30 °C. This reaction resulted in 

the formation of a mixture of three different isomers according to 31P{1H} NMR spectroscopy, 

with one main product being formed (Figure 5.1). Although the reaction conditions 

(temperature, order of addition, solvent and/or time) were systematically screened, the isomeric 

mixture could not be resolved and the reaction always returned the same ratio of isomers as 

depicted in Figure 5.1. 

 

Scheme 5.1. Synthesis of the ruthenium (II) complex 18, [3(N,P,N){P(OQuin)3}RuCl2(PPh3, the 

structure of the major isomer is shown. 

The 31P{1H} NMR spectrum of the reaction mixture shows three pairs of doublets (d) 

resonances at a) δ 154.1 ppm (d, 2JPP = 42.0 Hz, 1) and 35.2 ppm (d, 2JPP = 42.0 Hz, PPh3), b) 

δ 136.3 ppm (d, 2JPP = 54.3 Hz, 1) and 51.6 ppm (d, 2JPP = 54.3 Hz, PPh3), and c) δ 128.1 ppm 

(d, 2JPP = 50.2 Hz, 1) and 42.17 ppm (d, 2JPP = 50.2 Hz, PPh3). In addition, a singlet assigned 

to free PPh3 is observed at -5.0 ppm. Doublets a) represent the main product of this mixture. In 

every case, the phosphorus resonance for the coordinated triphenylphosphine ligand is 

downfield shifted with regard to the corresponding value for the free ligand. Nevertheless, for 

1 there is not clear tendency since, with regard to the free ligand, the resonances for sets a) and 

b) are upfield shifted and those for c) are downfield shifted. 
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Figure 5.1. 31P{1H} NMR spectrum (121.5 MHz) at 298 K of the reaction mixture 1+ [(PPh3)3RuCl2] 

in THF with a C6D6 inner capillary as reference. 

Ruthenium complexes bearing multidentate ligands, including the so called “pincer 

ligands”, are some of the most extensively investigated catalysts for organic synthesis and 

chemical bond activation.125  For example, the tetradentate tripodal ligands (H1-J1, Figure 5.2, 

left) are an important ligand class in coordination chemistry which have received widespread 

applications in catalysis and material chemistry.126 However, despite its tetradenticity , these 

chelates are usually displaying facial (fac) geometry upon coordination toward a ruthenium (II) 

center.127 The corresponding complexes also experience a dynamic behavior in solution, which 

results in a mixture of isomer that is difficult to resolve or separate (Figure 5.2, right).126 

 

Figure 5.2. Reported tripodal ligands TPA, PP3 and TPPh used for coordination chemistry toward Ru 

(II) metal precursors (left). Dynamic behavior in solution of ruthenium (II) complexes bearing 

tripodal ligands H1-J1 (right). 
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Based on this information and after some tests at NMR scale of the reaction mixture, it 

was possible to find out two aspects of the new ruthenium (II) complexes. First, the compounds 

are highly stable toward air and moisture, since the NMR tube was opened to air and not 

changes were observed in its 31P{1H} NMR spectrum, even when the sample was warmed up 

to 50 °C for 2 h. Second, the most remarkable and unexpected behavior of this reaction mixture 

was observed upon addition of few drops of water into a dry DCM solution of 18. Surprisingly, 

under these conditions the isomeric mixture gave rise to the quantitative formation of the main 

isomer, which was identified as the complex [mer-3(N,P,N){P(OQuin)3}RuCl2(PPh3)], (mer-

18, Scheme 5.2). 

Complex mer-18 is accessible by treating the isomeric mixture with “wet” DCM 

(directly from a commercially available bottle of DCM) under reflux for 2 h. Upon cooling the 

solution to room temperature, the coordination compound was obtained after solvent 

evaporation and two washing steps with diethyl ether. The product is a pale-orange solid quite 

stable to air/moisture and was isolated in high yield (85%). LIFDI-MS, elemental analysis, X-

ray diffraction and NMR spectroscopic data (1H, 13C{1H}, and 31P{1H}) of mer-18 are in 

accordance with the proposed formulation. Protons and carbons were assigned using 2D NMR 

analysis such as COSY, HMQC and HMBC.  

 

Scheme 5.2. Isomers resolution of 18 to yield [mer-3(N,P,N){P(OQuin)3}RuCl2(PPh3)], mer-18. 

The 31P{1H} NMR spectrum of mer-18 shows two sets of doublets (d) resonance at δ 

154.1 ppm (1) and 35.2 ppm (PPh3) with the coupling constant 2JPP = 42.5 Hz (Figure 5.3a). 

The phosphorus resonance is upfield shifted for 1 and downfield shifted for PPh3 with regard 

to the corresponding value for the free ligands. The chemical shifts and coupling constant (2JPP) 

are similar to the ones observed for analogue ruthenium (II) complexes bearing a N,P,N and a 

phosphine ligand at “fac” configuration. For example, Braunstein et al reported the compound 

fac-[RuCl2(PPh3)(N,P,N)]128 (K1, Figure 5.8), for which the 31P{1H} NMR (121 MHz, CDCl3) 

exhibits two doublets at δ 52.3ppm (d, 2JPP= 31.2 Hz, N,P,N) and δ 46.2 ppm (d, JPP= 31.2 Hz, 

PPh3) where N,P,N = bis(2-oxazolin-2-ylmethyl)phenylphosphine. Also, the 31P{1H} NMR 
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(121 MHz, CDCl3) spectrum of the complex fac-[RuCl2(PPh3)(N,P,N)] (L1, Figure 5.8), 

described by Wagler et al.,129 shows two doublets at δ 166.4ppm (d, 2JPP= 51.1 Hz, N,P,N) and 

δ 41.7 ppm (d, 2JPP= 51.1 Hz, PPh3), where N,P,N = tris(2-pyridinyl)phosphite. 

The 1H NMR spectrum of mer-18 confirms the 3(N,P,N) coordination mode of the 

ligand tris(8-quinolyl)phosphite, as indicated by the presence of two different spin systems for 

the pyridine scaffold of the quinoline, whose resonances are nicely resolved and quite 

downfield shifted. These spin systems, both of them AMX-type, were assigned by COSY NMR 

analysis (Figure 5.4) and the two groups of three sets of signals are a) δ 11.5, 8.4, 7.9 ppm and 

b) δ 10.2, 8.1, 7.3 ppm. The ratio of integral values between a) and b) is 3:6 (Figure 5.3b). 

 The set a) corresponds to the pyridine fragment of the uncoordinated quinoline and the 

signals exhibit a triplet and doublet of doublet multiplicity, namely δ 11.54 (t, 3JHH = 4.4 Hz), 

8.40 (dd, 3JHH = 8.3 Hz, 4JHH = 1.5 Hz) and 7.90 (dd, 3JHH = 8.2 Hz, 4JHH = 4.4 Hz) ppm. The 

a) 

 

b) 

 

Figure 5.3. a) 31P{1H} NMR spectrum (121.5 MHz) and b) 1H NMR spectrum (300.1 MHz) at 298 K 

of mer-18 in CD2Cl2. 
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set b) corresponds to the pyridine moieties of the coordinated quinoline and the signals exhibit 

a doublet of doublet and multiplet multiplicity, i.e. δ 10.18 (dd, 3JHH = 5.4 Hz, 4JHH = 1.5 Hz), 

8.16 (dd, 3JHH = 8.2 Hz, 4JHH = 1.5 Hz) and 7.60 (m, overlapped signal) ppm. The equivalency 

between the two coordinated quinolines reveals that there is a symmetry plane into the metal 

complex molecule.  

 

Figure 5.4. 1H-1H COSY NMR spectrum (300.1 MHz) at 298 K of mer-18 in CDCl3. 

The 1H NMR spectra of the 2-P,N systems P(OQuin)3-M (M= Pd, Rh) (Chapters III 

and IV, respectively) show an equivalency between the three quinoline scaffolds without any 

distinction of coordinated and uncoordinated fragments. Such behavior is explained in terms 

of the hemilabile character of the N-based heterocycles in 1. The phenomenon is greatly 

influenced due to competition between the three quinoline groups with the same coordination 

probabilities in solution. Unlike the previously discussed 2-P,N systems, the 1H NMR 

spectrum of P(OQuin)3-Ru shows a clear distinction of coordinated and uncoordinated moieties 

(Figure 5.2b and 5.3). The signal with the largest shift for the uncoordinated pyridine scaffold 

(= t, 11.54 ppm) and for the coordinated pyridine scaffold (= d 10.18 ppm) corresponds to 

the H meta and the H orto to N atom, respectively, as confirmed by 2D NMR experiments 

(COSY, HSQC and HMBC). An NOE effect between the H ortho to N atom of the coordinated 

quinoline and the H ortho to Cquat-P of the PPh3 was observed by a 1H-1H NOESY analysis. 

Uncoordinated pyridine scaffold 

Coordinated pyridine scaffold 
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The other set of resonances are: multiplets between 7.65-7.35 ppm (9H), as an ABC-type spin 

system, and multiplets between 7.19-6.62 (15H), as an AMX spin system. Such signals are 

assigned to the phenolate group of the three quinoline moieties and the phenyl groups of PPh3 

respectively. 

In order to promote the selective formation of any of the other isomers present in the 

mixture 18, the polarity of the solvent was changed. The complex [fac-

3(N,P,N){P(OQuin)3}RuCl2(PPh3)], (fac-18, Scheme 5.3), was obtained by treating the 

isomeric mixture with THF (not dry, directly from a commercially available bottle of THF) 

under reflux for 24 h. By this mean, the mixture of three different isomers was transformed into 

a mixture of two of them, where fac-18 is the main product and mer-18 is the minor product 

(Figure 5.5).  

 

Scheme 5.3. Isomeric resolution of 18 to yield [fac-3(N,P,N){P(OQuin)3}RuCl2(PPh3)], fac-18 as 

main product plus mer-18. 

The 31P{1H} NMR spectrum of the reaction mixture shows two sets of doublets (d) 

resonance at δ 131.9 ppm (1) and 43.7 ppm (PPh3) with the coupling constant 2JPP = 45.3 Hz 

(Figure 5.5) plus the already described mer-18. The chemical shifts and coupling constant (2JPP) 

are similar to the ones observed for an analogous ruthenium (II) complex bearing an N,P,N 

phosphite ligand in “fac” configuration, reported by Wagler et al., as described above.129 
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Figure 5.5. 31P{1H} NMR spectrum (121.5 MHz) at 298 K of fac-18 in wet THF with a MeCN-d3 

inner capillary as reference. 

Despite many attempts, it was not possible to achieve the quantitative formation of fac-

18. Solvents with different polarities, the addition of more water, longer reaction times, and 

higher or lower temperatures were some of the parameters tested in order to promote the 

selective and quantitative formation of fac-18, without success. So far, the role of the water is 

not clear. This subject will be studied in detail in a forthcoming extension of this work.  

Crystals suitable for X-ray diffraction analysis were obtained from a saturated THF 

solution of mer-18 at – 30 °C (Figure 5.6). The solid-state structure of mer-18 reveals that the 

ligand 1 binds the Ru center as a tridentate chelate through the P atom and two N donors from 

the heterocycles (N1 and N2 in Figure 5.6). The ligand 1 adopts a 3(N,P,N) meridional 

coordination mode (pincer-like) as shown in the solution 1H NMR spectrum. Also, a “cis” 

spatial configuration for both phosphorus atoms is observed, as expected from the 2JPP coupling 

constants form the 31P{1H} NMR. The uncoordinated quinoline unit is oriented away from the 

metal center. The complex mer-18 exhibits a considerable distorted octahedral geometry, since 

the plane defined by P1/Ru1/N1 is not co-planar with the plane N2/Ru1/Cl2. The deviation 

from co-planarity between those planes is 12.14 degrees. Selected bond distances and angles 

are listed in Table 5.1. The two aromatic units of both the coordinated quinoline moieties and 

the free quinoline fragment are slightly twisted, as indicated by the a) C3–C8–C9–N1 / C7–

C8– C9–C4, b) C12–C17–C18–N2 / C16–C17–C18–C13 and c) C21–C26–C27–N3 / C25–

C26– C27–C22 torsion angles (0.26, 1.19 and 1.86° respectively, Table 5.1). 

mer-18 mer-18 

 

fac-18 

 

fac-18 
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Likewise, crystals of fac-18 were obtained by slow diffusion of diethyl ether into a 

saturated DMC solution fac-18 + mer-18 at room temperature (Figure 5.7). The solid-state 

structure of fac-18 reveals that the ligand 1 binds the Ru center as a tridentate chelate through 

the P atom and two N atoms of the heterocycles (N1 and N2 in Figure 5.7). In this case, ligand 

1 displays a 3(N,P,N) facial coordination mode, as well as “cis, cis, cis” spatial configuration 

for all of the donor atoms (P, N, Cl). Again, the other quinoline unit is oriented away from the 

metal center. For fac-18 the deviation from co-planarity between the planes P1/Ru1/N1 and 

P2/Ru1/Cl1 is only 3.5 degrees, significantly less than in mer-18. Nevertheless, the complex 

exhibits a distorted octahedral geometry, since there are some angles that are quite away from 

the ideal 90° value. Selected bond distances and angles are listed in Table 5.1 The two aromatic 

units of both coordinated quinoline moieties are slightly twisted, as indicated by the a) C3–C8–

C9–N1 / C7–C8– C9–C4 and b) C12–C17–C18–N2 / C16–C17–C18–C13 torsion angles 

(Quin1: 0.46° and Quin2: 0.63° in Table 5.1), also in lesser extent than in mer-18. In this case, 

the two aromatic units of the uncoordinated quinoline moiety are completely co-planar (Quin3 

in Table 5.1).  
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Figure 5.6. ORTEP drawing of the molecular structure of the complex [mer-

3(N,P,N){P(OQuin)3}RuCl2(PPh3)], mer-18. Thermal ellipsoids are drawn at 40% probability level. 

Hydrogen atoms and THF solvate molecule have been removed for clarity. 

In mer-18, the Ru–P1, Ru–P2, Ru–Cl1 and Ru–Cl2 distances are 2.112(1), 2.348(1), 

2.462(1) and 2.524(1) Å, respectively, with an angle between both phosphorus atoms P1–Ru–

P2 of 92.9(2)°. Both six-membered rings defined by Ru-N1-C9-C4-O1-P1 and Ru-N2-C18-

C13-O2-P1 show a roughly twisted half-chair-shaped conformation. The bite angles P1-Ru-N1 

and P1-Ru-N2 are 91.2(1)° and 89.7(1)°, respectively. The P1-O(1-3) bond distances, 1.629(6), 

1.598(5), and 1.618(6) Å, are quite shortened with regard to the free ligand but similar to the 

ones observed when 1 is coordinated to a metal center (Pd or Rh, Chapters III and IV 

respectively). This is a result of the strong σ-donation from the phosphite to the metal center. 

The O-P-O angles are around 100°. Concerning fac-18, the bond distances around the metal 

center are almost identical to those of mer-18 despite of the different coordination mode of 1. 

Interestingly, in fac-18 the highly strained bite angle P1-Rh-N2, which is slightly bigger than 
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80°, illustrates the strong geometry distortion around the ruthenium atom. The Ru-Cl2 (trans 

to P1) distance is bigger than Ru-Cl1 in both cases (mer/fac-18), again as a consequence of the 

strong -donation from the phosphite to the metal center. 

 

Figure 5.7. ORTEP drawing of the molecular structure of the complex [fac- 

3(N,P,N){P(OQuin)3}RuCl2(PPh3)], fac-18. Thermal ellipsoids are drawn at 50% probability level. 

Hydrogen atoms and DCM/Et2O solvate molecules have been removed for clarity. 

Some bond parameters observed in mer-18 and fac-18 are comparable with the ones 

described for the related compounds K1 and M1 (Figure 5.8 and Table 5.1), reported by 

Braunstein et al.128 The phosphonite-based complex M1 has both a Ru-P1 distance and P,N 

bite angles similar to mer-18 and fac-18. Regarding the chlorine atom trans to the P donor in 
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the chelate, the Ru-Cl distance in mer-18 and fac-18 are longer than in K1, due to the fact that 

K1 bears a phosphine ligand while both mer/fac-18 bear a phosphite ligand.  

 

Figure 5.8. Ru(II)-halide complexes bearing N,P,N ligands. 

Based on the results obtained so far with DCM and THF, toluene was chosen as solvent 

to study its possible effect on the isomeric resolution of the mixture 18. In this sense, such a 

mixture was heat it up to 110 °C in toluene at NMR scale. Surprisingly, under these conditions 

18 (mixture of isomers) was transformed into a single new ruthenium complex (19). This novel 

compound is the result of PPh3 dissociation from the starting material, as confirmed by 31P{1H} 

NMR spectroscopy. This evidence clearly indicates that the three species observed by 31P{1H} 

NMR for 18 (Figure 5.1) are in fact spatial isomers. The metal complex 19 is highly stable 

toward air, moisture and high temperatures, even if when refluxed in DMSO (189 °C) for 2 h. 

The last aspect is very remarkable since one of the major limitations for transition metal 

complexes as homogeneous catalysts is that most of them decompose at elevated temperatures, 

which prevents their use in highly endothermic reactions. 

The complex [4P,N3-{P(OQuin)3}RuCl2], (19, Scheme 5.4), is accessible by refluxing 

18 in toluene (dry solvent is not required) for 24 h. When the reaction mixture was allowed to 

reach room temperature, the coordination compound was obtained after solvent evaporation 

and repetitive washing with diethyl ether in order to remove occluded toluene and free PPh3 

and/or OPPh3. The product is a deep-orange solid, which is highly thermally stable, air and 

moisture stable and was isolated in high yield (90%). LIFDI-MS, elemental analysis and NMR 

spectroscopic data (1H, 13C{1H}, and 31P{1H}) of 19 are in accordance with and support the 

proposed formulation. Protons and carbons were assigned using 2D NMR analysis such as 

COSY, HMQC and HMBC.  
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Scheme 5.4. Synthesis of the ruthenium (II) complex 19, [4(P,N3){P(OQuin)3}RuCl2]. 

The 31P{1H} NMR spectrum shows a singlet (s) resonance at δ 162.4 ppm (Figure 5.9a). 

The phosphorus resonance is downfield shifted for 1 with regard to the corresponding value for 

the free ligand. The 1H NMR spectrum confirms the 4(P,N3) coordination mode of the tris(8-

quinolyl)phosphite ligand, as indicated by the presence of downfield shifted signals for the 

pyridine scaffold of the quinoline (Figure 5.8b).   

a) 

 

b) 

 

Figure 5.9. a) 31P{1H} NMR spectrum (121.5 MHz) and b) 1H NMR spectrum (300.1 MHz) at 298 K 

of 19 in CD2Cl2. 
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The resonances at δ 10.6 ppm (d, 3JHH = 8.5, 1H) and δ 9.6 ppm (dd, 3JHH = 5.4 Hz, 4JHH 

= 1.5 Hz, 2H) belong to the orto H atoms to the N atom in the pyridine scaffold and their 

integral values exhibit a 1/2 ratio (Figure 5.8b). The resonance at 8.54 ppm, that integrates to 

three protons, is an overlapped signal for all three meta H atom to the N donor in the pyridine 

fragment. The signals for the para H atoms and the protons from the phenolic rings are very 

overlapped between 7.99 and 7.55 ppm, accounting for the remaining twelve protons. The 

equivalency between two quinolines suggests that there is a symmetry plane into the metal 

complex molecule. Since two quinolines are equivalent and the other one is slightly different, 

1 should adopt a scorpion-shape coordination mode. This tetradenticity of 1 is confirmed in the 

solid stated molecular structure of 19 (Figure 5.10).    

 

Figure 5.10. ORTEP drawing of the molecular structure of the complex 

[4(P,N3){P(OQuin)3}RuCl2], 19. Thermal ellipsoids are drawn at 40% probability level. Hydrogen 

atoms and THF/Et2O solvate molecules have been removed for clarity. 

Crystals suitable for X-ray diffraction analysis were obtained from a saturated THF 

solution of 19 at – 30 °C (Figure 5.10). The solid state structure of 19 reveals that the ligand 1 

binds the metal center as a tetradentate chelate through the P atom and the N donors of the 
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heterocycles (N1, N2 and N3 in Figure 5.10), showing a 4(P,N3) scorpionate-like coordination 

mode as already observed by solution 1H NMR. The complex exhibits a slightly distorted 

octahedral geometry, since the plane P1/Ru1/N1 is not co-planar with the plane N2/Ru1/Cl2 

and such deviation is just about 5 degrees. Nevertheless, the planes P1/Ru1/N3 and 

Cl1/Ru1/Cl2 are co-planar, forming a symmetry plane for the whole molecule as evidenced 

previously by the 1H NMR spectroscopic data. The two trans-coordinated quinoline moieties 

are slightly twisted, as indicated by the torsion angles (0.54°), while the cis-coordinated one is 

completely is within the symmetry plane of the complex.  

Complex 19 is the first example of a ruthenium complex bearing a tetradentate 

phosphite ligand in a scorpionate-like coordination mode. In 19, the Ru–P1, Ru–Cl1 and Ru–

Cl2 distances are 2.054(1), 2.400(2), and 2.550(1) Å, respectively, with an angle between both 

phosphorus atoms P1–Ru–P2 of 92.9(2)°. The two six-membered rings defined by Ru-N1-C9-

C4-O1-P1 and Ru-N2-C18-C13-O2-P1 show a roughly twisted half-chair-shaped 

conformation, while the metallocycle defined by Ru-N3-C27-C22-O3-P1 is near to planarity. 

Bite angles P1-Ru-N1, P1-Ru-N2 and P1-Ru-N3 are 89.6(1)°, 89.6(1)° and 92.3(1)°, 

respectively. Again, the P1-O(1-3) bond distances, 1.591(4), 1.591(4), and 1.578(8) Å, are quite 

shortened with regard to the free ligand and slightly shorter than in mer-18 and fac-18. The O-

P-O angles are around 100°. The Ru-Cl2 (trans to P1) distance is shorter than in mer-18 and 

fac-18. 

Once the synthesis and characterization of the novel ruthenium complexes had been 

performed, the potential of such compounds as homogeneous catalysts was explored. Based on 

previous reports for similar complexes, several types of reactions were considered as possible 

targets for catalytic applications. For instance, the hydroamination of alkynes was studied but 

the Ru complexes were inactive for such transformations. Nevertheless, dehydrogenative 

reactions, such as dehydrogenation of formic acid and dehydrogenative oligomerization of 

primary and secondary silanes, returned very interesting results, which will be discussed in the 

following sections. 
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Table 5.1. Selected geometric parameters (Å, °) for 18, 18  and related compounds 

 mer-18 fac-18 19 K1   M1 

Bond distance (Å) 

Ru—P1 2.112(1) 2.119 (1) 2.054 (1) 2.222 (8) 2.088 (6) 

Ru—P2 2.348(1) 2.325 (1) - 2.299 (8) - 

Ru—N1 2.139(3) 2.197 (4) 2.114 (5) 2.085 (2) 2.085 (2) 

Ru—N2 2.122(3) 2.141 (4) 2.114 (5) 2.129 (2) 2.093 (2) 

Ru—Cl1 
trans to P2 

2.462(1) 

trans to N2 

2.473 (4) 

trans to N3 

2.400 (2) 

trans to N1 

2.425 (7) 
2.381 (6) 

trans to P1 

Ru—Cl2 
2.524(1) 2.503 (1) 2.550 (1) 2.468 (7) 2.385 (6) 

Angles (°) 

P1—Ru—N1 91.2 (1) 90.8 (1) 89.6 (1) - 91.6 (5) 

P1—Ru—N2 89.7 (1) 81.2 (1) 89.6 (1) - 85.7 (5) 

P1—Rh—P2 92.9 (2) 98.1 (4) - 98.6 (3) - 

P1—Ru—Cl1 83.8 (4) 92.1 (4) 86.2 (6) 92.9 (5) 101.5 (2) 

P1—Ru—Cl2 165.7 (4) 166.8 (4) 170.7 (6) 164.4 (3) 101.0 (2) 

P2—Rh—N1 95.3 (1) 94.9 (3) - - - 

   Cl1—Rh—Cl2 81.9 (4) 84.7 (4) 84.5 (6) 91.9 (3) 157.3 (2) 

 O—P—O  99.7 (2) 99.5 (2) 98.4 (3) - - 

Torsion angles of coordinate quinoline moiety (°) 

Quin1 

C3–C8–C9–N1 / C7–

C8– C9–C4 

0.26 0.46 0.54 - - 

Quin2 

C12–C17–C18–N2 / 

C16–C17– C18–C13 

1.19 0.63 0.54 - - 

Quin3 

C21–C26–C27–N3 / 

C25–C26– C27–C22 

1.86 0 0 - - 
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5.3 The hydroamination of alkynes and the new Ru(II) complexes. 

The compounds mer-18 and 19 were tested as catalyst precursors for the hydroamination 

of alkynes to yield enamines. Aniline and phenyl acetylene were used as model substrates 

(Scheme 5.5). A wide range of reaction parameters, including catalyst(s), solvent(s), different 

temperatures, additive(s) (base or inorganic salts), and the relative ratio of the different reaction 

components, were screened.  

 

Scheme 5.5. Hydroamination of phenylacetylene with aniline. Complexes mer-18 and 19 are not 

active (pre)catalysts for this reaction. 

The reaction progress was monitored by 1H NMR and GC-MS but unfortunately, despite 

many attempts, the addition of the NH bond across the C-C triple bond was not achieved. 

Higher temperatures, higher catalyst loadings or longer reaction times, as well as different 

substrates were not enough to promote such reactivity. Likewise, compounds 1, 4 and 11 were 

also tested as catalysts for this reaction without any success. Under the studied reaction 

conditions, mer-18, 19, 11, 4 and 1 itself are not suitable catalyst precursors to promote the 

hydroamination of alkynes. 

5.4 Catalytic decomposition of formic acid by the Ru-P(OQuin)3 complexes. 

Hydrogen is an essential reactant in the chemical industry, though its generation from 

renewable sources and storage in a safe and reversible manner remain challenging. Formic acid 

(HCO2H) is a promising source and storage material in this regard. In the past decade, 

coordination compounds with pincer ligands became highly attractive catalysts for all kind of 

(de)hydrogenation reactions.130 In particular, ruthenium based PNP-pincer complexes allowed 

for efficient reduction of esters,131 ketones,132 nitriles,133 related hydrogen auto-transfer 

catalysis,134 and dehydrogenations135. All these processes are enabled by metal-ligand 

cooperation, where both the metal and the ligand are directly involved in bond activation 

processes.136 In this section, well-defined ruthenium-based (mer-18 and 19) catalytic systems 

capable of dehydrogenating HCO2H to CO2 and H2 in acidic media are described (Scheme 5.6).  
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Scheme 5.6. Dehydrogenation of HCO2H catalyzed by mer-18 or 19. 

Several reaction parameters, including catalysts, temperature, use of organic base, and 

the relative ratio of the different reaction components, were screened. In a simple apparatus 

(Figure 5.11) containing a 1 M solution of HCO2H in dioxane, 40 mol% of NEt3 and 1 mol% 

of catalyst mer-18 or 19 and equipped with a reflux condenser (with circulating cooling fluid 

at -20 °C), about 43% yield was achieved after 1 h at 100 ºC (Figure 5.12, blue line). The 

reaction progress was monitored by measuring the displaced volume of produced gas with an 

inverted water burette. In the absence of the catalyst (blank run) only 8% was achieved (Figure 

5.12, grey line) confirming the catalytic nature of the transformation. No conversion was found 

when the reaction was performed at room temperature or 50 ºC. Other solvents, polar (THF, 

DMF) or non-polar (toluene, benzene) did not improve the catalytic performance. 

Temperatures above 100 ºC are required and this fact represents a disadvantage when it is 

compared to previous reported systems.137  

 

Figure 5.11. Technical set-up for HCO2H dehydrogenation in an open system. The production of H2 

can be monitored with a water burette. 

Considering that mer-18 is transformed into 19 at high temperatures (Scheme 5.4), 19 

was used as the catalyst precursor for the rest of the formic acid dehydrogenation experiments. 

An improvement was achieved when the concentration of formic acid was increased to 2 M in 
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dioxane, obtaining 63% yield (Figure 5.12, green line). The conversion dropped significantly 

when the reaction was carried out in the absence of base (Figure 5.12, yellow line). A full 

conversion of HCO2H in dioxane at 100 °C to produce H2 and CO2 was achieved after 1 h when 

the catalyst loading was increased to 2 mol% (Figure 5.12, orange line). The advantage of the 

catalytic system presented here is based on the robustness of 19, since it could be reused up to 

seven times without significantly losing its activity, resulting in a cumulative TON of 350. 

However, the performance of 19 is still away from the best-known catalyst for formic acid 

dehydrogenation, which exhibits a TON of 92000 and a TOF of 9424 h-1 using an inexpensive 

iron-based complex.138 

 

Figure 5.12. Hydrogen formation on time from formic acid decomposition catalyzed by 19. 

Besides the catalytic decomposition of formic acid, the use of it in hydrogen transfer 

reactions was also investigated, in particular for the reduction of alkynes. The partial 

hydrogenation of non-activated alkynes to get the corresponding olefins is a challenging and 

attractive transformation. Therefore, the partial reduction of cyclohexylacetylene was used as 

model reaction for such a study (Scheme 5.7).  

 

Scheme 5.7. Reduction of cyclohexyl acetylene catalyzed by 19 using HCO2H as H2 source.  

Here the reaction conditions tested were those derived from the formic acid 

dehydrogenation experiments. The reaction mixture was monitored by 1H NMR and GC-MS. 
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The partial reduction of cyclohexyl acetylene to yield the corresponding alkene in dioxane at 

100 °C was achieve in a selective manner (>95% after 24 h). In the absence of the catalyst 

(blank run) no product was detected, confirming the catalytic nature of the transformation. 

Further extension of this approach should be performed in order to optimize this catalytic 

application for 19. 

5.5 Homo-/Heterodehydrocoupling reaction of silanes catalyzed by 19. 

The pursuit of clean and straightforward alternatives to the Wurtz coupling for the synthesis 

of polysilanes has focused the attention on dehydrocoupling reactions of silanes catalyzed by 

transition metals.139 Among the complexes investigated for their ability to produce these 

polymers140 two classes have emerged. One type includes group 4 metallocene derivatives such 

as Zr,141 Ti142 and Hf-metal complexes,143 which are considered the most active for catalytic 

dehydrocoupling, since they are capable of producing oligomers and polymers (up to Mn= 9920 

and Mw= 20400, around 200 monomer units) from primary silanes such as PhSiH3.
144 These 

catalysts commonly require the use of additive such as nBuLi or similar in a stoichiometric 

ratio. Catalysts in the second class include many late transition metal complexes based on 

Ru,145 Rh,146 Pt,147 Ni148 and Fe149 bearing phosphine ligands. These are considered relatively 

inactive for dehydrocoupling, since they do not produce long chains. Actually, up to date, the 

reaction of primary or secondary silanes with electron-rich metal complexes (Late-TM) appears 

to give low molecular weight materials (<5 monomer units). Late TM complexes usually 

catalyze the coupling of secondary silanes to yield dimer, trimer or cyclic oligomers with 4- to 

5-membered rings. 150 Their application to the large scale synthesis of these useful oligosilanes 

has been discouraged by the known activity of such catalysts for a competitive reaction called 

redistribution of substituents at silicon. 151 In this section, a well-defined ruthenium catalyst 

(19) was tested as a suitable homogeneous catalyst for the dehydrogenative homo-

/heterocoupling of silanes to yield polysilanes and polysiloxanes, respectively (Scheme 5.8 / 

Table 5.2 and 5.3). 

 

Scheme 5.8. Dehydrocoupling of phenylsilane to yield polyphenysilane catalyzed by 19.  

The catalytic dehydrogenative coupling of silanes was optimized using phenylsilane 

(20a, PhSiH3) as a model substrate and compound 19 as catalyst precursor. In a simple 

apparatus (Figure 5.11) containing a 1 M solution of PhSiH3 in DMSO and 0.5 mol% of 19, 
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about 1 equiv. of H2 was released after 10 min at 100 ºC (Figure 5.13 and entry 1 in Table 5.2). 

The amount of H2 was quantified using an inverted burette as show in Figure 5.11., above. 

Prolonged reaction time result in further dehydrogenation. The generation of a fully 

dehydrogenated silicon material is suggested by the formation of 1.5 equiv. of H2 after 1 hour 

(Figure 5.13). Such full dehydrogenation of primary silanes is the first ever reported for a 

transition metal-based catalyst (homogeneous or heterogeneous phase). This example presents 

a new avenue in the production of silicon-based materials and should be further explored in 

forthcoming research works. 

 

Figure 5.13. Hydrogen formation from dehydrocoupling of phenylsilane catalyzed by 19. 

Although the reaction mixture is a clear solution, without apparent metallic mirror or 

particles, a poisoning test was performed to investigate the (homogeneous or heterogeneous) 

nature of the catalytic reaction. When the dehydrocoupling of 20a was performed in the 

presence of an excess of Hg (ca. 1000 equiv. regard to 19), no inhibition of the catalytic activity 

was observed. In the absence of the catalyst (blank run) no hydrogen evolution was observed 

confirming the catalytic nature of the transformation. No conversion was found when such a 

reaction was performed at room temperature or 50 °C, thus confirming that temperatures above 

100 ºC are required. Catalyst loadings of 19 below 0.5 mol% results in a dramatically fall down 

of the activity (ca. <50%). Also, common Ru(II) complexes such as [Cp*RuCl(COD)], 

[Cp*RuCl]4, [(p-cymene)RuCl]2 and [(PPh3)3RuCl2] were tested as catalyst (1 mol%) were not 

effective; hydrogen evolution merely reached 0.2 equiv. H2 for catalyst [(PPh3)3RuCl2], while 

[(p-cymene)RuCl]2  produced around 0.1 equiv. H2. Ru(II) complexes such as 

[Cp*RuCl(COD)] and [Cp*RuCl]4, were inactive catalyst for such transformation. 
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The turnover numbers (TON) and turnover frequencies (TOF) for the first 

dehydrogenation step are 200 and 1200 h-1 respectively. Again, complex 19 could be reused up 

to 3 times without significantly losing its catalytic activity, reaching a cumulative TON = 600 

and producing 900 mmol of H2 per mmol of catalyst. The methodology presented here is one 

of the most efficient systems based on a late transition metal compounds and avoids the use of 

additives such as nBuLi or similar, commonly required in the metallocene-based catalysis.148-

151. The resulting polymeric material can be easily isolated from the reaction mixture by hexane 

extraction and solvent evaporation as a colorless oil. 

GPC analysis is the appropriate technic to study the molecular weight distribution of 

the obtained polysilicon materials. Unfortunately, this method was not available in the facilities 

where the research was conducted. Hence, 1H, 13C{1H} and 29Si{1H} NMR were used to 

analyze the reaction mixture as well as the isolated material (Figure 5.14). After 10 min 

reaction, the 1H NMR spectrum shows, for both the reaction mixture and the isolated product 

(Figure 5.14a), signals corresponding to the partially dehydrogenated polymer (PhSiH)n. The 

broad signal between 8-7 ppm corresponds to the aromatic hydrogens and the broad resonance 

around 5.50 ppm corresponds to the Si-H moiety. This spectrum is in accordance with the one 

reported for oligomers of PhSiH3 (>10 monomer units).150c,152 The 29Si{1H} NMR spectrum 

(Figure 5.14b) shows a broad signal in a wide range between -70 and -130 ppm, for which the 

maximum is around -108 ppm. Corey et al. reported the 29Si{1H} spectra for oligomers of 

PhSiH3 ranging from 4 to 20 monomer units by using deconvolution methods.153 Linear 

oligomers with 4 monomer units show a signal at around -59 ppm, while linear oligomers with 

20 monomer units resonate around -63 ppm. Apparently, the longer the oligomer’s chain 

length, the lower are the frequencies of the 29Si{1H} resonances. Likewise, the broad resonance 

is associated to a linear atactic configuration of the formed polyphenylsilane, which means a 

random distribution of the substituents around the silicon atoms.160 Accordingly, the NMR 

spectroscopic data suggests that 19 catalyzes the selective formation of linear oligomers of 

PhSiH3 (>20 monomer units). Dimer, trimer, cyclic oligomers or substituent redistribution 

products were not detected in the reaction mixture. the catalytic properties are remarkable 

because, to other knowledge, other late transition metal catalysts generally do not produce 

oligomers with more than 5 monomeric units. GPC analysis should be performed in 

forthcoming extensions of these results.   
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Under the optimized reaction conditions (1 M DMSO solution of hydrosilane, 0.5 mol% 

of 19 and 100 °C) a screening of selected secondary hydrosilanes was performed to explore the 

scope and limitations of the catalytic system developed (Table 5.2). Diphenyl- (20b, entry 2), 

methylphenyl- (20c, entry 3) and di-tert-buthylsilane (20d, entry 4) were used as substrates. 

After 1 h ca. 1 equiv. H2 was released for both 20b and 20c, while for 20d the reaction required 

at least 1.5 h. The requirement of longer reaction times for these substrates can be attributed to 

the steric hindrance around the Si atom and the relative strong Si-H bond. For example, the Si-

H bond energy for 20a is around 377 kJ/mol while for 20c is 382 kJ/mol.154 As already 

described for 20a, dimers, trimers, cyclic oligomers or substituent redistribution products of 

hydrosilanes were not detected in the reaction mixtures of 20b-d. 

Table 5.2 Dehydrogenative oligomerization of hydrosilanes catalyzed by 19. a 

a) 

 

b)

 

Figure 5.14. a) 1H NMR spectrum (300.1 MHz) and b) 29Si{1H} NMR spectrum (71.5 MHz) at 298 

K of the isolated polymeric material (PhSiH)n in CDCl3. 

CDCl3 

Hexane 

Et2O 

Ph-Si 
Et2O 

Si-H 
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Entry Substrate R1 R2 Time 

(min) 

Yield (%) b,c 

1 20a H Ph 10 >99 

2 20b Ph Ph 60 >99 

3 20c Me Ph 60 >99 

4 20d tBu tBu 90 >99 

[a] Silane (500 μmol, 1 M) and 19 (2.5 μmol, 0.5 mol%) were stirred in 0.5 mL DMSO at 100 °C for 

the specified reaction time (see above). [b] Conversion determined by hydrogen evolution measured 

in an inverted water burette. [c] Average of three individual reactions. 

Regarding another type of polymeric silicon materials of interest, 

poly(phenylmethyl)siloxanes are important additives for the production of synthetic oil for 

automotive engines. Its production under attractive and feasible methodologies is of greatest 

relevance. As consequence, the copolymerization of 20c with different diols was investigated 

(Table 5.3). By treating 20c with 1,4-hydroquinone (22a), resorcinol (22b) or the sterically 

hindered catechol (22c) in the presence of catalytic amounts of 19 (0.5 mol%) the formation of 

about 2 equiv. H2 after 20 min at 100 °C was observed. The release of 2 equiv. H2 is consistent 

with the cross-dehydrogenative reactivity. This reaction is faster in comparison with the homo-

dehydrocoupling of phenylmethylsilane (20c) and it can be attributed to the acidic nature of the 

protons in the hydroquinones. In the absence of catalyst, no hydrogen evolution was observed. 

Remarkably, diols such as p-phenylendimethanol (22d), 1,2-cyclohexanediol (22e) and 

ethylenglicol (22f) reacted almost quantitatively within 20 min as shown by the formation of 2 

equiv. H2 in every case. The corresponding polymeric materials were isolated as nearly 

colorless oils after extraction with hexane and solvent evaporation. Once again, the starting 

silane, dimers, trimers, cyclic oligomers or substituent redistribution products of hydrosilanes 

were not detected in the reaction mixtures. 

. 
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Table 5.3. Dehydrogenative co-polymerization of hydrosilanes and alcohols catalyzed by 19. 

a-c
 

 

Diols (X) 

  
 

22a >99 22b >99 22c >99 

 
 

-(CH2)2- 

22d >99 22e >99 22f >99 

[a] Silane (500 μmol, 1 M), diol (500 μmol) and 19 (2.5 μmol, 0. 5 mol%), were stirred in 0.5 mL 

DMSO at 100 °C for 20 min. [b] Conversion determined by hydrogen evolution measured in an inverted 

water burette. [c] Average of three individual reactions. 

5.6 Chapter conclusion. 

In conclusion, the reaction between 1 and [(PPh3)3RuCl2] generates a mixture of 

diasteromers with the general formula [3(N,P,N){P(OQuin)3}RuCl2(PPh3)] (18). This isomer 

mixture can be easily resolved by refluxing it in not dry dichloromethane yielding mer-18. 

Alternatively, the complex fac-18 is the main product when the mixture is refluxed in not dry 

THF. The solid-state molecular structure for both mer-18 and fac-18 were obtained. The role 

of water in the isomerization of [3(N,P,N){P(OQuin)3}RuCl2(PPh3)] is not clear yet, but it will 

be subject of further studies. The compunds mer/fac18 are stable toward air and moisture, but 

they further under elimination of PPh3 to yield [4(P,N3){P(OQuin)3}RuCl2] (19), at 

temperatures above 100 °C. The new metal complex 19 is very stable at high temperatures, 

which is desirable for applications. Neither mer-18 nor 19 are suitable catalysts for the 

hydroamination of alkynes. Also, mer-18 and 19 were tested as catalyst for the catalytic 

decomposition of formic acid, an important H2-storage material. Full conversion of HCO2H 

into H2 and CO2 was achieved after 1 h in dioxane at 100 °C, using 2 mol% 19 as catalyst 

loading. Due to the robustness of 19, it could be reused up to 7 times without losing its activity 

and a total TON of 350 was achieved. However, this is still far away from the best-known 
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reported system for such reaction with a TON of 92000 and a TOF of 9424 h-1. Similarly, the 

reduction of cyclohexyl acetylene using formic acid as H2-source and 19 as catalyst was 

performed. The partial reduction of cyclohexyl acetylene to yield the corresponding alkene in 

dioxane at 100 °C was achieved in a selective manner (>95%) after 24 h. Further studies should 

be devoted to this reaction. 

Interestingly, 19 is a promising catalyst for the dehydrogenative coupling of primary and secondary 

silanes as well as its copolymerization with diols. This transformation operates under relatively simple 

conditions, namely 0.5 mol% 19, 100 °C and DMSO as solvent. This methodology avoids the use of 

additives such as nBuLi. Also, the fact that the reaction requires a stoichiometric amount of silanes and 

diols makes it attractive from the perspective of atom-economy. Structural modifications of 19, such as 

hydride(s) instead of chloride(s) donors, are envisioned in order to improve/increase its catalytic 

activity. Additionally, the exploration of the microscopic reversibility principle is also proposed. It 

implies that the Ru(II)-complex 19 should also catalyze the hydrogenolysis of oligo- and polysilanes. 

In theory, the hydrogenation of Si−Si bonds [Hdiss (Si−Si) = 73.1-88.0 kcal.mol−1] is energetically 

feasible than the dehydrogenation of silanes [Hdiss (Si−H) >90 kcal.mol−1].155 

5.7 Experimental section. 

Synthesis of {mer-(3N,P,N)-(tris(8-quinolinyl))phosphite}(tris(phenyl)phosphine)ruthenium 

dichloride, mer-18. 

Under an argon or nitrogen atmosphere and at –20 °C, a THF solution of P(OQuin)3 (96.6 mg, 

0.21 mmol, 0.042 mM) was added to a THF solution of [(PPh3)3RuCl2] (200.0 mg, 0.21 mmol, 

0.021 mM) and the mixture was stirred for 2 h. Then, the mixture was slowly warmed up to 

room temperature and stirred overnight. All volatile materials were removed under reduced 

pressure. The isomer mixture of [3(N,P,N){P(OQuin)3}RuCl2(PPh3)] is obtained after 

washing with dry Et2O (3 x 7 mL) in order to remove free PPh3 and possibly its corresponding 

oxide. The resulting bright-yellow solid was dried under vacuum (170.0 mg, 91% yield) 

31P{1H} NMR (121.5 MHz, THF/C6D6-inner, 25 °C) δ =154.1 ppm (d, 2JPP = 42.4 Hz, 1) 136.3 

ppm (d, 2JPP = 54.3 Hz, 1) 128.1 ppm (d, 2JPP = 50.2 Hz, 1) 51.6 ppm (d, 2JPP = 54.2 Hz, PPh3) 

42.17 ppm (d, 2JPP = 50.2 Hz, PPh3) 35.2 ppm (d, 2JPP = 41.6 Hz, PPh3). For the isomeric 

resolution, the mixture was dissolved in wet CH2Cl2 (20 mL) and refluxed for 2 h. After cooling 

down to room temperature, 200 mg MgSO4 were added as dehydrating agent. Filtration and 

removal of solvent under reduced pressure afforded the mer-isomer as a bright-yellow solid 

(160.0 mg, 85% yield). Suitable crystals for X-ray diffraction were obtained from a saturated 

THF solution of 18 at -30 °C. 1H NMR (400.1 MHz, DCM-d2, 25 °C): δ = 11.54 (t, 3JHH = 4.4 

Hz, 1H), 10.18 (dd, 3JHH = 5.4 Hz, 4JHH = 1.5 Hz, 2H), 8.40 (dd, 3JHH = 8.3 Hz, 4JHH = 1.5 Hz, 

1H), 8.16 (dd, 3JHH = 8.2 Hz, 4JHH = 1.5 Hz, 2H), 7.90 (dd, 3JHH = 8.2 Hz, 4JHH = 5.4 Hz, 1H), 
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7.65-7.30 (m, overlapped signal, 11H), 7.19 (t, 3JHH = 6.9 Hz, 3H), 6.94 (td, 3JHH = 8.2 Hz, 4JHH 

= 2.2 Hz, 6H), 6.71 (t, 3JHH = 9.3 Hz, 6H). 13C{1H} NMR (150.9 MHz, DCM-d2, 25 °C): δ = 

159.7, 157.6, 144.7 (d, J = 4.1 Hz), 144.6, 144.2, 141.2, 140.5, 133.3, 133.2 131.3, 130.9, 130.8, 

129.9 (d, J = 2.1 Hz), 128.0, 127.7, 127.6, 127.5, 122.9 (d, J = 1.8 Hz), 122.5, 122.3, 122.2, 

121.7. 31P{1H} NMR (121.5 MHz, DCM-d2, 25 °C) δ =154.1 ppm (d, 2JPP = 42.4 Hz, 1) 35.2 

ppm (d, 2JPP = 41.6 Hz, PPh3) LIFDI-MS: m/z calc. for C27H18N3O3Cl2PRu 635.40 [M•-PPh3]
+; 

found 635.40. Anal. Calcd. for C45H33N3O3Cl2P2Ru•1.5 CH2Cl2•0.5 C4H10O: C, 54.66; H, 3.47; 

N, 3.96. Found: C, 54.84; H, 3.89; N, 4.00. The fac-isomer was prepared similarly, but using 

not dry THF instead of CH2Cl2. Suitable crystals for X-ray diffraction of the fac-isomer were 

obtained by slow diffusion of diethyl ether into a saturated DMC solution of fac-18 + mer-18 

at room temperature. The 31P{1H} NMR for fac-18 was recorded using the crystalline sample 

for XRD. 31P{1H} NMR (121.5 MHz, MeCN-d3, 25 °C) δ = 131.9 ppm (d, 2JPP = 45.3 Hz, 1) 

43.7 ppm (d, 2JPP = 45.3 Hz, PPh3). 

 

Figure 5.15. 13C NMR spectrum (150.9 MHz) at 298 K of mer-18 in CD2Cl2. 

Synthesis of {(4P,N3)-(tris(8-quinolinyl))phosphite}ruthenium dichloride, 19. 

Under atmospheric conditions, the complex [mer-3(N,P,N)-{P(OQuin)3}RuCl2(PPh3)] (200.0 

mg, 0.22 mmol) and toluene (ca. 20 mL, directly from a commercially available bottle of 

toluene >99%) were placed in a one-neck round-bottom flask equipped with a reflux condenser. 

The resulting suspension was refluxed overnight. Then, the mixture was cooled to room 

temperature and all volatile materials were removed under reduced pressure. The complex 19 

was obtained after washing with dry Et2O (2 x 10 mL) as a bright-orange solid (135.0 mg, 95% 

yield). Crystals suitable for X-ray diffraction analysis were obtained from a saturated THF 

C=N 

coodinated C=N 

uncoodinated 



 

 181 

solution of 19 at – 30 °C. 1H NMR (400.1 MHz, DCM-d2, 25 °C): δ = 10.60 (d, 3JHH = 8.5, 

1H), 9.59 (dd, 3JHH = 5.4 Hz, 4JHH = 1.5 Hz, 2H), 8.54 (dd, 3JHH = 8.5 Hz, 4JHH = 1.7 Hz, 3H), 

7.98-7.90 (m, 12H). 13C{1H} NMR (150.9 MHz, DMSO/ C6D6, 25 °C): δ = 156.6, 156.4, 146.9, 

146.9, 146.3, 140.6, 140.1, 132.0, 131.8, 129.1, 129.1, 129.0, 129.0 (overlapped into solvent 

signal) 123.5, 123.4, 122.9, 122.8, 122.3.31P{1H} NMR (121.5 MHz, DCM-d2, 25 °C) δ =154.1 

ppm (s) LIFDI-MS: m/z calc. for C27H18N3O3Cl2PRu 635.40 [M]+; found 635.40. Anal. Calcd. 

for C27H18N3O3Cl2PRu •2 CHCl3• C4H8O: C, 41.89; H, 2.94; N, 4.44. Found: C, 42.10; H, 2.43; 

N, 4.39. Note: the preparation of 19 from isolated mer-18 or the initial isomer mixture is 

indifferent, both starting materials afford the quantitative formation of 19 following the above-

mentioned methodology.  

 

Figure 5.16. 13C NMR spectrum (150.9 MHz) at 298 K of 19 in DMSO/C6D6(inner). 

General procedure for decomposition of formic acid catalyzed by 19. 

A 5 mL two-neck round-bottom flask was connected to a reflux condenser with nitrogen 

inlet/outlet and the second neck was septum-capped. The apparatus was purged with nitrogen-

vacuum cycles for 20 min. Distilled and degassed H2CO2 (100.0 mg, 19.6 μL, 0.52 mmol), 

NEt3 (10.5 mg, 14.5 μL, 0.13 mmol) and dry dioxane (ca. 0.42 mL) were added. Then complex 

19 (6.6 mg, 10.4 μmol, 2 mol%) in DMSO (0.1 mL) was added. The reflux condenser was 

cooled to -10 °C and the mixture was stirred vigorously at 100 °C for 1 h in an open system. 

Open system refers to the reaction flask connected to a water burette or the reaction flask open 

to atmosphere (Figure 5.6). The conversion was determined by hydrogen evolution measured 

in an inverted water burette, achieving 98% conversion to CO2 and H2 after 1 h. Volume gas 

collected: 24.9 mL, 0.51 mmol, 98% yield. 
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Partial reduction of cyclohexyl acetylene with formic acid and catalyzed by 19. 

Cyclohexyl actelylene (50.0 mg, 0.46 mmol), formic acid (63.8 mg, 60.4 μL, 1.39 mmol), 

triethylamine (46.7 mg, 64.4 µL, 0.46 mmol), compound 19 (2.9 mg, 4.62 μmol, 1 mol%), 

1,3,5-trimethoxybenzene (8.5 mg, 50.8 µmol, 11 mol%, internal standard) and dioxane (1 mL) 

were placed in a Schlenk tube. The resulting mixture was stirred for 24 h at 100 °C. The crude 

of reaction was analyzed by 1H NMR to determine the conversion of CyC2H and the yield of 

the corresponding olefin using the internal standard above mentioned as reference. 

General procedure for oligomerization of hydrosilanes catalyzed by 19. 

A 5 mL two-neck round-bottom flask was connected to a reflux condenser with nitrogen 

inlet/outlet and the second neck was septum-capped. The apparatus was purged with nitrogen-

vacuum cycles for 20 min. Distilled and degassed hydrosilane (1 mmol) and dry DMSO (ca. 

0.9 mL) were added. Then the (pre)catalyst 19 (4.5 mg, 5.0 μmol, 0.5 mol%) in DMSO (0.1 

mL) was added. The reflux condenser was cooled to -10 °C and the mixture was vigorously 

stirred at 100 °C for the specified reaction time (see Table 5.2) in an open system. Open system 

refers to the reaction flask connected to a water burette or the reaction flask open to atmosphere 

(Figure 5.6). The conversion was determined by hydrogen evolution measured in an inverted 

water burette, achieving >99% conversion to oligomer and H2 after 10 min for PhSiH3. Volume 

gas collected: 24.0 mL, 1 mmol, >99% yield. Silicon oligomers can be extracted from the 

reaction mixture with hexane. Then, all volatile materials were removed under reduced 

pressure. Silicon oligomers are obtained as a colorless oil. 

 

Spectroscopic data of (PhSiH)n products 

 

Polyphenylsilane (21a).  

1H NMR (300 MHz, C6D6) δ 8-7 ppm (br, Ph-H), 5.5-4,5 ppm (s, Si-

H) (see Figure 5.13a). 13C{1H} NMR (90.5 MHz, C6D6):134, 130, 

133, 134. 29Si{1H} NMR (71.5 MHz, C6D6): δ -70 to -100 ppm (see 

Figure 5.13b). 
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Figure 5.14. 1H NMR spectrum (300.1 MHz) at 298 K of isolated polymeric material from 

PhSiH3 (after 60 min reaction) in CDCl3. 

General procedure for co-oligomerization of hydrosilanes and diols catalyzed by 19. 

A 5 mL two-neck round-bottom flask was connected to a reflux condenser with nitrogen 

inlet/outlet and the second neck was septum-capped. The apparatus was purged with nitrogen-

vacuum cycles for 20 min. Distilled and degassed phenylmethylsilane (61.1 mg, 68.7 µL, 0.5 

mmol), diol (0.5 mmol) and dry DMSO (ca. 0.9 mL) were added. Then the complex 19 (2.2 

mg, 2.50 μmol, 0.5 mol%) in DMSO (0.1 mL) was added. The reflux condenser was cooled to 

-10 °C and the mixture was vigorously stirred at 100 °C for 20 min while connected to a water 

burette (Figure 5.6). The conversion was determined by hydrogen evolution measured in an 

inverted burette, achieving >99% conversion to co-oligomer and H2 after 20 min. Volume gas 

collected: 24.0 mL, 1 mmol, >99% yield. Siloxane oligomers can be extracted from the reaction 

mixture with hexane. Subsequent solvent evaporation affords a colorless oil. 
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SUMMARY AND OUTLOOK 

This work describes the development of the novel ligand tris(8-quinolinyl)phosphite, 

P(OQuin)3, (1) and its coordination chemistry toward selected second-row transition metal 

precursors. The ligand 1 binds to palladium (II), rhodium (I) and ruthenium (II), affording 

several new complexes with very interesting structural features, e.g. variable denticity of the 

ligand. Both 1 and its coordination compounds have been tested as (pre)catalysts for different 

types of transformations related to “green” chemistry, materials and fine chemical synthesis. 

The results presented here open a wide variety of research options for future studies. 

In Chapter II, a synthetic pathway for the preparation of 1 was developed and optimized. 

The phosphite 1 was obtained as a white microcrystalline solid in high yield (95%) and can be 

prepared on a multigram scale (10 g). Phosphite 1 was fully characterized, including single 

crystal X-ray diffraction analysis. The compound is very sensitive to moisture, but it can be 

stored at room temperature for months in a glovebox. Phosphite 1 catalyzes the transfer 

hydrogenation of apolar N=N bonds in azoarenes using ammoniaborane (AB) as reducing 

agent. A series of symmetrical hydrazines with different functional groups were obtained in 

high yields. Although it was not possible to identify the catalytically active species, insight into 

the reaction mechanism was gained throught stoichiometric reactions and kinetic experiments. 

The potential of 1 to promote novel transformations via bond activation in small molecules will 

certainly be an ongoing area of interest in our group. Additional efforts are also being directed 

to the synthesis of alternative σ3-P compounds for the reduction of even less reactive, nonpolar 

covalent bonds. 

Chapter III describes synthesis and characterization of the complex [2P,N-

(P(OQuin)3)PdCl2] (4). This Pd(II) compound is a (pre)catalyst for the solvent-free oxidative 

coupling of primary amines to yield a series of symmetrical and unsymmetrical imines. Under 

relatively mild conditions and low catalyst loading, O2 in atmospheric air (30 psi, ca. 1.72 

mmol O2) was used as the terminal oxidant. TONs up to 230 were reached and almost 60 

molecules of the substrate were converted per molecule of catalyst in one hour. Kinetic 

measurements and in-situ/variable temperature NMR studies were conducted in order to 

understand how such reaction proceeds. The NMR spectroscopic data suggests that the 

dissociation (and oxidation) of the phosphite ligand does not take place under the studied 

conditions. Likewise, coordination of the amine substrate to the Pd atom occurs through 

dissociation of the quinoline arm, which indicates that the hemilabile coordination behavior of 

1 is key feature, which enables catalytic activity of metal complexes.  

Chapter IV describes the preparation and characterization of [2P,N-

{P(OQuin)3}RhCl(PPh3)] (11), as well as the catalytic 1,2-regioselective hydroboration of 
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pyridines and quinolines. The Rh(I) complex produces 1,2-dihydropyridines and 1,2-

dihydroquinolines in high yields, under mild reaction conditions and in the absence of bases or 

additives. TON/TOF(h-1) up to 130/8 were reached, which represents the best late transition 

metal-based catalytic system reported for this kind of transformation. The developed 

methodology can tolerate a variety of substrates with both electron-donating and electron-

withdrawing substituents. 

Finally, in Chapter V, [mer-3(N,P,N){P(OQuin)3}RuCl2(PPh3)] (mer-18), and 

[4(PN3){P(OQuin)3}RuCl2] (19), were synthesized, characterized and tested as catalyst for 

challenging transformations. By using 2 mol% of 19 the dehydrogenation of formic acid was 

achieved after 1 h in dioxane at 100 °C yielding H2 and CO2. The complex 19 could be reused 

up to 7 times without losing it activity getting a TON of 350. Another catalytic application for 

19 is the dehydrogenative oligomerization of primary and secondary silanes as well as its 

copolymerization with diols. Such reactions proceed under simple conditions: 0.5 mol% 

[4(PN3){P(OQuin)3}RuCl2], 100 °C and DMSO as solvent. This methodology avoids the use 

of additives such as nBuLi. Remarkably, the coupling partners, diols and silane, can be used in 

a stoichiometric fashion, so not excess of any of them is required.  

Prior to the work presented in this thesis, the coordination chemistry of 1 was unknown 

and with this work it was possible to study its polydentate and hemilabile character. X-ray 

diffraction analysis and multinuclear NMR studies confirmed that 1 is able to behave as bi-, 

tri- and tetradentate ligand. These studies have also revealed, the hemilability of the N donors 

in 1, which is a consequence of the competition between the three quinoline groups for 

coordination to the metal center. In further investigations, the coordination chemistry of 1 

toward first-row metal center should be targeted, since these are earth-abundant, relatively 

cheap, and environmentally benign. 
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