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1 Introduction

1.1 Acids and Bases

The concept of acids and bases is fundamental to our understanding of modern chemistry and
as such, it is one of the first concepts taught in the curriculum of most schools.H! Traditionally
S. ARRHENIUS is credited with the first modern definition of acid base theory for which he
received the Nobel Prize in chemistry in 1903.2 4 He defined an acid as a substance that
dissociates in water to form hydrogen (H") ions (1) and a base a substance that dissociates
in water to form hydroxide (OH™) ions (2). Salts are the result of the neutralization reaction
between an acid and a base (3) (Scheme [LT]).

HA — » H*+ A (1)

B(OH) B* + OH (2)

AB — A 4 B* BOH) + HA (3)

Scheme 1.1: Definition of acids (1), bases (2) and salts (3) according to ARRHENIUS.

This model is constricted only to aqueous solutions and substances that can release OH™ ions.
To accommodate these issues, BRONSTED and LOWRY defined in 1923 an acid as a substance
that can donate a proton and bases as substances that can accept a proton.™8l This definition
can be applied to non-aqueous systems by the generation of corresponding conjugated acid
base pairs (Scheme [[.2]).

HA + B A + BH*

Scheme 1.2: Reaction of an acid (HA) and a base (B) to form the corresponding conjugate
acid base pair (BH" and A").

LEWIS proposed a different definition of acids and bases in the same year.Fl He defined acids
as substances with empty orbitals capable of accepting an electron pair from a base and bases
as donors of said electron pairs. Together, they form an acid-base adduct pair. Therefore, the
BR@ONSTED concept can be interpreted as a special case of the LEWIS concept. Chemistry is
the study of matter and the ARRHENIUS concept can be viewed with the matter (protons in
aqueous media) as a focus, while BRONSTED-LOWRY and LEWIS both fundamentally describe
a process, the donation, or acceptance, of a proton or electron pair. Therefore, they can be
seen as a process driven concept (Figure [LT]). 1l
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Matter Process

Bronsted-Lowry

Figure 1.1: Relationship between different definitions of acid-base concepts.

An extension to these concepts is the HSAB (hard and soft acid and base) principle, popular-
ized by PEARSON in 1943.B He proposes a distinction between hard and soft acids and bases,
where hard refers to small, highly charged and weakly polarizable species, while soft refers to
big, low charged and easily polarizable species. Soft acids will form more stable bonds with
other soft bases than they will with hard bases all other factors being equal. This means,
that hard acids and bases will form more ionic bonds and soft acids and bases will form
more covalent bonds. This concept can be useful for determining the strength of a LEWIS
acid-base adduct. Other methods for categorizing the relationship between acids and bases
by UsaNovICH, Lux and FLOOD exist, but are limited by their niche applicability. 2012l

1.1.1 Quantifying the Strength of Acids and Bases

In order to quantify the strength of BRONSTED acids the pK, value is typically utilized. It
can be obtained by calculating the equilibrium constant K, from the dissociation reaction of
an acid into a proton and its conjugate base (Scheme [[3)).

HA A+ H

Scheme 1.3: Dissociation of an acid (HA) into a proton (H") and its conjugate base (A").

The equilibrium constant is defined as:H

A~ +
K= (11)

The pK, value is defined as the negative decadic logarithm of this equilibrium constant:
pK,=-1ogK, (1.2)

It is related to the pH value with the following equation:

[A~]
[HA]

pH=pK,+

aBrackets correspond to the molar concentrations of the substances.
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The strength of bases is commonly defined by the p Kpg+ value which is the pK, value of the
conjugate acid. In principle it can be said, that the lower the p K, value the stronger the acid
and the higher the pKpy+ value the stronger the base. Table [T shows an overview of several
acids and bases and their respective pK, values in water.

Table 1.1: Overview of pK, values of different substances in water. 13

Entry Compound pK, [HyO] Entry Compound pkK, [HyO]

1 H;PO, 2.2 5 PhNO,H" -124
2 t-BuOH 20 6 CF3SO0H  -14.7
3 HCN 9.1 7 MeCNH"  -10.7
4 PyrH" 5.2 8 HCl -2.2

Experimentally, these values can be obtained by competition reaction of one reactant of known
pK, value and one reactant of unknown pK, value (Scheme [[4]).

K

HA + B A+ BH

Scheme 1.4: Competition reaction between two reactants with equilibrium constant K.

In an equilibrium, the protochemical potentials of these two reactants are identical. Therefore,
the equilibrium constant can be calculated and with it the p K, value of the unknown reactant.
Experimentally, the equilibrium constant can be determined by NMR spectroscopy!, UV-
Vis spectroscopy™ or potentiometry™® and the p K, value of the unknown compound may be
calculated according to equation[[L4l In order to guarantee the accuracy of these experimental
methods, the pK, value of the reference base should be within one p K, unit of the unknown
base.

[A7]  [BH]

pKa :PKa(ref) — logK = PKa(ref) - IOg [HA] * [B]

(1.4)
The scale in water begins to show its limitations when strong acids or bases are employed, be-
cause they will completely disassociate in water to form H3O" or OH™ ions. It is not possible
to differentiate among the relative strengths or weaknesses of stronger acids or bases than the
solvents conjugate acid or base. This is called the leveling effect of water.¥ Self-consistent
solvent scales have been adapted by the scientific community to alleviate this issue. Com-
monly used scales are DMSORU MeCNEI and THF .2 Because of intramolecular hydrogen
bonding and other solvatisation effects, these scales can not be directly compared with each
other. They can, however, be correlated if the solvents are comparable like THF and MeCN
with values in MeCN being generally higher than in THF .2l

1.1.2 Gas Phase Basicity and Proton Affinity of Bases

In order to assess the strengths of bases independent of solvent effects, the gas phase basicity
and the proton affinities can be quantified. The gas phase basicity (GB) is calculated as the
Gibbs free energy of the reaction:
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B+H'" — BH*

so that:
AG = G(BH) — [G(B) + G(H*)] (1.5)

Proton affinities can be calculated as the enthalpy of the aforementioned reaction.

PA = H(BH+) — [H(B) +H(H+)] (1.6)

The GB can be experimentally measured by Fourier-transform ion cyclotron resonance (FT-
ICR) mass spectrometry of an analyte and a reference base (Scheme [L5). 2420

AAG)
B + BH' =——— BH* + B

Scheme 1.5: Competition reaction between two bases in the gas phase.

With
AAGy, = AGy(By) — AGy(B1) = —RT *InK (1.7)

_ p(B1) * I(BoH")
p(Ba) * [(B1H*)

(1.8)

The ratio of the partial pressures of the neutral species can be measured by a pressure gauge
and the mixture of the charged gases can be measured by comparing the intensities of the
ions in the mass spectrum after a sufficient equilibrium has been reached.2#23l Other methods
such as high pressure mass spectrometry (HPMS) have also been successfully employed. 28l

1.2 Different Types of Bases

A preparative chemist performing a reaction requiring a base can choose between three dif-
ferent substance classes: a) Ionic metal bases such as NaOH, b) Organometallic bases such
as n-Buli and c) organic bases such as diisopropylethylamine (DIPEA). Ionic metal bases
are convenient in their usage as they are usually cheap and easy to handle. NaOH for ex-
ample is a byproduct of the generation of chlorine gas from the electrolysis of NaCL.ZZ They
perform reasonably well for most applications but have limited solubility in most common or-
ganic solvents such as THF and DCM, often resulting in heterogeneous reaction conditions. 28l
Organometallic bases in contrast are very soluble in organic solvents, however they are also
very reactive leading to a decrease in selectivity. n-Buli for example will deprotonate THF
at room temperature, releasing butane and ethylene as well as generating acetaldehyde. Re-
actions with n-BuLi in THF are therefore carried out at low temperatures.2d They are often
pyrophoric, which requires additional precautions, especially when used in large quantities.
The third type of bases are organic bases with the simplest being substituted amines like
the already mentioned DIPEA or triethylamine (NEt3). They are versatile and easily soluble
in most solvents but are limited in their applicability and have to be selected for a specific
purpose. They can range from lightly basic amines to superbasic guanidines (Figure IEI).[3U]
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Some organic bases are also prone to side reactions as they may react as nucleophiles, how-
ever this can be remedied by modifications on the amine backbone by increasing their steric
hindrance and inhibiting nucleophilic attacks. Their nucleophilicity can also be exploited by
employing them as nucleophilic catalysts instead of a base.BIl They are easily handled as they
are not pyrophoric and easily removed from the reaction mixture by precipitation as a salt.

\N/
-
N N N N N
@ ~ )\ - [ D | N
o oY
| | N N
DBU PMG DABCO DMAP DIPEA

Figure 1.2: Overview of different organic amine and amidine bases.
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1.3 Superbases

1.3.1 Definition of Superbases

The scientific community has not yet reached a consensus of what constitutes a superbase,
though several attempts to define them have been made. CAUBERE applies the term super-
bases only to bases resulting from the mixing of two or more bases leading to a new species
with inherently new properties. His definition does not mean that a base is thermodynami-
cally or kinetically stronger than another base, it only means that the properties of the new
basic species surpasses that of its parts.*2l SCHLOSSER complements this by defining two
types of superbases, CAUBERE’s unimetal super bases and his own multimetal super bases
(Scheme []E]).[&ﬂ This definition generally is applied to ionic metal containing bases which re-
act under irreversible proton abstraction.Bd TUPAC defines superbases as bases that possess
a pKpy+ value of LDA or higher.4 SUNDERMEYER proposes a threshold in the gas phase
of 237.8 kcal/mol (DMAN) and of a pKpy+ value of 25 in MeCN or 17 in THF (based on
the value for TMGN).ISE’SG] In this work we will use this definition going forward and p Kpy+
values will be, unless otherwise stated, given in MeCN.

Metalorganic Superbases

Unimetal superbases -CR'; + -XR2 —— [RsCMIXR] )\ J\
Caubere '}l
Li
Multimetal superbases CR'; + 2XR2 —— "[R3CVI2XR] LDA
Schlosser

pKgHs (THF) = 36

Organic Superbases

N \N/
JONL
-
N
DMAN TMGN

pKgh:+ (MeCN) = 18.6 pKgh+ (MeCN) = 25.1
GB [kcal/mol] = 237.8 GB [kcal/mol] = 256.3

Scheme 1.6: Different definitions for superbases. UnimetalB?l and multimetalB¥ superbases
and LDAET (top) and structures of DMANESl TMGNESl (bottom).

1.3.2 Nitrogen Superbases
1.3.2.1 Schwesinger Bases

Nitrogen centered superbases are the most commonly known and most established class of
superbases. SCHWESINGER’s phosphazene bases are the most readily commercially available
representatives of this class of compounds. First introduced by ISSLEIB in 1973 and later
improved by SCHWESINGER these peralkylated (poly)iminophosphoranes are able to delocalize
a positive charge over the whole of the phosphorus and nitrogen backbone.Bd They are referred
to by a shortened notation (R')Py — R? where R! is the substituent on the phosphazene core,
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and R? is the substituent on the terminal imine group and X is the number of phosphorus
atoms attached to phosphazenyl groups. The simplest of these bases (dma)P;—Me was already
synthesized by ISSLEIB and shows a remarkable p Kgy+ value of 27.6. SCHWESINGER improved
upon this by substituting a N-t-butyl unit to the basic nitrogen site (Figure [L3). The
increase of basicity by substitution of dimethylamino groups to pyrrolidino groups can be
attributed to the higher electron density of the pyrrolidino nitrogen atom compared to the
dimethylamino nitrogen. A more intense increase in basicity can be seen by the battery cell
principle of SCHWESINGER. KEach additional phosphazenyl unit increases the basicity by
approximately 4 units, leading to the extremely basic (pyrr)Ps—¢Bu with a pKpg+ value of
46.9. SCHWESINGER remarks that including additional phosphazene units from (dma)P5—¢Bu
to (dma)P;—¢Bu (not isolated) does not correspond to an increase in basicity, and indicates a
levelling effect due to resonance saturation. !l SCHWESINGER bases are not only remarkably
basic, they are also easily stored as HBF salts. As such, they are insensitive to oxidation and
hydrolysis. They are also not prone to react as nucleophiles because of their bulky backbone,
unlike other organic amidine bases such as DBU. However, due to their extreme basicity,
it can be challenging to liberate the free bases from their HBF, salts. Another noteworthy
aspect of these bases is, that through their big core, the resulting cations that are formed
from protonation of these compounds are so large and sterically hindered, that it allows the

generation of almost naked anions that are highly reactive. 443
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Figure 1.3: Overview of different SCHWESINGER bases (pKpg+ values in MeCN).

The astounding basicity of SCHWESINGER bases comes mostly through its iminophosphorane
units, which are inherently hypercoordinated phosphorus (V) compounds. Because of the
octet rule, they are only able to form four bonds. Additional bonds have to be formed from
negative hyperconjugation. If we look at the MO scheme of a trisubstituted phosphine, the
HOMO represents the lone pair of the phosphorus atom which undergoes a covalent o-bond
with the substituent. This represents the zwitterionic structure of R3P-X. Additionally, the
antibonding 7* orbitals of the LUMO can bond with non-bonding p orbitals of the substituent,
which corresponds to a formal double bond R3P=X (X = O, NR, CHR) (Figure [[4). This
double bond character is decreased with increasing o- and z-donor ability of the substituent.
If one compares the anionic charge of R4PT-NR’™ and R,C"-NR’™ (for R = Me and R’ =
Me) the anionic charge is less efficiently stabilized on the iminophosphorane, because it is
only stabilized by negative hyperconjugation of the empty o*- or m*-orbitals of the phos-
phonium ion. The iminium is, in contrast, stabilized by z-conjugation to the m-acceptor of
the carbenium center. This means, that imines have inherently higher zwitterionic character
than iminophosphoranes. If one substitutes the amino substituents on the iminophosphorane
with further iminophosphorane groups however, the increase of o- and z-donor ability of the
substituent decreases the polarizability of the RgP—NR’ bond and therefore decreases the
double bond character. This leads to an increase in the zwitterionic character, which in turn
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stabilizes the positively charged phosphonium ion, leading to a higher basicity. The double
degenerate LUMO of 2e* symmetry (a linear combination of P-C ¢*- and P 3d-orbitals) may
act as an s-acceptor orbital for m-backbonding in complexes of the form PRS—M.VM]
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Figure 1.4: MO scheme of a -PRg3 fragment.
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Synthetically, SCHWESINGER’s bases can be derived from two building blocks, both starting
from PCls. By reaction of PCly with gaseous MesNH in DCM a trisubstituted phospho-
nium chloride is generated which reacts with ammonia to yield the hydrochloride salt of the
iminophosphorane (Scheme [[7)). Through subsequent deprotonation with KOMe in MeOH
and distillation, the free iminophosphorane can be generated. The second building block
PCl5-Nt¢Bu is generated by a condensation reaction of ¢t-BuNHy with PCly. Combination of
these two building blocks in THF and subsequent reaction with gaseous MesNH yields the
hydrochloride (dma)Po-tBu-HCI. Another deprotonation step with KOMe in MeOH yields
the final product.l!
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Scheme 1.7: Synthetic pathway to (dma)P,—¢Bu.
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1.3.2.2 Guanidines, Amidines and Proton Sponges

Another popular structural feature of many superbases are guanidines. Their basicity can
be traced due to their resonance stability of the three nitrogen core from their conjugate
acids.P5 48 The most commonly known guanidine superbase is N,N,N’,N’, N-pentamethyl-
guanidine (PMG) with a pKpy+ of 25.0 (Figure [[5)). Another example is 7-methyl-1,5,7-
triazabicyclo(4.4.0)dec-5-ene (MTBD, pKpy+ = 25.4) which, through its cyclic constraint,
forces the two tertiary amino groups into conjugation with the imino basicity center. Pro-
ton sponges such as DMAN (1,8-bis(dimethylamino)naphthalene) have been known since
1968 when ALDER first reported a huge increase in basicity through the methylation of 1,8-
diaminonaphtalene. The basicity increased from a pKgy+ of 6.4 to 12.3 (in water) for the final
methylation step, which prompted an investigation into the nature of this phenomenon. B9 Tt
was discovered, that the two basicity centers which are closely positioned near each other allow
for an intramolecular exchange of protons. Additionally, the free base form of DMAN benefits
from electronic repulsion of the nitrogen lone pairs which leads to a slight torsion of the naph-
talene core and a subsequent reduction in its aromatic character. Through protonation this
repulsion is removed, which makes it kinetically favored. Later on, ALDER, SCHWESINGER
and VERKADE improved on this theory by a combination of steric strain, stronger intramolec-
ular hydrogen bonding (IHB) or destabilization of the neutral molecule.BY 5 Through the
implementation of a guanidine moiety, a proton sponge that can be considered a superbase
was obtained in TMGN (pKpgy+ = 25.1) which outpaces planar amidines like DBU (pKpg+ =
24.3).[36] SCHWESINGER’s vinadimine type superbases outpace this by several orders of magni-
tude (pKpy+ = 31.9) by forcing more nitrogen atoms into conjugation with the N-alkylimino
functionality.3 Variations of the TMGN proton sponge by substitution of the guanidine
moiety with a phosphazene moiety lead to even higher basicities (pKpg+ = 40.2).154]
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Figure 1.5: Overview of different superbases with guanidine, cyclopropenimine functions.
(pKpy+ in MeCN)

Proton sponges with a cyclopropenimine moiety have also been reported with basicities compa-
rable to TMGN.B3l N N’-bis(imidazolyl)guanidine bases (BIG bases) have also been reported
that possess a fusion of guanidine and imidazol moieties. These bases are very large, which
enable an efficient delocalization of the positive charge over the whole molecule, leading to



Superbases Introduction

high basicities (pKpy+ = 36.9).[56] DACN can be prepared by a simple two-step procedure by
the reaction of four equivalents of diisopropylamine with one equivalent of tetrachlorocyclo-
propene followed by the addition of one equivalent of naphthalene-1,8-diamine to generate the
hydrochloride salt (Scheme [[.§]). This hydrochloride can be recrystallized and subsequently
deprotonated with KHMDS in toluene to generate the free base DACN. Alternatively, the
hydrochloride salt may be ion exchanged to the HBF, salt to allow for better storage, as the
tetrafluoroborate is less hygroscopic. 5958

Pra o Pr Prsy P Pro P Prs P

cl NHz NH2 ey, /A A _ KHMDS A A P
cl + \NHHN/ /P ! r\N N N7 N '
cl DCM Toluene ' '

cl /Pr /Pr iPr iPr

=

2cf

42% 80%

Scheme 1.8: Synthetic pathway to DACN starting from naphtalene-1,8-diamine and tetra-
chlorocyclopropene.

The guanidine proton sponge TMGN is prepared similarly. First, the VILSMEYER salt
(NMey)oCCl has to be prepared from phosgene and tetramethylurea. Afterward, it is re-
acted with naphthalene-1,8-diamine to generate the hydrochloride salt of the bisguanidine
(Scheme [[.9]). This resulting solution is treated with aqueous NaOH to deprotonate and sepa-
rate triethylammoniumchloride from the reaction mixture. The bisguanidinium hydrochloride
can then be deprotonated and isolated by treatment with aqueous KOH (30 %), extraction
with MeCN and washing with hexane. Bl

)N\Meg NMe, NMe, NMe»
NH, NH ® ®
22 NEts MeN” NH HNZ ~NMe, KOH MesN“ SN N7 NMe;
“ MeCN A H
MeQHN ® NMeQ OO " ﬁ;@ o
o
2¢l

85%

Scheme 1.9: Synthetic pathway to TMGN starting from naphtalene-1,8-diamine and
(NMGQ)QCCI

For the preparation of BIG bases, N-alkylguanidinium iodides have to be prepared by reaction
of an isothiouronium salt (|[MeS—C(NH,),|I) with the corresponding amine. These are then
reacted with a 2-chloroimidazolium salt and KF in MeCN (Scheme [[LT0). The resulting salt is
subsequently treated with aqueous NaBF, to isolate the tetrafluoroborate salt. By treatment
with KOtBu the free base form can be generated./0l

10
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Scheme 1.10: Synthetic pathway to Pr-BIG from [MeS—C(NH,),JI and 2-chloro-1,3-
diisopropylimidazolium tetrafluoroborate.

1.3.3 Carbon Superbases

Molecules with a carbon atom as a basicity center like N-heterocyclic carbenes (NHC), P-ylide
substituted phosphines (YPhos)B® and carbodiphosphoranes (CDP) have been established
mostly as strong donor ligands for various applications such as gold catalyzed aminations of
alkynes® and palladium catalyzedP96162 ¢rogs couplings or their usage as chelating ligands
for OLED emitters (Figure [L6).15]

R R R R O R
.. 0 o RIEC)
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N-heterocyclic carbenes Ylid functionalized phosphine Carbodiphosphorane

NHC YPhos CDP

Figure 1.6: Different superbases with a carbon as basicity center.

Since the inception of CDPs by RAMIREZ et al. in 1961 with the synthesis of hexaphenylcar-
bodiphosphoranl (Phg-CDP) and subsequent synthesis of Meg-CDPE and dmag-CDPISA
the chemistry of CDPs grew in focus of the scientific community. FRENKING describes the
bonding situation of CDPs as “divalent carbon(0) compounds in which the valence electrons
of carbon remain as two lone pairs of electrons”. 8% In 2015 LEITO et al. postulated a theoret-
ical gas phase basicity of 350 kcal /mol for guanidino phosphorus carbenes. % This prompted
an investigation to apply SCHWESINGER’s battery cell principle to CDPs. In 2019 ULL-
RICH et al. succeeded in synthesizing the to date strongest CDP bases (pyrr)g-CDP and
sym(tmg)s(dma),~-CDP (Figure [[7) with a GB of 282.2 kcal/mol and 287.2 kcal /mol for the
first protonation step respectively.® Ylidic basicity centers were also applied to the con-
cept of proton sponges. 1,8-Bis(methanyliden(hexamethyltriamino)- phosphoranyl)naphtha-
line (MHPN) was synthesized and possesses a GB of 277.8 kcal/mol and a pKpy+ of 33.2. The
theoretical analogue Po-MHPN exhibits a GB of 294.7 kcal /mol, but was not yet isolated. Ul
GESSNER’s ylide substituted phosphines have not been thoroughly investigated about their
basic properties. The spotlight for these compounds lies more in their ability to effectively
donate electron density in a ligand role. They have excelled in this role in various applications
and surpass NHCs and classical tertiary phosphines. 77

11
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Figure 1.7: Overview of different carbon superbases (pKpg+ in MeCN). 64|

Synthetically, these superbasic CDPs are prepared according to a modified procedure first
published by APPEL for the synthesis of dma6—CDP.[66] The synthesis of bis(di(pyrrolidin-
1-yl)phosphaneyl)methane (Scheme [[LTI]) was accomplished in a one pot reaction from one
equivalent of bis(dichlorophosphino)methane with eight equivalents of pyrrolidine. This com-
pound is unstable toward vacuum distillation and was therefore used without further pu-
rification in an oxidative imination with CCl; and three more equivalents of pyrrolidine.
Afterward, the resulting hydrochloride was transformed to its HBF, salt. Deprotonation was
accomplished by reaction with KHMDS in THF. For the bisylidic proton sponge MHPN, first
1,8-bis(bromomethyl)naphthalene was reacted with two equivalents of tris(dimethylamino)-
phosphine to generate the hydrobromide salt of the bisylide. Through deprotonation with
benzyl potassium in THF the bisylide MHPN could be generated. GESSNER’s YPhos ligands
are generated from commonly available alkylphosphonium bromides by deprotonation with
a metal base such as n-BuLi and subsequent reaction with a dialkylchlorophosphine. This
bisylide can then be deprotonated by KO¢Bu to generate the ylide substituted phosphine.
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Scheme 1.11: Synthetic pathway to pyrrG—CDP[GQ], MHPNI and joYPhos.
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1.3.4 Phosphorus Superbases

The earliest representatives of superbases, where the phosphorus atom acts as the basicity
center, are VERKADE'’s proazaphosphatranes.™ Originally intended as double ended ligands
for connecting metal species via the bridgehead atoms, they found considerable success in the
field of organocatalysis.”8l They are bicyclic, non-ionic bases which, when protonated are sta-
bilized by a trans-annular PN bond formation as well as through negative hyperconjugation
of the NR groups (Figure [[.§]). These bases are stronger than P; phosphazenes with p Kpy+
values of 33.3 but weaker than P, phosphazenes.8 This trans-annular PN bond formation
can be observed by comparing the NMR spectra of the free base and its protonated counter-
part. While in the free base no axial 3J(p’H) PNCH, coupling is observed in the 'H-NMR, it is
clearly visible with a coupling constant of 4.7 Hz in the protonated form. Similar observations
can be made for the 2 Jpc) coupling constant of PN,,C of 6.7 Hz.FAl Tminophosphoranes of
VERKADE's proazaphosphatranes also exist, but exhibit a considerably lower p Kpgg+ of 29.0.7
VERKADE also reports the synthesis of an analogue of PtBus where one tert-butyl substituent
was replaced by a proazaphosphatrane.ﬁ The resulting phosphines are very electron rich and
can be utilized as ligands for palladium catalyzed cross coupling reactions.72#80 DIELMANN
and coworkers recently published the synthesis of a series of pyridinylidenaminophosphines
(IAP).[SH They approach, not from a desire to design superbasic compounds, but from the
viewpoint of designing highly electron rich donor ligands for various applications. They
offer cheap and simple synthetic routes (Scheme [[.8) with an easily tune-able selection of
R substituents at the pyridine N-atom as well as offer different degrees of substitution at
the central phosphorus atom. In 2022, they were able to synthesize the previously elusive
tris(tetramethylguanidinyl)phosphine (P(tmg)s;) which possesses a pKpy+ of 32.7.821 They
also report the synthesis of dialkyl(1,3-diarylimidazolin-2-ylidenamino)phosphines that pos-
sess an aromatic backbone similar to BUCHWALD’s famous phosphine ligands.[83’84] ULLRICH
et al. reported the synthesis of the to date strongest uncharged phosphorus bases with trispho-
sphazenyl phosphines. B350 They are derived from SCHWESINGER’s phosphazene bases but
have undergone a formal reductive elimination of a nitrene.
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Figure 1.8: Proazaphosphatrane (left), Pyridinylidenaminophosphines, tristetramethyl-
guanidinylphosphine (middle) and trisphosphazenylphosphines (right).

bFor more information about VERKADE bases consult these excellent reviews. 7378
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These phosphazenyl phosphines (PAP) are even stronger than SCHWESINGER’s phosphazene
bases with the same number of phosphorus atoms, as was previously theoretically predicted. B
With a pKpy+ value of 37.2 in THF, dmaP4P is one of the strongest uncharged superbases,
closely followed by dmaP3P with a pKpy+ value of 34.9 (Corresponding to 43.1 in MeCN for
dmaP3P and 45.6 for the asymmetric dmaP4P).123] Synthetically, VERKADE’s proazaphospha-
tranes are prepared by reaction of an alkylaldehyde with N’ N’-bis(2-aminoethyl)ethane-1,2-
diamine and subsequent reduction of the intermediate aldimine with NaBH, (Scheme [[.12)).
The ring closure was achieved by reaction with PC1(NMejy), to afford the hydrochloride salt.
The free base can be liberated by reaction with KO¢Bu. B8l
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2) NaBH;, B iPr iPr
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3
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Scheme 1.12: Synthetic pathway to a proazaphosphatrane (top) and trans-annular P-N bond-
ing (bottom). 8l

Trisphosphazenyl phosphines are prepared similarly. PCI(NEtq)y reacts with an iminophos-
phorane to generate the trisubstituted hydrochloride P3P - HCI which is converted to its HBF,
salt with NaBF, (Scheme [[.T3]). PCI(NEty), is used as both an auxiliary base as well as
the phosphorus source for this reaction. Liberation of the free base by deprotonation with
KHMDS yields the final PAP in 88% yield. VERKADE’s proazaphosphatrane phosphines
are synthesized by KIRSANOV reaction with iodide to generate the phosphonium iodide and
subsequent reaction with ammonia to the iminophosphorane. Deprotonation and reaction
with a chlorophosphine generates the final phosphine.®3 DIELMANN’s IAP can be synthesized
by alkylation of the aminopyridine and subsequent reaction with a chlorophosphine to generate
monolAPs. TrisIAPs are prepared by reaction of the aminopyridine with PCl; and subsequent
generation of the IAP-HBF, salt (Scheme [[.I4] top). Deprotonation with KHMDS results
in the free base IAP. Trisubstituted P(tmg)s was prepared by a mixture of tmg-H, PCl3 and
P(NMejy)s in a 3:2:1 ratio. This generates PCI(NMesy), in situ, which acts as both an auxiliary
base and the phosphorus source and yields the hydrochloride P(tmg)s;-HCI in quantitative
yield (Scheme T4, bottom). Subsequent deprotonation with KHMDS yields the free base. 52!
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Scheme 1.13: Synthetic pathway to a tris(phosphazenyl)phosphine pyrrPsPB3l (top) and a

proazaphosphatrane phosphine (bottom).
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1.4 Measuring Donor Abilities of Ligands

Basicity is only one aspect of a molecule’s properties, and there are other quantifiable pa-
rameters that can be considered. Phosphines especially have been utilized mostly as ligands
for transition metal catalysis and as such several metrics to measure and compare these
compounds have been developed. The TOLMAN electronic parameter (TEP) describes the
donor-acceptor ability of a ligand as a measure of the A; vibrational mode of the carbonyl
bond of a tetrahedral complex of the form [L—Ni(CO)s] (Figure [9).B%90 The shift in the
frequency of this vibrational mode upon coordination from free CO to [L—Ni(CO)3] can be
explained by zm-backbonding from the ligand to the metal. The metal forms a 7 bond by
donating electron density from its d-orbitals into the anti-bonding z* orbital of CO. This
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strengthens the metal-carbonyl bond and thus weakens the carbon-oxygen bond. Therefore,
less energy is needed to excite the A; vibrational mode, thus decreasing the frequency. If the
electron density on the metal is increased through o-donation from a ligand, this density is
transferred into the antibonding 7*(CO) orbitals, thus increasing the CO bond length and
decreasing the CO stretching mode even more. If the electron density is decreased by lig-
ands acting as competing n-backdonors to CO, the frequency of the A; vibrational mode is
increased instead.
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Figure 1.9: A; vibrational mode (left) and an example of o-donation of a ligand.

The TEP does, however, have its limitations.ﬁ Some compounds won’t form a tetraedral
[L—Ni(CO)3| complex and as such cannot be directly compared. Additionally, because of
the extremely high toxicity of nickel carbonyls alternatives have been sought out. For NHCs
there have been TEP analogues with complexes of the type [L—M(CO)yCl] for M = Rh,
Ir.®2l HuyNl proposed a ligand electronic parameter based on '3 C-NMR chemical shifts for
NHC complexes of palladium (II).34] BERTRAND utilizes the 3'P-NMR chemical shifts of
carbene-phosphinidine adducts as an indicator instead.3 GANTER utilizes the chemical shift
of 7"Se-NMR in NHC-Se adducts, as well as the ! J(c,se) coupling constants of azolium selenide
salts. 897 The TEP also suffers from inconsistencies because of mode-mode coupling between
M-C and CO vibrations that can range up to 200 em '8l and because the electronic bonding
mechanism is more complicated than described by TOLMAN@.[QU] Nonetheless, the TEP is a
popular parameter because it is easily measured and gives a good approximation of donor
abilities, although it is often coupled with other methods. Similarly to NHCs, selenides of
phosphines are easily obtainable by reaction of the free phosphine with gray selenium. The
resulting ! J(pse) coupling constants as well as the chemical shifts of the 3IP_NMR and ""Se-
NMR can be used to determine the donor ability of ligands. The ! J(p,se) coupling constant is
mostly influenced by the s-character of the phosphorus selenium bond, which can be correlated
to the electronic properties of the phosphine.’ 2 Electron withdrawing groups increase the
s-character of the phosphorus lone pair, therefore increasing the coupling constant according
to BENT’s rule.Pl Electron rich groups in turn, decrease the coupling constant.n92 This
correlation is not without faults, as increased sterical hindrance on the phosphorus atom may
also result in a decrease of s-character of the lone pair.F9310] Additionally, it is known that
intramolecular hydrogen bonding may affect the coupling constant and bulky aryl substituents
on phosphorus atoms have been known to cause an increase in ! Jpsey coupling constants
that do not necessarily correlate with its electronic properties.f0% 307 Sterical properties of
ligands can be described by the cone angle 6 of a ligand, originally described by TOLMAN
for nickel phosphine complexes.®B¥ The cone angle is the apex angle of a cylindrical cone

CFor an excellent review of electronic properties of NHCs and the limitations of the TEP consult these
references. 1

dRecently the introduction of the metal ligand electronic parameter (MLEP) has been popularized as far
infrared spectroscopy becomes more available. This parameter derives from the M-L vibrational mode. For
further information, consult the following review. /%
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centered 2.28 A from the center of the phosphorus atom which touches the van-der-Waals
radii of the outermost atoms. P Tt is, however, limited by the restriction of the M-L bond
length being fixed at 2.28 A and inaccuracies occur for non-phosphine or asymmetric ligands.
Closely related is the solid angle o, which can be described as a measure of the 'shadow’ cast
by an atom or group of atoms when placed relative to an apex atom, ’a light source’. 08|
They are not bound by a fixed L-M bond length and can be calculated from a crystal or a
computationally generated structure. The disadvantage of the solid angle approach is, that
it treats the ligand as 'frozen’, which induces inaccuracies, as ligands are often able to almost
freely rotate along low rotational barriers. 09810 Another metric that can be calculated is the
percent of buried volume of a ligand in a transition metal complex, which can be described
as the amount of space occupied by a ligand inside a sphere of a predefined radius (3.5 A for
this work) centered on the metal atom. This can be useful for the determination of catalytic
pockets and the generation of space mapping for ligands. 12|

1.5 Applications of Organic Superbases

Organic superbases can be utilized in a variety of ways. In this section we will examine a host
of examples that can be categorized broadly in stochiometric transformations, where the base
is employed in a quantity of at least 1.0 equivalents as a base or a nucleophile (Section [[5.1]),
catalytic transformations, where the base is employed in substochiometric quantities (Section
[L52]) and applications where the base is employed as a ligand for transition metal catalyzed

reactions (Section [[5.3)) H

1.5.1 Stochiometric Transformations

Phosphazene bases have been utilized in stochiometric application for the synthesis of C-
annelated pyrroles from unreactive nitroquinolines (Scheme [[.T5]). The usage of a phosphazene
base was imperative for these transformations, as DBU did not yield the desired product.
This is achieved by deprotonation of an isocyanoacetate ester, which attacks the nitroarene.
Intramolecular nucleophilic attacks on the terminal carbon of the isocyano group generates the
five membered ring. Through 1,2-elimination of the nitro group, the product is generated. 14l

N=
\ /7

OzN\O\/j \)O]\ 1.3 eq. (pyrr)P¢-1Bu
+ CN _Et 1\
N 0 THF CO,Et

N
H

47%

Scheme 1.15: Alkylation of 6-nitroquinoline with ethyl isocyanoacetate. ]

They are also able to couple aryl iodides with thiophenols with a catalytic amount of CuBr
in an ULLMANN coupling to biarylthioethers (Scheme [[LT0). The generation of a 'naked’
thiol anion by deprotonation is a key step in this transformation. While DBU was also
used successfully for these transformations it did perform worse, while other bases such as
triethylamine and N, N-dimethylaminopyridine did not produce the desired product. Aryl

®For an overview over different usages of various superbases consult the following book [113].
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chlorides did not react, and aryl bromides were only able to couple while bearing electron
withdrawing groups on the aryl core.#?

0.2 eq. CuBr

S
20 eq. (dma)P,-Et /©/ \@
MeO Cl

toluene
82%

Scheme 1.16: Nucleophilic aromatic substitution reaction between 1-iodo-4-methoxybenzene
and 4-chlorobenzenethiol.#2

Amidines like DBU as well as guanidines like MTBD can be utilized for the base promoted
addition of chloroform to benzaldehyde (Scheme[IT7)). It can be applied to a range of aromatic
and aliphatic aldehydes and ketones, but large aldehydes like mesitylaldehyde may hinder the

reaction. 1]
(0]
1.0 eq. DBU or MTBD
dH + CHCI3 CCls
neat

OH
98%

Scheme 1.17: Base promoted addition of chloroform to benzaldehyde. 15!

SCHWESINGER’s P4-tBu base allows for the JULIA-KOCIENSKI olefination reaction in one pot
between alkyl 3,5-bis(trifluoromethyl)phenylsulfones and aldehydes with excellent stereose-
lectivities (Scheme [[T8]). It surpasses the performance of traditional bases like KHMDS and
KOH in both yield and selectivity. 11l

O o
FaC g O {2eq. (dma)Ps-tBu
\—Ph + H ] + J
THF Ph Ph
CFs

65%
E/Z ratio: 98:2

Scheme 1.18: JULIA-KOCIENSKI  olefination reaction between 1-(benzylsulfonyl)-3,5-
bis(trifluoromethyl)benzene and benzaldehyde. 1]

DIELMANN et al. recently published a one pot method for the degradation of SFg into non-
volatile solids by reaction with a superbasic IAP (Scheme [[.T9] top). Depending on the
basicity of the utilized TAP, either an ionic IAP—SFj salt or complete degradation into a
mixture of phosphine sulfides and difluorophosphines is reported. 7 SHIBATA et al. were
able to utilize SCHWESINGER’s P4-tBu base to deprotonate fluoroform (CHF3) and react the
resulting trifluoromethyl anion with carbonyl compounds (Scheme [LI9, bottom).H#d This is
accomplished through the highly active 'naked’ CF3 anion that is generated by deprotonation.
Weaker bases like DBU, TMG and P;-tBu were not strong enough for this transformation.
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1) PCly
— 2) 3 KHMDS R? +3KCl SFG R1 R! © R1 €]
5 HN:CN—nBu b ——— S 4 LFCL 2 LR cl” +KF
= THF R'"R! +2HR! R "R' R'@R R'@R'  +2K(FHF)
R not isolated

OH

0}
1.5 eq. (dma)P4-1Bu
H + CFRH ——m——— CF3
THF

88%

Scheme 1.19: Synthesis of superbasic IAP and subsequent degradation of SF6[117] (top) and
P,-tBu mediated trifluoromethylation of 2-naphthaldehyde (bottom).Hl

1.5.2 Organocatalytic Applications

Catalytically, SCHWESINGER’s phosphazene bases have been employed in a number of trans-
formations. For example, a nucleophilic substitution reaction between difluoroalkenes and
ketene silyl acetals has been performed with excellent yields and selectivities.m18! (Scheme
20 top) With catalytic loads of 10 mol%, it outperformed both TBAF as well as VERKADE's
proazaphosphatrane bases. The functionalization of aryltrimethylsilanes with aldehydes with
the use of P,-tBu has also been reported (Scheme [20, middle).F¥ It is interesting to note,
that weaker bases like DBU and P,-tBu did not show any conversion, suggesting that the ex-
treme basicity of P,4-tBu is imperative for this reaction. The superbase acts as a nucleophile in
this reaction by abstracting the TMS group. BAE et al. published a thia-Michael addition of
alkenyl sulfonyl fluorides with thiols catalyzed by P,-tBu with an impressive catalyst loading
of only 0.01 to 0.5 mol% (Scheme 20, bottom).F20 The authors state, that the reaction
shows almost no reactivity in organic solvents such as THF, but by utilizing a mixture of
THF and brine the yield is increased to almost quantitative quantities. They attribute this
to hydrophobic hydration of the components, where the reaction takes place in a hydrophobic
pocket surrounded by a highly polar aqueous H,O - NaCl sphere. 121122

F OMe
X ma)P,- mol%
m + = (dma)P4-Bu 10 mol% A COsMe
Br F OSiMeg toluene ) E

84%
E/Z ratio: 1:99

SiMes H_O HO.__Ph
(dma)P4-tBu 20 mol%
+
I O
61%
SH (dma)P4-tBu 0.05 mol% Ph
/\/SOZF + ( N
Ph Ph brine / THF Ph SJ\/SOQF

99%

Scheme 1.20: Nucleophilic substitution of difluoroalkenes with ketene silyl acetals (top),lng]

desilylation reaction of aryltrimethylsilanes with aldehydes (middle)™ and
thia-michael addition of alkenyl sulfonyl fluorides with phenylmethanthiol. 20
(bottom)

19



Applications of Organic Superbases Introduction

TERADA et al. reports the Aza-HENRY reaction of ketimines using guanidine as well as phos-
phazene bases (Scheme [[.2T] top). The addition of nitromethane to N-phosphinoyl ketimines
is achieved by addition of 10 mol% of base. They report, that TMG, P;-tBu as well as MTBD
achieve good results.?23l POLLINI et al. report the addition of primary nitroalkanes to aldehy-
des and ketones with the help of catalytic amounts of TMG (Scheme [L2ZT] middle).P24l They
also reported the TMG catalyzed addition of dialkylphosphites to alkenenitriles, aldehydes
and ketones (Scheme [[.22I] bottom). These phosphonates can be used as intermediates for
their application in the WADSWORTH-EMMONS reaction. 123!

th(O)P\ 10 mol% TMG Ph,(O)P.

/'NK +  CHgNO, 20 \H
Ph CH3N02 Ph#\/NOQ

91%

0 cat. TMG OH

CH3N02 +

PthH neat Ph)\/ NO,

94%

0 cat. TMG j)\H
HP(O)OEt, +

(O)OEt, on )kH . Ph” > P(O)OEt,

86%

Scheme 1.21: Aza-Henry reaction of ketimines (top)ll%l7 reaction of nitromethane with alde-
hydes (middle)™ and addition of nitromethane to diethylphosphite (bot-
fom) J1Z

VERKADE reports the base catalyzed reaction of aldehydes with allyltrimethylsilanes to yield
homoallylic alcohols (Scheme 22 top).M28l They suggest, that the reaction proceeds by
coordination of the base with allyltrimethylsilane to form an anionic allyl and Base-TMS. An
attack on the carbonyl yields an anionic allylalcohol which in turn attacks the TMS group
located on the base, regenerating it. A subsequent aqueous workup liberates the desired
allyl alcohol. Similarly, they report the trimethylsilylcyanation of aldehydes with 10 mol%
of base which proceeds similarly."Z1 First abstraction of the TMS group onto the base and
generation of an anionic species and subsequent attack on the carbonyl compound (Scheme

22 bottom).
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) 0 20 mol% Verkade base OH
o~ SiMes 4+ )j\

Ph” ~H THF N\Ph

74%
0] 10 mol% Verkade base CN
i+ TMscN PN
Ph™ "H THF pn” OH
92%

Scheme 1.22: Reaction of proazaphosphatrane catalyzed reaction of allyltrimethylsilane with
benzaldehyde (top)[l%] and reaction of trimethylsilylcyanide with benzaldehyde
(bottom). 21l

1.5.3 Applications as Ligands for Transition Metal Catalysis

Another field of applications for superbasic compounds, especially for phosphines and car-
benes, is their usage as ligands for transition metal catalysis. VERKADE reported the usage
of their proazaphosphatrane phosphines in palladium catalyzed C-C and C-N coupling reac-
tions (Scheme [[23] top).[m] They report the coupling of aryl bromides and chlorides with
arylboronic acids with catalyst loads of 2 mol% of palladium and 4 mol% of ligand. They
achieve good tolerances for a variety of functional groups like OMe, CF3, CN and NO,. Simi-
larly, they reported the palladium catalyzed BUCHWALD-HARTWIG amination reaction of aryl
chlorides and bromides with secondary amines (Scheme [[.23] bottom).lgo] They achieve good
yields with catalyst loads as low as 0.25 mol% for electron rich and neutral amines with both
electron withdrawing as well as electron rich aryl halides.

Bu

'\3/ Bu
'H
\
’N_
) Pd(OAC), .
X B(OH), Cs,C0s R
SoR -G
toluene
X =Cl, Br BY o 87-99%
N
\ \\
R / ) Pd(OAc),
X / 032003 R"
R v HN @—N
R toluene R
X = Cl, Br 83-99%

Scheme 1.23: Palladium catalyzed cross coupling reactions with proazaphosphatrane phos-
phine ligands. 7980

DIELMANN reports the usage of [Au(IAP)BF,| complexes for the gold catalyzed hydroamina-
tion of acetylenes with anilines (Scheme m.[128] They outperform BUCHWALD-type ligands
like JohnPhos with catalyst loads of 2 mol%. GESSNER reports the same reaction with ylide
functionalized phosphines as ligands instead. They can be employed in extremely low cat-
alyst loads of only 5 ppm and still achieve high yields of 72%.
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0.005 mol% [L{-AuCl]

or 2 mol% [Lo-AuBF,] N,F’h
Ph—NH, + =—Ph |
NaBArF, (only with L) Ph)\
neat up to 99%
CFs CFs
Bu.__Bu FaC
C Mes P
Li= Oj—gol Lo= {YN NaBArF, = FoC BO Y "CFs
Cy,P O PC \_N.
Y2 Y3 Mes \©/ QCF3 ®
CFs Na
F3C

Scheme 1.24: Gold catalyzed hydroamination of phenylacetylene with aniline using YPhos/!
(Ly) and TAPHE2E (L,) ligands.
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2 Aim of this work

The aim of this thesis can be separated into three different topics. The first topic was to
complement the series of already known trisphosphazenyl phosphines by lower substituted
mono- and bisphosphazenyl phosphines, related to the work of ULLRICH.B These new mono-
and bisPAPs were designed to be related to the famous ligand PtBus. By substitution of
one or two t-butyl groups with phosphazenyl groups, the electron donating capabilities of
these ligands could be increased while their sterical and weak m-acceptor properties could be
preserved (Scheme 2.1)).

mono bis
Bu
! R Bu R Bu R
P - R.! ] R.! ] R
Bu Bu R/P\\N’P\fBU R/P\\N’P\N//P\R
R = NMey, pyrr, Bu, Cy
R .
R Electron rich phosphazene core
P
R N 'R + .
R\# '5 Bulky phosphine
RTSNT N = A
|',' phosphazenyl phosphines
R'é\H

tris

Scheme 2.1: Combination of electron rich phosphazenyl phosphines (bottom left) and bulky
alkyl groups (top left) for new mono- and bisphosphazenyl phosphine hybrids.

In order to further the understanding of this class of compounds, the electronic, sterical
and chemical properties should be investigated. The electronic character can be quantified
by the TOLMAN parameter via the synthesis of a row of nickel tricarbonyl complexes and
measurement of the Ay vibrational mode of the carbonyl bond. Further insight can be gained
by the synthesis of PAP selenides and the measurement of the phosphorus selenium coupling
constant ! Jpse). Additionally, the solution basicity should be determined by measurement of
a competition experiment of a base of known pKpg+ value. Through quantitative 3'P-NMR
spectroscopy and integration of the product peaks the basicity can be determined by the
ratio of protonated speciesEI To support these findings, DFT calculations of the solution and
gas phase basicity as well as proton affinity should be performed. Additionally, the donor
properties were supposed to be calculated by analyzing the change in MULLIKEN charges
of the ligands upon addition of a nickel tricarbonyl fragment. Sterical parameters like the
exact cone angle and the solid angle can be calculated from both XRD and DFT optimized
structures, as well as the buried volume of the ligand sphere. This allows for the prediction of
the behavior of these ligands upon coordination to substrates for catalytic applications. The
chemical properties can be investigated by the execution of stability tests upon hydrolysis

aUnless otherwise stated, when referring to 31 P-NMR spectroscopy, the spectra were measured with proton
decoupling.
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in acidic, basic and neutral media. The nucleophilicity can be measured by reaction of a
base with ethyl iodide and the determination of the ratio of protonated to alkylated base by
quantitative 3'P-NMR spectroscopy. Additionally, CO5 adducts as well as a number of metal
complexes were supposed to be synthesized in order to investigate the reactivities of the PAPs

(Scheme 2.2)).

Bu, R2

u
N 3
AuCl Se , & e FEL
P. P R5__Pd M- -Cl
L R' > Bu P 1
e i o T
PPh3AN Se (gfey)’ Pd(0) or Pd(ll)
co
OC. ¢ Ni(CO)4 R Bu R Bu R Etl Et © H ©
P Rope P Rope P PR - op ! op!
10~ PAIINERRS AN TN AN 10~ R1.\
R' o3 Bu RSN NBu RSN N R R' o> Bu g2 Bu
R1
R2=R!, Bu
CO, R? = Allyl, Cinnamyl
S
o\q,o
PO
R‘ég\tBu

Scheme 2.2: Reactions to determine the electronic, steric and chemical properties of novel

mono- and bis PAPs.

The second topic of this thesis was the application of trisPAPs and newly synthesized mono-
and bisPAPs as ligands in transition metal catalysis. Similar ligands such as IAPs, YPhos,
VERKADE or the FU catalyst can be utilized in palladium catalyzed cross coupling reactions,
so the application opportunities of PAPs in these reactions was of great interest.BI7I129/130]
They should be tested for SUZUKI-MIYAURA, BUCHWALD-HARTWIG aminations, KUMADA
and NEGISHI couplings as well as nickel catalyzed SUZUKI-MIYAURA and BUCHWALD-HART-
WIG couplings (Scheme 2.3]). Additionally, gold catalyzed aminations of acetylenes should be
attempted.

[M], PAP R'=R" = aryl, alkyl
R—X + R"—Y R'—R" R' = aryl, alkyl, H
R? = aryl, alkyl
X = Cl, Br, OTf
M], PAP s BYy
R—X + H_N'R2 vl R'_N/R1 Y = B(OR),, MgBr, ZnBr
R ‘R2 M = Pd, Zn, Ni
PAP-AUCI N
R—= + R"'—NH,

Scheme 2.3: Proposed metal catalyzed cross coupling reactions with PAP ligands.

The third area of interest for these newly synthesized PAPs were supposed to be organo-
catalytic applications. Spurred by the discovery of the ability of trisPAPs to deprotonate
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acetonitrile, the catalytic applications of this reaction should be explored by the transfer of a
-CH5CN group to carbonyl compounds. Related to this is the catalytic alkylation of indoles
that can be performed by other strong metal containing bases such as KOtBu and cyclo-
propenimine superbases. 3133l The addition of CO, to epoxides is known to be catalyzed
by NHCs, leading to cyclic carbonates. 134133 The question if this principle can be applied to
superbasic PAPs was another task that was supposed to be investigated (Scheme [2.4]).

Ar PAP \/L .
+ MeCN A R'=H, Me
So "~ o R"=CN,
o

N, CONH,, CO;Me
i N\ R PAP R‘"m
oIS s
H Ao

"=H, OMe, CN

/> 4 co, —PAF o)ko

Scheme 2.4: Proposed organocatalytic transformations of PAP catalysts.
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3 Synthesis and Characterization of
Phosphazenyl Phosphines

3.1 Results and Discussion

Trisphosphazenyl phosphines are the to date strongest P-bases known in chemistry, demon-
strating an even higher proton affinity, gas phase and solution basicity than the corresponding
polyphosphazene N-bases containing the same number of phosphorus atoms.3 Relatively lit-
tle is known of the easier accessible mono- and bisPAP

(R{P(N=PR5R")y; x,y # 0, x+y = 3).18580] ScHMIDBAUR et al. reported the synthesis
of the simplest monoPAP from the reaction of TMS-NPMes and MePCly and the synthesis
of the corresponding bisPAP from TMS-NPMes and Me,PCLE38 FLINDT reports the syn-
thesis of a monoPAP from TMS-NPMejz and a phosphinic ester (PhoP-OCH,CF3) (Scheme
Bj]).[ll‘”] Other representatives of this substance class are phosphazenyl phosphines based on

VERKADE’s proazaphosphatrane cage, as already mentioned in the introduction. 738l

" |
NIS'MGS Me,PClI P
J— — 11
| I Schmidbaur
N-SiMes MePCl, o
5 SPe P PT
_T_ - \\N’ \N ~
. CFs Ph
n-SMes ¢ P Flindt
s + O..Ph — N""Ph
| '? —P—

Scheme 3.1: Known synthesis of mono- and bisPAP.

Based upon this, a range of target ligands was developed that would allow the systematic
exploration of the electronic and sterical parameters of this substance class. The evaluation
of the chemical behavior was another goal that should lead to the utilization of this substance
class in a number of transformations. The target ligands are displayed in Figure B.I A
manuscript describing most of the results herein has been prepared, but has as yet not been
submitted. The synthesis and characterization of 5e and 5f has been published. P38l
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Bu Bu Bu Bu NMe; pyrr
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MegN—IID—NMeg pyrr—l?—pyrr cy—l?—cy tBu—I'T’—tBu MezN—I?—NMeZ pyrr—iI’—pyrr
NMe; pyrr cy Bu NMe> pyrr

(dma)P4P-(tBu), (pyrr)P1P-(fBu), (cy)P4P-(tBu), (tBu)P4P-(1Bu), (dma)P4P-(dma), (pyrr)P1P-(pyrr)»
5a 5b 5¢ 5d 5e 5f

o diPP Bu
! . Bu tBu !
.P.__dipp I i Eto,N  -P~y, NEt»
N o MesN. . N"T>N.  NMe e NN N Neg
MeoN-P-NMe, %2\ °P” *PXNMep Syrri > F EN"' g NEt
NMe; 2" NMez  NMep P pyrr pyrr OMe PH Ph
(dma)P;P-(Odipp)2 (dma)P,P-1Bu (Pyrr)PoP-1Bu (dma)P,P-Biaryl PincerP,P-1Bu
9 6a 6b 13 18

Figure 3.1: Overview over the target ligands for this work.

3.1.1 Synthesis of monoPAP 5a to 5f and 9

To synthesize 5a to, 5f a strategy starting from a P(III)-amide or a tertiary phosphine by
STAUDINGER reaction with TMSN3 was chosen. The reaction proceeds by nucleophilic attack
of the phosphorus lone pair onto the azide (a) (Scheme B.2)). The negatively charged terminal
nitrogen atom then attacks the central phosphorus atom (b) by formation of a four membered
triazaphosphete ring (c¢). Through elimination of molecular nitrogen, the products 3a to 3d

are formed (d).039
R
R-p-R R R d \ /
. e/\:P'_R /SI‘NE{‘P'H —si R
® OJ > N—N=N® ~ TR NZI?—R
N=N=N —si N=N R
—Sj A / N\
N
(a) (b) (c) (d)

Scheme 3.2: STAUDINGER reaction between TMS azide and a tertiary phosphine.

These are subsequently reacted with PCls to form monophosphazenyl phosphorus dichlorides
4a to 4d through elimination of TMSCl. These phosphorus dichlorides are alkylated by
t-BuLi to form the final target ligands 5a to 5d in excellent yields. The all amine substi-
tuted monoPAPs 5e and 5f are synthesized by reaction of the monophosphazenyl phosphorus
dichlorides with gaseous dimethylamine or potassium pyrrolidide and subsequent distillation

(Scheme [3:3) 1381
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TMSN; R ™S PCls R PCl tBuli_ R ~Bu

N P

PR3 R-P=N ~P=N ) P=N"" “Bu
N R TMscl Ry -LiClI Ry
R=NMe, 3a 82% 4a  90% 5a  91%
R = pyrr 3b  79% 4b  90% 5b  91%
R=cy 3c  83% ———— 4c  98% —— 5¢  80%
R=tBu 3d 94% 4d  96% 5d 88%

MeoNH ( :NfK

[\lMeg pyrr
MeoN  P—NMe; pyrr.  P—pyrr
MeoN-P=N pyrr—P=N
MeoN pyrr
5e 5f
63% 77%

Scheme 3.3: Performed synthetic route towards monoPAPs 5a to 5f.

This described synthetic strategy allows the introduction of other sterically demanding groups
at intermediates 4a to 4d, although tert-butyl groups have proven to be the most selective.
The choice of Et,0 as the solvent turned out to be essential. The lattice energy of precipitating
LiCl is an essential driving force in order to obtain LiCl free pure superbasic monoPAPs. In
THF, even at low temperatures, a significant amount of side products were formed, most likely
through some type of radical WURTZ reactions or ether cleavage. Additionally, it turned out
that a much better conversion could be achieved, if the lithium organyl was added to the
phosphorus dichloride and not wvice versa. The speed of this addition was also a factor, as
a slow addition proved superior. If these factors are considered, the conversion is highly
selective and can easily be tracked by 3'P-NMR spectroscopy, as seen in Figure for the
transformation of 1a to 5a. 5a to 5d are white solids that are soluble in pentane, THF and
toluene while possessing limited solubility in MeCN and DMSO. Single crystals suitable for
X-Ray analysis were obtained by dissolving monoPAPs in DMSO at 150 °C and slowly cooling
to room temperature. 5e and 5f are viscous oils at room temperature.’38 They are all air
and moisture sensitive and should be stored in a glovebox.

29



Results and Discussion Synthesis and Characterization of Phosphazenyl Phosphines

a3 v (Bu
Y :
tBu/P‘IhI
Me N"lp‘ Me
2 NI\M?; 2
g2 g cl
\/ N4 CI’P\N
#I)
Me,N" 1~
2 thglez
g T TMS\W
Me N’E\ Me
rTIMeZ
P
Me,N~  NMe,
15‘0 I I I I 10‘0 I ‘ I I 5ID I ‘ I I ll) I ‘ [pprrll]

Figure 3.2: 3'P-NMR (121 MHz, C¢Dg) spectra of the transformation from 1a to 5a.

As seen in Figure the 3'P-NMR signal of 1a shifts from 122.8 ppm to 14.7 ppm in 3a
through STAUDINGER reaction with TMS azide. After reaction with PCls two phosphorus
signals can be detected as expected. The new doublet at 146.5 ppm corresponds to the
trivalent phosphorus atom of 4a with two chloride substituents. Alkylation shifts this signal
to 85.4 ppm with a coupling constant of 100.5 Hz. monoPAPs 5a to 5f all exhibit similar
chemical shifts. It is noteworthy, that the coupling constant for alkyl substituted 5c and
5d is significantly lower than that of their amine substituted analogues with 57.3 Hz and
26.7 Hz respectively. It is likely that this decrease is at least partially attributed to a decrease
of the electronegativity of the substitutents on the phosphazene core. 4914l 1monoPAP 9
was designed to act as an m-acceptor in addition to being a o-donor, in contrast to the
overwhelming o-donors 5a to 5f. For this synthesis a different approach was needed, it
consisted of the reaction of a chlorophosphite 8 with N-lithiated iminophosphorane 2a-Li.*42|
8 is readily available by reaction of 2,6-diisopropylphenol (dippOH) with PCl; and a catalytic
amount of NMP (Scheme [3:4).143]
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OH o
PCls / cat. NMP __o.. 2l j
S dipp/ol? dipp——» /O—P\ \N//
-HCl cl dipp  N=p-N
VRN
/N\
70 % 67 %
8 9

Scheme 3.4: Synthesis of monoPAP 9 from 8 and PCls.

The reaction can be observed by 3'P-NMR spectroscopy through the shift of the signal of
8 from 174.3 ppm to 150.2 ppm. A new signal at 24.5 ppm corresponds to the pentavalent
phosphorus center with a coupling constant of 64.5 Hz, which is significantly lower than
5a which possesses the same phosphazene core (Figure B3)). This can be attributed to the
increased steric hindrance of this PAP induced by the added dipp groups. The chemical shift of
the trivalent phosphorus center is notable compared to 5a, this is due to lower electron density
induced by -Odipp which causes a lower shielding of the nucleus resulting in a downfield shift.
9 is a white solid that is sensitive to air and moisture. Single crystals suitable for XRD were
obtained in the already described way.

*

1743

T T
150 100 50 0 [ppm]

Figure 3.3: 3'P-NMR (121 MHz, C¢Dg) spectra of the reaction from 8 to 9.
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3.1.2 Synthesis of bisPAP 6a, 6b and 13

To complete the series of alkyl-substituted PAP, bisPAPs 6a and 6b were synthesized. For
this a new strategy had to be employed because the theoretical intermediate

Cl-P(N=PRj), is known to be unstable and prone to decomposition. #l Instead, alkyl-PCl,
compounds were reacted with lithiated iminophosphoranes. The lithiation of iminophospho-
ranes proceeds in quantitative yields at low temperatures in Et,O. By careful addition of
alkyl-PCl,, the desired bisPAPs could be generated (Scheme B.H)). Again, the rate and order
of addition is important, as a too fast addition leads to the generation of side products,
specifically CI-P(¢Bu)(N=PRj3) as evident by 3'P-NMR spectroscopy.

Roponp mBuli_ opoyyy BUPCR R\E F't,B ! E,R

R - n-BuH R LIl RTSNTONT R
R=NMe, 2a quant. 6a 70%
R=pyr 2b quant. 6b 75%

Scheme 3.5: Used synthetic route towards bisPAPs 6a and 6b.

When comparing the 3'P-NMR spectra of monoPAP, bisPAP and trisPAP a clear trend is
visible in the chemical shifts of the pentavalent phosphorus atoms as evident by Figure 3.4
The signal shifts upfield for each added phosphazenyl group, from 31.4 ppm (5a) to 20.4 ppm
(6a) to 14.4 ppm (7a). A similar trend can be observed when comparing the ?Jp p) coupling
constants. Each added phosphazenyl group decreases the coupling constants from 100.5 Hz
(5a) to 59.3 Hz (6a) to 19.6 Hz (7a). 6a is a viscous liquid, while 6b is a white solid.
Both compounds are extremely air and moisture sensitive and should be stored in a glovebox.
They are soluble in apolar solvents such as pentane, as well as more polar solvents like THF.
Single crystals of 6b could be obtained in the same matter as its monoPAP analogues, while
even at —30 °C no crystals could be obtained for 6a. Their structural parameters will be
discussed in a later section. In order to diversify this class of ligands another target, 13, was
designed with a biaryl backbone that resembles the famous BUCHWALD ligands commonly
used in transition metal catalyzed cross couplings.B4l This biaryl backbone may undergo
m-arene interactions that stabilize the intermediate after oxidative addition of a substrate.
The starting point for this synthesis was 2-bromo-3’,5’-dimethoxy-1,1’-biphenyl, which would
allow further functionalization on the 2 position of the biaryl moiety. It was synthesized
according to literature procedures by a SUZUKI-MIYAURA cross coupling reaction.3 The
next step involved a bromine-lithium exchange reaction at low temperatures with n-Bul.i and
a subsequent trapping step with CI-P(NEty),. A direct reaction of PCly with this lithiated
biaryl led to the generation of a variety of side products, and therefore this protecting group
strategy was employed. Subsequent reaction of 11 with HCI in dioxane, which cleaved the
diethylamino groups, liberated the aryl-PCly, compound 12. 12 was recrystallized from a
mixture of toluene and Et,O and stored at —30 °C as it decomposed at room temperature
over time even under inert atmosphere. Afterward, reaction with 2a-Li yielded target ligand

13 (Scheme [3.0)).
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Figure 3.4: 3'P-NMR shift and 2 J(p,py coupling constants of the pentavalent phosphorus atoms
of 5a (bottom), 6a (middle) and 7a (top).
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R=
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Scheme 3.6: Employed synthetic route to 13.

This reaction was extremely sensitive to temperature and addition rate, as reported before
for 6a and 6b. 13 could not be obtained free of contaminants, mainly 2a, which inhibited
further applications such as the measurement of its basicity (see Section BI.4)).
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Another target ligand 18 was designed to possess multiple coordination sites for metals and
to provide sm-arene interactions with possible substrates. The synthesis is based upon the
reaction of AlCly, PCl; and CCly to generate 14 according to a literature procedure. 48l
Through reaction with gaseous diethylamine under abstraction of diethylammonium chloride
15 is generated.ll‘”] Subsequent reaction with gaseous ammonia yields the free iminophos-
phorane 16.148 T hrough elimination of CHCl3, 16 reacted with phenol to yield 17 4 A
subsequent reaction with n-BulLi yielded the lithiated iminophosphorane 17-Li, which would
react with ¢-BuPCl, to form the target ligand 18. However, only mono-substituted product
(RgP=NP(¢tBu)Cl, 19) could be isolated. Therefore, it was decided if it would be possible to
first, generate the bis-substituted chlorophosphine and afterward react this compound with
t-Buli to yield the target ligand. The first reaction did prove successful, however the subse-
quent alkylation with ¢-BuLi did not proceed. The whole reaction sequence is displayed in

Scheme [3.71

Cle Cl Eto,N
CI—\F(’B—QCI ELNH g NEte NH; o N NEte PhOH FeN NEt,
c” rec > 0
o) cl o NH NH
AlCl, DCM cl ACK DCM Cl ¢ toluene I'l’h
80% 83% 38% 70%
14 15 16 17
1) n-BuLi
BN NEt, 2) t-BuPCl, EtoaN, N, Nop NE Et2N\P,,N\P,CI
o — 4~ EtN" % “NEt, instead: EtN7, '
l'gh NH Et.O Ph/O u “Ph Ph/o u
17 18 19
t-BuLi Et,0
ELN 1) n-BulLi
BN NEt 2) PClg EtzN\P//N\ N NEt
o\ EtoN—H | I\NEtz
i NH Et,O 0 O.
Ph pr’ Ph
17 20

Scheme 3.7: Attempted synthesis for target ligand 18.

An overview over the 3'P-NMR chemical shifts and the 2 Jp,p) coupling constants of all syn-
thesized PAPs in this chapter is shown in Table Bl
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Table 3.1: Overview over the 3'P-NMR chemical shifts and the 2 Jcp,py coupling constants of

PAP.
MonoPAP ba 5b 5c 5d 9
8 [ppm]! 85.4; 31.4 82.4;15.8 85.6;22.2 90.4;:39.3 150.3; 23.7
2Jipp) |Hz| 100.5 94.8 57.3 26.7 68.0
Bis- and trisPAP 6a 6b 13 7alél 7blEl
S [ppm][® 87.3;20.4 84.0;6.8 61.1;20.2 84.4;144 81.1;1.4
2Jpp) Hz] 59.3 59.5 68.5 19.0 10.0

a PILPY measured in CgDg.
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3.1.3 Structural Features of PAP

Single crystals of monoPAPs 5a to 5d (Figure[3.0) as well as phosphoramidite 9 and bisPAPs
6b (Figure [B.6]) could be obtained by dissolving the corresponding PAP in DMSO at 150 °C.
Slowly cooling to RT yielded crystals suitable for X-Ray diffractionEl MonoPAPs 5a to 5c
contain P1-N1 distances that lie between 1.67 A (5¢) and 1.68 A (5a). This is shorter than
the reported bond lengths for P(tmg)s (1.70 A).F2

Figure 3.5: Molecular structure of 5a (top, left), 5b (top, right), 5¢ (bottom, left) and 5d
(bottom, right). Ellipsoids are set at 50% probability. Hydrogen atoms have been
omitted for clarity. Notable bond lengths [A] and angles [7]: 5a: C11-P1 1.89(3),
N1-P1 1.68(2), N1-P2 1.55(2), N4-P2 1.65(2), P2-N1-P1 125.0(1), N1-P1-C11
101.0(1), N1 P2 N2 121.8(1). 5b: N1 P1 1.68(2), N1 P2 1.57(2), C5 P1 1.90(3),
P2-N1-P1 126.8(1), 126.8(1) N1-P2-N4 121.6(1). 5c: N1-P1 1.67(2), C5-P1
1.91(2), C9-P2 1.83(2), N1-P2 1.56(2), P2-N1-P1 137.9(1), N1-P1-C5 101.3(1).
5d: P1-C1 1.92(1), N1-P1 1.68(1), N1-P2 1.57(1) 1.57(1), P2-N1-P1 143.3(7),
N1-P1-C5 103.0(6), N1-P2-C13 109.6(6).

aFrom here on, the central phosphorus(III)-atom will be denoted P1 and phosphazenyl phosphorus atoms
will be denoted P2-P4.
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This can be attributed to a lower contribution of negative hyperconjugation as evidenced by
its inherent lower basicity. The P2-N1 bond lengths are between 1.55 A (5a) and 1.59 A (5b)
and are characteristic for P(V)=N formal double bonds strengthened via negative hypercon-
jugation.B30351 The P1-N1-P2 bond angles are between 125° and 143°, with the bulkier 5¢
and 5d at the higher end of this spectrum. This can be attributed to increased steric demand
of the cyclohexyl and ¢-butyl groups. The crystals of 5a and 5b are in the same range as the
trisPAPs (7a and 7b) while 5¢ and 5d are much higher. For monoPAP 9 the P1-N1 bond
length of 1.62 A is shorter than in monoPAPs 5a to 5d. The N1-P2 bond length is 1.57 A and
therefore comparable to usual P-N double bonds. The P1-N1-P2 bond angle of 9 is 133.4° and
is therefore on the higher end of the spectrum because of the bulky dipp groups. P1-O1 and
P1-02 bond lengths average 1.68 A and are comparable to typical P-O single bonds. BisPAP
6b features P1-N1 and P1-N5 bond lengths of 1.66 A and 1.69 A respectively and are very
similar to its monoPAP analogues. The bond angle of P2-N1-N1 is comparable to bulky 5d
with 141.7°.

Gﬁ

Figure 3.6: Molecular structure of 9 (left) and 6b (right). Ellipsoids are set at 50% proba-
bility. Hydrogens are omitted for clarity. Notable bond lengths [A] and angles
[]: 9: N1-P1 1.62(4), N1-P2 1.57(3), O1-P1 1.69(3), 02-P1 1.68(3), C19-02 P1
125.3(2), NI-P1-0O1 100.7(2), P2-N1-P1 133.4(2). 6b: N5-P3 1.58(6), N5-P1
1.69(6), N1-P1 1.66(6), C1-P1 1.89(6), N1-P2 1.54(6), N5-P3-N6 123.8(4),
P2-N1-P1-141.7(4).

Single crystals of iminophosphorane hydrochloride salt 17-HCI could be obtained by decompo-
sition of the free iminophosphorane in Et50. The hydrochloride possesses a P1-N3 bond length
of 1.61 A which is comparable to [(NMey);sP=NH,|" and a P1-N1 bond length of 1.62(2) A
which is slightly shorter than [(NMey)sP=NH,|" with 1.63(2) A.Bf The P1-O1 bond length
of 1.56 A is shorter than that of P(O)(NH,)oOPh (1.59 A).152 The bond angles around P1
suggest a slightly disordered tetrahedral structure, as is expected. Although it could not be
synthesized, the structure of 18 in the gas phase was calculated utilizing the PBE functional
with a basis set of def2/tzvpp in order to obtain an idea of the molecular structure (Figure

m),lml
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Figure 3.7: Molecular structure of 17-HCl (left) and calculated structure of 18 (right).
Ellipsoids are set at 50% probability. Structure was calculated with PBE
def2/ tzvpp. B354 Hydrogens are omitted for clarity except for those located on
the terminal NH, group. Notable bond lengths [A] and angles [°]: 17-HCl: P1-N1
1.62(2), P1-O1 1.58(2), P1-N3 1.61(2), N3-P1-N1 117.3(1), O1-P1-N3 108.8(9),
N2-P1-N1 111.6(9).

3.1.4 Evaluation of the Nucleophilicity

In order to evaluate the nucleophilicity of these new PAP ligands, they were reacted with an
excess of dried ethyl iodide. There are two possible mechanisms for this reaction, either the
PAP reacts as a nucleophile and forms a P-ethylated phosphonium PAP wvia Sy2 reaction or
the PAP reacts as a base in a E5 reaction and is protonated (Scheme [B.§]).

Etl Etl R Bu Rp2
RRz‘Bu R2 RFll Bu R.» BUR CH
P\ P® :P\\ /P\ /P\\ /P\ + 24

R™ >N’ > Sp\2 R N R2 = R N H

%{__/
© [
I R1
PAP as nucleophile R2 = Bu, R! PAP as base

Scheme 3.8: Evaluation of the nucleophilicity of different PAP by reaction with Etl.

The ratio of products was determined by quantitative 3'P-NMR measurement by inverse
gated decoupling method with an increased relaxation delay (in relation to standard 3!P
measurement) in order to guarantee complete relaxation between pulses. Therefore, the ratio
of PAP-Et™ to PAP-H" could be determined by the integration of the corresponding P(IIT)
or P(V) signals. The results of these experiments can be seen in Table
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Table 3.2: 31 P-NMR chemical shifts of PAP-Et™ to PAP-H" and their ratio.

MonoPAP 5a 5b 5¢ 5d 9

PAP-Et: § [ppm]®  45.5:23.0 40.8;83 56.1;50.5 46.3;40.5  24.3; -16.7
PAP-H': § [ppm|l?  46.0; 21.0 44.5;54 42.3:;27.6 55.0;455  22.3; -12.0

Nucleophilicity [%]!  60.9 51.7 12.0 18.8 7.0lc]

Bis- and trisPAP  6a 6b 13 7al8] 7b ]
PAP-Et: § [ppm|®  17.0;19.7 14.1;3.7 n/a 13.2; -10.1 -0.7; =10.3
PAP-H': § [ppm|l®  12.9:149 16.3;1.3 n/a 21.5; —28.9d1 7.9; —29 3ldl
Nucleophilicity [%]!  45.4 1.0lel n/a 83.0 88.0

a PIH;PV7 measured in MeCN-ds.

b Ratio of the integrals of PAP-Et/PAP-H".

¢ Only 27% reacted with EtI, of these 27% only 7% of PAP-Et was found.
d Measured in CgDg from P5P - HBF, salt.

¢ Measured in THF-dg due to low solubility of the isolated reaction mixture.

As expected, both protonation as well as alkylation induce a significant upfield shift of the
formerly trivalent phosphorus nucleus: e.g., 5a to 5a-H, 85.4 ppm to 46.0 ppm; 5a to 5a-Et
85.4 ppm to 42.5 ppm (FigureB.8). The coupling constant also decreases drastically: 5a to 5a-
H, 100.5 Hz to 29.4 Hz; 5a to 5a-Et, 100.5 Hz to 3.7 Hz. In fact, the 2](p)p) coupling disappears
completely for some P-ethylated PAPs. It is observed, that both trisPAPs 7a (83.0%) and 7b
(88.0%) react predominantly as C-nucleophiles, forming [PAP-Et|*.B9 MonoPAPs 5a (60.9%)
and 5b (51.7%) show a lower ratio towards ethylation. Interestingly, all PAPs with sterically
demanding alkyl substituents (5¢ and 5d) display predominantly the character of a base:
only 12.0% (5c¢) and 18.8% (5d) of the [PAP-Et]* cations are formed next to [PAP-H|*.
This can be attributed to their difference in sterics as the alkyl core hinders an attack of the
electrophile by the P(III) center. BisPAP 6a falls in between mono- and trisPAPs with 45.4%.
Surprisingly, sterically demanding bisPAP 6b presents as a pure base: When reacted under the
same conditions as 6a in THF, only 1% [PAP-Et|* and 99% [PAP-H|* cations are formed. The
high selectivity towards dehydrohalogenation is most likely due to steric hindrance introduced
by the combination of P-pyrrolidino and P-tert-butyl groups. MonoPAP 9 is another example
of high selectivity towards elimination by steric hindrance, as it is only ethylated by 7%. It
can be concluded, that PAP superbases have a considerable and competing P-nucleophilicity
towards soft C-electrophiles such as alkyliodides. Bulky groups decrease their nucleophilic
behavior and can, if introduced at the phosphazene core, even inhibit nucleophilicity. As
nucleophilicity towards soft carbon electrophiles is qualitatively correlated to donor strength
towards soft transition metal Lewis acids, PAP P-bases will display a different spectrum of
applications compared to SCHWESINGER’s N-bases.
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Figure 3.8: 3'P-NMR (121 MHz, MeCN-ds3) spectrum of 5a before (bottom) and after (top)
reaction with Etl.

3.1.5 Chemical Stability of PAP

The stability of PAPs towards hydrolysis in acidic and basic environments is of relevance be-
cause the phosphazene core can be hydrolyzed to form hexamethylphosphorous acid trisamide
(HMPA) which is highly toxic and is known to cause cancer in rats. 55151 In order to in-
vestigate this risk, three different reactions for each PAP were performed. PAP was dissolved
in a small quantity of dioxane and subsequently 1 mL of a) 1 M HCI, b) 1 M NaOH or ¢)
H50 was added and heated to reflux overnight. Afterward the solvent was removed, and the
residue dissolved in CHCl3 and NMR spectra as well as MS measurements were taken. All
synthesized PAP were stable under these conditions except for 5¢ which decomposed in acidic
and basic media to form several phosphorus species, though none of them could be attributed
to HMPA. In basic conditions, most monoPAPs reacted to form a mixture of protonated PAP
[PAP-H|" and PAP oxides [PAP=0] as detected by MS (Figure BJ). In acidic media more
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[PAP-H|" is formed and in neutral media more [PAP=0] is formed. Higher substituted bis-
PAPs (6a and 6b) and trisPAPs (7a and 7b) reacted almost exclusively to form [PAP-H|"
no matter the media. All synthesized PAPs are thermally stable in DMSO at 150 °C with
minimal decomposition. This method was used to grow single crystals for X-ray diffraction
upon cooling of these saturated solutions. As already mentioned, all PAPs are sensitive to-
wards water and oxygen and will eventually decompose into the corresponding PAP oxides
or phosphonium salts. However, all these PAPs can be stored without decomposition even
at humid conditions in form of their PAP-HBF, salts, allowing storage of these compounds
under ambient conditions. Deprotonation with a strong base such as KHMDS liberates the
free bases for further use.

Me,N Bu g, Me,N fBu g,
Me,N-Ps, P Me,N-P-  .PH
Me,N N O Me,N N @ N

™
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w
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Figure 3.9: 3'P-NMR (121 MHz, CDCl;) spectrum of 5a after reaction with Hy,O (bottom),
HCI (middle) and NaOH (top).

3.1.6 Evaluation of the Tolman Electronic Parameter and PAP Selenides

To investigate the electronic properties of the ligands, the TOLMAN electronic parameter
(TEP) was measured as mentioned in Section [[L4l The TEP corresponds to the frequency of
the A; C-O vibrational mode of [L-Ni(CO)s| type complexes. This can be used to determine
the electron donor capabilities of a ligand. For this purpose each ligand was reacted with
[Ni(COy,)], the resulting nickel complex was isolated and an IR spectrum of the solid com-
pounds was measured. Additionally, the structure of each complex was calculated with DFT
using the PBE functional and the def2/tzvpp basis set.153054] PAP gelenides allow a similar
assumption about donor capabilities and have been prepared by reaction of each ligand with
gray selenium. The synthesized and discussed compounds for this section are shown in Figure
5.9
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Scheme 3.9: Overview over the synthesized and discussed molecules for this section.

An overview over the measured TEP is shown in Table[3.3l It can be deduced that monoPAPs
25a to 25d all possess TEPs of 2040+2 which is lower (electron richer) than popular NHCs
such as IMes (2050.5)158] and ImNMe, (2054.1)P58] or phosphines like PtBug (2056.1)F9 and
to modern ylidenaminophosphines (IAP)EM53 (Figure BI0) of DIELMANN and ylide func-
tionalized phosphines (YPhos)P# Tl of GESSNER. Interestingly, they are also lower than
all amino substituted analogues 25e (2047.4) and 25f (2042.4).138 This suggests, that alkyl
substituents contribute more to the electron donating capabilities of a ligand than amino
groups. 29, which shows a TEP of 2104.6, lies in the realm of PF35 which suggests, that it
may compete with CO as an m-acceptor ligand.®U Unsurprisingly, 26a and 26b lie between
monoPAPs 25a-25b and trisPAPs 27a-27b with TEP values of 2032.0 and 2033.5 respec-
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tively. Biaryl PAP 31 fits in with these bisPAPs with a TEP value of 2036.7. With these
values, they surpass even some of the strongest NHCs in donor capability.B3158 13C.NMR
signals for these carbonyls can all be found around 200 ppm. The 2 Jp,c) constants increase
for each added phosphazenyl unit from ca. 2.0 Hz for monoPAP, to 4.6 Hz for bisPAP to
9.0 Hz for trisPAP. Phosphoramidite 29 displays a singlett as its bulky dipp groups shield
the phosphorus atom from coupling with the carbonyl units. A linear dependency between
the calculated average bond lengths of the CO fragments of [PAP-Ni(CO)3] complexes could
be correlated to their calculated A; C-O vibrational mode, as has been established by GUSEV
for a series of two electron ligands.F80 This dependency was replicated for PAP as evident
by Figure B.I1 with a R? value of 0.995.

Table 3.3: Measured and calculated TEP, "*C-NMR chemical shifts and 2 Jp,c) of the carbonyl
carbon of PAP and similar ligands.

monoPAP 25a 25b 25¢ 25d 29
TEP! 2040.0 2042.1 2042.8 2039.4 2104.5
TEP calc.[P! 2047.0 2036.7 2047.6 2043.6 2062.6
1B (Co) sl 200.0 200.5 200.0 200.1 195.8
2Jipc) [Hz| 2.3 2.6 1.9 2.2 0

Bis, trisPAP 26a 26b 31 27all 2785l
TEP 2032.1 2030.4 2036.7 2022.4 2018.6
TEP calc.[! 2036.7 2030.2 2038.7 2016.7 2022.2
B (Co) sl 202.0 201.9 —ld] 203.4 203.9
2Jipcy [He 4.6 5.0 1] 9.0 9.0
Ligand!®l P(Ry)oiPrH8  P(R;)H YoTolPCy, 9 cy-YPhos62  IMesH58l
TEP 2038.6 2029.7 2051.7P! 2057.1 2050.7

& Measured via ATR-IR spectroscopy of neat substance.

b Calculated using PBE /def2tzvp.F53154]

¢ Measured in CgDg.

4 Due to low signal-to-noise ratio, no signal could be assigned unambiguously.
¢ Structures for these compounds can be found in Figure B.10l
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Figure 3.10: TEP values of the nickel tricarbonyl complexes of PAP and various other ligands.
Exact values for these examples are given in Table B.3
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Figure 3.11: Correlation of the average calculated CO bond lengths and A; C-O vibrational
mode of [PAP-Ni(CO)3| complexes. Molecules numbered according to their par-
ent PAP.

Single crystals suitable for XRD for 25a and 25d were obtained by slow cooling of a saturated
pentane solution to —30 °C. The structures are shown in Figure 312l 25a possesses an average
C-O bond length of 1.15 A and 25d of 1.14 A which is, as expected, shorter than the average
C-O bond length in 27a with 1.19 A.B8 This corresponds to their lower TEP value as the
A; C-O vibrational mode is harder to exite the shorter the bond length. The P1-Ni bond
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lengths are similar with 2.298 A for 25d and 2.263 A for 25a compared to 2.259 A for 27a.
The higher bond length of 25d clearly stems from its increased sterical hindrance introduced
by t-butyl groups on the phosphazenyl core.

Figure 3.12: Molecular structure of 25a (top) and 25d (bottom). Ellipsoids are set at 50%
probability. Hydrogen atoms have been omitted for clarity. Notable bond lengths
[A] and angles [°]: 25a: N1-P1 1.628(5), N1-P2 1.531(5), N2-P2 1.642(5), N3-P2
1.654(5), N3-P2 1.654(5), P1-C4 1.894(6), P1-Nil 2.2626(2), Nil-C1 1.792(7), C1-
01 1.148(8), O1-C1-Nil 179.0(6), P2-N1-P1 161.3(4), C1-Nil-P1 109.8(2), N1-
P1-Nil 116.8(2); 25d: N1-P1 1.644(2), N1-P2 1.563(2), P2-C12 1.899(2), P2-C16
1.897(2), P1-C4 1.917(2), P1-Nil 2.298(6), Nil-C1 1.797(3), C1-O1 1.136(3), O1-
C1-Nil 176.7(2), P2-N1-P1 159.2(1), C1-Nil-P1 109.9(8), N1-P1-Nil 120.7(7).

A similar evaluation of the donor capabilities can be made from the ! J(psey coupling constant
of corresponding PAP selenides, their chemical shifts as well as their ! J(p,se) coupling constants
are shown in Table [3.4]F02107]
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Table 3.4: 3'P and ""Se-NMR chemical shifts of PAP selenides and their ! Jpsey coupling
constants.

monoPAP 22a 22b 22c 22d 28

31p § [ppm|®  75.4 73 76.2 74.2 38.5
7Se § [ppm|Pl 2734 -257.4 -250.6 -222.5 -119.9
Upse [Hz|Pl 696.2 6954 6924 6954  902.2

Bis, trisPAP 23a 23b 30 242l 24p 5]

31p § [ppm|ldl  34.2 31 13.2 —6.7 -5.5
7Se § [ppm|® 975  -71.3 267 1379  190.9
Upse) [Hz]Pl 676.6 6655 6724 654 628

& R3P=NPR,-Se; Measured in CgDg.
b Measured in CgDg.

22a-22d all exhibit similar coupling constants of 694+ Hz. This is in the magnitude of
50 Hz lower than all amine substituted monoPAPs 22e and 22f.138 This difference can be
attributed at least partly to the higher electron donor capabilities of 22a-22d as evidenced
by their TEP values. Sterical hindrance at the central phosphorus atom may also result in a
decrease in s-character of the lone pair.m% In the row of 22a, 23a to 24a a clear trend in the
decreasing of the coupling constant by about 20 Hz per phosphazene unit can be observed.
This corresponds with their TEP. This prompted an investigation to determine if a linear
correlation between the TEP and the ! Jip.sey coupling constants is possible, as was shown
by GEssSNER.HG Such a dependency was confirmed with a R? value of 0.987 (Figure 313
top). Notably, the fitted function was very similar to the one used by GESSNER with only a
variance of 1+0.5% between our obtained values and values obtained by GESSNER’s method.
Phosphoramidite 28 presents a clear outlier to its electron rich monoPAP analogues, with
al Jp.sey coupling constant of 902.2 Hz. This stems mostly from the electron withdrawing
-Odipp groups, but bulky aryl substituents have been known to cause an increase in ! J(pse)
coupling constants that do not necessarily correlate to its electronic properties. F93106] Tt can
be said, that 9 is the ligand with the lowest donor and highest m-acceptor abilities within
these PAPs. BETRAND and HUDNALL discovered a dependency of 3'P-NMR and "“Se-NMR
signals for phosphinidines and NHCs.B386164] g dependency extends to PAP as shown in
Figure .13 (bottom) with a R? value of 0.962.
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Figure 3.13: Linear dependence of the 1](}3’56) NMR (57 MHz, CgDg) coupling constant with
the TEP (top). Linear dependence of the 3'P (121 MHz, C4Dg) and “"Se-NMR
(57 MHz, C¢Dg) chemical shifts of PAP selenides (bottom). Molecules numbered
according to their parent PAP.
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Single crystals suitable for XRD for 22a, 23b and 30 were obtained by slow cooling of a
saturated pentane solution to —30 °C. 22a features a P1-Sel bond length of 2.140 A which is
shorter than 23b with 2.156 A, 30 with 2.163 A and 24a 2.167 A. It can be concluded, that
added phosphazenyl groups increase this bond length. The length is additionally increased
by the sterically demanding biaryl substituent of 30. The second phenyl ring of 30 is twisted
by 59.6° in relation to the first phenyl ring. This may enable the parent ligand 13 to stabilize
possible metal adducts via 7-arene interactions, as shown by BUCHWALD's biaryl ligands. 4
The N1-P1-Sel bond angles are between 112-115°, suggesting a slightly disordered tetrahedral
coordination of P1.1l
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Figure 3.14: Molecular structure of 22a (left), 23b (right) and 30 (bottom). Ellipsoids are set
at 50% probability. Hydrogen atoms have been omitted for clarity. Notable bond
lengths [A] and angles [°|: 22a: Sel-P1 2.140(6), P1-N1 1.613(2), N1-P2 1.565(0),
P2-N2 1.653(2), P1-C1 1.879(2), N1-P1-Sel 118.3(7), P1-N1-P2 137.3(1), N1-
P2-N3 112.2(9); 23b: P1-Sel 2.156(5), P1-N1 1.623(2), N1-P2 1.553(2), P2-
N2 1.659(2), P1-C1 1.857(2), N1-P1-Sel 115.4(6), P1-N1-P2 142.2(1), N1-P2-N3
123.4(8); 30: P1-Sel 2.163(7), P1-N4 1.614(2), N4-P2 1.560(2), P1-C13 1.847(2),
N4-P1-Sel 113.8(7), P1-N4-P2 137.3(1), N5-P3-N7 121.7(1), C13-C18-C19-C24
-59.3(3).

Overall, it can be concluded that these measures are a reliable way to quantify the donor
capabilities of PAP.
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3.1.7 Experimental Determination of the Basicity

The basicity of PAP was determined experimentally as well as theoretically. Additionally,
the gas phase basicity and proton affinity were calculated using DFT methods. Experimen-
tally, the basicity could be determined by the competition reaction between a PAP and a
reference base with a similar pKpg+ value by measurement of quantitative 3'P-NMR spectra
as described in SectionB.1.4l An example for the determination of p Kgg+ values is shown here:

5a (8.57 mg, 26.6 pmol), MTBD (4.66 mg, 30.4 pmol) and bistriflimidic acid HNTf; (5.78 mg,
26.6 pmol) were dissolved in THF-dg, transferred to an NMR tube and shaken. The integrals
of the resulting mixture of 5a and 5a-H" were 0.67 and 0.33 (Figure B.I5). Therefore, the
molarity of 5a and MTBD can be calculated as 17.7 pmol and 12.7 pmol. The molarities of
5a-H" and MTBDH" are the differences of the starting molarity to the calculated molarity.
The rate constant K can now be calculated by equation B.1}

P n[(dma)P;P — (tBu),] * n[MTBDH ']
 n[MTBD] # n[(dma)P,P — (tBu),H"]

(3.1)

The pKpy+ can be calculated by subtraction of the logarithm of K with the pKgy+ of the
reference base (MTBD = 18.6 in THF).l

pPKpy+ = 18.6 — log (K) = 18.6 — log 2.80 = 18.15 (3.2)

pKpp+ values of the THF scale (measured) can be correlated to the MeCN scale using corre-
lation equation reported by LEITO et al.d]

pKgr+ (THF) = (0.92 £ 0.02) * pKgg+ (MeCN) — (5.15 £ 0.51) = 24.8 = 0.1 (3.3)

These measurements were repeated for all PAPs except for 9 because its basicity proved to be
lower than NEt3 and therefore wasn’t pursued further. The measurements for 13 could not be
taken, as impurities of 2a inhibited the competition reaction. The gas phase basicities (GB)
and proton affinities (PA) were determined by the calculation of the gas phase structures of
PAP and protonated PAP. They can be calculated as follows: 163l

AG =Gh) — [G(L) + G(H+)] (3.4)

PA = H(LH+) - [H(L) +H(H+)] (35)

The values for the gas phase enthalpy and entropy of protons are:
Hg+) = 1.48 kcal /mol

Sa+y = 26.02 kcal/(mol * K)

G+) = —6.28 kcal /mol .68l
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Figure 3.15: 3I'P-NMR (121 MHz, THF-dg) spectra of the experimental evaluation of 5a by
competition reaction with MTBD and integration of the protonated and free
PAP.

To calculate the pKpy+ value, the compounds were optimized in the gas phase and their vibra-
tional frequencies were calculated in order to ensure that the optimized structure was a global
minimum. Next, the compounds were calculated using a conductor-like polarizable continuum
model (CPCM) to simulate solvent interactions. 7 By inserting the GIBBS energies of these
PAPs into the thermodynamic cycle by SHIELDS et al. (Figure and Equation B.6)) the
pKpg+ value could be calculated. 53l

AGgaS - +
AHgaS AgaS + HgaS

AGsoI AG'sol AG'sol

AG .
2 Asg  + Hag

Figure 3.16: Thermodynamic cycle for estimating basicity in solution by SHIELDS and cowork-
[153]
ers.
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The basicity can therefore be described by the following equation:

pK(BH+) = pK(AH+) + [Ggas(B) - Ggas(A) - Ggas(BH+) + Ggas(AH+)+ (3 6)
AGgo1(B) — AGgo1(A) — AGgo1(BHY) + AGg0 (AHT)] / 2.303 RT .
The results of these experiments and calculations are displayed in Table

Table 3.5: Gas phase basicity (GB), proton affinity (PA), measured and calculated pKpgy+
values of PAP.

monoPAP 5a 5b  5c¢ 5d 5el38  5fll3d] 9

GB [kcal/mol|l?l 258.1 259.6 258.6 258.2 257.4  267.9 243.7
PA [kcal/mol|® 265.6 267.2 2662 2652 2658 274.7 251.4
pKpg+ Pl 248 25,7 251 248 - - >18

pKpg+ (calc)ldl 252 258 262 256 264 315 -

Bis, trisPAP 6a 6b 13 7al85l  7pEE PMesl3E

GB [kcal/mol|l? 270.3 276.0 274.4 291.3 300.2 223.6
PA [kcal/mol|® 278.7 283.6 282.0 297.4 307.5 230.9
pKgp+ P! 33.7 351 - 417 431 15.5
pKpp+ (cale.)lel 343 367 307 438 451 155

2 Proton affinities and gas phase Dbasicities were calculated using
PBE /def2tvp™53154] and calculated according to equation [34] and

b Measured in THF-dg and correlated to the MeCN scale according to Leito
et al ]

¢ Calculated using PBE/def2tzvp™53153] and calculated according to equation
RAGLES]

From these experiments it can be concluded, that monoPAPs 5a-5d all exhibit similar p Kgy+
(MeCN) values of 25+1 with 5b being stronger than 5a and 5f being overall the strongest of
these as would be expected. Also, as expected, 6a and 6b are stronger than their monoPAP
analogues 5a and 5b and weaker than their trisPAP analogues 7a and 7b. This is further
supported by the calculated pKpgy+ values, which match the experimental values. This trend
can also be seen in the GB and PA of these compounds. monoPAPs 5a-5f have GB of 257-
267 kcal/mol and PA of 265-274 kcal /mol with 5f being the strongest of this series. In the row
of 5a to 6a to 7Ta the GB increases by 10-15 kcal /mol per phosphazene unit corresponding to an
increase in basicity of 6-7 units which matches with SCHWESINGER’s battery cell principle.”!

3.1.8 Sterical Parameters

In order to investigate the steric properties of these PAPs, the buried volume as well as the
solid and exact cone angles were calculated. The buried volume (%Vg,,) is the amount of
space that is occupied by a ligand inside a sphere of a predefined radius (3.5 A) centered
on the metal atom. It was calculated by the use of an online tool SAMBVCA by CAVALLO
et al P2 Tt also allows for the generation of steric maps of the ligands. Other steric
parameters that were calculated were the exact cone angle and the solid cone angle developed
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by BILBREY et al. P09 The exact cone angle is the apex angle of a cylindrical cone centered
on the metal atom of a [PAP-Ni| complex. This angle is different to TOLMAN’s definition of
a cone angle, as it allows for flexibility on the bond length of [PAP-Ni|]. Closely related is
the solid angle w, which can be described as a measure of the ’'shadow’ cast by an atom or
group of atoms when placed relative to an apex atom, ’a light source’. P90 They are not
bound by a fixed L-M bond length and can be calculated from a crystal or computationally
generated structure. The disadvantage of the solid angle approach is, that it treats the ligand
as 'frozen’ which induces inaccuracies, as ligands are often able to almost freely rotate along
low rotational barriers.P08 10 For the sake of completeness, both cone angles were included.
An overview over the cone and solid angles as well as the buried volumes of PAPs can be seen
in Table The inputs for these calculations were optimized gas phase structures of PAP-
Ni complexes for cone angles and [PAP-AuCl| complexes for buried volumes [ Notably, the
values for 32a and 33a only differ by 0.5% and 0.1% from XRD to DFT optimized structures,
showing that this method is a reliable measure to compare their buried volumes.

Table 3.6: Calculated cone and solid angles, as well as buried volumes of PAP.

monoPAP 5a 5b 5¢c 5d 9

Cone Angle [|? 193.5 207.9 203.5 194.8 214.2
Solid Angle [°]?l 182.2 186.7 202.9 185.6 203.8
%V Pl 441 456 459 431 55.1

Bis, trisPAP 6a 6b 13 7a 7b

Cone Angle [7|1? 194.9 216.9 237.6 203.283 1989l
Solid Angle ]2l 193.5 201.3 258.7 - -
%V P 474 465 542  48.78llel 40 9l

2 Cone angles were calculated according to a method devel-
oped by Bilbrey et al.FX0 A Mathematica package FindConeAn-
gle or FindSolidAngle developed by the authors was used.™68l
The inputs were optimized geometries of L-Ni complexes at the
PBE/def2tvp level H3315]

b Calculated  using [L-AuCl] complexes at  the
PBE/def2tvpP53153] Jevel with SambVca 2.0 (r = 3.50 A,
Bond radii scaled with 1.17, Hydrogens omitted). 3112l

¢ Calculated using the crystal structure of [L-Ni(CO)s| complex.

PAPs exhibit very high cone angles of around 200°, which surpasses PtBus (182")[89] and lies
in the same range as GESSNER’s YPhos (199°).[601 The higher end of cone angles for these
compounds can be found on the pyrrolidino and cyclohexyl substituted PAPs 5b, 5¢ and
6b. Interestingly, the substitution of dimethylamino groups by t-butyl groups from 5a to
5d does not increase the cone angles by a huge amount. 9 and 13 both exhibit extremely
high cone angles, as was expected because of their bulky dipp or biaryl substituents. The
buried volume follows a similar trend and ranges from 44-55%. 9 and 13 are the exceptions
again with extremely high buried volumes which are similar to BUCHWALD’s biarylphosphines
(50.9% for JohnPhos)18 and GessNER’s YPhos (48.5%).721 PAPs are also sterically more
demanding than DIELMANN’s TAPs (35.3%; 36.2%)B1169 P(Ad), (40.5%)PT and PtBug

PFor computational details, refer to section
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(38.1%).1569 As already mentioned, steric maps of these PAPs were obtained by the use of
SambVea which allows some insight into the catalytic pockets that may be formed with these
compounds. Figure B.I7 shows the sterical maps of 5a to 5d which represent the filled space
of a sphere with a radius of 3.5 A. The P-Au axis is oriented into the plane and defined as
the z-axis. From this, the difference between monoPAPs can be seen clearly as both 5¢ and
5b have more bulky substituents on the phosphazene core, resulting in a higher hindrance in
the western sectors of these sterical maps.

a0 Tmore bulky

less bulky

300 Tmore bulky

200 | lEss bulky

Figure 3.17: Sterical maps of 5a (top left), 5b (top right), 5¢ (bottom left) and 5d (bottom
right). The trivalent phosphorus atom is centered in the middle of the sterical
map and the molecule is viewed along the P-Au (z) axis.

Figure [3.18 shows the sterical maps of bisPAPs 6a and 6b. The increase in steric demand
from mono- to bisPAP is clearly visible. Again, the pyrrolidino substituents of 6b are more
sterically demanding than the dimethylamino substituents of 6a.

200 Tmore bulky

_— fBLtI / 150
N 4 f 0.75
pyrr—/.P\\N d P\ N 0 0.00
pyrr 11 s
pyrr— R\
Pyrr  pyrr2

less bulky

Figure 3.18: Sterical maps of 6a (left), 6b (right). The trivalent phosphorus atom is centered
in the middle of the sterical map and the molecule is viewed along the P-Au (z)
axis.

Figure B.19 shows the sterical maps of 9 and 13. These two PAPs show very blatantly their
difference in sterics in comparison to other PAPs. Phosphoramidite 9 features very high
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sterical demand, stemming from its dipp groups in the eastern sector of the map. Bisaryl 13
is even more extreme, both the northern as well as the southern sector are sterically shielded
by the phosphazenyl and biaryl substituents. However, good accessibility from the eastern
and western side of the ligand can be seen. This is the catalytic pocket stabilized by 7 arene
interactions. The same can be said for 9 to a lesser extent.

| A= 2 Jro
k f/\_/ 150
DippO. ,.ODipp 1 4 jJ i
Me;,N, I{I 9 000
P” 1 0.75
R e —
MezN NMez 2| = - 150

Sa 3 2 1 o 1 2 3 4 a3 a2 a1 o 1 2 3 4

less bulky

Figure 3.19: Sterical maps of 9 (left) and 13 (right). The trivalent phosphorus atom is cen-
tered in the middle of the sterical map and the molecule is viewed along the P-Au
(z) axis.

Synthetically, [AuCIPxP| (x = 1,2) compounds were obtained by addition of [PPhzAuCl|
or [SMeyAuCl] under the exclusion of light after stirring for one hour or overnight (Scheme
[B10). Through removal of the solvent in vacuo and subsequent redissolving in hot pentane,
the compounds were isolated. It is noteworthy to add, that slow cooling to —30 °C is required
in order to ensure the product is free of PPhj.

Bu Bu Cl., Bu Cl

P P Au. Bu__ Al

P PLaN FLIEN :
ll\ll Bu or MezN: _N N:P:w\l\//llez PPh3-AuCl or SMe,AuCl ll\ll Bu or  MeoN NN NMe,

Me2N-P~NMe, Me2N" ' °2 tol or THF, 0 °C MeoN-P-NMe, - P<NMe

! NM62 NMez ’ | MegN ! | 2
NMe Thtoon. NMe NMe,  NMe;,
5a 6a 32a 33a

Scheme 3.10: Synthesis of 32a and 33a.

Single crystals suitable for XRD of 32a and 33a (Figure B.:20) were obtained by slowly cooling
a saturated pentane solution to —30 °C. 32a features a P1-Aul bond length of 2.253 A and 33a
of 2.256 A. This is shorter than PPhs-AuCl with 2.231 AETl and comparable to GESSNER’s
0TolYPCy, with 2.254 A2l The Cl1-Aul-P1 bond angles are all close to the expected 180°.
The P1-N1 bonds are shortened relative to their free base forms.
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T ci an

Figure 3.20: Molecular structures of 32a (left) and 33a (right). Ellipsoids are set at 50%
probability. Hydrogen atoms have been omitted for clarity. Notable bond lengths
[A] and angles [°]: 32a: N1-P1 1.62(3), N1-P2 1.57(3), P1-Aul 2.25(9), Cl1-Aul
2.31(1), P1-Aul-Cl1 179.2(4), 33a: N1-P2 1.57(7), Cll-Aul 2.34(2), N1-P1
1.61(7), P1-Aul 2.26(2), P1-Aul-Cl1 175.6(9).

3.1.9 Mulliken Orbital Charge Population Analysis

For a closer investigation into the nature of the donor capabilities, a series of calculations was
performed to determine the strength of o-donation and s-acceptance for these ligands. This
was previously done for the heavier analogues of NHCs: heterocyclic tetrylenes (ArsNENAr,
with E = Ge, Sn, Pb).72l [PAP-Ni(CO);] complexes were calculated using PBE /def2tvp and
the P(III)-Ni axis was oriented along the z-axis.F?3154] The g-donation may be measured
as the change of the Mulliken charges in s(P) and p,(P) orbitals from free ligand to nickel
complex. The 7-acceptance can likewise be calculated by the differences in py(P) and py(P)
orbitals. The fragmentation as well as the bond energy were calculated as the breakage
of the P-Ni bond along the z-axis with unrelaxed (non-optimized) and relaxed (optimized)
fragments, respectively. An overview of these results is given in Table 3.7
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Table 3.7: Overview over the changes in the Mulliken orbital charge population in 7 and o
orbitals of PAPs as well as the fragmentation and bond energy of [PAP-Ni(CO)3]
fragments.

Ligandl?l APl APGIPI AP7PI 3 | A |le] /gl Efrag [kcal/ mol|lel Ey,nq [keal /mol]le!

5a 0.06 047 -0.08 0.44 0.16 54.1 42.9
5b 0.08 0.47 -0.11 045 0.19 54.3 43.8
5c 0.09 049 -0.06 0.52 0.10 549 40.2
5d 0.06 048 -0.07 048 0.13 52.7 42.8
9 0.15 0.11 0.03 0.23 -0.11 52.3 40.9
6a 0.10 0.49 -0.09 0.49 0.16 59.4 45.9
6b 0.16 042 -0.09 049 0.15 61.5 47.1
13 0.19 0.39 -0.07 0.52 0.11 56.4 42.7
7a 0.17 037 0.01 0.54 0.02 684 48.8
7b 024 033 0.00 0.56 0.00 66.4 4.7
PtBus 0.06 0.50 -0.04 0.52 0.07 46.7 38.5

2 The inputs were optimized geometries of [PAP-Ni(CO)3] complexes at the PBE/def2tvp
level, T2

P AS, APo and APr values are the differences in Mulliken charge populations of the orbitals
between PAP and [PAP-Ni(CO)s;| at the central phosphorus atom. APo orbitals are defined
as p, orbitals along the axis of P-Ni; APz orbitals are defined as the sum of p, and p,
orbitals perpendicular to said axis.

€3> | A is the sum of AS+APc and APx values.

d 7/ is the ratio of APz / (AS+APg).

¢ Efyag is the difference in energy of the unrelaxed fragments of PAP and Ni(CO)3; Eyonq
is the energy of the relaxed fragments.

It can be deduced, that the introduction of alkyl groups into PAPs (5a-5d) increases their -
acceptance character, however it is still very low, about double that of PtBus, a ligand known
as an almost pure o-donor. TrisPAPs (7a and 7b) are pure o-donors and display virtually
no m-acceptance. The sum of donation increases for each added phosphazenyl group, as
does the bond and fragmentation energy. Donation abilities of 5a-5d are comparable, but a
substitution of amines to alkyl groups on the phosphazene core seems to increase o-donation
by a small amount. o-Donor and m-acceptor characteristics are consistent across monoPAPs.
9 is a much weaker o-donor, but is a better m-acceptor than 5a-5d. This is also reflected in
its very high TEP as discussed earlier. Fragmentation as well as bond energy lie in the range
of its mono substituted analogues 5a-5d. BisPAPs (6a and 6b) lie between its mono- and
trisPAP analogues, as expected. Biaryl PAP 13 behaves similarly to its bisPAP analogues
despite its obvious sterical differences, suggesting that the electronic properties are mostly set
by the phosphazenyl core.
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3.2 Summary

The class of phosphazenyl phosphines (PAP) was extended to readily available monoPAPs
R3P=N—P¢Bu, (5a-5d) which exhibit similar cone angles and buried volumes as P¢Bus while
simultaneously exceeding it in terms of donor ability. A mono phosphazenyl phosphoramidite
ligand 9 was introduced in order to provide a PAP with higher m-acceptor character compared
to 5a-5d. With bisPAP representatives (R3P=N),P¢Bu (6a-6b), the missing gap to trisPAPs
was established. An analogue to BUCHWALD’s biarylphosphines 13 could be synthesized and
characterized (Figure B22I). The synthetic strategies allow the extension of the PAP con-
struction kit via readily available, easily modifiable building blocks. Electronic properties
of all new PAP ligands were investigated and correlated according to their experimental and
calculated TEPs of [PAP-Ni(CO);| complexes and ! J(p s¢) coupling constants of corresponding
P-selenides. Their P-basicity was calculated and experimentally measured with the help of
a reference bases. Basicity and donor characteristics of monoPAPs are in the same range as
prominent ligands from the substance classes of NHCs and YPhos. P-basicity of monoPAPs
is comparable to N-basicity of classical Schwesinger-P, bases. BisPAPs are superior with
respect to their basicity and donor character and are comparable to IAP ligands. A computa-
tional MULLIKEN population study analyzing the o-donor and m-acceptor metal ligand bond
interactions added additional insight for all these findings. Stability of PAPs towards acidic
and basic aqueous conditions was evaluated and a study revealing their potential to act as
C-nucleophiles versus as a base was performed.

Iz‘Bu ItBu Il‘Bu Iz‘Bu
.P P _P _P
N ~Bu N “Bu N “Bu N ~Bu
MeosN—P—-NMes, pyrr—P—pyrr cy—P—cy Bu—P—1Bu
I | | I
NMe, pyrr cy Bu

(dma)P{P-(tBu)2  (pyrr)P{P-(tBu)>  (cy)P{P-(iBu),  (#Bu)P;P-(iBu),
5a 5b 5c 5d

dipp
Q . Bu Bu
N,P\o/d|pp P P
MeN-P-NMe, 1o ope Nepdiioe PYTspell Mep V0
NMe» 2 NMe> NMe» by pyrr pyrr OMe
(dma)P4P-(Odipp)2 (dma)P,P-1Bu (pyrr)PoP-tBu (dma)P,P-Biaryl
9 6a 6b 13

Figure 3.21: Overview over the synthesized and characterized ligands in this chapter.
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4 Transition Metal Catalysis with PAP
Superbases

4.1 Results and Discussion

Transition metal catalyzed cross coupling reactions have been in the focus of the scientific
community for many years. Since their first iteration, there have been huge advancements
both in ligand design and understanding of the underlying mechanisms."7 The Suzuki-
MIYAURA reaction has been widely used for the synthesis of natural products, liquid crystals
and pharmaceuticals. 7171 Similarly, the palladium catalyzed BUCHWALD-HARTWIG am-
ination reaction can be used for a wide variety of substrates and can be performed on an
industrial scale.F8180l Another reason for the continued popularity of these reactions is
the comparably low toxicity of its products and byproducts by avoiding for example tin or-
ganyls. I8II82] Mechanistically, these cross coupling reactions function quite similarly. The
first step generally involves the generation of the active metal species by reduction of a pre-
catalyst (Figure I). This |[L,Pd| (n = 1 or 2) complex undergoes oxidative addition with
ArX (X = Cl, Br, I, OTY) leading to L,Pd(Ar)X. Through transmetallation with RM (M
= B(OH),, Mg, Sn, Zn) L, Pd(Ar)R is generated. Reductive elimination liberates ArR and
regenerates [L,Pd|.18]

Pd(Il) precataylst

reduction
Pd(0)L,
ArR ArX
. oxidative addition
reductive
elimination
JAr /Ar
Ln,Pd(ll) L,Pd(ll) .
X
n=1or2
MX RM

transmetallation

Figure 4.1: General mechanism for a palladium catalyzed cross coupling reaction.m 8

One of the most dominant ligand classes for these transformations are bulky electron rich
phosphines. BUCHWALD et al. showed that the introduction of a biaryl moiety offers the
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needed sterical hindrance to promote ligand dissociation into 14 VE |LyPd] and 12 VE [L-Pd]
complexes, while the electron rich phosphine promotes the oxidative addition step.F84187 fyr-
thermore, the use of precatalysts with a ligand to palladium ratio of 1:1 promotes the formation
of a highly active monoligated [L-Pd| species."88 BuchwALD’s fourth generation (G4) of pre-
catalysts demonstrate this concept very well (Scheme [4.1]). These metallacycles release [L-Pd]
and a carbazole derivative under basic conditions with a weak base at low temperatures. 82190
Several groups make use of these monoligated species like NOLAN with NHC complexes of
the type [PA(NHC)(p?—allyl)Cl|FHI8] | py with [Pd(PtBug),)P3U as well as GESSNER with
YPhos [Pd(YPhos)(73—tBu—ind)Cl| (tBu-ind = 1-tert-butylindenyl).FHI%6] DippymanN
and VERKADE show that TAPs and phosphazenes can be utilized as ligands for these trans-
formations as well. 8029 WWith the intention to expand the scope of available ligands to
include phosphazenyl phosphines as an example of highly electron rich and bulky ligands,
screening reactions were performed.

NHMe PCY2
L= R1
OMs

Ry = iPr, Rg = OMe = BrettPhos
Buchwald G4 Ry = Pr. Ry = H = XPhos //\‘\/Ph
@i R = Me, Ph /\/R R=H Cl~pg
P R=Ph Bu—P-<
PBus  CysP O PCy, L ds “Cl L=IMes B N
RR
Fu Gessner Nolan R
R=NMe; 35a
/& )\ R=pyr 35b
R=_Cy 35¢c
\ /Bu
R=
Pr '? Pr ﬁ N Bu Bu 35d
N N’ ‘N
’Pr‘N)J\N/IPr < J
Dielmann Verkade

Scheme 4.1: Survey of electron rich ligands used in transition metal catalysis.

4.1.1 Palladium Complexes of PAP

To understand the behavior of these ligands towards different palladium sources, a range of
palladium (0) and (II) sources were reacted with various mono-, bis- and trisPAPs in toluene
at room temperature. As evident from Scheme[£2] reactions with PdCl; and [(MeCN),PdCly)
yielded the chlorophosphonium PAP chlorides (|CI-PAP|Cl) as well as palladium black and
a variety of side products (Reactions 1,2 and 8). MonoPAP 5a yielded, when Nay,PdCly is
employed, the palladium complex [(PAP),PdCly] (36) as well as a variety of side products.
These include the chlorophosphonium PAP as well as palladium black (Reaction 9). If PdCl,
was used, only chlorophosphonium PAP and palladium black were isolated (Reaction 8).
The reaction between trisPAP 7a and [Pd(PPh3),Cls] yielded a mixture of [PAP—Pd—PPh;|,
chlorophosphonium PAP and PPhs (Reaction 3). The reaction between trisPAP 7a and
[PA(PtBus)y| yielded a mixture of [PAP—Pd—PtBus| and PtBus (Reactions 4 and 5).18]
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TrisPAP 7a reacted with [Pd(n*—allyl)Cl], to form the corresponding allyl complex (Reaction
6) and a variety of side products. [Pd(w—cinn)Cl]; reacted, in the case of bisPAP 6a to
palladium black and chlorophosphonium PAP (Reaction 7). If monoPAP 5a was employed, a
quantitative conversion to the corresponding [PAP-Pd(7*—cinn)Cl| complex could be observed
(Reaction 10). It is reasonable to assume, that the reason no (PxP),-Pd (X = 2 or 3) complexes
could be isolated, is that the complexes do not possess a sufficient amount of z-backbonding
capabilities to stabilize Pd(0) and therefore hinder the generation of palladium black. The fact
that [P3P-Pd-L| (L = PPhs, PtBus) complexes exist, supports this hypothesis, as the z-acidity
of PPhs or PtBus may compensate the extreme o-donor character of the PAP ligand. This
is also the reason, why monoPAP reacts much more selectively with palladium precursors,
especially [Pd(z—cinn)Cl|, as it possesses better z-backbonding capabilities, as was shown in
a previous section.

dmaPsP + PdCl, —— > [dmaP3P-ClICl + Pd (black) (1)
tol, r.t.

3 dmaPsP + [(MeCNp)PdCl)] ————  [dmaPsP-CIICl + Pd (black) 2)
tol, r.t.

2 dmaP3P + [Pd(PPh3)o,Cl] ———  [(dmaP3P)-Pd-PPh3] + PPhs + [dmaPzP-CIICl (3)
tol, r.t.

dmaP3P + [Pd(PBus)s) @~ —— > [(dmaP3P)-Pd-PBus] + PiBus (4)
tol, r.t.

2 dmaP3P + [Pd(PtBus)2] ———— > [(dmaPsP)-Pd-PtBus] + PitBus (5)
tol, r.t.

2 dmaPsP + [Pd(ni-allylClly ——— ~ 2[(dmaP3P)(n3-allyCl] (6)
tol, r.t.

2 dmaP,P + [Pd(n3-cinn)Cll, ——— >  [dmaP,P-CIJCl + Pd (black) (7)
tol, r.t.

dmaP+P + PdCl; ———F > [dmaP4P-CIICI + Pd (black) (8)
tol, r.t.

1 or2 dmaP{P + NayPdCly —————  [(dmaP{P),PdCl,] (9)
tol, r.t.

2 dmaP4P + [Pd(n®-cinn)Cll, ————— 2[(dmaP4P)-Pd(n3-cinn)Cl] (10)

tol, r.t.

Scheme 4.2: Reaction of various palladium sources with various PAPs. 7a is referred to as
dmaP3P, 6a as dmaP,P and 5a as dmaP;P as a shortened notation.

The reaction progress of monoPAP 5a with [Pd(r—cinn)Cl|, to 35a can be observed by 3! P-
NMR spectroscopy as the signals for 5a shift from 85.4 (P'™) and 31.4 ppm (PY) to 96.6 (P™™)
and 13.4 ppm (PV) in 35a. This is accompanied by a reduction in the 2 J(p,p) coupling constant
from 100.5 Hz to 6.5 Hz (Scheme L3). In order to investigate the activation of this palladium
(IT) precatalyst an NMR experiment was designed to simulate cross coupling conditions. The
complex was reacted with an excess of KOtBu and 3!P-NMR spectra were taken. No changes
could be detected at room temperature after 1 h indicating an activation barrier in order to
generate the active Pd(0) species. Heating of this mixture to 80 °C for 30 min generated a new
set of signals in the 3'P-NMR spectrum. A set of virtual triplets at 95.3 and 20.7 ppm with
a coupling constant of 16.5 Hz appeared, which correspond to a homoleptic [LyPd| complex
analogous to the FU catalyst [Pd(PtBus),| (Figure[d.2). Virtual coupling may appear between
two nuclei, in this case phosphorus, when the difference in the chemical shift is comparable to
their coupling constants. It appears as if in this AA’XX’ spin system, X or X’ (the trivalent
phosphorus atoms) couple to both A and A’ (the pentavalent phosphorus atoms), while in
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fact, they only couple to A or A’ respectively. These two doublets overlap to form this virtual
triplet. The Pd(0) species was quenched by addition of phenyl iodide to induce the oxidative
addition, resulting in a new set of doublets at 98.0 and 14.0 ppm.

Ph

Bu _~Ph
/ | Bu A
tBU_P\ /Pd tBU\ ! "Pd/
N * ci a P\N .
MeoN—F’ Pd Et:O, rt, 1h MeN. Cl
MegN NMe2 Ph/\_// Mele NMe2
5a quant.
35a
MeoN_ NMep
/o Bu Gl N NMe
Bu—PR. Bu PY 7N
N + NayPdCl, R—Pd—R
MezN_p\’ tol, r.t, o.n. MeN //N Cl Bu Bu
; B
MBQN NMe2 MeZN' NMe2
ba 36
Ph
NMe
Bu, B \/\\\ KOMBu, A MeN, , mHE2
R—Pd gu Bu N NMe
Me N, N C! tol, 80 °C, 30 min R—Pd—R
MeoN “NMe, MezN\F;{\l Bu Bu
MezN’ NMe,
35a 37

Scheme 4.3: Synthesis of 35a, 36 and 37.
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Figure 4.2: 3'P-NMR (121 MHz, toluene) spectrum of the reaction of 35a (bottom) with
KOtBu (middle, excess) and phenyl iodide (top, excess).

35a is stable as a solid under air for several months. 38 was obtained as a decomposition prod-
uct of 35a with bridging chloride ligands under elimination of the cinnamyl moiety (Scheme
E4). It was reported by SIGMAN et al. that a solution of [(IMes)-Pd(p*—allyl)Cl| reacted
to form [(IMes)PdCl(u-Cl]y upon addition of an ethereal HCI solution.' 7 This explains the
formation of 38 as a solution of 35a was most likely hydrolyzed by traces of HCI or onium
chlorides.

Ph
Bu \\\ L. Sl _cl
L-Pd-L KOTBU,A tBU\Ié,Pd% HCI Cl/Pd\ Pd\L
\ | ;
37 Ph/\/ol /,N Cl Et,O Cl
- o MazN;,F\’NM 38
e
Ph/k/OtBu 2 €2

35a = L-Pd(n3-cinn)Cl

Scheme 4.4: Synthesis of 37 and possible decomposition pathway of 35a to 38.

Depending on the ligand, two possible active catalytic species can be generated, either a 14
electron [LoPd| or a 12 electron [L-Pd| complex[| The 12 electron complex has been proven to
be kinetically more active than the thermodynamically more stable 14 electron complex.?
These 12 electron complexes are generated by sterically demanding ligands.P0920 Dye to
their electronically unsaturated nature, they cannot be generated in situ in the reaction mix-
ture, but must be generated from precatalysts with a 1:1 ratio of ligand to palladium by
reductive elimination.2%! Various groups have exploited these 12 electron complexes by the

aFor more information on the mechanistic aspects, see references [18§] and [198)].
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utilization of a variety of precatalysts. NOLAN and GESSNER have been employing complexes
of [L-Pd(p—allyl)Cl] for NHCsP% and YPhos respectively. The introduction of bulkier
groups on the allyl core such as phenyl and ¢-butylindenyl by HAZARI has proven to fa-
cilitate the reductive elimination towards the |L-Pd| species by hindering the generation of
unwanted Pd(I) dimers.183204206] BycpwaLD phosphines follow a different route towards
the generation of these 12 electron complexes via the reduction of palladacycles.P2 ORGAN
introduced PEPPSI (pyridine-enhanced precatalyst preparation stabilization and initiation)
precatalysts featuring a [NHC-PdCly-pyridine] unit.P92208] While each of these precatalysts
undergoes a different mechanism for the generation of the active species, a similar mecha-
nism to the ones suggested by NOLAN or POATER who investigated [Pd(NHC)(n3-R-allyl)Cl]

complexes is plausible for monoPAPs (Scheme 5] path b).[209]
o F Ph Ph Ph
== Bu \\\ Bu_Bu f>—z\ Bu_{Bu \7\\
3 tBu ) NI \ N
Bﬁ“b/pdh NaOMe ‘p—Pd P\N~qu| ‘Bo . P\N Pd
‘ - _— —Bu
M’\gzﬁJN—‘P:N' \0\("' MeoN. N Cl MeoN. 5" ko MeaN. cl
MeoN yH MeoN  NMe: MeN  NMez Mo, NMee
35a
Patha)|  Ph H\(O Path b) | + KOBu Pathc)| - KCI Path d) | + ArB(OH),
A H - Kal - Ph~_OBu Base
- B(OH)xCl
Ph
Bu ./ Ph Bu N
B Bu_ s
Bu, [ Y p—Pd Bu_BU p—Pd
P\’-Pd N | B — P\"Pd - \N Ar
N MeN. s O~g, Ph N Ar MeoN . !
Mez-g: MeaN" 1 | [MeNg: - = P NMe,
[ 2 i o MeN
Me,N NMe, NMe, Me,N NMey CH,Ph Mez

Scheme 4.5: Plausible mechanistic pathways for the generation of [monoPAP-Pd| via reductive
elimination at precatalyst 35a.P%

Four mechanistic pathways a), b), ¢) and d) towards activation of the precatalyst are sug-
gested. Path a) describes first, a ligand exchange between Cl” and an alkoxide capable of
B-H elimination, in this case OCHs. According to HAZARI et al. this may occur in an as-
sociative or dissociative pathway, depending on the substitutents on the allyl moiety.”% A
H-atom migration, followed by a f-H elimination generates the desired [L-Pd|, an alkene and
formaldehyde. This was described in alcoholic solvents, but may be applicable if primary
or secondary alkoxides are employed as the base. NOLAN reports a mechanism where the
base, in this case KOtBu, attacks at the coordinated allyl moiety as a nucleophile. Sub-
sequent reductive elimination generates [L-Pd| and allyl-OtBu (Path b).P10 MgLvIN et al.
suggests a different route, where a direct attack of an alkoxide nucleophile (RO, R = allyl,
H) at the Pd-activated allyl moiety followed by reductive elimination generates the free |L-
Pd] (Path c).P10 PoATER et al. calculated the mechanism for this activation with a series of
[PA(NHC)(n3-R-allyl)Cl] (R = H, Me, Me,, Ph) precatalysts with a variety of substituents on
the allyl moiety.P% They concluded, that the concerted pathway c) is unlikely as they were
unable to find a transition state. This does not mean that this pathway is not possible, it only
means that in their specific case it was unlikely. Pathway b) is initiated by the substitution
of the chloride substituent by -OtBu, but they note, that this step is not rate determining,
as the energy barrier is minimal. Much more impact towards the thermodynamic stability

64



Transition Metal Catalysis with PAP Superbases Results and Discussion

of the intermediates is determined by the allyl backbone, with cinnamyl being the most sta-
ble intermediate of the set. The rate determining step was determined to be the reductive
elimination, which means, that the stabilization of the transition state has the highest effect
on the overall generation of |L-Pd|. Path d) describes the transmetallation of the precata-
lyst with an arylboronic acid under SUZUKI-MIYAURA reaction conditions. The subsequent
reductive elimination yields the desired [L-Pd] complex and the olefin ArCH=CHCHyR (R
— Ph).P12213] This pathway does require the usage of a base, but does allow the option to
employ mild bases such as KoCO3 which are compatible with most organic substrates, unlike
paths a) to ¢) which need stronger bases. All four mechanistic pathways are possible, depend-
ing on the ligand and the substituents on the allyl moiety, as well as the solvent. However, the
reductive elimination is the rate determining step in all four cases and the stabilization of the
corresponding transition states should be imperative in the design of new systems. It should
be noted, that the generated |L-Pd| complexes may coordinate to the eliminated olefins to
|[LPd(olefin)] type complexes but, upon entry into the catalytic cycle, these olefins are easily
released.
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4.1.2 Crystal Structures of Palladium Complexes

Single crystals of four different palladium complexes of monoPAP 5a could be obtained.
Firstly, 35a was obtained by reaction of 5a with [Pd(n3—cinn)Cl]2 in Et50 and slow cooling
of the ethereal solution to —30 °C (Figure [£3)). The second structure, 36, was obtained
by reaction of 5a with Nay,PdCl, in toluene and subsequent slow evaporation of the solvent
(Figure[d4)). Thirdly, the Fu analogue 37 was obtained by slow cooling of an ethereal solution
of 35a after reaction with KO¢Bu at 60 °C for 1 h (Figure[4.]). Lastly, 38, a compound with
bridging chlorides was obtained as a decomposition product of an ethereal solution of 35a
after several months (Figure F.6]).

Figure 4.3: Molecular structure of 35a. Ellipsoids are set at 50% probability. Hydrogen
atoms have been omitted for clarity. Notable bond lengths [A] and angles [’]:
P1-Pdl 2.314(5), P1-N1 1.635(16), N1-P2 1.562(17), Pd1-Cl1 2.370(5), Pd1-C11
2.312(18), Pd1-C10 2.174(19), Pd1-C9 2-11(2); P1-N1-P2 145.5(12).
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Figure 4.4: Molecular structure of 36. Ellipsoids are set at 50% probability. Hydrogen atoms
have been omitted for clarity. Notable bond lengths [A] and angles [°]: Pd1-P1
2.4168(5), Pd1-CI1 2.3008(5), P1-N1 1.6224(16), P2-N2 1.6559(19); P1-Pd1-P1
180.0, Cl1-Pd1-P1 87.066(18).

35a features a P-Pd bond length of 2.314 A and a Pd-Cl bond length of 2.370 A which
is comparable to similar [Pd(L)(73-cinn)Cl] complexes (L = PCys P-Pd: 2.299 A, Pd-Cl
2.373 AP I, = PCy3C(Me)PCy, = keYPhos, P-Pd: 2.317 A, Pd-Cl: 2.386 A).I7l 36 crys-
tallizes in the orthorhombic space group Ppeq. It features a Pd1-P1 bond length of 2.417 A
while in [(PPhs),PdCly] it is 2.337 A and Pd1-Cl1 distances of 2.301 A compared to 2.291 A
in [(PPhs),PdCly|.PTl The central palladium atom is, as expected, in a square planar ar-
rangement with bond angles of 180° for P1-Pd1-P1 and Cl1-Pd1-Cl1. The phosphazenyl
substituents exhibit a torsion angle N1-P1-P1-N1 of 180°.
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Figure 4.5: Molecular structure of 37. Ellipsoids are set at 50% probability. Hydrogen atoms
have been omitted for clarity. Notable bond lengths [A] and angles [°]: P1-N1
1.652(5), P2-N1 1.544(5), P1-Pd1 2.2910(17), Pd1-P3 2.3031(18), P3-N5 1.666(6),
N5-P4 1.549(5); P3-Pd1-P1 171.49(6), N5-P3-P1-N1 —152.53(4).

The P1-Pd bond length of 37 of 2.291 A and the P2-Pd bond length of 2.303 A is slightly
longer than the P-Pd bond in [Pd(PtBus)y| (2.280 A) and shorter than in the heteroleptic
complex [dmaP3P—Pd—PPhg| (2.357 A).BO2I8 The P1-Pd-P2 bond angle of 171.5° is dis-
torted compared to the 180° of the aforementioned structures. The P1-C1 bond length of
1.893 A is lower than the FuU analogue (1.915 A). The two phosphazenyl substituents exhibit
a torsion angle N1-P1-P3-N5 of 152° in comparison to the torsion angle of the ¢-butyl groups
of [Pd(PtBug),| with 60°. These differences may be attributed firstly, because 5a is a better
o-donor than PtBug (see Section Donor Properties) and secondly because of the increased
sterical strain that is introduced into the structure by the two phosphazenyl substituents.

68



Transition Metal Catalysis with PAP Superbases Results and Discussion

Figure 4.6: Molecular structure of 38. Ellipsoids are set at 50% probability. Hydrogen atoms
have been omitted for clarity. Notable bond lengths [A] and angles []: Pdl-
P1 2.2596(3), P1-N1 1.5964(1), N1-P2 1.5522(1), Pd1-Cl2 2.2976(3), Pd1-Cl1
2.4798(3); P1-Pd1-ClI1 176.590(1).

38 crystallizes in the monoclinic space group P121/.. It possesses a P1-Pdl bond length of
2.260 A and a Pd1-CI2 bond length of 2.298 A. The bond length of the bridging chlorides
Pd1-Cl1 is 2.313 A. In comparison, an IMes analogue of this crystal ([(IMes)PdCl(p-Cl]y)
possesses a C1-Pd1 bond length of 1.955 A and Pd1-Cl1 bond length of 2.276 A while the
bond length of the bridging chlorides to Pd1l is 2.332 A.F91 38 is completely planar along
the P-Pd-Cl-Pd-P axis and exhibits Co, symmetry. In contrast to this, its IMes analogue is
twisted along this axis by 27° and is asymmetric. The palladium atoms are distanced 3.6258 A
apart from each other, while in IMes they are only 3.298 A apart. An overview over some
bond lengths of various palladium (0) and palladium (II) complexes is given in Table [l

Table 4.1: An overview over some bond lengths of various palladium (0) and palladium (II)

complexes.
Pd(0) [Pd(PtBus)o]#18  [Pd(CH,PtBus)o)Pl  [dmaP;PPdPPhyBEl 37
P1-Pd1 [A]  2.280 2.282 2.357 2.291
P1-Pd1-P3 [ 180 180 180 171.5
Pd(II) Pd(PPhs),ClL,23 36 keYPhos!™! 35a
P1-Pdl [A]  2.337 2.417 2.317 2.314
PdI-Cll [A]  2.291 2.301 2.386 2.370

4.1.3 Suzuki-Miyaura reactions

In order to test these ligands about their applicability in cross coupling reactions, they were
employed in a palladium catalyzed SUZUKI-MIYAURA coupling of phenylboronic acid with
p-toluyl chloride. The halide was chosen consciously as chloride in order to provide a bet-
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ter comparison to its parent ligand P¢Bug, which is able to catalyze this transformation.m30

Phenylboronic acid was chosen for its simplicity, atom efficiency and high reactivity in the
transmetalation. They are more prone to protodeboronation or oxidation compared to other
commonly used boron reagents like boronic esters, N-coordinated boronates or trifluorobo-
rates, but these require prior hydrolysis to the boronic acid (Figure [I'._Zl).lzm] Most often this is

achieved by addition of water to the reaction mixture, which was to be avoided with PAPs.218l
F R
gH gR Og-F N%O
B. -Bo Ar” e @ 3-0 0]
Ar”"OH Ar” " "OR rF K Ar’B\o

Boronic acid  Boronic ester  Trifluoroborate N-Coordinated boronate

Figure 4.7: Overview over different boron reagents for the SUZUKI-MIYAURA coupling.

Every ligand was screened under the same conditions with palladium cinnamyl chloride as the
palladium source, which was premixed with the ligand before addition (Scheme [£.6)). It can
be concluded, that monoPAPs 5a-5d perform reasonably well under these conditions, with
5a providing an almost quantitative yield. Interestingly, 9 also performed well with a yield of
73%, suggesting that not only the donor ability of these ligands is important. A certain degree
of 7-backbonding has to be present to stabilize Pd(0) intermediates to avoid decomposition to
palladium black. With higher substituted PAPs 6a and 6b this phenomenon can be observed,
as no conversion to the desired product could be detected, only the generation of palladium
black. The same can be said for trisPAPs 7a and 7b. In direct comparison, PtBus did
not yield any biaryl product, however, if Cs;CO3 was used as the base and dioxane as the
solvent, a yield of 85% could be achieved, which is in line with the reported literature. 130!
Based upon these promising results, further investigations into these reactions were made.
Screening reactions to determine the best base, solvent, palladium source and ligand were
performed to optimize this reaction.

2 mol% [Pd(n3-cinn)Cl]» O gta) 22";0
cl o 1 %
B(OH): g N OI /°,\':gg:/|d 5¢ 58%
.0 eq. NaOMe .
+ 9 5d 36%
toluene, 80 °C, 16 h 9 73% .
6a no conversion
6b no conversion

no ligand no conversion
[Pd(PtBus),] 85% (Cs>CO3 and Dioxane)

Scheme 4.6: Screening of different PAP ligands in a SUZUKI-MIYAURA cross coupling reaction
with p-toluyl chloride and phenylboronic acid.k30

4.1.3.1 Screening and Optimisation Reactions

The screening of the ligands (Table [£2) revealed that 5a outperformed other monoPAPs
significantly under the same conditions, as it was able to generate the biaryl product in 99%
yield. Lower yields of 36% and 59% were obtained for 5d and 5c respectively (Entries 1, 9
and 10). This may be due to their increased steric hindrance at the phosphazene core, which
makes them bulkier than 5a. 9 performed well with 73% yield (Entry 11). The yield did drop
significantly to 61% when the catalyst load was reduced to 0.5 mol% (Entry 8). Interestingly,
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if weaker bases such as CsyCO3 and NayCO45 were used, the impact on the yield was enormous
(Entry 4). This may be due to the inherent need to regenerate the [L-Pd| species through
reductive elimination in the catalytic cycle. Due to the ligands intrinsic high basicity, weaker
bases may not be able to sufficiently regenerate these. Another plausible reason is, that CO,
which is generated when metal carbonates are employed, can react with the free base PAP to
form reversible PAP-CO5 adducts which are stable in contrast to PtBus-COy adducts which
require stabilization by a Lewis acid like BCF (tris(pentafluorophenyl)borane).PX¥l Solvent
screening showed that coordinating solvents such as DME and THF slowed down the reaction,
while toluene favored it (Entries 6 and 7). When compared under these optimized conditions,
both SPhos as well as IMes yielded less product, with 16% and trace amounts only (Entries 12
and 13). However, it is reported that with K3PO, as base and [(MeCN),PdCl,| as precatalyst
SPhos can couple with 90% yield in 5 h at 100 °C.220 IMes may also achieve these yields
if microwave assisted or a [Pd(r—tBu—ind)Cl], precursor is employed.Z2022ll The increased
performance of IMes with [Pd(z—¢Bu—ind)Cl], as opposed to its cinnamyl equivalent can
be attributed to a more stabilized transition state for the reductive elimination of the allyl
moiety to form [L-Pd| as described earlier. Since these ligands are sensitive to air but can be
converted to their HBF, salts to allow their storage, it was of interest, if it was possible to
employ these salts and in situ deprotonate them for usage as ligands. It turned out, that by
including a simple deprotonation step by the base, followed by premixing with the Pd source
5a-HBF, performed similarly with a yield of 87% (Entry 5).
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Table 4.2: Overview over the performed screening reactions for the SM coupling of toluyl
chloride with phenylboronic acid.

Entry Ligand Pd sourcel?l Base Solvent  Yield |%)]
1 5a DBA NaOMe toluene 48

2 5a cinn NaOMe  toluene 99

3 ba cinn NaOtBu toluene 71

4 5a cinn Cs9CO3  toluene 33

5 5a-HBF,; cinn NaOMe toluene 87

6 5a cinn NaOMe THF 78l

7 5a cinn NaOMe DME 74

8 ba cinnl?! NaOMe toluene 61

9 5¢ cinn NaOMe toluene 59

10 5d cinn NaOMe toluene 36

11 9 cinn NaOMe toluene 73

12 Sphos cinn NaOMe  toluene 16l

13 Imes Allyl NaOMe  toluene tracesll
14 - Fu catalyst NaOMe  toluene tracesl]

*DBA = Bis-(dibenzylidenaceton)-palladium(0); cinn = Palladium-
(n-cinnamyl)-chloride dimer; Allyl = Allylpalladium(II) chloride
dimer; FuU catalyst = Bis(tri-tert-butylphosphine)palladium(0).

> 0.5 mol%

¢ Room temperature

4Yield of 90% can be achieved by usage of KsPO, as a base.[22l
©Yield of 80% can be achieved in dioxane.P2ll

fYield of 85% could be achieved with Cs,CO5.H30

Reaction conditions: 1.0 eq. toluylchloride, 1.5 eq. phenylboronic
acid, 2.0 eq. NaOMe, 4 mol% ligand, 4 mol% [Pd|, 80 °C for 16 h.
Yields are isolated.

Next, the kinetic profile of this reaction was investigated by monitoring of the yield in timed
intervals by removal of an aliquot from the reaction mixture and quantifying it by NMR
spectroscopy with the help of an internal standard. From Figure it can be deduced, that
after an initial induction period, the highest activity is detected in the first 90 minutes of the
reaction after which it begins to slow down until it has quantitatively proceeded after 4 h.
The induction period can be rationalized as the time it takes to generate the active [L-Pd]
species through reductive elimination of the cinnamyl moiety by the base and the subsequent
oxidative addition of the aryl chloride, as described earlier. In fact, it has been proposed,
that the initial generation of [L-Pd] may be the rate determining step.P%l The conversion
rate was determined at the amount of time it takes to convert the first 20% of substrate to
the desired biaryl product.22l The conversion rate adjusted for the induction period was also
determined, where the rate from the time where conversion is first detected is measured. This
results in a rate of 0.63 mol/h and 0.37 mol/h for a concentration of 0.33 M and 0.033 M
respectively. Adjusted for the induction period, this corresponds to a rate of 0.84 mol/h and
0.70 mol/h.
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Figure 4.8: Reaction rate of SUZUKI-MIYAURA coupling of 4-chlorotoluene and phenylboronic
acid. Conditions: 1.0 eq. ArCl, 1.5 eq. PhB(OH),, 2.0 eq NaOMe, 4 mol% 5a,
2 mol% [Pd(zr—cinn)Cl],. Yields are determined by integration and comparison
of product peak to internal standard (1,3,5-trimethoxybenzene).

4.1.3.2 Scope

Satisfied with these reaction conditions, the scope of this new ligand was investigated (Figure
[1.9). Electron rich as well as electron poor arenes were coupled in excellent yields. Sterically
demanding mesitylboronic acid was coupled with chloroanisole successfully with 78% yield.
Chlorobenzenes with ortho-substitution were also coupled with both neutral and electron rich
boronic acids. Electron poor arylchlorides with p-cyanido and trifluoromethyl groups also
yielded good results. Mixtures of electron rich and electron poor substrates led to almost
quantitative yields. Notably, it was possible to successfully couple a primary amino substi-
tuted aryl substrate, demonstrating the functional group tolerance of this system. While it
must be conceded, that these ligands may not perform as well as some of the more specialized
BucHWALD ligands at very low catalyst loads, they are at least capable of delivering similar
outputs to industry standards such as IMes, SPhos or the Fu Catalyst.22
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Figure 4.9: Scope of palladium catalyzed SUZUKI-MIYAURA couplings. Reaction conditions:
1.0 eq. ArCl, 1.5 eq. ArB(OH),, 2.0 eq. NaOMe, 4 mol% 5a, 2 mol%
[Pd(7—cinn)Cl|y. Yields are isolated. [a] From Ar-Br.

4.1.4 Buchwald-Hartwig Amination
4.1.5 Screenings and Optimization Reactions

Similarly, it was of interest, if monoPAPs could be utilized as ligands for palladium catalyzed
BUCHWALD-HARTWIG amination reactions. The model reaction of 4-methylbromobenzene
and morpholine was chosen to evaluate the reactivity of these ligands (Scheme [A.7).
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2 mol% [Pd(n3-cinn)Cll» -
Br 4 mol% ligand [ ] 5c

H
. N 2.0 eq. KOBu 6a
[ j toluene, 80 °C, 16 h

99%
99%
99%
no conversion

no Ligand no conversion

(0] ’ ’ [Pd(P tBU3)2] 75%
IMes 19%
SPhos 79%

Scheme 4.7: Screening of different PAP ligands in a BUCHWALD-

with p-toluyl bromide and morpholine.P3d

HARTWIG amination reaction

5a, 5¢ and 5d performed very well, achieving quantitative results in all three cases (Table

[4.3]).

Table 4.3: Overview over the screening conditions for the BUCHWALD-HARTWIG amination of

4-bromotoluene with morpholine.

Ligand Pd sourcel?! Base Solvent  Yield [%)]
5a DBA KOtBu toluene 86

5a cinn KOt¢Bu toluene 99

5d DBA KOtBu toluene 99

5d cinn KOtBu toluene 99

5d cinn CsyCO3  toluene 20

5d cinn KOtBu THF 37

5d cinn KOtBu DME 79

5¢ DBA KOtBu toluene 99

5¢ cinn KOtBu toluene 99

5¢ cinn/Pl KOtBu toluene 99

SPhos  cinn KOtBu toluene 78 (77)
IMes Allyl KOtBu toluene 19 (98)ldl
- Fu catalyst KOtBu toluene 75l¢

2DBA = Bis-(dibenzylidenaceton)-palladium(0); cinn =

Palladium-(7-cinnamyl)-chloride dimer; Allyl =

Allylpal-

ladium(II) chloride dimer; FU catalyst = Bis(tri-tert-

butylphosphine)palladium(0).
>0.5 mol%

¢ From Pd(OAc), and NaOtBu in dioxane.224]

4 From (SIPr)Pd(n3-1-Me-allyl)Cl (SIPr = N,N’-bis(2,6-
diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene) ~ and
LiHMDS in toluene.2]

¢ Isolated yield of 67% is reported in the literature.22l

Reaction conditions: 1.0 eq. 4-bromotoluene, 1.5 eq.
morpholine, 2.0 eq. KOtBu, 4 mol% ligand, 4 mol% |Pd|,
80 °C for 16 h. Yields are calculated using an internal
standard of 1,3,5-trimethoxybenzene and are obtained by
integrating the product peaks compared to the standard.

As seen with the SUZUKI-MIYAURA reaction, when weaker bases were employed, the yields
dropped significantly. The reaction proceeded well in toluene and worse in THF or DME. In
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the case of 5¢ a reduction in catalyst load to 0.5 mol% did not decrease the yield. Therefore, it
was decided to focus on this ligand for subsequent reactions. 5c¢ outperforms SPhos (78% yield
at 4 mol%, literature value: 77%)22 and similar to optimized conditions for IMes (19.2%
yield at 4 mol%, literature value: 98%)P23 and shows, at least for electron rich secondary
amines, a comparable reactivity to GESSNER’s YPhos ligands.m] In analogue to the SUZUKI-
MIYAURA coupling reaction, the kinetic profile of this reaction was investigated by removal of
aliquots from the reaction mixture and determination of the yield using an internal standard
(Figure [I0). Notably, the conversion was completed in only ten minutes when utilized at
high concentrations. No induction period was identified for this reaction, this may be due to
the higher reactivity of aryl bromides compared to their chloride analogues. To better study
the reaction kinetics, the concentration of substrates was lowered tenfold. This allowed the
generation of a much better kinetic profile. With a conversion rate of about 0.04 mol/min
or 2.2 mol/h the reaction proceeded much faster than the SUZUKI-MIYAURA coupling while
operating at 1/8th the catalyst load.

100 — e - .
1 —e— 0.33M
1 —=— 0.033M
80
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]
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Figure 4.10: Reaction rate of BUCHWALD-HARTWIG amination of 4-bromotoluene and mor-
pholine. Reaction conditions: 1.0 eq. 4-bromotoluene, 1.5 eq. morpholine, 2.0 eq.
KOtBu, 0.5 mol% ligand, 0.25 mol% [Pd(7—cinn)Cl|,, 80 °C for 16 h. Yields are
calculated using an internal standard of 1,3,5-trimethoxybenzene.

4.1.5.1 Scope

To explore the scope of this reaction several compounds were prepared, as evidenced by Figure
HTITl Utilizing 5¢ at a catalyst load of 0.5 mol% electron rich and sterically demanding
bromoarenes with various anilines were efficiently coupled. The employment of electron poor
arenes is accompanied by a large decrease in the yield. Notably, if the aniline is electron poor,
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the coupling proceeds satisfactorily with sterically demanding, as well as electron rich arenes.
Secondary amines couple efficiently but need, in the case of pyrrolidine, a higher catalyst
load. With this higher catalyst load, it was also possible to couple aryl chlorides with electron
rich anilines with excellent yields, while the coupling with pyrrolidine proceeded in only 27%.
Coupling reactions with primary amines such as n-butyl amine were also performed, but did
not lead selectively to the desired products. For 5a the product could only be isolated in trace
amounts. For 5c¢ a satisfactory yield of 69% could be achieved, however a significant amount
of homocoupling (about 20%) could also be detected. The reason for this better performance
of 5¢ compared to 5a may be attributed to agostic interactions between the ligand backbone
and the oxidative addition product [L-Pd-(Ar)Br].

R1
cyPP 5c A
3
Rl\ Ri-H [Pd] \
| + KOtBu N-R3
=
toluene, 80 °C, 1h —
X R \, /
X =Cl, Br R?

/

LS Thaet
@@y/@ﬁﬁ@

96% (96%03])  85% (85%a+! 26% 91% 92%
|
o NC o
NH
O F
96% (96%[31) 24% 91% 95% 91% 97%
\@\ \O
NH
DR G
HN _
NO, 0 nBu
88%!al 93% 80% (27%) 69%

Figure 4.11: Scope of palladium catalyzed BUCHWALD-HARTWIG amination. Yields are iso-
lated. Yields in brackets correspond to the yield from the aryl chloride. Reaction
conditions: 1.0 eq. ArBr, 1.5 eq. amine, 2.0 eq. KOtBu, 0.5 mol% 5c¢, 0.25 mol%
[Pd(z—cinn)Cl],. Yields are isolated. [a] 4 mol% 5d, 2 mol% [Pd(z—cinn)Cl],.
[b] NMR yield.
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4.1.6 Gold complexes

Spurred by a recent surge in interest of the scientific community in gold catalyzed coupling
reactions, it was decided, that the usage of PAPs in these transformations should be investi-
gated. Of particular interest were cationic Au(I)-complexes which can be used for coupling
reactions of alkynes, alkenes and allenes with various nucleophiles. 2262

MANN report the hydroamination of acetylenes with low catalyst loads for YPhos and TAP
ligands, respectively.80128] BERTRAND reports the cyclic-alkylaminocarbene (CAAC) sup-
ported addition of ammonia to allenes and alkynes?28 while ESPINES reports the usages of
nitrogen acyclic carbenes (NAC) for hydroarylation reactions.P2) ZHANG reports a ligand
design concept for ligand-directed anti-nucleophilic attacks of alkynes with catalyst loads as
low as the ppm level.P30 These ligands utilize BUCHWALD-type biaryl directing groups to
allow for stabilizing arene interactions. GESSNER’s and DIELMANN’s ligands utilize these in-
teractions too. An overview over different ligands employed in gold catalysis is given in Figure
412
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Figure 4.12: Various ligands employed in gold catalysis.

4.1.7 Hydroamination of Acetylenes

To explore the ability of PAPs to catalyze the hydroamination of acetylenes a model reaction
of phenylacetylene and aniline was selected. The ligand (dma)P3P (7a) was chosen as a highly
electron rich example. The gold complex of 7a, 34a, was isolated and added to the reaction
mixture together with sodium-tetrakis-[3,5-bis- (trifluormethyl)-phenyl]-borate (NaBAr) as a
chloride scavenger.3U The yield was determined by direct integration of the acetylene proton
to the methyl group of the product (Scheme [A.8]).
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0.5 mol% 7a-AuCl

P o NHz 0.5 mol% NaBArF NP
// + |
Ph R toluene, 6 h, 80 °C /kAr
_Ph P P
)\© F OMe
99% 62% 35%

Scheme 4.8: Overview over the performed hydroaminations of phenylacetylene with 7a. Reac-
tion conditions: 1.0 eq. phenylacetylene, 1.5 eq. aniline, 0.5 mol% 34a, 0.5 mol%
NaBArY. Yield determined by direct integration of the acetylene proton to the
methyl group of the product.

This reaction shows the potential for this type of coupling as it proceeds, in the case of
the coupling of phenylacetylene and aniline, in quantitative yields. For electron rich as well
as electron poor anilines, the yield decreases. Notably, the reaction may also be performed
solvent free without loss in performance.

4.2 Summary

It was successfully demonstrated, that easily synthesized monophosphazenyl phosphines 5a-
5d could be employed as ligands in transition metal catalyzed cross coupling reactions such
as the palladium catalyzed SUZUKI-MIYAURA coupling and the BUCHWALD-HARTWIG am-
ination. These sterically demanding and extremely electron rich phosphines with TEPs of
around 2040 can be used to form an air stable precatalyst of the type [PAP-Pd(p*—cinn)Cl]|
or as PAP-HBF, salts that can be deprotonated and mixed with the palladium source. The
applicability of these ligands was shown by preparation of a relevant substrate scope, show-
casing its strengths and limitations in both the SUZUKI-MIYAURA coupling as well as the
BUCHWALD-HARTWIG amination. Additionally, the abilities of 7a in gold catalyzed alkyne
hydroaminations was explored in a preliminary study.
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5 Organocatalytic Applications of PAP
Superbases

5.1 Results and Discussion

5.1.1 N-Alkylation of Indoles

The important role of heterocycles, especially N-alkylated indoles and pyrroles, has been
established by the scientific community in particular in the field of pharmacologic research.Z31l
They can be utilized in a wide array of pathophysiological conditions such as inflammation,
depression, and cancer.2322

alkylation can be achieved through several means. Base promoted alkylation by the addition
of stochiometric or several equivalents of an inorganic base such as cesium carbonate yields
the desired product.38 Other methods include the use of n-BuLi in THFE31 or KOH in ionic
liquids.”38l Recently, the catalytic N-alkylation of indoles by KO¢Bu in solvent free conditions
was reported.Z3 The catalytic N-alkylation of indoles by monomeric phosphates has also
been reported.Z20 Most impressively, the cyclopropenimine superbase catalyzed N-Alkylation
of indoles was reported as a completely metal free alternative by LAMBERT et al.241]

5.1.2 Alkylation of Indoles with PAP

Spurred by this discovery of LAMBERT et al., the applicability of PAPs for these base catalyzed
Michael reactions came into focus. The model reaction of indole with ( £)-but-2-enenitrile was
chosen with bases 5a and 7a at 2.5 mol% in THF at 60 °C (Scheme [B.1). It is evident, that
the base strength is imperative for this transformation, as the weaker base 5a showed no
reaction. This is in line with LAMBERT’s discoveries, as his weaker mono cyclopropeneimine
bases did not react as well.P2l Therefore, the focus was put on trisPAPs 7a and 7b which
showed promising results.
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Scheme 5.1: Screening of different PAP ligands and cyclopropeneimine ligands for the N-
alkylation of indole with (E)-but-2-enenitrile. 832411

Next, the influence of different catalyst loads on the reaction was investigated. The reaction
was performed with catalyst loads of 1 to 20 mol% for 7Ta and 7b (Table B.T]).

Table 5.1: Screening of the influence of the catalyst loading on the N-alkylation of indoles
with 7a and 7b.

Catalyst load [mol%| Base Yield [%| Base Yield [%]

20 7a 55 ™ 41
10 Ta 76 h 62
5 Ta 84 ™ 75
2.5 7a 87 7h 94
1 7a 10 b 29 (51)P]

& Reaction conditions: 1.0 eq. alkene, 1.5 eq. indole, THF, RT,
16h. Yields are determined with the help of an internal standard
of 1,3,5-trimethoxybenzene by integration of the methyl group of
the product to the internal standard.

b 60 °C

A proposed mechanism for this reaction is shown in Scheme 5.2l The reaction is initiated by
deprotonation of the indole by the superbase which generates protonated PAP and an anionic
indole (I). This anionic species may attack the alkene (II) to form a carbanionic intermediate
(III). This intermediate reacts with another molecule of indole to form the product and another
anionic indole (IV). It is necessary for this reaction, that the superbase is strong enough to
deprotonate the NH functionality of the indole (pK, = 32.6 in MeCN)E42l - Additionally, the
carbanionic intermediate (III) needs to be strong enough to deprotonate another equivalent
of indole. Table [5.T] shows, that a lower catalyst load yields (up to a point) to a higher yield.
This may be attributed to an increase in side reactions between the superbase and the alkene,
like the nucleophilic attack on the alkene by the base (V). This could be confirmed by the
deliberate reaction between 7a and acrylnitrile, which yielded the adduct.

82



Organocatalytic Applications of PAP Superbases Results and Discussion

R R
.R
R R N \R
Py P r R=NMe; pyrr
RN Neg, N .
R R Possible side reaction:
H
- Base-H* / g
= N
R RR‘p \p /\/\EWG
o RN
N N
P, R-R
R ZEWG RR
U}
N//\ EWG
: p ZEWG
R / o/
OV, ;
P-R
) R / RR
R-R 5~ _EWG
w NPE 5

(D)

Scheme 5.2: Proposed catalytic cycle for the N-alkylation of indoles catalyzed by PAP bases.

Additionally, according to the proposed catalytic cycle, the superbase does not react with
the alkene directly. To further support this hypothesis, another experiment was performed.
By the addition of 5 mL of 'wet’ hexane (100 ppm H,0O) the superbase was quantitatively
protonated which eliminates any possibility of a reaction between base and alkene. Instead,
the indole is deprotonated by the resulting OH™ anion. This succeeded with a yield of 88%.

The kinetic profile of this reaction was investigated by monitoring of the yield in timed inter-
vals by removing an aliquot from the reaction mixture and quantifying it by NMR spectroscopy
with the help of an internal standard (Figure [51I).
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Figure 5.1: Kinetics of N-alkylation of indoles. Reaction conditions: 1.0 eq. alkene, 1.5 eq.
indole, THF, RT, 16h. Yields are determined with the help of an internal standard
of 1,3,5-trimethoxybenzene by integration of the methyl group of the product to
the internal standard.

5.1.2.1 Scope

Satisfied with these reaction conditions, the scope of this reaction was explored. A small array
of electron poor alkenes was coupled with electron rich and electron poor indoles (Figure [(5.2]).
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Figure 5.2: Scope of N-alkylation of indoles. Reaction conditions: 1.0 eq. alkene, 1.5 eq.
indole, THF, 60 °C or RT, 16h. Yields are determined with the help of an internal
standard of 1,3,5-trimethoxybenzene by integration of the methyl group of the
product to the internal standard.

This screening demonstrates, that electron rich and electron poor indoles couple efficiently
with electron poor Michael acceptors. Unsubstituted acrylamide requires additional heating
to 60 °C to react efficiently with indoles. Trisubstituted ethene-1,1,2-tricarbonitrile did not
react, presumably because its corresponding carbanion is unable to deprotonate the starting
indole.

5.1.3 Organic Bases as Catalysts for the Coupling of CO, and Epoxides
5.1.3.1 CO, adducts of Organic Bases

Carbon dioxide is a valuable and easily accessible C; building block that can be utilized
in chemical synthesis. CO4 can form stable adducts with a variety of non-protic organic
bases. Already in 1966 MATTHEWSEZ4! et gl. described the formation of a phosphorus ylide-
CO, adduct (Figure 5.3) while Kuan2#l ¢t al. describes the formation of a stable NHC-
CO, adduct. VILLIERS et al. describes the successful isolation and structure determina-
tion of TBD-CO, (TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-en).243] In recent years, DIELMANN
et al. describes the synthesis of bis and trisTAP-CO, adducts. 161246l
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Figure 5.3: Different adducts of organic bases with COs,.

These compounds have been investigated toward their thermal stability by various groups.
DIELMANN was able to establish a clear correlation between the decomposition temperature
of his TAP-CO, adducts and the TEP.F61246] The Jower the TEP and the higher the electron
donating ability of the base, the higher the decomposition temperature. LOUIE et al. reports
similar findings for NHC-CO, adducts.P4 They also argue, that an increased steric bulk on
the N-substituent of the NHC contributes to the stability of the adduct. J1 et al. reports a
linear correlation of the basicity of NHCs and the thermal stability of NHC-CO, adducts.?48]
DIELMANN makes use of this by the synthesis of photoswitchable N-heterocyclic imines (NHI)
with a photochromic dithienylethene unit which undergoes reversible cycloisomerisation by
irradiation with UV light which is accompanied by a large decrease of basicity by 8.7 units.24
The ring closed base isomer releases the CO9 and therefore enables light controlled capture
and release of COs.

5.1.3.2 CO, Adducts of PAP

Spurred by these discoveries, the availability of PAP-CO, adducts was investigated. PAPs
5a-5d, 6a-6b and Ta-Tb were reacted with CO4. The findings of these experiments mostly
correlate with the aforementioned literature. MonoPAP adducts 39a-39d were unstable at
room temperature and decomposed almost immediately. BisPAP adducts 40a-40b as well
as trisPAP adducts 41a-41b were stable at room temperature and only decarboxylated after
heating to 80 °C over 30 minutes. An overview over the 3 C-NMR chemical shifts, the ! Jipo)
coupling constants as well as the 7(CO,) IR band is given in Table 5.2 as well as the structures
in Figure 5.4

2 Rt 1 R
OQC\E R\P,R1 R\ /\\
'I\Il’ \N’/ \R1 R1 '}1/002

R'-P-R! NTSNG R
R1 R1_|II3|_R1 \R1

R1
R' = NMey, R? = Bu 40a R'=NMe, 4la
R'=pyrr, R?=1Bu 40b R'=pyrr  41b

Figure 5.4: Overview over the synthesized PAP-CO4 adducts.
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Table 5.2: Overview over the *C-NMR chemical shifts, the ! Jpc) coupling constants as well
as the 7(CO5) IR band.

BisPAP-CO, & '3C [ppm|® ' Jp ) [Hz] 5(COy) [em~1|P!

40a 166.7 130.1 1632.9
40b 169.2 130.4 1630.8

TrisPAP-CO, & 13C [ppm]® 1] p.c) [Hz]?! #(COy) [em1]Pl

41a 172.3 191.9 1611.7
41b 173.2 194.4 1609.0

2 Measured in CgDg (75 MHz).
b Measured via ATR-IR spectroscopy of the neat substance.

From this table, a clear correspondence between the basicity of the parent PAP and the ! Jpo)
coupling constant can be determined. The 7(CO,) IR band behaves similarly. Thermogravi-
metric analysis to determine the exact decomposition temperature of these adducts has been
performed, but did not lead to conclusive results and are therefore not included herein. It
should be noted, that after heating, the parent PAP is regenerated and no decomposition or
metathesis products could be detected by 3'P-NMR spectroscopy.

5.1.3.3 Crystal Structure of PAP-CO, adducts.

Single crystals suitable for XRD analysis were obtained for 40a (Figure B.5]), 41a (Figure
£.6) and 41b (Figure [5.7)) by slow cooling of a saturated solution in pentane to —30°C. The
P1-C1 bond length of trisPAPs 41a and 41b of 1.88 A are comparable to the bond lengths
of DIELMANN’s trisTAP.4l The 02-C1-O1 bond angle of the CO, fragment of 128.5° is also
almost exactly the same.?48l BisPAP 40a possesses a P1-C1 bond length of 1.90 A which is
slightly longer than the length of the P1-C1 bond in bisIAP with 1.88 A. The 02-C1-O1 bond
angle of the CO, fragment of 129.5° is very similar to the 129.6° in bisIAP.P4¥ VILLIER’S
TBD-CO, adduct also possesses a similar bond angle of 128.6°.24l
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Figure 5.5: Molecular structure of 40a. Ellipsoids are set at 50% probability. Hydrogen
atoms have been omitted for clarity. Notable bond lengths [A] and angles [*]: C1-
O1 1.234(6), C1-02 1.237(5), C1-P1 1.900(4), N1-P1 1.592(4), N5-P1 1.601(3),
N1-P2 1.557(4), N5-P3 1.557(3); 02-C1-O1 129.5.

Figure 5.6: Molecular structure of 41a. Ellipsoids are set at 50% probability. Hydrogen
atoms have been omitted for clarity. Notable bond lengths [A] and angles [°]: C1-
O1 1.255(3), C1-02 1.239(3), C1-P1 1.885(3), N5-P1 1.613(2), N1-P1 1.605(2),
N1-P2 1.555(2), N5-P3 1.561(2); 02-C1-O1 128.7.
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Figure 5.7: Molecular structure of 41b. Ellipsoids are set at 50% probability. Hydrogen atoms
have been omitted for clarity. Notable bond lengths [A] and angles []: C1-O1
1.244(3), C1-02 1.245(3), C1-P1 1.882(2), N1-P1 1.6171(18), N9-P1 1.6111(18),
N5-P1 1.6090(17), N1-P2 1.5562(18), N5-P3 1.5513(18).

5.1.3.4 Catalytic Applications of PAP-CO, Adducts.

The catalytic potential of organobase-COq adducts for the carboxylation of epoxides has been
demonstrated in the past. LU et al. demonstrated in 2008 the NHC-CO, catalyzed carboxy-
lation of propylene oxides with excellent yields at COq pressures of 20 bar at 120 °C (Figure
IBEI).EE] Mechanistically, they propose a nucleophilic attack of the zwitterionic NHC-CO, as
the first step. In 2015 the same group reported the cyclic addition of COy with phospho-
rus ylide-COy adducts.U They propose a different mechanism, where first the P-ylide-COy
adduct activates a free CO,, forming a zwitterionic species which is more nucleophilic than
the P-ylide-COq acetate anion because of reduced steric hindrance. Based on the work of
DurAUD, the group of MARTINEZ utilized fluoroazaphosphatranes as effective catalysts for
the carboxylation of epoxides. 251252 They propose a coordination of the oxygen atom of
the epoxide to the azaphosphatrane which enables a nucleophilic attack of the chloride anion
to open the epoxide. Next, a CO49 molecule inserts into the P-NCH,CH4 bond of the aza-
phosphatrane. The cyclic carbonate is generated by nucleophilic attack of the open epoxide
on this species, which regenerates the fluoroazaphosphatrane. SCHWESINGER’s phosphazene
bases have been successfully utilized in the catalytic hydrosilylation of carbon dioxide.”53l
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Figure 5.8: Examples of organobases utilized for the carboxylation of epoxides.

These findings prompted an investigation in the applicability of phosphazenyl phosphine
(PAP) and carbodiphosphorane (CDP) bases in these transformations. The following results
have been prepared as an internal group cooperation with IGOR MARTIN, who investigated the
applicability of CDPs, and MORTEN DITTMAR, who performed the screenings (Table m).[zm]
This section will focus only on the performance of PAP bases. For an initial screening of bases
the coupling of butylene oxide with CO, was selected (Scheme (.3)).

0.1 to 2 mol% Base 0O
0 40 bar CO, OJ<O
r 50-120°C (‘V
16-48h, neat

Scheme 5.3: Screening reaction for the coupling of butylene oxide with CO4 with different
PAP. Conditions: 20 mmol butylene oxide, 40 bar CO,, yields determined by GC
FID, no oligomers were detected by 'H-NMR spectroscopy.

Table 5.3: Results of the coupling of butylene oxide with CO4 with various PAP catalysts.

Base T [°C] t[h] Cat. load [mol%| Conversion [%]1? Selectivity [%]?! Yield [%)]!

5a 120 16 2 93 >99 93
5a 50 16 2 - >99 -

5a 120 48 0.1 62 >99 62
5b 120 48 1 84 >99 84
5¢c 120 48 1 65 >99 65
5d 120 48 1 45 >99 45
9 120 48 1 - >99 -

41a 120 48 1 42 >99 42

All reactions were performed by MORTEN DITTMAR in an internal group cooperation. Bases
were provided by SEBASTIAN WAGNER. 25

a Conditions: 20 mmol butylene oxide, 40 bar CO,, yields determined by GC FID, no oligomers
were detected by 'H-NMR spectroscopy.
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Except for 9, all monoPAP bases were able to catalyze the formation of butylene carbonate
(Table B.3]). The lack of reactivity of 9 most likely stems from its lack of basicity and nucle-
ophilicity, which hinders the formation of COy adducts as described earlier.248l 5a performed
well, even at low catalyst loadings of 0.1 mol%. The lack of reactivity at 50 °C compared
to 120 °C may be due to the kinetic barrier of the epoxide opening. Bulkier 5¢ and 5d
performed worse than 5a and 5b as they are less nucleophilic. 7a could not be employed
as its free base form for this reaction as it underwent rapid and exothermic polymerization
with the epoxide. Therefore, the CO4 adduct 41a was isolated prior to the reaction. This
makes it unlikely, that the mechanism for this transformation undergoes a nucleophilic attack
of the superbase on the epoxide. 3'P-NMR spectra after the reaction show protonated 7a-H"
as the only species, which leads to the assumption, that, through trace moisture from the
epoxide, the base gets protonated and a highly reactive unsolvated HCO3 anion is formed.
This is probable, taking into account the extreme moisture sensitivity of 7a and the limited
availability of drying agents for epoxides.H33253 The reduced yield of 41a compared to 5a
coincides with the observation of LU et al. that higher thermal stability corresponds to lower
catalytic activity.?33 Similar observations were made, when hexaphenylcarbodiphosphorane
(CDP-Phg) was employed. After the reaction only protonated CDP-H" was detected by 3! P-
NMR and, after addition of additional substrate, the reaction would continue confirming the
role of the bicarbonate anion.P”33 Taking these findings into account, the following catalytic
cycle is proposed, derived from one previously reported by PARK et al. (Schemelﬂl).l%ﬁl First,
the bicarbonate anion is generated by reaction of trace moisture with the PAP and CO4 (I).
The bicarbonate anion then attacks the epoxide, leading to a ring opening (II). This adduct
reacts with a second molecule of CO4 (III). Through an intramolecular nucleophilic attack,
the cyclic carbonate is liberated, and the bicarbonate anion regenerated (IV). An alternative
mechanism, first proposed by SURESH et al., is initiated by the generation of the Base-CO,
adduct (Ib).257 This adduct may open the epoxide via nucleophilic attack (IIb). The ring is
closed by an intramolecular nucleophilic attack on the carbonyl carbon atom by the alkoxide
(ITIb). This liberates the cyclic carbonate and the free base (IVb).

PAP + HO+ CO; —  [PAP-H*JHCOg (1)

0
L\H
o)
° (8\ ®B)J\O®
o5 R (o)
0 Oy g,
o)
o] CO,
B (Ivp) (I1p) L R
R N o
e{, C\\a I% Oj
o R0
OR O\FO HOJ\OJ/ (0]
Ho)]\ob 9% OY y 3)_1\/0 o
(V) \ RO R @E)LO/ R
2"y g
HO™ "0~

(I1ly)

Scheme 5.4: Proposed catalytic cycle for the carboxylation of epoxides with PAP bases (left)
and alternative cycle (right).
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5.2 Summary

It was shown, that highly basic trisPAP can act as efficient, completely metal free catalysts for
the alkylation of indoles with low catalyst loadings. These reactions were performed under
mild conditions, in most cases in only two hours. The scope of this reaction ranges from
electron rich to electron poor indoles with challenging acrylamide substrates. Furthermore, the
synthesis, stability, characteristics, and applicability of PAP-CO4 adducts was investigated.
These adducts can be categorized according to their basicity, which is manifested in the
1 Jpcy coupling constant of the central phosphorus atom and the CO, carbon atom as well
as in the 7(CO,) vibrational mode. Single crystals of many of these adducts were obtained
and described. PAP were employed as efficient catalysts in the coupling of butylene oxide
with CO4 in low catalysts loadings. The mechanism of this reaction was investigated, and a
catalytic cycle was proposed.

92



6 Summary and Outlook

6.1 Summary

Trisphosphazenyl phosphines (trisPAP), first introduced by S. ULLRICH from our group, are
the strongest uncharged metal free bases known in Chemistry.B#88 With these compounds
in hand, the application potential in a variety of transition metal and organocatalytic trans-
formations were of interest. The question if it was possible to substitute one or two of the
phosphazenyl groups by alkyl groups and the influence this would have was also of interest
(Figure [6.1). These new compounds should be investigated towards their basicity, nucle-
ophilicity, chemical stability, donor capabilities and coordination behavior.

monoPAP bisPAP trisPAP
R3
1 2 3 3 3
A o o
RSN R2 R SN” °N” RS RIL ¢
R® N" °N
R' = NMey, pyrr, Bu, Cy u
RSI.D\RS
R? = tBu, NMe,, pyrr R3
R3 = NMey, pyrr
5a-f 6a-b 7a-b

Figure 6.1: Overview over various phosphazenyl phosphine compounds.

6.1.1 Synthesis and Characterisation of PAP

The topical superbase class of phosphazenyl phosphines (PAPs) was extended to include
several novel mono- and bisphosphazenyl phosphines. They were synthesized from tertiary
P(III)-amides or a tertiary phosphine by STAUDINGER reaction with TMSNj3 (Scheme [6.]).
By reaction of these N-silyl P(V)-imides with PCl; and subsequent elimination of TMSCI,
monophosphazenyl phosphorus dichlorides 4a-4d were generated. At this step, a variety of
different functional groups may be added wvia substitution. However, t-butyl groups have
proven to be the most selective. MonoPAPs 5a-5f were synthesized in this manner.
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Scheme 6.1: Synthesis of monoPAP 5a to 5f.

Additionally, phosphoramidite 9 was synthesized as a potentially better m-acceptor ligand in
contrast to the overwhelmingly high o-donor character of 5a-5f. The synthesis involved the

reaction of 2-6-diisopropylphenol (dippOH) with PCl; and subsequent reaction with 2a-Li to
yield 9 (Scheme [6.2)).

OH dipp,
PClz/cat. NMP O, __.O_ . 2a-Li p

8 dipp” " "P"dipp————s 0= N7,

-HCI Cl dipp N=P-N

! \

/N\

70 % 67 %

8 9

Scheme 6.2: Synthesis of monoPAP 9 from 8 and PCls.

Additionally, the first amino substituted bisPAPs 6a-6b were synthesized by reaction of
the corresponding phosphazenes 2a-2b with n-BuLi and subsequent reaction with ¢-BuPCl,

(Scheme [6.3)).

Fop=np  mBuli Ropony  BUPCe g \E F{B ! E, R

R - n-BuH R -LiCl RSN ON* R
R=NMe, 2a quant. 6a 70%
R = pyrr 2b quant. 6b  75%

Scheme 6.3: Synthesis of bisPAP 6a and 6b.

BisPAP 13 was designed with a biaryl backbone that resembles the famous Buchwald ligands.
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It was synthesized by reaction of bromobiaryl 10 with n-Buli and P(NEt,),Cl to yield 11
(Scheme [6.4). 12 is liberated via cleavage of the P-N bonds with HCl. Subsequent reaction
with 2a-Li generates the biaryl substituted bisPAP 13.

N
Ny
N-P-N
O 1) n-BuLi [N
Br 2) CI-P(NEtp); p-NEt2 HC (dioxane) pcl, 2a-Li Y
O Et,O R NEtQ Et,O R Et,O R N\\P'\ P
"N
—N
MeO OMe \
81% 79% 54% (impure)
10 11 12 13
R=
MeO OMe

Scheme 6.4: Synthesis of 13 by reaction of 2a-Li with 12.

In order to evaluate the nucleophilicity of these new PAP ligands, they were reacted with an
excess of dried ethyl iodide. There are two possible mechanistic paths for this reaction, either
the PAP reacts as a nucleophile and forms a P-ethylated phosphonium PAP wvia Sy2 reaction
or the PAP reacts as a base in a E5 reaction and is protonated (Scheme [6.0]).

Etl Etl R Bu Rp2
R\FI{ tBU‘ ,RZ R B ItBu R\| ‘/R C.H
_Ps .P® CPs. . Po - PP T 24

R™ SN S\2 R N" "R2 Es R™ "NeH

— [S)
© [
| R1
PAP as nucleophile R2 = Bu, R! PAP as base

Scheme 6.5: Evaluation of the nucleophilicity of different PAP bases.

Through quantitative 3'P-NMR measurements, it was possible to determine the ratio of
PAP-Et to PAP-H" by integration of the corresponding P(III) or P(V) signals and there-
fore measure the nucleophilicity of these PAPs. The electronic properties of the ligands
were determined by the TOLMAN electronic parameter (TEP) as well as the ! Jpsey cou-
pling constant of the corresponding phosphazenylphosphine selenides. It was found, that
monoPAP possess TEPs of 2040+2 which is lower (electron richer) than popular NHCs such
as IMes (2050.5)158] and TmNMe, (2054.1)858] or phosphines like PtBug (2056.1)P9 and simi-
lar to ylidenaminophosphines (IAP)B1159 (Figure 6.2)) of DIELMANN and ylide functionalized
phosphines (YPhos)B4 T of GeEsSNER. Structural parameters of these [PAP-Ni(CO);| com-
plexes were investigated by XRD analyses.
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Figure 6.2: TEP values of the nickel tricarbonyl complexes of PAP and various other ligands.
Exact values for these examples are given in Table B.3]

The basicity of PAPs was determined by competition experiments with a comparable base
of known pKpg+ value. Additionally, the gas phase basicity (GB), proton affinity (PA) and
solution basicity was calculated using DFT methods. MonoPAPs 5a-5f all exhibit similar
pKpr+ (MeCN) values of 25+1. As expected, 6a and 6b are stronger than their monoPAP
analogues 5a and 5b and weaker than their trisPAP analogues 7a and 7b. This is further
supported by the calculated pKpgy+ values, which match the experimental values. This trend
can also be seen in the GB and PA of these compounds. For the steric properties of PAPs the
cone and solid angles as well as the buried volumes have been calculated. Mono and bisPAPs
possess very high cone angles of around 200°, which surpasses PtBus (182°)189] and lies in the
same range as GESSNER’s YPhos (199°).0 The buried volumes follow a similar trend and
range from 44-55%. For a closer investigation into the nature of the donor capabilities, a series
of calculations was performed to determine the strength of o-donation and m-acceptance by
the change of MULLIKEN charges. This study established PAPs as strong o-donors. Their 7-
acceptance character is increased by the introduction of alkyl groups on the central phosphorus
atom, but is still very low. It can be said, that each added phosphazenyl group (by replacing
a t-butyl group) increases the o-donor and decreases the m-acceptor character of the ligand.

6.1.2 PAP as Ligands in Transition Metal Catalysis

The nature of PAPs as ligands in transition metal catalysis was investigated by reaction with
a variety of palladium sources. The resulting palladium complexes were analyzed via XRD
and compared to similar ligands (Figure [6.3]).
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Figure 6.3: Molecular structure of [Pd(dma)P,P-(tBu)s-(7°—cinn)Cl| (left, 35a) and
[Pd((dma)PP-(tBu)s)s| (37, right). Ellipsoids are set at 50% probability. Hy-
drogen atoms have been omitted for clarity.

In order to test these ligands with respect to their applicability in cross coupling reactions,
they were employed in palladium catalyzed SUZUKI-MIYAURA coupling reaction of a variety of
boronic acids with aryl chlorides (Scheme [6.6]). After optimization of the reaction conditions
and an investigation of the kinetic reaction profile, an extensive scope of aryl-aryl’ coupling
products was established. It was possible to couple electron rich and neutral boronic acids
with electron poor, electron rich and sterically demanding aryl chlorides with catalyst loads of
4 mol%. The system was also successfully used for the coupling of heterocyclic aryl chlorides
and showed tolerance to a variety of functional groups.

(dma)P¢P-(Bu)2
5a Rt
Cl B(OH)» [Pd] X
AN AN NaOMe | —
o+ |// toluene, 80 °C, 16 h
1 2
2
18 examples
42 - 99%

Scheme 6.6: Palladium catalyzed SUZUKI-MIYAURA couplings. Reaction conditions: 1.0 eq.
ArCl, 1.5 eq. ArB(OH),, 2.0 eq. NaOMe, 4 mol% 5a, 2 mol% [Pd(z—cinn)Cl],.
For scope see Figure in Chapter 4.

A similar approach was taken in the investigation in the applicability of palladium catalyzed
BUCHWALD-HARTWIG aminations with PAPs 5c¢ and 5d (Scheme [6.7). It was possible to
couple electron rich as well as electron neutral anilines to aryl bromides with low catalyst
loads of 0.5 mol%. However, the usage of electron poor aryl bromides impeded the yield
tremendously. Sterically demanding anilines like mesitylaniline were efficiently coupled to
1-bromo-4-methylbenzene in 91% yield. The C-N coupling of secondary electron rich amines
like morpholine yielded almost quantitative results.
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(cy)P1P-(1Bu)2 R!
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Scheme 6.7: Palladium catalyzed BUCHWALD-HARTWIG amination. Reaction conditions:
1.0 eq. ArBr, 1.5 eq. amine, 2.0 eq. KOtBu, 0.5 mol% 5c or 5d, 0.25 mol%
[Pd(7r—cinn)Cl],. For scope see Figure 11 in Chapter 4.

6.1.3 Organocatalytic Applications of PAP

The superbase catalyzed N-alkylation of indoles was explored by the reaction of indole with
E-but-2-enenitrile with various PAP catalysts. After an initial screening of reaction conditions
and an investigation into the kinetic profile of the reaction a suitable reaction protocol was
established (Scheme[6.8)). With catalyst loads of 2.5 mol%, 7b was able to efficiently catalyze
the N-alkylation of electron rich as well as electron poor indoles with a variety of Michael
acceptors such as acrylamide and methyl acrylate with good to excellent yields.

B
@ R 25mol% (pymPsP 7 LAy
+ 2
R! N R \/\ R3 THF, RT or 60 °C, 16h RZJ\( R®
R4

9 examples
24 - 99%

Scheme 6.8: PAP catalyzed N-alkylation of indoles. Reaction conditions: 1.0 eq. alkene,
1.5 eq. indole, THF, RT, 16h. For scope see Figure in Chapter 5.

The reactivity, stability, and structure of PAP-CO, adducts was investigated and several
XRD structures were obtained. It was possible to establish a distinct correlation between
the basicity of the parent PAP and the ! Jpcy coupling constant of the adduct. These find-
ings prompted an investigation into the catalytic applications of such PAP-CO4 adducts for
the carboxylation of epoxides (Scheme [6.9]). Through screening of different P-bases (PAP)
and C-bases (carbodiphosphoranes, CDP) in cooperation with MORTEN DITTMAR and IGOR
MARTIN a set of conditions could be established. Investigations into the mechanistic aspects
revealed a high probability of the involvement of a 'naked’ weakly solvated bicarbonate anion
species in the catalytic cycle.
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0.1 to 2 mol% PAP O
O 40 bar CO, OJ<O
f 50-120°C ﬁv
16-48h, neat
42 - 92%

Scheme 6.9: Coupling reaction of butylene oxide with CO4 catalyzed by different PAPs. For
details see Table 5.3l in Chapter 5.

6.2 Outlook

The potential applications of PAPs in the field of transition metal- and organocatalysis could
be further investigated in a variety of ways. The ligand 13 might be modified to monoPAP
45 which should improve its stability and ease of synthesis (Scheme [610). This could be
achieved by the lithiation of a biaryl bromide 43 with n-BuLi and subsequent reaction with
t-BuPCl,.B58 Through reaction with a lithiated phosphazene 45 could be generated. The
resulting compounds could be tuned via variation of the organic substituents R-R%

1) n-BulLi O Bu O Bu 4
O Br 2) +BuPCl 4 RaP=N-Li Cnep

' P;CI P;N:P\~R4
O R THF or Et,0, -78 °C O R THF or Et,0, -78 °C O R R
R2 R2 RZ
R R! Rt
43 44 45

Scheme 6.10: Suggested synthesis for monoPAP analogues of Buchwald’s biaryl ligands.

In the field of transition metal catalysis, an interesting reaction to explore would be the
KUMADA cross coupling reaction of magnesium organyls with aryl chlorides. Preliminary
results (Scheme [6.17]) suggest reactivity of both mono- and trisPAPs for this type of reaction.
Notably, it is possible to utilize nickel instead of palladium for this transformation. The
compatibility of a 7a or Tb / Ni(COD), system has also proven successful for both SUzZUKI-
MIYAURA couplings as well as BUCHWALD-HARTWIG aminations in initial screenings.
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toluene, 80 °C, 16 h

MgBr
. 1 L, [Pd(n3-Cinn)CI|
cl

L= ba 48%
7a 20%

MgBr
X OMe 9 L, Ni(COD), ‘
| * \
&z xylene, 60 °C, 16 h | P
L= 5a 40%

7a 53%
b  57%

Scheme 6.11: Palladium (top) and nickel catalyzed (bottom) KUMADA cross coupling with
PAP bases. Preliminary results; Conditions are not optimized.

The applicability of PAP ligands in the gold catalyzed hydroamination of alkynes should be
explored more in depth by a systematic investigation of the reaction conditions, substrate
scope and ligands. The organocatalytic applications of trisPAPs 7a and Tb, which possess
the ability to deprotonate MeCN, should be explored more thoroughly. During initial studies
the reaction of benzaldehyde with MeCN in the presence of 2.5 mol% of Tb yielded the
alkylnitrile condensation product in 69% yield (Scheme[6.12]). This interesting reaction should
be explored further with a variety of aldehydes and ketones as well as other substrates such
as EtCN and MeNOQO,, possibly in the presence of molecular sieves for the trapping of water
which is liberated during the reaction.

OsH GN
=
2.5 mol% (pyrr)P3P 7b
+ MeCN ————
60 °C, 16h
69%

Scheme 6.12: Condensation of 4-methyl-benzaldehyde with MeCN catalyzed by 7b.

Additionally, the ability of 7b to rapidly polymerize epoxides, as shown earlier, should be
investigated further, as this may prove to be an important application for the synthesis of
polymers in the future.

6.3 Conclusion

The field of uncharged phosphorus superbases was expanded to include several new mono- and
bisphosphazenyl phosphines. These novel bases have been systematically analyzed according
to their basicity, nucleophilicity, chemical stability, donor capabilities and coordination behav-
ior. They complement the missing link between extremely basic trisphosphazenyl phosphines
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and traditional tertiary phosphines by combining the stability and steric properties of tertiary
phosphines like PtBus with the extreme donor capabilities of phosphazenyl phosphines. The
aforementioned parameters that were established during this work allow the easy classification
of newly synthesized bases. Several applications of these bases were presented, as ligands in
transition metal catalysis as well as organocatalysts in a variety of transformations.
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7 Zusammenfassung und Ausblick

7.1 Zusammenfassung

Trisphosphazenylphosphane (TrisPAP) sind die stirksten derzeit bekannten metallfreien Ba-
sen der Chemie.®d Sie wurden in der eigenen Arbeitsgruppe von S. ULLRICH erstmals einge-
fiihrt.[8 Es stellte sich die Frage iiber deren Verwendung als Liganden in der Ubergangsmet-
all- und Organokatalyse. Ebenfalls sollte untersucht werden welchen Einfluss eine Derivat-
isierung dieser Verbindungen durch Austausch von ein bzw. zwei der Phosphazenylgruppen
durch Alkylgruppen hat (Abbildung [[1]). Diese neu synthetisierten Verbindungen wurden
systematisch analysiert beziiglich ihrer Donor-Akzeptor Eigenschaften, ihrer Basizitét, ihrer
chemischen Stabilitdt und ihrem Reaktionsverhalten.

MonoPAP BisPAP TrisPAP
RS
1 2 3 3 3
SR o S
R' N" "R? R SN N TR R‘%Fn, )
| RS N °N
R' = NMey, pyrr, Bu, Cy n
3~n3
R? = tBu, NMey, pyrr R R3R
R3 = NMey, pyrr
5a-f 6a-b 7a-b

Abbildung 7.1: Ubersicht iiber in dieser Arbeit synthetisierten und untersuchten Phosp-
hazenylphosphanverbindungen.

7.1.1 Synthese und Charakterisierung von PAP

Die Klasse der superbasischen Phosphazenylphosphane (PAP) wurde um mehrere neue Mono-
und Bisphosphazenylphosphane erweitert. Sie wurden ausgehend von einem tertidren P(III)-
amid oder einem tertidren Phosphan durch STAUDINGER Reaktion mit TMS azid synthetisiert
(Schema [T]). Durch Reaktion dieser N-Silyl P(V)-imide mit PCls und anschliefender Elim-
inierung von Trimethylsilylchlorid wurden die Monophosphazenylphosphordichlorid Verbind-
ungen 4a-4d erhalten. An dieser Stelle ist es moglich weitere funktionelle Gruppen durch
Substitution einzufithren, allerdings stellte sich die Substitution mit ¢-Butyl Gruppen als die
selektivste in einer Reihe von Alkylsubstituenten heraus. MonoPAP 5a-5f wurden auf diese
Art synthetisiert.
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oR, TMSN; FF:%P:N/TMS PCls R PCl t-.BuLl §£P=N/P<tt23
-N, R -TMSCI R -LiCl R
R=NMe, 3a 82% 4a  90% 5a  91%
R = pyrr 3b 79% 4b  90% 5b  91%
R=cy 3c 83% ——— 4c  98% — 5¢ 80%
R=tBu 3d 94% 4d 96% 5d 88%

MeoNH ( :NfK

[\lMeg pyrr
MeoN  P—NMe; pyrr.  P—pyrr
MeoN-P=N pyrr—P=N
MeoN pyrr
S5e 5f
63% 77%

Schema 7.1: Synthese von monoPAP 5a bis 5f.

Als Kontrast zu den iiberwiegend extrem starken o-Donoren 5a-5f wurde das Phospho-
ramidite 9 als ein potentiell besserer m-Akzeptor Ligand synthetisiert. Durch Reaktion von

2-6-Diisopropylphenol (dippOH) mit PCl; und anschliefender Reaktion mit 2a-Li konnte 9
erhalten werden (Schema [.2]).

OH dipp,
PClz/cat. NMP O, __.O_ . 2a-Li p

8 dipp” " "P"dipp————s 0= N7,

-HCI Cl dipp N=P-N

! \

/N\

70 % 67 %

8 9

Schema 7.2: Synthese von monoPAP 9 aus 8 und PCls.

Ausserdem wurden die ersten Amino substituierten BisPAP 6a-6b durch Reaktion der korre-

spondierenden Phosphazene 2a-2b mit n-Buli und anschliefender Umsetzung mit ¢-BuPCl,
synthetisiert (Schema [7.3]).

Fop=np  mBuli Ropony  BUPCe g \E F{B ! E, R

R - n-BuH R -LiCl RSN ON* R
R=NMe, 2a quant. 6a 70%
R = pyrr 2b quant. 6b  75%

Schema 7.3: Synthese von bisPAP 6a und 6b.

BisPAP 13 wurde mit einem, den berithmten BUCHWALD-Liganden nachempfundenen, Biaryl-
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Riickgrat konzipiert. 11 wurde durch die Reaktion des Bromobiaryls 10 mit n-BulLi und
P(NEt,),Cl synthetisiert (Schemal[Z.4]). 12 wurde erhalten durch Spaltung der P-N Bindungen
mit HCl. Anschlieffend wurde das erhaltene Chlorophosphan mit 2a-Li umgesetzt um BisPAP
13 zu erhalten.

N

v Ny

N-P-N

O 1) n-BuLi [N

Br 2) CI-P(NEty), p-NEt2 HCl (Dioxan) pol, 2a-Li P N
Et,0 R NEt;  Et,0 R o 1 Neg

-N N

MeO OMe \
81% 79% 54% (verunreinigt)

10 11 12 13

MeO OMe

Schema 7.4: Synthese von 13 durch Reaktion von 2a-Li mit 12.

Um die Nukleophilie dieser neuen PAP Liganden zu untersuchen, wurden diese mit einem
Uberschuss an trockenem Ethyliodid umgesetzt. Zwei mogliche mechanistische Pfade kon-
nen verfolgt werden: PAP reagiert entweder als ein Nukleophil und es wird durch eine Sy2
Reaktion ein P-ethyliertes Phosphonium PAP gebildet oder es reagiert als Base in einer Ej
Reaktion und wird dabei protoniert (Schema [T.5]).

Etl Etl
R BU R2 rR [BU R BUY R C.H
/P\\ ,P@ /P\\ /P\ /P\\ /P\ + 24
R™ SN > SA2 R™ N” "R2 Ez R™ "NeH
%__j @
© I
I R'
PAP als Nukleophil R? = Bu, R PAP als Nukleophil

Schema 7.5: Evaluierung der Nukleophilie von PAP-Basen.

Durch quantitative 3' P-NMR-Messungen war es moglich, das Verhiltnis von PAP-Et zu PAP-
H' durch Integration der entsprechenden P(III)- oder P(V)-Signale zu bestimmen und somit
die Nukleophilie dieser PAP zu evaluieren. Die elektronischen Eigenschaften der Liganden
wurden durch den Tolman-Elektronik-Parameter (TEP) sowie die ! J(p,se)-Kopplungskonstante
der entsprechenden Phosphazenylphosphan Selenide bestimmt. Der TEP von MonoPAP liegt
im Bereich von 2040+2, was niedriger (elektronenreicher) ist als bekannte NHC’s wie IMes
(2050.5)58 und ImNMe, (2054.1)158] oder Phosphane wie PtBug (2056.1).F0 Der TEP ist
dhnlich wie bei Ylidenaminophosphanen (IAP)EI15 (Abbildung [72) von DIELMANN und
Ylid-funktionalisierten Phosphanen (YPhos)P# ] von GrssNer. Die Strukturparameter
dieser [PAP-Ni(CO)s]-Komplexe wurden durch XRD-Analysen untersucht.
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Y-0TolPCy»
5c Ta
5b 6b 7b
PraPNP/Pry j l
| L l | v, TEP
I T I I I
2100 \ 20& 2040\ 203\ 2020 cm-1
IMes
PBu; 5d Pr R _R!
R1 P< R1 I.:
cyclic Y-Phos R

C N
p-cy iPr

y
/Pr\ /@ N ..
cyclic Y-Phos = Pr—p N 2 _ IMes = Mes -~y p-Mes
y ogy R =H{ > ) Y-oTolPCy, N B N
N —
P PhsP O PCys

Abbildung 7.2: Tolman Elektronischer Parameter (TEP) verschiedener Liganden und PAP als
Nickeltricarbonylkomplex. Die genauen Werte sind Tabelle B.3] zu entnehmen.

Die Basizitdt der unterschiedlichen PAP wurde durch Konkurrenzversuche von einer Ver-
gleichsbase mit bekanntem pKpp+-Wert bestimmt. Zusétzlich wurde die Gasphasenbasizitat
(GB), die Protonenaffinitdt (PA) und die Basizitdt in Losung (MeCN) mittels DFT berechnet.
MonoPAP 5a-5f besitzen dhnliche p Kgy+-Werte (MeCN) von 25+1. Wie erwartet sind 6a und
6b stiarker als ihre MonoPAP-Analoga 5a und 5b und schwécher als ihre TrisPAP-Analoga
7a und 7b. Dies wird auch durch die berechneten p Kgy+-Werte bestétigt, die mit den experi-
mentellen Werten iibereinstimmen. Dieser Trend lésst sich auch fiir die GB und die PA dieser
Verbindungen feststellen. Um die sterischen Abschirmungseffekte von PAP zu bestimmen,
wurden die Kegelwinkel sowie das "buried volume" berechnet. Die Molekiilgeometrien fiir
diese Berechnungen konnten mittels DFT-Methoden erhalten werden. Mono- und BisPAP
besitzen sehr hohe Kegelwinkel von etwa 200°, was PtBug (182°)B9 iibertrifft und im gleichen
Bereich wie Gessners YPhos (199°) liegt.[8U Das "buried volume" folgt einem dhnlichen Trend
und liegt zwischen 44-55%. Um die Donor Eigenschaften dieser PAP genauer zu untersuchen
wurde eine Reihe von quantenchemischen Berechnungen durchgefiihrt um die Starke der o-
Donation und 7-Akzeptanz durch die Anderung der Mulliken-Ladungen zu bestimmen. In
diese Studie wurden PAP als starke o-Donoren Liganden etabliert. Der n-Akzeptorcharakter
wird durch Einfiihrung von Alkylgruppen am zentralen Phosphoratom erhoht, ist aber immer
noch sehr gering. Jeder Phosphazenylsubstitutent, der eine tert-Butyl Gruppe ersetzt, erhéht
den o-Donor und verringert den n-Akzeptor Charakter.

7.1.2 PAP als Liganden in der Ubergangsmetallkatalyse

Der Einsatz von PAP als Liganden in der Ubergangsmetallkatalyse wurde durch Reaktion
mit einer Vielzahl an Palladiumpréakursoren erstmals untersucht. Die resultierenden Palladi-
umkomplexe wurden per XRD-Methoden analysiert und mit d&hnlichen Strukuren verglichen
(Abbildung [7.3]).
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Abbildung 7.3: Molekiilstruktur von [Pd(dma)P,P-(tBu)s-(7°—cinn)Cl] (links, 35a) und
[Pd((dma)P;P-(¢Bu)s)s| (rechts, 37). Ellipsoide werden mit einer Wahrschein-
lichkeit von 50% angenommen. Die Wasserstoffatome wurden aus Griinden
der Ubersichtlichkeit weggelassen.

Um die Méglichkeit der Anwendung dieser Liganden in Kreuzkupplungsreaktionen zu testen,
wurden sie in einer Palladium-katalysierten SUZUKI-MIYAURA-Kupplungsreaktion mit einer
Vielzahl von Arylboronséuren und Arylchloriden eingesetzt (Schema [[.6]). Nach Optimierung
der Reaktionsbedingungen und einer Untersuchung des kinetischen Reaktionsprofils wurde
eine umfangreiche Bibliothek von Aryl-Aryl’-Kupplungsprodukten erstellt. Es war mdoglich,
elektronenreiche und neutrale Arylboronsduren mit elektronenarmen, elektronenreichen und
sterisch anspruchsvollen Arylchloriden mit Katalysatorbeladungen von 4 mol% zu koppeln.
Das System wurde ebenfalls erfolgreich fiir die Kupplung von heterocyclischen Arylchloriden
eingesetzt und zeigte Toleranz gegeniiber einer Vielzahl von funktionellen Gruppen.

(dma)PP-(tBu)2
5a Rl
al B(OH). [Pd] T
AN AN NaOMe | —
|// * |// Toluol, 80 °C, 16 h
1 2 =
R R R2_ |
NN
18 Beispiele
42 - 99%

Schema 7.6: Palladium katalysierte SUZUKI-MIYAURA Kupplungsreaktionen. Reaktionsbe-
dingungen: 1.0 Aq. ArCl, 1.5 Aq. ArB(OH),, 2.0 Aq. NaOMe, 4 mol% 5a,
2 mol% [Pd(z—cinn)Cl],. Fiir eine Ubersicht siche Abbildung B9 in Kapitel 4.

Ein dhnlicher Ansatz wurde fiir die Untersuchung palladiumkatalysierter BUCHWALD-HART-
wiGAminierungen mit PAP 5¢ und 5d verfolgt (Schema [[7). Es war moglich, Aniline
mit elektronenreichen und neutralen Substituenten mit niedrigen Katalysatorbeladungen von
0.5 mol% an Arylbromide zu koppeln. Der Einsatz von elektronenarmen Arylbromiden bein-
trachtigte die Ausbeute allerdings sehr stark. Sterisch anspruchsvolle Aniline wie Mesitylanilin
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konnten mit 1-Bromo-4-methylbenzol in hohen Ausbeuten von bis zu 91% gekoppelt werden.
Die C-N-Kupplung von sekundéren elektronenreichen Aminen wie Morpholin lieferte nahezu
quantitative Ausbeuten.

(cy)P1P-(1Bu)2 R!

5c N
3
Rl\ RY-H [Pd] \ /
| + KOtBU N— 3
P R
Toluol, 80 °C, 1h =
X R \, /
X = Cl, Br R2
16 Beispiele
13-97%

Schema 7.7: Palladiumkatalysierte BUCHWALD-HARTWIG Aminierung. Reaktionsbedingun-
gen: 1.0 Aq. ArBr, 1.5 Aq. amine, 2.0 Aq. KOtBu, 0.5 mol% 5c oder 5d,
0.25 mol% [Pd(z—cinn)Cl],. Fiir eine Ubersicht siche Abbildung 1] in Kapitel
4.

7.1.3 Organokatalytische Anwendungsgebiete fiir PAP-Superbasen

Die Superbasen katalysierte N-Alkylierung von Indolen wurde durch die Reaktion von In-
dol mit F-But-2-en-nitril mit verschiedenen PAP Katalysatoren untersucht. Nach einer an-
fanglichen Studie der Reaktionsbedingungen und einer Untersuchung des kinetischen Reak-
tionsprofils wurden passende Reaktionsbedingungen ermittelt (Schemal[Z.g]). Mit Katalysator-
beladungen von 2.5 mol% konnte 7b die N-Alkylierung von elektronenreichen und elektrone-
narmen Indolen mit einer Vielzahl von Michael-Akzeptoren wie Acrylamid und Methylacrylat
mit guten bis sehr guten Ausbeuten effizient katalysieren.

: \>
@ R4 2.5 mol% (pyrr)P3P 7b R1 N
+ 2
R H R~ ~gs  THF, RT oder 60 °C, 16h sz\( R
R4

9 Beispiele
24 - 99%

Schema 7.8: PAP-katalysierte N-Alkylierung von Indolen. Reaktionsbedingungen: 1.0 Aq.
Alken, 1.5 Aq. Indol, THF, RT, 16h. Fiir eine Ubersicht siche Abbildung [(.2]in
Kapitel 5.

Zusatzlich konnten, durch Reaktion von PAP mit CO,, die ensprechenden PAP-CO4-Addukte
erhalten werden. Diese wurden hinsichtlich ihrer Reaktivitaten, Stabilitdten und Strukturpa-
rameter untersucht. Es war moglich, eine Korrelation zwischen der Basizitdt des PAP und
der ! Jip,c)-Kopplungskonstante des Addukts herzustellen. Diese Ergebnisse veranlassten eine
Untersuchung iiber die katalytischen Anwendungsmoglichkeiten solcher PAP-COo-Addukte
fiir die Carboxylierung von Epoxiden (Schemal[l9]). Durch Umsetzung verschiedener P-Basen
(PAP) und C-Basen (Carbodiphosphorane, CDP) in Zusammenarbeit mit MORTEN DITT-
MAR und IGOR MARTIN konnten optimierte Reaktionsbedingungen bestimmt werden. Un-
tersuchungen zu den mechanistischen Aspekten ergaben eine hohe Wahrscheinlichkeit fiir die
Beteiligung "nackter", schwach solvatisierter Bicarbonat-Anionen am katalytischen Zyklus.
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0.1 to 2 mol% PAP o}
0 40 bar CO, OJ<O
[ 50-120°C
16-48h
42 - 92%

Schema 7.9: Reaktion von Butylenoxid mit CO, mit PAP Katalysator. Fiir Details siehe
Tabelle in Kapitel 5.

7.2 Ausblick

Diese erstmaligen Einblicke in das Anwendungspotential von PAP in der Ubergangsmetall-
sowie der Organokatalyse kénnten in diversen Richtungen weiterentwickelt werden. Der Lig-
and 13 konnte zu MonoPAP 45 modifiziert werden, was seine Stabilitdt verbessern konnte
und einen einfacheren Zugang zum gewiinschten Biaryl-Riickgrat des Liganden gewahrleisten
sollte (Schema [TI0). Dies konnte durch die Lithiierung eines Biarylbromids 43 mit n-Buli
und anschliefendes Umsetzen mit ¢-BuPCly erreicht werden.38 Durch Reaktion mit einem
lithiierten Phosphazen wiirde 45 entstehen. Die Eigenschaften der resultierenden Verbindun-
gen konnten durch Variation der organischen Substituenten RLR? abgestimmt werden.

1) n-BuLi O Bu O BU e
O Br 2) tBUPCl, . RaP=N-Li CN=rl

3 S o NP
‘ R THF oder Et,0, -78 °C ‘ R THF oder Et,0, -78 °C O R R
R2 R2 R2
R! R! R?
43 44 45

Schema 7.10: Synthesevorschlag fiir ein MonoPAP-Biarylliganden.

Im Bereich der Ubergangsmetallkatalyse wire eine interessante Reaktion die Kreuzkupp-
lungsreaktion von Magnesiumorganylen mit Arylchloriden. Vorldufige Ergebnisse (Schema
[[11) deuten auf das Potential von Mono- und TrisPAP Liganden fiir diese Art von Reak-
tion hin. Insbesondere ist es moglich, Nickel anstelle von Palladium fiir diese Umwandlung
zu verwenden. Die Kompatibilitit eines 7a oder 7b / Ni(COD)o-Systems hat sich auch fiir
SUZUKI-MIYAURA-Kupplungen sowie fiir BUCHWALD-HARTWIG-Aminierungen in ersten Un-
tersuchungen als erfolgsversprechend erwiesen.
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Toluol, 80 °C, 16 h

MgBr
L, [Pd(n3-Cinn)Cl]
+
Cl

L= ba 48%
7a 20%

MgBr
N OMe 9 L, Ni(COD), ‘
| + \
- Xylol, 60 °C, 16 h | P
L= 5a 40%

7a 53%
b  57%

Schema 7.11: Palladium (oben) und Nickel-Katalysierte (unten) KumADA Kreuzkup-
plungsreaktionen mit PAP Liganden. Vorldufige Ergebnisse; Reaktionsbedin-
gungen nicht optimiert.

Die Nutzung von PAP-Liganden in der goldkatalysierten Hydroaminierungsreaktionen von
Alkinen sollte durch eine systematische Untersuchung der Reaktionsbedingungen, Substrate
und Liganden tiefgreifender erforscht werden. Die organokatalytischen Anwendungen von
trisPAP 7a und 7b zur Deprotonierung von MeCN sollte eingehender untersucht werden. In
ersten Untersuchungen ergab die Reaktion von Benzaldehyd mit MeCN in Gegenwart von
2.5 mol% 7b das Alkylnitril-Kondensationsprodukt in 69% Ausbeute (Schema [[.12]). Diese
interessante Reaktion sollte mit einer Vielzahl von Aldehyden und Ketonen sowie mit anderen
Substraten wie EtCN und MeNO,, gegebenenfalls in Gegenwart von Molsieb, um das wihrend
der Reaktion abgespaltene Wasser abzufangen, weiter erforscht werden.

Os_H N
b4
2.5 mol% (pyrr)P3P 7b
+ MeCN —————
60 °C, 16h
69%

Schema 7.12: Durch 7b katalysierte Kondensationsreaktion von 4-Methylbenzaldehyd mit
MeCN.

Dariiber hinaus sollte die nachgewiesene katalytische Aktivitdt von 7b in der Polymerisation
von Epoxiden weiter untersucht werden. Dies konnte Anwendungspotential in der Gewinnung
von Polymeren finden und das Repertoir dieser Verbindungsklasse um eine weitere Anwen-
dungsmoglichkeit ergénzen.
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7.3 Fazit

Das Forschungsgebiet der ungeladenen Phosphorsuperbasen wurde um mehrere neue Mono-
und Bisphosphazenylphosphane erweitert. Diese neuen Basen wurden systematisch auf ihre
Basizitdt, Nukleophilie, chemische Stabilitat, Donor-Féahigkeiten und ihr Koordinationsver-
halten hin untersucht. Sie ergénzen das fehlende Bindeglied zwischen den extrem basischen
Trisphosphazenylphosphanen und den traditionellen Trialkylphosphanen, indem sie die Stabil-
itdt und die sterischen Eigenschaften von tertidren Phosphanen wie PtBus mit den extremen
Donor-Fahigkeiten der Phosphazenylphosphane kombinieren. Die oben genannten Parame-
ter, die im Rahmen dieser Arbeit ermittelt wurden, ermoglichen eine einfache Klassifizierung
der neu synthetisierten Basen. Es wurden mehrere Anwendungen dieser Basen vorgestellt,
sowohl als Liganden in der Ubergangsmetallkatalyse als auch als Organokatalysatoren in einer
Vielzahl von Anwendungen.
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Experimental Section

8 Experimental Section

8.1 General Procedures

All reactions were carried out under inert argon atmosphere using standard SCHLENK tech-
niques. Air or moisture sensitive substances were stored in a nitrogen flushed glovebox.
Solvents were purified according to common literature procedures and stored under an inert
atmosphere over molecular sieves (3 A or 4 A).2% For chromatographic purifications Kiesel-
gel 60 (less than 0.063 nm, CAS No. 7631-86-9) from MERCK was utilized. 'H, 3C, 3P 19F
and 7"Se NMR spectra were recorded on a Bruker Avance III HD 250, Avance II 300, Avance
IIT HD 300 or Avance III HD 500 spectrometer. Chemical shift § is denoted relatively to
SiMe, (1H, 13C), 85% H3PO, (*'P), SeMe, (""Se) or CFCly (*F). 'H and '*C NMR spectra
were referenced to the solvent signals. Multiplicity is abbreviated as follows: s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), sept (septet), br. (broad signal). High res-
olution mass spectrometry was performed on a Thermo Fisher Scientific LTQ-FT Ultra or a
Jeol AccuTOF GCv. IR spectra were recorded in a glovebox on a Bruker Alpha ATR-FT-IR.

8.1.1 Precursors and chemicals

The following precursors were synthesized according to literature procedures:

P(dma)3280 P(pyrr)s26l P(tBu)4R% dmasPNHEY | pyrrsPNHE dmasPNTMSH3E!
pyrrsPNTMSH3E ey PNTMSHE ¢ BusPNTMSHE dma,PNPCI,R38]

pyrrsPNPCLA3E ¢y, PNPCLE38 | ¢ BusPNPCL,H38 | dmasPNPNMe,H38],
pyrrsPNPNpyrrf38 | (dma)PsPESl (pyrr)PsPE3l P(Odipp),C1IH4! 2-bromo3’,5’dimethoxy-
1,1’biphenyl?43l Ph,PAuCIRE] [Cl,CPCl;|AIC1L 40 [Cl;CP(NEt,),ClAICL, A4
Cl3CP(NEty)o,NHIE | [Pd(7—cinn)Cl|,M | (NEt,),OPhPNHI2 (NEt,),PC1E264]

t-BuP 1,263,

The following precursors were purchased and utilized without further purification:

Pcys, KHMDS, PCls;, TMSN3, n-Buli, ¢-BuLi, ¢-BuMgCl, [NiCOy|, Se (grey), dipp-OH,
NaBF4, NH4PF6, NaOH, NaCl, LICL [Pd(PPh3)4], NICIQ, PdClQ, [(MGQS)AUCI], phenyl—
boronic acid, 4-methoxy boronic acid, 2,4,6-trimethylphenylboronic acid, 2,6-dimethylchloro-
benzene, 4-chlorobenzonitrile, 4-chlorotoluene, 1-chloro-4-(trifluoromethyl)benzene, 1-chloro-
2-methoxybenzene, 1-chloro-4-methoxybenzene, 1-(4-chlorophenyl)ethan-1-one, 1-(4-bromo-
phenyl)ethan-1-one, 2-chlorothiophene, 2-chloro-6-methoxypyridine, 5-chloro-3-methylbenzo-
[b/thiophene, 2-bromo-4-(tert-butyl)aniline, aniline, 2,4,6-trimethylaniline, 4-methoxyaniline,
4-fluoroaniline, 4-nitroaniline, morpholine, 4-bromotoluene, 2-bromo-1,3,5-trimethylbenzene,
4-bromobenzonitril, indole, 5-methoxy-1 H-indole, 1 H-indole-5-carbonitrile, E-but-2-enenitrile,
methyl acrylate, 1-bromo-4-methoxybenzene, acrylamide.

The following precursors were purchased and purified according to common literature proce-
dures24.
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Pyrrolidine, PCl;, Etl.
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8.2 Synthesis

8.2.1 Phosphazene bases and precursors

8.2.1.1 Synthesis of (cy)3PNPCI, (4c)

N,PCIg

_P
cy c|:;cy

The compound was prepared analogously to literature procedures.B38 The product was ob-
tained as a colorless solid (98%).

'"H-NMR (300 MHz, CgDg): 6 (ppm) = 2.00-1.84 (m, 3H), 1.83-1.72 (m, 6H), 1.65 1.58
(m, 6H), 1.53-1.46 (m, 3H), 1.40-1.23 (m, 6H), 1.07-0.94 (m, 9H).

BC{'H}-NMR. (75 MHz, CgDg): 6 (ppm) = 34.5 (dd, YJ(P,C) = 58.0Hz, 3J(P,C) =
6.8 Hz), 26.9 (d, 2J(P,C) = 12.5Hz), 26.6 (d, 3J(P,C) = 2.8 Hz), 25.9 (d, *J(P,C) = 1.0 Hz).
3Ip{'H}-NMR (121 MHz, C¢Dg): 6§ (ppm) = 159.3 (d, 2J(P,P) = 119.0 Hz, P(III)), 40.5
(d, 2J(P,P) = 119.0Hz, P(V)).

8.2.1.2 Synthesis of (tBu)3PNPClI, (4d)

_PCI
N- Ol

P P\
B
u ItButBu

The compound was prepared analogously to literature procedures.I38 The product was ob-
tained as a colorless solid (96%).

"H-NMR (300 MHz, CgDg): 6 (ppm) — 1.46 (d, 3J(P,H) = 14.2Hz, 18H, CCHj).
BC{'H}-NMR (75 MHz, C¢Dg): § (ppm) = 40.3 (dd, YJ(P,C) = 47.6 Hz, *J(P,C) = 5.9 Hz
CCHj), 29.4 (s, CCH3).

3Ip{'H}-NMR (121 MHz, C¢Dg): 6§ (ppm) = 158.3 (d, 2J(P,P) = 133.2Hz, P(III)), 54.3
(d, 2J(P,P) = 133.2Hz, P(V)).
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8.2.1.3 Synthesis of (dma)P;P-(tBu), (5a)

.P<

w Bu

P~
Me-sN~ NMe>
©2 NMGQ

To a solution of [tris(dimethylamino)phosphazenyl| phosphorus dichloride (4a)

(0.77 g, 2.76 mmol, 1.0 eq.) in Et,0 (50 mL) was added ¢-Buli (3.00 mL of 1.88 M so-
lution in pentane, 5.66 mmol, 2.05 eq.) dropwise at —78 °C. After stirring for 1 h at this
temperature, the mixture was allowed to reach RT overnight. The mixture was filtered over
Celite®, the filter cake washed with Et,O (3 x 20 mL) and the solvent removed in vacuo.
[tris(dimethylamino)-phosphazenyl|-bis(tert-butyl)phosphine (5a) (0.81 g, 2.51 mmol, 91%)
was obtained as a colorless solid.

'H-NMR (300 MHz, CgDg): 6 (ppm) = 2.52 (d, 3J(P,H) = 9.5Hz, 18H, NCH3), 1.37 (d,
31(P,H) = 10.5 Hz, 18H, CCHj).

BC{'H}-NMR (75 MHz, C¢Dg): § (ppm) = 36.9 (t, 2/(P,C) = 2.5 Hz), 33.7 (dd, 'J(P,C) =
12.4Hz), 27.7 (d, J(P,C) = 16.2 Hz).

3Ip{'H}-NMR (121 MHz, Cg¢Dg): & (ppm) = 85.4 (d, 2J(P,P) = 100.5 Hz, P(III)), 31.4
(d, 2J(P,P) = 100.5 Hz, P(V)).

LIFDI(+)-HRMS — 323.247 50 [M-HJ* calc., 323.239 34 [M-H|* found.

8.2.1.4 Synthesis of (pyrr)P1P-(tBu), (5b)

Bu

N’ ID\tBu
pyrr—P—pyrr
pyrr

To a solution of [trispyrrolidinophosphazenyl| phosphorus dichloride (4b)

(2.00 g, 5.60 mmol, 1.0 eq.) in Et,O (75 mL) was added ¢-BuLi (6.11 mL of 1.88 M solution in
pentane, 11.48 mmol, 2.05 eq.) dropwise at —78 °C over 10 min. After stirring for 1 h at this
temperature, the mixture was allowed to reach RT overnight. All volatile components were
removed in vacuo and the residue redissolved in pentane (30 mL). The reaction mixture was
filtered over Celite® and the filter cake was washed with pentane (3 x 10 mL). After removal
of the solvent in vacuo [tris(pyrrolidino)phosphazenyl|bis-tert-butyl phosphine (5b) (2.10 g,
5.12 mmol, 91%) was obtained as a colorless solid.

'"H-NMR (300 MHz, Cg¢Dg): 8 (ppm) — 3.20-3.10 (m, 12H, NCH,CH,), 1.63-1.54 (m,
12H, NCH,CH,), 1.42 (d, 3J(P,H) = 10.4 Hz, 18H, CCH,).

BC{'H}-NMR (75 MHz, CgDg): & (ppm) — 47.2 (dd, 2J(P,C) = 3.2Hz, ¥J/(P,C) = 2.1 Hz,
NCH,CH,), 34.8 (dd, YJ(P,C) = 26.8 Hz, 3J(P,C) = 10.5 Hz, CCHj3), 28.9 (d, 3J(:P,C) = 7.3 Hz,
NCH,CH,).
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3Ip{'H}-NMR (121 MHz, C¢Dg): & (ppm) = 82.4 (d, 2J(P,P) = 94.8 Hz, P(III)), 15.8 (d,
21(P,P) = 94.8 Hz, P(III)).
LIFDI(4)-HRMS = 401.296 29 [M-H]* calc., 401.298 23 [M-H]* found.

8.2.1.5 Synthesis of (cy)P1P-(tBu), (5c)

Bu

|

N’ P~

cy—%—cy
cy

Bu

To a solution of tris(tert-cyclohexyl)phosphazenyl phosphorus dichloride (4c)

(0.30 g, 0.76 mmol, 1.0 eq.) in Et;O (50 mL) was added ¢-BuLi (0.83 mL of 1.88 M solution,
2.05 mmol, 2.05 eq.) dropwise at —78 °C over 10 min. The reaction mixture was stirred at
this temperature for 1 h and afterward was allowed to reach RT overnight. The solvent was
removed in vacuo and the residue was redissolved in pentane. The solution was filtered over
Celite®, the filter cake washed with pentane (3 x 10 mL) and the solvent was removed in
vacuo. Tris(cyclohexyl)phosphazenyl)bis-tert-butyl phosphine (5¢) (0.27 g, 0.61 mmol, 80%)
was obtained as a colorless solid.

'"H-NMR (300 MHz, CgDg): & (ppm) = 2.10-1.97 (m, 3H), 1.89-1.45 (m, 24H), 1.37 (d,
3J(P,H) = 10.2 Hz, 18H, CCHs), 1.20-1.00 (m, 6H).

BC{'H}-NMR (75 MHz, CgDg): &(ppm) = 38.7 (dd, *J(P,C) = 2.0Hz, J(P,C) =
60.1Hz), 34.8 (dd, 3/(P,C) = 7.3Hz, YJ(P,C) = 27.3Hz), 28.7 (d, ¥J(P,C) = 16.0Hz), 27.4
(s), 27.3 (s), 27.2 (s), 26.4 (s).

3Ipf'H}-NMR (121 MHz, C¢Dg): 6 (ppm) = 85.6 (d, 2J(P,P) = 57.3 Hz, P(III)), 22.2 (d,
2J(P,P) = 57.3 Hz, P(V)).

LIFDI(+)-HRMS = 439.349 67 [M-H|* calc., 439.348 91 [M-H]|* found.

8.2.1.6 Synthesis of (tBu)P{P-(tBu), (5d)

To a solution of tris(tert-butyl)phosphazenyl phosphorus dichloride (4d)

(0.32 mg, 1.00 mmol, 1.0 eq.) in Et;O (50 mL) was added ¢-BuLi (1.09 mL of 1.88 M
solution, 2.05 mmol, 2.05 eq.) dropwise at =78 °C. The reaction mixture was stirred at this
temperature for 1 h and afterward was allowed to reach RT overnight. The solvent was
removed in vacuo and the residue was redissolved in pentane (20 mL). The solution was
filtered over Celite® and the filter cake was washed with pentane (3 x 10 mL) before the
solvent was removed in vacuo. Tris(tert-butyl)phosphazenyl)bis-tert-butyl phosphine (5d)
(0.31 mg, 0.88 mmol, 88%) was obtained as a colorless solid.
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'H-NMR (300 MHz, CgDg): & (ppm) = 1.40 (d, *J(P,H) = 10.1 Hz, 12H, P(III)CCHj;),
1.32 (d, 3J(P,H) = 12.6 Hz, 18H, P(V)CCH,).

BC{'H}-NMR. (75 MHz, CgDg): 6 (ppm) = 42.7 (dd, YJ(P,C) = 50.0Hz, 3J(P,C) =
2.8Hz), 35.8 (dd, J(P,C) = 31.5Hz, 3J(P,C) = 5.8Hz), 30.8 (d, ?/(P,C) = 3.1Hz), 30.1
(d, 2J(P,C) = 16.2 Hz).

31pf'H}-NMR (121 MHz, CgDg): 6 (ppm) = 90.4 (d, %J(P,P) = 26.7 Hz, P(III)), 39.3 (d,
2J(P,P) = 26.7Hz, P(V)).

LIFDI(+)-HRMS = 362.31055 [M-H|* calc., 362.306 75 [M-H|* found.

8.2.1.7 Synthesis of P(Odipp),Cl (8)

Cl

dlpp\o, P\O,dlpp

Bis(2,6-diisopropylphenyl) phosphorochloridite (8) was prepared according to literature pro-
cedures. 3l The crude product was used in subsequent reactions without purification.

'H-NMR (300 MHz, CgDg): 6 (ppm) = 7.04 (s, 6H, ArH), 3.72 (septd, 3J(H;H) = 6.8 Hz,
°J(P,H) = 1.5 Hz, 4H, CH3;CHCHj3), 1.21 (t, 3J(H,H) = 6.8 Hz, 24H, CH3CHCH3).
31pf'H}-NMR (121 MHz, CgDg): & (ppm) = 174.3 (s).

8.2.1.8 Synthesis of (dma)P,P-(Odipp), (9)

dipp—O  dipp
P-0

N
MeoN-F
MegN NMeg

Tris(dimethylamino)phosphazene (2a) (1.50 mmol, 0.27 g, 1.0 eq.) was dissolved in THF
(20 mL) and cooled to =78 °C. n-BuLi (0.6 mL of 2.5 M solution, 1.50 mmol, 1.0 eq.) was added
dropwise over 10 min. The mixture was stirred at =78 °C for 1 h. Bis(2,6-diisopropylphenyl)
phosphorochloridite (8) (0.64 g, 1.50 mmol, 1.0 eq.) was dissolved in THF (20 mL) and added
dropwise to the reaction mixture over 10 min. The mixture was stirred at —78 °C for 1 h before
it was allowed to warm up to RT overnight. The solvent was removed in vacuo, the residue
was redissolved in pentane (20 mL) and filtered over Celite®. The filter cake was washed
with pentane (3x 10 mL) and the solvent was removed in vacuo. Bis(2,6-diisopropylphenyl)
(tris(dimethylamino)-A%-phosphineylidene)phosphoramidite (9) (0.56 g, 1.0 mmol, 67%) was
obtained as a colorless solid.

H-NMR (300 MHz, CgDg): 6 (ppm) = 7.18 (s, 2H, ArH), 7.18-7.04 (m, 3H, ArH), 4.09
(dsept, 3J(H,H) = 6.5 Hz, °J(P,H) = 2.2 Hz, 4H, CH3;CHCHj;), 2.27 (d, 3J(P,H) = 10.0 Hz, 18H,
NCHj3), 1.33 (dd, 37(H,H) = 16.8 Hz, °J(P,H) = 2.9 Hz, 24H, CH3CHCH3).

BC{'H}-NMR (75 MHz, CgDg): 6 (ppm) — 148.5 (d, 2/(P,C) = 1.5Hz), 140.9 (d,
2J(P,C) = 2.4Hz), 122.6 (s), 122.4 (s), 38.8 (dd, J(P,C) = 2.9Hz, J(P,C) = 4.0Hz), 26.5
(d, 2J(P,C) = 6.6 Hz), 23.4 (s), 22.8 (s).
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3Ip{'H}-NMR (121 MHz, Cg¢Dg): & (ppm) = 150.3 (d, 2J(P,P) = 62.8 Hz, P(III)), 24.5
(d, 2J(P,P) = 62.8 Hz
LIFDI(4)-HRMS = 562.356 55 [M-HJ|* calc., 562.354 91 [M-H]* found.

8.2.1.9 Synthesis of (dma)P,P-tBu (6a)

NMe»>
. FI): NMez
N"" “NMe;

.P
MGZN\P//N ~
MesN NMeg

Bu

A solution of n-BuLi (1.12 mL of 2.5 M solution, 2.80 mmol, 2.0 eq.) was added dropwise
to a solution of tris(dimethylamino)phosphazene (2a) (499.0 mg, 2.00 eq., 2.80 mmol) in
Et,0 (50 mL) at =78 °C over a period of 30 min. This mixture was stirred for 1 h at =78 °C.
Afterwards a solution of ¢-BuPCl, (222.6 mg, 1.40 mmol, 1.00 eq.) in Et,0 (50 mL) was added
dropwise. The mixture was stirred at =78 °C for 1 h and was allowed to reach RT overnight.
The solvent was removed in vacuo and the residue was redissolved in pentane (50 mL). The
resulting solution was filtered over Celite®, the filter cake was washed with pentane (3 x
10 mL) and the solvent was removed in vacuo. |Bis(tris(dimethylamino)phosphazenyl|-(tert-
butyl) phosphine (6a) was obtained as a colorless oil (434 mg, 0.98 mmol, 70%).

'H-NMR (300 MHz, CgDg): & (ppm) — 2.60 (d, 3J(P,H) = 9.8Hz, NCH;), 1.44 (d,
31(P,H) = 11.4Hz, CHs).

BC{'H}-NMR (75 MHz, CgDg): 8 (ppm) — 37.6 (d, 2J(P,C) = 3.2Hz, NCH3), 37.1 (dd,
1J(P,C) = 22.0 Hz, 3J(P,C) = 3.8 Hz, CCHj), 25.6 (d, 2J(P,C) = 18.3 Hz, (CCH3).
3Ip{'H}-NMR (121 MHz, CgDg): 6 (ppm) = 87.3 (t, 2J(P,P) = 59.3 Hz, P(III)), 20.4 (d,
2J(P,P) = 59.3 Hz, P(V)).

LIFDI(+)-HRMS = 443.30583 [M-H|* calc., 443.305 59 [M-H]|* found.

8.2.1.10 Synthesis of (pyrr)P,P-tBu (6b)

Exgyrr

Nc \pyrr

.P
pyrrs 2N “tBu

pyrr Fl)yrr

A solution of n-Buli (1.54 mL (2.58 M solution), 1.99 mmol, 2.0 eq.) was added dropwise
to a solution of tris(pyrrolidino)phosphazene (2b) (0.97 mg, 1.90 eq., 2.80 mmol) in Et,0
(50 mL) at —78 °C over a period of 30 min. Afterwards a solution of ¢-BuPCl, (316.9 mg,
1.99 mmol, 1.00 eq.) in Et,O (50 mL) was added dropwise over 30 min. This mixture was
stirred at =78 °C for 1 h before being allowed to reach RT overnight. Afterwards the solvent
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was removed in vacuo and the residue was redissolved in pentane (50 mL). The mixture was
filtered over Celite® and the filter cake was washed with pentane (3 x 10 mL). The solvent
was removed in vacuo and the remaining phosphazene (2b) was removed by heating at 120 °C
at 11072 mbar. [Bis(tris(pyrrolidino)phosphazenyl|-(tert-butyl)phosphine (6b) was obtained
as a colorless solid (0.90 g, 1.5 mmol, 75%).

"H-NMR (300 MHz, Cg¢Dg): & (ppm) = 3.37-3.19 (m, 24H, NCH,CH,), 1.69-1.62 (m,
24H, NCH,CH,), 1.52 (d, 3J(P,H) = 11.2 Hz, 9H, CCHj).

BC{'H}-NMR (75 MHz, CgDg): & (ppm) = 47.3 (t, J(P,C) = 3.2Hz), 35.1 (dd, J(P,C) =
38.9Hz, 2J(P,C) = 12.4Hz, CCHj3), 26.8 (d, %J(P,C) = 7.8 Hz), 26.2 (d, J(P,C) = 18.3Hz).
31pf'H}-NMR (121 MHz, C¢Dg): & (ppm) = 84.0 (t, 2J(P,P) = 59.6 Hz, P(III)), 6.8 (d,
21(P,P) = 59.6 Hz, P(V)).

LIFDI(+)-HRMS = 599.399 73 [M-H|* calc., 599.402 26 [M-H]|* found.

8.2.1.11 Synthesis of Biaryl-P(NEt;), (11)

OMe

To a solution of 2-bromo-3’,5’-dimethoxy-1,1"-biphenyl (10) (0.10 g, 0.34 mmol, 1.0 eq.) in
Et;0 (10 mL) n-BuLi (0.14 mL of 2.5 M solution in hexane, 0.34 mmol, 1.0 eq.) was added
dropwise at —78 °C. The reaction mixture was stirred for 1 h at this temperature before
(NEt3)oPCl (71.9 mg, 0.34 mmol, 1.0 eq.) was added dropwise. The mixture was stirred
again for 1 h at —78 °C before being allowed to reach RT and stir overnight. The solvent was
removed in vacuo and the residue was dissolved in pentane (20 mL), filtered over Celite® and
the solvent was removed in vacuo again. 1-(3’,5’-dimethoxy-|1,1’-biphenyl]-2-y1)-N,N,N’,N -
tetraethylphosphinediamine (11) (0.11 g, 0.28 mmol, 81%) was obtained as a viscous oil.

"H-NMR (300 MHz, C¢Dg): 6 (ppm) = 7.80-7.75 (m, 1H, ARH), 7.38-7.24 (m, 2H, ARH),
6.99 (d, 2J(H,H) = 2.3 Hz, 2H, ARH), 6.60 (t, 2J(H,H) = 2.3 Hz, 2H, ARH), 3.43 (s, 6H, OCHj;),
2.96-2.82 (m, 8H, NCH,CH,), 0.94 (t, 12H, 2J(H,H) = 7.1 Hz, NCH,CH,).

BC{'H}-NMR (75 MHz, CgDg): & (ppm) = 160.6 (s), 131.4 (s), 131.2 (s), 126.8 (s), 107.4
(d, 2J(P,C) = 5.9Hz), 99.4 (s), 54.7 (s), 43.7 (d, YJ(P,C) = 18.4Hz), 14.7 (d, ?J(P,C) = 3.4 Hz).
3Ip{'H}-NMR (121 MHz, CgDg): & (ppm) = 96.3 (s).

LIFDI(+)-HRMS = 388.22796 [M-H|* calc., 388.226 11 [M-H]|* found.
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8.2.1.12 Synthesis of Biaryl-PCl, (12)

1-(3’,5’-dimethoxy-[1,1’-biphenyl]-2-y1)- N, N,N’, N -tetraethylphosphinediamine (11)

(0.73 g, 1.86 mmol, 1.0 eq.) was dissolved in Et,O (30 mL) and cooled to 0 °C. Afterwards
HCI (4.0 M solution in dioxane, 1.86 mL, 7.44 mmol, 4.0 eq.) was added dropwise over 5 min.
The mixture was allowed to reach RT and stirred for 1 h. The solution was filtered and
washed with Et,O (3 x 20 mL) and the solvent removed in vacuo. The resulting solid was
recrystallized from Toluene / Et50O. Dichloro(3’,5-dimethoxy-[1,1’-biphenyl|-2-yl)phosphine
(12) (0.46 g, 1.46 mmol, 79%) was obtained as a colorless solid.

3Ip{'H}-NMR (121 MHz, CgDg): & (ppm) = 159.5 (s).

8.2.1.13 Synthesis of (dma)P;,P-Biaryl (13)

(Ul by,
MeoN- Py

R= P.
O .
.P~NMe
2
MeO OMe Me2N'Nive,

To a solution of Dichloro(3’,5’-dimethoxy-|1,1’-biphenyl|-2-yl)phosphine (12)

(50.0 mg, 0.16 mmol, 1.0 eq.) in Et50 (10 mL) was added a solution of (NMey)3PNLi (2a-
Li) (58.4 mg, 0.32 mmol, 2.0 eq.) in Et;O (10 mL) dropwise at =78 °C over 5 min. The
mixture was stirred at =78 °C for 1 h before being allowed to reach RT and stir overnight.
Afterwards the solvent was removed in vacuo, dissolved in pentane (20 mL), filtered over
Celite® and washed with pentane (3 x 10 mL). The solvent was removed in vacuo to receive
(dma)P,yP-Biaryl (13) (51 mg, 0.09 mmol, 54%) as a viscous oil. Notably, it was not possible
to isolate this compound without impurities from (Me,N)sPNH (2a) or traces of mono sub-
stituted BiarylP;PCl. Additionally the reaction proceeded better when the lithium organyl
was isolated prior to the reaction instead of generating it in situ.

'H-NMR (300 MHz, CgDg): 6 (ppm) — 8.94 (d, J(H,H) = 6.5 Hz, 1H, ArH), 7.54-7.46 (m
2H, ArH), 7.28-7.17 (m, 4, ArH), 6.60 (t, J(H,H) = 2.2Hz, 1H, ArH), 3.52 (s, 6H, OCHjy),
2.49 (d, 36H 3J(P,H) = 9.8 Hz, NCH3).

BC{'H}-NMR. (75 MHz, CgDg): & (ppm) = 160.0 (s), 130.9 (s), 128.5 (s), 109.8 (d,
J(P,C) = 7.5Hz), 98.5 (s), 54.6 (s), 37.3 (m), 37.0 (d, ](PC)—29HZ)

31pfIH}-NMR (121 MHz, CgDg): & (ppm) = 61.1 (t, 2/(P,P) = 68.4 Hz, P(III)), 20.2 (d,
2J(P,P) = 68.4Hz, P(V)).

121



Synthesis Experimental Section

LIFDI(+)-HRMS = 599.326 96 [M-H|* calc., 599.327 91 [M-H|* found.

8.2.1.14 Attempted synthesis of Pincer phosphazene 18

Bu Bu
EtZN‘P// N~ P< N. F)/N Eto Eth\P// N” P\Cl
A P N
EtN /O O\ NEt, EtoN /O
Ph Ph Ph
18 19

(NEt5),OPhPNH (17) (40.0 mg, 0.14 mmol, 1-0 eq.) was dissolved in Et,O (5 mL) and cooled
to =78 °C. n-BuLi (0.05 mL of 2.5 M solution in hexane, 0.14 mmol, 1.0 eq.) was added
dropwise at =78 °C and the mixture was stirred for 1 h. Afterwards ¢-BuPCl, (11.2 mg,
0.07 mmol, 0.50 eq.) in Et;O (5 mL) was added dropwise and the mixture was again stirred
for 1 h. Afterwards the mixture was allowed to warm up to RT overnight. The mixture was
filtered over Celite® and washed with Eto0 (3 x 10 mL) and the solvent was removed in
vacuo. 3'P-NMR shows, that only monosubstitution has taken place leading to compound
19.

3Ip{'H}-NMR (121 MHz, CgDg): 8 (ppm) = 177.4 (d, 2J(P,P) = 63.2 Hz, P(III)-Cl), 23.4
(d, 2J(P,P) = 63.2 Hz, P(V)).

8.2.1.15 Synthesis of 20

Cl
' Ph
PS )
BN g NEtz  EtNTONTUP(L
PH Ph NEfy 2
20 21

(NEt5),OPhPNH (17) (0.35 g, 1.22 mmol, 1.0 eq.) was dissolved in Et,O (20 mL) and n-BuLi
(0.47 mL of 2.5 M solution in hexane, 1.22 mmol, 1.0 eq.) was added dropwise at =78 °C. The
mixture was stirred for 1 h at this temperature before PCl; (83.8 mg, 0.61 mmol, 0.5 eq.) was
added dropwise. The mixture was again stirred at —78 °C for 1 h. Afterwards the mixture
was allowed to reach RT and was stirred overnight. Afterwards it was filtered over Celite®
and washed with Et,0O (3 x 10 mL) and the solvent was removed in vacuo. 3'P-NMR. shows
a mixture of 20 and 21.

3Ip{'H}-NMR (121 MHz, CgDg): & (ppm) — 155.5 (br. s, NP-P(III)CI-NP), 26.8 (d,
2J(P,P) = 91.7Hz, P(V)-N-P(V)), 20.9 (d, ?J(P,P) = 91.7Hz, P(V)-N-P(V)), 12.3 (d, 2J(P,P) =
76.9 Hz, P(V)-NPCI).
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8.2.1.16 Attempted synthesis of pincer phosphazene 18 via 20

ItBu Iz‘Bu
- P\ - P\
Et, N\P// N N. I:)/N =0 Eto N\P// N Cl
N\ i 7N\
EtN /O Q NEt, EtoN /O
Ph Ph Ph
18 19

20 from the previous reaction was reacted with one equivalent of ¢-BuLi at —78 °C in Et,0.
After stirring for 1 h at this temperature the reaction mixture was allowed to reach RT and
was stirred overnight. The mixture was filtered over Celite® and the solvent was removed in
vacuo. 3'P-NMR shows full conversion to 19.

3Ip{'H}-NMR (121 MHz, CgDg): 8 (ppm) = 177.4 (d, 2J(P,P) = 63.2 Hz, P(III)-Cl), 23.4
(d, 2J(P,P) = 63.2 Hz, P(V)).

8.2.2 Synthesis of phosphazenyl phosphine selenides
8.2.2.1 General procedure for the generation of phosphazenyl phosphine selenides

To a solution of phosphine (0.20 mmol, 1.0 eq) in toluene (5 mL) gray selenium (0.25 mmol,
1.20 eq.) was added and the mixture was stirred at 90 °C for 1 h. After cooling to room
temperature the mixture was filtered through a syringe filter and all volatile components were
removed in vacuo. Afterwards the residue was dissolved in pentane (10 mL) and filtered
through a syringe filter. The solvent was removed in vacuo and the selenides were obtained
as colorless to yellow solids.

8.2.2.2 Synthesis of (dma)P;P-(tBu),-Se (22a)

Bu® 3(2
_PZ
Bu N

Il
MeoN~F~NMe.
NMe>

"H-NMR (300 MHz, Cg¢Dg): & (ppm) = 2.43 (d, 3J(P,H) = 10.1 Hz, 18H, NCH3), 1.52 (d,
2J(P,H) = 15.3Hz, 18H, CCHj;).

BC{'H}-NMR (75 MHz, C¢Dg): § (ppm) = 39.5 (dd, J(P,C) = 57.4Hz, 3](P,C) = 4.4 Hz,
CCHy), 36.9 (d, 2J(P,C) = 3.8 Hz, NCHj), 27.6 (d, ?J(P,C) = 2.4 Hz), CCHj3).
3Ip{'H}-NMR (121 MHz, Cg¢Dg): 6 (ppm) = 75.4 (dd, %/(P,P) = 3.7Hz, 'J(P,Se) =
756.1 Hz, P(I11)), 24.5 (d, 2J(P,P) = 3.7Hz, P(V)).

""Se-NMR. (57.2 MHz, CgDg): & (ppm) — —273.4 (d, }J(P,Se) = 756.1 Hz.
LIFDI(+)-HRMS = 402.158 04 [M-H]|* calc., 402.158 97 [M-H]|* found.
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8.2.2.3 Synthesis of (pyrr)P1P-(tBu),-Se (22b)

Bu” \
pyrr—P—pyrr
pyrr

'"H-NMR (300 MHz, C¢Dg): & (ppm) = 3.09 (td, 3J(H,H) = 6.6 Hz, %J(H,H) = 4.0 Hz,
12H, NCH,CH,), 1.58 (d, 3J(P,H) = 15.2Hz, 18H, CCH;), 1.51 (tt, 3J(H,H) = 6.6 Hz, 12H,
NCH,CH,).

BC{'H}-NMR (75 MHz, CgDg): 6 (ppm) — 47.2 (d, 2J(P,C) = 4.5 Hz, NCH,CH,), 40.3
(dd, YJ(P,C) = 57.2Hz, 3J(P,C) = 4.3 Hz, CCH3), 28.5 (d, J(P,C) = 2.2Hz), 26.1 (d, J(P,C) =
8.2 Hz).

3Ip{'H}-NMR (121 MHz, CgDg): 6 (ppm) — 73.0 (dd, YJ(P,Se) = 693.0Hz, 2J(P,P) =
2.1Hz, P(III)), 9.9 (d, J(P,P) = 2.1Hz, P(V)).

""Se-NMR . (57.2 MHz, CgDg): 6 (ppm) = —257.4 (d, YJ(P,Se) = 693.0 Hz
LIFDI(+)-HRMS — 480.204 99 [M-H]J* calc., 480.207 01 [M-H]|* found.

8.2.2.4 Synthesis of (cy)P;P-(tBu),-Se (22c)

Bu_ Se ©
@/P -N,
Bu /P\— cy
cy cy

'"H-NMR (300 MHz, C¢Dg): 6 (ppm) = 2.19-2.08 (m, 5H), 2.01-1.84 (m, 4H), 1.75-1.63
(m, 6H), 1.54 (d, 3J(P,H) = 15.2Hz, 18H; CCHj), 1.49-1.43 (m, 5H), 1.16-1.03 (m, 8H),
0.90-0.84 (m, 1H).

BC{'H}-NMR (75 MHz, C¢Dg): & (ppm) = 40.7 (dd, YJ(P,C) = 57.8 Hz, 3](P,C) = 2.8 Hz,
CCH3), 37.3 (d, Y7(P,C) = 61.5Hz, CHCH,CH,CH,), 27.3 (d, J(P,C) = 2.8 Hz), 27.0 (d,
2J(P,C) = 12.0Hz, CCHj3), 26.1 (s).

3Ip{'H}-NMR (121 MHz, C¢Dg): & (ppm) = 76.2 (dd, 2J(P,P) = 26.4Hz, J(P,Se) =
692.4Hz, P(III)), 28.2 (d, 2J(P,P) = 26.4Hz, P(V)).

""Se-NMR (57.2 MHz, CgDg): 6 (ppm) = —250.6 (d, YJ(P,Se) = 692.4 Hz).
LIFDI(+)-HRMS = 519.266 19 [M-H|* calc., 519.267 48 [M-H]|* found.
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8.2.2.5 Synthesis of (tBu)P;P-(tBu),-Se (22d)

@Se
tBu\Ig@
Bu” \lhl

tBu—Fl’—tBu

Bu

'H-NMR (300 MHz, CgDg): & (ppm) = 1.58 (d, 3J(P,H) = 15.2Hz, 12H, P(III)CCHj;),
1.30 (d, 37(P,H) = 13.5 Hz, 18H, P(V)CCHs).

BC{'H}-NMR (75 MHz, C¢Dg): § (ppm) — 42.3 (dd, J(P,C) = 57.4Hz, 3](P,C) = 2.0 Hz,
CCHy), 40.6 (d, J(P,C) = 50.8 Hz, CCHj), 29.8 (s), 29.2 (d, 2J(P,C) = 2.7 Hz).
3Ip{'H}-NMR (121 MHz, Cg¢Dg): & (ppm) — 74.2 (dd, 2J(P,P) = 37.8 Hz, J(P,Se) =
695.4 Hz, P(III)), 45.7 (d, 2J(P,P) = 37.8 Hz, P(V)).

""Se-NMR (57.2 MHz, CgDg): & (ppm) = —222.5 (d, 1J(P,Se) = 695.4 Hz.
LIFDI(+4)-HRMS — 441.219 24 [M-H|* calc., 441.218 76 [M-H|* found.

8.2.2.6 Synthesis of (dma)P;P-(Odipp),-Se (28)

NMe
MeoN . 2
(=P) P

<

MegN/ @N/Se
00
dipp dipp

'H-NMR (300 MHz, Cg¢Dg): §(ppm) = 7.18 (d, 2J(H,H) = 1.5Hz, 2H, ArH), 7.11 (d,
2J(H,H) = 1.3Hz, 2H, ArH), 7.07 (m, 2H, ArH), 4.28 (sept, 2J(H,H) = 6.8 Hz, 4H, CH;CHCHS,),
2.28 (d, 3J(P,H) = 10.2Hz, 18H, NCH,), 1.38 (d, 2J(H,H) = 6.8 Hz, 12H, CH;CHCH,), 1.35
(d, 2J(H,H) = 6.8 Hz, CH;CHCHy).

BC{'H}-NMR (75 MHz, CgDg): &(ppm) = 148.2 (d, ?J(P,C) = 11.8Hz), 131.3 (d,
31(P,C) = 3.8Hz), 123.9 (d, J(P,C) = 2.5Hz), 123.2 (d, J(P,C) = 2.1Hz), 36.1 (d, 2J(P,C) =
4.1Hz, NCHj), 26.8 (s), 23.7 (s), 22.8 (s).

SIp{'H}-NMR (121 MHz, CgDg): & (ppm) — 38.5 (dd, 2J(P,P) = 68.8Hz, J(P,Se) =
902.2 Hz, P(III)), 21.5 (d, J(P,P) = 68.8 Hz, P(V)).

""Se-NMR. (57.2 MHz, CgDg): & (ppm) = —119.9 (d, 'J(P,Se) = 902.2 Hz).
LIFDI(+)-HRMS = 642.27307 [M-H|* calc., 642.273 26 [M-H|* found.
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8.2.2.7 Synthesis of (dma)P,P-tBu-Se (23a)

NM
MeoN 1 o2

MegN’P\\N ©
@FI),Se

Bu” “N._.NMe,

P Me

NMe> 2

H-NMR (300 MHz, Cg¢Dg): 6 (ppm) = 2.60 (d, ?J(P,H) = 10.0 Hz, 36H, NCHj), 1.70 (d,
2J(P,H) = 17.6 Hz, 9H, CCH;).

BC{'H}-NMR. (75 MHz, Cg¢Dg): & (ppm) — 39.4 (dt, J(P,C) = 103.9Hz, 3J(P,C) =
7.8 Hz, CCH3), 37.5 (d, 2J(P,C) = 4.2 Hz, NCHj3), 26.4 (d, 2J(P,C) = 2.0 Hz, CCHj3).
3Ip{'H}-NMR (121 MHz, CgDg): §(ppm) = 34.2 (td, J(P,P) = 21.0Hz, J(P,Se) =
676.6 Hz, P(III)), 17.5 (d, 2J(P,P) = 21.0 Hz, P(V))).

""Se-NMR . (57.2 MHz, CgDg): 6 (ppm) = —97.5 (d, 1J(P,Se) = 676.6 Hz).
LIFDI(+)-HRMS = 522.214 52 [M-H|* calc., 522.213 86 [M-H|* found.

8.2.2.8 Synthesis of (pyrr)P,P-tBu-Se (23b)

pyrr< pyrr

P~
- \N @
pyrr " Se

tBu'® N‘\P’ pyrr
~N
F|> SRy

'H-NMR (300 MHz, CgDg): 6§ (ppm) = 3.37 (m, 12H, NCH5CH,), 3.23 (m, 12H, NCH,CH,),
1.77 (d, %J(P,H) = 17.4Hz, 9H, CCH;), 1.66 (m, 24H, NCH,CH,).

BC{'H}-NMR (75 MHz, C¢Dg): § (ppm) = 47.3 (d, 2J(P,C) = 4.6 Hz), 39.7 (dt, 'J(P,C) =
104.7Hz, 3J(P,C) = 9.0Hz, CCHs), 27.0 (d, %/(P,C) = 2.0Hz), 26.7 (d, ?J(P,C) = 8.5 Hz,
CCH3).

3Ip{'H}-NMR (121 MHz, CgDg): §(ppm) — 31.0 (td, J(P,P) = 16.3Hz, J(P,Se) =
665.5 Hz, P(II)), 2.9 (d, 2J(P,P) = 16.3 Hz, P(V)).

"Se-NMR . (57.2 MHz, CgDg): 6 (ppm) — —71.3 (d, 1J(P,Se) = 665.5 Hz).
LIFDI(+)-HRMS — 678.308 42 [M-H]|* calc., 678.307 83 [M-H|* found.
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8.2.2.9 Synthesis of (dma)P,P-Biaryl-Se (30)

O Me,N \Mez
MeN-Pry 0

R= _PZ
ST
'~ NMes
MeO OMe Me2N NMe,

The compound could not be isolated free of impurities (ca. 10%).

"H-NMR (300 MHz, CgDg): & (ppm) = 7.82-7.76 (m, 1H, ArH), 7.54-7.50 (m, 1H, ArH),
7.35-7.29 (m, 1H, ArH), 7.28 (m, 2H, ArH), 7.23-7.18 (m, 1H, ArH), 7.07-6.99 (m, 1H, ArH),
6.97-6.91 (m, 2H, ArH), 6.83 (d, J(H,H) = 2.3Hz, 1H), 6.55 (t, J(H,H) = 2.3 Hz, 1H), 3.52 (s,
6H, OCHj3), 2.47 (d, 2J(P,H) = 9.9 Hz, 36H, NCH;).

BC{'H}-NMR (75 MHz, DMSO): § (ppm) = 159.6 (s), 132.6 (d, J(P,C) = 10.9 Hz), 129.3
(d, J(P,C) = 12.1Hz), 128.0 (s), 127.3 (s), 55.3, 37.5 (dd, J(P,C) = 4.4 Hz, J(P,C) = 10.4 Hz).
3IpfIH}-NMR (121 MHz, CgDg): & (ppm) = 19.0 (d, 2J(P,P) = 38.3Hz, P(V)), 10.0 (t,
2J(P,P) = 38.3 Hz, P(III)).

""Se-NMR. (57.2 MHz, CgDg): 6 (ppm) = 26.7 (d, 'J(P,Se) = 672.4 Hz).
LIFDI(+4)-HRMS = 677.228 17 [M-HJ* calc., 677.227 83 [M-HJ* found.

8.2.3 Synthesis of phosphazenyl phosphine nickel carbonyl complexes

8.2.3.1 General procedure for the generation of phosphazene nickel tricarbonyl
complexes

A solution of phosphine (1.00 eq, 0.20 mmol) in toluene (5 mL) was added dropwise to
a solution of [Ni(CO)4| in toluene (5 mL). The mixture was stirred for 1 h. Afterwards
the solvent was removed in vacuo, the residue dissolved in pentane and filtered through
a syringe filter. The solvent was removed in vacuo to yield the corresponding phosphine
nickeltricarbonyl complexes as orange to red solids.

8.2.3.2 Synthesis of [(dma)P;P-(tBu),-Ni(CO)3] (25a)

TBU\P/Ni(CO)g

~

Bu” w
MeoN~F~NMe.
NMe,

'"H-NMR (300 MHz, CgDg): & (ppm) — 2.31 (d, 2J(P,H) = 9.8 Hz, 18H, NCH;), 1.30 (d,
2J(P,H) = 13.0 Hz, 18H, CCHj).

BC{'H}-NMR (75 MHz, CgDg): &(ppm) = 200.0 (d, 2/(P,C) = 2.3Hz, NiCO), 38.4
(dd, YJ(P,C) = 13.9Hz, ?J(P,C) = 4.5Hz, CCHj3), 37.3 (d, 2J(P,C) = 4.4Hz, NCH3), 28.4 (d,
2J(P,C) = 8.1 Hz, CCHj).
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31pfIH}-NMR (121 MHz, Cg¢Dg): & (ppm) = 101.4 (d, 2J(P,P) = 16.4Hz, P(III)), 13.4
(d, 2J(P,P) = 16.4 Hz, P(V)).

LIFDI(+)-HRMS = 464.161 61 [M-H|* calc., 464.163 07 [M-H]|* found.

IR (neat) — 2893 (w), 2803 (w), 2040 (s, CO), 1948 (vs, CO), 1480 (w), 1456 (m), 1386 (m),
1315 (m), 1261 (m), 1184 (m), 1100 (m), 1064 (m), 1017(m), 976 (s), 803 (m), 725 (m), 601
(w), 573 (w), 487 (m), 454 (s).

8.2.3.3 Synthesis of [(pyrr)P1P-(tBu),-Ni(CO)3] (25b)

iy Ni(CO)

P P\
Bu w
pyrr—P=pyrr
pyrr

'H-NMR (300 MHz, CgDg): § (ppm) = 2.79 (m, 12H, NCH5CH,), 1.28 (m, 12H, NCH,CH,),
1.15 (d, 3J(P,H) = 13.0 Hz, 18H, CCHj;).

BC{'H}-NMR. (75 MHz, C¢Dg): & (ppm) = 200.5 (d, 2/(P,C) = 2.6 Hz, NiCO), 47.1 (d,
2](P,C) = 4.6 Hz, NCH,CH,), 38.5 (dd, 3J(P,C) = 5.2Hz, CCHj), 28.8 (d, %/(P,C) = 8.1 Hz,
NCH,CH,), 26.4 (d, 3J(P,C) = 8.2Hz, CCHj).

31pf'H}-NMR (121 MHz, Cg¢Dg): 6 (ppm) = 100.0 (d, 2/(P,P) = 24.0 Hz, P(III), 0.5 (d,
2J(P,P) = 24.0Hz, P(V)).

LIFDI(+)-HRMS = 542.208 [M-H]|* calc., 542.210 02 [M-H|* found.

IR (neat) — 2960 (w), 2866 (w), 2042 (m, CO), 1974 (m), 1946 (s), 1259 (m), 1195 (m),
1070 (s), 1008 (s), 933 (w), 914 (w), 865 (w), 795 (s), 700 (w), 581 (m), 560 (m), 489 (w),
467 (w), 447 (m).

8.2.3.4 Synthesis of [(cy)P;1P-(tBu),-Ni(CO)3] (25c¢)

Bu Ni(CO)3

P-N
/ W

Bu /P\— cy
cy cy

H-NMR (300 MHz, CgDg): 6§ (ppm) = 1.97 (d, J(H,H) = 12.5Hz, 5H), 1.83 (m, 4H), 1.68
(m, 3H), 1.33 (d, 3(P,H) = 12.9Hz, 18H, CCH,), 1.10 (m, 9H).

BC{'H}-NMR (75 MHz, CgDg): & (ppm) = 200.0 (d, 2J(P,C) = 1.9 Hz, NiCO), 39.1 (dd,
J(P,C) = 14.1Hz, 3J(P,C) = 2.9Hz, CCH3), 37.7 (d, YJ(P,C) = 63.0Hz, CHCH,CH,CH,),
28.8 (d, 2J(P,C) = 8.2Hz, CCHj),

27.5 (d, 3J(P,C) = 2.8 Hz, CHCH,CH,CH,), 26.9 (d, %J(P,C) = 12.4 Hz, CHCH,CH,CH,), 26.1
(s, CHCH,CH,CH,).

31pf'H}-NMR (121 MHz, CgDg): 6 (ppm) = 104.5 (d, 2J(P,P) = 4.0 Hz, P(III)), 20.4 (d,
2](P,P) = 4.0Hz, P(V)).

LIFDI(+)-HRMS = 581.269 76 [M-H|* calc., 581.268 72 [M-H|* found.

IR (neat) — 2930.2 (m), 2851.8 (m), 2042.8 (m, CO), 1973.4 (s), 1957.2 (vs), 1927.1 (w),
1447.6 (vw), 1285.4 (m), 1255.3 (vs), 1174.2 (w), 1009.8 (w), 852.2 (vw), 801.3 (m), 650.7
(vw), 574.2 (w), 530.2 (m), 486.2 (m), 451.5 (vs).
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8.2.3.5 Synthesis of [(tBu)P;P-(tBu),-Ni(CO)3] (25d)

Ni(CO)3
Bu.g

Bu lhl
tBu—Fl’—tBu
Bu

"H-NMR (300 MHz, CgDg): & (ppm) = 1.38 (d, 3J(P,H) = 17.3 Hz, 12H, CCH3), 1.23 (d,
31(P,H) = 10.9 Hz, 18H, CCHj).

BC{'H}-NMR (75 MHz, C¢Dg): & (ppm) — 200.1 (d, 2J(P,C) = 2.2 Hz, NiCO), 42.1 (dd,
J(P,C) = 51.9Hz, 3J(P,C) = 2.0Hz, CCHj), 41.8 (d, YJ(P,C) = 10.7Hz, 3J/(P,C) = 1.4Hz,
CCHjy), 30.8 (s, CCHj), 30.5 (d, 2J(P,C) = 7.9 Hz, CCHj).

3Ip{'H}-NMR (121 MHz, Cg¢Dg): & (ppm) = 108.8 (d, 2J(P,P) = 25.8 Hz, P(III)), 38.0
(d, 2J(P,P) = 25.8 Hz, P(V)).

LIFDI(+)-HRMS = 503.22281 [M-H|* calc., 503.225 10 [M-H|* found.

IR (neat) = 2908.1 (mb), 2039.4 (s, CO), 1951.6 (vs), 1472.9 (m), 1390.6 (m), 1248.6 (s),
1165.8 (s), 1011.2 (m), 933.8 (m), 805.4 (m), 618.9 (m), 491.6 (m), 448.3 (m).

8.2.3.6 Synthesis of [(dma)P;P-(Odipp),-Ni(CO)3] (29)

MegN\P/NMeZ
MeoN N Ni(CO)s
0" "0

dipp dipp

'H-NMR (300 MHz, C¢Dg): & (ppm) = 7.14 (m, 6H, ArH), 4.13 (sept, 3J(H,H) = 6.7 Hz,
4H, CH3CHCHjs), 2.2 (d, 3J(P,H) = 10.3 Hz, 18H, NCH3), 1.35 (d, 3J/(H,H) = 6.8 Hz, CHj),
1.30 (d, 3J(H,H) = 6.8 Hz, CH;CHCHy3).

BC{'H}-NMR (75 MHz, CgDg): 6 (ppm) = 195.8 (s, NiCO), 148.6 (d, 2J(P,C) = 8.8 Hz),
141.2 (d, 3J(P,C) = 3.4Hz), 123.4 (s), 122.6 (s), 35.7 (d, ¥ (P,C) = 4.0 Hz, CH;CHCH3), 27.2
(s), 22.7 (d, ?J(P,C) = 10.0 Hz).

3Ipf'H}-NMR (121 MHz, CgDg): 6 (ppm) = 132.3 (d, ¥/(P,P) = 46.0 Hz, P(III)), 15.2
(d, 2J(P,P) = 46.0 Hz, P(V)).

LIFDI(+)-HRMS — 704.276 64 [M-H|* calc., 704.27542 [M-H|* found.

IR (neat) = 3026.8 (w), 2104.5 (m, CO), 2019.4 (vs), 1492.4 (w), 1465.3 (m), 1318.0 (m),
1197.9 (s), 1114.6 (m), 1085.6 (m), 1066.2 (m), 1041.0 (m), 1000.3 (vs), 872.5 (s), 814.3 (m),
771.7 (m), 754.2 (m), 729.1 (m), 669.0 (W), 616.7 (w), 492.7 (w), 455.9 (m).
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8.2.3.7 Synthesis of [(dma)P,P-tBu-Ni(CO)3] (26a)

NM
MezN. |} €2
MeoN" SN
©2 1 Ni(COJs
Bu” “N._.NMe,

P~ Me

N eo 2

H-NMR (300 MHz, CgDg): 6 (ppm) — 2.48 (d, 3J(P,H) = 9.9Hz, 36H, NCHj), 1.40 (d,
31(P,H) = 15.0 Hz, 9H, CCH;).

BC{'H}-NMR (75 MHz, Cg¢Dg): & (ppm) = 202.0 (d, 2/(P,C) = 4.6 Hz, NiCO), 39.8 (dt,
7(P,C) = 34.5Hz, 3J(P,C) = 6.9 Hz, CCHj), 25.8 (d, 2J(P,C) = 9.6 Hz, NCHj).
31pf'H}-NMR (121 MHz, Cg¢Dg): 6 (ppm) = 79.8 (t, 2J(P,P) = 5.2Hz, P(III)), 7.5 (d,
2J(P,P) = 5.2Hz, P(V)).

LIFDI(+)-HRMS = 584.218 09 [M-HJ* calc., 584.219 51 [M-H]|* found.

IR (neat) — 2960.1 (w), 2877.3 (m), 2796.5 (w), 2032.1 (s, NiCO), 1942.9 (vs), 1456.8 (w),
1375.9 (m), 1348.7 (m), 1309.5 (vs), 1256.2 (s), 1188.1 (m), 1092.3 (m), 1062.9 (m), 969.4
(vs), 865.0 (w), 798.7 (s), 749.7 (m), 641.8 (s), 641.8 (m), 597.4 (m), 574.0 (m), 484.8 (m),
460.7 (s), 433.7 (m).

8.2.3.8 Synthesis of [(pyrr)P,P-tBu-Ni(CO)3] (26b)

pyrr
pyrr< P

Py lT'F,,Ni(CO)g,

tBu” "N._.pyrr
||3\ rr
py?

'"H-NMR (300 MHz, CgDg): & (ppm) — 3.27-3.07 (m, 24H, NCH,CH,), 1.71-1.54 (m,
24H, NCH,CH,), 1.48 (d, 3J(P,H) = 14.8 Hz, CCHj;).

BC{'H}-NMR (75 MHz, C¢Dg): & (ppm) = 201.9 (d, 2/(P,C) = 5.0 Hz, NiCO), 46.9 (d,
21(P,C) = 4.9Hz, NCH,CH,), 39.5 (d, J(P,C) = 35.2Hz, CCHj3), 26.7 (d, ?J(P,C) = 8.7 Hz,
NCH,CH,), 26.0 (d, ?J(P,C) = 9.6 Hz, CCHj).

3Ip{'H}-NMR (121 MHz, CgDg): & (ppm) — 77.7 (s, P(III)), —5.6 (P(V)).
LIFDI(+)-HRMS = 740.31199 [M-HJ* calc., 740.310 98 [M-H]|* found.

IR (neat) = 2961.2 (m), 2856.2 (m), 2030.4 (m, CO), 1937.8 (s) , 1258.2 (s), 1194.4 (m),
1124.4 (m), 1070.8 (s), 1004.9 (s), 912.3 (w), 869.0 (m), 805.2 (m), 759.9 (w), 683.7 (w), 597.2
(m), 558.0 (s).
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8.2.3.9 Synthesis of [(dma)P,P-Biaryl-Ni(CO)3] (31)

O Me,N \Mez
MeoN- Py

Ao &~ Ni(CO)g
> "
P~NMe
'| 2
MeO OMe Me2N NMe,

This compound could not be isolated without impurities.

"H-NMR (300 MHz, CgDg): & (ppm) = 9.09-8.89 (m, 1H, ArH), 7.55-7.30 (m, 4H, ArH),
6.62 (s, 2H, ArH), 3.58 (s, 6H, OCHs), 2.47 (s, 2J(P,C) = 9.4 Hz, NCHj).

BC{'H}-NMR (75 MHz, Cg¢Dg): 6 (ppm) = 159.9 (s), 109.6 (s), 54.7 (s), 37.0 (s).
3Ip{'H}-NMR (121 MHz, CgDg): 6 (ppm) = 56.0 (t, 2J(P,P) = 12.9 Hz, P(III)), 12.0 (d,
2J(P,P) = 12.9Hz, P(V)).

LIFDI(+)-HRMS = 740.239 22 [M-HJ|* calc., 740.240 99 [M-H|* found.

IR (neat) = 3000.3 (w), 2878.8 (m), 2798.5 (m), 2036.6 (m), 1939.8 (vs), 1799.8 (w), 1593.9
(s), 1455.9 (s), 1287.0 (vs), 1188.2 (vs), 1153.2 (vs), 1064.6 (vs), 974.0 (vs), 726.9 (vs), 576.6
(m), 533.4 (m), 475.7 (m), 453.0 (s).

8.2.4 Synthesis of phosphazenyl phosphine CO, adducts
8.2.4.1 Attempted Synthesis of (R)P{P-(tBu),-CO; (39a to 39d)

R2 CO,
R2R

rt N

P
Rt R

R1 = NMey, pyrr, cy, tBu
R2 = tBu

PP base (100 mg) was dissolved in pentane (10 mL) and cooled to =78 °C. Afterwards the
argon atmosphere was removed and replaced by a CO4 atmosphere for a total of three cycles.
A white precipitate could be observed after stirring in this atmosphere for 5 min. The solution
was decanted and the white precipitate was dissolved in Et;O and a 3'P-NMR was taken.
The resulting P{P—CO, adducts turned out to be unstable at RT and in only one case it was
possible to measure this adduct. Only pure PP base was detected in all other cases.

Data for (pyrr)P{P-(¢Bu),-CO2 (39b):
3Ip{'H}-NMR (121 MHz, CgDg): 6 (ppm) = 41.9 (s, P(III)), 11.9 (s, P(V)).
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8.2.4.2 Synthesis of (dma)P,P-tBu-CO, (40a)

NM
MGQN\F') ©2
Me,N~ SN ©

N. _NM
Bu *p: €o

NSy ©2

Synthetic route a)

(dma)PyP-(¢Bu) (6a) (100 mg, 0.23 mmol, 1.0 eq.) was dissolved in Et50 (15 mL), cooled to
—78 °C and freshly ground dry ice (excess) was dropped slowly into this solution. Afterwards
the solution was stirred at —78 °C for 1 h and the solvent was removed in vacuo. (dma)PoP-
tBu-CO, (40a) (109 mg, 0.23 mmol, quant.) was obtained as a white solid. This route does
generate a small amount of protonated (dma)PQP—tBuH+ as a result of the dry ice being
slightly wet.

Synthetic route b)

(dma)P,P-(¢Bu) (6a) (100 mg, 0.23 mmol, 1.0 eq.) was dissolved in Et,O (15 mL) and cooled
to =78 °C. The argon atmosphere was removed and replaced with a CO4 atmosphere for a
total of three cycles. Afterwards the solution was stirred at =78 °C for 1 h and the solvent
was removed in vacuo. (dma)PyoP-tBu-CO, (40a) (quant.) was obtained as a white solid.

'"H-NMR (300 MHz, CgDg): & (ppm) — 2.50 (d, 2J(P,H) = 10.1 Hz, 36H, NCH;), 1.63 (d,
2J(P,H) = 15.2 Hz, 9H, CCH,).

BC{'H}-NMR (75 MHz, C¢Dg): 6 (ppm) = 167.8 (d, J(P,C) = 128.6 Hz, CO,), 37.2 (d,
2J(P,C) = 3.7THz, NCH3), 25.5 (s, CCHj).

3Ip{'H}-NMR (121 MHz, Cg¢Dg): 6 (ppm) = 19.2 (d, 2J(P,P) = 19.4Hz, P(V)), 4.3 (t,
2J(P,P) = 19.4 Hz, P(III)).

MS-data is unavailable due to decomposition of the compound under MS conditions.

IR (neat) = 3002.4 (w), 2883.0 (m), 2800.6 (w), 1633.0 (s, CO,), 1478.5 (m), 1455.9 (m),
1371.5 (m), 1282.9 (s), 1254.1 (s), 1177.9 (s), 1064.6 (m), 969.9 (vs), 801.1 (m), 729.0 (s),
628.1 (m), 586.9 (s), 514.8 (m), 465.4 (s).
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8.2.4.3 Synthesis of (pyrr)P,P-tBu-CO, (40b)

rr
pyrr< Ey

PN @
pyrr '?'/cog

Bu'® N°P/ pyrr
FlJ SRy

Synthetic route a)

(pyrr)PoP-tBu (6b) (100 mg, 0.17 mmol, 1.0 eq.) was dissolved in Et,O (15 mL), cooled to
—78 °C and freshly ground dry ice (excess) was dropped slowly into this solution. Afterwards
the solution was stirred at —78 °C for 1h and the solvent was removed in vacuo. (pyrr)PoP-
tBu-CO5 (40b) (quant.) was obtained as a white solid. This route does generate a small
amount of protonated (pyrr)PoP-tBu-H™ as a result of the dry ice being slightly wet.

Synthetic route b)

(pyrr)PoP-tBu (6b) (100 mg, 0.17 mmol, 1.0 eq.) was dissolved in Et;O (15 mL) and cooled
to =78 °C. The argon atmosphere was removed and replaced with a CO4 atmosphere for a
total of three cycles. Afterwards the solution was stirred at —78 °C for 1h and the solvent was
removed in vacuo. (pyrr)PoP-tBu-COy (40b) (107 mg, 0.17 mmol, quant.) was obtained as
a white solid.

'"H-NMR (300 MHz, CgDg): & (ppm) — 3.27-3.11 (m, 32H, NCH,CH,), 1.72 (d, 2J(P,H) =
14.9Hz, 9H, CCHy), 1.64-1.59 (m, 32H, NCH,CH,).

BC{'H}-NMR (75 MHz, Cg¢Dg): 8 (ppm) = 168.6 (d, J(P,C) = 129.7 Hz, CO,), 46.8 (d,
2J(P,C) = 4.7THz, NCH,CH,), 26.3 (d, ?J(P,C) = 8.6 Hz, NCH3), 25.8 (s, NCH,CH,).
3Ip{'H}-NMR (121 MHz, Cg¢Dg): & (ppm) = 4.12 (d, 2J(P,P) = 18.1 Hz, P(V)), 2.9 (t,
2J(P,P) = 17.8 Hz, P(III)).

MS-data is unavailable due to decomposition of the compound under MS conditions.

IR (neat) = 2948.9 (m), 2864.4 (m), 1630.9 (s, CO,), 1451.8 (w), 1342.6 (m), 1258.2 (vs),
1196.4 (s), 1120.2 (s), 1072.9 (vs), 1009.0 (vs), 914.3 (m), 823.7 (m), 766.0 (m), 685.7 (m),
628.1 (s), 562.2 (vs), 531.3 (vs), 483.9 (s), 461.3 (vs).

8.2.4.4 Synthesis of (dma)P3P-CO, (41a)

©)
0O,
P<
® N
MGQN_IP_NMGZ
NMes

(dma)P3P (7a) (100 mg, 0.18 mmol, 1.0 eq.) was dissolved in Et,O (15 mL), cooled to =78 °C
and freshly ground dry ice (excess) was dropped slowly into this solution. Afterwards the
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solution was stirred at =78 °C for 1h and the solvent was removed in vacuo. (dma)P3P—CO,
(41a) (quant.) was obtained as a white solid. This route does generate a small amount of
protonated (dman)Pg,P—H+ as a result of the dry ice being slightly wet.

Synthetic route b)

(dma)P3P (7a) (100 mg, 0.18 mmol, 1.0 eq.) was dissolved in Et,0O (15 mL) and cooled to
—78 °C. The argon atmosphere was removed and replaced with a CO9 atmosphere for a total
of three cycles. Afterwards the solution was stirred at —78 °C for 1h and the solvent was
removed in vacuo. (dma)P3P—COy (41a) (107 mg, 0.18 mmol, quant.) was obtained as a
white solid.

'"H-NMR (300 MHz, CgDg): 6 (ppm) = 2.67 (d, 2J(P,H) = 10.1 Hz, 54H, NCH;).
BC{'H}-NMR (75 MHz, Cg¢Dg): § (ppm) — 172.3 (d, J(P,C) = 191.9 Hz, CO,), 37.3 (d,
2J(P,C) = 3.9 Hz, NCH,).

3Ipf'H}-NMR (121 MHz, CgDg): 6 (ppm) = 16.6 (d, 2/(P,P) = 29.2Hz, P(V)), —17.9
(q, 2J(P,P) = 29.2 Hz, P(III)).

MS-data is unavailable due to decomposition of the compound under MS conditions.

IR (neat) — 3000.3 (w), 2880.9 (m), 2841.8 (m), 2800.6 (m), 2149.9 (vw), 1612.4 (s, CO,),
1458.0 (m), 1231.4 (vs), 1182.0 (vs), 1064.6 (m), 967.9 (vs), 836.1 (m), 729.0 (vs), 599.2 (vs),
529.2 (s), 500.4 (s), 471.6 (m), 420.1 (w).
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8.2.4.5 Synthesis of (pyrr)P3P-CO, (41b)

©
0O,

P<
® N
pyrr—ll3—pyrr
pyrr

Synthetic route a)

(pyrr)PsP (7b) (100 mg, 0.13 mmol, 1.0 eq.) was dissolved in Et,O (15 mL), cooled to
—78 °C and freshly ground dry ice (excess) was dropped slowly into this solution. Afterwards
the solution was stirred at —78 °C for 1h and the solvent was removed in vacuo. dmaPsP—CO4
(41b) (quant.) was obtained as a white solid. This route does generate a small amount of
protonated (pyrr)PsP—H" as a result of the dry ice being slightly wet.

Synthetic route b)

(pyrr)PsP (7b) (100 mg, 0.13 mmol, 1.0 eq.) was dissolved in Et,O (15 mL) and cooled to
—78 °C. The argon atmosphere was removed and replaced with a CO9 atmosphere for a total
of three cycles. Afterward, the solution was stirred at —78 °C for 1h and the solvent was
removed in vacuo. (pyrr)P3P—COy (41b) (105 mg, 0.13 mmol, quant.) was obtained as a
white solid.

'H-NMR (300 MHz, CgDg): & (ppm) = 3.42-3.35 (m, 36H, NCH,CH,), 1.78-1.71 (m,
36H, NCH,CH,).

BC{'H}-NMR (75 MHz, Cg¢Dg): & (ppm) = 173.3 (d, 'J(P,C) = 194.4 Hz, CO,), 46.8 (d,
2J(P,C) = 4.6 Hz, NCH,CH,), 26.5 (d, 3J(P,C) = 8.6 Hz, NCH,CH,).

31pf'H}-NMR (121 MHz, CgDg): & (ppm) = 3.8 (d, 2/(P,P) = 19.0 Hz, P(V)), —18.1 (q,
21(P,P) = 19.0 Hz, P(III)).

MS-data is unavailable due to decomposition of the compound under MS conditions.

IR (neat) — 2957.1 (m), 2860.3 (m), 1610.3 (m, CO,), 1458.0 (w), 1233.5 (vs), 1200.5 (vs),
1124.3 (s), 1070.8 (vs), 1004.9 (vs), 871.0 (m), 811.3 (s), 764.0 (m), 683.7 (m), 574.5 (vs),
535.4 (m), 490.1 (s).
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8.2.5 Palladium and gold complexes of phosphazene bases

8.2.5.1 Synthesis of [Pd(dma)P;P-(tBu),-(7*—cinn)ClI] (35a)

R1 = NMe»
R2 = Bu

(dma)P;P-(tBu), (5a) (0.32 g, 1.00 mmol, 1.0 eq.) was dissolved in Et,O (20 mL), [Pd(cinn)Cl],
(0.26 g, 0.50 mmol, 0.50 eq.) was added, and the mixture was stirred for 1 h at RT. Afterward,
the solvent was removed in vacuo and the residue was washed with pentane and dried in high
vacuum. |[Pd(dma)P;P-(tBu)y-(n3—cinn)Cl| (35a) (0.57 g, 0.98 mmol, 98%) was obtained as
a yellow solid.

'"H-NMR (300 MHz, CDCl,): § (ppm) — 9.15-8.78 (m, 5H, ArH), 7.60-7.39 (m, 1H), 6.80—
6.60 (m, 1H), 4.86-4.67 (m, 2H), 4.32 (d, 2J(P,H) = 9.5Hz, 18H, NCH,), 2.96 (d, 2J(P,H) =
14.0 Hz, 18H, CCH3).

BC{'H}-NMR (75 MHz, CDCl,): §(ppm) = 139.8 (d, J(P,C) = 7.2Hz), 130.2 (d,
J(P.C) = 1.9Hz), 129.2 (d, J(P,C) = 3.6Hz), 128.7 (s), 112.4 (d, J(P,C) = 5.9Hz), 102.5
(d, J(P,C) = 28.2Hz), 50.7 (d, J(P,C) = 4.7Hz), 42.1 (d, J(P,C) = 2.7Hz), 41.8 (d, J(P,C) =
2.8Hz), 39.6 (d, J(P,C) = 4.5Hz), 30.8 (d, J(P,C) = 7.3 Hz).

3Ip{'H}-NMR (121 MHz, C¢Dg): 6 (ppm) = 96.6 (d, 2J(P,P) = 6.5 Hz, P(III)), 13.4 (s,
P(V)).

8.2.5.2 Synthesis of [Pd(cy)P;P-(tBu)y-(n*—cinn)CI] (35c)

R1 = Cy
R2 = Bu

(cy)P1P-(tBu)y (5¢) (100 mg, 0.23 mmol, 1.0 eq.) was dissolved in Et,O (20 mL), [Pd(cinn)Cl],
(58.9 mg, 0.11 mmol, 0.50 eq.) was added, and the mixture was stirred for 1 h at RT. Af-
terward, the solvent was removed in vacuo and the residue was washed with pentane and
dried in high vacuum. [Pd(cy)P,P-(tBu)s-(7°—cinn)Cl| (35¢) (150 mg, 0.21 mmol, 94%) was
obtained as a yellow solid.

140



Experimental Section Synthesis

'H-NMR (300 MHz, CgDg):  (ppm) = 7.51 (d, 2J(H,H) = 7.7 Hz, 1H, ArH), 7.26-6.96 (m,
4H, ArH), 5.61-5.46 (m, 1H), 5.15-5.02 (m, 1H), 2.51 (q, 2J(P,H) = 13.1Hz, 2H), 2.26-2.06
(m, 4H), 1.72-1.51 (m, 8H), 1.40 (d, 2/(P,H) = 12.1 Hz, 18H, CCH3), 1.26-1.04 (m, 8H).
BC{'H}-NMR (75 MHz, CgDg): & (ppm) = 137.7 (d, J(P,C) = 6.8 Hz), 128.9 (s), 128.2
(s), 126.8 (d, J(P,C) = 2.6 Hz), 125.3 (s), 107.4 (d, J(P,C) = 5.5Hz), 100.9 (d, J(P,C) =
28.6 Hz), 44.6 (d, J(P,C) = 3.3Hz), 39.9 (dd, J(P,C) = 2.6 Hz, J(P,C) = 20.9 Hz), 39.0 (s), 38.2
(s), 29.2 (d, J(P,C) = 7.5 Hz), 28.0 (d, J(P,C) = 2.4Hz), 26.8 (d, J(P,C) = 12.4Hz), 26.3 (s).
31p{'H}-NMR (121 MHz, C¢Dg): & (ppm) = 102.2 (d, 2J(P,P) = 7.9 Hz, P(II)), 27.1 (d,
2J(P,P) =8.2Hz, P(V)).

8.2.5.3 Synthesis of [Pd(tBu)P1P-(tBu),-(3—cinn)Cl] (35d)

RZP\ Ph
rt N
iP\ 1
rt R
R1 =R2 = Bu

(tBu)PP-(tBu), (5d) (100 mg, 0.28 mmol, 1.0 eq.) was dissolved in Et;O (20 mL), [Pd(cinn)Cl|y
(71.7 mg, 0.14 mmol, 0.50 eq.) was added, and the mixture was stirred for 1 h at RT. Af-
terward, the solvent was removed in vacuo and the residue was washed with pentane and
dried in high vacuum. [Pd(tBu)P;P-(¢Bu)y-(53—cinn)Cl] (35d) (160 mg, 0.26 mmol, 93%)
was obtained as a yellow solid.

'"H-NMR (300 MHz, CgDg): 8 (ppm) = 7.51 (d, 2J(H,H) = 7.3Hz, 1H, ArH), 7.26-7.10
(m, 5H, ArH), 5.59-5.45 (m, 1H), 5.14-5.02 (m, 1H, ArH), 3.11 (d, J(P,H) = 9.2 Hz, 2H), 1.50
(d, 2J(P,H) = 13.6 Hz, 18H, CCHj;), 1.30 (d, %J(P,H) = 13.4Hz, 27H, CCHj;).
BC{'H}-NMR. (75 MHz, CgDg): & (ppm) = 107.5 (d, J(P,C) = 5.8 Hz), 100.6 (s), 100.2
(s), 49.9 (s), 42.5 (d, J(P,C) = 15.7Hz), 41.6 (dd, J(P,C) = 2.9 Hz, J(P,C) = 50.3 Hz), 31.4 (s),
31.0 (d, J(P,C) = 5.4Hz), 30.9 (s), 30.7 (d, J(P,C) = 7.8 Hz), 29.8 (s).

Several signals overlap with the solvent Signal.

3Ip{'H}-NMR (121 MHz, Cg¢Dg): & (ppm) = 105.1 (d, 2J(P,P) = 27.8 Hz, P(III)), 44.9
(d, 2J(P,P) = 27.8 Hz, P(V)).

8.2.5.4 Synthesis of [(dmaP;P),Pd,Cl,] (36)

|
MeoN P-Pd Pd’ \N‘

Me,N—P=N Cl' CI “NMe;
MegN
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[Pd(dma)PP-(¢tBu)y-(7°—cinn)Cl] (35a) (200 mg, 0.34 mmol, 1.0 eq.) was dissolved in
toluene (20 mL) and HCI in dioxane (excess), stirred for 1h and pentane was added to aid
precipitation of an orange solid. Filtration and washing with pentane (3 x 20 mL) yielded
(dmaPP),PdyCly (36) (0.340 mg, 0.34 mmol, 99%) as an orange solid.

'"H-NMR (300 MHz, CD,Cl,): & (ppm) = 2.85 (d, 2J(P,H) = 10.2 Hz, NCH,), 18H), 1.45
(d, 2J(P,H) = 16.9 Hz, CCH3), 18H).

BC{'H}-NMR (75 MHz, CD,Cl,): § (ppm) = 37.7 (d, 2J(P,C) = 4.0 Hz), 26.0 (s).
31pf'H}-NMR (121 MHz, C¢Dg): 8 (ppm) = 45.8 (d, 2J(P,P) = 4.1 Hz, P(III)), 31.9 (s,
P(V)).

8.2.5.5 Synthesis of [(dma)P;P-(tBu),-AuCl] (32a)

TBU\P,AuCI

Bu” \II\II

MeoN~-F~NMe,
NMes

Synthetic route a)

(dma)P;P-(tBu)y (5a) (200 mg, 0.62 mmol, 1.0 eq.) was dissolved in THF (10 mL) and
PPh3AuCl (307 mg, 0.62 mmol, 1.0 eq.) was added. The mixture was stirred overnight under
exclusion of light for 1 h. Afterward, the solvent was removed in vacuo, pentane (10 mL)
added and filtered hot. The solvent was removed in vacuo to yield [(dma)P{P-(¢Bu)s-AuCl|
(32a) as a colorless solid. Impurities of PPhs are present in this route.

Synthetic route b)

(dma)P;P-(tBu),y (5a) (100 mg, 0.31 mmol, 1.0 eq.) was dissolved in toluene (10 mL) and
SMeyAuCl (91.4 mg, 0.31 mmol, 1.0 eq.) was added. The mixture was stirred overnight under
exclusion of light. Afterward, the solvent was removed in vacuo, pentane (10 mL) added and
filtered hot. The solution was cooled to —30 °C and the resulting crystals were filtered off to
yield [(dma)P;P-(¢Bu)y-AuCl] (32a) as a colorless solid.

'"H-NMR (300 MHz, CDCl;): § (ppm) = 2.78 (d, 2J(P,H) = 9.9 Hz, 18H, NCH;), 1.28 (d,
2J(P,H) = 15.5 Hz, 18H, CCHj).

BC{'H}-NMR (75 MHz, CDCl;): § (ppm) = 38.5 (d, 2J(P,C) = 3.4Hz), 28.4 (d, %J(P,C) =
6.7Hz).

31pf'H}-NMR (121 MHz, CDCl;): & (ppm) = 86.1 (d, 2J(P,P) = 21.6 Hz, P(III)), 27.3
(d, 2J(P,P) = 21.3Hz, P(V)).

8.2.5.6 Synthesis of [(tBu)P1P-(tBu),-AuCl] (32d)

AuCl
tBu\ILJUIC
Bu” \lhl
tBu—Fl’—tBu

Bu

142



Experimental Section Synthesis

(tBu)PP-(tBu), (5d) (110 mg, 0.30 mmol, 1.0 eq.) was dissolved in THF (10 mL) and
SMeyAuCl (89.6 mg, 0.30 mmol, 1.0 eq.) was added. The mixture was stirred overnight
under exclusion of light. Afterward, the solvent was removed in vacuo, pentane (10 mL)
added and filtered hot. The solution was cooled to —30 °C and the resulting crystals were
filtered off to yield [(¢Bu)P;P-(tBu)y-AuCl] (32d) as a colorless solid. Significant amounts of
side products were formed in this synthesis, only trace amount of product could be detected.

3Ip{'H}-NMR (121 MHz, CgDg): 6 (ppm) = 104.1 (s, P(III)), 47.6 (d, 2J(P,P) = 8.2 Hz,
P(V)).

8.2.5.7 Synthesis of [(dma)P;,P-tBu-AuCl] (33a)

NMGQ

MeoN .
€ P\\

MeoN™ SN

II_J,AuCI
Bu” \N\\P,NMeg

1 “NMe
N622

(dma)PyP-(¢Bu) (6a) (107 mg, 0.24 mmol, 1.0 eq.) was dissolved in toluene (10 mL) and
PPhsAuCl (120 mg, 0.24 mmol, 1.0 eq.) was added. The mixture was stirred overnight under
exclusion of light. Afterward, the solvent was removed in vacuo, pentane (10 mL) added
and filtered hot and transferred to a —30 °C freezer to crystallize. The resulting crystals
were filtered off and dried in vacuo to yield [(dma)PyP-tBu-AuCl] (33a) as a colorless solid.
Impurities of PPhs and other side products are present in this route.

"H-NMR (300 MHz, Cg¢Dg): & (ppm) = 2.60 (d, 3J(P;H) = 9.9 Hz, 27H, NCH3), 1.56 (d,
31(P,H) = 14.9 Hz, 9H, CCHj).

BC{'H}-NMR (75 MHz, CgDg): & (ppm) = 37.2 (d, J(P,C) = 3.8 Hz), 37.1 (dd, J(P,C) =
4.0Hz, J(P,C) = 33.3Hz), 26.7 (s).

31p{'H}-NMR (121 MHz, CgDg): 6 (ppm) = 54.8 (t, 2J(P,P) = 34.2 Hz, P(III)), 19.6 (d,
2J(P,P) = 34.1Hz, P(V)).

8.2.6 Cross coupling products

8.2.6.1 General procedure for the Suzuki Miyaura cross couplings with phosphazenyl
phosphine ligands

Screening Procedure:

Phenylboronic acid (1.5 mmol, 1.5 eq), base (2.0 mmol, 2.0 eq), 1-chloro-4-methylbenzene
(1.0 mmol, 1.0 eq.) and internal standard 1,3,5-trimethoxybenzene (10 mol%) were dissolved
in toluene (16 mL). Ligand (4 mol%) and palladium cinnamylchloride dimer (0.5 to 2 mol%)
were dissolved in toluene (4 mL) and stirred for 15 min at RT. The catalyst mixture was then
added to the reaction mixture and the resulting suspension was stirred at 80 °C for 16 h.
Aliquots were taken from the reaction mixture and transferred to mass vials. Water (0.2 mL)
was added to quench the reaction. The organic phase was extracted with EtOAc (3x 1.0 mL)
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and filtered through a cotton filled pipette. The solvent was removed in vacuo and dissolved
in CDyCly. The conversion was measured through comparison of the integrals of the methyl
group of the product and the -OCHj groups of the internal standard.

Isolation Procedure:

NaOMe (2.00 mmol, 108 mg, 2.0 eq.) was added to a SCHLENK flask in a glovebox. In a
separate flask 5a (12.9 mg, 4 mol%) and palladium cinnamyl chloride dimer (10.4 mg, 2 mol%)
was added. The flasks were taken out of the glovebox and toluene was added (16 mL and
4 mL). To the base, boronic acid (1.50 mmol, 1.50 eq) and aryl chloride (1.0 mmol, 1.0 eq.)
was added and stirred until dissolved. The catalyst mixture was added to the reaction mixture
and heated to 80 °C for 16 h. Afterward, water (20 mL) was added, and the mixture extracted
with EtOAc (3x 50 mL). In the case of insufficient phase separation, brine (20 mL) was added.
The organic phases were combined, dried over MgSO, and the solvent was removed. The crude
product was adsorbed onto silica and purified by flash chromatography (Hexane:EtOAc) to
yield the final products.

8.2.6.2 Suzuki-Miyaura products
2,6-Dimethyl-1,1’-biphenyl (Entry 1)

'"H-NMR (300 MHz, CD,Cl,): §(ppm) — 7.52-7.45 (m, 2H, ArH), 7.43-7.35 (m, 1H,
ArH), 7.24-7.13 (m, 5H, ArH), 2.08 (s, 6H, CHj).

BC{'H}-NMR (75 MHz, CDg): § (ppm) = 142.4 (s), 141.6 (s), 136.4 (s), 129.5 (s), 128.9
(8), 127.7 (3), 127.4 (s), 127.1 (s), 21.0 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches the literature values.26¢l

4’-Methoxy-2,6-dimethyl-1,1’-biphenyl (Entry 2)

OMe

'H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.16-7.02 (m, 5H, ArH), 7.02-6.93 (m, 2H,
ArH), 3.85 (s, 3H, OCH3), 2.03 (s, 6H, CH3).
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BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 158.9 (s), 142.0 (s), 136.8 (s), 133.7 (s),
130.5 (s), 128.9 (s), 127.6 (s), 127.2 (s), 114.2 (s), 55.6 (s), 21.0 (s).
Eluent: 85:15 Hexane/EtOAc

The data matches the literature values.267

[1,1°-Biphenyl]-4-carbonitrile (Entry 3)

CN

'H-NMR (300 MHz, CD,Cly): & (ppm) = 7.77-7.69 (m, 4H, ArH), 7.65-7.59 (m, 2H,
ArH), 7.53-7.41 (m, 3H, ArH).

BC{'H}-NMR (75 MHz, CD,Cl,): § (ppm) — 145.9 (s), 139.6 (s), 130.0 (s), 129.5 (s),
129.2 (s), 129.0 (s), 129.0 (s), 128.1 (s), 127.6 (s), 119.3 (s), 111.4 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches the literature values. 26|

4’-Methoxy-[1,1’-biphenyl]-4-carbonitrile (Entry 4)

CN

OMe

'H-NMR (300 MHz, CD,Cl,): 6 (ppm) = 7.75-7.62 (br m, 4H, ArH), 7.57 (d, J(H,H) =
7.9Hz, 2H, ArH), 7.01 (d, J(H,H) = 7.9 Hz, 2H, ArH), 3.85 (s, 3H, OCH,).

BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 160.7 (s), 145.5 (s), 133.0 (s), 131.8 (s),
128.7 (s), 127.4 (s), 119.4 (s), 114.9 (s), 110.5 (s), 55.8 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches the literature values.269
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4-Methoxy-4’-methyl-1,1’-biphenyl (Entry 5)

OMe

'"H-NMR (300 MHz, CD,Cly): §(ppm) = 7.54-7.49 (m, 2H, ArH), 7.45 (d, J(H,H) =
8.1Hz, 2H, ArH), 7.23 (d, J(H,H) = 7.9Hz, 2H, ArH), 6.99-6.93 (m, 2H, ArH), 3.83 (s, 3H,
OCHj;), 2.37 (s, 3H, CH;).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 159.5 (s), 138.2 (s), 136.9 (s), 133.9 (s),
129.8 (s), 126.8 (s), 114.5 (s), 55.7 (s), 21.1 (s).

The data matches those from the literature. 27

4-(Trifluoromethyl)-1,1’-biphenyl (Entry 6)

CF3

H-NMR (300 MHz, CD5,Cl,): §(ppm) = 7.77-7.68 (m, 4H, ArH), 7.67-7.60 (m, 2H,
ArH), 7.53-7.40 (m, 2H, ArH).

BC{'H}-NMR. (75 MHz, CD,Cl,): §(ppm) = 144.8 (d, 3J(C,F) = 1.0Hz), 139.6 (s),
128.9 (s), 128.2 (s), 127.4 (s), 127.4 (s), 127.2 (s), 126.6 (q, J(C,F) = 3.8 Hz).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature. 27l

4-Methoxy-4’-(trifluoromethyl)-1,1’-biphenyl (Entry 7)

CFs

OMe

"H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.72-7.64 (m, 4H, ArH), 7.57 (d, ¥/(H,H) =
9.1Hz, 2H, ArH), 7.01 (d, 27(H,H) = 8.7 Hz, 2H, ArH), 3.85 (s, 3H, OCHs).
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BC{'H}-NMR (75 MHz, CD,Cl,): & (ppm) = 160.4 (s), 144.8 (d, 3J(C,F) = 1.0Hz),
132.3 (s), 128.7 (s), 127.2 (s), 126.0 (q, YJ(C,F) = 3.8 Hz), 114.8 (s), 55.7 (s).

YF_NMR (282 MHz, CD,Cl,): & (ppm) = —62.6 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature. 272

2,4’-Dimethoxy-1,1’-biphenyl (Entry 8)

I OMe

OMe

'H-NMR (300 MHz, CD,Cl,): 6 (ppm) = 7.44 (d, J(H,H) = 8.9Hz, 2H, ArH), 7.28 (d,
J(H,H) = 7.4Hz, 2H, ArH), 7.03-6.90 (m, 4H, ArH), 3.83 (s, 3H, OCH;), 3.80 (s, 3H, OCHj).
BC{'H}-NMR. (75 MHz, CD,Cl,): & (ppm) = 159.2 (s), 157.0 (s), 131.4 (s), 131.0 (s),
130.9 (s), 130.7, 128.6 (s), 121.2 (s), 113.8 (s), 111.6 (s), 55.8 (s), 55.7 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature. 2%

4-Methyl-1,1’-biphenyl (Entry 9)

'H-NMR (300 MHz, CD,Cly): §(ppm) = 7.72-7.66 (m, 2H, ArH), 7.61 (d, J(H,H) =
8.6 Hz, 2H, ArH), 7.56-7.49 (m, 2H, ArH), 7.46-7.40 (m, 1H, ArH), 7.36 (d, J(H,H) = 8.0 Hz,
2H, ArH), 2.49 (s, 3H, CHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 141.0 (s), 138.1 (s), 137.2 (s), 129.4 (s),
128.7 (s), 127.0 (s), 126.8 (s), 20.8 (s).

Eluent: 100% Pentane

The data matches those from the literature. 27
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2-Methoxy-1,1’-biphenyl (Entry 10)

I OMe

'"H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.53-7.47 (m, 2H, ArH), 7.43-7.28 (m, 5H,
ArH), 7.06-6.98 (m, 2H, ArH), 3.81 (s, 3H, OCHs,).

BC{'H}-NMR (75 MHz, CD,Cl,): & (ppm) = 157.0 (s), 139.1 (s), 131.1 (s), 129.9 (s),
129.1 (s), 128.3 (), 127.2 (s), 121.2 (s), 55.8 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature.27l

4’-Methoxy-2,4,6-trimethyl-1,1’-biphenyl (Entry 11)

OMe

'"H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.06-7.00 (m, 2H, ArH), 6.98-6.89 (m, 4H,
ArH), 3.84 (s, 3H, OCHs), 2.30 (s, 3H, p—CHg), 1.99 (s, 6H, CHj).

BC{'H}-NMR (75 MHz, CD,Cl,): & (ppm) = 158.8 (s), 139.1 (s), 136.7 (s), 136.6 (s),
133.8 (s), 130.8 (s), 128.3 (s), 114.1 (s), 55.6 (s), 21.1 (s), 20.9 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature.270

1-(4-Methoxy-[1,1’-biphenyl]|-4-yl)ethan-1-one (Entry 12)

)

OMe

This compound was synthesized with the bromo substituted arene.

'H-NMR (300 MHz, CD,Cl,): & (ppm) — 8.04 (d, J(H,H) = 8.4Hz, 2H, ArH), 7.72 (d,
J(H,H) =8.0Hz, 2H, ArH), 7.66 (d, J(H,H) = 8.7Hz, 2H, ArH), 7.05 (d, J(H,H) = 8.7 Hz, 2H,
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ArH), 3.90 (s, 3H, OCHjs), 2.65 (s, 3H, CHg).

BC{'H}-NMR. (75 MHz, CD,Cl,): & (ppm) = 129.2 (s), 128.7 (s), 126.9 (s), 114.8 (s),
55.8 (s), 26.8 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature. 277

2-Mesitylthiophene (Entry 13)

'H-NMR (300 MHz, CD,Cl,): & (ppm) = 7.44 (d, J(H,H) = 6.1 Hz, 1H, ArH), 7.17 (t,
2J(H,H) = 4.2 Hz, 1H, ArH), 6.99 (s, 2H, ArH), 6.86 (d, 2J(H,H) = 3.2 Hz, 1H, ArH), 2.37 (s,
3H, p—CHj), 2.16 (s, 6H, CHjy).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 142.0 (s), 138.5 (s), 138.2 (s), 131.4 (s),
128.4 (s), 127.5 (s), 126.9 (s), 125.6 (s), 21.2 (s), 20.8 (s).

Eluent: 100% Hexane

The data matches those from the literature. 2%l

2-Phenylthiophene (Entry 14)

'H-NMR (300 MHz, CD5,Cl,): §(ppm) = 7.72-7.65 (m, 2H, ArH), 7.50-7.31 (m, 5H,
ArH), 7.18-7.12 (m, 1H, ArH).

BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 144.7 (s), 134.8 (s), 129.3 (s), 128.5 (s),
127.9 (s), 126.3 (s), 125.3 (s), 123.6 (s).

Eluent: 100% Hexane

The data matches those from the literature. 277
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2-(4-Methoxyphenyl)thiophene (Entry 15)

SN~

OMe

'H-NMR (300 MHz, CD5,Cl,): §(ppm) = 7.58-7.52 (m, 2H, ArH), 7.25-7.20 (m, 2H,
ArH), 7.08-7.04 (m, 1H, ArH), 6.95-6.90 (m, 2H, ArH), 3.82 (s, 3H, OCLL).
BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 159.8 (s), 144.6 (s), 128.4 (s), 127.6 (s),
127.5 (s), 124.2 (s), 122.5 (s), 114.7 (s), 55.7 (s).

Eluent: 100% Hexane in a gradient to 80:20 Hexane/EtOAc

The data matches those from the literature. P70

2-Methoxy-6-(4-methoxyphenyl)pyridine (Entry 16)

N OMe

=N

OMe

'H-NMR (300 MHz, CD,Cl,): 6 (ppm) = 8.01 (d, 2J(H,H) = 9.0Hz, 2H, ArH), 7.61 (dt,
2J(H,H) = 7.9Hz, 1H, ArH), 7.29 (d, ?J(H,H) = 7.6 Hz, 1H, ArH), 6.98 (d, ?/(H,H) = 8.8 Hz,
2H, ArH), 6.62 (d, 2J(H,H) = 7.8 Hz, 1H, ArH), 4.00 (s, 3H, OCH;), 3.85 (s, 3H, OCHj).
BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 164.2 (s), 160.9 (s), 154.8 (s), 139.6 (s),
132.1 (s), 128.3 (s), 114.3 (s), 112.2 (s), 108.7 (s), 55.8 (s), 53.4 (s).

Eluent: 85:15 Hexane/EtOAc

The data matches those from the literature.22

3-Methyl-5-phenylbenzo[b]thiophene (Entry 17)

R\

'H-NMR (300 MHz, CD5,Cl,): §(ppm) = 7.98-7.89 (m, 2H, ArH), 7.74-7.67 (m, 2H,
ArH), 7.61 (dd, J(H,H) = 8.4Hz, J(H,H) = 1.8Hz, 1H, ArH), 7.53-7.44 (m, 2H, ArH), 7.41-
7.33 (m, 1H, ArH), 7.15 (d, J(H,H) = 1.0Hz, 1H, ArH), 2.49 (d, J(H,H) = 1.1 Hz, 3H, CH;).
BC{'H}-NMR. (75 MHz, CD,Cl,): & (ppm) = 141.9 (s), 140.7 (s), 139.8 (s), 137.8 (s),
132.9 (s), 129.2 (s), 127.8 (s), 127.6 (s), 124.0 (s), 123.4 (s), 122.7 (s), 120.5 (s), 14.1 (s).
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Eluent: 100% Hexane with a gradient to 80:20 Hexane/EtOAc

The data matches those from the literature. (Literature only shows the spectra for S-oxide) 28Ul

5-( Tert-butyl)-[1,1’-biphenyl]-2-amine (Entry 18)

This compound was synthesized with the bromo substituted arene.

'"H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.50-7.41 (m, 4H, ArH), 7.39-7.30 (m, 1H,
ArH), 7.20-7.10 (m, 2H, ArH), 3.68 (br. s, 2H, NHs), 1.29 (s, 9H, CHjs).

BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 141.7 (s), 141.6 (s), 140.6 (s), 129.5 (s),
129.1 (s), 127.7 (s), 127.4 (s), 125.8 (s), 115.7 (s), 34.2 (s), 31.7 (s).

Eluent: 85:15 Hexane/EtOAc in a gradient to 100% EtOAc.

The data matches those from the literature.251

8.2.6.3 General procedure for the Buchwald-Hartwig amination with phosphazenyl
phosphine ligands

Screening procedure:

Base (2.0 eq, 2 mmol) was added to a SCHLENK flask in a Glovebox. In a second flask,
palladium precursor (0.25-2 mol%) and ligand (0.5-4 mol%) were added, and the flasks were
removed from the Glovebox. Solvent (16 mL and 4 mL) was added and stirred. Haloarene
(1.0 eq, 1.0 mmol), amine (1.5 eq. 1.5 mmol) and internal standard (10mol%) were added to
the flask containing the base. The catalyst mixture was then added to the reaction mixture
and stirred at 80 °C for the specified time. Aliquots were taken from the reaction mixture
and transferred to mass vials. Water (0.2 mL) was added to quench the reaction. The organic
phase was extracted with EtOAc (3x 1.0 mL) and filtered through a cotton filled pipette.
The solvent was removed in vacuo and dissolved in CDyCly. The conversion was measured
through comparison of the integrals of the methyl group of the product and the aromatic
protons of the internal standard.

Isolation procedure:

KOtBu (2.0 mmol, 108.1 mg, 2.0 eq.) was added to a SCHLENK flask in a glovebox. In a
second flask, ligand (50 pmol) and palladium cinnamyl chloride dimer (25 pmol, 13.0 mg) were
added and dissolved in toluene (10 mL) in order to create a stock solution (5 pmol/mL). The
flasks were taken out of the glovebox and toluene (19 mL) was added to the flask containing
the base. To the base, amine (1.5 mmol, 1.5 eq) and aryl bromide (1.0 mmol, 1.0 eq.) was
added and stirred until dissolved. To this mixture, 1 mL (5 gmol) of catalyst stock solution
was added and heated to 80 °C for 1 h. Afterward, water (20 mL) was added, and the
mixture extracted with EtOAc (3x 50 mL). In the case of insufficient phase separation, brine
(20 mL) was added. The organic phases were combined, dried over MgSO, and the solvent was
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removed. The crude product was adsorbed onto silica and purified by flash chromatography
(Hexane:EtOAc) to yield the final products.

8.2.6.4 Buchwald-Hartwig amination products
4-Methyl- N-phenylaniline (Entry 1)

=

NXSNH

>

'H-NMR (300 MHz, CD,Cl,): 6 (ppm) = 7.24 (d, J(H,H) = 7.8 Hz, 2H, ArH), 7.10 (d,
J(H,H) =8.2Hz, 2H, ArH), 7.06-6.96 (m, 4H, ArH), 6.87 (t, J(H,H) = 7.3Hz, 1H, ArH), 5.70
(br. s, 1H, NH), 2.30 (s, 3H, CHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 144.5 (s), 140.8 (s), 131.3 (s), 130.2 (s),
129.7 (s), 120.6 (s), 119.0 (s), 117.1 (s), 20.8 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 232l

4-Methoxy-N-phenylaniline (Entry 2)

-
O

'H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.24-7.16 (m, 2H, ArH), 7.11-7.04 (m, 2H,
ArH), 6.94-6.78 (m, 5H, ArH), 5.59 (br. s, 1H, NH), 3.79 (s, 3H, OCHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 155.8 (s), 145.7 (s), 136.2 (s), 129.6 (s),
122.4 (s), 119.9 (s), 115.9 (s), 115.0 (s), 55.9 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 22

4-(Phenylamino)benzonitrile (Entry 3)

.
C

'H-NMR (300 MHz, CD5,Cl,): §(ppm) = 7.52-7.45 (m, 2H, ArH), 7.40-7.31 (m, 2H,
ArH), 7.22-7.15 (m, 2H, ArH), 7.15-7.07 (m, 1H, ArH), 7.03-6.97 (m, 2H, ArH), 6.22 (br. s,
1H, NH).
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BC{'H}-NMR (75 MHz, CD,Cl,): & (ppm) = 148.5 (s), 140.6 (s), 134.1 (s), 132.0 (s),
130.0 (s), 124.2 (s), 121.5 (s), 120.1 (s), 115.3 (s), 101.9 (s).
Eluent: Hexane/EtOAc 9:1 with a gradient to Hexane /EtOAc 1:1

The data matches those from the literature.283l

2,4,6-Trimethyl- N-phenylaniline (Entry 4)

NH

>

H-NMR (300 MHz, CD5,Cl,): 6 (ppm) = 7.13 (t, J(H,H) = 7.8 Hz, 2H, ArH), 6.96 (s, 2H,
ArH), 6.92 (s, 2H, MesBr), 6.71 (t, J(H,H) = 7.3Hz, 1H, ArH), 6.47 (d, J(H,H) = 7.7 Hz, 2H,
ArH), 5.18 (br. s, 1H, NH), 2.38 (s, 6H, MesBr), 2.31 (s, 3H, p—CHjs), 2.25 (s, 3H, MesBr),
2.17 (s, 6H, CHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 147.3 (s), 138.3 (s), 136.9 (s), 136.3 (s),
136.0 (s), 135.9 (s), 129.58 (s), 129.55 (s), 129.5 (s), 118.1 (s), 113.5 (s), 23.9 (s), 21.1 (s,
MesBr), 20.8 (s, MesBr), 18.4 (s).

Eluent: Hexane/EtOAc 9:1

The sample contains some impurities from MesBr, these are mentioned in the data above.
The data matches those from the literature.23l

2,4,6-Trimethyl- N-(p-tolyl)aniline (Entry 5)

T,

'H-NMR (300 MHz, CD,Cly): & (ppm) = 6.96-6.90 (m, 4H, ArH), 6.38 (d, J(H,H) =
7.1Hz, 2H, ArH), 5.08 (br. s, 1H, NH), 2.28 (s, 3H, CHs), 2.21 (s, 3H, CHj), 2.14 (s, 6H,
CHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 144.8 (s), 136.5 (s), 136.0 (s), 135.5 (s),
130.0 (s), 129.5 (s), 127.4 (s), 113.7 (s), 21.0 (s), 20.5 (s), 18.3 (s).

Eluent: Hexane/EtOAc 8:2

The data matches those from the literature. 283
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4-Methoxy-N-(p-tolyl)aniline (Entry 6)

.,

0.

'H-NMR (300 MHz, CD5,Cl,): §(ppm) = 7.08-6.98 (m, 4H, ArH), 6.89-6.80 (m, 4H,
ArH), 5.48 (br. s, 1H, NH), 3.77 (s, 3H, OCHs), 2.27 (s, 3H, CHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 155.2 (s), 142.9 (s), 137.2 (s), 130.1 (s),
129.7 (s), 121.2 (s), 116.8 (s), 115.0 (s), 55.9 (s), 20.6 (s).

Eluent: Hexane/EtOAc 8:2

The data matches those from the literature.30l

Bis(4-methoxyphenyl)amine (Entry 7)
Q.
NH

oL

'H-NMR (300 MHz, CD,Cl,): & (ppm) = 6.96-6.89 (m, 4H, ArH), 6.84-6.78 (m, 4H,
ArH), 5.36 (br. s, 1H, NH), 3.76 (s, 6H, OCHz).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 154.7 (s), 138.4 (s), 125.2 (s), 119.7 (s),
115.0 (s), 114.9 (s), 55.9 (s).

Eluent: Hexane/EtOAc 8:2

The data matches those from the literature. 37

4-((4-Methoxyphenyl)amino)benzonitrile (Entry 8)

gl
NH

@)

-

"H-NMR (300 MHz, CD,Cl,): &(ppm) = 7.47-7.40 (m, 2H, ArH), 7.16-7.10 (m, 2H,
ArH), 6.95-6.89 (m, 2H, ArH), 6.85-6.79 (m, 2H, ArH), 6.03 (br. s, 1H, NH), 3.80 (s, 3H,
OCHz).
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BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 157.5 (s), 150.1 (s), 134.1 (s), 133.1 (s),
130.1 (s), 125.3 (s), 120.3 (s), 116.8 (s), 115.2 (s), 115.0 (s), 114.2 (s), 100.7 (s), 55.9 (s).
Eluent: Hexane/EtOAc 8:2

The data matches those from the literature. 258

N-(4-Methoxyphenyl)-2,4,6-trimethylaniline (Entry 9)

0.

'"H-NMR (300 MHz, CD,Cl,): §(ppm) = 6.93 (s, 2H, ArH), 6.72 (d, J(H,H) = 8.9Hz,
2H, ArH), 6.44 (d, J(H,H) = 9.1 Hz, 2H, ArH), 5.00 (br. s, 1H, NH), 3.71 (s, 3H, OCH), 2.29
(s, 3H, p—CHsy), 2.17 (s, 6H, CHj).

BC{'H}-NMR. (75 MHz, CD,Cl,): § (ppm) = 153.0 (s), 141.1 (s), 137.0 (s), 135.5 (s),
135.2 (s), 129.6 (s), 115.1 (s), 56.0 (s), 21.0 (s), 18.3 (s).

Eluent: Hexane/EtOAc 1:1

The data matches those from the literature.28

4-Fluoro- N-(p-tolyl)aniline (Entry 10)

“

NX-NH

F

'"H-NMR (300 MHz, CD,Cl,): & (ppm) = 7.13-6.84 (m, 8H, ArH), 5.59 (br. s, 1H, NH),
2.29 (s, 3H, CHs).

BC{'H}-NMR (75 MHz, CD,Cl,): §(ppm) = 157.9 (d, J(C,F) = 238.1 Hz), 141.5 (s),
140.5 (s), 131.0 (s), 130.2 (s), 119.5 (d, 3J(C,F) = 7.7Hz), 118.2 (s), 116.1 (d, ¥J(C,F) =
22.5Hz), 20.7 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 22
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4-Fluoro- N-(4-methoxyphenyl)aniline (Entry 11)

F

'"H-NMR (300 MHz, CD,Cl,): § (ppm) = 7.10-6.76 (m, 8H, ArH), 5.49 (br. s, 1H, NH),
3.78 (s, 3H, OCHy).

BC{'H}-NMR. (75 MHz, CD,Cl,): §(ppm) = 157.5 (d, J(C,F) = 237.1Hz), 155.5 (s),
141.8 (s), 136.9 (s), 121.5 (s), 118.0 (d, 3J(C,F) = 7.6 Hz), 116.0 (d, %J(C,F) = 22.5Hz), 115.1
(s), 55.9 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 21l

N-(4-Fluorophenyl)-2,4,6-trimethylaniline (Entry 12)

F

'"H-NMR (300 MHz, CD,Cl,): 6§ (ppm) — 6.94 (s, 2H, ArH), 6.89-6.79 (m, 2H, ArH),
6.48-6.35 (m, 2H, ArH), 5.11 (br. s, 1H, NH), 2.29 (s, 3H, p—CHjs), 2.15 (s, 6H, CHs).
BC{'H}-NMR. (75 MHz, CD,Cl,): & (ppm) = 156.4 (d, 'J(C,F) = 235.1Hz), 143.6 (s),
136.1 (t, 2J(C,F) = 18.1Hz), 129.6 (s), 115.9 (d, ?J(C,F) = 22.4Hz), 114.5 (d, 3J(C,F) =
7.4Hz), 21.0 (s), 18.3 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 26l

4-Methyl- N-(4-nitrophenyl)aniline (Entry 13)

T,

NO,

'"H-NMR (300 MHz, CD,Cl,): § (ppm) = 8.07 (d, J(H,H) = 9.2Hz, 2H, ArH), 7.25-7.08
(m, 4H, ArH), 6.90 (d, J(H,H) = 9.2 Hz, 2H, ArH), 6.33 (br. s, 1H, NH), 2.35 (s, 3H, CH).
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BC{'H}-NMR. (75 MHz, CD,Cl,): 6§ (ppm) = 151.3 (s), 139.8 (s), 137.3 (s), 135.2 (s),
130.6 (s), 126.5 (s), 122.9 (s), 113.6 (s), 21.0 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 3

4-(p-Tolyl)morpholine (Entry 14)

O
o)
'"H-NMR (300 MHz, CD,Cl,): & (ppm) — 7.07 (d, J(H,H) = 8.3Hz, 2H, ArH), 6.81 (d,
J(H,H) = 8.6 Hz, 2H, ArH), 3.84-3.78 (m, 4H, NCH,CH,), 3.09-3.04 (m, 4H, NCH,CH,), 2.26
(S7 3H7 CE3)
BC{'H}-NMR. (75 MHz, CD,Cl,): & (ppm) = 149.8 (s), 139.7 (s), 130.0 (s), 116.2 (s),
67.3 (s), 50.3 (s), 20.5 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 22

1-(p-Tolyl)pyrrolidine (Entry 15)

N

J

'H-NMR (300 MHz, CD,Cl,): § (ppm) = 7.02 (d, J(H,H) = 8.2Hz, 2H, ArH), 6.52-6.46
(m, 2H, ArH), 3.29-3.20 (m, 4H, NCH,CH,), 2.25 (s, 3H, CHjs), 2.06-1.94 (m, 4H, NCH,CH,).
BC{'H}-NMR (75 MHz, CD,Cl,): & (ppm) = 146.7 (s), 129.9 (s), 124.6 (s), 121.1 (s),
48.2 (s), 25.8 (s), 20.4 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature.2%?

N-butyl-4-methoxyaniline (Entry 16)

~o

HN
~nBu

'H-NMR (300 MHz, CD,Cl,): & (ppm) = 6.79 (d, J(H,H) = 9.0Hz, 2H, ArH), 6.60 (d,
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J(H,H) =8.9Hz, 2H, ArH), 3.75 (s, 3H, OCH3), 3.09 (t, J(H,H) = 7.0Hz, 2H, NCH,), 1.55-1.63
(m, 2H, CH,), 1.39-1.50 (m, 2H, CH,), 1.00 (t, J(H,H) = 7.3 Hz, 3H, CHj).
BC{'H}-NMR. (75 MHz, CD,Cl,): & (ppm) = 154.3 (s), 151.9 (s), 143.2 (s), 122.0 (s),
114.7 (s), 114.5 (s), 113.8 (s), 55.6 (s), 55.5 (s), 44.6 (s), 31.8 (s), 20.3 (s), 13.7 (s).

Eluent: Hexane/EtOAc 9:1

The data matches those from the literature. 2%

8.2.7 Alkylation of Indols
8.2.7.1 General procedure for the alkylation of indols
Generation of KHMDS free (pyrr)PsP (7b):

pyrrPsP—HBF, (7b-HBF,) (0.03 mmol, 22.1 mg, 2.5 mol%) and KHMDS (0.03 mmol, 4.99 mg,
2.5 mol%) were dissolved in toluene (5 mL) and stirred for 2 h at RT. Afterward, the sus-
pension was centrifuged, the motherliquor removed and the solvent removed in vacuo. The
residue was dissolved in pentane (10 mL), filtered over Celite® and washed (3 x 10 mL). The
solvent was removed in vacuo to generate (pyrr)PsP (7b) free of KHMDS.

Alkylation procedure:

Alkene (1.00 mmol, 1.0 eq.) was dissolved in THF (10 mL) and indole (1.50 mmol, 1.5 eq.)
was added. Afterward, (pyrr)PsP (7b) (0.03 mmol, 2.5 mol%) was added in THF and the
mixture was stirred at a) RT or b) 60 °C for 1 to 16 h. Afterward, the solvent was re-
moved, and the residue was purified by column chromatography on silica. Alternatively,
1,3,5-trimethoxybenzene (10 mol%) was added and a crude NMR was taken. The integrals of
the product and the internal standard were compared, and a yield was measured.

8.2.7.2 Alkylation products
3-(1H-Indol-1-yl)butanenitrile (Entry 1)

0
3

CN

"H-NMR (300 MHz, CgDg): & (ppm) = 7.70-7.63 (m, 1H, ArH), 7.21-7.14 (m, 2H, ArH),
6.84-6.78 (m, 1H, ArH), 6.73 (d, J(H,H) = 3.30Hz, 1H, ArH), 6.48 (d, J(H,H) = 3.0 Hz,
1H, ArH), 3.87 (sext., 3J(H,H) = 6.5Hz, 1H, CH;CHCH,), 1.61 (d, J(H,H) = 6.1 Hz, 2H,
CH,CHCHj), 0.97 (d, 37(H,H) = 6.9 Hz, 3H, CH,CHCHz).

BC{'H}-NMR (75 MHz, CgDg): § (ppm) = 135.4 (s), 129.1 (s), 123.0 (s), 121.8 (s), 121.4
(s), 120.1 (s), 108.9 (s), 102.7 (s), 46.9 (s), 24.1 (s), 18.4 (s).

APCI-MS = 185.11 [M-H|* calc., 185.1070 [M-H|* found.

The data matches the literature values.2l

Eluent: Hexane/EtOAc 85:15
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3-(6-Methoxy-1H-indol-1-yl)butanenitrile (Entry 2)

B

CN

'"H-NMR (300 MHz, CD,Cl,): & (ppm) = 7.36-7.14 (m, 5H, ArH), 6.99-6.86 (m, ArH,
1H), 6.53 (dd, J(L,H) = 12.6Hz, J(H,H) = 3.1Hz, 1H), 4.75 (sext., 3J(HH) = 6.5Hz,
1H, CHyCHCH,), 3.9 (s, 3H, OCH,), 2.74 (dd, J(H,H) = 1.6Hz, 3J(H,H) = 5.9Hz, 2H,
CH,CHCHj), 1.69 (d, 37(H,H) = 6.9 Hz, 3H, CH,CHCH3).
APCI-MS = 215.11 [M-H|* calc., 215.1178 [M-H|* found.

1-(1-Cyanopropan-2-yl)-1 H-indole-6-carbonitrile (Entry 3)

oo
NC N

CN

'H-NMR (300 MHz, CD,Cly): 6 (ppm) = 7.98 (s, 1H, ArH), 7.56-7.36 (m, 3H, ArH),
6.69 (d, J(H,H) = 3.4Hz, 1H, ArH), 4.92 (sext., 3J(H,H) = 6.5 Hz, 1H, CH;CHCH,), 2.87 (d,
3T(H,H) = 6.2 Hz, 2H, CH3CHCH,), 1.72 (d, 3J(H,H) = 6.9 Hz, 3H, CH;CHCH,).

APCI-MS — 210.10 [M-HJ* calc., 210.1025 [M-HJ* found.

Methyl 3-(1H-indol-1-yl)propanoate (Entry 4)

'H-NMR (300 MHz, CD,Cly): 6 (ppm) = 7.78 (dd, J(H,H) = 2.6 Hz, J(H,H) = 8.4 Hz, 2H,
ArH), 7.49 (d, J(H,H) = 8.0Hz, 2H, ArH), 6.65 (dd, J(H,H) = 2.9Hz, J(H,H) = 9.3Hz, 2H,
ArH), 4.53 (t, 3J(H,H) = 6.8 Hz, 2H, NCH,CH,), 3.76 (s, 3H, CO5,CHj), 2.91 (t, 3J(H,H) =
6.8 Hz, 2H, NCH,CH,).

APCI-MS = 204.10 [M-H|* calc., 204.1018 [M-H|* found.

The data matches the literature values.2%!
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Methyl 3-(6-methoxy-1H-indol-1-yl)propanoate (Entry 5)

'H-NMR (300 MHz, CD,Cl,): §(ppm) = 7.29 (d, J(H,H) = 8.9Hz, 1H, ArH), 7.15 (t,
J(H,H) = 3.3Hz, 2H, ArH), 6.93 (dd, J(H,H) = 2.5Hz, J(H,H) = 8.9Hz, 1H, ArH), 6.46 (d,
J(HH) = 6.8Hz, 1H, ArH), 4.42 (t, 3J(H,H) = 6.8 Hz, NCH,CH,), 3.88 (s, 3H, OCH;), 3.68
(s, 3H, OCHs), 2.82 (t, 3J(H,H) = 6.8 Hz, NCH,CH,).

APCI-MS = 234.11 [M-H|* calc., 234.1122 [M-H|* found.

The data matches the literature values.2%!

Methyl 3-(6-cyano-1H-indol-1-yl)propanoate (Entry 6)

"H-NMR (300 MHz, CD,Cl,): § (ppm) = 7.94 (s, 1H, ArH), 7.44 (s, 2H, ArH), 7.31 (d,
J(H,H) = 3.2 Hz, 1H, ArH), 6.58 (d, J(H,H) = 3.2 Hz, 1H, ArH), 4.46 (t, 3/(H,H) = 6.6 Hz, 2H,
NCH,CHs,), 3.63 (s, 3H, OCHz), 2.84 (t, 3J(H,H) = 6.6 Hz, NCH,CHs).

APCI-MS = 229.09 [M-H|* calc., 229.0971 [M-H|* found.

3-(1H-Indol-1-yl)propanamide (Entry 7)

Q)
P

)

'H-NMR (300 MHz, CD5Cl,): §(ppm) = 7.74 (¢, J(H,H) = 7.7Hz, 1H, ArH), 7.42 (d,
J(H;H) =8.1Hz, 1H, ArH), 7.33-7.27 (m, 1H, ArH), 7.25-7.17 (m, 3H, ArH), 6.56 (d, J(H,H) =
3.1Hz, 1H, ArH), 6.08 (br. s, 2H, NHs), 4.40 (t, 3J(H,H) = 6.7Hz, 2H, NCH,CH,), 2.56 (t,
3T(H,H) = 6.7 Hz, 2H, NCH,CH,).

APCI-MS = 189.10 [M-H|* calc., 189.1021 [M-H|* found.

The data matches the literature values.2%!
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3-(6-Methoxy- 1 H-indol-1-yl)propanamide (Entry 8)

\>
>0 N
\\>/\NH2

)

IH-NMR (300 MHz, CD,Cly): & (ppm) = 7.26 (d, J(H,H) = 8.9 Hz, 1H, ArH), 7.16-7.09
(m, 2H, ArH), 6.91-6.85 (m, 1H, ArH), 6.41 (d, J(H,H) = 3.0 Hz, 1H, ArH), 4.36 (t, 3/(H,H) =
6.7 Hz, 2H, NCH,CH,), 3.83 (s, 3H, OCHy), 2.59 (t, 3/(H,H) = 6.7 Hz, 2H, NCH,CH,).
APCI-MS = 219.11 [M-H|* calc., 219.1126 [M-H|* found.

3-(6-Cyano-1H-indol-1-yl)propanamide (Entry 9)

\>
NC N
\\>/\NH2

)

'H-NMR (300 MHz, CD,Cl,): § (ppm) = 7.92 (s, 1H, ArH), 7.53 (s, 1H, ArH), 6.61 (d,
J(ILH) = 3.2 Hz, 1H, ArH), 6.26 (d, J(H,H) = 3.8 Hz, 1, ArH), 5.70 (d, J(H,H) = 4.1 Hz, 1M,
ArH), 4.47 (t, 3J(H,H) = 6.6 Hz, 2H, NCH,CH,), 2.74 (t, 3J(H,H) = 6.6 Hz, 2H, NCH,CH,).
APCI-MS = 214.09 [M-H|* calc., 214.0974 [M-H|* found.

8.3 Basicity measurements

The pKpy+ values were determined as described in the literature. 5 A mixture of phosphazene
base (5.00 mg, 1.00 eq.), reference base (5.00 mg, 1.00 eq.) and bistriflimidic acid (5.00 mg,
1.00 eq.) was dissolved in THF—dg (0.60 mL) transferred to an NMR tube and shaken.
Quantitative 3'P-NMR. spectra were recorded by inverse gated decoupling method with a
relaxation delay of 40s. pKpy+ values of the THF scale (measured) were correlated to the
MeCN scale using correlation equation B3] reported by Leito et al.l23l The pKpg+ (THF)
values of reference bases MTBD and PhsPCH, are 18.6 and 26.6 respectively. 2!

8.3.1 Example calculation

(dma)P;P-(tBu)y (8.57 mg, 26.6 pmol), MTBD (4.66 mg, 30.4 pmol) and triflimidic acid
(5.78 mg, 26.6 pmol) were dissolved in THF—dg (0.60 mL) transferred to an NMR tube and
shaken. The integrals of the resulting mixture of (dma)P;P-(#Bu), and (dma)P;P-(¢tBu),H"
were 0.67 and 0.33. Therefore, we can calculate the molarity of (dma)P;P-(¢Bu)y and MTBD
as 17.74 pmol and 12.68 pmol. The molarities of (dma)P;P-(tBu),H" and MTBDH" are the
differences of starting molarity to calculated molarity.

We can now calculate the rate constant K by equation

n((dma)P;P — (tBu)s) * n(MTBDH™")

K= (8.1)
n(MTBD) * n((dma)P{P — (tBu),H")
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Now we we can calculate the pKpgy+ by subtracting the logarithm of K with the pKpggy+ of the

reference base (MTBD = 18.6 in THF).

pKpp+ = 18.6 — log (K) = 18.6 — log 2.80 = 18.15

We can calculate the basicity in MeCN by equation .3}

pKo(THF) = (0.92 + 0.02) * pKo(MeCN) — (5.15 + 0.51) = 24.8 + 0.1

8.3.2 Basicity of (dma)P;P-(tBu),

Table 8.1: Data for basicity measurement of (dma)P;P-(¢tBu)s,.

Base Reference Base

52  MTBD 5aH” MTBDH"
m |[mg| 8.57  4.66
n(start) [mmol| 26.58 30.41 0 0
n(end) [mmol]  17.74 12.68 884  17.74

pKprr+ = 18.6 — log (K) = 18.6 — log 2.80 = 18.15

pKo(THF) = (0.92 + 0.02) * pKo(MeCN) — (5.15 + 0.51) = 24.8 + 0.1

8.3.3 Basicity of (pyrr)P;P-(tBu),

Table 8.2: Data for basicity measurement of (pyrr)P;P-(¢Bu)s,.

Base Reference Base

5b  MTBD 5bH" MTBDH"
m |[mg| 6.80 2.64
n(start) [mmol| 16.99 17.20 0 0
n(end) [mmol]  6.95  10.30 10.0  6.94

pKpy+ = 18.6 —log (K) = 18.6 — log 0.47 = 18.93

pKo(THF) = (0.92 + 0.02) * pKo(MeCN) — (5.15 + 0.51) = 25.7 + 0.1
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8.3.4 Basicity of (cy)P,P-(tBu),

Table 8.3: Data for basicity measurement of (cy)P{P-(tBu)s.

Base Reference Base

5c  MTBD 5cH" MTBDH"
m |[mg| 9.20  3.20
n(start) [mmol] 20.93 20.90 0 0
n(end) [mmol]  12.0  8.920 896  11.98
PKpr+ = 18.6 — log (K) = 18.6 — log 1.79 = 18.35 (8.8)
DKo (THF) = (0.92 + 0.02) * pKo(MeCN) — (5.15 + 0.51) = 25.0 = 0.1 (8.9)

8.3.5 Basicity of (tBu)P,P-(tBu),

Table 8.4: Data for basicity measurement of (¢Bu)P;P-(¢Bu)s.

Base Reference Base

5d  MTBD 5dH" MTBDH"
m |[mg] 592  2.82
n(start) [mmol] 16.37 18.40 0 0
n(end) [mmol]  11.15 7.26 522  11.15
pKpr+ = 18.6 — log (K) = 18.6 —log 3.28 = 18.1 (8.10)
PKo(THF) = (0.92 + 0.02)  pKo(MeCN) — (5.15 + 0.51) = 24.8 £ 0.1 (8.11)

8.3.6 Basicity of (dma)P,P-tBu

Table 8.5: Data for basicity measurement of (dma)P,P-¢tBu.

Base Reference Base

6a PhsPCH, 6aH" PhsPCH,H"
m [mg] 6.70  4.23
n(start) [mmol] 15.14 15.32 0 0
n(end) [mmol] 891  6.31 6.23  8.91
pKpg+ = 26.6 — log (K) = 26.6 —log 1.99 = 26.3 (8.12)
pK,(THF) = (0.92 £ 0.02) * pK,(MeCN) — (5.15+0.51) = 33.7 £ 0.1 (8.13)
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8.3.7 Basicity of (pyrr)P,P-tBu

Table 8.6: Data for basicity measurement of (pyrr)P,P-¢tBu.

Base Reference Base

6b Ph;PCH, 6aH"™ PhyPCH,H"
m |[mg| 8.14  3.75
n(start) [mmol] 13.60 13.58 0 0
n(end) [mmol]  3.44  10.14 10.15  3.44
pKpg+ = 26.6 — log (K) = 26.6 —log0.12 = 27.5 (8.14)
PKo(THF) = (0.92 + 0.02)  pKo(MeCN) — (5.15 + 0.51) = 35.0 £ 0.1 (8.15)

8.4 General procedure for the determination of hydrolysis
products

Phosphazene base (50 mg), was dissolved in dioxane (2 mL) and 3 mL of either (a) 1 M
aqueous HCI, (b) 1 M aqueous NaOH or (¢) HyO were added. The mixture was stirred for
16 h at 100 °C. Afterward, the solvent was removed, and the residue dissolved in CDClg.3'P-
NMR spectra as well as ESI-MS were measured to determine the stability of the respective
phosphazenes.

8.4.1 Experimental data of hydrolysis reactions

8.4.1.1 (dma)P1P-(tBu)2

31pfIH}-NMR (121 MHz, CDCl;): & (ppm) = 69.2 (s, P(II)=
45.5 (d, 2J(P,P) = 3.3 Hz, P(II1)-H), 32.3 (d, %J(P,P) = 3.3 Hz, P(III)-H).

ESI-MS = 323.25 |M-H|* calc., 323.4 [M-H|* found;
339.24 [M=O|H" calc., 339.2433 [M=O|H* found.

o
W
ot
o

2

pa

=
J
o

8.4.1.2 (pyrr)P1P-(tBu),

31pf'H}-NMR (121 MHz, CDCl;): & (ppm) = 53.9 (s, P(III)-0), 37.5 (d, ¥J(P,P) =
34.8 Hz, P(V)=0), 43.7 (d, 2J(P,P) = 23.3 Hz, P(III)-H), 26.9 (d, ?J(P,P) = 23.3 Hz, P(V)-H).
ESI-MS = 401.54 [M-H|* calc., 401.2962 [M-H|* found,

417.29 [M=O|H* calc., 417.4 | M=O|H* found.

8.4.1.3 (cy)P1P-(tBu),

3Ip{'H}-NMR (121 MHz, CDCl,): § (ppm) = 41.0 (s, P(III)-H), 14.6 (s, P(V)-H), 43.0
(s, P(II1)=0), 8.6 (s, P(V)=0).

ESI-MS = 440.36 [M-H|* calc., 440.3591 [M-H|* found,

456.35 [M=O|H* calc., 456.3527 [M=O]H* found.
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8.4.1.4 (tBu)P;P-(tBu),

3Ip{'H}-NMR (121 MHz, CDCl,): §(ppm) = 58.0 (d, 2J(P,P) = 31.2Hz, P(II)-H),
44.87 (d, 2J(P,P) = 31.2 Hz, P(V)-H), 65.1 (s, P(II1)=0), 40.9 (s, P(V)=0).

ESI-MS = 362.31 [M-H|* calc., 362.7 [M-H|* found,

378.30 [M=OJH* calc., 378.3052 [M=O|H* found.

8.4.1.5 (dma)P,P-tBu

31pf'H}-NMR (121 MHz, CDCly): & (ppm) = 23.0 (d, 2J(P,P) = 21.7 Hz, P(III)-H), 4.0
(t, 2J(P,P) = 21.7Hz, P(V)-H).

ESI-MS = 362.31 [M-H|* calc., 443.31 [M-H|* found,

459.30 [M=O|H* calc., 459.2995 [M=O|H* found.

8.4.1.6 (pyrr)P,P-tBu

31pf'H}-NMR (121 MHz, CDCls): § (ppm) = 9.1 (d, 2(P,P) = 17.7Hz, P(III)-H), 2.3
(t, 2J(P,P) = 17.2Hz, P(V)-H).

ESI-MS = 499.40 [M-H]* calc., 599.3999 [M-H]|* found;

615.39 [M=O|H* calc., 615.3931 [M=O|H* found.

8.4.1.7 (dma)P3P

3lp{'H}-NMR (121 MHz, CDCl,): §(ppm) = 21.1 (d, 2J(P,P) = 29.5Hz, P(III)-H),
—29.7 (q, J(P,P) = 29.5 Hz, P(V)-H).

ESI-MS = 563.36 [M-H|* calc., 563.3623 [M-H|* found,

579.36 [M=OJ|H" calc., 579.3599 [M=O|H* found.

8.4.1.8 (pyrr)P5P

31p{'H}-NMR (121 MHz, CDCl3): § (ppm) = 8.8 (d, 2J(P,P) = 23.1 Hz, P(I1I)-H), —29.0
(q, 2J(P,P) = 23.1 Hz, P(V)-H).
ESI-MS = 797.50 [M-H|* calc., 797.4999 [M-H|* found.

8.5 Reaction of PAP’s with lodoethane

PAP was dissolved in THF (5 mL) and iodoethane (excess) was added. The mixture was
stirred for 1 h before the solvent was removed in vacuo. The residue was redissolved in
MeCN—d;5 and analyzed by NMR and MS spectrometry. A quantitative >’ P-NMR spectrum
was taken by inverse gated decoupling method with a relaxation delay of 40 s as described
in the literature.9 The alkylation /protonation ratio was analyzed by integrating the central
phosphorus atoms intensities of the 3'P-NMR spectra.

8.5.1 Experimental data of ethylation reactions
8.5.1.1 (dma)P3P-Et and (pyrr)P3;P-Et (7a-Et and 7b-Et)
(dma)P4P and (pyrr)PsP data is given in the literature. /S0
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8.5.1.2 (dma)P{P-(tBu),-Et (5a-Et)

(dma)P{P-(tBu)y (9.99 mg, 31.0 pmol, 1.00 eq.) and EtI (9.67 mg, 62 nmol, 2.00 eq) gave a
ratio of [dmaP{PEt|/[dmaP{H] of 60.9/39.1.

'"H-NMR (300 MHz, MeCN—d3): §(ppm) = 3.34 (dt, J(P,H) = 936.2Hz, 3J(P,H) =
7.1Hz, 1H, P-H), 2.66 (d, *J(P,H) = 10.8 Hz, 18H,CH3N—-P=NP=-Et), 2.67 (d, 3J/(P,H) =
10.2Hz, 18H, CH;N—P=NP—H"), 2.05 (q, 2J(H;H) = 7.8 Hz, PCH2CH3), 1.30 (d, ?J(P,H) =
14.9 Hz, 18H, P=NP=CCH3—H), 1.23 (td, ?J(H,H) = 7.8 Hz, 2J(P,H) = 15.9 Hz, 3H, PCH,CH3),
1.16 (d, 3J(P,H) = 13.3Hz, 18H, P=NP=CCH;3—Et).

31pf'H}-NMR (121 MHz, MeCN—d3): &(ppm) = 46.0 (d, 2J(P,P) = 29.4Hz, P(III)-
H+), 45.5 (d, 2J(P,P) = 3.7Hz, P(III)-Et+), 23.0 (s, P(V)-Et+), 21.0 (d, 2J(P,P) = 29.4 Hz,
P(V)-H+).

ESI-MS = 351.2806 [M-H|* calc., 351.2804 [M-H|* found.

8.5.1.3 (pyrr)P1P-(tBu),-Et (5b-Et)

(pyrr)PP-(tBu)y (12.42 mg, 31.0 pmol, 1.00 eq.) and EtI (9.67 mg, 62 pmol, 2.00 eq.) gave
a ratio of |[pyrrP,PEt|/[pyrrPH]| of 51.7/48.3.

'"H-NMR (300 MHz, MeCN—d3): §(ppm) = 3.34 (dt, J(P,H) = 936.5Hz, 3J(P,H) =
7.3Hz, 1H, P-H), 3.2 (m, 12H, NCH,CH,), 2.15 (dq, 2J(P;H) = 76.2 Hz, 2J(H;H) = 7.4 Hz, 2H,
PCH,CHj), 1.87 (m, 12H, NCH,CH,), 1.81 (m, 12H, NCH,CH,), 1.32 (d, 2/(P,H) = 14.8 Hz,
CCHg), 1.25 (m, 3H, PCH,CHs), 1.19 (d, ?J(P,H) = 13.3 Hz, CCHj).

3lp{'H}-NMR (121 MHz, MeCN—d3): § (ppm) = 44.5 (d, 2J(P,P) = 26.5 Hz, P(IIH "),
40.8 (s, P(IIEt™), 8.3 (s, P(V)Et"), 5.4 (d, 2J(P,P) = 26.5Hz, P(V)H™).

ESI-MS = 429.3276 [M-H|* calc., 429.3270 [M-H|* found.

8.5.1.4 (cy)P1P-(tBu),-Et (5c-Et)

(cy)P1P-(tBu), (13.63 mg, 31.0 pmol, 1.00 eq.) and EtI (9.67 mg, 62 pmol, 2.00 eq.) gave a
ratio of [cyP{PEt|/[cyPH] of 10.8/89.2.

'"H-NMR (300 MHz, MeCN—ds): &§(ppm) — 3.34 (dt, J(P,H) = 936.2Hz, 3J(P,H) =
7.0Hz, 1H, P-H), 3.36 (m, 3H, PCHCH2CH2CH2), 2.22-2.17 (m, 7H), 2.05-1.98 (m, 6H),
1.83-1.76 (m, 11H), 1.72-1.68 (m, 4H), 1.62-1.51 (m, 6H), 1.31-1.19 (m, 12H), 1.14 (d,
3J(P,H) = 13.5Hz, 18H, CCHj).

3Ip{'H}-NMR (121 MHz, MeCN—dj): § (ppm) = 56.1 (s, P(III)-Et"), 50.5 (s, P(V)-
Et™), 42.3 (d, 2J(P,P) = 22.4Hz, P(IIT)-H™), 27.6 (d, 2J(P,P) = 22.4Hz, P(V)-H™).

ESI-MS = 468.3888 [M-H|* calc., 468.3900 [M-H|* found.

8.5.1.5 (tBu)P1P—(tBu)2—Et (5d—Et)

(tBu)P{P-(tBu)y (11.21 mg, 31.0 pmol, 1.00 eq.) and EtI (9.67 mg, 62 nmol, 2.00 eq.) gave
a ratio of [tBuP,PEt|/[tBuPH]| of 15.4/84.6.

'"H-NMR (300 MHz, MeCN—ds): §(ppm) — 3.34 (dt, J(P,H) = 936.1Hz, 3J(P,H) =
7.0Hz, P-H), 2.19 (q, ¥(H;H) = 7.8 Hz, 2H, PCH,CHj3), 1.52 (d, ?/(P,H) = 14.2Hz, 27H,
CCH3—Et), 1.50 (d, ?J(P;H) = 13.4 Hz, 27H, CCH3—H), 1.44 (dt, 2J(P,H) = 14.8 Hz, 2J(H,H) =
7.8 Hz, 3H, PCH,CH;), 1.26 (d, 2J(P,H) = 13.4 Hz, CCH3).
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31pf'H}-NMR (121 MHz, MeCN—d3): & (ppm) = 55.0 (d, 2J(P,P) = 22.4Hz, P(III)-
H"), 46.3 (d, J(P,P) = 31.9Hz, P(II)-Et "), 45.5 (d, 2J(P,P) = 22.4Hz, P(V)-H"), 40.5 (d,
2J(P,P) = 31.9Hz, P(V)-Et™).

ESI-MS = 390.3418 [M-H|* calc., 390.3432 [M-H|* found.

8.5.1.6 (dma)P;P-(Odipp),-Et (9-Et)

(dma)P{P-(Odipp)s (17.44 mg, 31.0 pmol, 1.00 eq.) and Etl (9.67 mg, 62 nmol, 2.00 eq.)
gave a ratio of [PhosphiteP,PEt|/[PhosphitePH]| of 7.0/93.0.

'"H-NMR (300 MHz, MeCN—d3): § (ppm) — 7.14 (d, 3J(H,H) = 7.6 Hz, 2H, ArH), 7.09 (d,
3T(H,H) = 7.6 Hz, 2H, ArH), 6.99 (t, 3J(H,H) = 7.6 Hz, 2H, ArH), 3.37 (dt, J(P,H) = 936.0 Hz,
31(P,H) = 7.2 Hz, P-H), 3.83 (sept,

3T(H,H) = 6.9 Hz, 4H, PEt—CH3CHCHj3), 3.73 (septd, 3J(H,H) = 6.9 Hz, °J(P,H) = 2.5 Hz, 4H,
PH—CH3CHCHSj;), 3.37 (m, 2H, PCH,CHj3), 2.72 (d, 37(P,H) = 9.9 Hz, 18H, PEt—NCH;), 2.54
(d, 3J(P,H) = 10.0 Hz, 18H, PHNCH3), 1.18 (d, 3J(H,H) = 6.9 Hz, 6H, PEtCH3;CHCHj), 1.16
(d, 3J(H;H) = 6.9Hz, 6H, PEtCH3CHCHj), 1.14 (d, 3J(H;H) = 6.9 Hz, 6H, PHCH;CHCHj),
1.12 (d, 3J(H,H) = 6.9 Hz, 6H, PHCH;CHCH3).

31p{'H}-NMR (121 MHz, MeCN—ds): § (ppm) = 24.3 (s, P(III)-Et ), 22.3 (d, 2J(P,P) =
69.6 Hz, P(II1)-H"), —12.0 (d, 2J(P,P) = 69.6 Hz, P(V)-H"), —16.7 (s, P(V)-Et").

ESI-MS = 591.3957 [M-H|* calc., 591.3955 [M-H|* found.

8.5.1.7 (dma)P,P-(tBu)-Et (6a-Et)

(dma)PyP-(¢Bu) (13.72 mg, 31.0 pmol, 1.00 eq.) and EtI (9.67 mg, 62 pmol, 2.00 eq.) gave
a ratio of [dmaP,PEt|/[dmaP,H]| of 45.4/54.6.

'"H-NMR (300 MHz, MeCN—d3): & (ppm) — 3.34 (dt, J(P,H) = 936.2Hz, 3J(P,H) =
7.1Hz, 1H, P-H), 2.64 (d, 3J(P,H) = 10.2Hz, 18H, NCHj), 2.62 (d, 3J(P,H) = 10.0 Hz, 18H,
NCH3), 2.22-2.15 (m, 2H, PCH2CH3), 1.22 (dt, 3J(P,H) = 56.9 Hz, 3J(H;H) = 7.2Hz, 3H,
PCH,CHj;), 1.15 (d, 3J(P,H) = 17.6 Hz, 9H, CCH;), 1.06 (d, 3J(P,H) = 15.0 Hz, 9H, CCH3).
3Ip{'H}-NMR (121 MHz, MeCN—d3): &(ppm) = 19.7 (d, 2J(P,P) = 27.7Hz, P(V)-
Et"), 17.0 (t, 2JJ(P,P) = 27.7Hz, P(III-Et"), 14.9 (d, 2J(P,P) = 21.1 Hz, P(V)-H"), 12.9 (4,
2J(P,P) = 21.1 Hz, P(IIT)-H ™).

ESI-MS = 471.3371 [M-H|* calc., 471.3396 [M-H|* found.

8.5.1.8 (pyrr)P,P-tBu-Et (6b-Et)

(pyrr)PoP-tBu (40.0 mg, 66.8 pmol, 1.00 eq.) and EtI (20.8 mg, 133.6 pmol, 2.00 eq.) gave a
ratio of [PyrrPoPEt]/[PyrrPoH] of 1.4/98.6.

'"H-NMR (300 MHz, MeCN—ds): &§(ppm) — 3.35 (dt, J(P,H) = 562.3Hz, 3J(P,H) =
7.0Hz, 1H, P-H), 3.21-3.12 (m, NCH,CH,, 24H), 2.26-2.18 (m, PCH2CH3, 2H), 1.89-1.76
(m, NCH,CH,, 24H), 1.30-1.19 (m, 5H, PCH,CH3), 1.13 (d, ®J(P,H) = 16.2Hz, 9H, CCH,).
3Ipf'H}-NMR (121 MHz, MeCN—d3): 6 (ppm) = 16.3 (t, 2J(P,P) = 23.9Hz, P(III)-
HY), 14.1 (d, 2J(P,P) = 26.4Hz, P(III)-Et"), 3.7 (d, 2J(P,P) = 25.9Hz, P(V)-Et"), 1.3 (d,
2J(P,P) = 23.9Hz, P(V)-H").

ESI-MS = 627.43 [M-H|* calc., 627.4308 [M-H|* found.
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8.6 Computational section

All gas phase calculations were performed at the PBERS_def2tvpdl or B3LYPRITE0] /6-
31G*B0 Jevel of theory. Solvent calculations were performed at the PBE-def2tzvp level of
theory with the Conductor-like Polarizable Continuum Model (CPCM).H61 All structures
were optimized without geometrical constraints and their vibrational frequencies were com-
puted in order to confirm the energy surface of the optimized geometries as a global minimum.
All calculations have been carried out using the ORCA program package.B928%] Atom pair-
wise dispersion correction by GRIMME et al. as well as auxiliary basis sets by WEIGEND
et al BUB0I] were utilized. The vibrational entropy was computed according to GRIMME. B!
Rotational entropy computed according to HERZBERG. BV

8.6.1 Donor capabilities

For the determination of the donor capabilities, the optimized structures of phosphazene
base and the corresponding [L-Ni(CO)s3| complexes were calculated. After optimization, the
molecules were aligned so that the Z-axis was aligned with the L-Ni bond. A single point
frequency calculation was then carried out and the Mulliken Orbital charges were extracted.
The values given were calculated as follows: 272l

As =s(L) — s(L — NiCO) (8.16)
Aps = pz(L) - pz(L - NiCO) (8'17)
Apr = [px(L) + py(L)] = [px(L = NiCO) + py(L - NiCO)] (8.18)

The sum of the donation ability of the ligand can now be calculated with with equation
AT

D A=As+ APy - AP, (8.19)
The ratio of o- to z-donor ability is described by equation 20!

T AP,

TR (8.20)

s refers to the sum of all Mulliken s-type orbital charges.
Px,y,z refers to the sum of all Mulliken p,. , .-type orbital charges.

8.6.2 Bond energies

To calculate the bond and the fragmentation energies, phosphazene bases and their respec-
tive [L-Ni(CO)s3| complexes were calculated. The fragmentation energy was calculated using
unrelaxed fragments of the complexes. The bond energy was calculated using relaxed frag-
ments. 72
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Efrag,bond =Ee (L - Ni(CO)g) — [Ea(L) + Eel(Ni(CO)?)] (821)

8.6.3 Proton Affinities and Gas phase basicity

Gas phase basicities were calculated as the Gibbs free energy of the reaction:

L+H" — LH'

so that:
AG = G(LH) - [G(L) + G(H+)] (8.22)

Proton affinities have been calculated as the enthalpy of the aforementioned reaction. !

PA = H(LH+) - [H(L) +H(H+)] (823)

The values for the gas phase enthalpy and entropy of protons are:
Hy+) = 1.48 kcal /mol

Sa+y = 26.02 kcal/(mol * K)

G+ = —6.28 kcal /mol. P68l

8.6.4 Cone Angles

Cone angles were calculated according to a mathematically rigorous method developed by
Bilbrey et al.P09M0 This method is based on solving for the most acute right circular cone
that contains the entire ligand. A Mathematica package FindSolidAngle developed by the
authors was used to compute the cone angles. 88308 The inputs for cone angle calculations
were optimized geometries of [L-Ni| complexes.

8.6.5 Buried Volumes

Buried volumes were calculated according to a method developed by Cavallo et al.B%l Bond
radii were scaled by 1.17, sphere radius of 3.5 A, mesh spacing for numerical integration was
0.1 and H atoms were included in the calculations. The inputs were optimized geometries of
[L-AuCl| complexes.

8.6.6 Basicity

All structures used for the determination of pK4 values have been calculated using the PBE
functional®™3l and def2tzvpt® basis set. The values have been estimated according to the
following thermodynamic cycle, as shown by SHIELDS et al.F53
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AGgaS - +
AHgaS AgaS + HgaS
AGsoI AG'soI AG'soI
AGIaq - +

Abbildung 8.1: Thermodynamic cycle for estimating basicity in solution by SHIELDS et. al.

The basicity can therefore be described by the following equation:

pK(A) = pK(AH+) + [Ggas (B) - Ggas (A) - Ggas (BH+) + Ggas (AH+)+

h . (8.24)
AGso1(B) = AGyo1(A) = AGot(BH') + AGyo1(AH")] / 2.303 RT

As reference trimethylphosphine (PMe3) was selected for MeCN. It has been chosen because
of its similar geometry, electronic structure and known pKy4 of 15.5.18101

170



Experimental Section Crystallographic appendix

8.7 Crystallographic appendix

XRD Data were collected with a Bruker D8 Quest area detector diffractometer equipped with
MoK radiation, a graded multilayer mirror monochromator (A = 0.71073 A) and a Photon-
100 CMOS detector or with a Stoe Stadivari diffractometer equipped with CuKa radiation,
a graded multilayer mirror monochromator (A = 1.54178 A) and a Dectris Pilatus 300 K
detector both using an oil-coated shock-cooled crystal at 100(2) K. Data collection, reduction,
cell refinement and semi-empirical absorption correction (multi-scan) were performed within
Bruker Apex3/ Apex4BHBH] or Stoe X-Area.B15 818 Structures were solved with dual-space
methods using ShelXTE and refined against F2 with ShelXL,B20 all within the user interface
of WinGXE2l and ShelXLe.BZl Carbon bonded hydrogen atoms were calculated in their
idealized positions and refined with fixed isotropic thermal parameters. Hydrogen atoms
connected to heteroatoms were located on the Fourier map and refined isotropically. All
molecular structures were illustrated with Diamond 4B23324] yging thermal ellipsoids at the
50% probability level. Peripheral protons as well as non-coordinating solvent molecules are
omitted for clarity. In case of disorder, only the major component is displayed. Atom colors
are assigned as shown below with reference to Jmol.¥23l All Crystal structures were solved
and refined by EUGEN SHARIKOW.

He
B F Ne
Al Si S Ar
Sc Ti Co
Y Zr B Ag Cd
1.® Pt Au Hg
A¥

(L:) La Ce Pr Nd Pm Sm Eu Gd Tb Dy
(A:) Ae
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8.7.1 Crystal structure of dmaP,P(tBu),-HBF, (SW71HBF4)

Crystal data

C14H37BF4N, P,
a = 8.9020(2) A
a = 90°

V = 2178.32(8) A3
Degie = 1.251 g cm?
habit: colorless plate

Data collection
Diffraktometer: StadiVari
-5 < h <11

22945 Refl. collected

Rine = 0.0367

Absorption corr.: Multiscan

Refinement

4486 reflections
Solution: SHELXT

R1 (I > 20(I)) = 0.0632
wRg (I > 20(I)) = 0.178
Appin = —0.505 € A_3

Refinement special details:

M = 410.22 g mol™!

b = 10.8893(2) A

B = 96.648(2)°

7 =4

p =2.161 mm™

0.395 x 0.279 x 0.158 mm?

T =100(2) K

-13 < k <13

4486 independent refl.
Cer.679° = 99.6%

T rmin = 0.2557

48 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.0704
wRy (all) =0.1854
Aprmas — 0.872 ¢ A3

monoclinic, P21/a
¢ = 22.6237(5) A
y = 90°

F(000) = 880

A =154178 A

-28 < k < 25
3826 refl. I > 20(1)]
0 = 3.934 to 76.046°
T ez = 0.9908

280 parameters

GooF (F?) = 1.118

The dataset was refined with ISOR, SIMU and DELU. Parts of the structure were disordered

with PART.
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8.7.2 Crystal structure of [(dma)P;P-(tBu),-Pd(cinn)Cl] (SW71PdCinn)

Crystal data

Co3H,5CIN,P,Pd M = 581.42 g mol™! triclinic, P-1

a = 11.0253(7) A b= 15.3149(9) A ¢ = 17.9705(11) A
a = 107.041(2)° B = 91.531(2)° y = 106.131(2)°

V = 2767.5(3) A3 7 =4

Degie — 1.395 g cm?® p =0.9 mm™ F(000) = 1216
habit: colorless block 0.119 x 0.083 x 0.078 mm?

Data collection

Diffraktometer: D8 Quest T = 100(2) K = 0.71073 A

-13 < h < 13 -18 < k < 17 0 <k <21
10503 Refl. collected 10503 independent refl. 8796 refl. [I > 20(1)]
Rint = 0.0887 Cos5.052° = 92.2% 0 = 1.936 to 25.052°
Absorption corr.: Multiscan Ty, = 0.652333 T rmaez = 0.74516
Refinement

10503 reflections 36 restraints 585 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

Ry (I >20(I)) = 0.0527 Ry (all) = 0.0731 GooF (F?) = 1.06
wRa (I > 20(I)) = 0.0889 wR2 (all) =0.0964

Apmin = —1.366 ¢ A3 Apmaz = 0.948 e A3 E = 0.00057(10)

Refinement special details:
The dataset was refined with ISOR, SIMU and DELU and parts of the structure were disor-
dered with PART.
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8.7.3 Crystal structure of (PPh3),Pd(0,) (SW77THF)

Crystal data

C40H3503P,Pd
a = 16.0159(7) A
a = 90°

V = 3326.5(3) A3
Degie = 1.468 g cm?
habit: colorless block

Data collection
Diffraktometer: D8 Quest
-19 < h <19

63510 Refl. collected

Rint = 0.023

Absorption corr.: Multiscan

Refinement

5922 reflections

Solution: SHELXT

Ri (I > 20(I)) = 0.018
wRa (I > 20(I)) = 0.0458
Apmin = —0.37 e A3

Refinement special details:

The dataset was refined with ISOR.
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M = 735.04 g mol!
b = 11.2806(5) A

B = 90.982(2)°
Z =4
p =—0.693 mm™

0.472 x 0.320 x 0.206 mm?

T —100(2) K

-13 < k < 13

5922 independent refl.
Cos.116° = 99.8%
Trmin = 0.6721

6 restraints

Ref.: SHELXL 2018/3
R, (all) = 0.0189
wR2 (all) =0.0463
Aprmas = 0.403 ¢ A3

monoclinic, P21 /¢
¢ = 18.4150(8) A
y = 90°

F(000) = 1512

— 0.71073 A
21 < k < 21
5712 refl. [I > 20(I)]
0 = 2.117 to 25.116°
T rimaz = 0.7452

416 parameters
GooF (F?) = 1.055

E = 0.00123(9)
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8.7.4 Crystal structure of (dma)P;P-(tBu),-AuCl (SW80)

Crystal data

Cy4H36AuCIN,P, M = 554.82 g mol™ orthorhombic, P212121
a = 9.5324(4) A b = 13.6200(6) A ¢ = 16.3089(8) A

a = 90° B = 90° y = 90°

V = 2117.41(17) A3 Z =4

Deale = 1.74 g cm3 p =7.228 mm! F(000) = 1096

habit: colorless block 0.300 x 0.287 x 0.168 mm?

Data collection

Diffraktometer: D8 Quest T =100(2) K A=0.71073 A

-11 < h < 11 -16 < k < 16 -19 <k <19
20572 Refl. collected 3651 independent refl. 3613 refl. [I > 20(1)]
Rint = 0.0278 Ca5.084° = 99.7% 0 = 2.475 to 25.084°
Absorption corr.: Multiscan T 7y, = 0.4593 T rmas = 0.7452
Refinement

3651 reflections 12 restraints 223 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

Ry (I > 20(I)) = 0.0125 R; (all) = 0.0127 GooF (F?) = 1.094
wRa (I > 20(I)) = 0.0311 wRy (all) =0.0312

Apomin = —0.779 e A3 Apmaz = 0.329 ¢ A3

Refinement special details:

Some reflections near the beamstop were omitted from the least-squares refinement using
OMIT. The dataset was refined as 2-component inversion twin (97:3) and parts of the structure
were disordered with ISOR and PART.
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8.7.5 Crystal structure of (dma)P;P-(tBu),-Ni(CO); (SW81)

Crystal data

C17H36N4NiO3P
a = 8.4273(4) A
a = 90°

V = 2316.3(2) A3
Degie = 1.334 g cm?
habit: colorless block

Data collection
Diffraktometer: StadiVari
-10 < h <10

22270 Refl. collected

Rine = 0.0832

Absorption corr.: Multiscan

Refinement

4787 reflections

Solution: SHELXT

R1 (I > 20(I)) = 0.079
wRa (I > 20(I)) = 0.1855
Apmin = —0.548 e A-3

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT.
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M = 465.15 g mol!
b = 13.0769(7) A

B = 90.469(4)
7 =4
p =2.707 mm*

0.050 x 0.037 x 0.021 mm?

T =100(2) K

-16 < k < 15

4787 independent refl.
057,579" = 99.7%
T?”mm =1

0 restraints

Ref.: SHELXL 2018/3
R; (all) = 0.1146
wRy (all) =0.2133
Aprmas = 0.535 e A3

monoclinic, P21 /¢
¢ = 21.0193(10) A
y = 90°

F(000) = 992

A= 154178 A

-16 < k < 25
3475 refl. [I > 20(1)]
0 = 3.981 to 75.929°
Trmaz = 1

257 parameters

GooF (F?) = 1.071
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8.7.6 Crystal structure of (tBu)P;P-(tBu), (SW89)

Crystal data

CaoHysN 1P
a = 8.5196(1) A
a = 90°

V = 2199.2(4) A3
Degie = 1.092 g cm?
habit: colorless needle

Data collection
Diffraktometer: D8 Quest
-10 < h <10

42478 Refl. collected

Rint = 0.0351

Absorption corr.: Multiscan

Refinement

3890 reflections

Solution: SHELXT

Ri (I > 20(I)) = 0.0278
wRa (I > 20(I)) = 0.0748
Apmin = —0.188 e A3

M = 361.51 g mol!
b = 15.0254(16) A

B = 92.054(5)
Z =4
p =0.2 mm™

0.428 x 0.220 x 0.152 mm?

T =100(2) K

-17 < k < 17

3890 independent refl.
025_04" = 99.9%

T rmim = 0.7159

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.031

wRy (all) =0.0762
Apmaz = 0.362 e A3

monoclinic, P21/n
¢ = 17.1907(18) A
y = 90°

F(000) — 808

A =0.71073 A

-20 < k < 20
3504 refl. [I > 20(I)]
0 = 2.371 to 25.040°
T ez = 0.7452

223 parameters

GooF (F?) = 1.068
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8.7.7 Crystal structure of (dma)P;P-(tBu),-Se (SW90)

178

Crystal data

C14H36N4PQS€
a = 15.0971(4) A
a = 90°

V = 2034.20(9) A3
Degie = 1.311 g cm?
habit: yellow needle

Data collection
Diffraktometer: StadiVari
-13 < h < 18

19499 Refl. collected

Rine = 0.0417

Absorption corr.: Multiscan

Refinement

4165 reflections

Solution: SHELXT

Ri (I > 20(I)) = 0.0346
wRa (I > 20(I)) = 0.0951
Apmin = —0.613 e A3

M = 401.37 g mol!
b =9.5672(2) A

p = 117.837(2)
Z =4
p =3.979 mm™

0.266 x 0.195 x 0.100 mm?

T = 100(2) K

-11 < kK £ 10

4165 independent refl.
Ce7.679° = 99.8%

T rmin = 0.4043

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.04

wR2 (all) =0.0974
Apmaz = 0.46 ¢ A3

monoclinic, P21/n
¢ = 15.9267(4) A
y = 90°

F(000) = 848

— 1.54178 A
-19 < k < 16
3616 refl. [I > 20(1)]
0 — 3.332 to 75.504°
T gz = 0.9908

202 parameters

GooF (F*) = 1.052
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8.7.8 Crystal structure of (tBu)P;P-(tBu),-Ni(CO)3; (SW92)

Crystal data

Co3H45NNiO3Py M = 504.25 g mol™! triclinic, P-1

a — 8.8282(5) A b — 10.0943(6) A ¢ — 16.2338(10) A
a = 105.948(2) B = 91.650(2) y = 106.128(2)

V = 1327.56(14) A3 Z =2

Degie = 1.261 g cm? p =0.874 mm™ F(000) = 544
habit: colorless plate 0.389 x 0.300 x 0.177 mm?

Data collection

Diffraktometer: D8 Quest T =100(2) K A =0.71073 A

-10 < h £ 10 -12 < k <11 0 <k <19
35784 Refl. collected 4684 independent refl. 4333 refl. [I > 20(1)]
Rint = 0.0414 Co5.091° = 99.7% 0 = 2.198 to 25.031°
Absorption corr.: Multiscan Ty, = 0.633837 T rmaez = 0.74516
Refinement

4684 reflections 22 restraints 379 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

Ri (I > 20(I)) = 0.0285 R; (all) = 0.0344 GooF (F?) = 1.088
wRg (I > 20(I)) = 0.0614 wR2 (all) =0.0642

Apomin = —0.245 e A3 Apmaz = 0.314 ¢ A3

Refinement special details:
The dataset was refined as 2-component inversion twin (80:20) and parts of the structure were

disordered with ISOR, SAME and PART.
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8.7.9 Crystal structure of (dmaP,P),Pd,Cl; (SW129)

Crystal data

a = 15.0869(7) A
a =90

V = 2122.79(17) A3
Degie = 1.564 g cm?®
habit: yellow block

Data collection
Diffraktometer: D8 Quest
-19 < h <19

51567 Refl. collected

Rine = 0.0227

Absorption corr.: Multiscan

Refinement

4715 reflections

Solution: SHELXT

R1 (I > 20(I)) = 0.0151
wRa (I > 20(I)) = 0.0388
Apmin = —0.511 e A-3

Refinement special details:

Some reflections near the beamstop were omitted from the least-squares refinement using
OMIT.

180

M = 999.41 g mol!

b = 10.8816(5) A

B = 116.5350(10)

7 =2

p =1.281 mm!

0.393 x 0.388 x 0.190 mm?

T =100(2) K

-13 < k < 13

4715 independent refl.
025,242" = 99.9%

T rmin = 0.6593

0 restraints

Ref.: SHELXL 2018/3
R; (all) = 0.0159
wRy (all) =0.091
Aprmas = 0.393 e A3

monoclinic, P21 /¢
¢ = 14.4529(6) A
Yy =90

F(000) = 1032

A =0.71073 A

-18 < k < 18
4546 refl. [I > 20(I)]
0 — 2.404 to 27.181°
T Tmaw = 0.7455

220 parameters

GooF (F?) = 1.127
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8.7.10 Crystal structure of (pyrr)P;P-(tBu), (SW135)

Crystal data

CooHyoN,Py M = 400.51 g mol™! monoclinic, P21 /¢
a = 11.5930(7) A b = 9.1066(4) A ¢ = 22.1809(14) A
a =90 B = 100.754(5) Yy =90

V = 2300.6(2) A3 Z =4

Deale = 1.156 g cm?® p =1.787 mm™ F(000) = 880

habit: colorless plate 0.350 x 0.130 x 0.101 mm?

Data collection

Diffraktometer: StadiVari T =100(2) K A= 154178 A

-11 < h < 14 -11 < k <11 -24 < k <27
29409 Refl. collected 4731 independent refl. 3146 refl. [I > 20(1)]
Rint = 0.0862 Ces7.679° = 99.5% = 3.881 to 75.940°
Absorption corr.: Multiscan T, = 0.197 Trme: =1
Refinement

4731 reflections 0 restraints 242 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

R1 (I > 20(I)) = 0.0527 Ry (all) = 0.0782 GooF (F?) = 0.912
wRg (I > 20(I)) = 0.1292 wRy (all) =0.1379

Apomin = —0.351 ¢ A3 Apimaz = 0.301 e A3 E = 0.0026(3)

Refinement special details:
The dataset was refined as non-merohedral 2-component twin (80:20) and parts of the struc-

ture were disordered with ISOR, SAME and PART.
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8.7.11 Crystal structure of (pyrr)P;P-(tBu),-HPFg (SW135HPF6)

Crystal data

CooHy3FgN4P3
a = 15.583(2) A
a =90

V = 2647.4(6) A3
Degie = 1.371 g cm?
habit: colorless block

Data collection
Diffraktometer: D8 Quest
-18 < h < 18

33463 Refl. collected

Rint = 0.0937

Absorption corr.: Multiscan

Refinement

4676 reflections

Solution: SHELXT

R (I > 20’(1)) = 0.8
wRy (I > 20(I)) = 0.1811
Apmin = —0.766 e A_?’

Refinement special details:
The dataset was refined with ISOR and SHEL and parts of the structure were disordered with
PART.

182

M = 546.49 g mol!

b — 8.6366(12) A

B = 104.534(4)

7 =4

p —0.283 mm™!

0.320 x 0.285 x 0.116 mm?

T =100(2) K

-10 < k <10

4676 independent refl.
Cg5,021° = 99.9%

T rmim = 0.6199

67 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.1145
wRy (all) =0.2017
Aprmaz = 1.056 e A3

monoclinic, P21/n
¢ = 20.321(3) A
y =90

F(000) = 1160

A =0.71073 A

23 <k < 24
3338 refl. [I > 20(1)]
0 = 2.071 to 25.021°
T Tz = 0.7452

400 parameters

GooF (F?) = 1.07
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8.7.12 Crystal structure of (dma)P,P-tBu-AuCl (SW138)

Crystal data

C16H45AuCINgP4 M = 674.92 g mol™! orthorhombic, Pbca
a = 11.185(2) A b = 15.366(3) A ¢ = 32.051(6) A

a =90 B =90 Yy =90

V = 5508.7(19) A3 Z =8

Deate = 1.628 g cm? ¢ =5.631 mm! F(000) = 2804
habit: colorless plate 0.406 x 0.296 x 0.114 mm?

Data collection

Diffraktometer: D8 Quest T =100(2) K A =0.71073 A

-13 < h <13 -18 < k < 18 -38 < k < 38
93272 Refl. collected 4904 independent refl. 4011 refl. [I > 20(1)]
Rint = 0.084 C25.093° = 99.8% 0 = 2.220 to 25.093°
Absorption corr.: Multiscan T 7, = 0.5301 T rmar = 0.7452
Refinement

4904 reflections 6 restraints 277 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

R1 (I > 20(I)) = 0.0492 R1 (all) = 0.0699 GooF (F?) = 1.314
wRa (I > 20(I)) = 0.0977 wR2 (all) =0.0156

Apomin = —2.766 ¢ A3 Apomaz = 1.539 ¢ A3

Refinement special details:
The dataset was refined with ISOR.
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8.7.13 Crystal structure of Pd(dmaP,P),Cl, (SW139)

Crystal data

CogH7oClLNgP,Pd
a = 15.1537(7) A
a =90

V = 4058.5(3) A3
Deae = 1.345 g cm?
habit: yellow block

Data collection
Diffraktometer: StadiVari
-16 < h < 18

45017 Refl. collected

Rin: = 0.0583

Absorption corr.: Multiscan

Refinement

3574 reflections

Solution: SHELXT

R1 (I > 20(I)) = 0.0237
wRg (I > 20(I)) = 0.0565
Apmin = —0.327 ¢ A3

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT and SHEL.
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M = 822.11 g mol!
b = 15.0034(6) A

B =90
Z =4
y =6.618 mm™

0.156 x 0.120 x 0.097 mm?

T =100(2) K

-17 < k < 14

3574 independent refl.
Ce6.595° = 99.9%

T rmim = 0.4262

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.0349
wRy (all) =0.0583
Apmas — 0.426 ¢ A3

orthorhombic, Pbca
¢ = 17.8508(5) A
y =90

F(000) = 1744

A= 1.54178 A

-20 < k < 21
2719 refl. [I > 20(1)]
0 = 4.831 to 66.595°
Trmaz = 1

209 parameters
GooF (F?) = 0.908

E = 0.000088(17)
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8.7.14 Crystal structure of Pd(dmaP,P),Cl, (SW156)

Crystal data

CogH75ClyNgPPd M = 822.11 g mol! triclinic, P -1

a = 8.6739(2) A b = 10.8336(2) A c = 11.8819(3) A

a = 75.506(2) B = 77.028(2) y = 70.012(2)

V = 1003.98(4) A3 Z =1

Deale = 1.36 g cm3 4 —6.688 mm! F(000) = 436
habit: yellow block 0.249 x 0.236 x 0.138 mm?

Data collection

Diffraktometer: StadiVari T =100(2) K A= 154178 A

-10 < h <9 -13 < k < 12 -4 <k <7
24953 Refl. collected 4122 independent refl. 4063 refl. [I > 20(I)]
Rint = 0.0489 Ce7.679° = 99.4% 0 = 3.888 to 76.054°
Absorption corr.: Multiscan T 7y, = 0.2865 Trmer =1
Refinement

4122 reflections 0 restraints 209 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

R1 (I > 20(I)) = 0.0471 Ry (all) = 0.0475 GooF (F?) = 1.131
wRg (I > 20(I)) = 0.1285 wRy (all) =0.1301

Apomin = —0.928 ¢ A3 Apomaz = 0.734 ¢ A3 E = 0.0089(7)

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT.
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8.7.15 Crystal structure of (dma)P,P-(Odipp), (SW185)

Crystal data

C3oH52N405P5
a = 17.7533(3) A
a — 90

V = 6623.2(2) A3
Degie = 1.129 g cm?®
habit: colorless needle

Data collection
Diffraktometer: StadiVari
-11 < h < 22

80658 Refl. collected

Rint = 0.1381

Absorption corr.: Multiscan

Refinement

6885 reflections

Solution: SHELXT

Ry (I > 20(I)) = 0.0986
wRa (I > 20(I)) = 0.2435
Aprmin = —0.417 ¢ A3

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT.

186

M = 562.69 g mol!
b = 16.6975(3) A

B =90
7 =8
p —1.424 mm™

0.149 x 0.060 x 0.054 mm?

T = 100(2) K

-20 < k < 19

6885 independent refl.
Ces7.679° = 99.9%

T rmin = 0.2047

0 restraints

Ref.: SHELXL 2018/3
R, (all) = 0.1365
wRy (all) =0.292
Apmaz = 0.509 e A3

orthorhombic, Pbca
¢ = 22.3427(5) A
Yy =90

F(000) = 2448

A =154178 A

-28 < k < 27
4173 refl. |I > 20(I)]
0 = 3.957 to 76.161°
Trmaz = 1

358 parameters
GooF (F?) = 0.993

E = 0.0043(5)
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8.7.16 Crystal structure of SW196

Crystal data

CgaH155C14LigN140,4Pg M = 1609.35 g mol! monoclinic, C2/¢
a = 26.2404(14) A b= 13.5481(7) A ¢ = 26.4904(15) A
a =90 B = 91.618(2) y =90

V = 9413.8(9) A3 7 =4

Deate = 1.136 g cm?® ¢ =0.308 mm™! F(000) = 3496
habit: colorless needle 0.410 x 0.172 x 0.148 mm?

Data collection

Diffraktometer: D8 Quest T =100(2) K A=0.71073 A

-31 < h £ 31 -16 < k < 16 -31 <k <31
81285 Refl. collected 8318 independent refl. 6089 refl. |I > 20(I)]
R = 0.0708 Cos. o = 100% 0 = 1.849 to 25.027°
Absorption corr.: Multiscan T 7y, = 0.7102 Trmas = 0.7452
Refinement

8318 reflections 257 restraints 645 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

Ri (I >20(I)) = 0.0784 R, (all) = 0.1093 GooF (F?) = 1.056
wRa (I > 20(I)) = 0.1781 wRy (all) =0.1974

Apomin = —0.631 e A3 Aprmas = 1.128 ¢ A3

Refinement special details:
Some reflections were omitted from the least-squares refinement using SHEL. The dataset was
refined with ISOR and parts of the structure were disordered with PART and SAME.
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8.7.17 Crystal structure of (cy)P;P-(tBu), (SW236)

Crystal data

C26H51NP2
a = 9.7058(6) A
a — 85.022(5)

V = 1358.41(15) A3
Degie = 1.075 g cm?
habit: colorless needle

Data collection
Diffraktometer: StadiVari
-11 < h < 12

33472 Refl. collected
Rin: = 0.0589

Absorption corr.: Multiscan

Refinement

5541 reflections

Solution: SHELXT

R1 (I > 20(I)) = 0.0594
wRg (I > 20(I)) = 0.1594
Apmin = —0.492 e A-3

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT.
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M = 439.61 g mol™!
b = 10.4638(6) A

B = 85.238(5)
7 =2
p =1.517 mm™

0.351 x 0.110 x 0.074 mm?

T = 100(2) K

-13 < k < 12

5541 independent refl.
Ce7.679° = 99%

T Timin = 0.2843

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.0713
wR2 (all) =0.1673
Apmas — 0.839 ¢ A3

triclinic, P-1
¢ = 13.7516(9) A
y = 78.102(5)

F(000) = 488

A =154178 A

-17 < k < 11
4331 refl. [I > 20(1)]
0 = 3.233 to 75.979°

Trmaz = 1

268 parameters

GooF (F?) = 1.03
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8.7.18 Crystal structure of (cy)P,P-(tBu),-H,O (SW236b)

o°
Crystal data
CosH53N O Py M = 473.63 g mol™! triclinic, P-1
a — 10.2581(3) A b = 10.9676(3) A ¢ = 12.8716(3) A
a = 87.674(2) B = 82.154(2) y = 77.367(2)
V = 1399.77(7) A3 7 =2
Degie = 1.124 g cm? p =1.559 mm! F(000) = 524
habit: colorless plate 0.163 x 0.128 x 0.094 mm?
Data collection
Diffraktometer: StadiVari T =100(2) K A= 154178 A
-9 < h <12 -11 < k <13 -14 < k <15
30509 Refl. collected 4890 independent refl. 4068 refl. [I > 20(1)]
Rint = 0.0295 Cs6.588° = 98.9% 0 = 3.466 to 66.588°
Absorption corr.: Multiscan Ty, = 0.5176 Trmer =1
Refinement
4890 reflections 42 restraints 337 parameters
Solution: SHELXT Ref.: SHELXL 2018/3
R1 (I >20(I)) = 0.0478 R (all) = 0.0566 GooF (F?) = 1.096
wRy (I > 20(I)) = 0.1308 wRy (all) =0.1348
Apmin = —0.355 ¢ A3 Apmaz = 0.911 ¢ A3

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT. The dataset
was refined with ISOR and EADP and parts of the structure were disordered with PART.
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8.7.19 Crystal structure of (dma)P,P-(tBu), (SW244)

Crystal data

C14H36N4P2
a = 8.3246(6) A
a = 90

V = 1950.6(2) A3
Degie = 1.098 g cm?
habit: colorless plate

Data collection
Diffraktometer: D8 Quest
-9 <h <9

18846 Refl. collected

Rint = 0.0786

Absorption corr.: Multiscan

Refinement

3443 reflections
Solution: SHELXT

Ry (I > 20(I)) = 0.0498
wRa (I > 20(I)) = 0.089
Apmm = —0.256 e A‘3

Refinement special details:
The dataset was refined with ISOR and parts of the structure were disordered with PART
and SAME.
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M = 322.41 g mol!
b = 14.8514(10) A

B = 93.081(2)
7 =4
p =0.222 mm™!

0.430 x 0.341 x 0.240 mm?

T =100(2) K

-17 < k < 17

3443 independent refl.
Cos.04° — 99.9%

T rmin = 0.6594

30 restraints

Ref.: SHELXL 2018/3
Ry (all) — 0.0878
wRy (all) =0.1005
Apmaz = 0.295 e A3

monoclinic, P21/n
¢ = 15.8005(10) A
Yy =90

F(000) = 712

A =0.71073 A

-18 < k < 18
2429 refl. [I > 20(1)]
0 — 2.582 to 25.040°
T ez = 0.7452

233 parameters

GooF (F?) = 1.027



Experimental Section

Crystallographic appendix

8.7.20 Crystal structure of dmasPNP(Ph)Cl (SW299)

Crystal data

a = 14.2539(4) A
a =90

V = 1618.53(7) A3
Degie = 1.316 g cm?
habit: colorless block

Data collection

Diffraktometer: StadiVari

-17 < h < 17
18715 Refl. collected
Rine = 0.0413

Absorption corr.: Multiscan

Refinement
3346 reflections
Solution: SHELXT

Ry (I > 20(I)) = 0.0596
wRg (I > 20(I)) = 0.1727

Apomin = —0.548 ¢ A3

M = 320.73 g mol™!
b= 9.2439(2) A

B = 97.511(2)
Z =4
p =3.901 mm™

0.245 x 0.203 x 0.201 mm?

T =100(2) K

-8 < k <11

3346 independent refl.
Cer.679° = 99.7%

T rmin = 0.4208

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.0634
wR2 (all) =0.1769
Apomaz = 0.75 ¢ A3

monoclinic, P21 /¢
¢ =12.3901(3) A
Yy =90

F(000) = 680

A= 154178 A

-14 < k < 15
2973 refl. [I > 20(1)]
0 = 3.127 to 76.168°
Trmez = 1

179 parameters
GooF (F?) = 1.137

E = 0.0045(8)
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8.7.21 Crystal structure of (NEt,),P(CI3C)NH,-Cl (SW327)

Crystal data

CoHyoC1, N3P
a — 8.7687(3) A
a = 86.983(2)

V = 791.52(4) A3
Degie — 1.448 g cm?
habit: colorless needle

Data collection
Diffraktometer: StadiVari
-10 < h < 10

17223 Refl. collected
Rin: = 0.0489

Absorption corr.: Multiscan

Refinement

17223 reflections
Solution: SHELXT

Ry (I > 20(I)) = 0.0396
wRa (I > 20(I)) = 0.0926
Apmin = —0.407 e A3

Refinement special details:
The dataset was refined as non-merohedral 2-component twin (52:48). Some reflections were
omitted from the least-squares refinement using OMIT and SHEL. The absolute configuration
couldn’t be determined, the Flack is x=0.003(14).

192

M = 345.06 g mol!
b — 8.7715(3) A

B = 77.473(2)
Z =2
y —7.626 mm™

0.250 x 0.100 x 0.095 mm?

T = 100(2) K

-4 <k <10

17223 independent refl.
Ce6.592° = 99.1%

T rmim = 0.3218

3 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.0473
wR2 (all) =0.0951
Apmaz = 0.314 ¢ A3

triclinic, P 1
¢ =10.5572(3) A
y = 88.678(3)

F(000) — 360

A= 1.54178 A

-12 < k < 12
14923 refl. |I > 20(1)]
0 = 4.295 to 66.592°
Trmaz = 1

316 parameters

GooF (F?) = 1.013
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8.7.22 Crystal structure of (NEt,),P(OPh)NH,-Cl (SW329)

Crystal data

C14H97CIN;OP, M = 319.8 g mol! monoclinic, P21/n
a = 10.5454(2) A b — 13.7354(3) A ¢ = 12.6809(2) A
a =90 B = 99.8230(10) y = 90

V = 1809.84(6) A3 Z =4

Degie = 1.174 g cm? g =2.701 mm* F(000) = 688
habit: colorless block 0.246 x 0.172 x 0.107 mm?

Data collection

Diffraktometer: StadiVari T =100(2) K A= 154178 A

-13 < h < 13 -17 < k < 15 -15 < k < 13
42494 Refl. collected 3782 independent refl. 3164 refl. [I > 20(1)]
Rmt = 0.0675 057,579° = 100% 0 — 4.784 to 76.070°
Absorption corr.: Multiscan T 7y, = 0.3691 Trmaer =1
Refinement

3782 reflections 5 restraints 192 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

R1 (I >20(I)) = 0.055 R; (all) = 0.0608 GooF (F?) = 1.113
wRa (I > 20(I)) = 0.1551 wR2 (all) =0.1602

Apmin = —0.352 ¢ A3 Apmaz = 0.269 e A3 E = 0.0065(8)

Refinement special details:
The dataset was refined with DFIX and DANG.
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8.7.23 Crystal structure of (pyrr)P,P-tBu (SW365)

Crystal data

CogH57NgP3
a = 17.5919(4) A
a =90

V = 3265.33(14) A3
Degie = 1.218 g cm?
habit: colorless plate

Data collection
Diffraktometer: StadiVari
21 < h < 22

41037 Refl. collected

Rine = 0.0946

Absorption corr.: Multiscan

Refinement

6660 reflections

Solution: SHELXT

R1 (I > 20(I)) = 0.0845
wRa (I > 20(I)) = 0.2385
Apmin = —0.466 e A-3

Refinement special details:
Parts of the structure were disordered with PART.

194

M = 598.72 g mol!
b= 9.9547(3) A

B = 99.091(2)
7 =4
g =1.908 mm!

0.278 x 0.203 x 0.113 mm?

T =100(2) K

-12 < k < 11

6660 independent refl.
057,579" = 99.3%

T rmim = 0.0735

0 restraints

Ref.: SHELXL 2018/3
R; (all) = 0.0965
wRy (all) =0.2506
Apmas = 0.584 ¢ A3

monoclinic, P21 /¢
c = 18.8832(4) A
y =90

F(000) = 1304

A= 154178 A

-22 <k <9
5177 refl. |I > 20(1)]
0 = 4.743 to 75.649°
Trmez = 1

365 parameters

GooF (F?) = 1.079
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8.7.24 Crystal structure of (pyrr)P,P-tBu-Se (SW372)

Crystal data

C28H57N8P386
a = 18.445(3) A
a =90

V = 3295.9(8) A3
Degie = 1.366 g cm?®
habit: colorless block

Data collection
Diffraktometer: D8 Quest
-21 < h < 21

654852 Refl. collected

Rint = 0.0369

Absorption corr.: Multiscan

Refinement

5814 reflections

Solution: SHELXT

Ry (I > 20(I)) = 0.0254
wRa (I > 20(I)) = 0.0688
Apmin = —0.277 e A3

M = 677.68 g mol™!

b =10.2793(12) A

B = 101.588(6)

7 =4

p =1.317 mm™

0.286 x 0.178 x 0.130 mm?

T = 100(2) K

-12 < k < 12

5814 independent refl.
Cos.021° = 99.9%
Trmin = 0.6844

6 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.0289
wR2 (all) =0.0703
Aprmas = 0.436 ¢ A3

monoclinic, P21 /¢
c = 17.745(2) A
y =90

F(000) = 1440

— 0.71073 A
-21 < k < 21
5257 refl. [I > 20(1)]
0 = 2.254 to 25.021°
T rimaz = 0.7452

403 parameters

GooF (F?) = 1.066

Refinement special details:
The dataset was refined with ISOR and parts of the structure were disordered with PART.
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8.7.25 Crystal structure of (dma)P,P-Biaryl-Se (SW385)

Crystal data

026H49N802P386
a = 11.470(2) A
a =90

V = 3309.4(12) A3
Degie = 1.36 g cm?
habit: colorless block

Data collection
Diffraktometer: D8 Quest
-13 < h <13

59602 Refl. collected

Rine = 0.0577

Absorption corr.: Multiscan

Refinement

5845 reflections

Solution: SHELXT

Ri (I > 20(I)) = 0.029
wRa (I > 20(I)) = 0.0649
Apmin = —0.296 e A3

Refinement special details:
Some reflections near the beamstop were omitted from the least-squares refinement using

OMIT.
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M = 677.6 g mol™
b = 23.815(5) A

B = 94.221(5)
7 =4
p —=1.316 mm™

0.308 x 0.194 x 0.107 mm?

T = 100(2) K

-28 < k < 28

5845 independent refl.
Co5.026° = 99.9%
Trmin = 0.6746

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.041

wRy (all) =0.0673
Aprmas = 0.273 ¢ A3

monoclinic, P21/n
¢ = 12.148(3) A
y =90

F(000) = 1424

A =0.71073 A

-14 < k < 14
4753 refl. |I > 20(I)]
0 = 1.886 to 25.026°
T ez = 0.7452

3752 parameters

GooF (F?) = 1.046
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8.7.26 Crystal structure of (dma)P,P-tBu-CO, (SW418)

Crystal data

C17H45NgO5P5 M — 486.52 g mol™* orthorombic, P na2l
a = 12.054(3) A b= 13.239(3) A ¢ = 16.547(4) A

a =90 B =90 Yy =90

V = 2640.5(11) A3 Z =4

Deate = 1.224 g cm? p =0.254 mm™ F(000) = 1056
habit: colorless plate 0.138 x 0.074 x 0.059 mm?

Data collection

Diffraktometer: D8 Quest 7 = 100(2) K A =0.71073 A

-14 < h < 14 -15 < k <15 -19 < k <19
24034 Refl. collected 4668 independent refl. 4053 refl. [I > 20(1)]
Rint = 0.0588 Cos.037° = 100% 0 = 2.285 to 25.037°
Absorption corr.: Multiscan T 7y, = 0.6984 T rmae = 0.7452
Refinement

4668 reflections 1 restraints 286 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

R1 (I > 20(I)) = 0.0394 R; (all) = 0.0793 GooF (F?) = 1.051
wRa (I > 20(I)) = 0.0494 wRy (all) =0.0822

Apumin = —0.265 ¢ A3 Apmaz = 0.243 ¢ A3

Refinement special details:

Some reflections near the beamstop were omitted from the least-squares refinement using
OMIT.
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8.7.27 Crystal structure of (dma)P3P-CO, (SW419)

198

Crystal data

C19HS4NlQOQP4
a = 9.8516(2) A
a = 90

V = 3246.79(15) A3
Degie = 1.241 g cm?®
habit: colorless block

Data collection
Diffraktometer: StadiVari
-12 < h < 12

38801 Refl. collected

Rint = 0.0606

Absorption corr.: Multiscan

Refinement

6680 reflections

Solution: SHELXT

R1 (I >20(I)) = 0.052
wRa (I > 20(I)) = 0.1379
Apmm = —-0415e A_?)

M = 606.62 g mol™!

b = 19.6099(6) A

B = 102.775(2)

7 =4

p =2.457 mm!

0.193 x 0.132 x 0.104 mm?

T =100(2) K

27 <k £ 20

6680 independent refl.
T rmin = 0.2895

0 restraints

Ref.: SHELXL 2018/3
R; (all) = 0.0711
wRy (all) =0.1479
Aprmas = 0.575 e A3

monoclinic, P21/n
¢ = 17.2329(5) A
y =90

F(000) = 1312

A= 154178 A

-21 < k < 14
5034 refl. [I > 20(I)]
0 = 3.463 to 75.408°
T ez = 0.7915

352 parameters

GooF (F?) = 1.042
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8.7.28 Crystal structure of (pyrr)P3P-CO, (SW421)

Crystal data

C37H79N1505P M — 840.94 g mol! monoclinic, P21 /¢
a = 25.313(3) A b = 20.388(2) A c = 25.251(3) A
a = 90 B — 99.456(4) y =90

V = 12855(3) A3 Z =12

Degie = 1.304 g cm? H =0.225 mm™ F(OOO) — 5448
habit: colorless block 0.372 x 0.248 x 0.176 mm?

Data collection

Diffraktometer: D8 Quest T =100(2) K —0.71073 A

-29 < h < 30 -24 < k £ 24 -30 < k < 30
223612 Refl. collected 22741 independent refl. 18655 refl. [I > 20(I)]
Rint = 0.0575 Co5.066° = 99.7% 0 = 1.913 to 25.066°
Absorption corr.: Multiscan T 7y, = 0.6542 T rmas = 0.7452
Refinement

22741 reflections 66 restraints 1555 parameters
Solution: SHELXT Ref.: SHELXL 2018/3

R1 (I > 20(I)) = 0.0404 R; (all) = 0.053 GooF (F?) = 1.032
wRa (I > 20(I)) = 0.0967 wR2 (all) =0.1019

Apmin = —0.523 ¢ A3 Apmaz = 0.535 e A3

Refinement special details:

Some reflections near the beamstop were omitted from the least-squares refinement using
OMIT. The dataset was refined with ISOR and SIMU and parts of the structure were disor-
dered with PART.
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8.7.29 Crystal structure of SW429b

Crystal data

Co4H51N703P3
a — 10.0783(6) A
a =90

V = 3073.4(3) A3
Degie = 1.251 g cm?
habit: colorless needle

Data collection
Diffraktometer: StadiVari
-10 < h < 12

40075 Refl. collected
Rin: = 0.2619

Absorption corr.: Multiscan

Refinement

6333 reflections

Solution: SHELXT

Ry (I > 20(I)) = 0.0945
wRa (I > 20(I)) = 0.1855
Apmin = —0.723 ¢ A3

Refinement special details:
Some reflections were omitted from the least-squares refinement using OMIT and SHEL. The
dataset was refined as 2-component inversion twin (85:15).
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M = 578.62 g mol™!
b = 13.9218(6) A

B = 92.145(5)
7 =4
p =2.076 mm™

0.227 x 0.054 x 0.045 mm?

T — 100(2) K

-12 < k < 17

6333 independent refl.
Ce7.679° = 99.8%

T Tmin = 0.0471

0 restraints

Ref.: SHELXL 2018/3
Ry (all) = 0.1671
wR2 (all) =0.2133
Apmaz = 0.573 e A3

monoclinic, P21 /¢
¢ = 21.9199(16) A
y =90

F(000) = 1252

— 1.54178 A
=27 < k < 27
2831 refl. [I > 20(1)]
0 = 3.762 to 75.824°
Trmez = 1

345 parameters

GooF (F*) = 0.881
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Crystal data

a — 8.6730(2) A

a = 100.680(2)

V = 1974.06(9) A3
Degie = 1.264 g cm?
habit: colorless block

Data collection
Diffraktometer: StadiVari
-9 < h <10

48493 Refl. collected

R = 0.1446

Absorption corr.: Multiscan

Refinement

8050 reflections

Solution: SHELXT

R1 (I > 20(I)) = 0.083
wRg (I > 20(I)) = 0.2054
Apomin = —2.029 ¢ A3

M = 751.21 g mol™!
b= 13.3971(3) A

B = 90.638(2)
)
4 =5.539 mm!

0.134 x 0.054 x 0.043 mm?

T =100(2) K

-16 < k < 11

8051 independent refl.
06’7.679" = 99.2%

T rmim = 0.1538

0 restraints

Ref.: SHELXL 2018/3
R; (all) = 0.1049
wRy (all) =0.2167
Apmas = 1.382 ¢ A3

8.7.30 Crystal structure of [Pd((dma)P;P-(tBu),),] (SW498)

triclinic, P-1
¢ = 17.8384(5) A
y = 103.869(2)

F(000) = 804

A= 154178 A

-22 < k £ 22
5511 refl. [I > 20(1)]
0 = 3.464 to 76.027°
Trmaz = 1

394 parameters

GooF (F?) = 0.966
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