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Abbreviations

Abbreviation Description

A Angstrém (10-10 m)

ACF Adiabatic connection formula

ACS Active catalytic species

Alk alkyl

AO Atomic orbital

aq. aqueous

Ar any aromatic group

B3LYP Becke’'s three parameter, Lee-Yang-Parr ex-
change-correlation functional

0 chemical shift

Bp. Boiling point

Br broad

c concentration

CeDs deuterated benzene

cat. catalytic

CDCls Deuterated chloroform

conv. conversion

CT charge transfer

Cy Cyclohexyl

d doublet (NMR)

DCM dichloromethane

DFA Density Functional Approximation

DFT Density Functional Theory

DIBAL-H diisobutylaluminium hydride

EAO electron accepting orbital
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EDG

ee

eq. equiv.
EWG
GTO

h

HF
HMDS
H-HMDS
HOMO
HSAB
IBO
ICP

IR spectroscopy
KS

L

LCAO
LDA
LSDA
LUMO

M-HMDS
m/z

Me
MeCN
Mes
MHz
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mL

MM

effective core potential

electron donating group
enantiomeric excess

Equivalent

Electron withdrawing group
gaussian-type orbital

hours

Hartree-Fock
Bis(trimethylsilyl)amine- N(SiMe3):
Bis(trimethylsilyl)amide - HN(SiMe3)2
Highest occupied molecular orbital
Hard and soft acids and bases
Intrinsic bond orbital

Intersystem crossing process
Infrared Spectroscopy
Kohn-Sham

Ligand

linear combination of atomic orbitals
Local Density Approximation
Local Spin Density Approximation
Lowest unoccupied molecular orbital
unspecified metal

multiplet (NMR)

metalated

mass to charge ratio

methyl
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mesityl

Megahertz

Minute

mililiters

Molecular mechanics
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MO Molecular orbital

Mp Melting point

MP2 Mgller—Plesset perturbation theory of second order
MS mass spectrometry

nJ coupling constant over n bonds

NMR Nuclear magnetic resonance

Nu nucleophile

OLED organic light emitting diode

PCM Polarizable Continuum Model

PES Potential Energy Surface

Ph Phenyl

Ppm parts per million

q quartet (NMR)

QM Quantum Mechanics

quant. Quantitative

RESP restricted electrostatic potential

S singlet (NMR)

sat. saturated

SDD Stuttgart-Dresden effective core potential
SPE single point energy

T temperature

t time

t triplet (NMR)

tBu tert-butyl

TEP Tolman electronic parameter

THF tetrahydrofuran

TLC thin layer chromatography

TMEDA N,N,N’,N’ -tetramethyleethylendiamine
TMS trimethylsilyl

UVv-VIS ultraviolet-visible spectroscopy
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Abstract

This thesis is dedicated to advancing the understanding and development of
reactions that produce organophosphorous compounds through a comprehensive
combination of experimental and computational methodologies. The central focus is
on the addition of phosphorous(lll) and phosphorous(V) species to unsaturated hydro-
carbons via hydrophosphination and hydrophosphorylation reactions, notable for their
atom-economic formation of P—C bonds. These transformations are crucial for the ef-
ficient synthesis of organophosphorous compounds but involve significant kinetic and

electrostatic challenges, necessitating the use of catalysts for successful execution.

This thesis explores the use of alkali metal-based catalysts for hydrophosphina-
tion and hydrophosphorylation reactions, highlighting their advantages of non-toxicity,
abundant availability, and environmentally friendly properties. Among these, metal
bis(trimethylsilyl)Jamides (M-HMDS, where M = Li, Na, and K; HMDS = N(SiMes)z2)
have shown particular effectiveness. The reaction outcomes are significantly influ-
enced by the choice of alkali metal and the steric properties of the phosphorous-bound
substituents. However, it should be noted that there is no fundamental understanding
of electronic and steric control for these reactions, particularly regarding predictive ex-
perimental and theoretical capability, due to the absence of directing d-orbitals in these

metals.

Aiming to form stereo- and regioselective P—C bonds via alkali metal-catalysed
reactions, this work adopts a comprehensive approach that combines experimental
and theoretical methods. This strategy aims to elucidate the mechanistic steps in-
volved in these reactions, identify the key factors governing stereo- and regioselectiv-
ity, and ascertain the most suitable alkali metal for these processes. The integration
of experimental and theoretical approaches provides insight into which steps influence
regio- and stereoselectivity and enables us to understand why these reactions do not

happen with several combinations of alkali cation and P-bound substituents.

The thesis begins with an introductory chapter that provides a brief overview of
s-block metal catalysis. The second chapter details the computational methodology
employed. DFT calculations were performed using the B3LYP functional, comple-

mented by Grimme's D3BJ correction to account for dispersion effects. The
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experimental solvent (THF) was modelled using both a continuum model (SMD) and
a hybrid cluster-continuum model, incorporating several THF solvent molecules. This
methodology was applied to study the addition of P(lll) and P(V) compounds to un-
saturated hydrocarbons and the subsequent oxidation of the formed products. The
light-induced formation of the [2+2] adduct was analysed using Time-Dependent DFT
(TD-DFT) with CAM-B3LYP for improved agreement with UV-vis spectra, while the
Harvey group's program was utilized to locate minimum energy crossing points

(MECP) between singlet and triplet states.

In the first chapter of the results section of this thesis, computational methods
were used to elucidate the reaction mechanisms of the Pudovik reaction, employing
M-HMDS (M = Li, Na, and K) as a catalyst. This work builds on previous experimental
results published by Prof. Westerhausen's group at Jena University. The research
aimed to investigate how variations in alkali cations (decreased reactivity for smaller
congeners) and the nature of the P-bound group (R = Mes, Mes/Ph, Ph, OEt, and Cy)
influenced the intricacies of the reaction processes, as well as the factors governing
the regio- and stereoselectivities of the reaction. This study sought to uncover the
complexity of these mechanisms and proposed a detailed description of each step
involved, with the formation and deactivation of active species being the essential first
step for the reaction to occur. In this chapter, we proposed mechanisms concerning
the formation of Z- and E-isomeric mono-hydrophosphorylated products, bisphosphor-
ylated products, and 2-benzyl-1-mesityl-5,7-dimethyl-2,3-dihydrophosphindole 1-ox-
ide.

In the subsequent chapter, we investigated the addition of mesityl phosphine to
1,4-diphenylbutadiyne, promoted by the same catalysts (M-HMDS; M = Li, Na, and K)
as in the previous chapter. This reaction yielded 1-mesityl-2,5-diphenyl phosphole as
the sole product, with quantitative conversion verified by 3'P NMR spectroscopy. In
this chapter, we proposed a mechanism for the formation of 1-mesityl-2,5-diphenyl
phosphole and computed the Gibbs energy profile for its formation. The reactivity trend
observed here mirrored that of the previous chapter: K-HMDS displayed the highest
reactivity, Na-HMDS showed intermediate reactivity, and Li-HMDS exhibited limited
reactivity in both hydrophosphination and hydrophosphorylation reactions. Notably,
DFT calculations confirmed the same correlation between the chemical hardness of

the alkali metals and their catalytic activity, as observed experimentally in both this
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chapter and the previous one. Additionally, the formation and deactivation of the active
species were identified as key steps determining the different reactivities observed

among the catalysts in this chapter.

Finally, in the last chapter of this thesis, we integrated experimental results with
computational analysis to elucidate the underlying reaction mechanisms for the oxida-
tion of 1-mesityl-2,5-diphenylphosphole, synthesized in the previous chapter, and its
subsequent dimerisation into a [2+2] adduct under visible light irradiation. Additionally,
comparative computations for the [4+2] Diels-Alder cycloaddition were performed to

provide a broader contextual understanding of these processes.

Overall, this thesis demonstrates the viability of using alkali metal-based cata-
lysts for the addition of P(lll) and P(V) compounds to unsaturated hydrocarbons,
achieving the formation of new P-C compounds in an atom-efficient manner. The re-
search offers important experimental and mechanistic insights into the electronic and
steric factors that affect these reactions and emphasizes the critical role of selecting
the appropriate M-HMDS catalysts. Both theoretical and experimental findings con-
firmed that these cations are not merely "spectator" species but play a crucial role in
the outcome of these reactions. Their involvement should be considered at each step
of the reaction process. These findings advance the development of sustainable syn-
thetic methodologies for organophosphorous compounds and provide fresh perspec-
tives on the reactivity of alkali metal catalysts, setting the stage for future research
aimed at improving the efficiency and scope of these catalytic processes in organic

synthesis.

Keywords: Organophosphorous compounds, hydrophosphination, hydrophosphory-
lation , alkali- based catalysts, Density Functional Theory (DFT), Pudovik reaction, 1-

mesityl-2,5-diphenylphosphole, [2+2] photodimerisation of phosphole oxides
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Resumen

Esta tesis tiene como objetivo avanzar en la comprension y desarrollo de reac-
ciones que producen compuestos organofosforados mediante un enfoque integral que
combina metodologias experimentales y computacionales. El enfoque central radica
en la adicién de especies de fésforo(lll) y fosforo(V) a hidrocarburos insaturados a
través de reacciones de hidrofosfonilacién y hidrofosforilacion, que se distinguen por
su formacion de enlaces P-C con economia atomica. Estas transformaciones son
cruciales para una sintesis eficiente de compuestos organofosforados, pero involu-
cran retos cinéticos y electrostaticos significativos, lo que requiere el uso de cataliza-

dores para una exitosa ejecucion.

Esta tesis explora el uso de catalizadores basados en metales alcalinos para
reacciones de hidrofosfonilacion e hidrofosforilacién, destacando sus ventajas como
la no toxicidad, abundancia y propiedades respetuosas con el medio ambiente (exclu-
yendo el berilio). Entre estas, las bis(trimetilsilillamidas de metales (M-HMDS, donde
M = Li, Na, y K; HMDS = N(SiMe3)2) han demostrado ser particularmente efectivas.
Los resultados de la reaccion estan significativamente influenciados por la eleccion
del metal alcalino y las propiedades estéricas de los sustituyentes unidos al fosforo.
Sin embargo, cabe sefalar que aun no hay una comprensién profunda del control
electronico y estérico para estas reacciones, particularmente en lo que respecta a la
capacidad predictiva tanto experimental como tedrica, entre otras cosas debido a la

ausencia de orbitales d directores en estos metales.

Con el objetivo de formar enlaces P—C estereoespecificos y regioselectivos a
través de reacciones catalizadas por metales alcalinos, este trabajo adopta un enfo-
que integral que combina métodos experimentales y tedricos. Esta estrategia tiene
como objetivo dilucidar las etapas del mecanismo involucradas en estas reacciones,
identificar los factores clave que gobiernan la estereo- y regioselectividad, y determi-
nar el metal alcalino mas adecuado para estos procesos. La integracion de enfoques
experimentales y tedricos proporciona informacién sobre qué pasos influyen en la re-
gio- y estereoselectividad y permite comprender por qué estas reacciones no ocurren

con varias combinaciones de cationes alcalinos y sustituyentes unidos al fésforo.

XXXii



La tesis comienza con un capitulo introductorio que proporciona una breve vi-
sion general de la catalisis de metales del bloque s. El segundo capitulo detalla la
metodologia computacional empleada. Se realizaron céalculos DFT utilizando el fun-
cional B3LYP, complementados por la correccion D3BJ de Grimme para tener en
cuenta los efectos de dispersion. El disolvente experimental (THF) fue modelado uti-
lizando un modelo de continuo (SMD) y un modelo hibrido de cluster-continuo, incor-
porando varias moléculas de disolvente de THF. Esta metodologia se aplico para in-
vestigar la adicion de compuestos de P(lll) y P(V) a hidrocarburos insaturados y la
posterior oxidacién de los productos formados. La formacién inducida por la luz del
aducto [2+2] fue analizada utilizando DFT Dependiente del Tiempo (TD-DFT) con
CAM-B3LYP para mejorar el acuerdo con los espectros UV-vis, mientras que se utilizd
el programa del grupo de Harvey para localizar los puntos de cruce de energia minima

(MECP) entre estados singlete y triplete.

En el primer capitulo de la seccidn de resultados de esta tesis, se utilizaron
metodos computacionales para dilucidar los mecanismos de reaccion de la reaccion
de Pudovik, empleando M-HMDS (M = Li, Na, y K) como catalizador. Este trabajo se
basa en resultados experimentales previos publicados por el grupo del Prof. Wester-
hausen en la Universidad de Jena. La investigacion tenia como objetivo investigar
cémo las variaciones en los cationes alcalinos (disminucion de reactividad para los
congéneres mas pequefos) y la naturaleza del grupo unido al fésforo (R = Mes,
Mes/Ph, Ph, OEt y Cy) influian en la complejidad de los procesos de reaccion, asi
como en los factores que gobernaban la regio- y estereoselectividad de la reaccion.
Este estudio busco desentraiar la complejidad de estos mecanismos y propuso una
descripcion detallada de cada paso involucrado, siendo la formacién y desactivacion
de especies activas el primer paso esencial para que la reaccion ocurra. En este ca-
pitulo, se proponen mecanismos relacionados con la formacién de productos mono-
hidrofosforilados Z y E-isémeros, productos bisfosforilados y 2-benzil-1-mesityl-5,7-
dimetil-2,3-dihidrofosfindol-1-6xido.

En el capitulo siguiente, se investiga la adicion de fosfina mesityl a 1,4-difenil-
butadiyno, promovida por los mismos catalizadores (M-HMDS; M = Li, Na y K) que en
el capitulo anterior. Esta reaccion produjo 1-mesityl-2,5-difenil fosfol como unico pro-
ducto, y la conversion cuantitativa fue verificada utilizando espectroscopia de RMN de

3P, En este capitulo, se propone un mecanismo para la formacion de 1-mesityl-2,5-
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difenil fosfol y se computa el perfil de energia de Gibbs para su formacion. La tenden-
cia de reactividad observada reflejo la del capitulo anterior: K-HMDS mostro6 la mayor
reactividad, Na-HMDS mostré reactividad intermedia y Li-HMDS exhibié reactividad
limitada tanto en reacciones de hidrofosfanilacion como de hidrofosforilacién. Nota-
blemente, los calculos DFT confirmaron la misma correlacion entre la dureza quimica
de los metales alcalinos y su actividad catalitica, como se observo experimentalmente
en este capitulo y en el anterior. Ademas, se identificaron la formacién y desactivacion
de las especies activas como pasos clave que determinan las diferentes reactividades

entre los catalizadores en este capitulo.

Finalmente, en el ultimo capitulo de esta tesis, se combinan resultados experi-
mentales con analisis computacional para dilucidar los mecanismos de reaccion sub-
yacentes a la oxidacion de 1-mesityl-2,5-diphenylphosphole, sintetizado en el capitulo
anterior, y su posterior dimerizacion en un aducto [2+2] bajo irradiacion de luz visible.
Ademas, se llevan a cabo calculos comparativos para la ciclacién Diels-Alder [4+2]

para proporcionar una comprension contextual mas amplia de estos procesos.

En general, esta tesis demuestra la viabilidad del uso de catalizadores a base
de metales alcalinos para la adicion de compuestos de P(lll) y P(V) a hidrocarburos
insaturados, logrando la formacion de nuevos compuestos P—-C con economia ato-
mica. La investigacion ofrece importantes perspectivas experimentales y mecanisti-
cas sobre los factores electrénicos y estéricos que afectan estas reacciones y enfatiza
el papel critico de seleccionar los catalizadores adecuados de M-HMDS. Tanto los
hallazgos tedricos como experimentales confirmaron que estos cationes no son me-
ramente especies "espectadoras”, sino que desempefian un papel crucial en el resul-
tado de estas reacciones. Su participacidon debe considerarse en cada paso del pro-
ceso de reaccion. Estos hallazgos avanzan el desarrollo de metodologias sintéticas
sostenibles para compuestos organofosforados y proporcionan nuevas perspectivas
sobre la reactividad de los catalizadores de metales alcalinos, sentando las bases
para futuras investigaciones destinadas a mejorar la eficiencia y el alcance de estos

procesos cataliticos en la sintesis organica.

Palabras clave: compuestos organofosforados, hidrofosfanilacién, hidrofosforilacion,

catalizadores a base de metales alcalinos, Teoria del Funcional de la Densidad (DFT),
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reaccion de Pudovik, 1-mesitil-2,5-difenilfosfol, fotodimerizacion [2+2] de 6xidos de

fosfol.
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Resum

Aquesta tesi es dedica a avancgar en la comprensio i el desenvolupament de
reaccions que produeixen compostos organofosforats mitjangant una combinacio
completa de metodologies experimentals i computacionals. L'enfocament central és
I'addicio d'espécies de fosfor(lll) i fosfor(V) a hidrocarburs insaturats mitjangant reac-
cions d'hidrofosfonilacio i hidrofosforilacio, notables per la seva formacié d'enllagos P-
C des del punt de vista de 'economia atomica. Aquestes transformacions son crucials
per a la sintesi eficient de compostos organofosforats, perd impliquen importants rep-
tes cinétics i electrostatics, cosa que requereix |I'us de catalitzadors per a una execucio

reeixida.

Aquesta tesi explora I'Us de catalitzadors basats en metalls alcalins per a reac-
cions d'hidrofosfanilacio i hidrofosforilacio, destacant els seus avantatges tant de no
toxicitat com abundancia, i propietats respectuoses amb el medi ambient. Entre
aquests, les bis(trimetilsilillamides metal-liques (M-HMDS, on M = Li, Na, i K; HMDS
= N(SiMe3)2) han demostrat una eficacia particular. Els resultats de la reaccio estan
significativament influenciats per I'eleccié del metall alcali i les propietats estériques
dels substituents units al fosfor. Tanmateix, cal tenir en compte que no hi ha una com-
prensié fonamental del control electronic i estéric per a aquestes reaccions, especial-
ment pel que fa a la capacitat predictiva experimental i tedrica, a causa principalment

de l'abséncia d'orbitals d directors en aquests metalls.

Amb l'objectiu de formar enllagos P-C estereo- i regioselectius mitjancant reac-
cions catalitzades per metalls alcalins, aquest treball adopta un enfocament integral
que combina métodes experimentals i tedrics. Aquesta estratégia pretén elucidar les
etapes dels mecanismes implicats en aquestes reaccions, identificar els factors clau
que governen l'estereo- i la regioselectivitat, i determinar el metall alcali més adequat
per a aquests processos. La integracié dels enfocaments experimentals i tedrics pro-
porciona informacié sobre quins passos influeixen en la regio- i estereoselectivitat i
ens permet entendre per qué aquestes reaccions no es produeixen amb diverses

combinacions de catié alcali i substituents units a P.

La tesi comenga amb un capitol introductori que ofereix una breu visié general

de la catalisi de metalls de bloc s. El segon capitol detalla la metodologia
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computacional emprada. Els calculs DFT es van realitzar utilitzant el funcional B3LYP,
complementat per la correccié D3BJ de Grimme per tenir en compte els efectes de
dispersio. El dissolvent experimental (THF) es va modelar utilitzant tant un model con-
tinu (SMD) com un model hibrid de cluster continu, incorporant diverses molécules de
dissolvent THF. Aquesta metodologia es va aplicar per estudiar I'addicié de compos-
tos de P(lll) i P(V) a hidrocarburs insaturats i la posterior oxidacio dels productes for-
mats. La formacié induida per la llum de I'adducte [2+2] es va analitzar mitjangcant DFT
dependent del temps (TD-DFT) amb CAM-B3LYP per millorar la concordanga amb
els espectres UV-vis, mentre que el programa del grup Harvey es va utilitzar per loca-

litzar punts de creuament d'energia minima (MECP) entre els estats singlet i triplet.

En el primer capitol de la seccié de resultats d'aquesta tesi, es van utilitzar
meétodes computacionals per elucidar els mecanismes de reaccié de la reaccié de
Pudovik, emprant M-HMDS (M = Li, Na, i K) com a catalitzador. Aquest treball es basa
en resultats experimentals anteriors publicats pel grup del professor Westerhausen a
la Universitat de Jena. La recerca tenia com a objectiu investigar com les variacions
en els cations alcalins (disminucié de la reactivitat per a congéneres més petits) i la
naturalesa del grup unit a P (R = Mes, Mes/Ph, Ph, OEt, i Cy) van influir en les com-
plexitats dels processos de reaccid, aixi com els factors que governen les regio- i
estereoselectivitats de la reaccid. Aquest estudi va intentar descobrir la complexitat
d'aquests mecanismes i va proposar una descripcié detallada de cada pas implicat,
sent la formacié i desactivacié d'espécies actives el primer pas essencial perque es
produeixi la reaccid. En aquest capitol, proposem mecanismes relacionats amb la for-
macio de productes monohidrofosforilats isomérics Z i E, productes bisfosforilats i 1-
oxid de 2-benzil-1-mesitil-5,7-dimetil-2,3-dihidrofosfindol.

En el capitol seglent, investiguem I'addicié de fosfa de mesitil a 1,4-difenilbu-
tadii, promoguda pels mateixos catalitzadors (M-HMDS; M = Li, Na, i K) que en el
capitol anterior. Aquesta reaccié va produir 1-mesitil-2,5-difenil fosfol com a unic pro-
ducte, amb una conversio quantitativa verificada per espectroscopia de RMN de 3'P.
En aquest capitol, proposem un mecanisme per a la formacié d'1-mesitil-2,5-difenil
fosfol i calculem el perfil d'energia de Gibbs per a la seva formacié. La tendéncia de
reactivitat observada aqui va reflectir la del capitol anterior: el K-HMDS va mostrar la
reactivitat més alta, el Na-HMDS va mostrar una reactivitat intermedia i el Li-HMDS

va mostrar una reactivitat limitada tant en les reaccions d'hidrofosfanilacié com
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d'hidrofosforilacio. Cal destacar que els calculs de DFT van confirmar la mateixa co-
rrelacio entre la duresa quimica dels metalls alcalins i la seva activitat catalitica, tal
com s'ha observat experimentalment tant en aquest capitol com en I'anterior. A més,
la formacio i desactivacié de les espécies actives es van identificar com a passos clau
que determinen les diferents reactivitats observades entre els catalitzadors en aquest

capitol.

Finalment, a I'ultim capitol d'aquesta tesi, vam integrar els resultats experimen-
tals amb I'analisi computacional per elucidar els mecanismes de reaccio subjacents
per a l'oxidacié de I'1-mesitil-2,5-difenilfosfol, sintetitzat al capitol anterior, i la seva
posterior dimeritzacié en un adducte [2+2] sota irradiacié de llum visible. A més, es
van realitzar calculs comparatius per a la cicloaddicioé de Diels-Alder [4+2] per propor-

cionar una comprensié contextual més amplia d'aquests processos.

En general, aquesta tesi demostra la viabilitat d'utilitzar catalitzadors basats en
metalls alcalins per a l'addicié de compostos P(lll) i P(V) a hidrocarburs insaturats,
aconseguint la formacioé de nous compostos P-C de manera eficient des del punt de
vista de 'economia atdmica. La investigacié ofereix importants coneixements experi-
mentals i mecanistics sobre els factors electronics i estérics que afecten aquestes
reaccions i emfatitza el paper critic de seleccionar els catalitzadors M-HMDS
adequats. Tant les troballes tedriques com les experimentals van confirmar que
aquests cations no s6n només especies "espectadores”, siné que tenen un paper cru-
cial en el resultat d'aquestes reaccions. La seva implicacié s'ha de tenir en compte en
cada pas del procés de reaccio. Aquestes troballes fan avancar el desenvolupament
de metodologies sintétiques sostenibles per a compostos organofosforats i proporcio-
nen noves perspectives sobre la reactivitat dels catalitzadors de metalls alcalins, pre-
parant el terreny per a futures investigacions destinades a millorar I'eficiéncia i I'abast

d'aquests processos catalitics en la sintesi organica.

Paraules clau: compostos organofosforats, hidrofosfonilacié, hidrofosforilacio, catali-
tzadors basats en alcalins, teoria funcional de la densitat (DFT), reaccié de Pudovik,

1-mesitil-2,5-difenilfosfol, fotodimeritzacié [2+2] d'0xids de fosfol
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Zusammenfassung

Diese Dissertation ist der Forderung des Verstandnisses und der Entwicklung
von Reaktionen gewidmet, die organophosphorhaltige Verbindungen durch einen um-
fassenden Ansatz erzeugen, der experimentelle und rechnergestutzte Methoden kom-
biniert. Der zentrale Fokus liegt auf der Addition von Phosphor(lll)- und Phosphor(V)-
Spezies zu ungesattigten Kohlenwasserstoffen Uber Hydrophosphination und Hydro-
phosphorylation, die sich durch ihre atomékonomische Bildung von P—-C-Bindungen
auszeichnen. Diese Transformationen sind entscheidend fur die effiziente Synthese
von organophosphorhaltigen Verbindungen, beinhalten jedoch erhebliche kinetische
und elektrostatische Herausforderungen, die den Einsatz von Katalysatoren flr eine

erfolgreiche Durchfuhrung erforderlich machen.

Diese Thesis untersucht die Verwendung von Katalysatoren auf Basis von Al-
kalimetallen flr Hydrophosphination- und Hydrophosphorylation-Reaktionen und hebt
deren Vorteile von Nicht-Toxizitat, reichhaltiger Verfugbarkeit und umweltfreundlichen
Eigenschaften hervor. Unter diesen haben sich Metallbis(trimethylsilyl)amide (M-
HMDS, wobei M = Li, Na, und K; HMDS = N(SiMe3)2) als besonders effektiv erwiesen.
Die Reaktionsprodukte werden erheblich durch die Wahl des Alkalimetalls und die
sterischen Eigenschaften der an Phosphor gebundenen Substituenten beeinflusst. Es
sollte jedoch angemerkt werden, dass es kein grundlegendes Verstandnis fur die
elektronische und sterische Kontrolle dieser Reaktionen gibt, insbesondere hinsicht-
lich der pradiktiven experimentellen und theoretischen Fahigkeiten, aufgrund der Ab-

wesenheit von dirigierenden d-Orbitalen in diesen Metallen.

Mit dem Ziel, stereo- und regioselektive P-C-Bindungen Uber alkali-metallkata-
lysierte Reaktionen zu bilden, verfolgt diese Arbeit einen umfassenden Ansatz, der
experimentelle und theoretische Methoden kombiniert. Diese Strategie zielt darauf ab,
die mechanistischen Schritte, die an diesen Reaktionen beteiligt sind, zu erlautern, die
Schlusselfaktoren zu identifizieren, die die Stereo- und Regioselektivitat steuern, und
das am besten geeignete Alkalimetall fir diese Prozesse zu bestimmen. Die Integra-
tion experimenteller und theoretischer Ansatze bietet Einblicke, welche Schritte die

Regio- und Stereoselektivitat beeinflussen, und ermdglicht es uns zu verstehen,
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warum diese Reaktionen mit mehreren Kombinationen von Alkalikationen und P-ge-

bundenen Substituenten nicht stattfinden.

Die Dissertation beginnt mit einem einfuhrenden Kapitel, das einen kurzen
Uberblick tiber die Katalyse mit s-Blockmetallverbindungen bietet. Das zweite Kapitel
beschreibt die verwendete rechnerische Methodik im Detail. DFT-Berechnungen wur-
den unter Verwendung des B3LYP-Funktionals durchgeflhrt, erganzt durch Grimmes
D3BJ-Korrektur zur Berlcksichtigung von Dispersionseffekten. Das experimentelle
Losungsmittel (THF) wurde sowohl mit einem Kontinuum-Modell (SMD) als auch mit
einem hybriden Cluster-Kontinuum-Modell modelliert, das mehrere THF-Losungsmit-
telmolekile einbezieht. Diese Methodik wurde angewendet, um die Addition von P(lll)-
und P(V)-Verbindungen an ungesattigte Kohlenwasserstoffe sowie die anschlie3ende
Oxidation der gebildeten Produkte zu untersuchen. Die lichtinduzierte Bildung des
[2+2]-Addukts wurde mit zeitabhangiger DFT (TD-DFT) unter Verwendung von CAM-
B3LYP analysiert, um eine verbesserte Ubereinstimmung mit UV-vis-Spektren zu er-
zielen, wahrend das Programm der Harvey-Gruppe verwendet wurde, um minimale
Energieubergangspunkte (MECP) zwischen Singulett- und Triplett-Zustanden zu lo-

kalisieren.

Im ersten Kapitel des Ergebnisteils dieser Arbeit wurden computergestitzte
Methoden verwendet, um die Reaktionsmechanismen der Pudovik-Reaktion zu erhel-
len, wobei M-HMDS als Katalysator eingesetzt wurde. Diese Arbeit baut auf friheren
experimentellen Ergebnissen auf, die von der Gruppe von Prof. Westerhausen an der
Universitat Jena veroffentlicht wurden. Die Forschung zielte darauf ab, zu untersu-
chen, wie Variationen in den Alkali-Kationen (verringerten Reaktivitat fur kleinere Kon-
genere) und die Natur der P-gebundenen Gruppe (R = Mes, Mes/Ph, Ph, OEt und Cy)
die Feinheiten der Reaktionsprozesse sowie die Faktoren, die die Regio- und Ste-
reoselektivitaten der Reaktion bestimmen, beeinflussten. Diese Studie wollte die Kom-
plexitat dieser Mechanismen aufdecken und schlug eine detaillierte Beschreibung je-
des beteiligten Schrittes vor, wobei die Bildung und Deaktivierung aktiver Spezies der
wesentliche erste Schritt flr das Eintreten der Reaktion war. In diesem Kapitel wurden
Mechanismen hinsichtlich der Bildung von Z- und E-isomeren mono-hydrophosphory-
lierten Produkten, bisphosphorylierten Produkten und 2-benzyl-1-mesityl-5,7-dime-
thyl-2,3-dihydrophosphindol 1-oxid vorgeschlagen.
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Im nachfolgenden Kapitel untersuchten wir die Addition von Mesitylphosphan
zu 1,4-Diphenylbutadiin, gefordert durch dieselben Katalysatoren (M-HMDS; M = Li,
Na und K) wie im vorherigen Kapitel. Diese Reaktion ergab 1-Mesityl-2,5-diphenylp-
hosphol als das einzige Produkt, und die quantitative Umwandlung wurde mittels 3'P
NMR-Spektroskopie verifiziert. In diesem Kapitel schlugen wir einen Mechanismus fur
die Bildung von 1-Mesityl-2,5-diphenylphosphol vor und berechneten das Gibbs-Ener-
gieprofil fir seine Bildung. Der hier beobachtete Reaktivitatstrend spiegelte den des
vorherigen Kapitels wider: K-HMDS zeigte die hochste Reaktivitat, Na-HMDS wies
eine mittlere Reaktivitat auf, und Li-HMDS zeigte eine begrenzte Reaktivitat sowohl in
Hydrophosphanylierungs- als auch in Hydrophosphorylierungsreaktionen. Bemer-
kenswerterweise bestatigten DFT-Berechnungen die gleiche Korrelation zwischen der
chemischen Harte der Alkalimetalle und ihrer katalytischen Aktivitat, wie sie experi-
mentell sowohl in diesem Kapitel als auch im vorherigen beobachtet wurde. Darliber
hinaus wurden die Bildung und Deaktivierung der aktiven Spezies als entscheidende
Schritte identifiziert, die die unterschiedlichen Reaktivitaten der Katalysatoren in die-

sem Kapitel bestimmen.

SchlieB3lich haben wir im letzten Kapitel dieser Dissertation experimentelle Er-
gebnisse mit computergestutzter Analyse integriert, um die zugrunde liegenden Re-
aktionsmechanismen flr die Oxidation von 1-Mesityl-2,5-diphenylphospholen, die im
vorherigen Kapitel synthetisiert wurden, und deren anschlieRende Dimerisierung zu
einem [2+2]-Addukt unter sichtbarem Licht zu erlautern. Daruber hinaus wurden ver-
gleichende Berechnungen flr die [4+2] Diels-Alder-Cycloaddition durchgeflihrt, um ein

umfassenderes Verstandnis dieser Prozesse zu ermdglichen.

Insgesamt zeigt diese Dissertation die Machbarkeit der Verwendung von alkali-
metallbasierten Katalysatoren flr die Addition von P(lll)- und P(V)-Verbindungen an
ungesattigte Kohlenwasserstoffe und erreicht die Bildung neuer P—C-Verbindungen
auf eine Atom-effiziente Weise. Die Forschung bietet wichtige experimentelle und me-
chanistische Einblicke in die elektronischen und sterischen Faktoren, die diese Reak-
tionen beeinflussen, und betont die entscheidende Rolle der Auswahl der geeigneten
M-HMDS-Katalysatoren. Sowohl theoretische als auch experimentelle Ergebnisse be-
statigten, dass diese Kationen nicht lediglich ,Zuschauer“-Spezies sind, sondern eine
entscheidende Rolle fur den Ausgang dieser Reaktionen spielen. lhre Beteiligung

sollte in jedem Schritt des Reaktionsprozesses berlcksichtigt werden. Diese
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Ergebnisse fordern die Entwicklung nachhaltiger synthetischer Methoden fur organo-
phosphorhaltige Verbindungen und bieten neue Perspektiven auf die Reaktivitat von
alkali-metallkatalysatoren, wodurch der Weg fur zuklnftige Forschungen geebnet
wird, die darauf abzielen, die Effizienz und den Umfang dieser katalytischen Prozesse

in der organischen Synthese zu verbessern.

Schlusselworter: Organophosphorverbindungen, Hydrophosphanylierung, Hydro-
phosphorylierung, Alkalimetall-basierte Katalysatoren, Dichtefunktionaltheorie (DFT),
Pudovik-Reaktion, 1-Mesityl-2,5-diphenylphosphol, [2+2]-Photodimerisierung von

Phospholoxiden
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Chapter 1: Introduction

1.1. Catalysis

1.1.1. Basic concepts and origin

Catalysis is a phenomenon recognized since ancient times, although its theory
and characteristics were not well understood until much later. Today, catalysis plays
a crucial role in the production of most chemicals used by society. The term "catalysis"
was proposed in 1835 by the Swedish chemist Jons Jakob Berzelius (1779-1848). In

an attempt to explain a series of chemical reactions and decompositions he wrote:'-3

“...the property of exerting on other bodies an action which is very different from chem-
ical affinity. By means of this action, they produce decomposition in bodies and form

new compounds into the composition of which they do not enter”.

“This new force, which was unknown until now, is common to organic and inorganic
nature. | do not believe that this is a force entirely independent of the electrochemical
affinities of matter; | believe, on the contrary, that it is only a new manifestation, but
since we cannot see their connection and mutual dependence, it will be easier to des-
ignate it by a separate name. | will call this force catalytic force. Similarly, | will call the
decomposition of bodies by this force catalysis, as one designates the decomposition

of bodies by chemical affinity analysis”.

Therefore, Berzelius employed the idea of catalysis to unify various phenomena
that could not be clarified by the prevailing notion of reactions driven solely by chemical
affinity. Initially, the term was purely descriptive because Berzelius intentionally
avoided attempting to elucidate the nature of catalysis. Specifically, he referred to a
"catalytic force" as a new phenomenon, while stressing his anticipation of explaining

its operation within the framework of electrochemical theory.

At present, IUPAC (International Union of Pure Appl. Chem.) defines catalyst as:*



“A substance that increases the rate of a reaction without modifying the overall stand-
ard Gibbs energy change in the reaction; the process is called catalysis. The catalyst

is both a reactant and product of the reaction”.
Notably, the current definition is similar to the one provided by Ostwald in 1895: °

“A catalyst is a substance that accelerates the rate of a chemical reaction without being

part of its final products”.

Therefore, a catalyst alters the rate of a reaction but does not affect the ther-
modynamic equilibrium between reactants and products. In simpler terms, in a cata-
lysed reaction, the activation energy changes whilst the Gibbs energy (AG*) remains

unaffected (see Figure 1.1).6

*uncat

AGH, uncat

reactants

potential energy

JAY S,

products

reaction coordinate
(progress of reaction)

Figure 1.1.: General schematic representation of a reaction profile for an uncatalysed

(red curve) and catalysed (purple curve) reaction.®

In addition to examining how catalysts influence reaction equilibrium, it is es-
sential to introduce Le Chatelier's Principle.” This principle states that if a dynamic
equilibrium of a system is disturbed by changing conditions, the equilibrium position
will shift to counteract the disturbance and establish a new equilibrium. Typically, cat-
alysts do not affect the position of the equilibrium since they accelerate both the for-
ward and reverse reactions equally, helping the system reach equilibrium faster with-

out altering its position. However, in some cases, catalytic species can influence



equilibrium by modifying reaction pathways or the stability of intermediates, which can

lead to changes in product concentrations.

Le Chatelier's Principle helps to explain how changes in temperature, pressure, or
concentrations of reactants or products can influence reaction equilibrium. Even when
a catalyst is present, any shifts in equilibrium caused by external factors (like temper-
ature or pressure changes) still occur, but the catalyst itself does not directly trigger
these shifts. Instead, catalysts facilitate the attainment of equilibrium by lowering the
energy barriers for both the forward and reverse reactions, allowing the system to
reach equilibrium more quickly. Therefore, while catalysts typically do not alter the
position of equilibrium, Le Chatelier's Principle reminds us that changes in external

conditions can still affect equilibrium, even in catalysed reactions.

1.1.2. Energy Barriers: Insights into Transition State Stability

Catalysts facilitate reactions by lowering the activation energy barriers required
for the reaction to proceed. The activation energy is the energy barrier that molecules
must overcome to reach the transition state and ultimately convert into products. By
lowering energy barriers, catalysts enable for molecules to reach the transition state
more easily, thereby speeding up the reaction kinetics without being consumed or al-
tered in the process.® The transition state is a fleeting, high-energy state where bonds
are simultaneously in the process of breaking and forming. Catalysts interact transi-

ently with the molecules in the transition state.®

Generally, the catalyst binds with one or more reactants and maintains this binding
throughout the transition state (TS) of the catalytic process. During this process, when
the product detaches, it either directly regenerates the original catalyst or produces a
species that will eventually reform to the original catalyst. As a result, catalysts can be
utilised in smaller quantities relative to the reactants, optimizing their efficiency in

chemical reactions.

Catalysts can reduce the energy of the highest-energy transition state by interacting
with and stabilizing a structure that resembles the transition state of the uncatalysed
reaction.? Alternatively, they may also present an entirely different reaction pathway.

The former is common in enzyme-catalysed processes, where the catalyst stabilizes



a transition state like that of the uncatalysed reaction, thereby lowering the overall
energy barrier.®,'® Organometallic compounds, on the other hand, frequently utilise
catalysts that drive reactions through a series of steps. Each of these steps has a
reduced activation energy compared to the uncatalysed reaction. As a result, although
the reaction progresses in multiple stages, the catalyst lowers the activation energy

needed for each individual step.®

1.1.3. The steps of the catalytic cycle

The series of steps involved in a catalytic reaction is commonly referred to as
the catalytic cycle, as illustrated in Figure 1.2. This sequence is often depicted in a
cyclic form because the starting point of the process coincides with the ending point
of the reaction. This cyclic representation highlights the continuous nature of catalysts,
which facilitate reactions by repeatedly binding to reactants, lowering activation ener-

gies, and returning unchanged to initiate further reaction cycles.

pre- catalyst

product Z
>/ catalyst \Xreactantx

catalyst / Z catalyst / X
KEt X+Y V'eldsy reactant Y
catalyst / XY

Figure 1.2.: General representation of a catalytic cycle

When catalysts are used in reactions, they often start as inactive precursors
that transform into active catalytic species. These active species participate directly in
the catalytic cycle, facilitating reactions by lowering activation energies and enhancing
reaction rates. Throughout this cycle, the catalytic species undergoes transformations
and reactions, promoting the conversion of reactants into products while regenerating

itself for continued use.°



However, challenges can arise in the catalytic cycle. Competing reactions may
lead to the formation of inactive species or byproducts that can deactivate the catalyst
over time, reducing its efficiency. Managing these side reactions is crucial to prolong-
ing catalyst’s lifespan and maintaining optimal reaction performance.’” Understanding
and optimisation of the catalytic cycle i.e., formation, activity and the deactivation of
the catalytic species are essential for maximising the effectiveness of catalysts in in-

dustrial processes and chemical synthesis.

The following sections will describe the nature of the catalysts used, particularly
the roles of s-block metals in catalytic cycles. They will examine different reaction
pathways facilitated by these catalysts, emphasizing their ability to enhance reaction
rates and efficiencies. Detailed case studies and experimental results will illustrate the
practical applications, setups, and outcomes of each catalytic reaction. Additionally,
challenges such as catalyst deactivation and side reactions will be addressed, along
with strategies to overcome them. This comprehensive overview will offer insights into
the mechanisms, benefits, and practical implications of the catalytic reactions studied

in this thesis.

1.2. Alkali metal-based catalysis of unsaturated bonds

The use of s-block metal-based catalysis has significantly increased in recent
years, driven by their remarkable ability to facilitate a wide variety of reactions.'%3
This broad applicability stems from their abundant availability, cost-effectiveness, and
low toxicity, with the notable exception of highly toxic beryllium.® Particularly appealing
is their role in hydrofunctionalisation reactions, which involve the addition of H-E
bonds (E = P in this thesis) across multiple bonds such as alkenes and alkynes. These
reactions are atom-efficient, enabling the chemo-selective formation of new C-P
bonds. The hydrofunctionalisation of alkynes, as depicted in Scheme 1.1, serves as
an example, yielding E- and Z-isomers. In this thesis, we will focus on the alkali metal-
mediated reactions of hydrophosphorylation and hydrophosphination.
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Scheme 1.1: Hydrofunctionalisation of alkynes

These reactions present considerable challenges, due to the inherent unfavor-
ability of a base lone pair approaching the electron-rich m-system of an unsaturated
bond.™ Additionally, the entropic penalty associated with intermolecular hydrofunc-
tionalisation makes these processes highly disfavoured.'® Overcoming these hurdles

requires a catalyst to reduce the high activation barrier and facilitate the reaction.®

s-Block metal-based catalysts achieve catalysis by deprotonating the protic
substrate to generate highly nucleophilic species capable of adding to the carbon at-
oms of unsaturated bonds, thereby forming new C—E bonds. Nonetheless, the out-
come of these reactions strongly depends on the nature of the alkali metal and the
type of P-bound substituents. Notably, the outcome of the reaction will also depend on
the R-group attached onto the unsaturated bonds of alkynes and alkanes, however
this is out of scope for this thesis.'”-'® Hitherto, it has been observed that when P-
bounded group is an aryl group, E/Z-isomerization readily occurs in solution, compli-
cating the isolation of a specific isomer. This phenomenon can be explained by charge
delocalization, which weakens the C=C double bond of the alkenyl group.'2° This will

be discussed more into detail in Scheme 1.4.

It should be noted that there is no fundamental understanding of electronic and
steric control for these reactions, particularly in terms of predictive capability, because
alkali metals lack directing d-orbitals. Moreover, the limited exploration of these ele-
ments can be attributed to several challenges, including their short-lived reactivity,
pronounced sensitivity to air and moisture, and a lack of synthetic expertise. Conse-
quently, their use has largely been confined to controlled laboratory environments,

highlighting the need for more comprehensive investigations.810.14

With the aim of forming stereo- and regioselectivity C-E bonds via alkali-metal
catalysed reactions, this thesis focuses on a combined approach involving experi-
mental and computational methods to determine the mechanistic steps of the catalytic

cycle by which these reactions ensue, to identify and underline the decisive factors



which govern the stereo- and regio-selectivity of the products and to ascertain which

alkali metal is the most suited one to be utilised as part of the catalyst.

The atomic sizes and charges of s-block elements result in highly electroposi-
tive cations with Lewis acidic properties, often paired with nucleophilic anions. These
features enable interactions with the 1T-bonds of unsaturated compounds, a prerequi-
site for hydroelementation reactions. In hydrofunctionalisation, such interactions are
crucial for bringing nucleophilic species into close proximity with the 1-bonds of al-
kynes.'”2' This coordination facilitates substrate activation, allowing the metal catalyst

to efficiently promote the desired functionalisation reactions.??

Computational calculations of s-block metal-promoted processes offer a prom-
ising approach to addressing key questions about these reactions. However, this area
has received comparatively less attention than the extensively studied transition metal-
catalysed systems. Unlike transition metals, which guide reactions through orbital
overlap interactions described by the Dewar-Chatt-Duncanson model, s-block metal
interactions with electron-rich sites (Lewis bases) are primarily non-directional and

jonic in nature.?3

Additionally, it is worth noting that s-block metals exhibit redox inertness due to
their inability to undergo oxidative addition and reductive elimination reactions, which
are characteristic of transition metals.'* Consequently, the catalytic mechanisms in-
volving s-block metals differ fundamentally from the catalytic mechanisms of transition
metal-based catalysts.'® Depending on the nature of the catalyst rather than the nature
of the metal, a radical mechanism might proceed.?’ Scheme 1.2 depicts a general
catalytic cycle for the hydroelementation of alkynes with substrates containing H-P

bonds; (hydrophosphination or hydrophosphorylation).
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Scheme 1.2: General catalytic cycle for hydroelementation of alkynes. This cycle will
be extended to substrates containing H-P bonds, specifically in the processes of hy-

drophosphination and hydrophosphorylation. Adapted from ref.24

Depending on the nature of the catalyst rather than the nature of the metal, a
radical mechanism might proceed.?' Additionally, obtaining experimental evidence for
these reactions is particularly challenging due to the difficulty in characterising and
isolating key intermediates. Therefore, it is not surprising that both experimental and

computational studies on s-block mediated reactions are relatively limited.2%26

An example of the application of s-block metals in catalysis includes hydrophos-
phinylation and hydrophospholyation. This methodology has been explored by various
research groups, including notable work by the Westerhausen group and recent con-
tributions from the Hevia group (see Scheme 1.3). These studies demonstrate the
versatility of s-block metals in catalysing reactions involving 1r-system activation,

showcasing their potential in synthetic organic chemistry and materials science.?22728
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Scheme 1.3: Hydrophosphination and hydrophosphorylation of unsaturated com-

pounds via s-block metal-based catalysts.

In Scheme 1.3, three distinct s-block metal-mediated hydrophosphination and
hydrophosphorylation reactions of unsaturated compounds via s-block metal-based
catalysts are depicted. Under (a), we depicted an example from the Westerhausen
group in which they presented successful heterobimetallic potassium magnesiate cat-
alyst for the catalytic hydrophosphinylation of styrenes, exploiting s-block cooperativ-
ity.22 Under (b) is presented a latter study by the same group in which they studied
alkali- and alkaline-earth metal amides [M{N(SiMe3)2}n; M = group 1 (n=1), M = group
2 (n=2)] for the hydrophosphinylation of arylacetylenes, with heavy alkali-metal amides
proving to be the most effective catalysts, while lighter metals exhibited poor activity.?”
Lastly, under (c), Hevia et al. investigated the heterobimetallic K/Mg complex, a very
effective catalyst for the hydrophosphination of substituted alkynes (R-C=C-R, R =
Me, Ph).2? With these three examples, we get a glimpse into the diverse world of alkali-
metal-mediated hydrophosphinylation and hydrophosphorylation reactions. As it may
be observed, these reactions generally favour the formation of anti-Markovnikov
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addition products, with only a few exceptions.?'222% This selectivity arises from the
stabilisation of the transition states during the addition step, which effectively directs

the reaction towards the anti-Markovnikov pathway.

In 2018, the Westerhausen group investigated intermolecular hydrophosphor-
ylation of various alkynes (R;—C=C-R,), utilising the same active catalytic species, K-
P(O)R,, as in the hydrophosphorylation reaction explored in Chapter 5. While this
study employed KH as the catalyst instead of M-HMDS (M = Li, Na, and K), they suc-
cessfully generated the same active species, K-P(O)R,. Since both systems share the
same active catalytic species and involve the same substrates undergoing addition
reactions, we will discuss their proposed mechanism for the thermal isomerisation as
determined from the NMR studies in the Scheme below. Notably, a mechanism for
formation was proposed, though it was not confirmed through NMR studies in the pa-
per. In Chapter 5, we propose the same mechanistic steps for the formation of the

alkenylphosphineoxides.

A) )
I Ro
Mes/l\,/I 4 (E)
5 mol% SRy
R—=R, + HP(OMes, —K"(OIMes, 49-86%
65 °C, THF
R, = H, Ph, alklyl o R
R, = aryl, alkyl I H
Mes™ | 4 (2)
Mes Ry
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Scheme 1.4: KP(O)Mes2-catalytzed hydrophopshorylation reaction on alkynes. De-

aggregation depicted for trimethylsiliyl subsituted alkyne substrate.

The thermally driven E/Z isomerisation observed in alkenyldimesit-
ylphosphineoxides bearing a conjugated aryl substituent at the B-position of the
alkenyl moiety has been attributed to delocalisation of positive charge across the P—
C=C-aryl segment and it has been described in Scheme 1.4., which weakens the
C=C bond and facilitates isomerisation. Crystallographic studies support this rationale,
showing a nearly coplanar arrangement between the phenyl ring and the adjacent
alkenyl fragment. Notably, such isomerisation proceeds thermally, rather than photo-
chemically. The E/Z ratio in these systems is also influenced by both the steric demand
of the P-bounded substituent and the polarity of the solvent, indicating that subtle elec-
tronic and environmental factors modulate the isomerisation equilibrium. Importantly,

in contrast to many classical transformations involving phosphorous-containing
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species, straightforward Brgnsted acid—base interactions appear to play a minor role

in this type of isomerisation process.'#21.24

In the following section, we will discuss alkaline mediated reactions with

M{N(SiMes)2}n as catalyst in more detail.

1.2.1. Catalysis by alkaline M-HMDS

In this thesis, alkali metal bis(trimethylsilyl)amides (hexamethyldisilazanides,
M-HMDS) were selected as catalysts for hydrophosphination and hydrophosphoryla-
tion reactions. Successful examples of their use were provided in the previous section;
however, we will now delve deeper into their role as catalysts and explore them in
more detail. It should be noted that these complexes are not the actual active forms of
the catalysts but the precursors which would partly generate the active species.?%-3"
They facilitate the generation of alkali metal phosphinites and phosphonates, which
act as the ultimate nucleophiles i.e. the active catalytic species. This occurs through
the deprotonation and metalation of phosphineoxides to form alkali metal phos-
phinites, and the metalation of phosphines to form alkali metal phosphonates, respec-
tively. Alkali metal bis(trimethylsilyl)amides are highly soluble in common organic rea-
gents, ensuring homogenous reaction conditions that are conducive to controlled and
efficient catalytic processes. Moreover, their widespread availability on a large scale
makes them practical choices for industrial applications and large-scale synthetic
chemistry.?83233 Scheme 1.5 illustrates an example of the hydrophosphorylation re-
action of unsaturated compounds using alkaline M-HMDS catalysts. In this thesis, we
will take a closer look at the outcome of this reaction in Chapter 4, while hydrophos-
phination reactions of unsaturated compounds promoted by alkaline M-HMDS cata-

lysts will be discussed in Chapter 5.
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Scheme 1.5: Example of hydrophosphorylation of unsaturated compounds via alka-
line M-HMDS catalysts. 28

However, in solution, M-HMDS complexes undergo aggregation and solvation
processes, which complicate the precise determination of their chemical speciation in
solvents. The degree of aggregation and solvation is solvent-dependent, as different
solvents can influence the extent of these processes.?%34-36 The formation of the active
catalytic species is only possible when the complexes are in their disaggregated form,
as only this form can proceed to generate the active species. Thus, it is crucial to
choose the correct solvent, as the solvent plays a key role in preventing aggregation

and ensuring the formation of the disaggregated, active catalytic species.

It is also important to note that the active form of the catalyst (alkali metal phos-
phinites and alkali metal phosphonates) as well as the M-HMDS catalyst tend to en-
counter issues with aggregation and solvation, depending on the solvent. Moreover,
the current literature on this topic is scarce. Additionally, alkali metal phosphinites ex-
hibit tautomerism, which further influences the concentration of the active catalytic
species in the solution. An experimental and computational study by Montchamp et al.
on the tautomerism of alkali metal phosphinites suggests that the direct P,O-proton
transfer proceeds through a strained three-membered ring.3” However, this will be dis-
cussed further in detail in the relevant subsection later in the thesis. The degree of
aggregation and solvation depends on several factors, including the alkali metal, the
solvent, the concentration in the solution, and the P-bonded group in the nucleophile.
Hence, for accurate studies, freshly prepared alkali metal phosphinites and phospho-

nates must be used.

Furthermore, the interaction between the s-block cation and the 1r-systems pre-
sent in the system will be dependent on the ion itself, with lithium cation preferable
mode of interaction with the 1r-system from the triple bonds, to the potassium with a

preferred mode of coordination with the T-system of phenyl rings.3438 On the other
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hand, sodium cation is present with middle of the road preferred mode of coordina-
tion.383% These interactions are primarily electrostatic in nature, governed by Cou-
lomb's law, which dictates that the strength of ionic interactions is proportional to the

dielectric constant (¢) of the medium and the distance between charges.*°

Solvent effect also play a crucial role, as they can significantly influence these
interactions by altering the dielectric environment.*? Considering the predominance of
ionic interactions in these complexes, achieving stereo- and regioselective outcomes
in reactions can be challenging. Different metal ions dictate the formation of distinct

products due to their varied preferences for interaction and differences in ionic ra-
dii.2"28

1.2.4.2. Phosphole Formation via Cycloaddition of 1,3-Diynes with primary phos-

phines

The cycloaddition of 1,3-diynes with primary phosphines to form 1,2,5-trisubsti-
tuted phospholes can be viewed as a special form of hydrophosphorylation (see
Scheme 1.6), thus we decided to make it into one of the research topics for this thesis.
We explored alkali metal-mediated hydrophosphorylation in the Chapter 5. The cata-
lyst-mediated addition of P—H bonds to the alkyne moieties in 1,3-diynes results in the
formation of phosphole rings, following a mechanism akin to hydrophosphorylation of
alkynes. Notably, despite the common use of alkali metal-based catalysts, alkali M-

HMDS catalysts have not been explored for this specific reaction.

3
R‘l:——RZ ﬂz-»

Scheme 1.6: Synthesis of phospholes from diynes.

Phospholes are considered derivatives of cyclopentadiene, consisting of a five-

membered unsaturated ring with a single phosphorous heteroatom.#'42 Unlike pyrrole,
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thiophene, and even weakly aromatic furan, phospholes exhibit diminished aromatic-
ity. This reduction is due to the increased pyrimidization at the phosphorous atom,
which weakens the aromatic character compared to other heteroaromatic compounds

(see Scheme 1.7).434°

R R
| |
P. N 0 S
“Bi\ /7; @ Y7 7
1 2 3 4 5
Scheme 1.7: Phosphole and its analogous compounds.

The chemistry of phospholes presents a fascinating area for exploration, largely
due to the unique capabilities of the phosphorous atom to engage in various bonding
modes and oxidation states.*64% Phospholes are characterized by distinct electronic
properties, resulting from the reduced hybridization and absence of sp-hybrid orbitals
on the phosphorous atom. Consequently, the C-P bonds in phospholes primarily form
through Tr-electrons, imparting a strong s-character to the lone pair on phosphorous.
This configuration leads to hyperconjugation between the intracyclic diene and the
exocyclic 0*(P-R) bonds, contributing to the aromaticity of the phosphole ring and

leaving the lone pair available for further chemical reactivity.5°

The versatile nature of phospholes is particularly advantageous in the synthesis
of various derivatives, which can exhibit unique photophysical properties. These prop-
erties make phospholes and their derivatives promising candidates for use in optoe-
lectronic devices, such as organic light-emitting diodes (OLEDs) and photovoltaic
cells, as well as in coordination chemistry, where they can act as ligands to form stable

complexes with transition metals.49-51-54

The majority of computational studies on phospholes concentrate on their aro-
maticity, the calculation of their inversion barriers, and their potential for forming Diels-
Alder products. These areas, while significant in the context of phosphole chemistry,

are not the focus of our research. Notably, numerous reviews are available in the
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literature are available and provide comprehensive overview on these properties of

phospholes.

1.2.2. Alkali metal-mediated formation of phospholes

Hitherto, the synthesis of phospholes appears to be predominantly driven by
lithium-ion-based catalysts, suggesting a distinct catalytic role for lithium in these
transformations.*6%% This limited body of work highlights the need for further computa-
tional studies to enhance our understanding of the phosphole formation mechanism.
These studies notably implemented lithium-based catalysts, further emphasising their

importance in driving the reaction.

Notably, in the mechanism it is suggested the formation of phosphaallylic inter-
mediates, which, depending on the reaction conditions transform either to phosphetes
or the corresponding phospholes. Building on these findings, it is essential to consider
the potential formation of their constitutional isomers, phosphetes, when examining
the mechanism of phosphole formation. Phosphetes feature a four-membered heter-
ocyclic motif with an exocyclic methylene unit and can be constructed via a rearrange-
ment in the coordination sphere of transition metal fragments. As the reaction pro-
gresses, contingent to the reaction’s conditions conversion will proceed either to phos-

pholes or analogous phosphetes (see Scheme 1.8).
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Scheme 1.8: Synthesis of B-silyl phosphole and the corresponding phosphete and
their desilylation to B-H phosphetes B-H phosphole.>®

Since our focus is on phospholes and their formation, we will not review the
postulated reaction mechanism for the formation of phosphetes, however, detailed

discussion regarding this aspect can be found in the respective paper.%®

Notably, the synthesis of phospholes bearing germyl and stannyl substituents
was reported by the same research group in two sequential studies, the latter of which
(published in 2023) proposed a DFT mechanism for their formation, in a manner sim-
ilar to their previous work.%® It is important to note that the mechanisms presented in
both studies did not include explicit lithium cations, but instead relied on a "naked"
anionic system. This computational simplification, while practical, introduces certain
assumptions regarding the nature of the reactive intermediates and the influence of

metal coordination.

In their proposed mechanism, the key step involves the nucleophilic addition of
a phosphanide anion (PhPTMSLI) to a 1,4-diphenylbutadiyne backbone. This step
proceeds with an activation barrier of 8.6 kcal mol™, followed by a silyl group migration
that stabilises the resulting vinyl anions. A more stable C-Si bond forms as the P-Si
bond is cleaved, with the negative charge becoming delocalised over a 1-phosphaal-
lylic Tr-system. This rearrangement occurs via a low-energy transition state (0.9 kcal
mol™), resembling an SN2-type mechanism in which the silicon atom adopts a penta-

coordinate geometry.
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Regardless of the substituent present on the phosphole, the formation of the Z-
intermediate will be initial. This isomer will tend to isomerise into its less stable E-
counterpart by 0.6 kcal mol™, driven by steric constraints that prevent the Z-isomer
from engaging in ring closure. In contrast, the E-isomer can undergo intramolecular
cyclisation via nucleophilic attack on the neighbouring alkyne unit, leading to the for-
mation of either a phosphole or a phosphete, depending on the specific carbon atom
involved in the attack. The final step of the mechanism was postulated to be a proto-
nation event. While this transformation was not investigated through computational

means, the protonated product was experimentally confirmed.

Due to the absence of any observed spontaneous ring opening of the phos-
phole or the phosphete during the reaction, it can be concluded that the corresponding
anionic species are likely trapped during the quenching step. Research has demon-
strated that the protonation step plays a critical role in determining the overall reaction
outcome, emphasising its importance in the mechanistic pathway. Interestingly, the
anionic ring-closed intermediates exhibit lower stability in comparison to their phos-
phaallylic precursors, raising questions regarding the thermodynamic driving force for
the cyclisation. Nevertheless, the irreversible nature of the protonation step appears
to shift the equilibrium towards product formation, securing the final heterocyclic

framework.

1.2.2.1. Oxidation of phospholes

Phospholes undergo diverse reactions, particularly chalcogenation processes,
with oxidation to phosphole oxides being the most prominent.5’-5° These compounds
can also engage in Diels-Alder reactions, showcasing their versatility in cycloaddition
chemistry, as well as polymerisation reactions, demonstrating their potential for func-
tionalisation. In Chapter 6, we delved into the experimental and computational aspects
of the oxidation of the phosphole, synthesized in Chapter 5, culminating in the seren-
dipitous [2+2] dimerisation of the newly formed phosphole oxide. This exploration en-
compassed a detailed analysis of the oxidation process, examining the conditions re-
quired for efficient oxidation and the resulting structural changes in the phosphole mol-

ecule.
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1.2.2.2 Side reaction of phospholes and phosphole oxides

Phospholes and phosphole oxides exhibit interesting reactivity, particularly in
the context of photochemical cycloaddition reactions. These compounds can undergo
dimerisation via [2+2] and [4+2] additions, often influenced by factors such as oxida-
tion and complexation. While the aromaticity of phospholes and their derivatives plays
a role in these processes, it is not the focus of this thesis. Instead, in this section will
introduce specific [2+2] and [4+2] photoreactions of phospholes and phosphole ox-
ides. Before proceeding into the discussion, it is important to note that phospholes and
phosphole oxides may also undergo Diels-Alder reactions, allowing for the formation
of fused polycyclic systems.5*60-62 These reactions are valuable for modifying the elec-
tronic properties and stability of phosphole-based compounds.4%5%9.6364 \While studies
have demonstrated the potential of phospholes in Diels-Alder reactions, no such prod-
ucts were obtained experimentally in this thesis. However, we did briefly explore the
formation of Diels-Alder adducts using DFT calculations. Thus, further discussions on

studies related to this aspect will be addressed in the relevant subsection of the thesis.

According to Keglevich et al. experimental findings, phospholes are stable for
a couple of days, but phosphole oxides under the same conditions rearrange to form
7-phosphanorbornene.®®-67 The instability of phospholes can partly be explained be-
cause of weak antiaromaticity. The weak aromaticity is switched upon oxidation to a
medium antiaromatic character due to transformation of a3— o* of the P atom. In this
study the [2+2] adduct was not observed. Notably, in this thesis we did not explore the
aspect of aromaticity of phospholes and its derivates, however there are several pa-

pers published on this topic. 4%67-70

In 1969 Nelson et al. presented for the first time, a [2+2]-dimer obtained by
irradiating a 1,2,5-triphenylphosphole.®® From the initial data, the stereochemistry of
the cyclobutane ring and the “head-to-tail”’, the orientation of the dimer couldn’t be

determined (see Scheme 1.10).
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[2+2] Head-to-Head Addition [2+2] Head-to-Tail Addition [4+2] Cycloddition

Scheme 1.9: Possible isomers generated via cycloaddition from photocycloadditions
with Ru(DMPP)2L]PFs complexes. 7

According to experimental data dimerisation in this instance is reversible if
higher intensity of light is applied. Attempts to trap the excited intermediate with addi-
tional olefins or acetylenes have proved futile, despite using ten-fold molar excesses
of trapping agent for the example above. Hence, it can be concluded that these sys-
tems have a strong propensity for photodimerization.®87! Although dimerisation is typ-
ically a rapid process, as mentioned for all systems, intermediates have been detected

by 3P NMR for some other phosphole oxides.”?~"4

Upon oxidation or complexation, the phosphorous lone pair on the phosphole
ring exhibits a strong tendency to undergo dimerisation via [4+2] cycloaddition, leading
to the formation of fused polycyclic structures. The substitution pattern of the phos-
phole ring plays a crucial role in determining the dimerisation behaviour, as lower sub-
stitution typically results in a less stable monomeric species, which is more prone to
undergo dimerization. Moreover, the nature of the substitution on the phosphorous
atom can further influence the reactivity, potentially altering the stability of both the
monomer and the resulting dimer. The [2+2] dimerisation relies on the UV radiation,
with the most eminent case of cis-(phosphole)2Mo(CO)s complexes. Duffy et al. in
2011 reported another dimerization, in this instance the slight change in the structure
of a biphosphole derivative’s structure causes a full switch from [4+2] to [2+2] dimeri-

zation.”"

In 2013, Marinetti et al. subjected compound (Rp)-5 ((5R)-2-((Z2)-5-
(Benzo[c]phenanthren-2-yl)oct-4-en-4-yl)-5-((1S,2R,5S)-2-isopropyl-5-methylcyclo-
hexyl)-5H-benzo[b]phosphindole 5-oxide) to photochemical cyclodehydrogenation un-
der standard conditions with iodine (I2) as an oxidant in the presence of propylene
oxide.” This reaction yielded (Rp)-5-azahelicene. Interestingly, the reaction did not
halt at the formation of (Rp)-5 but proceeded to further photochemical [2+2] cyclization
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of the phosphoindole moieties, resulting in a head-to-head dimeric structure. This cy-
clization reaction is depicted in Scheme 1.11. Six years later, the same group discov-
ered that helical phosphinamides could also undergo [2+2] cyclization.”® They demon-
strated that this cyclization could be achieved using sunlight radiation in both solid-
state and solution forms, as well as via X-ray MoKa radiation. However, attempts to

induce cyclization using CuKa radiation, were unsuccessful.

hv

I, propylene oxide
toluene/THF (1:1)

150 MW, 1.5 h (49%)

Scheme 1.10: Photochemical synthesis of dimeric bi-heterohelicenes.

The first [2+2]-dimer of phosphole oxide was reported by Arp et al. in 2021.77
This product is analogous to the phosphole dimer previously presented by Nelson et
al.®® Unlike Nelson's work, Arp's synthesis of the [2+2] dimer did not involve the prior
synthesis of the analogous phosphole, making the discovery accidental. Their re-
search focused on exploring the boundaries of phosphine oxide carriers, and they
achieved the selective formation of the phosphole dimer by reacting 1,2,5-tri-
phenylphosphole with the water adduct of di(hydroperoxy)adamantane. From a stere-
ochemical perspective, the P=0 groups in the dimer are oriented on the same side of
the ring system, forming hydrogen bonds with other identical molecules. This structural

arrangement plays a crucial role in the dimer's stability and properties.

Having provided background on alkali metal-based catalysts in hydrophosphor-
ylation and phosphination, with a specific focus on phosphole formation and subse-
quent oxidation leading to dimerization, which are the reactions explored in this thesis,
we can now proceed to the final remarks of this chapter. These reactions highlight the

diverse reactivity of alkali metal-based catalysts, opening up new opportunities for their
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use in chemical synthesis and material science, which will be explored throughout the

thesis.

1.3. Final remarks

As a summary, hydrofunctionalisation of alkynes and other 1-systems is pre-
dominantly catalysed by acids, bases, or metals, with occasional instances of radical
mechanisms. Various metal catalysts can effectively activate 1r-systems via phos-

phines or phosphine oxides, facilitating these reactions.

In a typical catalytic cycle, the initial step involves the attack of a phosphanide
(for hydrophosphination and hydrophosphination) or phosphinite (for hydrophosphor-
ylation) at an alkyne or cumulene, forming an intermediate with a reactive metal-car-
bon bond. This organometallic complex deprotonates the protic substrate, regenerat-
ing the catalyst and producing the desired product. Increased Brgnsted acidity accel-
erates protonation, but reduced Lewis basicity necessitates harsher conditions for the

nucleophilic attack on multiple bond systems.

The effectiveness of s-block metal-mediated hydrofunctionalisation of alkynes
and heterocumulenes depends on several factors. The stability of catalysts is crucial,
s-block metal phosphanides are stable, allowing for the preparation of stock solutions.
In contrast, alkali metal phosphinites are less stable, often disproportioning into solu-
ble phosphanide and insoluble phosphinate. Metal ions play a vital role through their
charge and radius, determining the electrostatic attraction to Lewis basic 1-systems.
The highly reactive metal-carbon bonds formed in intermediates facilitate substrate

deprotonation.

The solvent used in these reactions must act as a Lewis base to ensure solu-
bility of metal ions while being hemilabile to open coordination sites for substrate acti-
vation. These reactions are regioselective, generally yielding anti-Markovnikov prod-
ucts, but lacks stereoselectivity, producing E- and Z-isomers. Subsequent E/Z isom-
erization complicates the separation and isolation of specific isomers.

Substituents on substrates affect conversion rates through their electronic prop-
erties and bulkiness. Heavily shielded substrates can hinder hydrofunctionalisation re-
actions. The rate-determining step is postulated to be the approach of an anionic
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species to an electron-rich 1r-system, with rapid protonation of the intermediate organ-
ometallic complex making the pKa values of substrates less significant. Additionally,
hydrofunctionalisation reactions require an inert and moisture-free atmosphere to
avoid the occurrence of radical reactions and the disruption of both radical and ionic

pathways.

This overview highlights the crucial aspects of s-block metal catalysis in hydro-
functionalisation reactions, emphasizing the roles of catalyst stability, metal ion char-
acteristics, solvent effects, and reaction conditions in determining the efficiency and

outcome of these transformative processes.
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Chapter 2: Scope and motivation for this thesis

This thesis uses both theoretical and experimental methods to examine the
alkali metal-mediated formation of new compounds with P-C bonds, taking into
account the information in the introduction and identifying the areas that need more
research in the literature. The benefits of these reactions, such as their 100% atom
economy, low catalyst cost, and utilisation of abundant and non-toxic metals, led to
the selection of this topic. Furthermore, our work intends to investigate the role of alkali
metal cations, both in terms of their influence on reaction outcomes and the factors
that govern regio- and stereoselectivity, whereas a large portion of the existing

research on this topic has focused on transition metal-based catalysts.

In this work we incorporated two alkynes/diynes to aid us in this aim: diphenyl-
butadiyne and phenylacetylene. We made the choice to use alkynes as they are richer
with 1T-electron than alkenes hence, this would lead to increased electrostatic repul-
sion of the nucleophile. The use of alkynes would also facilitate the addition across the
C=C triple bond much more easily than across C=C double bonds. Additionally, the
alkynes tend to form considerably weaker Tr-interactions amongst the alkyne and the
metal centre of the catalyst. This interaction in itself is the driving force for the activa-
tion of the C=C triple bond for a subsequent nucleophilic attack as, rather than a sup-
pressor like in the instance on alkenes. This reaction will also be governed by the less
sterically hindered attack from the nucleophile. Additionally, this reaction yield new
compounds with P-C bonds, which may be implemented as regents are ligands for a
wide range of organic and inorganic transformation. The aims of this research together
with brief overview of the motivations for doing the research given here, are stated

below.

Objective 1: Ab initio study of postulated mechanism of action for alkali metal-
mediated Pudovik reaction for the addition across phenylacetylene and
diphenylbutadiyne with a variety of di(organiyl)phosphineoxides

Objective 2: A combined experiential and theoretical study in the alkali metal-

mediated hydrophosphination of diphenylbutadiyne.
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Objective 3: A combined experiential and theoretical study on the [2+2]

homodimerisation in P(V) derivates of 2,4-disubstituted phospholes
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Chapter 3: In silico methods

At various levels of accuracy, computational chemistry allows the possibility to
model and study varying chemical systems with different degrees of molecular com-
plexity. This chapter offers an overview of the computational methods utilised in this
thesis and a general explanation of the quantum mechanics behind them and how

they are implemented in exploring chemical reactions.

The first section of this chapter delivers a quick overview of the origins and the
fundamental principles of quantum mechanics. This is followed by how computational
chemists apply quantum mechanics with its approximations to explore chemical reac-
tions and how it allows us to acquire important information about chemical reactions.
This chapter closes with a quick overview of the methods implemented throughout the
thesis. Furthermore, the goal of this chapter is to present only a picture of the funda-
mental notions, approximations, methods, and ideas that underpin them rather than to

provide an extensive description.
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3.1. Introduction to Quantum Mechanics

3.1.1. Origin and Foundational Principles

Quantum mechanics is a fundamental theory in physics that describes the
physical properties of compounds on the scale of atoms and subatomic particles. The
inability to replicate some findings using the laws of classical mechanics results from
the so-called quantum realm. In Physics and Chemistry, this phrase refers to the point
at which quantum mechanical effects become significant. The discovery of the quan-
tum realm was the most prominent driving force for developing this new theory in the
first half of the last century. However, it is vital to remember that, despite their differ-
ences, quantum and classical mechanics are not mutually exclusive. The circum-
stances where quantum and classical mechanics concur are known as the corre-
spondence limit or classical limit. All objects must abide by the rules of quantum me-
chanics per the correspondence principle between quantum and classical mechanics.
According to the same principle, classical mechanics is only an approximation for

larger systems.’

The discretization of magnitudes of physical quantities (such as energy), which
argues that magnitudes may only have quantized or discrete values, is one of the
fundamental concepts in quantum physics. Two additional fundamental ideas derived
from QM are the wave-particle duality, which asserts that every particle possesses
both wave and particle characteristics, and the uncertainty principle. In 1927, Werner
Heisenberg formulated the uncertainty principle, which would later become one of
QM's fundamental principles.? This principle establishes an inherent limitation to the
degree of accuracy with which specific pairs of the fundamental properties of a particle,
such as the momentum and position, may be determined concurrently, i.e., the more
accurately one property is calculated, the more adversely the other one can be ascer-
tained. Consequently, QM can only offer a range of probabilities for where a particle
may be using its momentum, and the momentum probability of a particle. We can

describe this range of possibilities using a wavefunction (¥). This function depends
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on the quantum state at the "moment" of the measurement. As a result, the value does

contain some uncertainty.

On the other hand, we have eigenstates, which describe specific states with an
explicit value of a distinct measurable property. However, a system rarely exists in an
eigenstate of the observable that interests us. The wavefunction will, however, in-
stantly be an eigenstate of the observable if we perform a measurement of that ob-
servable. This thesis won't cover the discussion of wavefunction collapse in detail. The

discussion on this matter can be found in quantum mechanics books'-3.

3.1.2. The Schrodinger Equation.

The Schrédinger equation is a linear partial differential equation with an akin
role to Newton's second law in classical mechanics, i.e., it defines the evolution of the

wavefunction in time of a system. 3
. 0 A
ih 7% ¥ (x,t)=HY (x,t) (2.1)

Where H is the Hamiltonian, an operator that describes how this wavefunction
should vary in time and corresponds to the value of the system's total energy. This
operator is defined as the sum of the operator for the potential (V) and the kinetic (T)

energies.
H=V+T (2.2)

Relativistic effects are disregarded in the Hamiltonian's general definition. It is
important to note that for the first three rows of the periodic table (Z < 36), these effects
are often insignificant.* The contributions of other operators, like those describing or-
bital-orbital, spin-spin, and spin-orbital couplings, are also disregarded as they are
typically relatively minor. The Hamiltonian operator has a set of states known as ei-
genstates, whose eigenvalues are equal to their corresponding energies. The spatial
and time dependences of the wave function for these states may be addressed inde-
pendently if we assume that the Hamiltonian does not incorporate time. This assump-

tion suggests that the system is conservative as its energy level stays constant.

Y(x,t) = fO)¥(x) (2.3)
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The Schrodinger Equation may be defined as follows if we presume that the

wavefunction ¥ (x) is an eigenstate of the Hamiltonian:

1 o) 1

i TORT —lp(x)ﬁlp(x)zE (2.4)

The newly introduced E constant in this equation is the sum of the system's
energies in the quantum states specified by the wave function. Solving the differential

equation (2.4) gives the solution (2.5).
f(t) = e iEL/M (2.5)
and
HY (x) = E¥(x) (2.6)

The time-independent Schrédinger Equation can be written as shown in Eq.
(2.6). Given that the time dependence is always an exponential function of the type
described by Eq. (2.5), it is essential to remark that Eq. (2.6) can also be viewed as
the spatial component of the time-dependent Schrédinger equation (2.1). As a result,

the Hamiltonian's eigenstates can be described as:
Y(x, t) = e  E/hy(y) 2.7)

These eigenstates are known as stationary states as they generate probability
distributions independent of time, and consequently, their properties are independent
of time. The stationary state with the lowest energy value is referred to as the ground

state, while the other stationary states are known as excited states.

The time-independent Schrédinger equation is the focus of most of the tech-
niques used to examine chemical reactions, so henceforth, the equation (2.6) shall be

referred to as the "Schrédinger equation”.
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3.2. Application of Theory to Reactivity

Implementing quantum mechanics in studying reactivity has yielded the discov-
ery of multiple approximations. These approximations enable estimating values for
numerous molecular properties. In the proceeding sections an attempt to summarize
the frequent approximations we make when implementing quantum mechanics to an-
alyse chemical reactions. This section only serves as an introduction to how we ap-
proach such analysis and is not intended to be a thorough recapitulation of the theo-

retical ways to study reactivity.

3.2.1. The Born-Oppenheimer Approximation and the Concept of

Electronic Structure

The Schrodinger equation for the hydrogen atom may be solved analytically,
but it has limitations, and the same cannot be said for heavier atoms. To simplify the
procedure for solving the Schrodinger equation for molecular systems, we adopt the#
Born—-Oppenheimer approximation.”® The addition of this approximation allows us to
divide the Schrodinger equation into two parts: one part that defines the nuclear wave-
function, with the energy from the electronic wavefunction acting as a potential energy
and the second part which defines the electronic wavefunction for a fixed nuclear ge-
ometry. The two following assumptions constitute the foundation for the Born-Oppen-

heimer approximation:

e The nuclear coordinates enter the electronic wavefunction as parameters only,
while for the electronic subsystem, the nuclear momenta are not relevant as

they describe the translational motion of the molecule as a whole.

e The total wavefunction can, therefore, be factored into electronic and nuclear

terms.
lIjtot (R,T') = qjel (R,T') anuc (R) (28)
(The sets of nuclear and electronic coordinates are defined by R and r, accordingly.
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These two assumptions are based on the high mass ratio between nuclei and

electrons, which culminates in the nuclei moving slower than the electrons. Since the

mi
ratio is: —=

~ 1836 for the lightest nuclei, 1H or the proton, we can argue that this is

e—

an adequate estimation.

The two steps that comprise the Born-Oppenheimer approximation will be dis-
cussed further below. We will begin first by writing out the complete Schrédinger equa-

tion for the specified molecule:

ﬁtot"”tot (R,7) = EtotWror (R,T) (2.9)

The Hamiltonian operator consists of five contributions to the system's total en-

ergy. The H can be expressed in the following form:

ﬁtot = Ttot + I71:ot = (Tel + Tnuc) + (Vne + Vee + Vnn) (2-10)

With each of the terms defined as:

n
N 1
Ty = — > ZVLZ Electronic kinetic energy (2.11)
i
1w 1
== _ _ - _ 2 - "
T e = 5 ZMK vi Nuclear kinetic energy (2.12)
V., = ZV? Coulombic electron — electron repulsion energy (2.13)
i<j
n N 7
V= — Z Z —K Coulombic nuclear — electron attraction energy (2.14)
G Tk
n
S ZyLZy .
Von = Z " nuclear — nuclear repulsion energy (2.15)
<1 K

where [ and k run over all nuclei, and j and i over electrons. The number of the
nuclei and the electrons in the above equations are expressed as N and n correspond-

ingly. The internuclear distance is denoted as ry;, the electron-nuclei distance as ry,
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and the electron-electron distance as r;;. The terms M and Z represent the mass and

the charge of the nuclei.

Assuming that electrons are moving in the potential of fixed nuclei, and that
they are faster that the latter we can exclude the term for nuclear kinetic energy from
the above equation. Additionally, it is important that the repulsion among the nuclei

may be regarded as constant. The electronic Hamiltonian may be defined now as:

ﬁel = 7\Wel + (‘7ne + I’}'ee + ‘7nn) = Tel +7 (2.16)
Applying the electronic Hamiltonian to the electronic wavefunction will facilitate

the electronic state of the molecule via the following equation:
(Toy+ V)P (R1) = Upy(R)We (R,7) (2.17)

In the above equation the term U,, represents the sum of the potential and elec-
tronic energy with the nuclei at fixed coordinates. Since U, is contingent on nuclear
coordinates, a distinctive electronic wavefunction and a different electronic energy for
each nuclear position will be generated. Solving Eq. (2.17) providing us with the reso-

lution for one of the steps in the Born-Oppenheimer approximation.

Solving the electronic Schrodinger equation puts us one step closer to solving
the complete Schrodinger equation. The second step can be achieved by applying the

complete Hamiltonian onto the nuclear wavefunction.
(Tel + Tnuc + V)llunuc (R) = ErorPhuc (R) (2-18)

The electronic Hamiltonian thus, may be approximated by its average value
since electrons move significantly more quickly than nuclei. Thus, allowing the above

equation to transfer into:
(T + Un(R) ¥ (R) = Evot®u(R) (2.19)

The adiabatic potential or U, can be obtained as a solution of the electronic
Schrédinger equation. In the instance of a fixed nuclear configuration, this potential
equals the sum of the coulombic repulsion between the nuclei and the electronic
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energy. Potential Energy Surface, or PES, is the adiabatic potential determined for

various nuclear geometries.

Particularly, the nuclei travel on a potential energy surface generated by solving
the electronic Schrodinger equation in the Born-Oppenheimer approximation. This
idea that the nuclei moved on a potential energy surface sparked the development of
techniques for resolving the electronic Schrédinger equation. These approaches ena-
ble the extraction of molecular properties that can be extremely valuable in further
investigation of chemical reactions and are collectively known as electronic structure

calculations.

3.2.2. The Potential Energy Surface (PES)

The potential energy surface (PES) represents the term U,, derived from the
Born-Oppenheimer approximation by solving the electronic Schrddinger equation
(2.17) for array of nuclear coordinates. Consequently, solving the electronic Schro-
dinger equation for all an array of nuclear configurations yields the complete PES.
However, since it is a 3N-6-dimensional space (where N represents the number of
atoms), constructing the entire PES for molecules consisting of more than 3 to 4 atoms

is nearly impossible.

A common approach in computational chemistry is to limit the calculations to
the chemically relevant region as to allow extraction for pertinent data. From a chemi-
cal standpoint, the PES points where the energy is stationary relative to the nuclear
coordinates are the most enticing. Specifically, first-order saddle points and minima.
The first-order saddle points (or transition states, TSs) are points on the PES which
correspond to a maximum in one direction and minima in the rest. A 3D representation
of PES is depicted in Figure 3.1.
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Figure 3.1.: Example of 3D-representation of PES®

They provide an estimation of the reactions barrier when transitioning from one
to another minima. On the contrary, the changes in PES starting from the points cor-
responding minima are positive in all direction of the PES and as such they predict the
nuclear configuration of a molecules. Additionally, they might be observed as reaction
intermediates or stable products. Hence, when we investigate a postulated mecha-
nism and the kinetics of it for a particular reaction, we look for the reaction minima’s’
and the transition states that connect these minima on the PES. Identifying these sta-
tionary locations is not straightforward and necessitates the selection of suitable meth-
odology that strikes the balance among the computational cost and accuracy. Before
embarking onto the exploration of the PES profile we would need to make the selection
for the level of theory (e.g., Quantum Mechanics or/both Molecular Mechanics
QM/MM), the approximation method (e.g., DFT, Hartree-Fock, MP2), the basis sets
(e.g., double-{, pseudo- or polarization functions) and the model of the solvent (e.g.,

continuum vs explicit solvent). *

Extraction of the reaction energy (AE) and the energy barriers (AE¥) may be
perfromed from the PES profile upon location of the energy minima and the related
transition states. It should be noted that above mentioned potential energies are not
accurate for group of molecules (i.e., reactions), only for single molecules. Utilization
of statistical thermodynamics is prerequisite to determine the thermodynamic proper-
ties of a group of molecules, which may later be compared with experimental values.

Due to it being a complex process and as this methodology was not implemented in
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this thesis this section will not be covered in is this thesis. However, there are several

great books covering this subject in detail .47

The Gibbs energy in solution (Gs), as we shall see in the next chapters, is one
of the most common thermodynamic parameters that we compute for further compar-
ison with the experimental value. Measuring the thermodynamic attribute is not possi-
ble as there is no “Gibbs-meter”. Hence, when we are discussing "experimental Gibbs
energies" we should be cognizant that they are not exactly experimental values. The
"experimental Gibbs energies" are always founded on theoretical models. Conse-
quently, despite what the name might suggest these energies are equally theoretical
as the other Gibbs energies we calculate. Estimating the entropic contribution for a
solute in gaseous phase allows us to approximate the "experimental Gibbs energies".
This method generally yields good results despite it being a rough estimation. The
exceptions are the estimation for associative and dissociative processes as the rota-
tional and translational contributions to entropy are overstated in gaseous phase. This
overestimation originates from the molecules' reduced ability to move and rotate freely
in solution phase in comparison to gas phase, due to the presence of solvent mole-
cules. Notably, when calculating the dissociative process in both liquid and gas phases
the dissociation of molecules should also be accounted as it is a highly favourable
process. Associative processes, on the other hand, are less favourable. In the last
decades multiple approaches have been created and suggested for tacking this prob-
lem.%10 Another approach to combat the overestimation of entropy suggest consider-
ing only vibration contribution to the entropy. However, using this approach greatly
underestimates the entropy.'"-12 Ziegler et al. proposed another approximation based
on the Wertz model.'®-'5 Even though this approximation doesn’t overestimation or
underestimates the entropy, it necessitates prior knowledge of reference quantities,
but they aren’t always attainable. Another approximation proposed by Martin et al.’®,
suggests reproducing the condensed phase by calculating the Gibbs energies in gas
phase but at high pressure. In this audit the authors stated that calculating the Gibbs
energy at pressure: p = p,, RT provides an accurate estimation. In the aforementioned
formula, p,, corresponds to the solvent's experimental density, R denotes the ideal gas
constant, and T represents the temperature. Since it entails modifying the standard
state (T= 298.15 K and p = 1 atm), but it permits emulating the solvent's constraints

over the free motion of the particles, this is likewise a crude approximation.
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There are additional techniques (such as molecular dynamics simulations and
Monte-Carlo-based techniques) that might theoretically yield superior Gibbs energy
estimates. These techniques are typically only suitable for tiny systems as they are

typically computationally expensive and slow.

3.2.2.1. Minimum Energy Crossing Point (MECP)

A myriad of reactions will proceed without any change in the electronic state
when forming and breaking bonds but solely with redistribution of the electronic wave
function. Nonetheless, in the instances when the reaction occurs without explicit con-
tact, and the species contains unpaired electrons, the structural alteration will induce
a change in the total electronic spin. This phenomenon is known as spin forbidden
process. However, this process may be permitted depending on the size of the spin-
orbit coupling (SOC). This behaviour is typical for reactions involving metal complexes,

and they are also known as spin-forbidden reactions. "

seam

Figure 3.2.: (a) Schematic representation of the energy crossing seam between two
electronic states. (b) One-dimensional representation of an MECP between two elec-

tronic states. 18

Since spin-forbidden steps entail the change of some species' spin-state, de-
termining the reactivity of a process, including spin-forbidden steps, is more complex
than assessing the reactivity of a typical adiabatic reaction. To explain such reactions,
one might envision having two PESs corresponding to the two spin states. This pro-
cess is presented in Figure 3.2: (a) Schematic representation of the energy crossing
seam between two electronic states. (b) One-dimensional representation of an MECP
between two electronic states by two intersecting lines. When a modification to the

species structure moves the system into the zone where the two surfaces meet, and
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the SOC permits a transfer from one to the other, a spin shift can proceed. This trans-

formation can be diabatic or adiabatic, depending on the strength of the SOC.

In the instance of low SOC, the transformation has a probability of p, as shown
in Figure 3.1. However, in the presence of a strong SOC, the crossing area has a
mixed-spin nature, allowing the system to go to the lowest mixed-spin surface. (Figure
3.2). As a result, the crossing of two diabatic surfaces is avoided, and the behaviour

is more reminiscent of a spin-allowed reaction.

In most cases, the SOC is not powerful enough to significantly alter the energy
between a diabatic and an adiabatic state. Therefore, finding a crossover point be-
tween the two PES is beneficial for describing the reaction process. Although it is not
a stationary point, this point is called the minimum energy crossing point (MECP) and
may be found using standard computational methods.'® The use of this approach in

this thesis may be found in Chapter 6.

3.2.3. Introduction into Approximative methods

The electronic Schrédinger equation (2.17) may be precisely solved in the case
of one-electron systems, such as the H; molecule, but this is not the case for many-
electron systems. Typical remark for the Schrédinger equation in such case is that it
cannot be solved precisely due to it being a many-body interaction problem. More
precisely it means that solving the problem of N-interacting electrons as a sum of N
one-electron problems is not possible because of the electron-electron repulsive inter-
actions. To tackle this obstacle several approaches have been developed to grapple
with this electronic problem using various approximations.?° The approximate methods
for solving the electronic Schrodinger equation tend to be divided into two main cate-
gories: those based on the electron density and those based on the wavefunction. The
Hartree-Fock (HF) technique is perhaps the most essential within the first class of
methods, as the greatest number of methods are built on modifications to this method.
On the other hand, methods based on electron density have rapidly been growing in
popularity as they produce good results at economical computational cost. All the cal-
culations in this thesis were done using techniques based on the electron density.
Consequently, the next section will be dedicated to defining these approaches and the

approximations that are used to create them.
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3.3. The Density Functional Theory (DFT)

Solving the electronic Schrodinger equation (2.17) with the help of wavefunc-
tion methods entails calculating the wavefunction for a set of nuclear coordinates.
However, the wavefunction is a function of 3N spatial coordinates with additional N
spin variables, where N represents the number of electrons. Hence, the electronic
Schrédinger equation can be solved for monoelectronic systems; nonetheless, the
same cannot be said for many-electron systems due to increased complexity. This
issue may be solved by implementing an alternative approach known as Density Func-
tional Theory (DFT). The basis of this method is the electronic properties of the elec-
tron density, as opposed to the wavefunction. The key advantage of this approach is
that it simplifies the issue by making the electron density dependant only on the three

spatial coordinates (x,y,z).

The electron density p(77) is expressed as the multiple integral over all electron

spin variables and all except one spatial coordinate,

o) = N j j|w<fl,z2,..,zn)|2dsldzz dity (2.20)

given that,
d.?_C)L' = dSL'd?L' (221)

The electron density constitutes the probability of locating any of the N electrons
inside the volume element d7; but with arbitrary spin, whilst the remaining N — 1 elec-
trons have undefined locations. The spin in this is defined by ¥. The probability density
p(17) is widely recognised solely as electron density. As electrons are indistinguishable
from each other, the probability of locating any electron at a certain position is just N
times that of detecting one specific electron. Thus, p(7;) is a non-negative function
based on just three spatial coordinates that integrates to the total number of electrons

and vanishes at infinity.

p(F = ) =0, (2.22)
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f p(R)di, = N (2.23)

3.3.1. The Hohenberg-Kohn Theorems

The major theoretical pillars upon which present-day density functional theories
are postulated are the theorems established in a fundamental paper by Hohenberg
and Kohn.?" The authors presented two theorems in this publication. The first theorem

reads, directly quoting from Hohenberg and Kohn's publication:

"The external potential V,,.(#) is (to within a constant) a unique functional of
p(#); since, in turn, V,,.(7) fixes H we see that the full many-particle ground state is a

unique functional of p(#) ".

The authors proved the first theorem by demonstrating that two distinct V.. ()
cannot produce the same ground-state electron density, i.e., the external potential
V... (7) is defined solely by the ground state density. Consequently, derived from this
principle, the system's ground-state properties are governed by its electron density. It
is important to note that as the total ground state energy is a function of the ground
state electron density, so must its components be. As a result, the expected value of

the system's energy may be conveyed as:

Elp] = Tlpl + Veelp] + Vielpl (2.24)

Separating the terms that are universal or independent from the terms for ex-

ternal potential, we obtain the following Eq.2.25:

Elp] = Tlp] + Vielp] + Velp] = Fuglo] + j Py Vo7 (2.25)

The Hohenberg-Kohn functional Fyk[p] amasses all the independent terms

from the above equation.

Fuklpl = Tlpl + Veelpl (2.26)
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The Schrodinger equation can be solved precisely according to Eq. 2.25 only if
we know the Fyk[p]. Additionally, as Fyy is a functional that is entirely independent of
the system, it is equally effective to any molecule regardless of size. Unfortunately,
things rarely turn out to be as simple as they first appear, and this situation is no ex-
ception. The fundamental issue in this case is that the exact form of the functional
Fyklp] is unknown. As a result, the DFT faces a significant obstacle in finding an ex-
plicit formulation for this unknown functional, which also serves as the theory's weak-
est link. From the above equations, it can be concluded that the ground state density
is, in theory, adequate to acquire all the properties of interest. To be assured that a
given density is the ground state density we seek, we must implement the second

Hohenberg-Kohn theorem.

According to the second theorem, the functional Fyx[p], which supplies the sys-
tem's ground state energy, delivers the lowest energy if and only if the input density is

genuinely the ground state density. The second theorem, in simple terms, states:

Simply applying the established variational principle for wavefunctions to the

situation at hand results in the following equation:
Ey < E[p] = Veelpl + Vaelpl + TIP] (2.27)

In the above equation the density 5(#) depicts the trial density that describes a
trial Hamiltonian, trial external potential and a trial wavefunction. It is important to note
that the last equation yields energy equal to or higher than the exact energy of the
system. Obtaining the electron density, which will minimise the energy, is the only way

to get the precise energy of the system.

[a E[p]l —0 (2.28)
ap

In summary, the second Hohenberg-Kohn principle formulates the variational
principle. Nonetheless, depicting the outcome must be done conscientiously to avoid
overinterpretation. Most common wavefunction-based methods, like the HF method,
are solely variational. Hence, the energy's expected value indicates the quality of the
trial wave function, this implies that the higher the energy, the worse the estimation of

the ground state wavefunction is. Nonetheless, in the instance where the exact
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expression for the functional is not known this is not the case. The variational principle
established by the second Hohenberg-Kohn theorem applies solely to the unknown
exact functional. Consequently, the energy produced by a trial functional has no rele-

vance in that regard.

3.3.2. The Kohn-Sham Method

As previously stated, the most significant disadvantage when attempting to
solve a system of N electrons using DFT is the inability to precisely describe the func-
tional Fyx[p]. Using an approximation equation for this functional and approximately
solving the N-electron problem provides a strategy to get around this obstacle. Assum-
ing the approximation functional Fyk[p] , it will yield us the system’s energy. The ne-
cessity to determine an approximate approximation for Fyx[p] prompted the creation
of the Thomas-Fermi-Dirac (TFD) and Thomas-Fermi (TF)methods. 2>-2* These two
approaches are commonly regarded as predecessors of present-day DFT. Addition-
ally, they constitute the underlying basis for creation of the renowned Kohn-Sham (KS)
method.?® This latter is based on revisions of the TF and TFD methods and is also
recognised as the second crucial paper of present-day DFT. Hence, before we discuss

the Kohn-Sham method, let's first make an overview of these two methods.

The general expression for the energy functional in the TF and TFD methods
is: (2.24),

The term T [p] that equates to the kinetic energy of the N-electron system may
be replaced via the pertaining functional Trr[p] for the uniform non-interacting electron
gas. The second term V,.[p], which corresponds for the electron-electron repulsion is
substituted by the exchange energy K[p] and the coulombic repulsion among a pair of
electrons J[p]. "¢ It should be noted, that term for the exchange energy is added solely
in the TFD method. Considering, the aforementioned approximations the equation for

the energy functional for the TFD method is as follows:

Erprlp]l = Trelpl + Jlpl + Klp] + Vielp] (2.30)

Having successfully established the formula for the energy functional, we may

now examine the terms appearing in it. In both methods the terms J[p] and V;,.[p] may
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be simply derived from their classical formulations as they are analysed in classical
way in both the TFD and TF methods.

Vaelp] = z f | R“p_(rzl (2.31)
ol = 5 [[ e (r:l)_p (r?) Rdr; (2.32)

For the term Tz [p] and K|[p] the following equations can be derived in instance

of non-interacting gas of electrons:

Torlpl= Cr j P53 d7 (2.33)
Klp] = — Gy j P3[R dF (2.349)
with,
3
Cr = T (312 )?%/3 =2.8712 (2.35)
and
3 3 1/3
=— (= = 0.7386 2.36
Cx 10 (n) ( )

The expression for the energy functional in the TFD (2.30), therefore, may be
obtained by including the equations for Tz[p], J[p], K[p], and V,.[p] in the equation

for the energy functional.

ETFD[P] = CF f 5/3 (‘r‘)d + — ffw dr—1>dr—2>

|7”1 - 73]

f 33 (7)d7 — ZflR“p_(?l (2.37)
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The energy functional in the TF method may be written as the above equation

but with omitted K|[p] term.

As all of terms, included in the energy functional (2.37) in the TD and TFD
methods are explicit functionals of the electronic density, the issue of the N-electron
system is streamed lined. The approximations these methods for the kinetic energy
factor are overly simplified, these two methods fail tremendously. Kohn and Sham in
1965 recognised that it would be better to focus on determining the kinetic energy as
precisely as possible, as determining accurately the kinetic energy through an explicit
functional of the density is futile.?> The fundamental notion that they suggested was to
determine the kinetic energy of a non-interacting reference system with a density iden-
tical to that one of an interacting system using the Slater determinant.?® This is a de-
terminant that defines the wave function of a multi-fermionic system in QM. By chang-
ing sign following the exchange of two electrons (or other fermions), it fulfils the anti-

symmetry criteria and the Pauli principle.

N
1
To= =5 > i IV 9) (238)
i

Despite sharing the same density, the kinetic energy of interacting system does
not match the kinetic energy of the non-interacting system. Kohn and Sham combined
this and the previous approximation from the universal functional and coined a new

term Eyx[p] (Eq.2.26). Hence, the equation for Fyx[p] may be written as:

Flp] = Tslp] +]lp]l + Exclp] (2.39)

This newly coined term is known as exchange-correlation energy, and it may

be written as:

Exclpl = (Tlp]l + Tslpl) + (Veelp]l + Jlp]) (2.40)

Both terms in the above equation serve as correcting terms. The discrepancy
among the approximate kinetic energy and the true kinetic energy is corrected by the
first two components, while the latter two terms correct the difference between the real
electron-electron and the classical J[p]. Consequently, it may be stated that the func-

tional that contains all the unknown terms is exchange-correlation energy Ex¢[p].
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By introducing the equation (2.39) into (2.25), the equation for the energy func-

tional for a real system can take the following from:

E[p(®) ] = Tslpl + Jlpl + Exclpl + Vaelp]

= _§ Z{V«pl |v2| (pi>+ ffP(H)P(Tz) d7 1d n
Zap (F) 45
+ Exclpl = 2§ [ == d7 (2.41)
Adding the constraint into the above equation that the electron density deter-

mined by the sum of the moduli of the squared orbitals ¢; explicitly equals the ground

state density of our real system of interacting electrons.

) = D D 10iE ) = po@) (242)

and subsequently imposing the restriction that the orbitals ¢; must be orthonor-

mal,
f%(F)*w,-(F) = & (2.43)
6;j=1 i=]
Finally, one can derive the Kohn-Sham equations:
1 2
(- E Vo4 veff) Qi = Qi (244)
where, the term h; represents the Kohn-Sham one-electron Hamiltonian and
is derived as:
1
hks = (— E V2+ Ueff) (245)

and the effective potential v, which is defined as:
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M
9 p(P) _, _ Z
veff(r) = f_drz + ch(rl) - _a (24‘6)
T12 e
Consequently, of the exchange-correlation energy Ex. the sole unknown term
in this last equation is the term for exchange-correlation potential Vy.. The functional

derivative of Ex. with respect to the electron density defines this potential:

OE
Vyc = agc (2.47)

It is important to note, that the Kohn-Sham method could provide the exact en-
ergy only if the exact from of the exchange-correlation energy and exchange-correla-
tion potential were established. However, they are known. Additionally, the Kohn-
Sham Eq. (2.44) must be solved continuously since the effective potential is contingent
on the electron density. To determine the effective potential for this operation, we must
first define a trial electron density using Eq. (2.46). Using this newly attained effective
potential we may then solve the Kohn-Sham equations (2.44) and to generate the
squared orbitals ¢;. Upon which, they may then be inserted into Eq. (2.46) to yield a
new electron density. Until the difference among the trial and the new electron densi-
ties fulfils the specified convergence requirement the process will be repeated contin-
uously. Upon completion, the convergent electron density may be used to determine

the energy according to the Eq. (2.41).

Solely when we select an explicit version of the related potential Vy. and the
unknown exchange-correlation functional Ey. does the approximation in this KS
method come into effect. As a result, the distinction between DFT approaches de-

pends on these unknown functionals.

3.3.3. Exchange-Correlation Functionals

Exchange-correlation functionals frequently have a limiting behaviour (high-
and low-density limit) and fit parameters to already known data. These types of func-
tionals are commonly comprised of two sections: the correlation part E. and exchange

component Ey , analogous to conventional many-body theory.

Exclp] = Exlpl + Eclp] (2.48)
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John P. Perdew, using the religious allegory of Jacob's ladder as a reference
point, presented his image of the DFT ladder that ascends from Earth (i.e., the HF
world) to heaven (i.e., the highest chemical accuracy) based on these approximations

(see Figure 3.3). %/

Heaven
highest chemical accuracy

51 Jevel: Non-local functionals

4" |level: Hyper-GGA functionals

3" Jevel: Meta-GGA functionals

2" |evel: GGA functionals

1t Jevel: LDA functionals

Figure 3.3.: Representation of Jacob's ladder (by William Blake on the right) and

graphical representation of "Petrow's functionals ladder" (on the left). 28

The significant advantage of the DFT, as noted by Perdew, is that we may move
up or down the ladder of the functionals based on what we want to accomplish. Moving
up the rungs will yield more accurate data, but the increased computational cost will
be the downside.'* Consequently, we should balance computational cost and accu-
racy fairly when selecting an exchange-correlation functional. It is important to note
that when performing the calculations, there is not one correct answer to the question
" What is the ideal functional?". The answer is singular to each case and can be de-
termined by examining the performance of the functionals vs the experimental out-

come or with high-level wave mechanics calculations.

In the following paragraphs, | will attempt to briefly outline the forms of ex-
change-correlation functionals that appear in Perdew's ladder and the approximations
behind them.
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3.3.3.1. Local Density and Local Spin Density Approximation
(LDA and LSDA)

The local density approximation (LDA) represents the exchange-correlation
functional. This approximation assumes that the density can be considered locally as
a homogeneous electron gas. The term for functional Ex. in the LDA may be ex-

pressed as:

ELR4 [p] = f f (o)d7 = B4 [p] + EE4 [p] (2.49)

The exchange functional presented in the Thomas-Fermi-Dirac method (2.34)
is analogous to the exchange part in a uniform electron gas. Hence, in the LDA ap-

proximation, the exchange energy Ey is derived as:

3 13\/3

B2l = -5 (5) [0 @ (2:50)
4 \m

There is no explicit expression for the correlation part Ex24 that has been de-

termined. Nonetheless, several authors have used highly accurate Monte Carlo nu-

merical quantum simulations to implement complex interpolation schemes to derive

analytic expressions for this term.?° The Vosko, Wilk, and Nusair (VWN) representa-

tion is one of the most commonly used. 3

The sum of the a and B densities is considered the total density in the LDA. It
is important to note that this assumption is correct only for closed-shell systems but
not for open-shell systems. When we apply the LDA to the latter instance, we get the
local spin density approximation or LSDA. In LSDA, the term for the exchange energy

can be expressed as:

3 (3\"/? 4/3 |, _4/3
Eget [p] = —(2)*/3 2 (;) f[pa + pg ]df (2.51)

Studies have provided evidence that the results obtained with LSDA and LDA
have comparable accuracy to those achieved using the HF approach.® Unfortunately,
we should not get too enthusiastic about these conclusions as analysing the energetic

properties reveals poor overall performance of these approximations. They are
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pointing to a long road ahead in developing exchange-correlation functionals before
reaching the highest chemical accuracy. The introduction of the gradient of the density
is the next step on Perdew's ladder, i.e., the generalised gradient approximation (GGA)

functionals.

3.3.3.2. The Generalized Gradient Approximation (GGA)

Attempting to account for the non-homogeneity of the electron density is the
most straightforward path to enhancing the LDA-based functionals. Considering that
the correlation and the exchange energies depend on the electron density and its de-
rivatives yields the first approximation, thus providing us with the basis for the gener-
alised gradient approximation (GGA) functional. These functionals are also known as
non-local functionals as to be differentiated from the LDA functionals. Considering
them as local functionals is more pertinent because they depend solely on the density
(and its derivatives) at a specific point rather than on a spatial volume as the HF ex-

change energy does. In GGA, the exchange-correlation functional is expressed as:
B (o] = [ £ (07 p)di = B [p] + B o (2.52)

In this approximation, the exchange portion is derived as:
B (] = B (o] = ) [ Flsp) 2 (ad (2.53)

Where F represents a function of the reduced density gradient for spin . The

term s, in eqn. 2.53 represents the local inhomogeneity parameter.

V@)
o(F) = — 7
AREre

(2.54)

The formulation of the first set of functionals began with the formulation of the
GGA exchange functional B (or B88) by Becke.3' These functionals are considered
chemist functionals as they are based on empirical parameters whose values have

been able to be reproduced experimentally. Some examples of GGA exchange

52



functionals that fall under this group of functionals are the modified Perdew-Wang
(mPW) functional, CAM and FT97.32-34

On the other hand, the physicist functions are founded on principles derived
from quantum mechanics. Examples of GGA exchange functionals based on the phys-
icist functions are the P functional from Perdew, the PBE functional from Perdew,
Burke, and Ernzerhof and the B86 functional by Becke. The analytical form of the GGA
correlation functionals is much more complex than the exchange functionals. Hence,
| will list some of the most widely utilised correlation functionals. For instance: the LYP
functional from Lee, Yang and Parr, the correlation counterpart of the exchange func-
tional P from Perdew (P or P86) and the parameter-free correlation functional by
Perdew and Wang, PW91.3%-39 Theoretically, a combination of any exchange func-

tional and all the correlations may proceed. However, only a few are presently in use.

3.3.3.3. Meta-GGA Functionals

The following rung on Perdew's ladder correlates to the meta-GGA functionals.4°
Meta-GGAs often outperform GGAs in terms of accuracy since they consider the local
kinetic energy density 7 (i.e., the Laplacian of the occupied orbitals). Notably, some
may also include the Laplacian of the density V2 p(r). The kinetic energy density (z)

is defined as the sum of all occupied Kohn-Sham orbitals in this type of functional:
1 occ
(@ = 5 ) IV (PP (2.55)
i
Compared to LDAs and GGAs, meta-GGAs can more accurately treat different

chemical bonds (e.g., covalent, metallic, and weak). The meta-GGA function is defined

as follows:

EZE4 [p] = f f (Y p,0)d? (2.56)

Examples of this functional are the correlation functional KCIS and the ex-
change-correlation TPSS, VSXC and B98. 4145
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2.3.3.4. The Adiabatic Connection: Hybrid Functionals

Another strategy that can be implemented to try and achieve a more accurate
exchange-correlation functional is to use the Kohn-Sham orbitals with the exact ex-
change energy calculated via the HF method and to incorporate the approximate func-
tionals solely missed by HF, i.e., the electron correlation. The functionals based on

this strategy are usually known as hybrid functionals.*®
Exc = Egrect + EKC (2.57)

The so-called adiabatic connection formula (ACF) links these two components of the

exchange-correlation energy.

1

Exelp] = ]0 E2, [pldA (2:58)

In the above equation A represents the coupling strength parameter (with val-
ues ranging from 0 to 1) and E,,.; term is the non-classical contribution for the electron-
electron interaction for the various values of . At 1 =0 (the integration limit), the
system becomes non-interacting system, and hence the E3° is solely comprised of
exchange. Consequently, the A = 0 (the limiting case) equates to the exact exchange.
On the other side of the limiting case 4 = 1, non-classical contributions come from the

fully interacting system that includes correlation and exchange terms.

Implementing the LDA exchange-correlation functional E5! and assuming that E2 is
a linear function of 1 yields the solution to equation 2.50. This approximation yields to
what is known as the half-and-half (HH) combination, which was proposed by Becke
[43]. The HH combination includes 50% of the LDA exchange and 50 % of the exact

exchange.

1 1
EHH = > E}=C + 3 E}=t (2.59)

BHandHLYP is one of the most commonly used variations of this combination,

and it has shown to generate excellent results for radical systems.4’

1 1 1 1
E)]{Eé—landHLYP — > ngact + 5 E)lC,SDA + > AE,?SS + > EéYP (2.60)
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Becke produced one of the most used hybrid functionals, the Becke 3 parame-
ter functional, the same year as the HH combination proposal using the same scheme.

48 The exchange-correlation expression for this functional is defined as follows:
EB2 = aEZ**" + (1 — a)EFPA + bAESR®® + ELPA + cAEPWO? (2.61)

Where a, b, and c represent multiple terms in the B3 functional. These param-
eters have the following values: a = 0.20, b = 0.72, and ¢ = 0.81. These parameters
were selected to represent multiple properties such as atomisation and ionisation en-
ergies, proton affinity and total energies as accurately as possible. Notably, the

amount of exact exchange is determined by the parameter a.

Stevens et al. proposed replacing the correlation terms in this B3 func-
tional (2.61) with the correlation functional LYP, which resulted in the creation of the
well-known B3LYP functional.*® Because the LYP functional includes a local portion
in addition to the gradient correction, the term EX WN is introduced in this functional
to eliminate this local part. This last term is equivalent to the Vosko, Wilk, and Nusair

LSDA-based correlation functional.3?
Eg2H" = aBg* et + (1 — a)Eg*4 + bAEZ®® + cEE™F + (1 — a)AEY™Y (2.62)

Since its introduction in 1994, the B3LYP functional has had remarkable suc-
cess, becoming the most commonly used functional in recent years. As a result of its
shortcomings, such as underestimation of energy barriers and a poor representation
of non-covalent interactions (e.g., van der Waals interactions), the predominance of
this functional is diminishing. °%°" The downside of B3LYP functional, is the poor de-

scription of non-covalent interactions.

3.3.3.5. Dispersion corrections

Nonetheless, enhancing the depiction of non-covalent interactions within DFT
can proceed via other alternative approaches.5'-53 Consequently, new key words and
new functionals are currently being developed. Truhlar et al.'s "MXX" family of func-
tionals stand out from these novel functionals. The first group from this set are the
MOS (MO5 and MO5-2X) functionals, followed by the MOG6 group functionals which
consist of MO6, MO6-2X, MO6-L and M06-HF function. The third set is consistent of
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the M08 functionals, which includes the M08-HX functional and last sent includes the
MN15. All these functions present with different ratio of the exact exchange. Choosing
the correct functional will be dependant on the atoms present and on the reaction
which will be followed. Truhlar et al.'s "MXX" family of functionals fill up the gap left
by the B3LYP functional as they generate better description of the non-covalent inter-
actions. These functions are able to achieve this by means of implicit parametriza-
tion."® Nonetheless, there are multiple ways of improving these interactions. The dis-
persion correction (DFT-D) method, also known as Grimme's dispersion correction, is
perhaps the most popular among these methods.?* This correction is the addition of a

dispersion energy factor, which is described as follows, to the Kohn-Sham energy.

Ngt—1 Ngt

cJ
Edisp = —S¢ z Z R_%fdmp(Rij) (263)

i=1 j=i+1 Y

In the Eq. 2.63, the term s, is a scaling factor that relies exclusively on the
density functional utilised, the N, term denotes the number of atoms in the system,
the C term represents the dispersion coefficient for atom pair ij, the f;,,, is a damping
function, and the interatomic distance is denoted through R;; . The performance of

these dispersion-corrected density functionals has significantly improved recently due

to corrections to this dispersion term. >5-%7

3.3.3.6. Hyper-GGA Functionals

We reach the hyper-GGA functionals by moving up one rung on Jacob's ladder
of functionals (Fig. 3). In the following paragraph, | will attempt to define the hyper-
GGA term.

Various articles and books define hyper-GGA functionals as functionals that
contain precise exchange. But this definition falls short because it doesn't say whether
or not a functional that incorporates a portion of exact exchange (for example, hybrid
functionals) qualifies as a hyper-GGA functional. On the other hand, other publications
maintain that the term hyper-GGA applies to functionals that incorporate a certain
amount of exact exchange. Consequently, this final definition suggests that hybrid

functionals may be considered hyper-GGA functionals. It can be deduced from the
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literature that this term has two distinct concepts and, as such, remains shrouded in a
veil of uncertainty. Despite what one may assume, the hyper-GGA functionals do not
mark the highest level on Perdew's ladder. Instead, another rung is still to be attained

before reaching the peak of accuracy.

The last rung on the latter is for the fully non-local functionals. These functionals
optimise the correlation element by assessing a part of it precisely and incorporating
the exact exchange. The interaction strength interpolation (1Sl) and the generalised

random phase approximation (RPA) are some examples of these types of function-
als.58-1

3.3.4. Self-Interaction Error

An additional issue concerning DFT methods is the so-called self-interacting
error. 2The simplest way of explaining this error is by comparing the energies obtained
with the HF and the Kohn-Shan method for a one-electron system. These methods
were selected as the HF method is free of self-interaction errors. Hence, we will begin
with it. The equation for the electronic energy in the HF approach has not been entirely
derived in this thesis. However, | will implement this expression to convey the idea of
self-interaction error. Numerous general quantum chemistry books contain information

on how this equation was derived.

The electronic energy of the system according to the HF is presented in the

following Eq.:

N| =

ZZ(]U .9 (2.64)

i=1j=1

Epr = & —

N N N
i=1

Where the Jand K are the Coulombic and exchange integrals, respectively, and
g; is the energy of the electron i. The terms J and K are equal with opposite signs in
the case of a one-electron system; hence, they can annul each other. This results in

a complete cancellation of the electron's self-interaction i.

Conversely, the electronic energy in the KS method is given by:

Elp(®] = Ts[pl +Jlp]l + Exclpl + Vaelp] (2.65)
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With the term J[p] Defined as:

J‘J‘ p(rl),l)(rz) = d7 (2.66)

Iy —

The term J[p] will not cancel out altogether the term Ey. like in the above in-
stance, as this term also contains the density interaction itself. This lack of complete
cancellation is due to the approximate expressions we must do for the unknown term
Exc. The self-interaction corrected (SIC) form of Perdew and Zunger's approximate

functionals offers a solution to this issue.®?

3.4. Basis set

Roothaan, in 1951 proposed the use of spatial basis functions to solve differ-
ential equations in the HF approximation. Hence, these equations were transformed
into a set of algebraic equation that could be solved using matrix methods. An ensem-
ble of functions that characterise the motion of electrons in space makes up a specific
basis set. Choosing the right basis set is of crucial importance for calculating the
mechanism since it determines the way the calculation ensues. Presently, there are
multiple basis sets accessible. They were designed to enhance electron behaviour by
emphasising specific properties. This thesis does not aim to provide a comprehensive
discussion of these sets however, such may be found in textbooks'®. Here, we will
only shortly discus the two most common type of functions. The Slater-type orbitals
(STOs) and Gaussian-type orbitals (GTOs).

gOSTO =N yn—1le—Sr Ylml (2.67)
and,
(pGTO = N r2n—2-lp=Gr? Ylml (2.68)

In the above equations (2.67 and 2.68) N represents the normalization con-
stant, n is the natural number which emulates the principal quantum number, | depicts
the orbital angular quantum number, r represents the distance between the electron

and the atomic nuclei, G is the variational parameter of the radial function which
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establishes the scope of diffusion of the function and lastly Y;,,,, depict the spherical

functions.

Although the sole difference amongst GTOs and STOs is in the quadratic de-
pendency with r, this difference has a far-reaching consequence in terms of the de-
meanour of each kind of orbital. For expanding MOs, the most useful type are the
STOs. These orbitals are hydrogen-like Aos and can recreate the right electronic be-
haviour far away (asymptotic long-range behaviour e ") and near to the nucleus (r —
O area). GTOs on the contrary make it easier to estimate the molecular multi-centre
integrals. However, a rough estimation of a single STO necessities a linear combina-

tion of minimum three GTOs (Figure 3.4).

\ STO
\ GTO
Lt cGTO(2)
/ \\ cGTO(3)

-4.0 2.0 0.0 2.0 4.0

Figure 3.4.: Slater-type orbitals depicted by a linear combination of three Gaussian-

type orbitals

The basis set may be classified on the number of functions implemented to
characterizing each AO. For description of valence shell orbitals, more functions are
commonly employed as the tend to ascribe most of the chemical reactivity. The num-
ber of functions employed to express the valence orbitals relative to the minimum bi-
ases set is expressed to the exponential factor G . As a result, if the double functions
are employed, the basis set will be referred to as double- G. Moreover, the flexibility of
the valence orbitals to account for atoms possessing loosely bound electrons (e.g.
anions, metals) and the description of inhomogeneously charged atoms (e.g.
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electronegative) may be introduced by the addition of small G exponent (diffuse func-
tions) and by functions with higher angular momentum (polarization functions).The
STO notation normally takes the initial letter of the basis set quality and adds a "P" if
polarisation functions are added, so DZP signifies a double-s basis set with one po-
larisation function added whilst, TZ2P triple- G plus with two polarisation functions, and
so on. In GTOs of the People-style, the first number signifies the number of primitive
(Gaussian) orbitals that characterize the electrons within the inner core, and the fol-
lowing numbers represent the primitives of each valence orbital. Furthermore, when
polarisation functions for heavy atoms are included, a single (or double) "*" is also
included in the designation, whereas a single (or double) "+" will specify the addition
of diffuse functions for heavy atoms. As a result, a 6-311*+ denotes six Gaussian or-
bitals representing each basis set function for core electrons, a triple split valence shell
with three Gaussian orbitals defining each valence basis function, and diffuse func-

tions and additional polarization on heavy elements®0.53-57,

In terms of chemical relevancy, the core electrons are less essential than va-
lence shell electrons. The FC approximation may be implemented to reduce the com-
putational cost of treating core electrons in systems involving elements from the third
row (heavy elements) by treating the core electrons via an accurate single-atom cal-
culations using large STOs and subsequently orthogonalizing against valence orbitals.

The yielded frozen core density is then factored into the molecular computation5557-58,

3.5. Including the solvent effects in quantum chemistry

The preceding paragraphs aim to describe several ways to calculate the energy
of the various molecules involved in the system under this thesis. The majority of bio-
logical and chemical reactions proceed in the presence of a solvent. To obtain the full
image of the system, the presence of solvent must be considered as it might be im-
perative to the reaction outcome. The solvent effect might directly or indirectly change
the outcome of the reaction. When a molecule's structure is optimised, the optimisation
outcome will depend on the phase. It is important to note that the interaction between
the solvent molecules and the solute will induce the solute's electronic and structural
relaxation, allowing for a reciprocal polarisation and higher charge separation between

the solvent molecules and the solute. In computational chemistry, two approaches are
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commonly used to model solvent behaviour. The first approach for assessing solvent
effects is considering a solvent shell or individual molecules around the solute. Using
this method, we can obtain information about the structural impact, cavitation energy
and solvation energy. In this approach, the increased number of molecules included
will increase the degrees of freedom, increasing the calculation time and raising the

computational cost.

Additionally, this method also presents the problem of how many and where
should these additional molecules be positioned to depict the image. Methods based
on Monte-Carlo and molecular dynamics can be implemented to overcome this issue.
Thus, this approach is used only in specific cases in which the solvent plays an active

role.

The alternative approach for modelling solvent behaviour is called the implicit
method. This method is also known as the continuum method, as it considers the sol-
vent molecules as a continuous medium. The Self-Consistent Reaction Field (SCRF)%
is arguably the most extensively used approach of this sort, which views the solute
placed in an appropriately shaped hole in the medium and the solvent as a uniform
polarisable media with a dielectric constant €. This approach is also known as the

polarised continuum model (PCM).°

Until the solvent and solute attain self-consistency by mutual polarisation, this
procedure is performed recursively with ab initio methods, and it is defined by the

degree of perturbation exerted by the solvent on the QM Hamiltonian.
HtOt(Ts) — Hmol(rs) + Vmol+5011J(rs) (2.69)

The term V™ot+solv in the above expression includes the interaction operators
needed to characterise the system response caused by switching the solute from the

gas phase into a continuum medium.
On the other hand, in the PCM approach, the solvation "free energy" can be
estimated as a total of different energy contributions.

AGsolvation = AGelectrostatic + AGdispersive + AGrepulsive + AGcavity (2-70)

It is important to note that despite the AG,,;,q4ti0n t€rm being generally consid-

ered as a Gibbs energy, in its core, it is not as the entropic terms are disregarded. In
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the above equation, the term AG, .ctrostatic €NCOMpasses the electrostatic interaction
between the solvent and the solute. The second term in the equation AGy;spersive IS

linked to the dispersive interactions between the solvent and the solute. Additionally,

this term is favourable to the solvation. On the contrary, AG,¢pysive iNCOrporates the

repulsive interaction between the solvent and solute and is always positive. Lastly, the

term AG.4,i1y IS @ positive term as it correlates to the energy cost required for creating

the cavity for the solute.

The SCRF model encompasses different models which depend on'2:

o by means of which the shape and the size of the cavity are defined,
o how the dispersion contributions are calculated,

o how the charge distribution of the solvate is represented,

o how the solute is treated with ab initio or empirically

o how the dielectric medium is described.

Throughout this thesis, | only used the Solute Electron Density (SMD) model.%®
The advantage of using this model is that in its basis, it incorporates the radii and non-
electrostatic factors as proposed by Truhlar and coworkers, while the solute cavity is

defined as an integration of a series of overlapping spheres , centred on the atoms.

A combination of continuum and discrete approaches provides a fair balance
between a comprehensive description of solvent effects and computing expense.
Combining these strategies, for instance, would involve treating the outer sphere via
a continuum method while explicitly considering the first solvation sphere. This method
is commonly known as discrete-continuum method, and it was commonly utilised in

this thesis to test our systems' dependency on explicit molecules.

3.6. Methodology employed in the following chapters

The DFT calculations for Chapters 4 and 5 were done with the Gaussian16
Rev B.01 software and the hybrid density functional B3LYP. The difference in DFT
methods for Chapter 6 will be discussed at the beginning of said chapter. This func-

tional was picked since it has been shown to produce favourable outcomes for organic
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systems and non-covalent interactions. We implemented GD3BJ to take into consid-

eration for empirical dispersion within the system.

All the atoms in the geometry optimisations were defined using the conventional
6-31G(d) basis, corresponding to BS1. All the geometries for the reactants, products,
intermediates, and the transition states were optimised without any restrictions. A vi-
brational analysis was performed within the harmonic approximation to characterise
the nature of these stationary sites. Minima were recognised more specifically by pos-
sessing an all-positive frequency set, whilst transition states by possessing one imag-
inary frequency. The postulated reaction pathways were double-checked by linking
transition states to the respective reactants and products based on the displacement

of the imaginary frequency.

Potential energies were estimated for the optimised geometries using single
point calculations and the electron basis set Def2TZVP ((Valence triple-C) for all atoms.
In our calculations, this basis was labelled as BS2. At a temperature of 298.15 K, the
relative Gibbs energies were computed by combining the zero-point energy (ZPE) and
the vibrational, rotational, and translational entropic contributions for all optimised con-

figurations with BS1 and the potential energies derived with BS2.

The solvent effect in this chapter was incorporated by implementing the contin-
uum model more concretely the SMD model for the THF solvent (¢ = 7.4257). The
solvent effect on this reaction was checked by repeating the first step of the postulated
reaction mechanism either 2 or 4 explicit molecules of the solvent depending on the
reaction in question. We were able to confirm a difference of less than 1 kcal mol' in
both instances, thus no explicit molecules were used in further calculations. However,

it should be noted that we used explicit molecules

The difference in the Gibbs energies in THF (AG ) at 298 K showcased through-

out this chapter were calculated via the proceeding equation:
AG = E(BS2) + G(BS1) — E(BS1) + AGLatm—1M

It is worth noting that the switch from the standard gas phase (1 atm) to solution
(1 M) at 298.15K was accounted for by applying a 1.9 kcal adjustment to all Gibbs

values. The software CYL-view was used to create the 3D photos.
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Chapter 4: Alkali metal-mediated Pudovik reaction

This chapter is based on a manuscript that has been published: |. Bozhinovska,
; G. Ujaque; M. Westerhause; A.Lledds; Understanding alkali-metal driven hydrophos-
phorylation: mechanism and challenges in the Pudovik reaction, Catal. Sci. Technol.,
2025, 15, 3888—-3905.

Unless otherwise stated, | carried out all computational calculations, data anal-
ysis, discussions, and writing up of the conclusions on my own, with assistance from

my supervisors.
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4.1. Introduction

The combined computational and experimental study presented in this chapter
aims to elucidate the reaction mechanism involved in the Pudovik reaction catalysed
by alkali-metal based catalysts. This research topic was initially introduced in Chapter
1: Introduction. Inspired by an experimental study conducted by Westerhausen and
colleagues, our research endeavours to propose a plausible reaction mechanism and
to determine the influence of the alkali cation and the nature of the P-bound group on
the outcome of the Pudovik reaction.? To achieve this, we conducted a variety of ad-
ditional experiments and employed Density Functional Theory (DFT) calculations. The
original experimental results are summarized in Section 4.1.1, with detailed data pro-
vided in Tables 4.1 and 4.2. In this study, they suggest that the nature of the cation is
pivotal in determining the outcome of the reaction, and they assert that the specific R
substituent present on the di(organyl)phosphinites also influences the reaction out-

come.

The nature of the active species plays a crucial role in the catalytic outcome.3#
Specifically, the choice of alkali cation exerts a significant influence on the activity of
the active species. While much research has been dedicated to elucidating the reac-
tion pathways for transition metal-based catalysts in the Pudovik reaction, the scientific
community has yet to establish a definitive mechanism for the majority of alkali-cata-
lysed reactions, including the one described here. 3510 Thus far, for Pudovik reaction
diverse catalysts have been examined as per example: K-HMDS (HMDS = hexame-
thyldisilazane), Al203/KOH, rhodium(l), nickel and bases in general. Notably, the for-
mation of observed products and their by-products in the presence of air may be at-
tributed to radical mechanisms. =18 Whilst writing this chapter Westerhausen et al.
proposed, from labelling experiments and DFT calculations, a mechanism for the re-
action of trimethylsilyl (TMS) acetylene with potassium di(aryl)phosphinite, prepared
by metallation of a secondary phosphineoxide with potassium hexamethyldisilazanide
at room temperature.'’ This work does differentiate from ours as the TMS group, which
is prominently featured in their mechanism, is an easy leaving group, that has a ten-

dency to not react in a similar manner to the aryl and alkyl groups studies in this thesis.
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Our objectives in this thesis were to utilize computational approaches to inves-
tigate the plausibility of the suggested mechanism for alkali metal-mediated Pudovik
reactions.? Additionally, we aimed to analyse alternative pathways and various factors
that might influence the outcome of these reactions. Furthermore, we focused on as-
sessing how variations in the tested alkynes might impact the stereo- and regio-selec-

tive outcomes through DFT calculations.

In this chapter, our primary focus was on conducting DFT calculations to eluci-
date the mechanism according to the published experimental data.? We firstly ana-
lysed the formation and deactivation of the active species. Afterwards, we delved into
examining the modes of interaction between the active species and phenylacetylene.
Following this, we proceeded to analyse the proposed reaction mechanism involving
alkali cations (Li, Na, and K) and various di(organyl)phosphineoxides (organyl = Mes,
Ph, OEt, and Cy).

4.1.1. Experimental Section

As previously mentioned, all the experiments for this particular part were per-
formed in the research group of Prof. Westerhausen at Friedrich-Schiller-Universitat
and published in the paper “Scope and Limitations of the s-Block Metal-Mediated Pu-
dovik Reaction”.? The reactions (Scheme 4.1) between di(organyl)phosphineoxides
and phenylacetylene with 5% alkali metal based bis(trimethylsilyl)amides (M-HMDS)

as catalysts were carried out at room temperature in THF.

5 mol%

1l
(\)\ @HMDS 9 i Ry
R™ 1 H + H THE 1t H>7<R2 + Ph>i< Ro + / ( ®= Li, Na, and K
R H Y PH H H H e, _
(6]
E-1-R Z-1-R 2-R

Scheme 4.1: Alkali metal-mediated hydrophosphorylation of phenylacetylene with
di(organyl)phosphineoxides (R = Mes, Ph, OEt and Cy) via M-HMDS (M = Li, Na, and
K) depicting the possible products.

The Pudovik reaction exhibited a notable dependency on both the P-bound

substituent and the nature of the s-block metal. Notably, regardless of the P-bound
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group and the alkali meal utilised the yielded product possessed anti-Markovnikov re-
gioselectivity. The influence of alkali metals from the utilized alkali metal bis(trime-
thylsilyl)Jamide complexes is summarized in Table 4.1, while the impact of the P-bound
substituent is detailed in Table 4.2. Consequently, varying ratios of products and dif-
ferent conversion rates were observed depending on the alkali metal utilised in the
experiment and the P-bound substituent. It is important to note that the conversion into
products was assessed in the initial study by monitoring the decline of the phos-
phineoxide using 3'P NMR spectrum integration, and the product ratio was calculated

accordingly.

Comparing the three alkali cations in the case of P-bound mesityl group, the
following conclusions can be drawn: The smaller metal-based catalyst (Li-HMDS)
was not able to mediate the reaction within 1h. However, after 27 hours a conversion
of 8% was detected with 5/1 ratio for E/Z isomers. In contrast, catalysts based on
heavier alkali metals such as Na and K were able to mediate the reaction within 1h
with 31% and 95% conversion rate respectively. This resulted in the formation of E
and Z isomers in 3/1 ratio for both mediated reactions. Interestingly, the ratio for the
potassium mediated reaction only slightly changed from 3/1 to 5/1 for E/Z upon 27
hours. However, in the case of sodium-catalysed hydrophosphorylation, a notable
change was observed. After approximately one day, the resonance of the Z-1-Mes
disappeared nearly completely, resulting in a yield of 7.5% of 2-Mes and a 92.5% E/Z
ratio, equivalent to a 31/1 ratio of E/Z isomers. In the initially study they proposed that
this behaviour indicates that the Z-1-Mes is a kinetically favoured product of the reac-
tion with lower stability, whilst the E-1-Mes is the thermodynamically favoured product
with a significantly increased stability. The change in the E/Z ratio it has also been
ascribed in the this study to a greater steric strain in the Z-1-Mes compared to the E-
1-Mes.? They suggest that consequently, the double hydrophosphorylation step is
likely to primarily occur on the Z-1-Mes compound to reduce steric strain, thereby pro-

ducing the less hindered 2-Mes and lowering the concentration of Z-1-Mes.
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Table 4.1.: Dependency of the Pudovik reaction (addition of dimesit-
ylphosphineoxide across phenylacetylene) on the alkali metal of the utilised bis(tri-

methylsilyl)amide catalyst.

After 1h After 27 h
Entry Metal
Conv. [%] E/Z Conv. [%] E/Z
1 Li 0 - >8 51
2 Na 31 31 >99 31/12
3 K 93 31 >99 51

aThe quantity of Z-1-Mes is reduced because of a preferred second Na-mediated hy-

drophosphorylation that yields 2-Mes.

After discussing the influence of the alkali cation on the hydrophosphorylation
reaction across phenylacetylene, let's now delve into the influence of the P-bound
group in the potassium mediated reaction. In the instance of dimesitylphosphineoxide
the hydrophosphorylation generated only phenylethenyl-dimesitylphosphineoxide
(styryl-di(mesityl)phosphineoxide or 1-Mes (entry 1 from Table 4.2) of E/Z-ratio of
83/17. When one mesityl substituent was substituted with a phenyl, the reaction rate
decreased, leading to a drop in conversion from 93% to 76% after 1 hour (entry 2,
Table 4.2), with no observed formation of the Z isomer. Additionally, double-hydro-
phosphorylated phenylacetylene 2-Ar was detected as the major product upon 27h in
this case. Substitution of all mesityl P-bound substituents with phenyl fast-tracks the
second hydrophosphorylation up to the point that 1-Ph products were observed with
less than 1% conversion whilst, 2-Ph product was observed with almost 99% conver-
sion regardless of the incomplete conversion (entry 3). Under these circumstances,
potassium-mediated hydrophosphorylation of phenylacetylene via alkyl (entry 4) and
alkoxide P - bound substituents (entry 5) is inhibited.
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Table 4.2.: Dependency of the hydrophosphorylation across phenylacetylene on

the P-bound group of the di(organyl)phosphineoxide, using K-HMDS as catalyst.

After 1h After 22 h
P-bound
Entry Conv. Conv.
group (R) 1-Ar (E/2) 2-Ar 1-Ar (E/Z) | 2-Ar
[%] [%]

1 Mes 93 100 (83/17) 0 >99 | 100 (83/17) 0
2 Mes/Ph 76 36 (100/0) 64 >99 16 (100/0) 84
3 Ph 14 <1 >99 36 <1 >99
4 Cy 0 / / 0 / /
5 OEt 0 / / 0 / /

It should be noted that the experimental results were summarized initially as
they were conducted first and published. Therefore, the experimental and computa-
tional studies were not conducted simultaneously. In the next sections, we will discuss
the theoretical findings conducted in this study in conjunction with the experimental

results.

4.1.2. Computational Section

As a result of the varying outcomes in reactions, which are influenced by the
choice of alkali cation and the specific P-bound group, we decided to perform a theo-

retical exploration to understand the factors governing these reactions.

4.1.21. Proposed mechanism for the Pudovik reaction

To elucidate the experimental results, we started the Density Functional Theory
(DFT) investigations with the proposed mechanism outlined in the initial study.? The
postulated reaction mechanism on which the computational study is based is depicted
in Scheme 4.2 Metallation of di(organyl)phosphineoxide by M-HMDS of the alkali
metals would be the initial step, i.e. the formation of the active species, the alkali metal
diorganyl phosphinites (M-OPRz). The ensuing step is a nucleophilic attack from the
phosphorous atom of M-OPR2 (active species) across the C=C functional group, with

the following step being protonation of this intermediate with a proton coming from an
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additional molecule of R2-P(O)H. This step regenerates M-OPR2 and produces E/Z-
mixtures of mono-phosphorylated 1-R. Experimentally, this addition yields only anti-
Markovnikov product, thus regioselectivity is decided in this first step. The experi-
mental finding reveals that a second phosphinite will be added to the newly formed
hydrocarbon moiety as it is still highly reactive yielding bis-phosphorylated com-
pounds, only in the instance in which the C=C double bond may be activated again. It
is known fact that the activation of C=C double bond necessitates more energy.' The
addition of the second moiety will be dependent on the P-bound substituent on the
phosphineoxide and on the alkali cation present in the active species. The following
and last step is another protonation step generating 2-R. It has been established ex-
perimentally that bis-phosphorylated 2-R will precipitate from the reaction mixture.?
Consequently, it will not impede the equilibrium by interconverting back to 1-R. M-
OPAr2 molecules formed as side products in the protonation steps can be used again

in the following catalytic cycle.
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1-R
(E)(Z) - mixture

Scheme 4.2: Proposed mechanism for the formation of the 1-R and the subsequent

2,3-bisphosphorylated compounds adapted from ref.2.

Prior to delving into the exploration of the mechanism, we first investigated the
prototropic tautomerism inherent in phosphinylidene compounds to clarify the nature
of the active species. Following this preliminary exploration will allow as to assess the
thermodynamic feasibility for formation of the alkali metal phosphinites M-OPRz2, which

serve as the active species.
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4.1.2.2. Prototropic tautomerism within phosphinylidene com-

pounds

Phosphinylidene compounds tend to exist in two species: P(V) and P(ll1).2° The
so-called P(V) form 1A1 /1A2 is almost invariably the most stable species although in
case of strong electron acceptors the less stable P(lll) form B may become the more
stable species (Scheme 4.3).202" A recent experimental and computational study by
Montchamp et al. on this tautomerism indicated that the direct P,O-proton transfer
would proceed through a strained three-membered ring, via unaffordable reaction bar-
rier.?2 This tautomerism requires catalysis by a proton shuttle, such as a water mole-
cule to ensue. The gas-phase calculation for the diphenylphosphineoxide favoured the
P(V) P-H form by 6.8 kcal mol' with an energy barrier of 30.8 kcal mol' which was
computed assuming catalysis by a single H20 molecule. We also computed Gibbs
energy difference between both isomers as 10.2 kcal mol-! in THF also in favour of the
P(V) tautomer. Hence, it can be concluded that the predominant species in our solu-
tion will be the A1/A2 configuration with absence of B configuration. Consequently, all
further calculations will be conducted with the A configuration of the Ar>-P(O)H rea-

gent.

— R7 ~OH
R
Scheme 4.3: Prototropic tautomerism within phosphinylidene compounds.

4.1.2.3. Formation and deactivation of active species

Alkali metal diorganylphosphinites (M-OPR:2) are the active species in the Pu-
dovik reaction. As per the published study, the alkali metal diarylphosphinites M-OPR:2
were prepared in situ by metallation of R2-P(O)H with the hexamethyldisilazane com-
plexes of the alkali metals. Overall, the formation of the metal-phosphinites (active
species) from the corresponding M-HMDS catalysts and R2-P(O)H can be described
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by reaction 1. However, speciation and solvation of M-HMDS and M-OPR:2 species in

solution is a major issue.

n H-HMDS + n@O R,

n "@HMDS" + nHPO)R,

(1)

For these calculations we also took into consideration the aggregation states of
M-HMDS in THF. Alkali cation hexamethyldisilazane reagents display a complex rela-
tionship of solvation and aggregation. A variety of M-HMDS aggregates have been
characterized in solid state by X-ray diffraction analysis, both unsolvated and solvated
by several solvent molecules. Unsolvated Li-HMDS is known to be a trimer in the solid
state, although disolvated dimers and solvent coordinate monomers have been also
structurally characterized.?*>?* Solid state structure of Na-HMDS is also a trimer, while
X-ray structures of solvated homoleptic K-HMDS aggregates are dimeric.2>2° Solution
structures are highly solvent dependent. In THF solvent, Li-HMDS has been described
as a dimer-monomer mixture 2’ Two recent papers have analysed aggregation and
solvation in Na- and K-hexamethyldisilazide in a number of solvents.?>2¢ These thor-
ough studies showed a dominance of disolvated dimers in monofunctional solvents of
intermediate donicity, as THF. For this reason, and for the sake of comparison be-
tween the three alkali-cations, we have considered disolvated dimeric M-HMDS struc-
tures to compute the thermodynamics of the formation of M-OPR2 species in THF
solution (see below Scheme 4.4). 262830 Although a crystal structure of K-HMDS
showed only bis-THF solvated dimer, tetrasolvated dimers have been proposed in
THF solution and for potassium we have also considered the tetrasolvated dimer as
initial state of K-HMDS.2530 We have verified that steric constraint hampers the sta-
bilization of such dimers for the Na- and Li-HMDS. Figure 4.1 displays the optimised
structures in THF of M-HMDS reagents.
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K-HMDS dimer

bisolvated tetrasolvated

Figure 4.1.: Optimised structures in THF solution of M-HMDS reagents considered in

the computational study. The distances presented are given in A.

To get a deeper insight into the formation of the active species we have ana-
lysed the two steps that yield M-OPR2 from M-HMDS and R2P(O)H: i) the disaggrega-
tion of the disolvated dimeric M-HMDS (step 1), and ii) deprotonation of the phos-
phineoxide by monomeric M-N(SiMe3s)2 (step 2) (see Scheme 4.4).

For the step 1, we calculated AGr values of 18.8, 22.3, and 16.6 kcal mol-' for
the disaggregation of disolvated K, Na, and Li M-HMDS dimers, respectively. For po-

tassium, starting from the tetrasolvated dimer, the computed AGr is 17.1 kcal mol'.
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Additionally, a value of 15 kcal mol' for the non-solvated dimer at 195 K has been

recently reported.

Regarding step 1, we have computed AGr of 18.8, 22.3 and 16.6 kcal mol,
respectively, for the disaggregationof K, Na and Li disolvated M-HMDS dimers. For
potassium, taking as starting structure the tetrasolvated dimer the computed AGris
17.1 kcal mol-'. For the non-solvated dimer a computed value of 15 kcal mol-! at 195
K has been recently reported.?> With these values AGr disaggregationseems to be
thermodynamically hindered. Experimentally, dimers are found at low solvent concen-
trations, but at elevated THF concentrations dimer-to-monomer disaggregationhap-

pens. 2425

The previous AGr arise from a description of the monomeric species as mono-

solvated adducts, that would be the situation at very low concentrations of solvent.

s S
— ol I—
N o) H
N I l M.
THFM_ M THF  + 2
N
7N
—Si Si—
/ \

Step 1

N/ \/
/SI\ /SI\ \\THF

THF M M THF  ———— 2 N

—si si—
7N\ /N

Scheme 4.4: General scheme for the two steps involved in the generation of active
species M-OPRz (M = Li, Na and K; R = Mes; For M = K and R = Mes, Ph, OEt, and
Cy).

At higher solvent concentration tetrasolvated (THF)s-M-HMDS monomers have

been proposed to be the most abundant species in solution. Describing the
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disaggregationstep as in Scheme 4.5 very different AGr values of -18.3 kcal mol" (K,
disolvated dimer), -1,5 kcal mol" (K, tetrasolvated dimer), -12.8 kcal mol-' (Na) and
1.0 kcal mol-! (Li) are obtained. Thus, solvation of monomers is the driving force dis-
placing the reaction toward deaggregation. In these calculations we have employed a
cluster model of (THF)4 for disolvated dimers and (THF)s for tetrasolvated K-dimer) to
describe the solvent molecules that will coordinate to the monomer. We have already
showed that this model gives reliable values for solvent coordination processes.?' Fig-

ure 4.2 depicts the optimised structures of the M-HMDS monomers.

NS \/
—Si si—
N THE THF
THF M. M- 'THF  +  (THF)y ——— 2 THF M- THF
N
y NoL~
—si si— Ssitsil
VANAN -1

Scheme 4.5: Disaggregation of M-HMDS disolvated dimers to yield tetrasolvated

monomers.

Taking into account the stabilization of the deaggregated monomer by tetra-
solvation, breaking of the M-HMDs dimer is easy for potassium and sodium bis(trime-
thylsilyl) amides. However, for Li-HMDS disaggregation is much less favourable and
the concentration of monomer in solution should be much smaller. This could be one

reason for the lower efficiency of Li-HMDS in the Pudovik reaction (see Table 4.1).
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K-HMDS monomer

monosolvated tetrasolvated

Na-HMDS monomer Li-HMDS monomer
tetrasolvated tetrasolvated

Figure 4.2.: Optimised structures in THF solution of M-HMDS monomers considered
in the computational study. For K-HMDS mono- and tetrasolvated species are com-
pared. C-H hydrogen atoms are omitted in tetrasolvated species for clarity reasons.

The distances are given in A.

In the second step of the reaction (Scheme 4.4), we also investigated how dif-
ferent P-bound groups affect the formation of the active species for M = K. We con-
sidered both monosolvated (THF), and tetrasolvated (THF), species. The results sum-

marized in Table 4.3 indicate that the impact of cation solvation on this proton transfer
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reaction is significantly less pronounced compared to its effect on the disaggregation
step.

Table 4.3.: Gibbs reaction (AGRr) and activation (AG") energies (kcal mol ™) for the

proton transfer step (step 2, Scheme 4.4) of the generation of active species M-OPR:2
at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of

theory.

AGR
Entry Metal P-bound group (THF)+ (THF)4® AGT
(R)
1 Li Mes 5.7 -19.7 16.6 (17.3)°
2 Na Mes -8.0 -9.9 11.7
3 K Mes -8.1 -9.2 11.2 (9.5)°
4 K Mes/Ph -8.1 -9.3 12.0
5 K Ph -11.7 -13.1 7.1
6 K Cy 8.6 7.8 13.0
7 K OEt -15.3 -13.6 6.4

@ Monosolvated species.

b Tetrasolvated species (numbers in italics).

Except for the M = Li case with a mesityl P-bound group (see Table 4.3, entry
1), the AGr values for monosolvated and tetrasolvated species are comparable.
Therefore, to simplify the calculations, we computed the Gibbs energy profiles and
located all structures (intermediates and transition states) for the P-to-N proton trans-
fer (Scheme 4.6) using monosolvated species. To ensure the accuracy of this simpli-
fication, we also computed the energy profile for the tetrasolvated species when M =

Li and K cases, mesityl P-bound group (Table 4.3, entries 1 and 3 respectively). The
barriers (AG™) for both mono- and tetrasolvated species were found to be similar. The

optimized structures for the M = K; R = Mes pathway are shown in Figure 4.3.
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Scheme 4.6: General scheme for the proton transfer step in the formation of alkali

metal diorganylohosphinites (M-OPR2).

Coordinating the alkali metal to the oxygen atom of phosphineoxide in the initial
intermediate RI places the P-H proton in the vicinity of the N-centre where it will be

transferred (Figure 4.3).

K-RI K-TS K-PI

K-RI-4THF K-TS-4THF K-PI-4THF

Figure 4.3.: Optimized structures of intermediates (RI and PI) and transition state (TS)
in the proton transfer step for the generation of K-OPMes2 with monosolvated (top)
and tetrasolvated (bottom) structures. Certain hydrogen atoms are omitted for clarity

reasons. The distances presented are given in A.
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Figure 4.4. A depicts the Gibbs energy profile for the three alkali cations (M =
Li, Na, and K; with R = Mes) and Figure 4.4.B the influence of the P-substituent (M =
K; R = Mes, Mes/Ph, Ph, Cy and OEt). For the three cations when the P-bound group
is mesityl (R = Mes), the reaction is exergonic and proceeds with low energy barriers.
However, the barrier for M = lithium is notably higher (16.6 kcal mol-') compared to
sodium and potassium, which exhibit similar values (11.7 and 11.2 kcal mol-', respec-

tively).

The reaction exhibits a strong dependency on the P-bound group of the phos-
phineoxide. Notably, with R = Cy, the process is highly unfavourable (AGr = 7.8 kcal
mol"), indicating an inefficient stabilization of the resulting alkyl phosphinite. The un-
feasibility of formation of K-OPCy2 appears as the main reason for the inhibited of
hydrophosphorylation with Cy2P(O)H (Table 4.2). Conversely, the reaction is highly
exergonic with (OEt)2P(O)H, although hydrophosphorylation does not proceed in this

case either, suggesting an alternative reason for the lack of reactivity in this case.
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Figure 4.4.A.: Gibbs energy profile in THF (AGryr kcal mol) at 298 K for the proton
transfer step for the generation of M-OPR:2 active species considering monosolvated
structures at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory ( R = Mes, M = Li (green), Na (purple), K(blue);
the line between the metal cation and the oxygen atom signifies the interaction

between them; the TS is marked as ).
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Figure 4.4.B.: Gibbs energy profile in THF (AGryr kcal mol) at 298 K for the proton

transfer step for the generation of M-OPR:2 active species considering monosolvated

structures at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory ( M = K, Mes/Ph (orange), Ph (blue), Cy (green),
OEt (purple); the line between the metal cation and the oxygen atom signifies

the interaction between them; the TS is marked as .). (SM = starting materials, Rl

= reaction intermediate, TS = transition stat, Pl = product intermediate, P = product).

Until now we have analysed the formation of alkali metal phosphinites that will
be the catalyst of the Pudovik reaction. However, the concentration of these active
species in solution can be considerably decreased by two main side-reactions, dimer-

isation and dismutation, that are deactivating processes (Scheme 4.7).
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Scheme 4.7: Deactivation processes of alkali metal diorganylphosphinites M-OPR2:

dimerisation (top) and dismutation (bottom).

Crystal structures of alkali metal diarylphosphinites exhibit aggregation. Tetra-
nuclear lithium and potassium diarylphosphinites with central M,O, cages have been
characterized.?>33 However, the coordination chemistry of alkali metal dia-
rylphosphinites is still not well understood. A recent study from Prof. Westerhausen's
group reported the metalation of dimesitylphosphineoxide with n-butyllithium, sodium,
and potassium HMDS in THF, resulting in the alkali metal dimesitylphosphinites M-
OPMes,.3* The dinuclear complex [(THF)s(Li-O-PMes,),] was crystallized from the
lithium reagent, while tetranuclear compounds of the type [(THF)M-O-PMes,], with
central heterocubane cages were obtained from Na- and K-HMDS. In the potassium
reaction, substituting methyl groups in the phenyl ring with bulkier triisopropyl groups
yields the dimeric [(THF).(K-O-PMes.),], with two THF ligands coordinated to each

potassium center.3*

We have computationally studied the dimerisation of alkali metal dia-
rylphosphinites. We found that the reduced steric pressure from the P-substituents,
compared to the bistrimethylsilyl groups of HMDS, permits the coordination of two THF

molecules to each cation, resulting in a tetrasolvated dimer (Scheme 4.8).
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Scheme 4.8: Dimerisation process of M-OPR2 phosphinites considering disolvalted

(top) or tetrasolvated (bottom) monomers.

As for the M-HMDS case, we have taken into account the solvation state of the
monomer by computing the reaction with both the disolvated and tetrasolvated spe-

cies. Figure 4.5 displays the optimised structures of dimesitylphospinite.
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K-OPMes: Na-OPMes: Li-OPMes:

Figure 4.5.: Optimised structures of monomeric (top) and dimeric (bottom) alkali metal
dimesityl phosphinites. For K-monomer di- and tetrasolvated species are compared.
Certain hydrogen atoms are omitted for clarity reasons. The distances presented are

given in A.

Table 4.4 contains the computed Gibbs reaction energies for the dimerisation
reactions depicted in Scheme 4.8. As observed for the disaggregation of dimeric M-
HMDS (Scheme 4.5) the solvation state of the monomer has a major influence on the
thermodynamics of the reaction. Values obtained with tetrasolvated monomers give a
more realistic description of the situation in pure THF solvent. For potassium, the re-
action is at equilibrium with a notable presence of monomeric active species. In con-
trast, for sodium and lithium, the reaction is displaced toward the dimer side, substan-

tially decreasing the concentration of the active species in the THF solution.
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Table 4.4.: Gibbs reaction energies (AGRr, kcal mol™") for the dimerisation of M-OPRz
phosphinites at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory (Scheme 4.8).

P-bound AGR
Entry Metal

group (R) (THF)22 (THF)4®
1 Li Mes -18.7 -3.8
2 Na Mes -21.1 -4.4
3 K Mes -21.0 -0.7
4 K Mes/Ph -19.7 -1.7
5 K Ph -25.1 -0.2
6 K OEt -20.4 -3.4

a Bisolvated species.

b Tetrasolvated species (numbers in italics).

It is known that some alkali metal phosphinites M-OPRz2, as Li-OPMesz, dismu-
tate into phosphinate (M(O2PMesz)) and phosphanide (M-PR2) (Scheme 4.7, bot-
tom).3> Homologous potassium diphenylphosphinite dismutate as well.3¢ Enhancing
steric requirements of the P-bound substituents makes more difficult the disproporti-
nation reaction. Thus, we also assessed the thermodynamics of the dismutation con-
sidering tetrasolvated species (Scheme 4.9). AGrof the dismutation reaction are gath-
ered in Table 4.5.

M., M., THE (THF),
5 O (THF), O, 0 ((THF) |
R/ \R R/ \R R/ \R

Scheme 4.9: Dismutation process of M-OPR2 phosphinites considering tetrasolvated

species.

The results highlight that dismutation is thermodynamically favoured for the
three alkali metal cations, with the trend K > Na > Li. Regarding P-substituents with K,
very similar values are obtained with Mes, Mes/Ph, and Ph. Contrarily, disproportion-

ation seems to be unfavourable with R = OEt. As dismutation implies approaching to
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solvated M-OPR2 phosphinites, it is clear that steric effects will play a major role in the

kinetics of the reaction.

Table 4.5.: Gibbs reaction energies (AGR, kcal mol') for the dismutation of M-
OPR2 phosphinites to phosphinates (M(O2PMes2)) and phosphanides (M-PRz2) at
the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level
of theory (Scheme 4.9).

Entry Metal P-bound group (R) AGR
1 Li Mes -5.7
2 Na Mes -13.4
3 K Mes -19.3
4 K Mes/Ph -17.2
5 K Ph -20.0
6 K OEt 17.1

We have located the transition state for the dismutation of disolvated K-OPPh2
(Figure 4.6). In this TS the interaction of the oxygen atom that is being transferred
between the two phosphorous with two potassium cations is decreasing its electronic
density, thus facilitating its approach to phosphorous. The computed barrier is rather
high, the TS is 32.8 kcal mol-' above the two separated (THF)2-K-OPPh2, making this
process as it is unfeasible at the reaction conditions. There appears that the phos-
phineoxide present in the reaction medium plays a role as a Bronsted acid decreasing
the barrier.
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Figure 4.6.: Transition state for the dismutation of disolvated K-OPPh2 to diphe-
nylphosphinate and diphenylphosphamide. Certain hydrogen atoms are omitted for

clarity reasons. The distances presented are given in A,

Speciation and solvation issues make very difficult the computational simulation
of the formation and deactivation of the alkali metal phosphinite active species in the
Pudovik reaction in THF solution. To get more accurate results would require perform-
ing DFT-based molecular dynamics simulations, as done for Schlenk equilibrium of
Grignard reagents, that are out of the scope of this work.3” Moreover, dimerisation and
dismutation reactions involve two alkali metal phosphinite molecules and will be influ-
enced by concentration effects, not taken into account in the calculations. However,
static DFT calculations can give useful hints on the behaviour of these systems in
solution, provided that a careful description of solvation by means of introducing in the
computed system explicit THF molecules is done. Our analysis was confined to a small
number of species; additional species may possibly be present in solution. Neverthe-
less, our study points out that the concentration of active species in solution should be
very dependent on both the alkali metal cation and the P-bound groups. In our study
potassium alkali metal cation combined with bulky mesityl groups in phosphorous that
hinder aggregation and dismutation phosphinite appears as the best combination to
afford high concentration of active species in solution.
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4.1.2.4. Nucleophilicity of alkali metal phosphinites

As mentioned earlier, s-block metal catalysts facilitate the formation of metal
phosphinites (M-OPR;), which serve as nucleophilic intermediates. These intermedi-
ates undergo addition reactions with unsaturated substrates, resulting in the formation
of P-C bonds.® As nucleophiles, they are characterized by a high-lying HOMO. This
HOMO arises from the lone pair on phosphorous, interacting in an antibonding manner
with the p orbital of oxygen. Figure 4.7 illustrates this HOMO for K-OPMes,

Figure 4.7.: Top: Calculated HOMO of K-OPMes2 without explicit THF molecules
solvating the cation (left) and with four THF solvent molecules (right). Bottom: LUMO

of phenylacetylene.

To assess the relative nucleophilicity of the species involved in the nucleophilic
addition, as well as the impact of solvation on this property, we calculated the empirical
global nucleophilicity index (N) for all the species. This index is derived from the HOMO

energies obtained using the Kohn-Sham approach and is defined as:

N = egomo (Nu) — enomo (TCE)
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,where tetracyanoethylene (TCE) serves as the reference due to its highly negative
Enomo, €nsuring positive N values.3? According to this model, organic molecules with
N=3.0eV are considered strong nucleophiles, while those exceeding this threshold are

classified as supernucleophiles.*°

Table 4.6.: Energy of HOMO Molecular Orbital, Nucleophilicity Index and Natural
Atomic Charge at the alkali metal of alkali metal phosphinites at the B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.

No explicit THF (THF)4
metal
. HOMO HOMO
Entry | phosphinites
Energy N M Energy N M
(M-OPR;)
(eV) | (eV)? | charge® (eV) (eV)? | charge®

1 [OPMesz] -3.26 5.38 / / / /
2 K-OPMes:2 -4.15 | 4.49 0.97 -4.09 4.55 0.92
3 Na-OPMes: -4.32 4.32 0.96 -4.12 4.52 0.89
4 Li-OPMes:2 -455 | 4.09 0.95 -4.29 4.35 0.89
5 H-OPMes: -5.53 3.11 0.52¢ / / /
6 K-OPPhMes -4.26 | 4.38 0.96 -4.09 4.55 0.92
7 K-OPPh2 -4.45 | 419 0.95 -4.32 4.32 0.91
8 K-OPCy:2 -3.97 | 4.67 0.95 -3.84 4.80 0.90
9 K-OPOEt2 -5.19 3.45 0.94 -4.97 3.67 0.88

a Relative nucleophilicity index, taking tetracyanoethylene (TCE), which is the ex-
pected least nucleophilic neutral species, as a reference: N = gyomo(Nu) —
EHoMo (TCE) In THF EHoMoO (TCE) = —8.64¢eV .

® Natural Atomic Charge at the alkali metal.

¢ H instead of M.

The N values in Table 4.6 clearly show that deprotonation of phosphineoxide
significantly enhances the nucleophilicity of P-nucleophiles. The N value rises from
3.11 in dimesityl phosphineoxide to over 4 in alkali metal phosphinites, classifying
them as supernucleophiles. The effect of the cation is minimal but follows the order K
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> Na > Li. Phosphorous substituents have a more pronounced effect on nucleophilicity,
with a notable decrease when R = OEt. Adding four explicit THF molecules to solvate
the cation has a negligible effect on N, slightly increasing it. NPA atomic charges on
the metal indicate a primarily ionic interaction between the metal and the oxygen atom

in the phosphinite.

4.1.2.5. Modes of interaction of the metal cation with the mr-systems

Hitherto it is known that alkali metal cations tend to interact with varying degrees
with different aromatic systems through what is known as “cation-mr interaction”. 4!
There are multiple factors which will have influence on the cation-1 interaction, such
as charge transfer and donor-acceptor effects, induced dipoles in the aryl ring and in
the triple C=C bond, and the also the notion that sp2-hybridized carbon is more electro
negative than a hydrogen.#?>=4* Thus, prior to continuing with the exploration on the
reactions mechanisms we investigated the modes of interactions the metal cation from
the active species (M-OPMesz) would have with the 1T-systems of the phenylacetylene.
In this instance, the cation may establish two types of interaction: i) Tr-interaction with

C=C triple bond or ii) Tr-interaction with an aryl moiety (see Scheme 4.10).

X
s

%
?

Scheme 4.10: Possible modes of interaction between the alkali cation in the M-OP-
Mes2 and phenylacetylene. The interaction amongst the alkali cation and the 1-sys-

tems is presented by () line in the scheme.

Three points must be stressed out from the calculations; One is that the metal
cation Tr-interactions have a very weak nature. Taking the most stable structures AG
of -0.8 (K), -1.6 (Na), and -2.9 (Li) kcal mol"' have been computed for these interac-
tions. The most stable confirmations for the three alkali cations are depicted in Figure

4.8). As it may be seen, all of the interactions are slightly favourable. These values
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correlate to a weak M-11 binding energy in a highly dynamic system, where the pres-
ence of the metal cation should have minimal effect on 1 system. The second point
concerns the orientation of the metal cation with regards to 1-systems in their most
stable conformations. Its notable that potassium cation preferably coordinates with the
aryl-system rather than the triple bond C=C 1-system. On the contrary lithium cation
will preferentially coordinate to the 1 -system of the C=C triple bond rather than the
aryl-system, with sodium cation preferable coordination falling somewhere in the mid-
dle (Figure 4.8).

Our findings are in accordance with the calculations from Pardiue et al. on car-
bon-hydrogen bond deprotonation by alkali metal superbases.*® Additionally, upon
recreating the conformations with additional P-bound groups ( P—-Ph) we are able to
determine that the inductive effect from groups will not modify the coordinating mode
of the alkali cation. A more direct comparison cannot be made with the results from
Robertson et al.#6 as in our case we have a triple bond present; however, the defor-
mation of the phenyl ring is also noted in our findings. The transfer of the alkali metal
away from the triple moiety and towards the aromatic 1T system causes a deformation
of the ring due to the delocalization of the negative charge on Cinterarl into the aryl ring.
These types of deformation have been studied eloquently and comprehensively by

Harder and coworkers. 4749

Our findings regarding metal effects in the cation-1 interaction did match with
the findings of Schleyer on the conformational “floppiness” of the metal cations.#246:50
Our most stable structures calculated for each metal nicely reproduce previously re-
ported X-ray structures by Robertson et al.! The solvated metal cation progressively
shifts from the lateral 'carbanionic' carbon to the aromatic 1 system as the alkali
metal's size rises, facilitating the complex to remain monomeric in our theoretical struc-
tures and in the X-ray structures. This “floppiness” of the metal cations presented the
biggest challenge in the search of TS as significant change in the positioning induced
small changes in energy values, however this aspect will be discussed more into detail

latter on.
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Figure 4.8.: Top: most stable conformations computed for phenylacetylene-M-OP-
Mes2 (M = Li* (green), Na* (purple), and K* (blue)) adducts. Bottom: X-ray structures
of PhCH2M-MesTREN (M = Li, Na, and K) complexes.*® *AG binding in kcal mol.

Certain H atoms are omitted for clarity reasons. The distances are given in A.

Having determined the Gibbs energy of formation for the active species and the
mode of interactions of the active species with the phenylacetylene we now move on

and begin with the exploration of the proposed reaction mechanism.

4.1.2.6. The effect of the metal cation

Experimentally, it was observed that alkali complexes (M-HMDS; M = Li, Na,
and K) can mediate the Pudovik reaction with increased catalytic reactivity for larger
congeners (see Table 4.1; Section 4.1.1). As a result, we decided to embark on the-
oretical investigations into the reaction mechanism, aiming to explore whether varying
the cation would induce changes in the mechanism. All subsequent calculations per-
taining to the influence of the metal cation on the overall reaction mechanism were

performed with a P-bound mesityl substituent.
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4.1.2.6.1. Potassium mediated Pudovik reaction (P-bound Mesityl

subsituent)

As expressed above, experiments showcased that the potassium mediated re-
action of phenylacetylene with dimesitylphosphineoxide at r.t. had the highest conver-
sion rate upon 1h with conversion of 93% (see Table 4.1; entry 3), thus we will com-
mence analysing the estimated energy pathways with this reaction. In Section 4.1.2.3.
we discussed the issues related with the formation and deactivation of the active spe-
cies and now we assume it is present in the reaction medium. Before calculating the
reaction mechanism for yielded products, we analysed the thermodynamic viability of
the monohydrophosphorylated products (E and Z isomer; E/Z-1-R) and the viability of
the bishydrophosphorylated product (2-R), according to reaction 2:

0
Ph i
i | | H (I?M Mes,
+ - - es2 4

Mes” | “H = Mes Ph

Mes H PA  H 2

E/Z-1-R 2-R
(2)

We estimated that the reactions for formation of Z,E-isomers and the bis-prod-
uct to be exergonic, with a AG of -20.8, -25.6 and -20.4 kcal mol-' respectively. Ter-
minal alkynes are acidic, hence side reaction because of acid-bas (protonation-depro-

tonation) equilibria with the active species might follow reaction 3.

According to the theoretical estimations this side reaction can be discarded due
to a AG = 15. 8 kcal mol.
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4.1.2.6.1.1. Where is the Regioselectivity Defined?

As stated above, potassium metal-mediated reaction of phenylacetylene with
dimesitylphopshine oxide at room temperature had the highest conversion of 93%
upon 1h (see Table 4.1, entry 3). Hydrophosphorylation reaction across the C =C
bond of terminal alkyne may yield two products: Markovnikov and anti-Markovnikov
depending on the carbon atom onto which the nucleophilic attack proceeds.*4° As
presented in Section 4.1.1., experimental findings show formation of only the latter
product. Hence, with the aim to provide a better understanding of stereoisomeric yield,
we decided to try and unravel why there is no formation of Markovnikov product in the
experimental findings. We decided to compute the pathway leading to the Markovni-
kov product and compare it to the pathway leading to the anti-Markovnikov product.
The comparison was solely done for the nucleophilic attack and the generated inter-
mediate from this step, no calculations were conducted for the subsequent protonation
steps. The Gibbs energy profile comparing both steps is depicted in Figure 4.9, whilst

the optimized structures for the transition states are illustrated in Figure 4.10.
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Figure 4.9.: Computed Gibbs energy profile in THF (AGyyr kcal mol') at 298 K for the
two nucleophilic attacks leading to formation of anti-Markovnikov intermediate (TS-1-
Mes-K; green) and the formation of the Markovnikov intermediate (TS-1M-Mes-K; or-
ange) in the case of potassium metal-mediated Pudovik reaction at the B3LYP-
D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory (SM =

starting materials, Int = initial intermediate).
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TS-1-Mes-K TS-1M-Mes-K

Figure 4.10.: Optimised structures for the transition states for Markovnikov (right) vs
anti-Markovnikov (left) additions. Certain hydrogen atoms are omitted for clarity rea-

sons. The distances presented are given in A.

Comparing the barriers for both additions, the nucleophilic attack for the for-
mation of Markovnikov intermediate (TS-1M-Mes-K, 19.1 kcal mol') has a higher tran-
sition state than that of the anti-Markovnikov transition (TS-1-Mes-K, 10.3 kcal mol").
Another noteworthy difference between these two steps is the different stability of the
intermediates. According to the estimated calculations the anti-Markovnikov interme-
diate has a relative energy of —6.2 kcal mol-!, whilst the Markovnikov intermediate lies
10.0 kcal mol-! above separated reactants. The anti-Markovnikov intermediate is sim-
ultaneously the thermodynamic and kinetic favored intermediate. The reason is that
the phenyl group is a tr-withdrawing group, thus, making the hydrogen atom-bonded
carbon more electrophilic and promoting the site for nucleophilic attack. In the TS-1M-
Mes-K the alkali cation will predominantly interact with the phenyl moiety whilst in the
TS-1-Mes-K the potassium will interact with both the phenyl moiety and the Cinternal
(Figure 4.10). We also performed the same testing with potassium diphenyl phos-
phinite and got similar results with TS-1-Ph-K having a barrier of 10.6 kcal mol-! and
TS-1M-Ph-K having a barrier of 18.3 kcal mol'.

Accordingly, it may be concluded, that the formation of the anti-Markovnikov
product will be favoured by the electronic effect. Ergo, DFT calculations agree with
the experimental findings and give us a possible explanation of why the Markovnikov

product is not formed.
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4.1.2.6.1.2. Formation of Z-isomer

Having determined theoretically the preference for the formation of the anti-
Markovnikov intermediate in the previous section, we set our next focus on calculating
the reaction mechanism for the Z-isomer (the isomer formed with the smaller yield;
see Table 4.1; entry 3) whilst, applying the above postulated mechanism (see
Scheme 4.2), with the aim to attain and provide a better understanding of the stereo-
isomeric yield. The theoretical investigations for this reaction rendered the reaction
profile illustrated in Figure 4.11. Figure 4.12 contains optimized structures for the two

transition states involved in the formation of Z-dimesityl(styryl)phosphineoxide.
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Figure 4.11.: Computed Gibbs energy profiles in THF (AGThr in kcal mol') at 298 K
for potassium-mediated hydrophosphorylation of phenylacetylene for the formation of
Z-isomer with di(mesityl)phosphineoxide, using K-HMDS as catalyst at the B3LYP-
D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.
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Figure 4.12.: Selected optimised structures for both transition states involved in the
potassium metal-mediated Pudovik reaction for formation of Z-dimesityl(styryl)phos-
phineoxide. H atoms are omitted for clarity reasons. The distances presented are

given in A.

The hypothesised reaction mechanism (Scheme 4.2) calls for the formation of
mono-hydrophosphorylated alkenes to proceed via two steps. The first step is the nu-
cleophilic attack to the Ctermina’ of C=C triple bond of phenylacetylene by the potas-
sium-activated P-nucleophile. In principle, this addition can result in two stereoiso-
meric vinyl intermediates depending on the whether the phenyl substituent is posi-
tioned cis or trans to the di(phenyl)phosphineoxide. However, before the attack a con-
comitant interaction is necessary. In this instance we estimated this interaction to be
favourable with -0.8 kcal mol' (see Section 4.1.2.4.). We were able to locate TS-1-
Mes-K with an energy barrier of 10.3 kcal mol-' which generates the Z-11-Mes-K inter-
mediate at -6.2 kcal mol-! below separated reactants. In this TS the potassium cation
will interact with the Tr-aryl system at 3.18 A2 (see Figure 4.12). The second step
leading to formation of mono-hydrophosphorylated alkenes is a protonation step. In
the case of Mes2-P(O)H as the protonating agent we were able to find two distinct
feasible routes depending on the interaction of the potassium cation with the oxygen
atoms present in the other molecules. Since the route with potassium bounded to as

many oxygens as possible presented with the lowest energy barrier, only this route

L Under Crerminal we mean the C atom the furthest from the phenyl group.
2 This distance is measured from a dummy atom in the centre of the phenyl ring to the cation. From now on
whenever mentioned distance between a cation and phenyl ring, the meaning will remain the same.
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will be described herein. We estimated an energy barrier for this step (TS-2-Mes-K)

of 11.7 kcal mol™".

Moreover, we also tested H-HMDS as a proton donor molecule. H-HMDS will
be formed as a side product upon the formation of active species M-OPMesz, thus it
may be incorporated later in the cycle. The Gibbs energy profiles comparing both tran-
sition states for both pathways (H-HMDS; TS-2H-Mes-K vs Mes2-P(O)H; TS-2-Mes-
K) is illustrated in Figure 4.13. The optimised structure for the transition states for the
protonation step for formation of Z-isomer are depicted in Figure 4.14. As it may be
seen from Figure 4.14, we attempted to keep the same orientation for both TS, as to
allow for a better comparison. Protonation with Mes2-P(O)H happens with a lower
barrier (10.5 kcal mol') than with H-HMDS (15. 8 kcal mol™).
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Figure 4.13.: Computed Gibbs energy diagram comparing H-HMDS (orange) vs
Mes2-P(O)H (green) as possible proton donors for the proton step in potassium metal-
mediated Pudovik reaction which yields the Z-dimesityl(styryl)phosphineoxide at the
B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of the-
ory.
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TS-2-Mes-K TS-2H-Mes-K

Figure 4.14.: Selected optimised structures for both transition states involved in the
protonation step (H-HMDS; TS-2H-Mes-K vs Mes2-P(O)H; TS-2-Mes-K) for potas-
sium metal-mediated Pudovik reaction for formation of Z-dimesityl(styryl)phosphineox-

ide. Certain H atoms are omitted for clarity reasons. The distances presented are given

in A.

Interestingly, based on the calculations for this mechanism, we cannot defini-
tively determine which step is the rate-determining step (RDS) as the energy barriers
are too close in value (10.3 and 10.5 kcal mol-' for the first and second steps, respec-
tively). It should be noted that overall, the formation of Z-dimesityl(styryl)phosphineox-

ide is exergonic -20.8 kcal mol".

Up to this point, we have considered the cation in its unsolvated form, modelling
the THF solvent as a continuum medium with a dielectric constant of € = 7.43 (SMD
model), without including any explicit THF molecules in the system. To evaluate the
validity of this approach, we computed the Gibbs energy profile for the addition leading
to the Z isomer, where potassium is solvated by one and two explicit THF molecules.
Since the cation interacts with both the 1T system and the oxygen atom of the phos-
phinite, coordinating two THF molecules to the potassium cation provides a more ac-
curate representation of its first coordination sphere. Figure 4.15 compares the tran-
sition states for nucleophilic addition (TS-1-Mes-K) and protonation (TS-2-Mes-K) with

0, 1, and 2 THF molecules explicitly coordinated to K.
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Figure 4.15.: Selected optimised structures for transition states for the nucleophilic
addition (TS-1-Mes-K) and the protonation (TS-2-Mes-K) with 0, 1 and 2 explicit THF
molecules coordinated to K. Certain H atoms are omitted for clarity reasons. The dis-

tances presented are given in A.

In Table 4.7 the Gibbs energy barriers (AG") for both steps with 0, 1, and 2

explicit THF molecules are compared.

Table 4.7.: Gibbs activation energies (AGT, kcal mol') for the two steps involved

in the formation of the Z isomer with a different number of explicit solvent mole-
cules (THF)» at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory.

Entry (THF)n Nuc attack Protonation
1 n=0 10.3 10.5
n=1 12.0 10.0
3 n=2 11.2 9.7
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Results in Table 4.7 showcase a minor influence of coordinating THF mole-
cules to the potassium cation. For this reason, the complications introduced in the
optimisations by the THF molecules and the big number of calculations to be per-
formed, from now the model employed in the calculations collected in this chapter does

not include explicit THF molecules.

After estimating the Gibbs energy profile for the formation of the Z-isomer, we

will now proceed to discuss the Gibbs energy profile for the formation of the E-isomer.

4.1.2.6.1.3. Formation of E-isomer

After theoretically proposing the reaction mechanism for the formation of the Z-
isomer, our next step was to propose a reaction mechanism for the formation of the
E-isomer. The Gibbs energy diagram affording the E-isomer is depicted in Figure
4.16, whilst Figure 4.17 contains the optimised structures for the TS that constitute

the mechanism for formation of E-isomer.
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Figure 4.16.: Computed Gibbs energy profile in THF (AGryr kcal mol') at 298 K for
potassium-mediated hydrophosphorylation of phenylacetylene for the formation of E-
dimesityl(styryl)phosphineoxide with di(mesityl)phosphineoxide, using K-HMDS as
catalyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory. (SM = starting materials, Int = initial intermediate.
P = product)
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TS-4-Mes-K

Figure 4.17.: Selected optimised structures for the transition states involved in the
potassium metal-mediated mechanism for formation of E-dimesityl(styryl)phos-
phineoxide. In the image for TS-3-Mes-K we have marked (green lines) the dihedral
angle which marks the rotation around the double bond that facilitates the isomeriza-
tion step. Certain H atoms are omitted for clarity reasons. The distances presented

are given in A.

Numerous attempts were conducted to attain the direct nucleophilic attack for
formation of the E-1l-Mes-K intermediate. However, all of them proved to be futile.
Interestingly, the same preference for the Z isomer was found in the study of the Na-
HMDS mediated enolization of ketone.®® Thermal study on the E/Z isomerization of
Mes2-P(O)-C(Me)=C(H)Ph conducted by Westerhausen et al. showcased that at
slightly elevated temperature (80°C) a rotation around the C = C double bond is feasi-
ble with an estimated low barrier of 14.1 kcal mol-'."® Thus, this gave us an idea to
sought after a transition state that is an isomerization step which would yield a E-1I-
Mes-K starting from Z-11-Mes-K intermediate. We proposed this isomerization step to
ensue before the protonation step, as in that instance the energy of isomerization will

be lower.

We were able to locate the transition state for this step (TS-3-Mes-K) and as
such it corresponds to bending of the Cterminai-Cintemal-Cprh® angle (see Figure 4.17). The
change proceeding in the coordination of the potassium cation along the isomerization

is remarkable. In Z-11-Mes-K intermediate the cation is interacting with 1 system of

3 By Cpn, we refer to the carbon atom that is bonded to phenyl moiety and the Cinternal, , whilst under
Cintemal We mean the C atom that is attached to Cterminai and Cen.
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the aryl whilst in E-11-Mes-K intermediate the cation is o coordinating to the Cinternal )
(see Figure 4.18). According to the profile this isomerization occurs with a barrier of
only 4.9 kcal mol-, low enough to be easily surpassed at the temperature at which the
reaction happens. This transformation is additionally assisted by thermodynamics as
E-11-Mes-K is found at -9.9 kcal mol-' in the Gibbs energy profile, whilst intermediate
Z-11-Mes-K is placed at -6.2 kcal mol'.

Z-11-Mes-K E-11-Mes-K

Figure 4.18.: Comparison of the intermediates preceding the protonation step for the
formation of Z- (Z-11-Mes-K) and E-isomers. Certain H atoms are omitted for clarity

reasons. The distances presented are given in A.

In the final step, E-11-Mes intermediate is protonated by an additional molecule
of Mes2P(O)H through transition state TS-4-Mes-K (crossing a barrier of 12.9 kcal mol-
1), generating the final product (at - 25.6 kcal mol') and as the side product the active
species. In the same manner as in the proton step yielding Z-isomer, the potassium
cation will preferably bind to both oxygen atoms present as to go through reaction

pathways with the lowest energy barrier.

After analysing the Gibbs energy profiles for the formation of both Z and E iso-
mers, we can draw several conclusions. The E-isomer (-25.6 kcal mol') shows
greater thermodynamic stability than the Z-isomer (-20.8 kcal mol') ergo, the out-
come of this reaction is governed by the thermodynamics.
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4.1.2.6.1.4. Formation of bishydrophosphorylated alkanes and cy-

clization

Based on experimental evidence, it's observed that in this scenario, the reaction
with Mes2P(O)H doesn’t progress to form bishydrophosphorylated alkanes but instead
halts at mono-hydrophosphorylated alkenes. This differs from cases where there are
smaller P-bound substituents (refer to Table 4.2; entries 2 and 3). The second nucle-
ophilic attack will proceed at Cinternal. For the double addition to occur, the newly formed
alkene moiety must also be capable of activation to allow for the addition of another
phosphineoxide, ultimately leading to bishydrophosphorylated compounds. It is im-
portant to highlight that in one side Z-1P-Mes is less stable than E-1P-Mes, and in the
other side, there is more room for a second addition in Z-1P-Mes than in E-1P-Mes
(Figure 4.19).

Z-1P-Mes-K E-1P-Mes-K

Figure 4.19.: Accessibility for a second addition in Z- and E- mono-hydrophosphory-

lated alkenes.

Consequently, the second hydrophosphorylation would expect to preferentially
occur at Z-1P-Mes, as experimentally happens in case of phenyl P-bound groups. We
have computed the second addition starting from Z-1P-Mes. The mechanistic steps
for the second addition closely mirror those of the first addition, as depicted in Scheme
4.2. The Gibbs energy diagram affording the bishydrophosphorylated alkane is de-
picted in Figure 4.20. The optimised structures for the transition states involved in the

formation of bishydrophosphorylated alkane are presented in the Figure 4.21.
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The second nucleophilic attack will proceed at Cinternal and displays a higher

energy barrier than for the 2" nucleophilic attack (16.2 vs 11.8 kcal mol'; Figure 4.20
and 4.11.). This increase in the energy barrier is most likely brought by reduced elec-

tron density in alkanes in comparison to alkynes. Additionally, this step is endergonic

with the formed intermediated (DA-11-Mes-K) at -19.2 kcal mol'. The energy barrier
for the protonation step is even higher than that of the nucleophilic attack (TS-2-Mes-

DA; AG™ = 26.6 kcal mol 1), making the second addition unfeasible for the dimesityl

phosphineoxide
phosphorylated alkane formation in this case may be attributed to two main factors: i)

Based on the DFT results, it can be concluded that the inhibition of bishydro-
increased energy barriers for the 2" nucleophilic attack and the 2" protonation step,

and ii) lower thermodynamic stability of the doubly phosphorylated product (-20.4 kcal

mol-') compared with the monophosphorylated ones (Z: -20.8; E: -25.6 kcal mol")
These findings are consistent with the experimental results as this product was not

¢

observed (see Table 4.2; entry 1)
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Figure 4.20.: Computed Gibbs energy profile in THF (AG;yr kcal mol') at 298 K for
potassium-mediated bishydrophosphorylation of phenylacetylene with di(me-
at the B3LYP-D3/def2-

using K-HMDS as catalyst

sityl)phosphineoxide,
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory
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TS-1-Mes-DA TS-2-Mes-DA

Figure 4.21.: Optimised structures for the transition states involved in the potassium-
mediated hydrophosphorylation of phenylacetylene for formation of bishydrophos-
phorylated alkanes from Z-dimesityl(styryl)phosphineoxide. Certain H atoms are omit-

ted for clarity reasons. The distances presented are given in A.

Experimentally, only very low concentrations of the double-hydrophosphoryla-
tion product have been observed.? Calculations show that the rather high barrier com-
puted for the second P-addition makes highly disadvantageous the addition of a sec-
ond Mes2P(O)H onto the alkenyl moiety formed in the first addition. On the contrary,
experiments showed the formation of 2-benzyl-1-mesityl-5,7-dimethyl-2,3-dihydro-
phosphindole 1-oxide. It has been proposed that this product comes from a cyclization
reaction resulting from the deprotonation of ortho-methyl group of a mesityl substituent
in the Z-product of the first addition, followed by cyclization triggered by an intramo-
lecular nucleophilic attack at the alkenyl substituent of this carbanion. The final product

should be formed by protonation with H-N(SiMe3)2.2

We have computationally assessed the proposed mechanism. Figure 4.22 dis-
plays the computed Gibbs energy profile for the cyclization, and Figure 4.23 illustrates

the transition states of the process.
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Figure 4.22.: Computed Gibbs energy profile in THF (AGryr kcal mol') at 298 K for

the potassium-mediated cyclization process of Z-1P-Mes yielding 2-benzyl-1-mesityl-
5,7-dimethyl-2,3-dihydrophosphindole 1-oxide (3-Mes)

-Mes), at the B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory

The formation of the phosphindole 1-oxide product (3-Mes) comprises three
steps. Initially, there is a strong interaction between the oxygen of Z-1P-Mes and the
potassium of K-HMDS. This interaction approaches the nitrogen center of K-HMDS to

a C-H bond of an ortho-methyl group of the mesityl substituent and allows its easy
deprotonation, that requires a barrier of only 18.8 kcal mol-' (TS-1-Mes-CYC, Figure
4.21.). This is the first step of the reaction. The second step is the cyclization, in which

the carbanion formed by the deprotonation attacks the alkenyl carbon bonded to phos-
phorous, closing the cycle. This second step has a barrier of 10.6 kcal mol-! (TS-2-

Mes-CYC, Figure 4.23). Finally, protonation at the benzylic carbon atom by H-HMDS

yields the phosphindole 1-oxide product 3-Mes after crossing a barrier of 15.3 kcal

mol' (TS-3-Mes-CYC, Figure 4.23) and regenerates the catalytic species K-HMDS
The cyclization product is found 22.3 kcal mol-' below Z-1P-Mes-K, proving that there

is a strong thermodynamic driving force favoring cyclization. The cyclic 3-Mes product
is 1.9 kcal mol! more stable than the double-added product
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Z-1P-Mes

TS-1-Mes-CYC TS-2-Mes-CYC TS-3-Mes-CYC

Figure 4.23.: Selected structures along the formation of phosphindole 1-oxide (3-Mes)
by cyclization the Z-isomer formed in the first P-addition (Z-1P-Mes). Top: reactant
and product; bottom: transition states. Certain H atoms are omitted for clarity reasons.

The distances presented are given in A.

4.1.2.6.2. Sodium mediated Pudovik reaction (P-bound Mesityl sub-

stituent)

With the reaction mechanism for potassium-mediated hydrophosphorylation of
phenylacetylene to mono- and bishydrophosphorylated products analysed, we can
now turn our attention to investigating sodium-mediated hydrophosphorylation of phe-
nylacetylene to monohydrophosphorylated products. Experimentally, the reaction ex-
hibited a 31% conversion within 1 hour, with a ratio of 3/1 for E/Z isomers. After 27
hours, the conversion rate increased to over 99%, and the ratio of E/Z isomers shifted
to 31/1 (see Table 4.1; entry 2). The quantity of Z-1-Mes product decreases due to a
preferred second Na-mediated hydrophosphorylation, leading to the formation of 2-

Mes.
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4.1.2.6.2.1. Formation of Z-isomer

The addition of di(mesityl)phosphineoxide onto phenylacetylene resulting in
monohydrophosphorylated products when the catalyst is Na-HMDS was investigated
using an analogous mechanism as the one proposed in the case of K-HMDS. Figure

4.24 depicts the Gibbs energy profile to produce Z-isomer. Selected optimised struc-
ture for the discussed TSs are illustrated in Figure 4.25.
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Figure 4.24.: Computed Gibbs energy profile in THF (AG;yr kcal mol') at 298 K for
sodium-mediated Pudovik reaction generating Z-dimesityl(styryl)phosphineoxide at

the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of
theory.

116



TS-1-Mes-Na TS-2-Mes-Na

Figure 4.25.: Selected optimised structures for the transition states involved in the
mechanism of sodium metal-mediated Pudovik reaction for formation of Z-
dimesityl(styryl)phosphineoxide. Certain H atoms are omitted for clarity reasons. The

distances presented are given in A.

This mechanism starts with a slightly favourable concomitant interaction of -1.6
kcal mol', for further discussion see Section 4.1.2.5. Then the nucleophilic attack
happens (TS-1-Mes-Na) with an energy barrier of 10.2 kcal mol'. The intermediate
produced by TS-1-Mes-Na is Z-1l-Mes-Na, which lays at -7.8 kcal mol' below the
separated reactants (phenylacetylene + Na-OPMes:2). The protonation step, which fol-
lows the formation of the pro-Z-isomer, is helped by an extra Mes2-P(O)H molecule.
The protonation step progresses through the transition state (TS-2-Mes-Na) and ne-

cessitates an energy barrier of 9.5 kcal mol-! and yields the Z-isomer.

Overall, it can be concluded that the formation of Z-isomer can proceed easily
under the reaction conditions. This finding is in accordance with the experimental data
(see Table 4.1, entry 3).
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4.1.2.6.2.2. Formation of E-isomer

The reaction mechanism for the creation of this isomer will be analogous to the
one for the potassium-mediated formation of E-isomer. Figure 4.26 depicts the Gibbs
energy profile derived to produce the E-isomer. Figure 4.27 shows the optimised ge-
ometries for the transition states involved in the mechanism.
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Figure 4.26.: Computed Gibbs energy profile in THF (AGyyr kcal mol) at 298 K for
sodium-mediated Pudovik reaction generating E-dimesityl(styryl)phosphineoxide at

the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of
theory.
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TS-1-Mes-Na TS-3-Mes-Na

TS-4-Mes-Na

Figure 4.27.: Selected optimised structures for the transition states involved in the
sodium metal-mediated mechanism for formation of E-dimesityl(styryl)phosphane. In
the image for TS-3-Mes-Na we have marked the dihedral angle which marks the rota-
tion around the double bond that facilitates the isomerization step. Certain H atoms

are omitted for clarity reasons. The distances presented are given in A.

The reaction pathway will be akin up to the creation of the Z-11-Mes-Na. Fol-
lowing this, the Z-11-Mes-Na will proceed through an isomerization step (TS-3-Mes-
Na; 9.4 kcal mol') to generate the E-11-Mes-Na intermediate (-12.9 kcal mol). As a
result, we can argue that this step is thermodynamically favoured. This step is accom-
plished in the same manner as in potassium-mediated reaction. The final step is the
protonation step TS-4-Mes-Na and this step will proceed with an energy barrier of 9.6

kcal mol.
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Upon analysing the Gibbs energy profiles for sodium-metal-mediated formation
of both Z and E isomers, we can draw the same conclusions as for potassium-metal-
mediated formation of Z and E isomers. Hence, we deduced from the DFT results that
the key difference lies in the step for formation of the active species i.e., the reduced
rate of conversion may be attributed to a minor concentration of the active species in

the reaction medium.

4.1.2.5.3. Lithium mediated Pudovik reaction (P-bound Mesityl sub-

stituent)

With the reaction mechanism for sodium- and potassium-mediated hydrophos-
phorylation of phenylacetylene established, we can now turn our attention to investi-
gating lithium-mediated hydrophosphorylation of phenylacetylene to mono-hydrophos-
phorylated products. Experimentally, this reaction showed no conversion upon 1h.
However, after 27h, the conversion rate changed to 8% with 5/1 ratio for E/Z isomers

(see Table 4.1; entry 1).

4.1.2.6.3.1. Formation of Z-isomer

The same postulated reaction mechanism was followed as in the potassium (K-
HMDS) and sodium (Na-HMDS) mediated reactions. The Gibbs energy profile for lith-
ium metal-mediated formation of Z-isomer is depicted in Figure 4.28. The optimized
geometries for the transition states discussed in this mechanism are depicted in Fig-
ure 4.29.
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Figure 4.28.: Computed Gibbs energy profile in THF (AGyyr kcal mol) at 298 K for
lithium metal-mediated Pudovik reaction generating Z-dimesityl(styryl)phosphineoxide
at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of
theory.

For the reaction to being we would need a concomitant interaction amongst the
lithium atom and the aryl -system. We were able to calculate that this interaction
would lay at -2.9 kcal mol-! below separated reactants (see Section 4.1.2.4), thus the
initial interaction is favourable. The mechanism officially begins with a nucleophilic at-
tack from the Li-OPMes2 onto the Cpn from phenylacetylene (TS-1-Mes-Li) with an
energy barrier of 11.7 kcal mol-'. The yielded intermediate from TS-1-Mes-Li is Z-11-
Mes-Li which lies at -7.9 kcal mol' below the separated reactants (1 + Li-OPMes:).
The ensuing step for the formation of the Z-isomer is the protonation step which will
be aided by an additional Mes2-P(O)H molecule. The protonation proceeds through
the transition state (TS-2-Mes-Li) with energy barrier of 9.7 kcal mol-' and affords the

Z-isomer at -20.8 kcal mol-! below separated reactants.
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TS-1-Mes-Li TS-2-Mes-Li

Figure 4.29.: Optimised structures for the transition states involved in the lithium metal
-mediated mechanism for formation of Z-dimesityl(styryl)phosphineoxide. Certain H

atoms are omitted for clarity reasons. The distances presented are given in A.

Overall, the estimated energy barriers for lithium metal-mediated Pudovik reac-
tion suggest that the formation of the Z-isomer should proceed without any hindrance.
Therefore, the lack of reaction progress is likely not due to the mechanism itself but
rather to another underlying cause, primarily the formation of the active species as
established in Section 4.1.2.3.

4.1.2.6.3.2. Formation of E-isomer

As per the experimental results, the formation of the E-isomer occurred with a
ratio of 5/1, albeit with the lowest conversion rate of 8% after 27 hours. The reaction
mechanism for the formation of this isomer will follow analogous steps to those ob-
served in the case of potassium mediated Pudovik reaction. Figure 4.30 showcases
the Gibbs energy profile obtained for the formation of E-isomer. The optimized geom-

etries for the transition states involved in the mechanism are presented in Figure 4.31.
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Figure 4.30.: Computed Gibbs energy profile in THF (AG;yr kcal mol') at 298 K for
lithium-mediated hydrophosphorylation of phenylacetylene for the formation of E-
dimesityl(styryl)phosphineoxide with di(mesityl)phosphineoxide, using Li-HMDS as
catalyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory.

The reaction mechanism up to the formation of the Z-11-Mes-Li will be identical.
Upon this the Z-11-Mes-Li will undergo an isomerization step TS-3-Mes-Li (8.2 kcal
mol-") which would yield the E-1l-Mes-Li intermediate (-16.9 kcal mol'). Thus, it can
be concluded that this step is thermodynamically driven. This step takes place essen-
tially through bending of the Ctermina-Cintema-Cph @angle and involves simultaneous
change in coordination of the lithium cation, from interacting with 1 system of the aryl
in Z-11-Mes-L.i to be o coordinated to Cintemal in the lithium-vinyl intermediate E-11-Mes-
Li (Figure 4.31).
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TS-1-Mes-Li TS-3-Mes-Li

TS-4-Mes-Li

Figure 4.31.: Optimised structures for the transition states involved lithium-mediated
hydrophosphorylation of phenylacetylene for the formation of E--dimesityl(styryl)phos-
phineoxide with di(mesityl)phosphineoxide, using Li-HMDS as catalyst. In the image
for TS-3-Mes-Li we have marked the dihedral angle which marks the rotation around
the double bond that facilitates the isomerization step. Certain H atoms are omitted for

clarity reasons. The distances presented are in A.

After analysing the Gibbs energy profiles for potassium-, sodium-, and lithium-
metal-mediated Pudovik reaction, it is evident that the formation of both E and Z iso-
mers can proceed without hindrance in all cases. However, the only notable difference
observed throughout the calculations lies in the energy required for the formation of
the active species. This indicates that while the alkali cations may appear to be spec-

tators, they play a significant role in the reaction mechanism. Therefore, it is inaccurate
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to consider alkali cations as freely interchangeable, as there are differences in the

steps and intermediates depending on the identity of the alkali cation.

4.1.2.6.4. Role of the cation in the Pudovik reaction (P-bound Me-

sityl substituent)

To check the effect of the alkali metal on the overall process we investigated
the addition step with M = H, that means retaining the hydrogen atom in the phos-
phineoxide. It is important to note that the P(lll) tautomer is consistently less stable,
regardless of the P-bound group. The Gibbs energy profile for this addition involving
a P-bound mesityl group is depicted in Figure 4.32 whilst, the optimized structure of

the transition state may be found in Figure 4.33.

/ \_ : /
/ 256
) Z-11-Mes-H

Figure 4.32.: Computed Gibbs energy profile in THF (AGtHr kcal mol') at 298 K for
the formation of pro-Z-isomer with Mes2-P(O)H at a B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.
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TS-1-Mes-H

Figure 4.33.: Optimised structures for the transition states involved in for the formation
of pro-Z-isomer with M = H. Certain H atoms are omitted for clarity reasons. The dis-

tances presented are given in A.

Replacing the alkali cation with a proton result in the loss of the cation-Tr inter-
action, leading to unstable initial adduct with positive Gibbs energy values. Addition-

ally, the Gibbs energy of activation for the nucleophilic attack increases more than

twofold compared to when the K ion is present in the catalyst, rising from AG™=10.3

kcal mol'(K) to AG"= 22.7 kcal mol-'(H). Furthermore, the overall A/G value becomes

positive for the reaction in which the metal is replaced by a proton, indicating a less
thermodynamically stable product (25.6 kcal mol'). In contrast, when M = K, the over-
all A:G value is negative, suggesting a thermodynamically plausible reaction (-6.2 kcal
mol-'). Moreover, this matches our experimental findings as when the catalyst is omit-

ted the reaction doesn’t ensue.

The results in this section, as well as in the previous ones, demonstrate that
alkali cations play a role not only in reducing the reaction barriers and increasing the

stability of intermediates but also in facilitating the formation of the active species.

4.1.2.7. The effect of the P-bound group

In the following section we will discuss the influence of the P-bound group on
the overall outcome of the reaction. In this section we will discuss the cases when we
have Ph, cyclohexyl and OEt as P-bound groups. The following discussion pertains to

potassium mediated reactions. The discussion regarding the formation of E/Z isomers
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when the P-bound groups consist of both Ph and Mes simultaneously is omitted, as
there was no significant difference observed compared to when Mes was the sole P-

bound group.

4.1.2.7.1. P-bound group phenyl substituent

As a reminder, experimentally this reaction proceeds with conversion of 14%
upon 1h of which <1% formation of 1-R (E/Z) and >99% formation of 2-R (see Table
4.2; entry 3).

4.1.2.7.1.1. Formation of Z-isomer

The 18! nucleophilic attack for the formation for the Z isomer proceeds via anti-
Markovnikov addition (TS-1-Ph-K; 11.4 kcal mol"), yielding intermediate Z-11-Ph-K (-
7.6 kcal mol). In this TS the potassium cation interacts with the t-aryl system at a
distance of 3.16 A, so this interaction takes place at a shorter distance than for TS-1-
Mes-K.* Hence, it may be deduced that increased interaction of the cation with the -
aryl system does not always lead to lower energy barrier. The ensuing step is the
protonation step (TS-2-Ph-K; 9.5 kcal mol-') which leads to the formation of Z-isomer
(-29.2 kcal mol"). Figure 4.34 showcases the estimated Gibbs energy barrier for the

formation of the Z isomer, whilst Figure 4.35 depicts selected amended structures.

4 Reminder: The distance is estimated by inserting a dummy atom within the phenyl ring and calculating the
distance from the dummy atom to the alkali cation.
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Figure 4.34.: Computed Gibbs energy profile in THF (AG;yr kcal mol') at 298 K for
potassium-mediated hydrophosphorylation of phenylacetylene for the formation of Z-
diphenyl(styryl)phosphineoxide with di(phenyl)phosphineoxide, using K-HMDS as cat-
alyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF)

level of theory.

TS-2-Ph-K

TS-1-Ph-K

Figure 4.35.: Selected optimised structures for the transition states involved in the
potassium metal-mediated mechanism for formation of Z--diphenyl(styryl)phos-
phineoxide. Certain H atoms are omitted for clarity reasons. The distances presented

are given in A.
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From the Gibbs energy profile for the formation of the Z-isomer we can see that
there are not steps which hinder this reaction. Following the pattern from P-bound

mesityl group in this case too we cannot say which step is the RDS, as the difference
between the two steps is less than 2 kcal mol.
4.1.2.7.1.2. Formation of E-isomer

In this instance we were also able to detect only direct formation of the inter-
mediate with the pro-Z configuration (Z-11-Ph-K). Figure 4.36 shows the calculated

Gibbs energy barrier for the creation of the E isomer, on the other hand, Figure 4.37
depicts the optimized structures for the corresponding transition states.
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Figure 4.36.: Computed Gibbs energy profile in THF (AG;yr kcal mol') at 298 K for
the potassium-mediated hydrophosphorylation of phenylacetylene for the formation of
catalyst

E-diphenyl(styryl)phosphineoxide with di(phenyl)phosphineoxide, using K-HMDS as
at the
31G(d,p)/SMD(THF) level of theory.

B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
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Hence, having determined the 15! nucleophilic attack the ensuing step of isom-
erization TS-3-Ph-K was estimated to proceed with a barrier of 5.7 kcal mol-'. The
distinguished change in the coordination of the potassium cation along the isomerisa-
tion, from interacting with the 1 system of the aryl in Z-11-Ph-K to be o coordinated to
Cinternal in the potassium-vinyl intermediate E-11-Ph-K as in the mesityl case (Figure
4.16) was also observed. Comparatively the E-11-Ph-K (-10.6 kcal mol') intermediate

is more thermodynamically favoured over Z-11-Ph-K (- 7.6 kcal mol') intermediate.

TS-1-Ph-K TS-3-Ph-K

TS-4-Ph-K

Figure 4.37.: Selected optimised structures for the transition states involved in the
potassium-mediated hydrophosphorylation of phenylacetylene for formation of E- di-
phenyl(styryl)phosphineoxide with di(mesityl)phosphineoxide, using K-HMDS as cat-
alyst. In the image for TS-3-Ph-K we have marked (green line) the dihedral angle which
marks the rotation around the double bond that facilitates the isomerization step. Cer-

tain H atoms are omitted for clarity reasons. The distances presented are given in A.

The successive protonation step will follow with a low energy barrier of (5.4 kcal

mol-') and will lead to formation of the E-isomer of the alkenyl diphenylphosphineoxide
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(AG = -32.2 kcal mol). It may be concluded that overall, the formation of E-isomer is
overall exergonic (-32.2 kcal mol') and it is governed by thermodynamics (Z-isomer,
-29.2 kcal mol). The results in this section mirror the results for the formation of the

E and Z isomer when P-bound groups is mesityl.

4.1.2.7.1.3. Formation of bisphosphorylated product

When the P-bound group is phenyl, the formation of the double hydrophosphor-
ylation product takes place and is preferred over the formation of the monophosphor-
ylated product (see Table 4.2; entry 3).# The newly formed alkene moiety is reactive
enough to add another phosphinite leading to bishydrophosphorylated compounds.
Just like the first hydrophosphorylation, the second one will proceed in two steps: nu-
cleophilic attack and a protonation step. We have followed the second addition from
both Z- and E-isomers, showing very similar feature. The Gibbs energy profile for the
formation of the bisphosphorilated alkane product from the Z-alkenyl diphenyl phos-
phineoxide is displayed in Figure 4.38. The optimized structure for the TSs for the

formation of the bis-phosphorylated product are illustrated in Figure 4.39.
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Figure 4.38.: Computed Gibbs energy profile in THF (AGryr kcal mol*) at 298 K for

potassium-mediated bishydrophosphorylation of phenylacetylene for the formation of
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bishydrophosphorylated product with di(phenyl)phosphineoxide, using K-HMDS as
catalyst from  Z-diphenyl(styryl)phosphineoxide at the B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.

Figure 4.39.: Selected optimised structures for the transition states involved in potas-
sium metal-mediated bishydrophosphorylation of phenylacetylene for the formation of
bis-phosphorylated product with di(phenyl)phosphineoxide, using K-HMDS as cata-
lyst. Certain H atoms are omitted for clarity reasons. The distances presented are

given in A.

The nucleophilic addition step of the second phosphorylation, when compared
to that of the first phosphorylation, shows an insignificant difference in barrier heights
(see Figures 4.34 vs 4.38). However, it is lower than that for the second addition to
the mesityl system (16.2 kcal mol-', Figure 20). The protonation barrier for TS-2-Ph-
K (7.6 kcal mol™") is also much lower than that for the mesityl substituted phosphineox-
ide (26.6 kcal mol"). The final product is very stable (-56.1 kcal mol-') showing a strong
thermodynamic driving force for the process. Overall, these theoretical findings justify
the experimental observance of a >99% conversion of the bishydrophosphorylation

product with the diphenyl phosphineoxide (Table 4.2, entry 3).

4.1.2.7.2. P-bound group cyclohexyl substituent

According to the experimental results the reaction when P-bound group are cy-
clohexyl is inhibited (see Table 4.2; entry 4). Our study on the formation of the cata-

lytic active species gives evidence that K-OP(Cy)2 can be hardly formed under
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reaction conditions (see Section 4.1.2.3.) However, for comparative purposes we
also computed the energy pathway for this reaction.

anism are shown in Figure 4.41.

Our investigations afforded the energy reaction profile for the Z isomer which is
depicted in Figure 4.40. The optimized structures for the TSs implicated in this mech-

Z-11-CY Z-2I-CY
Nuc attack }

oo T

Protonation

Figure 4.40.: Computed Gibbs energy profile in THF (AG;yr kcal mol') at 298 K for

at

potassium-mediated hydrophosphorylation of phenylacetylene for the formation of Z--
31G(d,p)/SMD(THF) level of theory.

dicyclohexyl(styryl)phosphineoxide with di(cyclohexyl)phosphineoxide,
HMDS as catalyst

using K-
the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
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TS-1-Cy TS-2-Cy

Figure 4.41.: Optimised structures for the transition states involved in the potassium-
mediated hydrophosphorylation of phenylacetylene for the for formation of Z- dicyclo-
hexyl(styryl)phosphineoxide with di(cyclohexyl)phosphineoxide, using K-HMDS as
catalyst. Certain H atoms are omitted for clarity reasons. The distances presented are

given in A.

As already established, the first step of the reaction mechanism is the nucleo-
philic attack (TS-1-Cy) and it affords the intermediate Z-11-CY (- 15.2 kcal mol-') with
an energy barrier of 9.1 kcal mol-'. Upon generation of Z-11-CY, the protonation takes
place with a relative energy barrier of 5.4 kcal mol' (TS-2-Cy) resulting in the final
product (-25.2 kcal mol™).

In the estimated energy pathway, the highest energy barrier corresponds to the
nucleophilic attack via TS-1-Cy. Since both computed barriers are low and have sim-
ilar values to when the P-bound group is Ph and the reaction proceeds, the prevailing
factor for why this reaction to be suppressed might only be attributed to the formation

of the active species.

4.1.2.7.3. P-bound group ethoxy substituent

In the case of P-bound alkoxy groups the potassium-mediated hydrophosphory-
lation of phenylacetylene is also suppressed (see Table 4.2; entry 5). However, the
initial study of the formation and deactivation of active species (see Section 4.1.2.3)
does not show noticeable differences whit cases in which the reaction happens. More-
over, K-OP(Cy)2 seems to be stable toward dismutation. Therefore, this is not likely to
be the cause for the suppressed reaction. Here, we will solely address the formation of

the Z-isomer. The reaction with the PCy2 phosphineoxide involves the same steps as
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the other di(aryl) potassium-mediated hydrophosphorylation of phenylacetylene. The
most noteworthy difference amongst these mechanisms is the interaction between po-
tassium cation and the additional oxygen atoms. The Gibbs energy profile for this mech-
anism is presented in Figure 4.42, whilst the optimized geometries for the transition

states involved in this mechanism are presented in Figure 4.43.
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Figure 4.42.: Computed Gibbs energy profile in THF (AGryr kcal mol') at 298 K for
potassium-mediated hydrophosphorylation of phenylacetylene for the formation of Z-
diethoxy(styryl)phosphineoxide with di(ethoxy)phosphineoxide, using K-HMDS as cat-
alyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD (THF)

level of theory.
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TS-1-OEt TS-2-OEt

Figure 4.43.: Optimised structures for the transition states associated with the potas-
sium -mediated hydrophosphorylation of phenylacetylene for the formation of Z-dieth-
oxy(styryl)phosphineoxide with di(ethoxy)phosphineoxide, using K-HMDS as catalyst.

Certain H atoms are omitted for clarity reasons. The distances presented are given in

A

The nucleophilic attack (TS-1-OEt) results in the intermediate Z-11-OEt (-2.1
kcal mol') with an energy barrier of 15.9 kcal mol-'. Once Z-11-OEt is formed, an ad-
ditional molecule of OEt2-P(O)H will protonate it with an energy barrier of only 6.7 kcal
mol-! (TS-2-OEt) generating the product (-27.0 kcal mol™).

Overall, it can be concluded that the reaction is exergonic (-27.0 kcal mol),
with the nucleophilic attack being the rate-determining step for this mechanism. The
energy barrier for TS-1-OEt is 7.8 kcal mol-1 higher than the one estimated for TS-1-
Mes, indicating that in terms of reaction rates, this reaction should be several orders
of magnitude slower. The higher barrier for the nucleophilic attack, related to the lower
nucleophilicity of the p-centre surrounded by oxygen atoms, might be the reason for

the non-observance of reaction in this case.
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4.2. Conclusion

The goal of this chapter was to elucidate the key factors influencing the stereo-
and regio-selectivity in catalytic P-C bond formation across unsaturated substrates
and to clarify the role of alkali metal ions in the reaction mechanism. More concretely,
this work aimed on clarifying the reaction mechanism for the alkali metal-mediated
Pudovik reaction i.e., the addition of secondary phosphineoxides across phenylacety-
lene via alkali metal hexamethyldidilazides (M-HMDS; M = Li, Na and K). Based on
the previous experimental results (see Table 4.1 and 4.2), it was deduced that the
metal cations play a crucial role as the conversion showed dependence on the soft-
ness and the radius of the metal ions, regardless of the P-bounded group in the P(V)
compounds for this addition. Overall, the lighter s-block metal congener Li-HMDS was
not able to mediate any of the reactions, whilst the congeners of the heavier alkali
metal bis(trimethylsilyl)Jamides M-HMDS (M = K and Na) effectively promoted hydro-

phosphorylation across phenylacetylene.

The active species can be generated by deprotonation of dimesityl phos-
phineoxide by alkali metal hexamethyldisilazanides (M-HMDS). However, the for-
mation of the active species may be affected by deactivation processes, such as ag-
gregation and dismutation, which can reduce the concentration of catalytically active
species in the reaction medium that can dilute the concentration of the catalytically
active species in the reaction medium. The thermodynamic feasibility of the formation
of the active species (metal-phosphinite catalyst, M-OPR2) from the corresponding M-
HMDS catalysts and R2-P(O)H displayed a strong dependence on the P-bound groups
and moreover varied strongly depending on the alkali cation (see Tables 4.3, 4.4 and
4.5). Our calculations indicated that alkali metal dimesitylphosphinites (M-OPMes,,
where M = Li, Na, and K) are sufficiently nucleophilic to serve as active species in the
formation of P—C bonds during the addition reaction. Notably, the influence of the alkali
metal cation on the addition process is minimal, resulting in only slight variations in the

nucleophilicity of the phosphinite.
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We also determined that the interaction of the alkali cation from the active spe-
cies with the 11-systems is contingent on the alkali cation, with the lithium cation pref-
erably interacting with the C=C bond, whilst potassium predominantly interacting with

the 1r-system from the phenyl ring, the interaction of sodium was on the middle of the

T system.

Experimentally, for alkali mediated Pudovik reaction, all of the reactions pro-
ceeded to yield the anti-Markovnikov product regardless if the reaction proceeded to
E/Z isomer. Implementing DFT methods we were able to determine that this outcome
arises from the lower activation energy and its thermodynamic preference. The Anti-
Markovnikov regioselectivity is governed by the 1T-withdrawing nature of the phenyl
group, which enhances the electrophilicity of the terminal carbon, thereby facilitating
the nucleophilic attack. More interestingly, the results derived from this study revealed
that the kinetically preferred product is the Z whilst the thermodynamically preferred is
the E isomer for this section. We reached a limitation in our studies as we were not
able to find a nucleophilic attack directly yielding pro-E intermediate, thus, we pro-
posed an isomerization step from pro-Z intermediate to explain the observed stere-

oselectivity in the reaction.

The estimated energy profiles indicated that the reaction pathways could pro-
ceed under the reaction conditions and without significant variations related to the al-
kali metal. To furthermore assess the influence of the metal cation over the reaction
barriers, substituting the metal ion with a hydrogen atom (effectively a proton). his
substitution revealed that replacing the alkali cation with a proton effectively doubles
the barrier for the nucleophilic attack (Table 4.8; entry 1), demonstrating that using
the alkali cation is essential for the reaction to occur. However, the energy barriers did
not exhibit significant differences based on the type of alkali cation (see Table 4.8).
Interestingly, the DFT results reflected the same trend observed experimentally re-
garding the ability of the alkali metals to catalyse the Pudovik reaction in relation to
chemical hardness M* (M = Li, Na, and K).
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Table 4.8.: Computed Gibbs energy barriers in THF (AG’r kcal mol') at 298 K for

the two steps of Pudovik reaction (addition of dimesitylphosphineoxide across phe-
nylacetylene) depending on the alkali metal of the utilised bis(trimethylsilyl)amide
catalyst (M-HMDS; M = Li;, Na and K) at the B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.

Z-isomer (AG*) E-isomer (AG*)
Entry | Metal
Nuc attack | Protonation | Nuc attack | Isomerization | Protonation
1 H 22.7 / / / /
2 Li 11.7 9.7 11.7 8.2 3.2
3 Na 10.2 9.5 10.2 94 9.6
4 K 10.3 10.5 10.3 4.9 12.9

The inhibition of the lithium mediated Pudovik reaction might be attributed to a
reduced concentration of the active species in the reaction medium, arising from a less
favourable disaggregation of the Li-HMDS dimer (AG = 1.0 kcal mol-'), a highest bar-
rier for the P- to N- proton transfer step (see Table 4.3) and a higher tendency to
dimerisation (see Table 4.4). It may be concluded that the identity of the alkali cations
does play a significant role in the formation of the active species but, not in the Pudovik
reaction itself. Indeed, the no-reaction with Cy2P(O)H can be attributed to the no-for-
mation of the K-OPCy: active species. As it may be seen from Table 4.8 there is no
discernible difference between the energy steps yielding Z vs E-isomer, with the ex-
ception of protonation step for formation of E-somer for lithium mediated reaction. Ad-
ditionally, we were able to determine that H-HMDS can function as an additional pro-
tonating agent within the reaction mixture, and in certain cases, it might even be the

preferred choice in certain situations.

The energy barriers also showed dependence amongst the different P-bound
substituents (see Table 4.9). The influence on the P-bound substituent is the most
pronounced when comparing the energy barrier for the nucleophilic step between P-
bound group Mes and OEt. In this case we see almost doubling of the energy neces-
sary for this step to proceed. Moreover, for P-bound OEt group we can say that the
hindering step is indeed the nucleophilic attack, as the energy of formation of the active

species is exergonic -14.0 kcal mol-'. However, as the energy barriers for both steps
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for the case of R = Cy are similar to those for R-Mes and R-Ph, the limitation of this
reaction may be ascribed to the unfavourable thermodynamics for the of the active

species (AGRr = 7.8 kcal mol").

Table 4.9.: Computed Gibbs energy barriers in THF (AG’r kcal mol') at 298 K for
the two steps of hydrophosphorylation across phenylacetylene depending on the P-
bound group of the di(organyl)phosphineoxide, using K-HMDS as catalyst at the
B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of
theory.

Z-isomer (AG")
Entry | P-bound group
Nuc attack Protonation
1 Mes 10.3 10.5
2 Ph 11.4 9.5
3 Cy 9.1 54
4 OEt 18.1 6.7

We also investigated the formation of the bishydrophosphorylated product for
R = Mes and R = Ph. Our results indicate that in the case of R = Ph, the second
addition proceeds with low energy barriers, making it feasible under the reaction con-
ditions. Additionally, thermodynamic analysis supports this second addition, as the
bishydrophosphorylated product is more stable than the monohydrophosphorylated
products. In contrast, for the bulkier mesityl groups (R = Mes), the barriers are signifi-
cantly higher, especially during the protonation step, with the E-isomer being the ther-
modynamically favored product. Moreover, the cyclization of the Z-alkene product
leads to the formation of a phosphindole 1-oxide product, which has a lower energy
barrier than the second addition. These results underscore the critical role of steric
effects and thermodynamic stability in shaping the reactivity and product distribution

in these catalytic processes.

In the protonation steps with R2-P(O)H and the 2" nucleophilic attack for double

addition we discovered that the alkali cation will prefer to be bounded with as many
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oxygen atoms as possible from the neighbouring molecules. This proved to be intrinsic

as it also had lowering effect on the barrier for the protonation steps specifically

Therefore, we confirmed theoretically that these cations are not only “spectator”
species, but they rather play a significant role in the outcome of these conversions in
each step of the reaction. Theoretical results also indicate that generation of the active
species is crucial for the activity shown by the metal. Moreover, we were able to pro-
vide evidence that the formation of the active species is dependent on the P-bound

group on the phosphineoxide and on the alkali cation.

In conclusion, this study highlights the significant gaps in computational re-
search concerning s-block metal-promoted reaction mechanisms compared to transi-
tion metal processes. It is particularly important as it provides a deeper understanding
of the behavior of alkali cations, revealing the complexities of using “floppy” alkali cat-
ions and mapping out the associated reaction pathways. The findings emphasize the
potential of alkali metal-based catalysts for future catalytic applications, particularly in

the formation of stereo- and regio-selective P—C bonds.

Additionally, the research underscores that a fundamental understanding of
these reaction mechanisms is highly advantageous for developing non-toxic and read-
ily available catalysts for future homogeneous catalytic reactions. Expanding upon
these concepts may lead to intriguing applications in hydrogenation, hydrosilylation,
hydroamination processes, and beyond. Furthermore, while detailed quantitative in-
sights typically require extensive DFT-based molecular dynamics simulations, our re-
sults demonstrate that static DFT calculations with a cluster-continuum solvent model
can effectively yield valuable insights and reveal essential trends in the behaviour of

these systems, paving the way for further exploration in s-block metal catalysis.
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Chapter 5: Alkali metal-mediated hydrophosphina-
tion of butadiyne

The results in the ensuing chapter are from combined experimental/computa-
tional study on the hydrophosphination of diphenylbutadiyne mediated by alkali-based
catalysts. The article for this chapter is currently under preparation in the hopes to be
published soon. Unless otherwise noted, all experimental data, computational calcu-
lations, data analysis, discussion, and writing up of the results were done by myself,

with some help from my supervisors.
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5.1. Introduction

In recent years, great number of new synthetic procedures have been discov-
ered to be catalysed by alkali metal-based catalysts, amongst which is hydrophos-
phination.’-% Alkali-metal-mediated catalytic reactions in general are more cost effec-
tive and environmentally benign than most transition metal catalysed reactions.®° Ad-
ditionally, the outcome of the reaction may be tuned by the choice of the metal (Lewis
acidity, size, hardness), and by the solvent used (basicity, donor strength, denticity,
bulkiness). Thus far, the primary research on the hydrophosphination of alkynes has
been conducted on the essential alkali metals sodium and potassium used as cata-
lysts.’®'" Nonetheless, from a mechanistic point of view they are deceitfully insidious
to comprehend in comparison to more common transition metal based catalysed re-
actions as they are redox-inert and do not allow for oxidative addition and reductive

elimination steps to ensue.

Hydrophosphination may be used to create new C-P bonds by addition of phos-
phanes across unsaturated bonds. This reaction might yield alkenylated (1) or alkyl-
ated (2) phosphanes and/or phosphole products (see Scheme 5.1). The summary of
diverse catalyst systems that have been explored experimentally were discussed in
depth in the Introduction chapter and may be found in reviews.312-14 |t should be noted
that the products range will differ depending on the atmosphere (e.g., presence of air

or inert atmosphere), as in some conditions radical processes my occur.

NP B
B GRS I vl oo
g O v,

1 2 3

Scheme 5.1: Hydrophosphination of diphenylbutadiyne yielding alkenylated (1), alkyl-
ated (2) phosphanes and phosphole (3).
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This chapter combines computational and experimental research aimed to
shed insight on the reaction mechanism involved in the hydrophosphination of bu-
tadiynes catalysed by M-HMDS of the alkali metals (M = Li, Na, and K; M-HMDS =
metal bis(trimethylsilyl)amides). The mechanism of hydrophosphination reaction yield-
ing 1H-2,5-phospholes is a topic that has not been significantly explored via DFT meth-
ods. Hitherto, DFT studies have been conducted on elucidating the relationship
amongst the structure and the properties, the aromatic character of the phosphole and
its Diels-Alder reactivity.'315-1® However, computational studies depicting the actual
formation for the phosphole are more than scarce and remain a grey area that needs
to be investigated. In fact, the first proposed in silico mechanism for transition metal
free route to phospholes featuring an exocyclic alkene unit was reported recently by
Roesler et al.'®20 |n their system they use a lithium phosphanide anion (PhP(TMS)Li)
and diphenylbutadiyne with dimethoxyethane (DME) as solvent. Intriguingly, in this
study they proposed a “bare” anionic system for the investigation of the reaction mech-
anism. Therein, the authors concluded that the presence of the alkali metal cation is
not strictly necessary, and additionally may induce separated ion pairs in their case
due to the type of the solvent utilised. In their proposed mechanism the first step is a
nucleophilic attack onto C+*> of the 1,4-diphenylbutadiyne. Following this, they propose
a silyl migration, where the weaker P-Si bond is cleaved in favour of forming a more
stable C-Si bond, succeeded by an isomerization step. The intermediate with the cor-
rect configuration for subsequent cyclization step will be generated in this step. A sub-
sequent step of nucleophilic attack onto C4, yields the 5-membered ring. Finally, the
process concludes with protonation. However, despite the outcome of these works,
the role the metal cation plays in the catalytic process remains undetermined as the
studies conducted by Roesler et al. were limited solely to one alkali cation (lithium).
The changes of the reaction mechanism that are brought on by simply changing one
alkali cation with another and thus vital understanding of the mechanism aren’t fully
explored. The role the alkali cations play in the reaction mechanism, are over all con-

troversial, because the existing research on incorporating alkali cations as explicit

5 By C1 or Cinternal We mean the C atom closest to the phenyl substituent from the one of C=C triple bonds pre-
sent in the butadiyne; Cz is the C atom closest to the Ci, whilst Cs is the C atom from the adjacent C=C triple
bond closest to Cz, lastly, Cs is the other C atom connected to the other phenyl substituent present in the
diyne system whilst, simultaneously connected to Cs.
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cations has recognized that there is limitation to precision in DFT calculation on the

result because of their “floppiness”.?’

Hence, this research topic was prompted for the search of more efficient cata-
lyst for the formation of phospholes (one-pot synthesis at room temperature) and to
obtain a better understanding of the reaction mechanism for the formation of phos-
pholes. In the view of this image, we decided to conduct a combined experimental and
computational study to gain deeper understanding of the reaction for alkali-mediated
hydrophosphination of butadiyne using M-HMDS as catalysts. We decided to conduct
this study on the basis of the previously successful hydrophosphorylation of butadiyne
using M-HMDS as catalysts.?? Additionally, alkali-based hexamethyldisilazanides ha-
ven't yet been explored as possible catalysts for the formation of phospholes. None-
theless, similar alkali bases have been proven to be very successful in the process of
hydrophosphination of butadiyne.>?® Alkali based hexamethyldisilazanides are great
examples for cheap and environmentally benign catalysts based on group 1 metals.
We decided to explore experimentally and computationally three different alkali base
catalysts (M-HMDS; M = Li, Na, and K) to investigate the influence that the nature of

the cation plays on the overall reaction outcome.

More precisely, the purpose of this study was to determine both experimentally
and computationally the general model for alkali-mediated addition of phosphanes
across diynes. With this in mind, we experimentally analysed alkali hexamethyldisi-
lazanides to determine the effect of the nature the alkali metal has over the reaction’s
outcome, and we computed the Gibbs energy profiles for those reactions using DFT

methods.

The results obtained will be presented in the two following subsections: i) ex-
perimental results on alkali-mediated formation of P-aryl-2,5-diphenyl-phosphole and
if) computational results, which contains mechanistic studies. Each of these two main

subsections will be split into multiple subsections.

5.2. Experimental results:

In this section we will focus on presenting our experimental results and on their

scientific discussion for the reactivity study on discovering the most successful alkali
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metal-based catalyst for addition of primary phosphanes across diphenylbutadiyne via

hexamethyldisilazanides.

5.2.1. Influence of the metal on hydrophosphination

To produce reliable studies, freshly prepared alkali metal mesityl phosphanides
were utilized and the following protocol was implemented. The alkali metal phospha-
nides M-P(H)Mes were generated in situ via metalizing MesPH2 with the alkali hexa-
methyldisilazanides (M-HMDS; M = Li, Na, and K), resulting in the analogous metal
phosphanides. The 3'P NMR spectroscopy was used to confirm qualitative conversion.
Mesityl phosphine (MesPH2; CoH13P) and 5 mol % of the amide were mixed at room
temperature in 5 mL of THF in a Schlenk flask, followed by addition of a stoichiometric
quantity of the 1,4-diphenylbutadiyne. The aliquot was protolyzed upon one hour using
a couple of drops of methanol. The formed product was analysed via 3'P NMR spec-

troscopy. The general scheme for the reaction is depicted in Scheme 5.2.

I H, 5 mol% /@\
HMDS
+ %» @) = LiNaand K
I b3 )
r \
H

1 2 3

H

Scheme 5.2: Alkali-mediated hydrophosphination of diphenylbutadiyne with mesit-
ylphosphane, using M-HMDS (M = Li, Na, and K) as catalysts at room temperature
yielding P-mesityl-2,5-diphenyl-phosphole.

The outcome of the experimental results is summarised in Table 5.1. In less
than an hour 1-mesityl-2,5-diphenyl-1H-phosphole formed quantitatively at room tem-
perature. From this data, it was deducted that the hydrophosphination proceeds regio
and stereo-selectively to generate 1H-phosphole. This process could not be mediated

by the catalysts based on smaller congeners, such as Li-HMDS (entry 1). However,
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fast conversion was detected for the complexes of the heavier metals’ sodium and
potassium (see Table 5.1; entry 2 and 3). Surprisingly, in the case of Li-HMDS also
the addition of 18-crown-6 could not increase of the rate of conversion. ¢ The formation
of the double-addition product is most likely impeded as no additional products were
observed. However, later we will explore computationally why this reaction might be
inhibited (see Section 5.3.4.3.). The conversion rate was determined via 3'P NMR
spectroscopy after one hour, which remained unchanged even after 24 h. Under these
reaction conditions no other products were formed, thus indicating that the generated
phosphole is the thermodynamic product of the reaction. 3'P NMR spectroscopic mon-
itoring at 162 MHz of the alkali-mediated hydrophosphination of 1.4-diphenylbutadiyne

with mesitylphosphineoxide is illustrated in Figure 5.1.

Table 5.1.: Dependency of the hydrophosphination (addition of mesityl phos-
phineacross diphenylbutadiyne) on the alkali metal of the tested bis(trimethylsi-

lyl)amide catalysts.

Entry Metal Conversion after 1h (%)
1 Li /
Na 63
K >99

56 The solution mixture was refluxed for 24h at 75 °C, and upon completion of the 24h 3P NMR was checked,
as there was no activity we decided to add another 5mol% of the pre-catalyst, reflux it again, however, despite
repeating the procedure 5 times no change in the conversion was detected.
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Figure 5.1.: 3'P NMR spectroscopic monitoring at 162 MHz of the alkali-mediated hy-
drophosphination of 1,4-diphenylbutadiyne with mesityl phosphine at room tempera-
ture yielding 1-mesityl-2,5-diphenylphosphole.
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Hence, the nature of the alkali cation plays a significant role in the conversion
rate and subsequently in the reaction mechanism. Thus, alkali cations cannot be con-

sidered as freely interchangeable and as spectators in the reaction.

5.2.2. NMR data of 1-mesityl-2,5-diphenyl phosphole

The NMR data confirms the structure of 1-mesityl-2,5-diphenyl-1H-phosphole,
with clear distinctions between the aromatic and aliphatic regions. The numbering
scheme of 1-mesityl-2,5-diphenyl-2,3-dihydro phosphole may be found in Figure 5.2

below.

Figure 5.2.: Numbering scheme of 1-mesityl-2,5-diphenyl-2,3-dihydro phosphole

The 3'P spectrum (162 MHz, [D8] THF) depicts one singlet at & = - 7.55 ppm.
The '"H NMR (400 MHz, [Ds] THF) of 1-mesityl-2,5-diphenyl-1H-phosphole shows a
multiplet at 6 = 7.21-7.08 ppm (6H) and another at & = 7.07-7.00 ppm (4H), corre-
sponding to the aromatic protons of the phenyl groups. A broad singlet at & = 6.89
ppm (2H) is assigned to the meta protons of the mesityl ring, while another singlet at
0 = 6.54 ppm (2H) corresponds to the protons at the potions C2 and Cs of the phos-
phole ring. The mesityl methyl groups produce singlets at & = 1.87 ppm (3H, para-
CH3) and & = 2.42 ppm (6H, ortho-CHs).

The *C{'H} (101 MHz, [Ds] THF) NMR spectrum shows peaks for the quater-
nary carbons of the mesityl ring at & = 138.6 ppm (C20) and & = 137.7 ppm (C17).
Additional quaternary aromatic carbons are observed at & = 136.6 ppm (C4), 135.9
ppm (C14), and 134.8 ppm (C12). The phenyl ring carbons resonate at d = 130.3 ppm
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(C15), 129.9 ppm (C10), 129.7 ppm (C11), and 128.6 ppm (C13). The phosphole ring
methylene carbons C2 and C3 may be found at & = 110.1 ppm. The methyl carbons
of the mesityl substituent are observed at & = 23.3 ppm (C24, para-CHs) and 6 = 19.2
ppm (C23/C25, ortho-CH;). These data support the assigned structure of the com-

pound 3 and confirm the successful formation of 3 (see Scheme 5.2)..1424.25

A)

100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -1
f1 (ppm)

B)

i M } | .'.'. | - '

74 70 66 62 58 54 50 46 42 38 34 30 26 22 18 14
f1 (ppm)
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Figure 5.3.: A) 3'P {H} NMR B) '"H NMR and C) "3C {H} NMR spectra monitored at
162, 101, and 400 MHz, respectively, for 1-mesityl-2,5-diphenylphosphole in [Ds]-THF

at room temperature.

Time-dependent 3'P NMR spectrum (162 MHz, 297 K, ds-THF) conducted at -
80°C under the same conditions as initially, except temperature, by a fellow lab mem-
ber Benjamin Fener provides essential insights into the precursors yielding 1-mesityl-
2,5-diphenyl-phosphole and it is depicted in Figure 5.4. The spectrum indicates the
formation of about 5% secondary phosphanes, with resonances at & = -78 ppm and -
90 ppm, suggesting the presence of two possible E/Z-isomers. This data supports a
mechanism involving a nucleophilic attack on position C1, followed by protonation as
the initial two steps for the formation of the phosphole (see Section 5.3.1 below). The
reaction time significantly impacts the formation and stability of intermediates. Notably,
no expected phosphole product was observed. Additionally, a peak at d =-160.07 ppm
corresponds to mesityl phosphane, while a signal at 10.16 ppm relates to dimesityl
phosphineoxide, Mes2P(O), likely present in the starting material. Thus, providing us
with some guidance for the starting point when proposing the reaction mechanism for

the formation of 1-mesityl-2,5-diphenyl-2,3-dihydro-phosphole.
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Figure 5.4.: 3'P NMR spectra monitored at 162 MHz of the formation of 1-mesityl-2,5-

diphenylphosphole in CDCIs at room temperature.

5.2.3. Crystal structure of 1-mesityl-2,5-diphenyl-1H-phosphole

We were able to successfully obtain single crystals of 1-mesityl-2,5-diphenyl-
phosphole. In this section we will discuss the crystal structure of the newly formed 1H-
phosphole. The molecular structure and numbering scheme of 1-mesityl-2,5-diphenyl-
phosphole are illustrated in Figure 5.5. The newly formed phosphole crystalized in the
monoclinic space group P 21/c. Consequently, due to the steric crowding induced by
the presence of mesityl substituent, the P-bound aryl substituent has nearly a perpen-
dicular orientation to the phosphole ring and the substituents in the 2 and 5 positions.
Hence, the torsion angle amongst C1-P1-C17-C22 is 133.17°. Because the phospho-
rous atom has a pyramidal environment, the lone pair will have a poor overlap with the
endocyclic dienic system (see Figure 5.5), resulting in a significant drop in delocaliza-
tion within the system and subsequently the aromaticity. However, it should be noted
that the aryl rings of the butadiyne unit do not take up a coplanar orientation, as the
phenyl ring attached onto carbon C1 is slightly puckered. This conformation prevents
further delocalization, thus putting in question the aromaticity of this compound, in ac-
cordance with computational and experimental papers.'®25-28 The heterocyclic core
P1-C1-C2-C3-C4 is planar. The average bond length between the endocyclic C1-C2
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and C3-C4 atoms is 1.366 A, which is in the range for C=C double bonds. The bond
length between C2-C3 is 1.437(2) A and this distance is only slightly smaller than a
single bond between sp? hybridized carbon atoms. The two exocyclic bonds C1-C11
and Cs-Cs have a mean distance of 1.468 A putting these bonds within the range of
single bonds. The value of 1.47 A is an expected single bond between sp? hybridized
C atoms, the value of 1.44 A is slightly smaller. Therefore, we have delocalization
within the cis-arranged endocyclic butadiene system. Interestingly, the endocyclic P-
C bond lengths are 1.796 and 1.802 A with a longer bond being exocyclic P1-C17 with
1.829(2) A. The bond lengths in compound 3 (1-mesityl-2,5-diphenylphosphole) are
similar to those in comparable compounds. The reported bond length for P-Cphenyi in
1,2,5-triphenylphosphole is 1.822 A, whilst the average bond length of P-C (sp?) single
bond in PhsP=CHz is 1.823 A.29-3" The bond angle C1-P1-C17 being nearly tetrahedral
at 109.75(7)° is very close to the ideal tetrahedral angle of 109.28°, indicating minimal
strain and an energetically favourable arrangement.3232 The slightly wider angle of Cs-
P1-C17 at 112.08(7)° represents a small deviation from this ideal geometry, yet it still
falls within the expected range for such molecular structures. When compared to anal-
ogous angles in 1-mesityl-2,5-diphenyl-1H-phosphole, which are narrower (104.4° and
106.2°), the observed widening is consistent with the idea that adjusting bond angles
involves less energetic cost than stretching bonds. 3¢ This is because widening an
angle primarily affects the spatial distribution of electron clouds, which is energetically
less demanding than stretching a bond, which requires overcoming the significant
electrostatic forces that maintain the bond length.3* Overall, the structural characteris-
tics observed in the compound are typical of such phosphole derivatives, where minor
variations in bond lengths and angles are dictated by the balance between bond

strength and electron cloud distribution.
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Figure 5.5.: Molecular structure and numbering scheme of 1-mesityl-2,5-diphenyl-2,3-

dihydro-1H-phosphole (compound 3). H atoms are omitted for clarity reasons.

Selected bond lengths (A): P1-C1 1.7964(17), P1-C4 1.8024(16), P1-C17 1.8291(16),
C1-C2 1.363(2), C1-C11 1.467(2), C2-C3 1.437(2), C3-C4 1.369(2), C4-C5 1.470(2).
Selected bond angles (°): C1-P1-C4 92.31(8), C1-P1-C17 109.75(7), C4-P1-C17
112.08(7), C2-C1-P1 108.08(12), C2-C1-C11 126.86(15), C11-C1-P1 124.46(12), C1-
C2-C3 115.10(15), C4-C3-C2 115.11(15), C3-C4-P1 107.58(12), C3-C4-C5
127.04(15), C5-C4-P1 124.51(12), C6-C5-C4 121.86(15), C10-C5-C4 120.53(14),
C12-C11-C1 121.23(15), C16-C11-C1 120.74(15), C18-C17-P1 124.04(12), C22-
C17-P1 116.21(12).

Having experimentally explored the influence of the alkali cation on the outcome
of the hydrophosphination reaction and the NMR and XRD data of the newly formed

phosphole, we will now move onto the computational section of this Chapter.

5.3. Computational results

In this section, we will show our computational findings and their scientific sig-
nificance for the reactivity study on determining the most successful alkane-based cat-
alyst for the addition of primary phosphanes across diphenylbutadiyne via
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hexamethyldisilazanides. We will begin this section by proposing a mechanism for the
formation of the phosphole; then we will go into exploring the proposed mechanism
for each of the alkali cations individually and we will finish this section with the discus-

sion about double hydrophosphination.

5.3.1. The proposed reaction mechanism for formation of 2,5-sub-

sittuted phospholes

The project aimed to conduct a comparative analysis of the reaction mechanism
catalysed by different alkali cations (M-HMDS; M = Li, Na, and K). Additionally, it
sought to understand why only the formation of phosphole was observed experimen-
tally. To achieve these goals, the reaction mechanism for the alkali metal-mediated
addition of mesitylphosphineacross diphenylbutadiyne was analysed using computa-
tional methods. This analysis involved investigating how the different alkali cations
influence each step leading to the formation of the phosphole individually and explor-

ing the factors that drive the selective formation of phosphole.

Since from our experimental testing the reaction has shown dependence on the
cation present in the system, we propose a reaction mechanism in which the alkali
cation is explicitly present. It should be noted that calculations were also conducted
without the presence of the cation just as “bare” anionic reaction to determine to which
extent the cation has influence on the system (this is discussed in Section 5.3.4.4).
The proposed mechanism is depicted in Scheme 5.3, where M signifies the alkali

metal and the cationic site.

We propose the initial step to be the metalation of mesitylphosphineby M-
HMDS (M = Li, Na, and K), thus generating the active species (i.e., alkali mesit-
ylphosphanides) necessary for the cycle to begin. This step will be discussed sepa-
rately from the rest of the cycles (see Section 5.3.2.). The ensuing step would be the
nucleophilic attack by alkali mesitylphosphanides (M-P(H)Ar) onto the C+” from one of
the C=C triple bonds present in the diyne, thereby forming the first P-C bond. It should

7 By C1 or Cinternal We mean the C atom closest to the phenyl substituent from the one of C=C triple bonds pre-
sent in the butadiyne; Cz is the C atom closest to the Ci, whilst Cs is the C atom from the adjacent C=C triple
bond closest to Cz, lastly, Cs is the other C atom connected to the other phenyl substituent present in the
diyne system whilst, simultaneously connected to Cs.
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be noted that the formation of pro-Z intermediate will be favoured. This intermediate
possesses the configuration necessary for the 2" nucleophilic attack onto the adjacent
triple bond unit, yielding a 5-membered ring. Following the nucleophilic attack, we pro-
pose a protonation step to ensue. For this step we suggest two possible routes i) pro-
tonation by an additional molecule of mesitylphosphine(MesPHz2) or ii) protonation by
an H-HMDS molecule. This step would generate a Z-isomer and depending on the
protonation route it might generate a molecule of active species M-P(H)Mes or M-
HMDS (catalyst). Both molecules may be used in the following step i.e., deprotonation
of the proton present on the phosphorous atom. Hence, this step may also proceed
via two pathways. In this step either H-HMDS or MesPH: will be reformed depending
on the pathway taken. The next step is the cyclization, for which we propose an intra-
molecular nucleophilic attack from the phosphorous atom onto the adjacent triple bond
unit to yield a 5-membered ring i.e., nucleophilic attack onto C4. The final step, which
will generate the phosphole may be obtained by the same two routes as the previous
protonation step and it would regenerate the same molecules (active species or M-
HMDS). It's noteworthy to mention that experimentally only formation of phosphole
was observed. However, computationally we also explored the possibility of double

hydrophophination on C1 - C4 and C2- Ca.
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Scheme 5.3: Mechanistic proposal for formation of phosphole resulting from alkali-

mediated hydrophosphination.

5.3.2. Formation and deactivation of the alkali metal mesit-

ylphosphanide active species

Mesitylphosphanide anion is the nucleophile in the alkali mediated hydrophos-
phination of diphenylbutadiyne. These M-P(H)Mes active species were prepared in
situ by metalation of mesitylphosphine(MesPH2) with the hexamethyldisilazanides of

the alkali metals (M-HMDS) following reaction 1.

n "(MHMDS "+ nMesPH, ———= nH-HMDS + n QB (H)Mes

(1)
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As we did for the parent alkali metal phosphinites in Chapter 4 (Section
4.1.2.3), the exploration of the reaction mechanism started by determining the feasi-
bility of the formation of the alkali metal phosphanide active species, as well as their

possible deactivation modes.

Assuming a dimeric nature of M-HMDS (M = Li, Na, and K) in THF solutions,3%-
37 reaction (1) involves two steps. The first one is the deaggregation of M-HMDS di-
mers to generate M-HMDS monomers. This step was already discussed in Section
4.1.2.3 of Chapter 4. The second step is the proton transfer of a MesPH2 proton from
the phosphorous atom to the nitrogen centre of the M-HMDS monomers (Scheme
5.4). This step also happens for the generation of alkali metal phosphinites (Chapter
4, Scheme 4.6).

M
|
|
_N. RI T78¥ ——> PI ——> ~_.N_ - +
Sythed f;f >3

Scheme 5.4: General scheme for the proton transfer step in the formation of alkali

metal mesitylphosphanides (M-P(H)Mes).

Based on the findings in Chapter 4 concerning the impact of cation solvation
on this reaction, we have primarily studied the reaction using monosolvated cations to
save computational time. However, we have also conducted some verification with

tetrasolvated species for comparison Table 5.2 collects Gibbs reaction (AGr) and ac-
tivation (AGT) energies for the proton transfer step. The optimized structures for the M

= K pathway are depicted in Figure 5.4.
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Table 5.2.: Gibbs reaction (AGRr) and activation (AG") energies (kcal mol-!) for the

proton transfer step (Scheme 5.4) of the generation of active species M-MesPH.

AGR
Entry Metal (THF)2 (THF)ab s
1 K 43 5.6 8.7
2 Na 3.8 5.8 7.8
3 Li 3.8 7.1 15.2

@ Monosolvated species.

b Tetrasolvated species (numbers in italics).

In mesitylphosphanes oxygen-alkali cation interactions that guide the reaction
for phosphineoxides are not possible. A cation-1r interaction with the phenyl ring of the
mesityl substituent allows approaching MesPH2 to M-HMDS in the initial M-RI inter-
mediates (Figure 5.6). From them an easy P- to N- proton transfer takes place, alt-
hough the barriers show dependence with the cation, as displayed in Figure 5.6. The
lowest one is with potassium (8.7 kcal mol-') and the highest one with lithium (15.2

kcal mol™).

K-RI K-TS K-PI

g 3.10 ‘I 1.62

P
331 h 00 &
3.72 382 Q
3‘537_ 59 328.-' '1.53
% 274

Figure 5.6.: Optimized structures of intermediates (Rl and PI) and transition state (TS)
in the proton transfer step for the generation of K-P(H)Mes with monosolvated struc-

tures. C-H hydrogen atoms are omitted for clarity reasons. The distances are given in

A
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Figure 5.7 depicts the Gibbs energy profile for the generation of the active spe-
cies M-P(H)Mes for the three alkali cations (M = Li, Na, and K). Apart for formation of
Li-P(H)Mes (see Table 2, entry 3), the AG values for both monosolvated and tetra-
solvated species are comparable, though tetrasolvation consistently results in a more

exergonic process.

\ /
L \ | Si—
=L —Si-N’
= = Na 7 H
- =

-3.8 -3.8
3.1 ‘—___=__-=:::—
-4.1 4.3
SM RI TS PI P

Figure 5.7.: Gibbs energy profile in THF (AGryr kcal mol') at 298 K for the proton
transfer step for the generation of M-P(H)Mes active species (M = Li, Na, and K) con-
sidering monosolvated structures at a B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-
D3BJ/6-31G(d,p)/SMD(THF) level of theory; the ------ line between the metal cation
and the oxygen atom signifies the interaction between them; the TS is marked as ...

).

The M-P(H)Mes active species in solution can be described as contact ion pairs

with a phosphanide anion and a solvated cation. The absence of an oxygen centre,
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as in phosphinites, avoids coordination of the cation. The ion pair character is in-
creased when increasing the number of solvent molecules solvating the cation, the

ions moving away in the tetrasolvated structures (Figure 5.8).

K-P(H)Mes Na-P(H)Mes Li-P(H)Mes

Figure 5.8.: Optimized structures of monosolvated (top) and tetrasolvated (bottom)
M-P(H)Mes active species. C-H hydrogen atoms are omitted for clarity reasons. The

distances are given in A.

Alkali metal phosphanides can aggregate and they can adopt a wide variety of
structural motif in the solid state, including dimers, trimers, tetramers and higher ag-
gregates. The oligomeric nature of alkali metal phosphanides can be preserved in so-
lution, thus decreasing the concentration of the monomeric active species. 34! Di-
meric structures with a Li2P2 rhombus-shaped core and each lithium cation solvated
with two THF molecules have been proposed for [(Dipp)(Mes)P]Li in THF solution. 4’
Less sterically hindered diarylphosphanide complexes such as Ph2PLi(THF), favour
dimeric, or higher oligomeric structures. 3 On the contrary, a monomeric structure is

preferred for [(Dipp)2P]Na(THF)1.5 at low temperatures.*!
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We have performed calculations to estimate the feasibility of the dimerisation
process for M-P(H)Mes active species. Similarly to what we did in Chapter 4 for alkali
metal phosphinites, we have computed the thermodynamics of the dimerisation reac-
tion assuming tetrasolvated monomers and disolvated dimers (Scheme 5.5). Figure

5.9 depicts the bisolvated dimeric species in THF.
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=
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Scheme 5.5.: Dimerisation process of M-P(H)Mes phosphanides considering tetra-

solvated (bottom) monomers.

[(THF),K-P(H)Mes], [(THF),Na-P(H)Mes], [(THF),Li-P(H)Mes],

Figure 5.9.: Optimized structures for the dimeric species of (THF)2M-P(H)Mes. Cer-
tain H atoms are omitted for clarity reasons. Distances are shown in A.

166



Table 5.3 collects the computed Gibss reaction energies for the dimerisation
reactions depicted in Scheme 5.5. Dimerisation of alkali metal phosphanides is less
favoured than that of the parent phosphinites (Table 4.4, Chapter 4). For comparative
reasons we have computed the same AGr assuming monosolvated monomers. The
results in both cases are very different. With monosolvated monomers the reaction is
highly exergonic for all the cations. On the contrary, with tetrasolvated monomers, a
situation more akin to the actual system in solution, the reaction is clearly endergonic
for potassium and sodium. For lithium it is also endergonic, but with a significant pres-

ence of dimeric species.

Table 5.3.: Gibbs reaction energies (AGR, kcal mol') for the dimerisation of M-
P(H)Mes phosphanides (Scheme 5.5).

AGR
Entry Metal (THF)42 (THF)4®
1 K -13.4 8.4
2 Na -15.5. 8.4
3 Li -16.9 2.7

@ Monosolvated species.

b Tetrasolvated species (numbers in italics).

As outlined in Chapter 4, the computational analysis of active species formation
and deactivation reveals the complexity of these processes, primarily due to speciation
and solvation challenges. This underscores the need for accurately modelling the sol-
vent environment to achieve reliable quantitative results. Our calculations indicate that
lithium phosphanide exhibits the highest formation barrier and the least endergonic
dimerisation reaction. These findings suggest a lower concentration of the lithium ac-

tive species in solution.
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5.3.3. Modes of interaction of the metal cation with the 1T-systems

Following the formation of the active species, it is anticipated that the metal
cation from these species (M-P(H)Mes) will interact with the 1r-systems (C=C triple
bonds and/or the phenyl substituents) in the 1,4-diphenylbutadiyne for the reaction to

ensue.

Scheme 5.6: Possible Tr-interaction modes between alkali mesitylphosphanide and

diphenylbutadiyne

Prior to commencing with the calculations for exploring the reaction mecha-
nism, the interaction of the metal cation with both systems was investigated for the
three alkali metals (M = Li, Na, and K). Scheme 5.6 displays the most common inter-
action modes found for the three metal cations. Several conformations were explored
for the interaction between the active species and the diphenylbutadiyne. The most
stable conformations for each of the alkali metals are shown in Figure 5.10., together

with the computed binding energy (AG).
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Figure 5.10.: Most stable conformations computed for interaction of 1,4-diphenyl-
butadiyne with alkali mesitylphosphanide (M-P(H)Mes); (M = Li (green), Na (purple),
K(blue)). The binding energy AG was calculated in kcal mol-'. The C-bound H atoms

are omitted. The distances presented are given in A,

From these calculations two points should be highlighted: i) the very weak na-
ture of these metal cation-1 interactions. Considering the most stable configurations
for interaction for the three metals the estimated AG values were within the range from
-3.4 (K) to -2.2 (Na) kcal'mol! (Figure 5.10). These values show a weak M — 1
binding in a highly dynamic system in which the presence of the metal ion should have
minimal effect on the 1T system. ii) The second point pertains to the positioning of the
metal cation regarding 1T-systems in the most stable structures generated for the three
alkali metals. Interestingly, all three alkali cations will preferably interact with the dou-
ble C=C triple bond 1r-system. The coordination of the alkali metal will be of the type
n*. These findings showcase identical pattern to the findings regarding the alkaliphos-
phinites and their interaction with diphenylbutadiyne, which has been discussed in
Chapter 4 and hitherto, have been confirmed for other 1-systems, interacting with
alkali cations.*?>43 Hence, it can be concluded that the preferred mode of interaction of
the alkali cation is independent of the mode of coordination of the phosphorous atom

present in the system, but its contingent on the size of the cation.

5.3.4. Mechanism for formation of 1-mesityl-2,5-diphenyl-1H-phos-
phole

5.3.4.1. Potassium-mediated reaction
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We will begin this discussion about the alkali catalysed formation of phosphole
with the potassium-mediated reaction. This reaction has the highest conversion rate
(>99%). Thus, with the aim of generating a better understanding of the reaction of
formation of phosphole, we shift our attention on determining the most likely reaction
pathway using DFT methods. The Gibbs energy profile calculated for the most likely
reaction pathway is illustrated in Figure 5.11, whilst the optimized transition state
structures associated with the mechanism with the lowest energy barriers are depicted
in Figure 5.12.
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Figure 5.11.: Computed Gibbs energy profile in THF ( AGyyr kcal mol') at 298 K for potassium-mediated hydrophosphination of
diphenylbutadiyne for the formation of phosphole, using K-HMDS as catalyst at a B3LYP/Def2TZVP level of theory.

171



TS-1-Mes-PK TS-2-Mes-PK

TS-6-Mes-PK
TS-4-Mes-PK

TS-7-Mes-PK

Figure 5.12.: Optimized structures for the lowest transition states for the potassium-
mediated formation of phosphole. Certain H atoms are omitted for clarity reasons. Dis-

tances are shown in A.
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This mechanism will begin upon initial formation of the M-P(H)Mes (metal phos-
phanide/active species) as illustrated in Scheme 5.3. The formation of active species
has been discussed previously in Section 5.3.2. For the reaction to proceed, a con-
comitant interaction is necessary between the 1,4-diphenylbutadiyne and alkali mesit-
ylphosphanide. We estimated the most favourable interaction to lay at -3.4 kcal mol!
bellow separated reactants. Hence, the initial interaction is marginally favoured. In-
deed, the mechanism will begin with a nucleophilic attack from the alkali mesit-
ylphosphanide onto C1 from diphenylbutadiyne (TS-1-Mes-PK), with an energy barrier
of 13.2 kcal mol-'. Looking at Figure 5.12 for TS-1-Mes-PK we can notice that the
potassium cation has a weak interaction with the phosphorous atoms (3.11 A), but a
stronger interaction with C-C conjugated system (2.89 A). Moreover, we can also see
a slightly displaced staggered stacking between the phenyl and the mesityl moieties.
The intermediate which is formed from this nucleophilic attack is Z-11-Mes-PK and it
may be found at -4.7 kcal mol' below separated reactants (DPBD + K-P(H)Mes). It
should be noted that we also explored that addition of metal phosphanide across C:2
and this step presented with an energy barrier of 19.6 kcal mol-!, which is 6.4 kcal mol-
" higher than that in C1 and it yielded a thermodynamically less stable intermediate (P-
1-MesA-PK) at -0.4 kcal -'. Hence, it may be concluded that the addition across C1 is
both kinetically and thermodynamically favoured over addition onto C2. The Gibbs en-
ergy diagram comparing both nucleophilic attacks (TS-1-Mes-PK and TS-1-MesA-
PK) and the respective optimized structure for TS-1-MesA-PK (Part B) may be found
in Figure 5.13, A and B, respectively. As this energy barrier was estimated to be
higher than the energy barrier necessary for the nucleophilic attack proceeding on Cy,

we excluded the computational calculations for the 2,3-two folded addition.
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Figure 5.13.: A) Gibbs energy profile in THF (AGryr kcal mol') at 298K for 1st nucle-
ophilic attack C1 (blue pathway) vs C2 (pink pathway) by potassium phosphanide onto
1,4-diphenylbutadiyne at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory and B) Optimized structure for transition state for
1st nucleophilic attack onto C2 atom. Certain H atoms are omitted for clarity reasons.
Distances are shown in A.

The intermediate Z-11-Mes-PK from TS-1-Mes-PK possesses the correct con-
formation to proceed subsequently with ring closure. Hence, no need for isomerization

is required. The potassium cation in this intermediate predominantly interacts with the
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diyne system. In addition, we also determined the thermodynamic stability of Z-1l-
Mes-PK (-4.7 kcal -' kcal mol"') and E-11-Mes-PK (-1.5 kcal mol'). Therefore, we can
say that besides possessing the correct configuration suited to undergo ring closure,
the intermediate Z-11-Mes-PK is also thermodynamically more stable than E-11-Mes-
PK intermediate. We were also able to exclude isomerization as a step to proceed
from Z-11-Mes-PK into E-11-Mes-PK as we estimated an energy barrier of 17.8 kcal

mol".

Initially we proposed that the protonation step would induce simultaneously a
subsequent metalation step i.e., reactivation of the phosphorous atom for the cycliza-
tion step. However, despite numerous attempts, we were not able to attain a step
which would induce a protonation and simultaneous metalation at the phosphorous
atom. Consequently, we concluded that the most probable pathway for this step is a
stepwise protonation and then consecutive deprotonation/metalation. Ergo as pro-
posed in Scheme 5.3, we tested both MesPH2 and H-HMDS as proton donors for the
proceeding protonation step. The molecule of H-HMDS is formed as a side product
upon the formation of the active species, thus they are also available as Brgnsted
acids. Before confirming that the pronation proceeds via a route of MesPH2 or H-
HMDS as proton donor, we also considered the possibility of intramolecular protona-
tion (i.e., transfer of the H atom attached to the phosphorous atom onto C2). Nonethe-
less, we were able to exclude this possibility, as the yielded intermediate in the previ-
ous step does not bear the necessary configuration for interaction between the P and
the C2 atom. The Gibbs energy profile depicting the two possible calculated modes for
the protonation step (MesPH2 or H-HMDS) are presented in Part A of Figure 5.14,
whilst Part B illustrates the TS in which the H-HMDS is the proton donor.
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Figure 5.14.: A) Computed Gibbs energy profile of possible modes for 15t protonation
step in THF (AGryr kcal mol') at 298 K for potassium-mediated hydrophosphination
of diphenylbutadiyne for the formation of phosphole, using K-HMDS as catalyst at the
B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of the-
ory. The pathway through MesPH:2 (TS-2-Mes-PK) and H-HMDS (TS-3-Mes-PK) are
depicted with orange and green, respectively. B) Optimized structure for the protona-
tion step in the potassium-mediated formation of phosphole when H-HMDS is the pro-

ton donor. Certain H atoms are omitted for clarity reasons. Distances are shown in A.
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As illustrated in Figure 5.14, we attempted to keep the same configuration of
the proton donor molecules, regardless of which molecule we used as donor conduc-
tive, to provide better comparison with the analogous step provided in Figure 5.12.
From Figure 5.14, we can see that the protonation step with the smallest energy bar-
rier is with MesPHz2 as a Brgnsted acid (TS-2-Ph-K of 6.3 kcal mol') with a marginal
distinction to H-HMDS as a proton donor (TS-3-Ph-K of 6.6 kcal mol'). Consequently,
we concluded that the protonation step most probably will proceed via both pathways
for this step. As it may be noted from Figure 5.12 and 5.14 the potassium cation in
this step will preferably interact with the C-C conjugated system regardless of the mol-
ecule which is used as a donor. In these two TSs, the coordination of the potassium
cation with phosphorous atom proceeds at a larger distance. Concurrently, with the
formation of the Z-2I-Mes-PK, M-HMDS or M-P(H)Mes will be formed depending on

the pathway of formation.

For the following step we propose deprotonation of the phosphorous atom (cf.
Scheme 5.3). This step is necessary as the cyclization may not proceed if the phos-
phorous atom is still protonated. The two molecules (M-P(H)Mes and M-HMDS) gen-
erated in the previous step may be involved in this step. The Gibbs energy profile
depicting the two possible calculated modes for the deprotonation step (MesPH2 or H-
HMDS) is presented in Part A of Figure 5.15, whilst Part B illustrates the TS in which
the H-HMDS is the proton donor.
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Figure 5.15.: A) Computed Gibbs energy profile of possible modes for the P-H depro-
tonation step in THF (AGryr kcal mol') at 298 K for potassium-mediated hydrophos-
phination of diphenylbutadiyne for the formation of phosphole, using K-HMDS as cat-
alyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF)
level of theory. The pathway through MesPH: (TS-2-Mes-PK) and H-HMDS (TS-3-
Mes-PK) are depicted with orange and green, respectively. B) Optimized structure for
the deprotonation transition states for potassium-mediated formation of phosphole
when H-HMDS is the proton acceptor. Certain H atoms are omitted for clarity reasons.

Distances are shown in A.
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As shown in Figures 5.12 and 5.15, we assumed that the proton acceptor mol-
ecules will be positioned in similar arrangement regardless of which molecule we used
as Bronsted base. Additionally, we can see that the change of the proton acceptor
molecules does not induce any significant change in the interaction between the po-
tassium cation and the diyne moiety. Also, the interaction remains with very weak
character. Analogously to the preceding step the deprotonation with M-P(H)Mes has
a lower energy barrier (TS-4-Mes-PK; 7.6 kcal mol-') than with M-HMDS (TS-5-Mes-
PK; 8.1 kcal mol'). In the generated intermediate Z-41-Mes-PK, the potassium cation
is between the phosphorous atom and the triple bond. This unique positioning may be
one of the factors governing the “activation” of the triple bond to undergo a subsequent
nucleophilic attack and yield a 5-membered ring. In this step subsequently of the
deprotonation we will regenerate either a MesPH2 or H-HMDS molecule, depending
on the taken TS pathway. Notably, there are no 1 - 11 interactions in this step nor in
the previous between the mesityl moiety of the phosphanide and the phenyl substitu-
ents of the diyne. In both steps, protonation and deprotonation, the potassium cation

will likewise interact with a weak interaction with the mesityl moiety.

Before continuing with the discussion on the ensuing steps, it should be men-
tioned that according to the theoretical results for the 15t protonation step and subse-
quent deprotonation step, we cannot say with certainty which is the protonating agent:
H-HMDS or MesPh2. This is due to the energy barriers being so close in energetic
value. Hence, it may be deduced that most likely in the reaction mixture, we have a
mixture of both protonating/deprotonating agents, simultaneously executing their

roles.

Having obtained the prerequisite conformation in the previous step and having
“activated” the second triple bond present we may proceed to the last step in our pro-
posed mechanism i.e. the ring closing step. For the cyclization step TS-6-Mes-PK we
estimated an energy barrier of 21.7 kcal mol'. The generated intermediate Z-61-Mes-
PK is found at -30.1 kcal mol' beneath isolated reactants. Remarkably, in this step
too, the main interaction of the potassium cation is with the C-C conjugated system.
This weak interaction most likely aids in lowering the energy barrier for the cyclization
step, nonetheless later we will discuss more into detail the role the alkali cation plays

in the overall mechanism (see Section 5.3.4.4.).
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For the last protonation step, we explored the possibility of protonation by the
two possible proton donor molecules generated in the previous step (MesPH2 or H-
HMDS; see Figure 5.12, Part A). Following the trend from the first protonation step,
the energy barrier for MesPH2 was marginally lower (TS-7-Mes-PK, 7.2 kcal mol),
than when the protonation step proceeds with H-HMDS as donor (TS-8-Mes-PK, 8.1
kcal mol'). These findings are akin to the data for the first protonation step. As the
energy barriers are similar for both proton donor molecules in the reaction’s mixture
this step can proceed via both routes. Interestingly, in TS-7-Mes-PK the potassium
cation interacts with three aryl rings: the phenyl ring from the diyne moiety, the Pbound
mesityl moiety and the mesityl moiety from the MesPH2 donor molecule. In TS-8-Mes-
PK the interaction of the cation is solely with the phosphole, the cation is not in the
vicinity of the H-HMDS donor. The optimized structures for TS-7-Mes-PK and TS-8-
Mes-PK are illustrated in Figure 5.12 and 5.16 Part B, respectively.
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Figure 5.16.: A) Gibbs energy profile in THF (AGyyr kcal mol') at 298K for 2" proto-
nation step at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory for potassium metal-mediated hydrophopshina-
tion. The pathways though TS-7-Mes-PK and TS-8-Mes-PK are depicted with orange
and green, respectively. B) Optimized structure for transition state for 2" protonation
step for H-HMDS as proton donor. Certain H atoms are omitted for clarity reasons.

Distances are shown in A.
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We can summarize the results as follows: the reaction is exergonic by -55.4
kcal mol', with the highest relative energy barrier within the reaction mechanism cor-
responding to the cyclization step having an energy barrier of 21.7 kcal mol-'. All the
estimated energy barriers could be surmounted under the reaction’s conditions.
Hence, the computational results are indeed in agreement thus far with the experi-

mental results for potassium-mediated formation of phosphole.

Before proceeding to the discussion of the computed reactions for sodium and
lithium, it should be noted that the limitation to this study is that this mechanism has

only been computed but not confirmed via kinetic NMR studies.

5.3.4.2. Sodium-mediated reaction

The potential energy hypersurface of this reaction has been thoroughly investi-
gated to shed light on the decreasing reaction rates observed for harder alkali metals
for this reaction. Analogous to the mechanism calculated for potassium-mediated for-
mation of phosphole, the sodium catalysed reaction of mesitylphosphinewith diphenyl-
butadiyne yielding 1-mesityl-2,5-diphenyl-1H-phosphole was computed. Details on the
formation of the active species may be found in Section 5.3.2. The Gibbs energy pro-
file generated for the reaction n is depicted in Figure 5.17. Figure 5.18 depicts the

optimised transition state structures associated with the mechanism.
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Figure 5.17.: Computed Gibbs energy profile in THF (AGyr/kcal mol') at 298 K for sodium-mediated hydrophosphination of diphe-
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nylbutadiyne for the formation of phosphole, using Na-HMDS as catalyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory.
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Figure 5.18.: Optimized structures for the lowest transition states involved in the so-
dium-mediated formation of phosphole. Certain H atoms are omitted for clarity rea-

sons. Distances are shown in A.
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Correspondingly to the formerly estimated pathway, this mechanism begins
with the nucleophilic attack (TS-1-Mes-PNa) of sodium mesitylphosphanide to C1 of
the diphenylbutadiyne with an energy barrier of 11.9 kcal mol!. The intermediate re-
sulting from this first step is Z-11-Mes-PNa with a Gibbs energy of -8.0 kcal mol-' below
separated reactants. Comparing Figure 5.12 with Figure 5.18 we can see that sodium
cation prefers to interact at a shorter distance with the phosphorous anion (and the C-
C conjugated system), than the potassium cation in this akin TS (TS-1-Mes-PK), (2.70
A vs 3.11A and 2.51 A vs 2.89A, correspondingly). The change of the cation will not
induce change in the generated intermediate upon the nucleophilic attack in the sense

of the steoreochemistry.

For this mechanism we also proceeded with determining the ensuing step: pro-
tonation with both MesPH:2 (TS-2-Mes-PNa) and H-HMDS (TS-3-Mes-PNa) as proton
donors. For the former TS we estimated an energy barrier of 10.2 kcal mol-', whilst for
the later TS we estimated an energy barrier of 10.9 kcal mol-'. The increase in the
energy barriers compared to potassium mediated reaction may be attributed to the
stronger interaction of the sodium cation with the phosphorous anion and the C-C
conjugated system, as the conformations in which the transition states proceeds are

remarkably akin (see Figure 5.12 and 5.18).

In the same manner as for potassium we estimated the energy barriers for the
deprotonation with both molecules: MesPH2 (TS-4-Mes-PNa; 9.1 kcal mol-') and H-
HMDS (TS-5-Mes-PNa; 10.3 kcal mol-'). Regardless of the change in nature of the
cation, the TS (TS-4-Mes-PNa) is akin to the TS-5-Mes-PK conformationally. In com-
parison to the potassium cation in TS-4-Mes-PK the sodium cation in TS-4-Mes-PNa
interacts at a shorter distance with the diyne system (2.76 A vs 3.16 A) and with the
mesityl moiety (2.99 A vs 3.12 A). The interaction of the alkali cation with the two
phosphorous atoms will also proceed at a shorter distance: 2.73 A vs 3.17 A for M-
Pobound® and 4.21 A vs 4.39 A for M-Pacceptor®. All these changes in distances may be

attributed to the size difference amongst the two alkali cations.

The second to last step; ring closing TS-6-Mes-PNa for the formation of the

phosphole has an energy barrier of 24.6 kcal mol-'. The generated intermediate E-6l-

8 By Poound We mean the P atom connected to Ci via the first nucleophilic attack.
9 By Pacceptor We mean the P atom from to M-(H)PMes (the acceptor molecule).
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Mes-PNa is found at 29.0 kcal mol! beneath isolated reactants. This energy barrier is
only slightly larger when compared to the analogous step in TS-6-Mes-PK (21.7 kcal
mol-'). Nonetheless, this energy barrier can be surmounted under the reaction condi-

tions in which the reaction proceeds.

The final step, which generates 1-mesityl-2,5-diphenyl-1H-phosphole was de-
termined to proceed with an energy barrier of 9.2 and 9.7 kcal mol-' for MesPH2 (TS-
7-Mes-PNa) and H-HMDS respectively. Contrary to the last step, the change of the
cation in this TS induces a notable change at which the TS proceeds (TS-7-Mes-PNa
vs TS-7-Mes-PK; 1.90 A vs 2.0 A). The difference between these TSs may be attribut-

able to the change of interaction of the alkali cations with the aryl moieties.

To summarise, the reaction mechanism has the highest energy barrier (24.6
kcal mol') for the cyclization step, making it the rate determining step. As it may be
seen from Figure 5.17, with the exception of the energy barrier for the 1t nucleophilic
attack the rest of the estimated energy barriers are indeed slightly elevated compared
to the akin estimated energy barriers for potassium-mediated reactions (Figure 5.11).
The findings demonstrate the limitations of why sodium-mediated hydrophosphination
proceeds with a lower conversion rate, comparatively to the potassium mediated re-
action. Hence it may be concluded that the computational calculations thus far, do

indeed match the experimental results.

5.3.4.3. Lithium-mediated reaction

In contrast to the above findings for potassium and sodium, lithium mesit-
ylphosphanide presented no tendency to react with diphenylbutadiyne under these
reaction conditions, according to the experimental findings. With the reaction pathways
established for both potassium and sodium-catalysed reaction, we next computed the
corresponding Gibbs energy profile for lithium-mediated formation of phosphole (fol-
lowing the proposed mechanism in Scheme 5.3). The calculated Gibbs energy profile
is illustrated in Figure 5.19, whilst the optimized structures for the transition states
involved in the mechanism are depicted in Figure 5.20. Details on the formation of the

active species may be found in Section 5.3.2.
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Figure 5.19.: Computed Gibbs energy profile in THF (AGyyr/kcal mol') at 298 K for lithium-mediated hydrophosphination of diphe-
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nylbutadiyne for the formation of phosphole, using Li-HMDS as catalyst at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
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Figure 5.20.: Optimized structures for the lowest transition states involved in the lith-
ium-mediated formation of phosphole. Certain H atoms are omitted for clarity reasons.

Distances are shown in A.
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The nucleophilic attack by lithium mesitylphosphanide on diphenylbutadiyne
proceeds via TS-1-Mes-PLi (17.7 kcal mol') and provides a route for the formation of
Z-11-Mes-PNa. However, there is an imperative difference between the configuration
of this transition state and the transition states TS-1-Mes-PNa and TS-1-Mes-PK.
Comparatively in the TS-1-Mes-PNa and TS-1-Mes-PK (see Figures 5.18 and 5.12,
respectively), the mesityl moiety preferably interacts in a staggered stacking way with
the aryl substituent, whereas in the TS-1-Mes-PLi (see Figure 5.20) the mesityl moi-
ety will rather interact with the C-C conjugated system. Ergo, the lithium cation will
interact more strongly with the aryl system than with the C-C conjugated system. This
significant change in bonding interaction could be due to the lithium cation being the
smallest cation out of tested alkali cations, thus interacting much more strongly with
both the phosphinemoiety and the diyne. Attempts were made to locate a transition
state with a similar conformation to the TS-1-Mes-PNa and TS-1-Mes-PK. However,
every time we attempted to locate another transition state, we discovered a transition
state with a conformation analogous to the one of the TS-1-Mes-PLi. The Z-11-Mes-
PLi intermediate has the correct configuration to proceed with the ring closure later in
the catalytic cycle, regardless of the different configuration in which the TS-1-Mes-PLi
progresses. Upon the nucleophilic attack, the following step in the proposed catalytic
cycle is the protonation step, which generates the intermediate Z-2I-Mes-PLi and M-
P(H)Mes or M-HMDS depending on the route. We estimated an energy barrier of 10.9
kcal mol! in the case of proton donor being MesPH2 (TS-2-Mes-PLi), whilst in the
case of proton donor being H-HMDS we estimated a barrier of 12.9 kcal mol-'. Con-
formationally, these two located transition states are analogous to the other TSs, pre-
viously determined. The distance between the lithium cation and the phosphinemoiety
or the C-C conjugated is shorter than for the comparative step for sodium and potas-
sium cation (3.10 A (K) vs 2.57 A (Na) vs 2.25 A (Li) and 3.46(Na) A vs 2.88 A(Na) vs
2.28 A(Li) respectively), however, the distance between the lithium cation and the
Pdonor remained the same as in TS-2-Mes-PNa. Notably, as the cation size decreased,
the energy barrier for the 15t protonation step increased. This increase in energy barrier

may be attributed to the increased interaction of the cation with the 1T-systems.

For the subsequent step of deprotonation, we estimated an energy barrier of
11.4 kcal mol' in the instance of M-P(H)Mes (TS-4-Mes-PLi) and 12.2 kcal mol" for

M-HMDS as deprotonating agents. In line with the previous steps, this step also
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necessitates a greater energy barrier to be surmounted for the lithium cation in com-
parison to the larger congeners regardless of the deprotonating agent. It is interesting
to note that both TS-4-Mes-PLi and TS-5-Mes-PL.i follow the same trend as for the
previous step i.e. the lithium cation interacts at a shorter distance with both the mesityl
moieties and the C-C conjugated system, compared to the sodium and potassium cat-
ions. Evaluating more specifically the distances in TS-4-Mes-PLi vs. TS-4-Mes-PK
(see Figure 5.20 and 5.12), we can see that the distance of the potassium cation with
the mesityl moiety is at 3.12 A, while with the C-C conjugated system it is at 3.18 A,
whereas the lithium cation will interact with the mesityl moiety at 2.73 A and with the
C-C conjugated system at 2.38 A. However, the intermediate Z-41-Mes-PLi may be
found at -26.8 kcal mol! and as such it is the most thermodynamically similar value to
Z-41-Mes-PNa (-26.9 kcal mol'). The intermediate Z-4l-Mes-PK (-27.6 kcal mol') re-

mains the most thermodynamically stable amongst these intermediates.

The intermediate Z-41-Mes-PLi will then proceed with the second nucleophilic
attack i.e., cyclization step (TS-6-Mes-PLi) with an energy barrier of 21.5 kcal mol-'.
The coordination of the lithium atom follows the same manner as in the akin TSs for
the other alkali-mediated reactions, but the shorter distance between the cation and
the C-C conjugated system is present in this TS, too. Interestingly, in this case the
cyclization step will proceed with the smallest energy barrier among the three alkali
cations. The generated intermediate Z-61-Mes-PLi (-32.3 kcal mol), is the most ther-
modynamically stable between the akin intermediates Z-61-Mes-PNa (-29.0 kcal mol-
"), and Z-61-Mes-PK (-30.1 kcal mol'). Hence, it may be deduced that the identity of
the alkali cation does play a role in the thermodynamic stability of the intermediates,

and not just in the TS.

The formation of the final product from the intermediate Z-61-Mes-PLi in this
case was also estimated considering two pathways: a) MesPH2 and b) H-HMDS as
proton donor molecules. Our computational findings showed that the energy barrier
necessary for the final protonation step to proceed via the first pathway is 5.9 kcal mol-

1(TS-7-Mes-PLi), whilst, via the second pathway is 6.9 kcal mol-'.

In summary, the results thus far indicate that some energy barriers for lithium
are indeed higher than those for sodium and potassium in the hydrophosphination of
diphenylbutadiyne to yield phosphole. However, the rate-determining step (RDS) of
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cyclization (21.5 kcal/mol) is similar to that of the potassium system (21.7 kcal/mol)
and lower than that for sodium (24.6 kcal/mol). This suggests that the unsuitability of
Li-HMDS as a catalyst may not be due to the reaction itself but rather to the generation
of active species, which might be insufficient to initiate the reaction. Given the current
understanding from this section and Section 5.3.2, the reason for the inhibition of this
reaction remains unclear. Further theoretical and experimental investigations are
needed to uncover the underlying cause. The results discussed thus far demonstrate
the crucial role the correct choice of the alkali cation in the catalyst plays for the overall

outcome of the reaction.

5.3.4.4. Reaction without alkali metal cation

For the sake of comparison, the reaction mechanism without the presence of
alkali cation was also evaluated. Moreover, as mentioned previously, Roesler et al.
also proposed a reaction mechanism for the formation of phosphole via a “bare” ani-
onic system.'® Our experimental and computational results presented thus far demon-
strate that this is not necessarily true, quite the opposite. We propose that the alkali
cation does play a crucial role in the reaction mechanism. Even though we did not
replicate the previously reported proposed mechanism in terms of the proposed steps,
we investigated the proposal of “bare” anionic system i.e., omitting the cation and see-
ing how that will influence the reaction mechanism. This scenario could occur in a
highly polar solvent where the alkali cation/phosphanide ion pair dissociates. However,
this is unlikely in THF (¢ = 7.4), where such dissociation is minimal 4446 Notably, the
effect the solvent has over the outcome of the reaction is explored experimentally in
the original study conducted by Westerhausen et al.??> The estimated Gibbs energy
profile for the “bare” anionic mechanism is depicted in Figure 5.21, whilst still keeping
the same steps from Scheme 5.3. The optimized structures for transition states for

formation of phosphole via a “bare” anionic pathway are depicted in Figure 5.22.
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Figure 5.21.: Computed Gibbs energy profile in THF ( AGyyr kcal mol') at 298 K for formation of phosphole via an “bare” anionic
pathway at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.
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Figure 5.22.: Optimized structures for the lowest transition states for formation of
phosphole via a “bare” anionic pathway. Certain H atoms are omitted for clarity rea-

sons. Distances are shown in A.
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As it can be deduced from Figure 5.21 the estimated profile following a “bare”
anionic pathway does not differentiate significantly from the estimated reaction path-

ways which incorporate explicitly the alkali cations.

Our findings showed that the nucleophilic attack TS-1-Mes-P has an energy
barrier of 11.7 kcal mol-'. The TS will proceed in akin manner to the 1st nucleophilic
attacks in which either the potassium or sodium cation is present. However, the con-
comitant interaction in this case is the most thermodynamically disfavoured and it may
be found at 4.2 kcal mol-! above the reactants. Before continuing with the discussion,
it should be mentioned that we solely estimated the two protonation steps and the
deprotonation step with MesPH2 and M-P(H)Mes, respectively. However, the introduc-
tion in this instance of an additional molecule of MesPH2 caused an increase in energy
for the intermediates from -2.9 kcal mol-1(Z-11-Mes-P) to 1.3 kcal mol-1(Z-11-Mes-P +
MesPH2). This increase energy is opposite from what we have seen when we incor-
porate the cation into the mechanism. The protonation step was estimated to proceed
with an energy barrier of 6.0 kcal mol-1 (TS-2-Mes-P). Following the last step, the
deprotonation step will also proceed with the small energy barrier (TS-3-Mes-P; 3.2
kcal mol'), when there is no explicit cation present. Interestingly, all the generat-ed
intermediates thus far in this mechanism are less thermodynamically stable than the
analogous intermediates with incorporated explicit cations. We noted that the cy-cliza-
tion step in this instance necessitates an energy barrier of 17.9 kcal mol-'(TS-4-Mes-
P). Compared to the other three cyclization steps, this step has a lower energy barrier
than the similar steps involving alkali cations. Therefore, we concluded that although
the cyclization step is the rate-determining step (RDS), the influence of the cation in
this step might be limiting. The last protonation step proceeds with an energy barrier
of 1.7 kcal mol-1 (TS-5-Mes-P). Notably, this is the smallest energy barrier found for

this mechanism.

Our comparative study points out that the main influence of the alkali cation is
in stabilizing reaction intermediates, but it has a minor effect in the barrier of the RD
cyclization step, in any case slightly raising its energy. The “non-cation” situation would
correspond to a highly polar solvent, in which alkali cation/phosphanide ion pairs split.
However, this is not expected to occur in a low polar medium as THF, in which the
presence of these contact ion pairs seems to be undeniable, and, as it is, cations

should be included in the computed system.
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5.1.4.5. Potassium-mediated bishydrophosphination

In addition to estimating the Gibbs energy barrier for the formation of phosphole
we estimated the Gibbs energy barrier for the formation of the 1,4-bishydrophosphina-
tion product as this is one of the possible by-products of this reaction. As depicted in
Section 5.3.4.1, the energy barrier for the addition of metalated mesitylphosphanide
onto C2 of diphenylbutadiyne is higher by 6.4 kcal mol-! than onto C1. Hence, the 2,3-
and 2,4-twofold possible additions were excluded from further exploration. We decided
to conduct these additional calculations as this type of additions have been observed
for calcium-mediated hydrophosphination of butadiynes with HPPh2.5 Notably, exper-

imentally these additions as mentioned before, were not observed in our reactions.

The pathway by which the 1,4-bisphosphination product is generated shares
the first two steps with the mechanism for the formation of phosphole i.e., 13t nucleo-
philic attack onto C1, followed by a protonation step yielding the mono- hydrophos-
phination product. These two steps are followed by another nucleophilic attack with an
additional molecule of M-P(H)Mes onto C4 and finalized through another protonation
step on Cs atom. The Gibbs energy profile for formation of 1,4-bishydrophosphination
product catalysed via K-HMDS is depicted in Figure 5.23, whilst the optimized struc-
tures for transition states for the formation of 1,4-bisphosphinated product are illus-
trated in Figure 5.24.
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Figure 5.23.: Computed Gibbs energy profile in THF ( AGryr kcal mol') at 298K for potassium-mediated bishydrophosphination of
diphenylbutadiyne for the formation of 1,4-bisphosphination product, using K-HMDS catalyst at the B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.
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Figure 5.24.: Optimized structures for transition states for the 1,4-bisphosphination

product. Certain H atoms are omitted for clarity reasons. Distances are shown in A.

As illustrated in Figure 5.9 and 5.21 this nucleophilic attack (TS-1-Mes-PK) will
proceed with an energy barrier of 13.2 kcal mol! whilst the subsequent protonation

(TS-2-Mes-PK) step will ensue with an energy barrier of 6.3 kcal mol.

The ensuing step, the second nucleophilic attack, necessitates an energy bar-
rier of 11.6 kcal mol' (TS-9-Mes-PK), which is comparable to the 15t nucleophilic at-
tack. However, the deprotonation step which would be the following step in the for-
mation of the phosphole for all three-alkali cations, required smaller or almost equiva-
lent energy barrier to be overcome (ranging from 7.6 to 11.4 kcal mol-') depending on
the implemented alkali cation. It should be noted that the introduction of potassium

mesityl phosphanide for this step as in the case for the deprotonation step is not
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necessary as this molecule was formed in the proceeding step of protonation. Thus,
the system will not need to “pay energetic tax” for introduction of another molecule and
subsequent activation of the second C=C triple bond. As depicted in Figure 5.22, in
this TS, the metal cation will preferably interact with both phosphorous atoms simulta-
neously and with the C-C conjugated system. The proceeding step i.e., protonation is
thermodynamically disfavoured, as the sole introduction of another mesitylphosphin-
emolecule in the system increases the energy by 3.6 kcal mol" (TS-10-Mes-PK). The
energetic step for the protonation has an energy barrier of 13.7 kcal mol-'. Notably,
the sole interaction of the potassium cation in the TSs with any aryl rings will be only
in the last protolysis step, whilst in the rest the main interaction will be with the C=C

triple bond.

The final 1,4-bisphosphination product may be found at -39.1 kcal mol' bellow
separated reactants, making the formation of this product exergonic. However, this
product is less thermodynamically stable comparatively to the phosphole (-55.4 kcal

mol").

The highest calculated energy barrier for the bishydrophosphination pathway is
13.7 kcal mol', while for the phosphole pathway, it is 21.7 kcal mol-'. We conducted
additional calculations to determine if introducing three or four explicit THF molecules
to solvate the cation would reverse this trend, but the results showed no discernible
change in the trend. These findings indicate that the formation of the phosphole, com-
pared to the 1,4-bisphosphination product, is governed by the thermodynamic factor.
Therefore, lowering the reaction temperature and extending the reaction time to pro-

mote kinetic control could potentially alter the resulting product of the reaction.
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5.3. Conclusions

To overcome the adverse entropic impact and to approach two electron-rich
molecules, the addition of phosphanes across diynes necessitates a catalyst. Cataly-
sis with s-block metal reagents is a well-established method for activating the phos-
phinepartner by generating the more reactive form i.e., metal mesitylphospha-
nide.234748 The bis(trimethylsilyl)lamides (M-HMDS) of alkali metals were chosen as

catalysts in the addition of mesitylphosphineacross diphenylbutadiyne.

The objectives of this Chapter included the elucidation of the chemo- and regio-
selective outcome during catalytic P-C bond formation across 1,4-diphenylbutadiyne,
clarifying modes of action for the alkali metal ions during the reaction by means of
experimental and mechanistic studies and proposing a mechanism by which the cy-

clization might be proceeding via DFT means.

Experimental results showed that Li-HMDS cannot mediate the reaction. Reac-
tivity increased with heavier congeners, with K-HMDS being the most reactive and Na-
HMDS in between. Moreover, only one product (1-mesityl-2,5-diphenyl phosphole)
was formed regardless of the alkali cation present in the catalyst. The crystal structure
of 1-mesityl-2,5-diphenyl phosphole is akin to the already known structure of 1,2,5-

triphenyl phosphole.394°

Before initiating the computational study of the proposed mechanism for phos-
phole formation, we analyzed the formation and possible deactivation of the active
species M-P(H)Mes. Following the dissociation of dimeric M-HMDS catalysts, a P-to-
N proton transfer generates the phosphanide and H-HMDS. This reaction is exergonic
for all three cations; however, the barrier for lithium (15.2 kcal mol™) is almost twice
that of sodium and potassium (8.7 and 7.8 kcal mol™, respectively). Alkali metal me-
sitylphosphanides in THF can be described as contact ion pairs. The formation of oli-
gomeric structures from alkali metal phosphanides has been reported. 34" We inves-
tigated the possibility of dimerisation of the three-alkali metal mesityl phosphanides,

being the easiest for the lithium system.

We also explored the most favourable interaction amongst the metal cation

(from the active catalytic species) and the diyne. We found that all the cations in the
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active catalytic species will predominantly interact with the diyne system rather than

with the phenyl moieties.

A comparative analysis of the alkali-catalysed hydrophosphination of diynes,
reveals, besides sharing a common general mechanism the energy barriers take place
with similar reaction barriers. Our proposed mechanism begins with the formation of
the active species, followed by a nucleophilic attack onto C1. This is succeeded by a
protonation step, deprotonation, another nucleophilic attack onto C4 to generate the
five-membered ring, and finally, another protonation step. It should be noted that, de-
spite numerous attempts, we were not able to attain a step which would induce a pro-
tonation and simultaneous metallation at the phosphorous atom. Consequently, we
concluded that the most probable pathway for this step is a stepwise protonation and
then consecutive deprotonation/metalation. According to the computational results for
the first protonation step and subsequent deprotonation step (regardless of the alkali
cation implemented), it's uncertain which is the protonating agent. H-HMDS or
MesPH2. The energy barriers are very close in value. Therefore, it's likely that in the
reaction mixture, we have a combination of both protonating and deprotonating

agents, simultaneously fulfilling their roles.

The reactivity trend of alkali cations mirrors the one observed for phosphineox-
ides with phenylacetylene (see Chapter 4). Notably, DFT calculations confirmed the
same pattern between the alkali metals' chemical hardness and their catalytic capacity
as observed experimentally.?2%0 The computed barriers for all the step of the addition
of mesitylphosphineacross diphenyllbutadiyne depending on the alkali metal of the
utilised bis(trimethylsilyl)amide catalyst, are summarized in Table 5.4. For the three
cations the step involving the highest barrier and, therefore, the RDS, is the cyclization
step. For this step the barrier for the sodium system is 3.1 kcal mol-! higher than for
the potassium one, justifying in this way the experimental behaviour of both cations
(Table 5.1).
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Table 5.4.: Computed barriers in THF (AG™, kcal mol ") at 298 K for the addition of
mesitylphosphineacross diphenylbutadiyne depending on the alkali metal of the uti-
lised bis(trimethylsilyl)Jamide catalyst (M-HMDS; M = Li, Na and K) and for the bare
anion case, at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory.

AG'
Entry | Metal [ 4stNyc | 1st Protona- | Deproto- o 2" Proto-
Cyclization
attack tion nation nation
1 Li 17.7 6.0 11.4 215 5.9
2 Na 11.9 10.2 9.1 24.6 9.2
3 K 13.2 6.3 7.6 21.7 7.2
4 /2 11.7 6.0 3.2 17.9 1.7

@ No cation in the computed system

However, the barriers for potassium and lithium are very similar, despite the
reaction does not proceed with lithium. Calculations indicate that, if the active LI-
P(H)Mes is formed, it should catalyse the reaction, suggesting that the issue with lith-
ium should be related with the generation of the active species and the concentration
of this species in the solution medium (THF). Indeed, for lithium HMDS deaggregation
is much less favourable and the concentration of monomer in solution should be much
smaller (Chapter 4), the P- to N- proton transfer has the highest barrier, and lithium
phosphanide has the less endergonic dimerisation reaction. All together, these results

should entail a decreased concentration of the lithium active species in solution.

By computing the reaction without any alkali metal cation, we found that, in this
situation all the barriers are lower than with cation. Particularly, we got the lowest bar-
rier for the RDS cyclization step in this situation. That means that the cation, although
required for the formation of the active species, is then detrimental for the reaction
itself because it decreases the nucleophilicity of the phosphorous centre of the phos-

phanide.

Additional DFT calculations provided evidence that the double addition of phos-
phineacross 1,4-diphenylbutadiyne has a lower barrier than the cyclization. However,
the double-added product is less thermodynamically favoured than the phosphole.
This could be the factors influencing the chemoselective outcome. The other possible
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outcomes of twofold addition were not explored into depth as the energy barrier for the

addition across C2 was determined to be higher by 7.5 kcal mol-' than onto Ci.

Overall, this investigation provided additional proof that the alkali cations play
an important role in altering the bonding, structure, and the outcome of the reactions,
due to the magnitude of the cation-1 interactions. Thus, confirming that these cations
are not only “spectator” species. Consequently, from now on, the size and the hard-
ness of the metal cation should be taken into consideration when discussing and plan-

ning phosphole synthesis.
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Chapter 6: [2+2] Homodimerization in P(V) derivate
of 1,2,5-trisubstituted phosphole oxides

Results from a combined experimental and computational study on the oxida-
tion and subsequent [2+2] photodimerization of phospholes will be discussed in the
following chapter. This study explores how oxidation of 1-mesityl-2,5-diphenyl-1H-
phosphole alters its electronic structure, enabling subsequent light-induced [2+2] pho-
todimerisation. The experimental procedures, computational analyses, data evalua-

tion have been conducted by me unless otherwise stated.
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6.1. Introduction

Hitherto, chalcogen derivatives of phospholes are known adducts, thus upon a
successful formation of the 1-mesityl-2,5-diphenyl-1H-phosphole we decided to add
an additional topic to this thesis: oxidation of 1-mesityl-2,5-diphenyl-1H-phosphole.'-®
We decided on this additional topic as to determine how the addition of a chalcogen
element would influence the properties of 2,5-disubstituted phospholes. Albeit we were
trying to synthesize solely the phosphole oxide derivative we serendipitously synthe-
sized “head-to-tail” dimer of the phosphole oxide via a formally forbidden [2+2] cy-

cloaddition (see Scheme 6.1).

Target System
H,0,, rt
2 22 AQ
GG O~
\ \ /
1 3 - 2

as a key intermediate

Scheme 6.1: Oxidation and dimerisation of 1-mesityl-2,5-diphenyl phosphole exam-

ined in this study.

In light of the unexpected formation of the bis(phosphole)dioxide, we decided
to conduct computational calculations to gain a more comprehensive understanding
of the detailed mechanism by which the [2+2] photocycloaddition of phosphole oxide
proceeds. These calculations aimed to provide insights into the electronic and steric
factors governing the reaction pathway. Additionally, we conducted experimental test-
ing to determine the properties of both the newly formed [2+2] adduct and its precur-
sor, the phosphole oxide.

Thermal or light-induced [2+2] dimerisation processes have traditionally been
limited to phospholes and phosphole derivatives coordinated to metals.®~'" In 1969
Nelson et al. first reported on the formation of a [2+2]-dimer by irradiating a 1,2,5-
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triphenylphosphole, marking a significant milestone in the study of phosphole reactiv-
ity. .6 From the initial data, the stereochemistry of the cyclobutane ring and the “head-

to-tail” orientation of the dimer couldn’t be determined (see Scheme 6.2).

Ph Ph  Ph Ph  Ph P b h
7 _ 7
: \

[2+2] Head-to-Head Addition [2+2] Head-to-Tail Addition [4+2] Cycloddition

Scheme 6.2: Possible isomers generated via cycloaddition from photocycloadditions
of [(n°-CsHs)Ru(DMPP)2L]PFs complexes; Adapted from ref 12

Although there have been several reports of [2+2] dimers involving different
phosphole chalcogens, the study of phosphole oxide dimers has been relatively lim-
ited. Marinetti and Voituriez in 2012 reported the first metal-free [2+2] photocycliza-
tions using non-substituted helical phosphoindole oxides."® A substituted helical phos-
phinamide in the Cz position was recently investigated, yielding a head to tail [2+2]
dimer under sunlight. The same reaction proceeded in crystalline state under X-ray
radiation.' In 2021, Arp et al. also reported an accidental formation of a dimer of
phosphole oxide.' In their case they were aiming to reduce the weight and widen the
spectrum of applicable phosphineoxide carriers. They treated 1,2,5-tri-
phenylphosphole with the water adduct of di(hydroperoxy)adamantane and instead of
the predicted phosphole oxide adduct, a [2+2] cycloaddition ensued. The reported
structure of 1,2,5-triphenylphosphole oxide dimer has akin stereochemistry to the re-
ported dimer for the parent phosphole. In 2019 Bourez et al. showed that the oxidation
of P(V) derivatives of 2,4-disubstituted phospholes can lead to either [4+2] or [2+2]
dimerisation products.'® These findings broaden the understanding of the reactivity
and dimerisation behaviour of phosphole oxide derivatives, revealing the potential for
diverse bonding interactions and providing new pathways for the synthesis of novel

phosphole-based materials.

Therefore, we opted to conduct both experimental and computational studies
on the oxidation of 1-mesityl-2,5-diphenyl-1H-phosphole and its subsequent dimerisa-

tion. This chapter will commence with an explanation of the experimental results,
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followed by a discussion of the computational findings. Concerning the DFT calcula-
tions, we will first elucidate the oxidation mechanism and subsequently delve into the
mechanism for [2+2] photocycloaddition. For comparative purposes we have also
computed the [4+2] Diels-Alder cycloaddition. Each of the main sections will be divided
into several subsections. It should be noted that unless specifically stated otherwise
under parent phosphole or solely phosphole we mean 1-mesityl-2,5-diphenyl-1H-
phosphole. Phosphole oxide signifies 1-mesityl-2,5-diphenyl-1H-phosphole 1-oxide,
while the [2+2] adduct represents 1,4-dimesityl-2,3b,5,6b-tetraphenyl-3a,3b,6a,6b-tet-
rahydrocyclobuta[1,2-b:3,4-b"]bis(phosphole) 1,4-dioxide.

6.2. Experimental section

In this section of the thesis, we will focus on presenting our experimental results
and the accompanying scientific discussion for the formation of 1-mesityl-2,5-diphenyl-

1H-phosphole oxide and bis(phosphole)1,4-dioxide.

6.2.1. Synthesis of 1-mesityl-2,5-diphenylphosphole 1-oxide

| carried out the synthesis, data collection, and data analysis, whereas Benja-
min Fener from the Westerhausen group managed the crystallization process and
gathered supplementary data on the properties of 1-mesityl-2,5-diphenylphosphole 1-

oxide.

Notably, for this section, we exclusively used K-HMDS as the catalyst, as it
demonstrated the best conversion in the previous chapters. To ensure reliable results,
freshly prepared potassium mesityl phosphinate was utilised likewise in Chapter 5. At
room temperature, 5 mol% of the amide was combined with mesityl phosphine in THF,
followed by a slight excess of 1,4-diphenylbutadiyne. After one-hour, quantitative con-
version was confirmed using 3'P NMR. H202 was then added as an oxidizing agent to
the mixture at room temperature in the dark. The formation of phosphole oxide was
confirmed using 3'P NMR. No side products observed in the NMR spctrums. Scheme

6.3 depicts the formation of phosphole oxide.
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Scheme 6.3: Oxidation of 1-mesityl-2,5-diphenyl phosphole with hydrogen peroxide
yielding 1-mesityl-2,5-diphenyl-phosphole oxide.

6.2.1.1. NMR data of 1-mesityl-2,5-diphenylphosphole 1-oxide

Selected NMR parameters of 1-mesityl-2,5-diphenylphosphole 1-oxide are dis-
cussed using the numbering scheme depicted in  Figure 6.3.
The *'P{"H} NMR, *C{"H} NMR, and'HNMR spectra for 1-mesityl-2,5-diphe-

nylphosphole oxide, are all depicted in Figure 6.1.

The chemical shift of the phosphorus atom, 6(*'P) = 45.8 ppm, lies in the same

region as that of 1,2,5-triphenylphosphole 1-oxide (CHCls, 41.7 ppm). 7

In accordance with its structure, the 1-mesityl-2,5-diphenylphosphole 1-oxide
(CDCI3, 400 MHz) "H NMR spectrum shows the expected signals for aromatic and
methyl protons. The aromatic protons of the two phenyl groups at the 2- and 5-posi-
tions of the phosphole ring are represented by a multiplet between & = 7.25-7.85 ppm
that integrates for ten protons. The meta-protons Cs and Cs of the mesityl substituent
on phosphorus are assigned a sharp singlet at & = 6.72 ppm (2H).Three singlets in the
aliphatic region at & = 2.32, 2.25, and 2.12 ppm integrate for nine protons in total and
are attributed to the methyl groups on the mesityl ring: the singlets at 6 = 2.32 and
2.25 ppm (6H) correspond to the two equivalent ortho-methyl groups ,while the singlet
at d = 2.12 ppm (3H) is assigned to the para-methyl group.

In the "3*C{'H} NMR spectrum (101 MHz, [Ds]-THF), multiplet signals between
0 = 126-140 ppm correspond to the aromatic carbons of the two phenyl substituents
and the mesityl ring. The mesityl ipso-carbon bonded to phosphorus C1 typically ap-
pears downfield, near & = 138-140 ppm, due to deshielding from the electron-
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withdrawing phosphole oxide moiety. The signal at & = 82 ppm is characteristic of the
phosphole ring’s sp?-hybridised positions. Additional peaks around & = 21-22 ppm
maybe be attributed to the methyl groups of the mesityl substituent: the ortho-methyls

and the para-methyl, which may appear as two separate signals due to slight magnetic
non-equivalence.
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Figure 6.1.: A) 3'P {H} NMR B) 'H NMR and C) "*C{H} NMR spectra monitored at
162, 400, and 101 MHz, respectively, for 1-mesityl-2,5-diphenylphosphole oxide in
[CDCIs]-THF at room temperature.
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Figure 6.2.: Temperature-dependent '"H NMR spectra (400 MHz, CDCI3) of 1-mesityl-

2,5-diphenylphosphole 1-oxide at different temperatures.
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The rotational barrier was determined to be 41 kJ mol™ based on the coales-
cence temperature (Tc = 253 K) seen in the '"H NMR spectra of ortho-methyl groups.
The hydrogens live in different chemical environments at lower temperatures because
of the slow rotation around the phosphole's P-C bond. Because their chemical envi-
ronments do not overlap, each hydrogen has a distinct peak in the '"H NMR spectrum.
The hydrogen atoms exchange their environments more quickly as the temperature
rises because the rotation around the P-C bond speeds up. Once the exchange rate
surpasses the NMR time scale, the peaks progressively merge into a single average

peak, signifying that the hydrogens are in the same averaged chemical environment.

6.2.1.2. Crystal structure of 1-mesityl-2,5-diphenylphosphole 1-ox-
ide

For 1-mesityl-2,5-diphenyl-1H-phosphole oxide, we successfully obtained sin-
gle crystals suitable for XRD analysis. The oxidised phosphole crystalized in the mon-
oclinic group P 21/n, akin to the parent phosphole (see Chapter 5). The molecular
structure and numbering scheme of P-methyl-2,5-diphenyl-phosphole oxide are illus-

trated in Figure 6.3.

Figure 6.3.: Molecular structure in the solid state and atom labelling of 1-mesityl-2,5-
diphenylphosphole 1-oxide. H atoms are omitted for clarity reasons. Selected bond
lengths (A): P1-O1 1.492(2), P1-C1 1.827(3), P1-C4 1.820(3), P1-C17 1.823(3), C1-
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C2 1.344(4), C1-C5 1.459(5), C2-C3 1.455(5), C3-C4 1.345(4), C4-C11 1.459(5). Se-
lected bond angles (°): O1-P1-C1 113.48(14), O1-P1-C4 113.72(14), O1-P1-C17
112.92(13), C4-P1-C1 92.71(15), C4-P1-C17 111.87(14), C1-P1-C17 110.54(14), C2-
C1-P1 107.4(2), C2-C1-C5 126.6(3), C5-C1-P1 125.7(2), C1-C2-C3 116.0(3), C4-C3-
C2 116.3(3), C3-C4-P1 107.4(2), C3-C4-C11 126.5(3), C11-C4-P1 126.0(2), C18-
C17-P1 119.9(2), C22-C17-P1 120.7(2).

As depicted in Figure 6.3, the two phenyl substituents on C2 and C5 are not
coplanar with the heterocyclic core (P1-C1-C2-C3-C4). The exocyclic P1-C17 bond
distance is 1.823(3) A whilst, the endocyclic C1-C2 distances is 1.344(4) and C3-Ca is
1.345(4) A. In comparison with the analogous bond length in the parent phosphole
there is a deviation almost no deviation (0.02 A ; 1-mesityl-2,5-diphenyl-1H-phosphole;
P1-C17 1.8291 (16) A, C1-C2 1.363(2) A and C3-C4 1.369(2) A)." However, compar-
atively to the smaller but akin 1,2,5-triphenylphosphole oxide, the bond length are al-
most identical with a mean bond deviation of 0.01 A (P1-C17 1.4927(10) A , C1-C2
1.3547(16) A and C3-C4 1.3513(18) A). Moreover, the distances between P1-C1
1.827(3) A, P1-C4 1.820(3) A and P1-C17 1.823(3) A are very similar thus, it may be
concluded that the delocalization is uniform. The O atom lies at a torsion angle of
123.19° with respect to C2 and the mesityl substituent lies on a torsion angle of 128.87°
to the heterocyclic core. The P=0 bond length (1.492(2) A) is similar to that in simple
unstrained diarylphosphineoxides (Mes2P(O)H: 1.485 (13) A ; Ph2P(O)H: 1.488(11) A
) and similar phosphole oxide (1,2,5-triphenylphosphole oxide 1.4927(10) A ).1.16.18
However, it should be noted that the minor shortening of the P=0O bond may be at-
tributed to the hyperconjugation from the negatively charged oxygen atom into the
antibonding o*(P-C). 19

Intermolecular interactions such as —r stacking and hydrogen bonding may
influence the crystallization process regardless of their small energetic value. Figure
4 depicts the lateral views, of phosphole oxide. The distances of 2.534 A and 2.807 A
and respective angles of 126.56° and 114.95° illustrate the existence of the hydrogen
bonding (C-H---O-P) amongst the two independent molecules of phosphole oxide.
These values are in accordance with the criteria for moderate hydrogen bonding of (<
2.9 A and >90°).2° Furthermore, no T1- T stacking interaction was observed for this

chalcogen phosphole which is in accordance with the literature.®
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Figure 6.4.: Lateral views of the packing of 1-mesityl-2,5-diphenylphosphole 1-oxide
in crystalline phase. The hydrogen bonding between C-H---O-P has been depicted
with bond distance of A and their respective angles in degrees (°). Certain H atoms

are omitted for clarity reasons.

Having analysed the NMR data and the XRD structure of the newly formed
phosphole oxide we will now continue discussing the synthesis, NMR data and the
XRD structure of the [2+2] adduct.

6.2.2. Synthesis of [2+2] adduct of 1-mesityl-2,5-diphenylphosphole

1-oxide

We initially synthesized this product serendipitously while attempting to form
only the oxide version of the parent phosphole, following the same protocol described
in Section 6.2.1, with the exception that the H202 addition was done under sunlight
(see Scheme 6.4). The formation of [2+2] adduct of 1-mesityl-2,5-diphenylphosphole

1-oxide as a sole product was verified via 3'P NMR.
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Scheme 6.4: Oxidation and subsequent dimerisation of 1-mesityl-2,5-diphenyl phos-

phole under light yielding the [2+2] adduct of 1-mesityl-2,5-diphenylphosphole 1-oxide.

6.2.2.1. NMR data of [2+2] adduct of 1-mesityl-2,5-diphe-
nylphosphole 1-oxide

A numbering scheme that is in line with the atom labelling in the molecular
structure is used to discuss a few of the [2+2] dimer's NMR parameters (Figure 6.6).

No corresponding *'P NMR chemical shift was reported by Arp et al. in their study.”

3P NMR spectrum shows a single sharp resonance at & 66.3 ppm, indicating
that the two phosphorus centers are in nearly equivalent environments and that any
potential P—P coupling is not resolved, likely due to fast conformational averaging. In
the '"H NMR spectrum aromatic peaks are depicted between & 6.5-8.0 ppm which is
consistent with the presence of multiple phenyl and mesityl rings. A single sharp sin-
glet appears between & 2.0-2.4 ppm, corresponding to the mesityl substituent. While
the crystal structure clearly shows an asymmetric molecular geometry, the observation
of only one methyl resonance suggests that the methyl environments are magnetically
equivalent on the NMR timescale, likely due to rapid rotation around the P-C(aryl) bond
or coincidental chemical shift overlap. In the aliphatic region, additional peaks between
0 3.0-4.0 ppm may be attributed to the newly formed sp3-hybridized carbons of the
four-membered ring. The "*C NMR spectrum supports these findings, with peaks for
aromatic carbons (& 120-140 ppm), methyl carbons (~20 ppm), and aliphatic ring car-
bons (6 30-50 ppm). The structure of the [2+2] cycloaddition adduct of 1-mesityl-2,5-
diphenylphosphole 1-oxide was confirmed by 'H and *C NMR spectroscopy.
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Figure 6.5.: A) 3'P {H} NMR B) 'H NMR and C) "*C{H} NMR spectra monitored at
162, 400, and 101 MHz, respectively, for [2+2]photodimer in [Ds]-THF at room temper-

ature.

6.2.2.2. Crystal structure of [2+2] adduct of 1-mesityl-2,5-diphe-
nylphosphole 1-oxide

For the dioxide adduct, we also successfully obtained single crystals suitable
for XRD analysis. This compound crystalized in triclinic space group,P1 thus has a unit
cell symmetry of Ci. The molecular structure and the numbering scheme of bis(phos-

phole) 1,4-dioxide are depicted in Figure 6.6.
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Figure 6.6.: Molecular structure and atom labelling scheme of 1,4-dimesityl-2,3b,5,6b-
tetraphenyl-3a,3b,6a,6b-tetrahydrocyclobuta[1,2-b:3,4-b']bis(phosphole) 1,4-dioxide.
H atoms are omitted for clarity reasons. Selected bond lengths (A): P1-O1 1.4901(9),
P1-C1 1.8602(13), P1-C4 1.7963(14), P1-C17 1.8169(13), C1-C2 1.5594(18), C1-C2'
1.5941(17), C1-C5 1.5088(18), C2-C3 1.5028(19), C3-C4 1.3380(19), C4-C11
1.4775(19). Selected bond angles (°): O1-P1-C1 112.37(5), O1-P1-C4 112.35(6), O1-
P1-C17 113.29(6), C4-P1-C1 95.04(6), C4-P1-C17 111.34(6), C17-P1-C1 111.11(6),
C2-C1-P1 105.30(9), C2'-C1-P1 111.19(8), C2-C1-C2' 89.11(9), C5-C1-P1
113.58(9), C5-C1-C2 122.01(10), C5-C1-C2' 113.10(10), C1-C2-C17 90.89(9)
C3-C2-C1" 111.99(10), C3-C2-C1 109.95(10), C4-C3-C2 118.88(12), C3 -C4-P1
110.72(10), C3-C4-C11 126.45(13), C11-C4-P1 122.15(10), C6-C5-C1 117.7(11),
C10-C5-C1 123.47(12), C18-C17-P1 120.50(9), C22-C17-P1 120.29(10).

As illustrated in Figure 6.6 the [2+2] cycloaddition yields a “head-to-tail” ar-
rangement with regards to the substituents on the cyclobutene ring and phosphole
oxide units (see Scheme 6.2). Thus far, the best to our knowledge in the literature
there only a handful of other structurally characteristic compounds with this similar

arrangement for oxidised P(V) derivatives.”.13.14.16

In our case the cyclobutane ring is essentially rectangular with angles C2-C1-
C2' of 89.11(9)° and C1-C2-C1" of 90.89(9)°. Moreover this ring has a slightly non-
planar configuration as the dihedral angle C1-C2-C2'-C1' is 6.44°. The dimerization

will induce a change in C-P and C-C bond lengths in phosphole oxide unit as C1 and
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C2 change their hybridization from sp?to sp® (see Figure 3 and 6). This change in
bond length is most significant for C1-C2 which changes from 1.34 Ato 1.56 A, for C1-
C5 from 1.46 A to 1.51 A and for P1-C1 which changes from 1.83 A into 1.86 A from
the monomer to dimer respectively. The rest of the bonds either show an insignificant
change of 0.02 A or no change at all. The elongation of the C1-C5 bond length is most
likely prompted by a steric effect upon the formation of the C1-C2 bond. The change
in the both lengths is within the parameters for characteristic single bonds amongst

sp?-hybridized carbon atoms and sp?-hybridized carbon and phosphorus. 22-24

From the scarcely similar reported structures, ours is most akin to the one re-
ported to Arp et al., hence we will compare it to this one.'® As a reminder the phosphole
oxide which dimerized in their case in the 1,2,5-triphenylphosphine oxide. Despite both
dimerizations proceeding in a head-to-tail addition, the two molecules don’t have the
same stereochemistry. In our case the two P=0O groups in the molecule are pointing
to opposite sides of the ring system, whilst in theirs this is not the case.’® Interestingly,
there is no significant (> 0.02 A) difference between the bonds in the two [2+2] adducts.
Hence, it may be deduced that the substitution of phenyl by a mesityl substituent in
position 1, despite increasing the steric bulk, will have no influence over the bond
lengths in the [2+2] adduct. Moreover, they also observed formation of two hydrogen
bonds to P=0 groups by each bridging a solvent molecule of DCM. We didn’t observe

anything similar in our case.

After experimental exploration of the oxidation of the parent phosphole yielding
mesityl-2,5-diphenyl-2,3-dihydro-1H-phosphole oxide and the [2+2] adduct, along with
detailed structural analysis them, our focus shifts towards computational investigation.
Our aim was to elucidate the mechanisms underlying the formation of these two prod-

ucts and understand the factors influencing their outcome.

6.3. Computational section

This Section is divided into multiple subsections in which we analyse the Gibbs

energy profiles for the formation of the phosphole oxide and the [2+2] adduct, along
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with their properties, and we will analyse the formation of one of the possible Diels-
Alder products.

6.3.1. Computational details

6.3.2. Mechanism for formation of 1-mesityl-2,5-diphe-nylphosphole
1-oxide

The first step in the dimerisation of phosphole oxide implies the formation of the
phosphole oxide by oxidation of phosphole with hydrogen peroxide. The computed
Gibbs energy diagram for the formation of 1-mesityl-2,5-diphenyl-1H-phosphole oxide
is depicted in Figure 6.7; part A, whilst part B depicts the optimized structure for the
corresponding transition state. Exploration of the potential energy surface for the for-
mation of phosphole oxide revealed that it proceeds in one step, through transition
state TS-O.
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Figure 6.7.: Part A) Computed Gibbs energy profile in THF (AGtHr kcal mol') at 298
K for oxidation of 1-mesityl-2,5-diphenyl-1H-phosphole, using H202 as an oxidizing
agent at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF)
level of theory. Part B) Optimised structure for the transition state involved in the
mechanism for formation of oxidised phosphole oxide. Certain H atoms are omitted

for clarity reasons. The distances presented are given in A.
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Scheme 6.5: Interaction of orbitals upon oxidation. Adapted from ref 27.

We suggested that dimerisation of phosphole oxides proceeds through a pho-
tochemical process to form the [2+2] adduct. Before entering into the study of the
mechanism for the light induced formation of the [2+2] adduct, we will analyse in the
two ensuing sections first the electronic structure of phosphole oxide and then the
optical and photophysical properties of phosphole oxides. Understanding the ground
state of the phosphole oxide is essential for comprehending its behaviour in the excited
state. This knowledge provides a baseline for analysing how the molecule interacts
with light, undergoes photochemical transformations, and ultimately forms various ad-
ducts, and including the formation of the [2+2] adduct. By examining both the ground
and excited states, we can gain deeper insights into the reaction mechanisms and the

factors influencing the efficiency and selectivity of these photochemical processes.

6.3.2.1. Frontier molecular orbital analysis of precursors and the
[2+2] cycloadduct

To analyse the electronic structure of the precursors we calculate their frontier
molecular orbital i.e., HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) orbitals. The HOMO-LUMO gap correlates the observed
reactivity of phosphole and its oxide derivative to their electronic characteristics. This
gap is a crucial parameter that influences how these molecules interact with other
species. A smaller HOMO-LUMO gap typically indicates higher reactivity, as electrons
can be more easily excited or transferred, while a larger gap suggests lower reactivity
and greater stability. By analysing the HOMO-LUMO gap, we can gain insights into
the chemical behaviour, stability, and potential applications of phosphole compounds
and their derivatives. We will first discuss the frontier molecular orbitals (FMO) of the

parent phosphole and the oxide as illustrated in Figure 6.8.
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Figure 6.8.: Frontier molecular orbitals of the parent phosphole (yellow) and the
phosphole oxide (orange) and their respective energies in [eV] calculated at the
B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of the-

ory.
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-5.42
monomer
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Figure 6.9.: HOMO (bottom) and LUMO (top) of the phosphole oxide (orange) and
[2+2] cycloadduct (green) and their respective energies in [eV] calculated at the
B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of the-

ory.

6.3.2.2. Photophysical studies

UV-Vis spectroscopy was used to examine the absorption spectra of 1-mesityl-
2,5-diphenyl-1H-phosphole (A), 1-mesityl-2,5-diphenyl-1H-phosphole oxide (B), and
the [2+2] cycloaddition adduct of 1-mesityl-2,5-diphenyl-1H-phospholeoxide (C),
which were all dissolved in chloroform. These measurements reveal important infor-
mation about the electrical transitions inside each molecule, which influence the con-
version process from phosphole oxide to the [2+2] dimer alter on. Figure 6.10 depicts
the experimental UV-Vis absorption spectra of 1-mesityl-2,5-diphenyl-1H-phosphole
(A), 1-mesityl-2,5-diphenyl-1H-phosphole oxide (B), and the [2+2] cycloaddition ad-
duct of 1-mesityl-2,5-diphenyl-1H-phospholeoxide (C), in chloroform solvent. The dis-
crepancies in their absorption patterns reflect structural and electrical changes caused
by oxidation and subsequent cycloaddition,
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3) [2+2] adduct
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Figure 6.10.: Experimentally attained UV-Vis spectrums for phosphole (A), phosphole

oxide (B) and the [2+2] adduct (C) in chloroform solvent.

Table 6.1 compiles comprehensive optical characteristics such as absorption
maxima (AmaX), molar absorptivities, and band gaps to compare the attributes of the
examined products to those of related compounds. All data were obtained in chloro-
form solution under air conditions to ensure consistency and applicability to usual ex-

perimental settings.

Table 6.1.: Optical properties of products and akin compounds (The data were col-

lected in chloroform solution under air conditions).

Entry Compound Aabs © [nm] Ref.
1 1,2,5-triphenyl-1H-phosphole 375 40
2 1,2,5-triphenyl-1H-phosphole oxide 394 17
3 1-mesityl-2,5-diphenyl-1H-phosphole 350 this thesis
4 1-mesityl-2,5-diphenylphosphole-1H-oxide 397 this thesis
5 [2+2] adduct 255 this thesis

Measured in solutions under air conditions. © Absorption maxima. 1740

The values at which the peaks can be found correspond to the purple/blue col-
our of the electromagnetic spectrum; hence, we see these compounds having the

complementary colour of yellow. We attained confirmation of the transformation from
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phosphole oxide to [2+2] adduct by conducting 3'P NMR testing on phosphole oxide
before and after being irradiated under the same light (A=380 nm) as the other exper-

iments. NMR measurements presented that this does indeed occurs.

Time dependent-DFT calculations, using the CAM-B3LYP functional and the
DEF2TZVP basis set, were performed to analyse the electronic transitions responsible
for the UV-vis spectra of all the compounds in Table 6.3. The absorption spectra of
the compounds in chloroform were computed with TD-DFT calculations using the op-
timized ground state (So) geometries of these species. The results are summarized in
Table 6.2 and Figure 6.11.

Table 6.2.: Selected parameters for the vertical excitation (UV-vis absorptions) in
chloroform of compounds 1-5 in Table 6.1. Calculated by TD-DFT//CAM-B3LYP-
D3BJ/DEF2TZVP, based on their optimized ground state geometries.

Excitation Experiment
Electronic
Compound energy fa Composition® Aabs
transition
(eV; nm) max (nm)
1 So—> St 3.24; 382 | 0.646 H—L 374
2 So— St 2.98; 416 | 0.561 H—L 394
3 So— St 3.30; 376 | 0.644 H—L 376
4 So— S1 2.96; 419 | 0.523 H—L 397
5 So— S1 4.64; 267 | 0.604 H—L 255

a Oscillator strength

bH stands for HOMO and L stands for LUMO

The TD-DFT calculations reasonably reproduce the experimental absorption

maxima, with maximal deviations (AEabs, see Table 6.4) of less or close to ~0.15 eV.
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Figure 6.11.: UV-Vis Absorption spectrum for complexes 1-4 (Table 6.4) in chloroform
solvent, at the TD-DFT CAM-B3LYP/DEF2TZVP level of theory.
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These absorption peaks may be attributed to T—1* transitions within the con-
jugated system, with minor contribution from the phosphorous substituents. Since the
1,4-diphenylbutadiyneand mesityl phosphinedo not have an associated band in that
region it may be concluded that the bands are descriptive of the phosphole moiety in

the three compounds.*!

For all the compounds the maximum absorption and emission peaks result to
be HOMO — LUMO in nature and involve the same kind of orbitals: they are built on
the 1T-system, mainly located on the phosphole ring and with contribution of the aryl
groups of mesityl substituents (Figure 6.9). In the phosphole oxides, the oxygen or-
bitals contribute to the LUMO, but no to the HOMO. Both with phenyl and mesityl
substituents at phosphorous phosphole oxidation induces a bathochromic shift (Table
6.4).

Having explored the electronic structure and optical properties of the phos-
phole, phosphole oxide, we now proceed to explore the formation of the [2+2] homodi-

mer.

6.3.3. Mechanism for [2+2] photodimerisation of P(V) derivate of
2,5 disubstituted phosphole

The possible reaction pathways for [2+2] photodimerisation have been re-
viewed in a multitude of textbooks and reviews of photochemistry.4?47 48Visible light
photocatalysis of [2+2] cycloadditions have been reported.*>% The pathway that will
be presented in this thesis incorporates a light-induced excitation of the phosphole
oxide from the ground state (So) to the first excited singlet state (S1), with ulterior evo-
lution to a more stable triplet biradical (T1). The ensuing addition of this biradical to
another molecule of phosphole oxide yields the product of [2+2] photodimerization.
Scheme 6.6 summarizes the proposed photocatalytic cycle for the formation of [2+2]
adduct.
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Scheme 6.6: Proposed reaction mechanism for the formation of [2 +2] adduct. The

unpaired electrons are expressed with red dots.

Two main steps can be singled out in the reaction mechanism. In the first one,

the photophysical phase, a highly reactive intermediate is generated from the
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phosphole oxide by absorption of light. Then, in the reaction phase, this intermediate

reacts with another molecule of phosphole oxide forming the [2+2] homodimer.

Time-dependent density functional theory (TD-DFT) was employed to charac-
terize the photochemically induced excitation of the phosphole oxide, which happens

upon absorption of light quanta (see Figure 6.12).

S, state S, state

Figure 6.12.: Optimized structures for So, S1 and T1 (from left to right) involved in the
[2+2]-cycloaddition via light excitation leading to the [2+2]-cycloaddition product. The

unpaired electrons are expressed with red arrows. Distances are shown in A.

The reaction commences with excitation of one molecule of the phosphole ox-
ide, that absorbs light to be promoted from the singlet ground state (So) to the first
singlet excited state 'PO-1* (S1), that evolves to the more stable triplet species (T1).
S1 can be reached with an excitation of 2.82 eV (B3LYP-D3BJ/6-31G(d,p)/SMD(THF)
level of theory), feasible under visible light irradiation. The triplet state T1 lies below
S1, at 1.52 eV. The optimised structures of the excited species which participate in the
mechanism are depicted in Figure 6.12. The excitation via light is possible in our case
as excitation of conjugated dienes like ours may be done via a commercially available
irradiation source (A>250nm).5"%2 Additionally, as stated above in the absence of
light/irradiation the reaction does not proceed with the formation of the [2+2] adduct

(see Section 6.1.1.).

The '"PO-1* then undergoes an additional intersystem crossing process (ISC)
to generate the much more stable intermediate in the triplet state 3PO-I-1* that will be
the reactive intermediate in the [2+2] addition. In Figure 6.12 we can see that the S+
species presents noticeable structural differences with respect to the ground state ge-
ometry: it has one double bond in the phosphole ring instead of two i.e., the distances
C1-C2 and C3-C4 are elongated by 0.07 A, whilst the C2-C3 distance is shortened by
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0.08 A in comparison to the So state. The configuration of the T+ state is similar to the
configuration of the S1 state, with elongation and shortening of 0.02 A for C1-C2 and
C3-C4 and C2-C3 distance respectively. The value of these distances in 3PO-I-1*
(1.45, 1.45 and 1.37 A, respectively), when compared to the corresponding distances
in the ground state (1.36, 1.36 and 1.46 A, respectively) highlight the changes in the
electronic structure induced by the excitation. This species is a biradical, with two un-
paired electrons at C1 and C4 carbon atoms of the ring, as can be appreciated in the
spin density map of 3PO-I-1 (see Figure 6.13). P=0 distance does not change with
the excitation (1.51 A). This phosphole oxide which is biradical is the one which will

later on participate in the dimerisation process.

Figure 6.13.: Surface contour of the total SCF spin density for the triplet state of phos-
phineoxide (°PO-I-1) at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-
31G(d,p)/SMD(THF) level of theory. In blue, Mulliken spin densities in the phospohole

ring.

The triplet excited intermediate 3PO-I-1 then may proceed with a C-C stepwise
bond formation reacting with a molecule of phosphole oxide. The reaction will proceed
via a non-concerted manner, and it will generate a stereospecific product. Figure 6.14
contains the computed Gibbs energy diagram for this reaction. The attack of a radical
carbon of 3PO-I-1 to a double bond of the diene-like phosphole forms the first C-C
bond of the cyclobutene ring. This step has a feasible energy barrier of 16.2 kcal mol-
' ®3PO-TS-1*) and generates a biradical intermediate with an unpaired electron in each
phosphole ring, 3P0-1-1*(10.6 kcal mol'). The C-C distances decreased from 2.19 A
in 3PO-TS-1*to 1.63 A in 3PO-I-1*, suggesting that the first C-C bond was formed.
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After the formation of the first C-C bond, the two unpaired electrons system will
proceed with an intersystem crossing process (ISC) from the triplet to the singlet po-
tential energy surface, to form the second C-C bond of cyclobutane and generate the
[2+2] product in the singlet state. We have computed the Minimum Energy Crossing
Point (MECP) for the spin crossover units from the triplet to the closed singlet spin
state, which lies at 12.2 kcal mol-! above 3PO-1* and '"PO-1. After crossing the MECP
the [2+2] photodimerisation product '"PO-P-1 is formed in the singlet hypersurface. The

reaction gives the head-to-tail adduct, probably by steric reasons.

From the Gibbs energy diagram, it can be concluded that overall, the light in-
duced [2+2] dimerisation in P(V) derivate is an exergonic process by -20.8 kcal mol-'.
The formation of the first C-C bonds is the most energy-intensive stage in this reaction,
(’PO-TS-1*; Figure 6.14), with an energy barrier of 16.2 kcal mol-! in reference to 3PO-
1* and '"PO-1. The structures of the transition state and minimum energy crossing

point associated with this reaction mechanism are depicted in Figure 6.15.
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Figure 6.14.: Computed Gibbs energy diagram in THF (AG;yr/kcal mol) at 298 K for
light induced formation of [2+2] cycloaddition product at the B3LYP-D3/def2-
TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF) level of theory.

3P0_TS_1* MECP

Figure 6.15.: Selected optimised structures for the transition state (left) and the mini-
mum energy crossing point (right) involved in the formation of [2+2] photodimerisation
product. Certain H atoms are omitted for clarity reasons. The distances presented are

given in A.
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6.3.4. Mechanism for formation of Diels-Alder adduct

0
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Scheme 6.7: General Scheme for formation of a possible Diels Alder adduct.

Figure 6.16, part A depicts the computed Gibbs energy diagram for the for-
mation of the DA adduct, whilst part B depicts the optimised structure for the transition

state.
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A)

B)

Figure 6.16.: Part A) Computed Gibbs energy diagram in THF (AGryr kcal mol') at
298 K for formation of Diels-Alder adduct of 1-mesityl-2,5-diphenyl-1H-phosphole ox-
ide at the B3LYP-D3/def2-TZVP/SMD(THF)//B3LYP-D3BJ/6-31G(d,p)/SMD(THF)
level of theory. Part B) Optimised structure for the transition state for formation of the
DA adduct. Certain H atoms are omitted for clarity reasons. The distances presented

are given in A.
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According to our calculations, the Diels—Alder addition which we assessed ne-
cessitates an energy barrier of 35.2 kcal mol' to proceed (DA-1-TS). The addition is
concerted and only slightly asynchronous, in the transition state the two C-C bonds
being formed have similar distances (2.12 and 2.24 A). This addition is endergonic
and will generate 1,8-dimesityl-2,4,7,7a-tetraphenyl-3a,4,7,7a-tetrahydro-4,7-phos-
phanophosphindole 1,8-dioxide (DA adduct) at 18.2 kcal mol-! above separated reac-
tants. Both the high barrier and the endergonic character of the reaction disfavours the

formation of the [4+2] adduct.

Hitherto, it is known that Diels-Alder reaction are controlled by both kinetic and
thermodynamic factors.?>% The generated adduct for this TS is an endo isomer. De-
spite the more hindered transition state, the formation of the endo isomer is preferred
over the exo isomer according to previous studies conducted on Diels-Alder reactions
of phospholes.#64749 This preference can be attributed to the stabilizing interaction in
the endo transition state between the extended 1r-orbitals on the HOMO of one phos-
phole oxide, acting as the diene, and the t-orbitals of the other phosphole oxide, act-
ing as the dienophile. Even though this “secondary orbital overlap® is not bond forming,
it is enough to be compensated for the higher steric hinderance, rendering this TS
more favourable. Moreover, due to the distance between the tr-orbitals amongst the
diene and the dienophile in the TS, which renders the exo adduct, the secondary over-
lap is not possible. Hence, we focused in our further discussing only on the endo ad-

dition.

The oxygen atoms from the P=0O group in the yielded product are projected
towards the centre of the system. In the DA product the distance between the newly
formed C-C bonds is 1.61 A which correspond to elongated C-C bonds from sp? hy-
bridized atoms. The bond distances between Cs - C7 and C4-Cs are elongated from
1.36 A to 1.51 A from monomeric species to the DA product, respectively, thus con-
verting these bonds from double to single bonds. The opposite trend may be detected
for the distance between Cs and Cs as the distances shortens from 1.46 to 1.34 A.
Additionally, the bond length C7a-Csa is also elongated from 1.46 t01.587 A in the ad-
duct. In comparison to similar compounds, this adduct has slightly shorter bond

lengths.?
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6.4. Conclusions

In this chapter, we presented the experimental findings on oxidation of phos-
phole and subsequent [2+2] photodimerisation and computational investigation on the

possible mechanism by which these two reactions proceed.

We were able to determine experimentally that the outcome of the introduction
of the chalcogen atom into the phosphole oxide unit will depend on whether the reac-
tion proceeds under light or not. In the case of absence of light, the reaction stops with
the formation of the phosphole oxide. However, in the presence of light the reaction

might proceed with subsequent [2+2]photodimerization.

The introduction of the chalcogen atom to the parent phosphole reduces the
pyramidally of the phosphorous atom and as such transforms the parent phosphole
from slightly aromatic into antiaromatic compound. Moreover, the oxidation induced a
downfield shift in the 3'P NMR spectrum. The [2+2] adduct will introduce a further
downfield shift in the 3P NMR spectrum.

As the formation of the head-to-tail [2+2] adduct only proceeded under light and
was hindered in darkness, we were able to propose that this reaction is a photo in-
duced [2+2] photodimerization. The conversion of the phosphole oxide into the [2+2]
adduct was observed experimentally by an isosbestic point and subsequently con-
firmed by 3'P NMR.

We found by DFT calculations that the oxidation step would proceed via a single
step with H202 as the oxidizing agent. We estimated that this step will necessitate an
energy barrier of 23.8 kcal mol' to proceed. The yielded phosphole oxide was deter-
mined to lay at -69.3 kcal mol-' bellow separated reactants, thus making this step very

exergonic.

Before exploring a mechanism for the formation of the [2+2] adduct, we were
able to confirm that the addition of the chalcogen atom indeed lowers the LUMO orbital
and induces a red shift into the UV-Vis spectrum. Moreover, we were able to determine
that this lowering of the LUMO orbital provides the conditions prerequisite for the sub-
sequent [2+2] addition to ensue. We studied by means of Time-Dependent DFT cal-
culations (TD-DFT) the UV-visible spectra of phospholes and phosphole oxides. We

estimated that the phosphole oxide is initially excited from the ground singlet state (So)
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to the first singlet excited state (S1) with 2.82 eV of energy, which is possible under
visible light. A subsequent transition to a more stable triplet state (T1) at 1.52 eV via
intersystem crossing (ISC) takes place. The T1 state's configuration is similar to S+
state, with bond length changes of 0.02 A due to altered electron delocalization. This
triplet state has a biradical nature, with unpaired electrons on C1 and C4 which may
react with another phosphole to form the first C-C bond in the triplet state, necessary
for the formation of the [2+2] adduct. The system then transitions back to the singlet
state, forming the second C-C bond to form the four-membered ring. We estimated
that overall, light-induced [2+2] dimerisation of the P(V) derivative is exergonic by -
20.8 kcal/mol, with the formation of the first C-C bond being the most energy-intensive

step, requiring 16.2 kcal/mol.

Furthermore, we also estimated that the formation of the endo-7-phosphanor-
borane via Diels-Alder reaction, necessitates in the instance of 1-mesityl-2,5-diphenyl-
1H-phosphole an energy barrier of 35.2 kcal mol-'. This is consistent with the experi-
mentally notion that formation of no such product was observed at room temperature.

Moreover, we estimated this process to be endergonic.

Overall, this work paints a detailed picture of the reaction mechanism associ-
ated with the oxidation of phospholes via H202 as oxidant, including the major factors
which govern further reactivity entailing the subsequent [2+2] photodimerisation of

phosphole oxides.
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Chapter 7: General Conclusions

At the end of each chapter, detailed conclusions for each of the explored reac-
tions in this thesis was presented. Hence, only the general conclusion gained from

these investigations will be summarised herein.

The primary aim of this work was to explore the factors influencing alkali metal-
mediated reactions detailed in the publication “Scope and Limitations of the s-Block
Metal-Mediated Pudovik Reaction” and to examine the alkali metal-mediated addition
of mesityl phosphineto 1,4-diphenylbutadiyne, employing the same catalyst as in the
earlier study. An additional goal that emerged during the course of the research was
the oxidation of the newly formed phosphole and the subsequent formation of the [2+2]
photo cycloadduct. Both the Pudovik and the hydrophosphination reactions imply the
approach of a base lone pair to an electron-rich 1T-system of an unsaturated bond.
Moreover, these reactions necessitate the use of a catalyst to overcome the adverse
entropic impact and the approach of two electron-rich molecules. Both of the analysis

were conducted using alkali metal hexamethyldisilazanides (M-HMDS) as catalysts.

In both hydrophopshorylation and hydrophopshination, our calculations indicate
that alkali metal diarylphosphinites and alkali metal phopshonates (M-P(H)R and M-
OPR2, where M = Li, Na, and K) possess enough nucleophilicity to function as the
active species, facilitating the formation of P-C bonds in these addition reactions. No-
tably, in both instances the same reaction trend was observed, with that the metal
cations play an important role as the conversion showed dependence on the softness

and the radius of the metal ions.

From both sets of calculations, we were able to determine that the influence of
the alkali metal cation on the addition process is relatively minor, casing only slight
variations in the nucleophilicity of the active species. The formation of the active spe-
cies proceeded via deprotonation of either the phosphine oxide or the phosphine by
alkali metal hexamethyldisilazanides (M-HMDS). Notably, the degree to which the ac-
tive species formation will be successful will vary due to simultaneous deactivation
processes, such as dismutation and aggregation, which diminishes the concentration

of catalytically active species in the reaction mixture.
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For both aforementioned reactions, while the computed energy barriers for the
addition reactions involving the three cations are comparable, experimental observa-
tions indicate that Li-HMDS fails to facilitate both of them. This discrepancy appears
to stem not from the reaction mechanisms themselves but from challenges in gener-
ating the active species Li-OPMes2 and Li-P(H)Mes, respectivly. DFT calculations con-
firmed the correlation between alkali metal cations' chemical hardness and their cata-

lytic capacity, as observed experimentally.

In the alkali-mediated Pudovik reaction, all reactions yielded the anti-Markovni-
kov product, with regioselectivity driven by the m-withdrawing nature of the phenyl
group, which enhances electrophilicity and facilitates nucleophilic attack. DFT calcu-
lations revealed that the Z isomer is kinetically preferred, while the E isomer is ther-
modynamically favoured, and an isomerization step from pro-Z to pro-E was proposed
to explain the observed stereoselectivity. Our calculations showed a significant de-
pendence on the P-bound substituent. Our investigation of the bishydrophosphory-
lated product formation revealed that for R = Ph, the second addition proceeds with
low energy barriers and is thermodynamically favoured, while for R = Mes, steric ef-
fects lead to higher barriers and the E-isomer being more stable. Additionally, we
found that in the protonation steps and the second nucleophilic attack, the alkali cation
prefers to bind with oxygen atoms from neighbouring molecules, which lowers the en-

ergy barrier for the protonation steps.

Notably in the alkali metal-mediated hydrphopshorylation, the RDS is the cy-
clization. In the sodium case this step necessitates 3.1 kcal mol-' more energy than in
the potassium case, which aligns with the experimental observations. Our calculations
without any alkali metal cation present showed interesting results as the energy barri-
ers for all the cases were lower, particularly for the RDS, indicating that whilst the
cation is necessary for the formation of the active species it does not play a significant
role in the mechanism itself. Interestingly, our calculations also revealed that the dou-
ble addition necessitates a lower energy barrier than for the cyclization reaction, how-

ever the product is less thermodynamically favoured.

Finally, we investigated experimentally and theoretically the oxidation of the 1-
mesityl-2,5-diphenylphosphole the subsequent [2+2] photodimerization. Experimen-
tally, we observed that in the absence of light, the reaction halts at the phosphole oxide
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stage, while light promotes the [2+2] photodimerisation of phosphole oxides. DFT cal-
culations revealed that the oxidation step, facilitated by H202, generates the highly
exergonic [2+2] adduct. Notably, utilising TD-DFT calculations we determined that the
introduction of a chalcogen atom lowers the LUMO and induces a red shift in the UV-
Vis spectrum, which is crucial for the [2+2] photodimerization. Overall, our work sug-
gests a comprehensive understanding of the mechanisms governing the oxidation

phospholes and subsequent photodimerisation of phosphole oxides.

This thesis combines both experimental studies and computational calculations
to explore the reaction mechanisms of s-block metal-promoted hydrophosphorylation
and hydrophosphonylation. The use of DFT calculations allowed for the characteriza-
tion of reaction intermediates and transition states, providing detailed insights into the
outcomes of these reactions. In addition to the computational work, experimental stud-
ies on hydrophosphonylation were also conducted, expanding on the overall under-

standing of the processes.

While s-block metal-promoted processes have received less computational at-
tention compared to transition-metal-catalysed reactions, this study highlights the dif-
ficulties in modelling these reactions, particularly concerning issues like speciation and
solvation. The results presented in this thesis highlight that integrating computational
methods with experimental data is crucial for investigating the mechanisms of homo-
geneous catalytic reactions. The experimental studies serve to validate and enhance
the computational findings. This integrated approach has led to a more comprehensive

understanding of s-block metal-promoted catalytic processes.
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8 Experimental Section

8.1. General remarks

All the reaction steps for the synthesis of the 1,4-Diphenyl-2,3-bis(diphe-
nylphosphoryl)buta-1,3-diene, 1-mesityl-2,5-diphenyl-1H-phosphole, 1-mesityl-2,5-di-
phenyl-1H-phosphole oxide and bis(phosphole) 1,4-dioxide were conducted under ni-
trogen atmosphere by application of standard Schlenk techniques including absolute
and oxygen free-solvents. The solvents (THF, n-hexane, n-pentane, diethyl ether and
toluene were dried over sodium and benzophenone, degassed, and saturated with
nitrogen using standard methods. CDCIs was dried over CaH2, whilst CeDs was dried
over sodium, followed by distillation under atmosphere of reduced pressure but satu-
rated nitrogen. The 3C{'H}-NMR and '"H NMR spectra were referred to the external
standard of trimethylsilane and the chemical shifts were ascribed to the residual sig-
nals from the used deuterated NMR solvent. The 3'P NMR spectra were ascribed to
the aq. phosphoric acid as external standard. 'H, 3'P and "3C{1H} NMR spectra were
recorded on Bruker Avance Il 400 and Fourier 300 spectrometers.The Figures of the
NMR spectra were created with either MestReNova or with TopSpin programs. The
multiplicities found in '"H NMR and 3'P NMR spectra were assigned as: singlet (s),
doublet (d), double doublet (dd), triplet (t), triplet of doublet (td), doublet of multiplet
(dm), multiplet (m), doublet of doublet of doublet (ddd) and doublet of triplet of triplet
(dtt). In the Figures the observed related coupling constants were also depicted as

"Jas (coupling between nuclei A and B via n-bonds).

Mass spectra data was collected on the Finnigan MAZ95XL and Finnigan MAT
SSQ 710 system. The measurement for the IR spectrum were conducted on. Perkin
Elmer System 2000 FTIR The melting points were collected on Reichert-Jung appa-
ratus type 302102. The UV-Vis spectra were collected on Agilent HP 8453 spectrom-
eter using HPLC quality solvents and 1cm quartz high precision cuvettes from Hellma

Analytics.
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The crystal structure of the newly discovered compounds was determined on a
Nonius KappaCCD diffractometer utilizing graphite-monochromated Mo-Ka radiation
(A=0.710 73 A).

The substrates that were purchased from commercial sources (Alfa Aesar,
Merck or Sigma-Aldrich) were used without further purification. The yields given were

optimized.

Synthesis of 2,4,6-Trimethylphenyl PhosphineMesPH:

This compound was synthesised by method which was developed by Damian

Bevern in the group of Westerhausen.

3.2 g (132 mmol) Magnesium turnings were added to a three-neck flask and
suspended with 60 mL THF. To the suspension 2-bromo-1,3,5,- trimethylbenzene (10
mL, 11.15 g, 56.0 mmol) was added gradually with a syringe while continuously stir-
ring. Upon 5 min at room temperature the reaction began, and the solvent mixture
stated to reflux. The solution mixture was left under reflux for 2 h upon which it yielded
a dark grey solution with some leftover magnesium at the bottom of the flask. After-
wards a titration was conducted with an acid to determine the conversion rate. Upon
which the Grignard-reagent (cooled down to =20 °C) was added dropwise to a solution
of PCls (13 mL, 20.4 g, 148.6 mmol) in 20 mL THF that has been cooled down to -60
°C. 30 minutes upon completion of the previous step, the mixture was allowed to reach
room temperature and then was left to be stirred overnight. The volatiles were re-
moved the following day by a distillation under vacuum. Using 20 mL n-pentane each
time the residual solid was extracted. Upon which the solvent was changed to 10 mL
Et20. For reduction, the phosphoroushalide was added to a suspension of LiAlH4 (1.57
g, 41 mmol) and 60 mL Et20. Before extracting the required phosphane, the excess
LiAIH4 was quenched with degassed water. The phosphinewas refined by vacuum
distillation (75 °C - 80 °C) after separation from the solvent yielding a colourless oll
with foul smell (3.0g 20mmol, 40 %). The side product generated by this reaction is
Mes2PH and it may be removed by a continued vacuum distillation. Additional physical
data was not collected as this is a well-known compound. Physical data of MesPH: :

3P NMR (162MHz, CeDs, 297K) = -156.0
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TH NMR (400 MHz, CsDs , 297 K): 8 =6.70 (d, 4JP,H = 2.3 Hz, 2H, meta-H), 3.60 (d,
1JP,H = 203.7 Hz, 2H, -PH2), 2.21 (d, 4JP,H = 1.87 Hz, 6H, ortho-CHs ), 2.09 (s, 3H,
para-CH3 ).

13C{'"H} NMR (100.62 MHz, C¢Ds , 297 K): & = 141.3 (d, 2JP,C = 10.8 Hz, ortho-C),
137.4 (s, para-C), 129.2 (d, 3JP,C = 2.6 Hz, meta-C), 125.3 (d, 1JP,C = 12.0 Hz, ipso-
C), 23.5 (d, 3JP,CJ = 9.6 Hz, ortho-CHs ), 21.3 (s, para-CHa)

General protocol for catalytic studies for alkali metal-mediated hydrophosphina-

tion

In a Schlenk flask mesityl phosphine(200 mg, 1.0 equiv) was dissolved in THF
(5 mL). To the flask M-HMDS (M — Li, Na, K) solution in THF (5 mol%) was added
slowly by a syringe and the reaction mixture was left to be stirred for a couple of
minutes at room temperature. In the reaction vessel in one go 1 4-diphenylbutadiyne
(132.91 mg, 657.13 umol, 1.0 equiv.) was added. The reaction mixture was left to be

stirred for one hour. The conversion was tracked using 3'P NMR spectroscopy.

Synthesis of 1-mesityl-2,5-diphenyl-1H-phosphole

Mesityl phosphine (200 mg, 1.31mmol, 1.0 equiv) was added into a Schlenk
flask and K-HMDS (0.013 g, 65.71umol, 0.05 equiv) dissolved in THF was added via
a syringe. THF was added until the solution mixture reached 5ml. The newly formed
solution presented with a pale-yellow colour upon which the solution mixture was left
to stir for five minutes at room temperature. To the solution diphenylbutadiyne (265
mg, 1.31Tmmol, 1.0 equiv ) was added while slowly stirring. The reaction mixture was
stirred for 1h. In the meanwhile, the reaction mixture turned deeper yellow. Upon com-
pletion the reaction mixture was quenched with degassed methanol. The conversion
into the phosphole was tracked via 3'P NMR. All the solvents were removed and the
newly formed phosphole was washed three times with 4ml n-hexane. Upon washing

the phosphole was crystallised from a mixture of n-Hexane: methanol: THF = 1: 0.5 :

249



2. The phosphole crystalized over the night forming yellow crystals with yield of 80%.
Physical data of: IR (ATR)¥ [cm™']: 3020 (w), 2967 (w), 1069 (w), 1449(w), 1420(w),
1396(w), 1161 (m), 1071(b), 787 (s), 767 (m), 687 (m), 624 (s). MS(ESI): m/z (%) =.
Elemental analysis (C2sH23P): calc. C 84.72%, H 6.54%; found: C 84.06.64%, H
6.26%. MP.:128.3-130.1 °C

3P NMR (162 MHz, CDCls, 297 K): & = -7.55 ppm

"H NMR (400 MHz, [Dg]-THF, 297 K):
8 = 7.64-7.77 (m, 6H, Ar-H), 7.47 (tdd, 2H, Ar-H, J = 7.8, 1.5, 1.1 Hz), 6.92-7.06 (m,
6H, Ar-H), 2.27 (s, 6H, 0-CHs), 2.23 (s, 3H, p-CHs);

3C{*H} NMR (101 MHz, [Dg]-THF, 297 K):

0 =138.6 (s, C20, g-C mesityl), 137.7 (s, C17, g-C mesityl), 136.6 (s, C4, g-C), 135.9
(s, C14, g-C), 134.8 (s, C12, g-C), 130.3 (s, C15, Ph-C), 129.9 (s, C10, Ph-C), 129.7
(s, C11, Ph-C), 128.6 (s, C13, Ph-C), 110.1 (s, C2/C3, phosphole ring), 23.3 (s, C24,
p-CH; mesityl), 19.2 (s, C23/C25, o-CH; mesityl).

Synthesis of 1-mesityl-2,5-diphenyl-1H-phosphole oxide

Mesityl phosphine (200 mg, 1 .31mmol, 1.0 equiv) was added into a Schlenk
flask and K-HMDS (0.013 g, 65.71umol, 0.05 equiv) dissolved in THF was added
though syringe. THF was added until we reached 5ml of solution mixture (light yellow
colour). The solution mixture was left to stir for five minutes at room temperature. To
the solution diphenylbutadiyne (265 mg, 1.31mmol, 1.0 equiv ) was added while slowly
stirring. The reaction mixture was stirred for 1h upon which the reaction mixture turned
deeper yellow. Upon which the reaction mixture was quenched with degassed meth-
anol. The conversion into the phosphole was tracked via 3'P NMR. After confirmation
of formation of desired phosphole the Schlenk flask is wrapped in aluminium foil to
prevent light irradiation. H202 (3mL, 35%, 34.57mmol) was added to the reaction mix-
ture and the biphasic mixture was stirred vigorously. After 3h we confirm the conver-
sion into the phosphole oxide via 3'P and 3'P{H} NMR. THF is removed is removed
under vacuum and the newly formed phosphole oxide is extracted using chloroform

10 x 3ml. Upon the extraction the solvent is removed and the phosphole oxide is
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washed three times with 4ml n-hexane. The phosphole oxide is crystalized from a
mixture of n-hexane: methanol: THF = 1: 2: 5. Physical data of 1-mesityl-2,5-diphenyl-
1H-phosphole oxide: MP: 128.3-130.1 °C, IR (ATR)v [cm™"]: 3024 (), 2962 (w), 1064
(w), 1446(w), 1406(w), 1392(w), 1259 (s), 1169 (m), 1066(b), 794 (s), 756 (m), 684
(m), 635 (s). m/z: 354.1537 (100.0%), 355.1571 (27.0%), 356.1604 (3.5%)

3P NMR (162 MHz, CDCls, 297 K): & = 46.3 ppm

'H-NMR (400 MHz, CDCls, 297 K):

6 =7.50 (dddd, 2H, Ar-H, J =7.9, 7.6, 1.8, 0.4 Hz), 7.40 (dddd, 2H, Ar-H, J =7.9,
1.9,1.7,0.4 Hz), 7.32 (t, 2H, Ar-H, J = 7.6, 1.7 Hz), 7.25 (d, 6H, Ar-H, J = 1.9 Hz),
6.88 (d, 2H, Ar-H, J = 1.1 Hz), 2.37 (s, 3H, p-CH3), 2.31 (s, 6H, 0-CHs), 2.26-2.42
(m, 9H, methyl region)

3C{*H}-NMR (101 MHz, CDCls, 297 K):

0 =138.6 (s, C20, g-C mesityl), 137.7 (s, C17, g-C mesityl), 136.6 (s, C4, g-C), 135.9
(s, C14, g-C), 134.8 (s, C12, g-C), 130.3 (s, C15, Ph-C), 129.9 (s, C10, Ph-C), 129.7
(s, C11, Ph-C), 128.6 (s, C13, Ph-C), 110.1 (s, C2/C3, phosphole ring), 23.3 (s, C24,
p-CH; mesityl), 19.2 (s, C23/C25, o-CH; mesityl).

Synthesis of 1,4-dimesityl-2,3b,5,6b-tetraphenyl-3a,3b,6a,6b-tetrahydrocyclo-
buta[1,2-b:3,4-b']bis(phosphole) 1,4-dioxide

Mesityl phosphine(200 mg, 1 .31mmol, 1.0 equiv) was added into a Schlenk
flask and K-HMDS (0.013 g, 65.71umol, 0.05 equiv) dissolved in THF was added
though syringe. THF was added until mixture of the solution reached 5ml. The solution
had light yellow colour. The solution mixture was left to stir for five minutes at room
temperature. To the solution diphenylbutadiyne (265 mg, 1.31mmol, 1.0 equiv ) was
added while slowly stirring. The reaction mixture was stirred for 1h upon which the
reaction mixture turned deeper yellow. Upon which the reaction mixture was quenched
with degassed methanol. The conversion into the phosphole was tracked via *'P NMR.
H202 (3mL, 35%, 34.57mmol) was added to reaction solution and the solution was left
to stir. The addition of the hydrogen peroxide should be done under sunlight in this
instance. Upon 24h we confirm the conversion into the 1,4-dimesityl-2,3b,5,6b-tetra-
phenyl-3a,3b,6a,6b-tetrahydrocyclobuta[1,2-b:3,4-b'lbis(phosphole) 1,4-dioxide via
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31P. THF is removed is removed under vacuum and the newly formed phosphole oxide
is extracted using chloroform 8 x 4ml. Upon the extraction the solvent is removed and
the phosphole oxide is washed three times with 4ml n-hexane. The phosphole oxide
is crystalized from a mixture of n-Hexane: methanol: THF = 1: 2: 5. The 1,4-dimesityl-
2,3b,5,6b-tetraphenyl-3a,3b,6a,6b-tetrahydrocyclobuta[1,2-b:3,4-b']bis(phosphole)

1,4-dioxide crystalized over the week forming yellow crystals suitable crystals for sin-
gle crystal s-ray diffraction with yield of (408.11 mg, 1.10mmol, 84% ). Notably in the
crystal structure 2 molecules of methanol crystallised within the structure. Physical
data of: MP =212.1-213.3 °C. IR (ATR)¥ [cm™"]: 3026 (), 2969 (w), 1053 (w), 1457 (w),
1412(w), 1385(w), 1259 (s), 1158 (m), 1072(b), 798 (s), 766 (m), 693 (m), 640 (s).
MS(ESI): m/z (%) =. Elemental analysis (Cs2H5404P2): calc. C 81.06%, H 6.26%;
found: C 79.64%, H 6.17%. This difference arises due to incorporation of (MeOH) sol-

vent molecules within the crystal structure.
3P NMR (162 MHz, CDCls , 297 K): & = 66.3ppm

H NMR (400 MHz, CDCls , 297 K): & = 7.50 (dddd, 2H, Ar-H, J = 7.9, 7.6, 1.8, 0.4
Hz), 7.40 (dddd, 2H, Ar-H, J = 7.9, 1.9, 1.7, 0.4 Hz), 7.32 (tt, 2H, Ar-H, J = 7.6, 1.7
Hz), 7.25 (d, 6H, Ar-H, J = 1.9 Hz), 6.87 (d, 2H, Ar-H, J = 1.1 Hz), 3.78 (dd, 2H, CH-
CH, cyclobutane, J = 10.2, 6.1 Hz), 3.12 (dd, 2H, CH-CH, cyclobutane, J = 10.2, 6.1
Hz), 2.29 (s, 3H, p-CH5), 2.28 (s, 6H, 0-CH,).

13C '{H} NMR (101 MHz, CDCls , 297 K): & = 145.2 (C20, g-C, mesityl), 140.6 (C17,
g-C, mesityl), 138.9 (C14, g-C, phenyl), 135.4 (C12, g-C, phenyl), 132.7 (C15, CH,
phenyl), 130.4 (C10, CH, phenyl), 129.9 (C11, CH, phenyl), 128.7 (C13, CH, phenyl),
126.5 (C16, CH, mesityl), 111.3 (C2/C3, phosphole ring), 48.6 (C8/C9, CH, cyclobu-
tane ring), 39.4 (C7/C10, CH, cyclobutane ring), 21.3 (C24, p-CH;, mesityl), 19.2
(C23/C25, 0-CHj3, mesityl).
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Appendix:

Crystallographic data for the X-ray structure determinations of com-

pounds

Table Al.: Crystallographic data for the X-ray structure determinations of compounds.

Compound Phosphole Phosphole oxide [2+2] adduct
empirical formula Co5Hp3F C29H3102P C52H5404P)
formula weight 354.40 442.51 804.89
temperature [K] 120.0 120.0 120.0
crystal system monoclinic monoclinic triclinic
space group P2i/c P2i/n P-1
unit cell dimensions:

a[A] 10.417(2) 29.845(2) 8.3253(9)

b [A] 9.0952(18) 8.0488(5) 10.8850(12)

c[A] 20.942(4) 29.980(2) 13.2519(13)

al’] 90 90 68.964(3)

B [°] 103.75(3) 96.390(3) 73.306(3)

y [°] 90 90 74.499(3)

V[A3] 1927.3(7) 7157.2(9) 1055.4(2)
Z 12 1
Pcalc Mg/m3] 1.221 1.232 1.266
Y [mm-1] 0.148 0.139 0.150
F(000) 752.0 2832.0 428.0
crystal size [mm-] 0.11 x 0.09 x 0.08 0.21 x 0.17 x 0.09 0.29 x 0.09 x 0.08
O range [°] 4.004 to 54.926 1.826 to 56.564 4.078 to 63.212
index range (4, k, /) -13, 13; -11, 11, -39, 39; -10, 10; -12, 11; -15, 15;

-27,27 -39, 39 -19, 15

reflections collected 15016 90500 13145
independent reflections 4392 17770 6244

R(int) 0.0349 0.0467 0.0216
max. and min. transmission  and 0.4305 and 0.4023
data/restraints/parameters ~ 4392/0/238 17770/170/966 6244 /19 /288
goodness-of-fit on F4 1.103 1.189 1.030
R indices (final) [/ > 20(/)]

Ri 0.0455 0.0959 0.0427
WR> 0.1009 0.1864 0.1008
R indices (all data)

R 0.0530 0.1189 0.0588
wR> 0.1050 0.1967 0.1121

0.35 and -0.27 0.89 and -0.48 0.38 and -0.39

largest diff. peak and hole
A7)
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