New synthetic pathways towards cyaphido complexes

Inaugural-Dissertation

to obtain the academic degree

Doctor rerum naturalium (Dr. rer. nat.)

P
(Qp”; l>v/<;%

submitted to the Department of Biology, Chemistry, Pharmacy

of Freie Universitat Berlin

by
Tim Gorlich

from Bruckmihl, Germany

2023



Il DECLARATION

This dissertation was carried out within the time period of Mai 2018 until April 2022 at the
Institute of Chemistry and Biochemistry of Freie Universitat Berlin under the supervision of

Professor Dr. Christian Muller.

1st reviewer: Prof. Dr. Christian Miller
2"d reviewer: Prof. Dr. Sebastian Hasenstab-Riedel

Date of defense: 28 April 2023



DECLARATION 1]

Declaration

I herewith confirm that | have prepared this dissertation without the help of any impermissible
resources. All citations are marked as such. The present thesis has neither been accepted in

any previous doctorate degree procedure nor has it been evaluated as insufficient.

Berlin, 24 January 2023

Tim Gorlich



DECLARATION

Dedicated to my father

Dr. Siegfried Goarlich.




ACKNOWLEDGMENT \%

Acknowledgment

First of all, | would like to thank Prof. Dr. Christian Miiller for taking me into his group and for
his guidance throughout the four years of research. | am grateful for the provided freedom how
to handle projects and pursue own research ideas as well as for the opportunity to present my

research results on international conferences.

Second, | would like to thank Prof. Dr. Sebastian Hasenstab-Riedel for being the second

reviewer of my dissertation and the generous option to use the equipment of his working group.

Furthermore, want to express my gratitude to Prof. Dr. William Jones for his support and advice
for the UV activation experiments.

A special thanks to Dr. Jelena Wiecko for looking after the whole working group and always

having an open ear for all matters.

Moreover, | would like to thank all people who helped me in the last four years to complete this
work. Gratitude to my students Jan Otto, Sinan Adrian, Nico Boback and Oskar Mummenhoff
for the execution and evaluation of some key syntheses. | thank Dr. Daniel Frost and Lea
Dettling for the challenging DFT calculations. Special thanks to Eric Yang performing the
calculations on the phosphorus NMR predictions. | appreciate the assistance of Dr. Andreas
Schéfer, Dr. Simon Steinhauer, Friedrich Wossidlo and Prof. Dr. Klaus Koch (1) with special
NMR measurements. | am thankful to Dr. Nathan Coles, Dr. Steven Giese, Dr. Giinther Thiele
and Manuela Weber for their support with the single crystal x-ray diffraction analyses. | would
like to thank the whole Core Facility team for carrying out all the essential routine
measurements. Special thanks go to Eleonore Christmann for the numerous elemental

analyses and Gregor Drendel for performing the cumbersome HRMS measurements.

In addition, | would like to thank the big group of people who indirectly assisted me by their
daily work at the institute. | am grateful to Dirk Busold and Jesse Holloway for repairing all the
broken glassware and the manufacturing of special glass equipment. | am also thankful to
André Heller for his IT support and the HPC team for granting access to the Curta cluster. |

thank Daniela Doppelstein for her help to overcome all bureaucratic issues.

| want to thank my colleagues Lea Dettling, Dorian Reich, Richard Kopp, Dr. Andrey Petrov,
Jinxiong Lin, Luise Sander, Dr. Daniel Frost, Lara Sibila, Dr. Steven Giese, Markus Peschke

and Dr. Alex Plajer for the pleasant time in the lab.
| appreciate the cooperation with Simon Rachor related to the gold fluorido complexes.

Special thanks to Stephan Dorsch, Dr. Jelena Wiecko, Andrey Petrov and Lea Dettling for

proof-reading of my thesis.



VI ACKNOWLEDGMENT

Mei’m oidn Freind Stephan sog i recht herzle Dankschee flia de Huif* mid’m Lektoriern meina
Schindarei. Aa vergelt’s Gott am Andrey und da Clara fia eanan Rat und des Debattiern Ubas
Fach.

Meinem langjahrigen Freund Stephan Dorsch danke ich noch einmal herzlich flr seine
tatkraftige Unterstitzung hinsichtlich des Lektorats dieser Arbeit. Ebenso gilt mein Dank
Andrey Petrov und Clara von Randow fur den lebhaften fachlichen Austausch und ihren

Ratschlagen.

I bin fro‘ (iba de vuin Bekanntschaft'n de zu Freindschaft g'wachsn san! Mei grolRa Dank fiia
de griabige Zeid im Laboroidog guid desweng: Nathan, Daniel, Steven, Andrey, Lea, Richard,
Jinxiong, Oskar, Clara, Alexander, Vit, Moritz, Lucie, Michael, Sabrina, Deborah, Pavel, Chiara

und Aleksandra.

Ich bin froh Uber die zahlreichen Bekanntschaften, die zu Freundschaften wurden und mdchte
mich bei Dr. Nathan Coles, Dr. Daniel Frost, Dr. Steven Giese, Dr. Andrey Petrov, Lea Dettling,
Richard Kopp, Jinxiong Lin, Oskar Mummenhoff, Clara von Randow, Alexander Krappe, Vit
Kremlacek, Moritz Ernst, Lucie Groth, Michael Marquardt, Sabrina Kleynemeyer, Deborah
Kern, Pavel Kozaéek, Chiara Domestici und Aleksandra Paderina fir die Bereicherung des

Laboralltags bedanken.

Eh klar ist, dass i des ned gschafft had ohne de ganze Familie (Biggi, Bernd, Petra), den
moralischn Beistand, eanare Gschenkerl und as Sorgentelefon, des nia ,offline“ war! Ohne

eich hed i des ned gschafft.

Selbstredend danke ich herzlich meiner wundervollen Familie (Brigitte, Bernd, Petra) fur ihre
moralische Unterstitzung, Aufmerksamkeiten und der 24/7 Hotline fir alle Belange des

Lebens — ohne euch ware ich haufig aufgeschmissen.



LIST OF PUBLICATIONS Vi

List of publications

Tim_Gorlich, Daniel S. Frost, Nico Boback, Nathan T. Coles, Birger Dittrich, Peter Miiller,
William D. Jones, and Christian Miller, Photochemical C(sp)-C(sp?) Bond Activation in
Phosphaalkynes: A New Route to Reactive Terminal Cyaphido Complexes L,M-C=P, J.
Am. Chem. Soc. 2021, 143, 46, 19365-19373.

Tim Gorlich, Peter Coburger, Eric S. Yang, Jose Goicoechea, Hansjérg Grutzmacher, and
Christian Muller, The Chemistry of the Cyaphide lon, Angew. Chem. Int. Ed. 2023, accepted
for publication.



VIII ABSTRACT

Abstract

The elusive cyaphide anion (C=P"), the higher analog of the common cyanide anion (C=N),
has been subject of studies since the late nineteenth century, however notable achievements
in this field have only been made since the nineties. The cyaphide ion has been mostly
established and investigated as cyaphido ligand in few transition metal complexes.
Nevertheless, the gained information is still limited and, until recently, only one reliable
synthetic strategy towards highly sterically shielded cyaphido complexes, which cannot

undergo follow-up reactions on the cyaphido moiety, was developed.

In this work, the history of the cyaphide anion and all literature known preparations are
reviewed. Furthermore, new theoretical insights to the cyaphide ion are presented and
complemented with additional calculations. Moreover, several novel cyaphido complexes
synthesized by two innovative preparation protocols are demonstrated. The first method takes
advantage of a light induced C(sp®)-C(sp) cleavage reaction in a platinum(0) coordinated
arylphosphaalkyne to generate the cyaphido ligand (Scheme I, a). The particularly for this
photolysis reaction designed precursors are optimized by means of applied phosphaalkynes
with specific substitution pattern and diphosphine ligands in regards of their g-donation
capability and bite angles. The resulting cyaphido platinum(ll) complexes of the type
[(P,P)Pt(n*-C=P)(Ar)] are characterized by nuclear magnetic resonance and infrared
spectroscopy, single-crystal X-ray diffraction analysis and investigated towards consecutive
reactions on the cyaphido moiety, especially by means of [3+2] cycloaddition reactions with
organic azides to yield the corresponding triazaphospholato complexes. The second method
introduces the well-known trimethylsilylphosphaalkyne as cyaphide anion transfer reagent by
fluorodesilylation to build new cyaphido gold(l) complexes (Scheme I, b). This strategy has the

potential to get applied to other metals soon.
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Scheme I. Light induced C(sp?)-C(sp) cleavage reaction in arylphosphaalkynes (a) and generation of cyaphido gold

(1) complexes by fluorodesilylation of trimethylsilylphosphaalkyne (b).
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Kurzfassung

Das schwer fassbare Cyaphid-Anion (C=P°), das hdhere Analogon des wohlbekannten
Cyanid-Anions (C=N), ist seit dem spaten neunzehnten Jahrhundert Gegenstand von Studien,
wobei jedoch erst in den neunziger Jahren nennenswerte Erfolge auf diesem Gebiet erzielt
wurden. Das Cyaphid-lon wurde hauptsachlich als Cyaphido-Ligand in wenigen
Ubergangsmetallkomplexen etabliert und untersucht. Dennoch sind die gewonnenen
Informationen noch immer begrenzt, und bis vor kurzem wurde nur eine zuverlassige
Synthesestrategie fir sterisch abgeschirmte Cyaphido-Komplexe entwickelt, die keine

Folgereaktion an der Cyaphidogruppe eingehen kénnen.

In dieser Arbeit wird die Geschichte des Cyaphid-Anions und alle literaturbekannten
Synthesen dargelegt. AuRerdem werden neue theoretische Erkenntnisse tUber das Cyaphid-
lon vorgestellt und durch zuséatzliche Berechnungen erganzt. Dartiber hinaus werden mehrere
neuartige Cyaphido-Komplexe dargestellt, die durch zwei innovative Herstellungsprotokolle
synthetisiert wurden. Die erste Methode nutzt eine lichtinduzierte C(sp?)-C(sp)-
Spaltungsreaktion eines Platin(0)-koordinierten Arylphosphaalkins zur Erzeugung des
Cyaphidoliganden (Schema |, a). Die speziell fiir diese Photolysereaktion konzipierten
Vorstufen werden durch den Einsatz von Phosphaalkinen mit spezifischem
Substitutionsmuster und Diphosphinliganden hinsichtlich ihrer o-Donator-Fahigkeit und
Bisswinkel optimiert. Die resultierenden Cyaphidoplatin(ll)-Komplexe des Typs [(P,P)Pt(n*-
C=P)(Ar)] werden durch kernmagnetische Resonanz- und Infrarotspektroskopie sowie durch
Rontgeneinkristallbeugungsanalyse charakterisiert und auf Folgereaktionen an der Cyaphido-
Gruppe untersucht, insbesondere durch [3+2]-Cycloadditionsreaktionen mit organischen
Aziden, um die entsprechenden Triazaphospholato-Komplexe zu erhalten. Bei der zweiten
Methode wird das bekannte ((Trimethyl)silylphosphaalkin als Cyaphid-
Anionentransferreagenz durch Fluordesilylierung eingefiihrt, um neue Cyaphidogold(l)-
Komplexe zu bilden (Schema I, b). Diese Strategie konnte bald auch auf andere Metalle

angewendet werden.
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Schema |. Lichtinduzierte C(sp?)-C(sp)-Spaltungsreaktion von Arylphosphaalkinen (a) und Erzeugung von

Cyaphidogold(l)-Komplexen durch Fluordesilylierung von Trimethylsilylphosphaalkin (b).
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INTRODUCTION 1

1 Introduction

1.1 Low-coordinate phosphorus compounds

Since the preparation of triphenylphosphine*! (A3¢®) by MICHAELIS in 1882 and the preparation
of pentaphenylphosphorus?, the first AS¢® carbophosphorus compound, by WITTIG and RIEBER
in 1948 the organophosphorus chemistry evolved rapidly,® leading to various “classical”’
phosphorus compounds with equal number of valency (A) and coordination (o). In contrast,
low-coordinate phosphorus compounds possess a lower coordination as valency number by
formation of mex-bonds. Generally, it is considered that GIER isolated the first low-coordinate
carbophosphorus compound, the unstable, unsubstituted phosphaalkyne HC=P (A%g?),l® while
BURG and MAHLER synthesized the first diphosphene, the neutral phosphinidene-phosphorane
CF3P=PMe; (A%0?),[" both in 1961 (Figure 2). These events mark the entry point to the access
of a wide range of different types of low-coordinate phosphorus compounds. A selection of
well-established species of carbophosphorus compounds are phosphaalkenes,®®
phosphaalkynes,*®13  phosphinines,!+'1  triazaphospholes,*®  phospholides™® and

phosphinidenes?°-2Y (Figure 1).

. R N=N X
= : p=—n I VN ©) R-7

R R Z
23?2 Vol Ao? 23?2 22c? Aol
phosphaalkene phosphaalkyne phosphinine triazaphosphole phospholide phosphinidene

Figure 1. Selected types of low-coordinate phosphorus compounds with A- and o-nomenclature.

Before disscussing the main aspects of this work, the generation of phosphaalkynes and
cyaphido complexes, the following brief summary highlights selected major milestones of the

low-coordinate phosphorus chemistry development (Figure 2).

In 1964 DIMROTH and HOFFMAN reported on trivalent phosphacyanines (A%0?),1?2 which evince
a partial P-C double bond in the crystal structure.?® The next ground breaking result was the
synthesis of 2,4,6-triphenylphosphinine (A%c?), the first aromatic structure containing a low-
coordinate phosphorus, achieved by MARKL in 1966,?4 which established a common pathway
to novel heterocycles bearing a formally sp>hybridized phosphorus atom. In 1971 AsHE I
succeeded in the synthesis of the unsubstituted phosphinine.?>! Even many four-coordinated
phosphazene were already known at the time, the first extremely hydrolysis and light sensitive
trivalent derivative, an iminophosphine (A*g?), was found by NIECKE and FLicK in 1973.12% Three
years later, BECKER isolated the first stable trivalent carbophosphene, a phosphaalkene (A3c?),
by reaction of pivaloyl chloride with substituted disilylphosphines.?” In 1977 SCHMIDPETER
synthesized the first triazaphosphole (A%0?) by reductive elimination of acylhydrazine with

phosphorus pentachloride.?® In the early 80s, YOSHIFUJI reported on the first stable P=P
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double bond (A%c?),?®) BECKER demonstrated the first kinetically stabilized phosphaalkyne
(A%0%),B% AppEL isolated the first stable bis methylene phosphorane (A5¢%)BY and CowLEY
prepared the first metallo- A*0? phosphorus compound® with an M=P linkage. In 1991 MATHEY
succeeded in the first synthesis of a biphosphinine by performing a Negishi coupling on two
protected phosphinines.B¥ A further milestone of carbophosphorus compounds was presented
by JuN and ANGELICI in 1994, when they detected the novel cyaphido (C=P) ligand (A%0?) in
the coordination sphere of a platinum atom. Although the cyaphido complex itself could not be
isolated, it was successfully trapped as diplatinum complex.®¥ One year later, CuMMINS and
ScHROCK independently synthesized the first two terminal metallophosphyne M=P complexes
(A%0Y) of molybdenum and tungsten.5-36l In 2006 GRUTZMACHER crystalized the first stable

cyaphido complex (A%0%)," which was a crucial step for the further advance of the cyaphido

chemistry.
Gier 1961 —p— Burg & Mahler
— Me
=H FsC—P=F-Me
Me .
Dimroth & Hoffman 1964 — Cowley 1984 — N\ \7/
S S_P 8 CP. _ SiMes B
BF — 7oY. — 1966 Markl " Mo=p=¢_ — 1991 Mathey
) N oc” to SiMe; (‘ZI
Ph | “ph Et;P-Pt-PEt,
Ash 111 1971 —] — 1994 Angelici l
B — 1973 Niecke & Flick Cummins 1995 Schrock
& Me;Si
I ol s
Becker 1976 — Me;Si SiMe; Ars —Mo...,, ‘BU Megs\;\"\bWiN,S'Mes
0SiMe; — 1977 Schmidpeter BU }\1 Ar \/,\‘l\)
/TN N=N A’ Bu (/
Me Bu Ph/<\ N-pe
Yoshifuji 1981 —}— Becker Ar= §{§ — 2006 Griitzmacher
Bu Bu =-"Bu Ph; T Ph;
By - wy [ 1982 Appel v 4 /F|‘t\\ \A
C<< : . Ph, [l Ph
Bu  Bu ’\/leg'SI\c—SiMe3 ’ ’
Poog
/C*SiMea
Me;Si

Figure 2. Timeline developments of meaningful low-coordinate phosphorus compounds.

Those examples of low-coordinate phosphorus compounds convincingly render the connection
between phosphorus and carbon. Even though phosphorus is the higher homolog of nitrogen
and therefore shares its characteristics and reactivity to a certain level, it resembles more
silicon®-4% and complies mostly with carbon.Y This diagonal relationship can be explained by
the similar electronegativity (2.55 C, 2.19 P; Pauling scale; Figure 3a) and van der Waals radii
(1.70 A C, 1.80 A P), which lead to strong covalent P-C bonds (bond-dissociation energy 605
(C-C), 507.5 kJ-mol* (P-C)).[*? Furthermore, the carbanion (C°) is valence isoelectronic to

phosphorus (P), whereas carbon (C) is valence isoelectronic to a cationic phosphorus (P™;
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Figure 3b). Consequently, a formal CH fragment is isolobal to a trivalent phosphorus atom with

a lone pair (Figure 3c).*Y These analogy not only explains the quantity of “classical

”

phosphorus, but also the numerous findings of low-coordinate phosphorus compounds, e.g.

the similarity between phosphaalkene and alkene (calc. m-bond strength 43 kcal-mol* (P=C),

65 kcal-mol* (C=C)).*3

a)

8

O

14

Si

15 16

P (| S

2.19

c) |'||
/C‘/, T _ \//
H y
O 0 - P
H

b) cC/

or C/P*

I Sl

Figure 3. Diagonal relationship (a), valence isoelectronicity (b) and isolobal analogy (c) of carbon and phosphorus.

Note!

Parts of this introduction (chapter 1.2, 1.4) were also used for a minireview!*¥, which is

accepted for publication in Angewandte Chemie (cf. list of publications).
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1.2 History of the C=P triple bond

The chemistry of low-coordinate phosphorus compounds has come a long way from its origins,
which was largely driven by chemical curiosity. Nowadays, phosphinines, phosphaalkenes,
phosphaalkynes and phosphaketenes are common representatives of this class of
compounds, and widely used in a myriad of applications including as ligands in homogenous
catalysis, precursors to phosphorus-containing materials, or as building blocks to previously

inaccessible and more advanced phosphorus-containing molecules. 10-11. 14, 16-17, 43, 45-49]

The humble beginnings of phosphaalkynes and cyaphide are deeply interwoven. Both species
represent a significant part of this work and therefore, the shared history around the
development of the C=P triple bond with the main focus on the cyaphide ion will be outlined.
While phosphaalkynes became rapidly accessible after their discovery, the cyaphide (C=P’)
anion, the phosphorus analog of the cyanide anion (C=N"), has a long history from its initial
discovery to its manageable use in the laboratory. Interestingly, the first entries for its synthesis
date back to 1894. SHOBER and SPANUTIUS claimed the synthesis of Na(C=P) in a two-step
reaction (Scheme 1). In their description, the reduction of PHs; by elemental sodium forms
NaPH; or related species (Na;PH, NasP) and the further treatment with CO gas yields Na(CP)
and H2O. They postulated that the highly unstable Na(C=P) immediately reacts with water.
Therefore, they analyzed the decomposition products and considered the formation of sodium
formate (HCOONa) and phosphine (PHs) as an indirect proof for their theory.®® In 2011 (117
years later!), GRUTZMACHER and co-workers reinvestigated the synthesis of NaPH, with CO
gas using modern analytical technics.’* They determined that the more stable sodium 2-
phosphaethynolate Na(OC=P) was formed instead of Na(C=P) (Scheme 1). The
corresponding Li analog (Li(OC=P)) was reported by BECKER in 1992.%2 Even though SHOBER
and SPANUTIUS did not synthesize Na(C=P), they did, however, isolate the first species
containing a carbon-phosphorus triple bond. It is interesting to note that in the 128 years since
SHOBER and SPANUTIUS first claimed the synthesis of NaCP no binary cyaphide salt has been

reported.

Shober & Spanutius (original claim, 1894)
NaPH, + CO — > NaC=P + H,0

Na(C=P)+2H,0 ——— > Na(HCOO)+ PH,

Griitzmacher et al. (2011)

NaPH, — COexcess,  Na(0-C=P) + Na(O-CH=PH)yaces

Na(O"C=P) + x HLO ——— > PH3 + Na(H,PO,) + CO + Na(HCO,)

Scheme 1. Proposed (Shober & Spanutius) and found (Gritzmacher et al.) reaction of NaPH2 with CO.
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In 1930, HERZBERG was able to observe the vibrational spectrum of the C=P radical by setting
an electric discharge in a chamber filled with a mixture of argon and phosphorus vapor. The
tap grease as well as the sealing wax might have led to an intake of carbon in the electric arc,
which further formed C=P radicals and potentially (C=P),, a theoretical analog of cyanogen. In
accordance with this observation, a control experiment with argon and a small trace of nitrogen
revealed the typical bands for C=EN. Consequently, HERZBERG was the first who succeeded in

the “synthesis” of a cyaphide species, albeit without isolation.3

The major synthetic breakthrough was finally achieved in 1961. GIER, who also tried to
reproduce the synthesis of Na(C=P), demonstrated the synthesis and isolation of hydrogen
cyaphide (HC=P), also called methinophosphide, methylidynephosphane, phosphaethyne, or
phosphaacetylene, by passing PHs gas through a rotating arc between two graphite electrodes
sealed in a water-cooled copper reactor. The gaseous products (hydrogen cyaphide,
acetylene, phosphine, ethylene) were first captured inside cooling traps (T = -196 °C) and then
separated by gas-chromatography. HC=P is an extremely reactive, pyrophoric, colorless gas,
which tends to polymerize even at temperatures of T =-130 °C. In contrast to the former
syntheses, GIER was able to fully characterize this species by elemental analysis, mass
spectrometry and infrared spectroscopy. Moreover, the reaction of HC=P with anhydrous HCI
gave further proof of its existence as CHsPCl, was formed as the product.!® In isolating HCP,
GIER was able to demonstrate the accessibility of a chemical compound with a carbon-
phosphorus triple bond, thus demonstrating that Pitzer’'s double bond rule was not applicable
for phosphorus.®* 5% Further evidence for the existence of HC=P was reported by NixoN and
co-workers who recorded the in-situ microwave spectrum of HCP generated by a hydrogen
halide elimination reaction from dichlorophosphines performed under flash vacuum
pyrolysis.5¢-%8 These experiments also paved the way for the synthesis of numerous

phosphaalkynes later.[0-11. 4]

In the following decades the physical properties of HC=P were closely investigated and
microwave characterizations were performed.® Intriguingly, astronomers were able to detect
traces of C=P radicals and later even HC=P in the outer space near the carbon star envelop
of IRC +10216.[5°61 Theoretical calculations for a possible C=P- anion were also performed,

before it was finally confirmed by experimental figures.62

In 1992, the group of ANGELICI reported on the first example of a coordination compound
bearing a terminal cyaphide ligand (cyaphido, C=P-). Even though the Pt complex itself could
not be isolated, further characterization of a subsequent compound unequivocally proved the

successful synthesis of a cyaphido ligand in the coordination sphere of Pt(11).1%!
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1.3 Phosphaalkynes

1.3.1 History and introduction

Phosphaalkynes or carbophosphynes are A%c! phosphorus compounds bearing a C=P triple
bond and refute the classical double bond rule, which denies the existence of (p-p)m multiple
bonds between carbon and higher main-group elements, due to the expected instability caused
by the unfavorable overlap of the C,,-Psp orbitals.54% As discussed in the previous chapter
(1.2), hydrogen cyaphide HC=P, also called phosphaacetylene, methinophosphide,
phosphaethyne or methylidynephosphane, was the first synthesized, characterized and for
further syntheses used phosphaalkyne.[® 66-681 Based on the hydrogen halide elimination by
flash pyrolysis several additional thermally and kinetically instable phosphaalkynes were
synthesized (Figure 4).57 67 671 A major breakthrough was the preparation of tert-
butylphosphaalkyne (tert-butylphosphaacentylene), the first kinetically stable phosphaalkyne,
by BECKER et al. in 1981.%% As stable building block it granted access to a wide range of follow-
up reactions until today.">7 Surprisingly, the similar trimethylsilylphosphaalkyne (TMS-C=P)
is semi-stable and has to be stored as toluene solution at low temperature to avoid the slow
decomposition at room temperature.’>’"! The phenylphosphaalkyne (PhC=P) is even less

stable (11/2 =7 min at T=0°C) and only suitable for in situ reactions.d In the following

decades a lot of stable phosphaalkynes have been synthesized,*Y among them the very stable
and nowadays even commercial available adamantylphosphaalkyne,[® the highly stable 2,4,6-
tert-butylphenylphosphaalkyne (Mes*C=P) and tritylphosphaalkyne (triphenylmethylphospha-
alkyne, PhsCC=P).l"*8% Further representatives of the class are listed and discussed in several
reviews.[10-13 43, 81-87] Besides the numerous synthesized alkyl- and aryl- derivatives, few amino-
[88-95] and phosphonio-¢-97 functionalized phosphaalkynes have been prepared. Moreover, the
2-phosphaethynolate anion (P=C-O-, cf. chapter 1.2) recently became an important reagent
since GRUTZMACHER and co-workers introduced an optimized synthesis in 2011.14° 51 %81 Even
higher chalcogen homologs of the 2-phosphaethynolate anion (S, Se) are accessible.*%102 A
less well established class are the diphosphaalkynes. Until now, only two examples have been
isolated. The first diphosphaalkyne, a 1,3-bis(phosphaethinyl)adamantan, was probably
synthesized by VEEK in 1997, though it was unstable and never published.%® The first entry
for a diphosphaalkyne in the literature was made with the 9,10-bis(phosphaethinyl)triptycen by
BRYM and JONES in 2003,%% followed by 1,4-diphosphaethinylbicyclo[2.2.2]octane as
second.’®! So far, isophosphaalkynes (phosphaisocyanides) are the most elusive class of
phosphaalkynes. Although ANGELICI and WEBER had already initial successes by the synthesis
of semi-bridging isophosphaalkyne ligands in the coordination sphere of platinum and iron in
the early 90s,196-197] g]| selective trials to obtain a free isophosphaalkyne failed. Typically, most
attempts yield a regular phosphaalkyne instead of an isophosphaalkyne caused by an

intramolecular 1,2-P-C shift.[108-109]
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H-C= Ph—C= ‘Bu—C=
F—C= Mes—C= Ad—C=
Me—C= Me;Si—C= *Mes—C=

—

F3C—C= )

HC=—C= II
N=C-C= pe
\. J J

Figure 4. Overview of selected unstable (red), semi-stable (yellow), stable (green) phosphaalkynes and the only
two isolable diphosphaalkynes (black).

1.3.2 Characteristics and coordination chemistry of phosphaalkynes

Phosphaalkynes (R-C=P) are the phosphorus analogs of alkynes (R-C=C-H) and share
multiple characteristics with them.*1% Phosphaalkynes are fully linear (180°) and have a perfect
cylindrical shape with C«, symmetry (e.g. H-C=P) if not broken by the substituent (Cs, for Me-
C=P).1'Y The electronegativity difference between carbon (2.55) and phosphorus (2.19)
effects an uneven charge distribution leading to a polarized C=P bond in the phosphaalkynes
causing varying degrees of dipole moments depending on the combined substituent.[t11-114]
The C=P triple bond consists of a single 2ps-3ps and two 2p--3p, bonds with a typical bond
length of around 1.54 A.['8 Astonishingly, different substituents only have a very limited
influence on the C=P bond length and most species can be described as A3
phosphaalkynes.[**4 116 Calculations for several phosphaalkyne species revealed that the
highest occupied molecular orbital (HOMO) is always represented by the C=P-mr-orbital,
whereas the lone pair of the phosphorus is lower in energy.'*> 171 An electron-density
distribution (EDD) determination of tert-butylphosphaalkyne shows the location of the lone pair
much closer to the phosphorus atom in comparison to the phosphaalkene analog.*'? A further
comparison of tert-butylphosphaalkyne with its alkyne analog by calculation revealed that the
frontier molecular orbitals (MOs) are almost similar. While the HOMO possesses a comparable
energy level, the lowest occupied molecular orbital (LUMO) of the phosphaalkyne is 1.67 eV
lower in energy, resulting in smaller HOMO-LUMO gap making it a better electron-acceptor.[*7]
Molecular electrostatic potential (MEP) analysis of different phosphaalkynes show two minima.
The lower one (e.g. -17.1 kcal-mol* for HC=P; -25.2 kcal-mol™* for acetylene) is located on both
sides perpendicular to the symmetry axis of the C=P bond midpoint, while the other minimum
(-5.4 kcal-mol* for HC=P), near the terminal phosphorus atom, represents the lone pair (Figure

5a). The side-on reaction with electrophiles is highly favored, due to the large differences in
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the electrostatic potentials, while the end-on reaction is mostly suppressed but inevitably not
unattainable.*'®! Generally, the chemistry of phosphaalkynes is predominated by side-on
reactions in contrast with the chemistry of nitriles, which favor the reaction over the lone pair
of the nitrogen atom. This behavior can be illustrated by an orbital correlation diagram for the
first two ionization potentials of a set of phosphaalkynes and nitriles which shows a much
higher m-n separation for the phosphaalkynes (Figure 5b).1'8 Calculated comparisons
between C-N and C-P multiple bond strengths suggest that nitrogen favors C=N triple bonds
while phosphorus prefers C=P double bonds. This outcome explains the stability of nitriles and
the tendency of phosphaalkyne to dimerize (head to tail)!*'® unless prevented by sterically
demanding substituents.'*®! Being an electron-acceptor, phosphaalkynes react with
electrophiles.!*”) Due to the polarization along the C=P bond with the more pronounced
localized negative charge on the carbon atom, it is the preferred reactive site for incoming
electrophiles,'? as demonstrated for the stepwise addition of HCI to Ph-C=P.l120
Investigations of JAYASURIYA indicate a substantial impact of the substituent on the
phosphaalkyne. The substitution with an aromatic ring system, demonstrated by calculations
on phenylphosphaalkyne, results in a reduction of the m-electron density in the ring system
accompanied with an increase of the mr-electron density in the C=P bond. In consequence, the
C=P group has a deactivating effect on the phenyl ring towards electrophilic attacks.™ Strong
electron-withdrawing groups (EWG) such as -F, -CF3; and HC=C- have two effects. Firstly, they
annul the negative potential region near the phosphorus atom initially induced by the lone pair.
Secondly, they reduce the overall m-electron density of the C=P triple bond region, reducing
the ability to react with incoming electrophiles.*'Y Electron-releasing groups (ERG),
like -CH=CHa, -CHs, -NH: and -OH, increase the negative charge of the C=P triple bond region,
therefore have an activating effect on the C=P group towards electrophilic agents.!*'4

a) b) FCP HCP MeCP ™BuCP FCN HCN MeCN ‘BuCN
¥ 01 8 | —
6.0 01
| | 9 |- -]
10 s m(CP)
0o 210 | —
- s
. =T ]
oo 2 n(P) -7
00 Q12 [~ —_— —
S 13 |- / ]
0 0.0 © T(CN) me !
1 N 14 |- —]
0.1 c
L0 R n(N)
01 15 = —
100 80 6.0 L0 2.0 0.0 2.0 L0 o 16 — =

Figure 5. Molecular electrostatic potential (MEP) of HC=P (dashed contours are negative potential) (a)**%! and
orbital correlation diagram for the first two ionization potentials of RCP (left) and RCN (right)(b)*8l,

Acting as a Lewis base, phosphaalkynes coordinate with Lewis acidic metal centers, mostly

with early and late transition metals, offering a wide range of coordination modes (Figure 6).1*?
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81 The typical coordination mode is side-on (b) via the m-system of the C=P tiple bond analog
alkynes and ethenes. However, the reaction is in favor for the phosphaalkyne due to the low
lying electron accepting T * orbital.**” This fact can be vividly demonstrated by the reaction of
tert-butylphosphaalkyne with [Pt(PPhs)2(n?-C2H4)] resulting in the liberation of ethene under
the formation of [Pt(PPhs)2(n?-'BuC=P)].1*?Y Additionally, the ability to accept electrons from the
metal core can also promote cyclodimerization reactions of the phosphaalkyne in the transition
metal sphere leading to 1,3-diphosphacyclobutadiene, which n*-coordinates to the metal
(). 1221271 phosphaalkynes normally favor the n?type ligation, due to the HOMO
represented at the C=P-mr-orbital and not at the energetically low-lying phosphorus lone pair
(typically HOMO-2 or lower). Therefore, there is a wide variety of such complexes differ by the
central transition metal, the applied phosphaalkyne and co-ligands.*?* 128134 |n 2016 SCHEER
et al. reported on the successful synthesis of the first homoleptic phosphaalkyne complexes
bearing two n?-coordinated phosphaalkynes without additional ligands on silver(l).[3%
Recently, GOICOECHEA and co-workers even succeeded in the preparation of a n*
tris(phosphaalkyne)tungsten complex.*! By increasing both the steric demand of the
substituents of the phosphaalkynes and of the metal center n*-coordination products (a) can
be achieved. Several end-on complexes mainly with electron-rich and bulky phosphonic Mo(0),
W(0), Re(l), Fe(ll) and Ru(ll) have been realized.**"144 |nterestingly, the insertion of a
phosphaalkyne into a metal-H bond leads to an 1,3-H-shift to the carbon of the phosphaalkyne,
resulting in an n'-phosphalkene complex with reverse polarity of the P=C bond represented by
a nucleophilic phosphorus atom.?* An additional binding mode can be initiated by the n?-
coordination of a phosphaalkyne to a transition metal. The coordination to the metal center
positively affects the donor ability of the phosphorus lone pair which can subsequently bind to
another metal atom.!*'> 8 This combination of side-on and end-on complexes (c) is known for
either the same or different combinations of metals.l*3* 1461471 Another option is the n?-
coordination of the same phosphaalkyne to two metal centers in a bridged fashion (d).[*3% 48l
Often this is accompanied by a further coordination on a third metal over the phosphorus lone
pair (e), occupying all possible vacancies.***15%1 Consequently, phosphaalkynes can donate

2, 4 or 6 electrons (e°) leading to side-on, end-on or bridged coordination modes.

n' n’ n’m' LMD M) n?
R R R R R

c o Rj_
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Figure 6. Phosphaalkyne coordination modes (a-f).
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1.3.3 Synthesis of phosphaalkynes

Since the discovery of H-C=P, via conversion of PH3 at a graphite electrode,® a numerous
variety of substituted phosphaalkynes have been synthesized. General, the S-elimination is
the predominant method to generate the C=P triple bond.*¥ In the beginning, most of the small
kinetical labile phosphaalkynes were produced by flash vacuum pyrolysis of halogen
phosphines at high temperatures (T = 900-1100 °C) by elimination of HCI, which has to be
absorbed by bases (KOH, K.COjs etc.) to prevent undesired reverse reactions (Scheme 2a).5"
66, 6870, 1341 An improved method is the elimination of chlorotrimethylsilane from chloro-
[(trimethylsilyl)methyl]phosphine derivatives at elevated temperatures (Scheme 2b). Due to the
stability of the Si-Cl bond, no base additives are necessary to trap released HCIL.I"> 120 An
adapted and nowadays highly relevant route can be performed under much milder conditions
(room temperature) by addition of silver trifluoromethanesulfonate and the moderate strong
base 1,4-diazabicyclo[2.2.2]octane (DABCO) to obtain the silyl-substituted phosphaalkynes
MesSi-C=P, Ph3Si-C=P and the tritylphosphaalkyne Phs;C-C=P in multi-gram scale (Scheme
2¢).B7. 7781 The most common method to various kinetically stable phosphaalkynes is the
elimination of hexamethyldisiloxane from suitable substituted phosphaalkenes at raised
temperatures or by treating with a catalytic amount of base (Scheme 2d).0 7879, 155 The
necessary phosphaalkenes are usually generated from the appropriate carboxylic acid
chlorides and tris(trimethylsilyl)phosphane or its more reactive lithium derivative. So far, this

route is also the most suitable for the preparation of diphosphaalkynes.[104-1051

O/SiMe3
A A
a) R”pCl R)\\ C b)
-2 HCl -SiMe;Cl C
R=H, Me, CI, F, ... R = SiMe,, Ph
R—=
1) 2 AgOTf snv|e3
PN 2) 2 DABCO NaOH
© R PChL R SpasiMe; 9
-2 AgCl -(SiMe3),0 3
-2 [DABCO-H][OTI]
R = SiMe, SiPhs CPh, R = Bu, Ad, Mes*,

Scheme 2. Common synthetic pathways of labile and sterically stabilized phosphaalkynes.
Further less common methods for the synthesis of phosphaalkynes are well described in the
specialized literature!*? 12.83. 8586 gnd are not discussed here. Instead, a selection of recent

methods, not yet covered by phosphaalkyne review articles, will be briefly presented.

Today sodium phosphaethynolate became an important building block due to its stability,

simple accessibility and extensive reactivity. It can be primarily synthesized by addition of a
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suitable carbon source like CO to NaPH; under high pressure (p = 110 bar). The sodium
phosphide can also be generated in situ by deprotonation of phosphine gas (PHs) with NaO'Bu
(Scheme 3a,b).[*% 5% 1561 Most kinetical labile phosphaalkynes used to be mainly synthesized
by flash vacuum pyrolysis of halogen phosphines of the type R-PCl, in low yields and the
isolation is challenging. A more reliable method is the vacuum-gas-solid reaction of
dichloromethylphosphines (R-CCl,-PH,) with K.COs. The dichloromethylphosphines can be
generated by reduction of phosphonate with AIHCI,.[*5 A improved synthesis protocol uses
the strong, non-nucleophilic base 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) for the final
elimination of the a-dichlorophosphines to obtain the sensitive, labile phosphaalkynes at low
temperature (T =-40 °C; Scheme 3c).**® Recently, a further procedure for the controlled
thermal liberation of unstable phosphaalkynes was developed. The chlorine atom of dibenzo-
7-chlorophosphanorbornadiene can be substituted with an appropriate Wittig reagent to get a
suitable precursor, which can be simply stored and later used for a controlled release of
kinetically labile phosphaalkynes. Upon thermolysis the dibenzo-7-phosphanorbornadienes
release the desired phosphaalkyne, together with anthracene and triphenylphosphine
(Scheme 3d).[*%%16% Nitrogen-substituted phosphaalkynes are still rare. A new one-step
synthesis from CsF, tris(trimethylsilyl)phosphine and supermesityl isocyanate give access to
the stable, nitrogen-substituted 2,4,6-(tert-butyl)phenylphosphaalkyne (Scheme 3e).l'6
Lately, a new method based on salt metathesis was established. It was found that the addition
of the novel [Mg(PPPNacNac)(CP)(dioxane)] (Dipp = 2,6-di(isopropyl)phenyl, PPPNacNac =
CH{C(CH3)N-(Dipp)}2) to chlorotrimethylsilane in situ generates the well-known
trimethylsilylphosphaalkyne (Mes;SiC=P) by C=P- transfer and formation of MgCl, as driving
force (Scheme 3f).1*62 So far, this synthesis was just used as proof of concept, but it has the
potential to become an alternative synthesis strategy to the firmly established elimination
protocols. The method offers the ability to create novel phosphaalkynes, which were not

accessible before. In addition, potential halogen precursors are readily commercially available.
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Scheme 3. Selection of novel phosphaalkyne syntheses.

1.3.4 Reactivity of phosphaalkynes

The carbon-phosphorus triple bond mimics the carbon-carbon triple bond (cf. chapter 1.3.2)
and shows in many aspects similar reactivities. The HOMO is located at the C=P bond and
has m-symmetry, whereas the phosphorus lone pair is usually represented by the HOMO-1.1*18l
In contrast to acetylenes the triple bond of phosphaalkynes is positive polarized at the
phosphorus atom, leading to selective protonation of the carbon atom and not of the
phosphorus lone pair.¢8 Consequently, the chemistry of phosphaalkynes is strongly marked
by various addition and cycloaddition reactions, some of the most relevant reaction types will

be illustrated in this section.

The 1,2-addtion reaction can be mainly carried out with halogen compounds and organolithium
derivatives. Typically, this reaction is executed with HCI leading to a stepwise saturation of
P=C triple bond, whereby the hydrogen atoms exclusively attach to the carbon atom while the

chlorine atoms ending up at the phosphorus atom (Scheme 4a).'? The addition of MeLi
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initially yields the lithiated phosphaalkene which can be subsequently hydrolyzed (Scheme
4b).1164

HCI (1 eq) H C
a) Ph—— - /C:
Ph
1) MelLi (1 eq)
2) H,0 H,
by Bu——= - C=P~Me
Bu

Scheme 4. 1,2-addtion reaction on phosphaalkyne with HCI (a) and MeLi (b).

Phosphaalkynes can undergo all kind of cycloaddition reactions. Usually, [2+1], [3+2] and [4+2]
cycloadditions are the predominated variants which cleanly convert the A%ct-phosphorus atom
into a A%c?-phosphorus atom. The [2+1] cycloaddition reaction gives access to three-
membered ring systems containing a C=P fragment. Most of those ring systems will be built
by the addition of carbenes, silylenes or germylenes (Scheme 5a).[*65-167] Recently, the group
of three-membered ring systems was expanded with phosphaaluminirenes.!68
Heteromolecular [2+2] cycloadditions are very rarely described in the literature. Most [2+2]-
cycloadditions take place between small, reactive phosphaalkynes of the same kind, leading
to dimerization and oligomerization, which will be discussed later. One example of a
heteromolecular [2+2] cycloaddition is the reaction of tert-butylphosphaalkyne with a
stannylidene forming a stannacyclobutene (Scheme 5b).1*%°1 However, it can be discussed if
the formation of the stannacyclobutene is in reality an initial [2+1]-cycloaddition with a
subsequent insertion of a further stannylene as it was found for the stepwise silylene
addition.’’ A wide range of [3+2] cycloaddition reactions are known for phosphaalkynes.
Those 1,3-dipolar reactions are well-established for diazo and azide compounds (Scheme
5c).1% 1711 The [3+2] cycloaddition reactions pf phosphaalkynes with azides (“click”
reaction)*’?l proceed selectively due to the polarization along the C=P bond in contrast to
acetylenes which react unselective upon addition of copper or ruthenium catalysts.[t73-176l
Further 1,3-dipolar reactions with phosphaalkynes are still in development. Recently, a novel
selective copper-catalyzed [3+2]-cycloaddition reaction between isocyanoacetates and
phosphaalkynes for the preparation of 1,3-azaphospoles was described.’” Beside of that
phosphaalkynes can also undergo multifarious [4+2] cycloaddition reactions. The most
prominent are Diels-Alder reactions with 1,3-dienes or even 1,3-heterodienes. Despite the
versatile possibilities, there are limitations given by the stability of the phosphaalkynes due to
the high thermal activation barrier of those reactions. The preparation of phosphinines by
addition of phosphaalkynes to pyrone, cyclopentadienes or cyclohexadienes are well

documented (Scheme 5d).[t% 178-179]
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[2+2] cycloaddition

[2+4] cycloaddition [2+3] cycloaddition

Scheme 5. Selection of confirmed cycloaddition reactions on tert-butylphosphaalkyne.

As mentioned before [2+2] cycloaddition reactions of phosphaalkynes are often
monomolecular between phosphaalkynes with small substituents (H, F, Me, Ph etc.) of the
same type, leading to oligomeric species. Those reactions are thermally induced and yield
product mixtures of different oligomers and polymers, which are challenging to separate and
characterize.®Y) However, it was possible to isolate tetramers for larger and more kinetically
stable phosphaalkynes like tert-butylphosphaalkyne.® Computational investigations have
proven that the formation of phosphaalkyne dimers, trimers, tetramers and higher oligomers
are theoretically thermodynamically favored.[”® Along other tetramers and oligomers,®? even
a hexamer of tert-butylphosphaalkyne was successfully isolated and crystallographically
characterized.*8! Transition and main group metals are capable to initiate an controlled
oligomerization leading to a more straight-forward synthesis of phosphaalkyne oligomers
(Figure 7).811 |t was possible to preparate the elusive diphosphatetrahedrane, the head to head
dimer of tert-butylphosphaalkyne, with the help of a nickel catalyst.['®? Besides catalytic
oligomerization reactions, side-on coordination of mainly cyclodimers or cyclotrimers to the

metal and sandwich complexes are possible.! 125183 Apart from the most typical cycloaddition
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reaction, many more specialized variants and consecutive reactions were found, such as an
elegant way for the preparation of functionalized phosphinines by an iron- or copper-catalyzed

[2+2+2] cycloaddition reaction of diynes with phosphaalkynes. 1841851
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Figure 7. Reported phosphaalkyne oligomers synthesized with metal catalysts, mostly with ‘BuCP. Some of the
shown oligomers are only stable when coordinated on metals. The - symbol represents a C-R unit for clarity.
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1.4 The cyaphido ligand and its complexes

1.4.1 Theoretical studies and spectroscopic properties

Since the discovery of HC=P by GIER in 1961 the chemistry of the C=P triple bond developed
rapidly, resulting in numerous unstable phosphaalkynes, all of which exhibited a tendency to
polymerize. With the synthesis of 'Bu-C=P in 1985, BECKER and co-workers set the starting
point for the continuous development of thermally stable phosphaalkynes.*86-1871 The increased
steric shielding of the C=P triple bond by the ‘Bu group allowed for the synthesis of a variety of
transition-metal complexes with phosphaalkyne ligands.*3! Nevertheless, the generation and
stabilization of a terminal C=P- ligand on a transition metal remained a challenge until 2006.5"
Until recently, the generation of the cyaphido ligand could only be carried out starting from a
phosphaalkyne in the coordination sphere of a metal (cf. chapter 1.4.2). Hence, the history of
the C=P" anion is deeply linked with the chemistry of phosphaalkynes. Most analytical and
theoretical studies on C=P triple bonds focus on phosphaalkynes whereas the C=P- anion or
radical have only partly been covered.['#192] The investigation of the C=P triple bond in HC=P
comprises mainly the reactivity of this species and various spectroscopic techniques such as
vibrational-rotational spectroscopy,® Raman spectroscopy,* microwave spectroscopy™®>
1961 and NMR spectroscopy!*!®l as well as DFT calculations**®! and led to an evaluation of the

bonding properties and estimations of the gas-phase acidities.**”

This section will exclusively discuss the main results concerning HC=P and C=P- as an anion,
ligand and radical. Hydrogen cyaphide is a linear molecule and the phosphorus analog of
hydrocyanic acid (hydrogen cyanide). In contrast to HC=N it is pyrophoric, highly reactive and
polymerizes even at low temperatures. Generally, the C=P triple bond is polarized as C% - P°*,
however, it is much less polarized than the C=N triple bond, due to the decreased
electronegativity of phosphorus compared with nitrogen.*'®l Based on microwave
spectroscopy the dipole moment was determined as p(HC=P) = 0.390(5) D (W(HC=N) =
3.00 D), while the H-C and C=P bond distances were found to be 1.0670 A and 1.5402 A,
respectively (HC=N: 1.063 A, 1.155 A).[195 198] Splid HC=P shows three main vibrations in its
infrared spectrum at #(C-H stretch) = 3120, ¥(C-P stretch) = 1265 and #(H-CP bend) =
671 cm® (HC=N: ¥ = 3180, 2120, 830 cm™).[l NMR spectroscopy of HC=P reveals one signal
at 6(*'P) = -32.0 ppm (d, 2Jpy = 43.9 Hz) and &(**C) = +154 ppm (dd, YJcn = 211, YJcp =
54.0 Hz).'* Calculations of the gas-phase acidity (AG%cis) confirmed that HC=P is a weaker
Brgnsted acid than HC=N. However, the opposite result was found for the corresponding
methyl derivatives (CH3C=N < CH3C=P).1%7

Based on calculations, the dipole moment of the C=P- anion is strongly increased to 2.42 D
compared to C=N- (0.63 D),[200-201 \whereby most of the negative charge is located on the
carbon atom (-0.83 C, -0.17 P) in contrast to the cyanide anion (-0.4 C, -0.6 N).?%? Qverall, the
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C=P bond is polarized (C* - P%*) with a high negative charge on the carbon atom, whereas the
positive charge on the phosphorus atom decreases upon coordination to a metal center.[*3l
Electron localization function (ELT) calculations provide insight into the distribution of the
valence electrons. The 10 VE of C=P- are separated between the carbon atom V(C) = 2.66,
the phosphorus atom V(P) = 4.22 and the corresponding bond V(C,P) = 2.91 (C=N" V(C) =
2.86, V(N) = 3.39, V(C,N) = 3.54). The C=P bond length in the C=P- anion is calculated to be
1.598 A long (C=N" = 1.180 A due to the smaller covalent radius of nitrogen), in contrast to
about 1.54 A (exp.) for phosphaalkynes and 1.56 A (exp.) for transition metal complexes
containing terminal cyaphido ligands. The calculated harmonic vibrational stretching
wavelength of C=P-is ¥ = 1198 cm® (C=N= ¥ = 2108 cm™*), while AHC for the formation of C=P-
was found to be higher in comparison to C=N", which confirmed that the cyaphide anion is less

stable than the ubiquitous cyanide congener.[62 113.197]

The information about the reactivity and coordination of C=P- is very limited. Until now, the
primary coordination to metals is realized through the carbon atom. Additional coordination
and reactions occur first via the 1T system (side-on mode) before the phosphorus lone pair gets
involved via o coordination (end-on) as third reaction side.l?32%4 The C=P ligand acts similar
as a free phosphaalkyne after the first coordination through the carbon to a metal complex (cf.
chapter 1.3.2) and contrary to the C=N. The cyanido ligand strongly favors the n* coordination
(end-on) to Lewis acids. This reaction is driven by o-donation from the nitrogen lone pair, which
represent the HOMO of the C=N- ion.[25-206] Recent computational investigations of cyaphido
transition metal complexes of the type M-(n?-C=P) reveal a large contribution of the metal
back-bonding into the cyaphido ™ antibonding orbital, giving an explanation for the excellent
T acceptor properties of the n? coordinated cyaphido ligand in agreement with the results of
the experiments.??! Consequently, cyaphido transition metal complexes of the type M-(n*-
C=P) prefer to react with Lewis basic metals, whereas complexes of the type M-(n*>-C=P) can

most likely only react with Lewis acids.

1.4.2 Synthesis of cyaphido complexes

1.4.2.1 Generation of C=P- from a bridging u-C=PR ligand

By 1991 several alkyl and aryl stabilized phosphaalkynes had been synthesized, and their
behavior as ligands towards transition metal complexes had highlighted some significant
differences when compared to metal nitriles complexes. Expect for two examples, in which the
phosphaalkyne is end-on n!-bonded via the phosphorus atom to the metal center,3" 144 g|
other reports showed a preference for a side-on n?-coordination via the P=C triple bond.[8
This is in line with theoretical calculations and demonstrates the preferred side-on coordination

mode via the m-system. Another coordination mode was found by ANGELICI, who reported on



18 INTRODUCTION

a homo-bimetallic Pt-complex with a :C=PR ligand (isocyaphide). In fact, the X-ray analysis
revealed a semibridging p2-C=PR ligand coordinated over the carbon atom between two Pt
centers. Shortly afterwards, WEBER and co-workers demonstrated the synthesis of a diiron
complex also bearing a :C=PR ligand coordinating in the same manner.[2%6-1971 |n 1992 ANGELICI
et al. showed the crucial further development of this chemistry. Treatment of the phosphavinyl
platinum complexes trans-[(X)(PEts).Pt{C(P=R)X]] (1.1a,b; X = CI, Br; R = 2,4,6-tri-tert-
butylphenyl) with 1 eq of [Pt(PEts)4] gave the air-stable diplatinum complexes [(X)(PEts)Pt(l2-
C=PR)Pt(PEt3)2(X)] (1.3a,b), bearing the p-bridging isocyaphide ligand (Scheme 6). Addition
of [Pt(PEts)4] to the Pd-analog 1.1c astonishingly gave two independent compounds, trans-
[(X)(PEts).Pd(R)] (1.5a,b), and the first ever reported terminal cyaphido complexes trans-
[(X)(PEts)Pt(C=P)] (1.4a,b). Even though 1.4a,b were surprisingly stable in nonpolar organic
solvents, all attempts at separating 1.4a,b from 1.5a,b failed. However, the compounds could
be analyzed by means of *'P{*H} NMR spectroscopy, showing a triplet resonance at & =
68 ppm for the cyaphide phosphorus nucleus with a Jep coupling of 9.2 Hz and an additional
Jp.pt coupling of 303 Hz. Furthermore, 1.4a,b were successfully trapped by reaction with a
second equivalent of [Pt(PEts)4] yielding the cyaphido bridging complexes [(X)(PEts).Pt(u-
C=P)Pt(PEts),] (1.6a,b), which could be fully characterized by means of NMR spectroscopy,
elemental analysis and single crystal X-ray diffraction to unambiguously verify the proposed

structure (Figure 8).



INTRODUCTION 19

Et
N 0
Pt
| Nas 1.3aX = Cl
/7 “Mes+ 1-3b X = Br
Pt
x\
Ets
T 1.2aM = Pt, X = Cl
— T11.2b M = Pt, X = Br
X Et,
for 1.2a,b \Pt/
X Et Pt(PEt / Cl Et
N B ) e’ N\ PUPE) N 7
Et, Cc=P, for 1.2¢c,d AN / Mes Ets PN
X Mes* Pd(PEts), /M\ Cl Mes*
X Et 1.1¢c
11a X =Cl L °  _J12cM=Pd x=cCl
1.1b X = Br l 1.2d M = Pd, X = Br
1 i 1
Pt(PEt 1.6a X =
Mes* C C
im ///\Pt/ Ets
1.5a X = Cl 1.4a X = Cl \
1.5b X = Br 1.4b X = Br Et3

Scheme 6. Reaction pathways for the synthesis of the diplatinum complexes 1.3a,b and the cyaphido bridged
complexes [(X)(PEts)2Pt(u-C =P)Pt(PEts)] (1.6a,b); Mes* = 2,4,6-tri-tert-butylphenyl.

Figure 8. Ball and stick model of the molecular structure of 1.6a in the crystal. Hydrogens omitted and carbon atoms
of the PEts ligands reduced for clarity.

Despite the fact that no intermediates were observed in the 3P NMR spectrum during the

course of the reaction, ANGELICI assumed the formation of the mixed Pt-Pd complexes 1.2c,d
after the initial oxidative addition of the C-X bond of 1.1a,b to the [Pd(PEts).]. The subsequent
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transfer reaction of the aryl substituent (R) from the phosphorus atom of the isocyaphido ligand,
accompanied by the scission of the bridging carbon atom from the Pd center afforded the two
independent products l1l.4a,b and 1.5a,b. To affirm this theory the same reaction was
performed starting from 1.1c and Pt(PEts)s, which indeed afforded the same products.
Although complex 1.6a,b does not contain a “pure” terminal cyaphido ligand due to the
additional side-on coordination of a [Pt(PEts).] complex, DFT calculations still suggest the
presence of a P=C triple bond.**® The resonance of the phosphorus atom of the bridging
cyaphido ligand appears as a doublet of doublet of triplets at & = 107.0 ppm in the 3P{*H} NMR
spectrum. The triplet arises from the two PEts co-ligands at the [(X)Pt(l)(C=P)] core, whereas
the two doublets are caused by the two magnetically non-equivalent PEt; co-ligands at the 17-
coordinated Pt(0) fragment. Two additional °°Pt satellites are observed with a coupling
constant of 2Jpgpcpp = 255 Hz and Jpyp-crp = 58 Hz. The X-ray crystal structure
determination of 1.6a,b clearly revealed that the two Pt centers are not connected to one
another. The C=P bond length of 1.666(6) A in 1.6a is longer than the average C=P distance
of an uncoordinated phosphaalkyne (1.54 A) and the calculated C=P bond length of the
terminal cyaphido ligand (1.566 A) in the non-isolated complex 1.4a. However, the Pt-C=P

bond-angle of 144.0(3)° in 1.6a significantly deviates from linearity.[3* 63l

1.4.2.2 Generation of C=P" by elimination of MesSi-O-SiMes

Twelve years later, in 2004, WILLNER and co-workers reported on the first successful isolation
of a Lewis-pair, consisting of the cyaphide anion and the Lewis acid B(CFs3)s. The synthesis of
this compound followed the typical elimination route used for the preparation of
phosphaalkynes*! (Scheme 7). Interestingly, the resulting borate anion [(CF3)sB(C=P)] was
even stable in wet acetonitrile and was isolated as colorless tetraphenyl phosphonium salt
(1.7) with a melting point of T =125 °C. The C=P moiety of 1.7 showed a resonance at 6 =
202.3 ppm in the *C NMR spectrum and the associated 3!P NMR signal at & = 39.6 ppm. The
Raman spectrum showed a C=P- stretching band at ¥ = 1468 cm®, while the crystallographic

characterization revealed a C=P distance of 1.563(10) A.[207]

[PPhy]* [PPhy]*
0 o cl | ao
¢ [PPh,]CI ¢ KIP(SMej),] ¢
B T T B — T _B_
F,c” \ CF;3 Fs¢c” \ CFs F,c” \ CF;3
CF, CF, CF,
1.7

Scheme 7. Brief reaction sequence for the isolation of [PPhs][(CF3)sBCP].
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1.4.2.3 Generation of C=P" by deprotection of R3Si-subsituted phosphaalkynes

A milestone in the chemistry of the cyaphide anion was achieved by GRUTZMACHER and co-
workers. They developed the strategy to generate the desired cyaphido ligand in the
coordination sphere of a metal center by using a kinetically stabilized phosphaalkyne that
contains an adequate leaving group. Treatment of triphenylmethyl phosphaalkyne or its
corresponding complexes [MH(dppe)2(nt-P=C-CPh3)]OTf (M = Fe, Ru, dppe = 1,2-
bis(diphenylphosphino)ethane) with nucleophiles was initially not fruitful. However, they
continued this approach with the higher homolog PhsSiC=P (5(3'P) = 111, 6(*3C) = 193.3 ppm
(d, Jcp = 16.4 Hz)), as -SiRs-groups are generally prone to nucleophilic attack. Even though
PhsSiC=P can neither be isolated nor is it kinetically and thermodynamically stable (ti. =1 d
at T =23 °C), it can be isolated as an n'-coordinated ligand in the complex [RuH(dppe)z(n*-
P=C-SiPh3)]OTf (1.8a, Scheme 8). This was proven by means of NMR spectroscopy (6(3!P) =
143.8 (d, 2Jpp = 27.8 Hz), 6(*3C) = 175.1 ppm (Jcp = 71.4 Hz)), as well as by single crystal X-
ray diffraction (P=C bond length 1.530(3) A). Applying various nucleophiles (fluorides,
hydroxides, alkoxides) resulted in undesired side reactions. In 2006, the persistent work finally
paid off, as the addition of a slight excess of sodium phenoxide resulted in the preparation of
the “first ‘true’ M-C=P complex” [RuH(C=P)(dppe),] (1.8b) — a terminal metal cyaphido
complex. In this way a convenient route to access cyaphido complexes was at once finally
established. The NMR spectra of 1.8b revealed a broad signal at 6(3'P) = 143.8 ppm with
coupling to the hydride (d, 3Jp 4 = 19.5 Hz). The quaternary carbon atom of the cyaphido moiety
was detected in a *C*H HMQC experiment and reveal a resonance at 6(**C) = 287.1 ppm
(MJpc = 90 Hz). [RuH(C=P)(dppe),] is only moderately air-sensitive in the solid state. Crystal
structure determination revealed the 180° rotation of the C=P ligand upon cleaving off the
PhsSi* group in the initial P-coordinated starting complex (Figure 9). The C=P distance was
found to be 1.573(2) A, which is longer than in uncoordinated phosphaalkynes but much
shorter than in side-on coordinated phosphaalkyne complexes. The Raman and infrared

spectra displayed an intense band at ¥ = 1229 cm™ for the C=P stretch vibration.7]
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Figure 9. Molecular structure of 1.8b in the crystal. Anisotropic displacement ellipsoids are shown at 50% probability
level. Hydrogens omitted and carbon atoms of the dppe ligands reduced for clarity.

While the observation of a possible P-metalated phosphoniocarbene intermediate in the 3P
NMR spectrum indicated an initial attack of the phenoxide at the phosphorus atom, DFT
calculations suggested that a further transition state is too high in energy to be a reasonable
mechanism for the formation of C=P and elimination of PhzSiOPh (Scheme 8). Instead, a direct
nucleophilic attack of the phenolate at the silicon was proposed, leading to a penta-coordinate
silicon species as an intermediate. Direct elimination of PhzSiOPh would result in the complex
[Ru]-P=C, the formation of which is thermodynamically unfavorable. The weak overlap
between suitable P-centered orbitals and Ru d-orbitals prevent a Ru-P o-bond with respect to
a more favorable Ru-C bond. Thus, a rearrangement to the more favored n?-bonded
intermediate takes place, followed by rotation of the C=P- moiety under formation of the final
cyaphido complex [RuH(C=P)(dppe)].2%®! Even though this approach did not lead to initially
attempted preparation of a bimetallic cyaphido complex (M-CP-M) yet, it was certainly the

starting point and inspiration for the preparation of various, unique cyaphido complexes.
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Scheme 8. Synthesis of [RuH(C=P)(dppe)-] (1.8b) (middle) and proposed mechanism via ion pair generation; all
Ph groups replaced with H to simplify the calculation.

Six vyears later, RuUssSeLL et al. investigated the coordination chemistry of
trimethylsilylphosphaalkynes (Mes:SiC=P) towards selected transition metal complexes and
synthesized, inter alia, the bis(phosphaalkyne) complex [Mo(n*-P=CSiMes).(dppe).]. However,
following the desilylation protocol reported by Gritzmacher, did not lead to a cyaphido
complex. Instead, addition of tetrabutylammonium difluorotriphenylsilicate (TBAT) as fluoride
source showed evidence for the formation of a mixed phosphaalkyne-cyaphido complex of the
type [Mo(n*-P=CSiMes)(C=P)(dppe).] (1.10, Figure 10). Two low-field shifted multiplets at & =
197.8 and & = 183.0 ppm were recorded in the 3P NMR spectrum, whereas signals consistent
with the formation of PH3SiF (remnant from TBAT) and MesSiF (expected leaving group) could

be detected in the °F spectrum. Unfortunately, it was not possible to verify the identity of the
product by further characterization techniques.**%
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Figure 10. Overview of cyaphido complexes of the type [(dppe)2M(CP)(L)] (M = Ru, Mo).

With the aim to analyze the electronic properties of cyaphido-containing coordination
compounds, CROSSLEY and co-workers synthesized two new cyaphido complexes in 2014, in
which the C=P- ligand was incorporated into a conjugated m-system. Using two ruthenium
alkynyl complexes as starting point for their approach, the in situ conversion to the respective
triflate salts and subsequent addition of MesSiC=P afforded [Ru(dppe).(nt-P=CSiMes)-
(C=CR)][OTf] (R = CO:Me (1.11a), p-CsHsOMe (1.12a)). Both compounds showed quintet
resonances (1.11a: 6 = 108.4 (3Jpp = 35 Hz), 1.12a: 6 = 113.1 ppm (3Jep = 34)) in the 3P{*H}
NMR spectrum and a doublet (1.11a: 6 = 192.4 (*Jpc = 89.9 Hz), 1.12a: 6 = 188.2 ppm ({Jpc =
88.7)) in the 3C{*H} spectrum for the C=P moiety of the coordinated phosphaalkyne group.
The C=P distance for 1.11a was found to be 1.528(11) A by single crystal X-ray diffraction.
Further treatment of 1.11a and 1.12a with KOtBu resulted in the desilylation and
rearrangement process (180° rotation of the C=P group), yielding the cyaphido complexes
1.11b and 1.12b, respectively (Figure 10, Figure 11).



INTRODUCTION 25

Figure 11. Molecular structure of 1.11b in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted and carbon atoms of the dppe ligands reduced for clarity.

In contrast to the synthesis developed by GRUTZMACHER, who observed an intermediate
generated by the reversible attack of phenolate at the phosphorus atom, Crossley et al. could
not find any evidence for such a species, even when conducting in situ NMR measurements
at T=-78 °C. Crossley and co-workers concluded that the decreased electrophilicity of the
phosphorus atom in 1.11a/1.12a combined with the less sterically shielded leaving group
provoked a direct nucleophilic attack at the SiMes moiety, leading to a significantly shortened
reaction time. Both cyaphido complexes 1.11b and 1.12b show substantially high field shifted
NMR resonances (1.11b: 6(3'P{*H}) = 161.5 (s), 6(**C{*H}) = 279.1 (m); 1.12b &6(*'P{*H}) =
159.5 (m), 6(*3C{*H}) = 281.9 (m) ppm) compared to the phosphaalkyne analogs. The Raman
and infrared spectra displayed the typical, yet slightly stronger C=P bond due to competition
with the trans-alkynyl ligand (back donation from the metal into the m* orbital). The C=P
stretching vibrations were observed at ¥ = 1255 cm™ for 1.11b and 1261 cm™ for 1.12b. The
X-ray diffraction study of [Ru(dppe)2(n*-P=CSiMes)-(C=C-p-CsH,OMe)][OTf] (1.12b) verified a
shorter C=P bond length of 1.544(4) A compared to 1.8b (1.573(2)), which is also consistent
with decreased m-backdonation from ruthenium to the cyaphide ligand (when compared to
1.8b). The linearity of the conjugated m-system is slightly distorted (Ru-C=C 174.4(3)°, Ru-
C=P 172.3(2)°). Additional computational calculations of the frontier orbitals revealed broad
consensus with typical bis(alkynyl) complexes. In both cases the HOMO and HOMO-1 consist
of the out-of-phase mixing of the Ru (dyy, dx.), C=C (1) and C=P (1) orbitals, with a considerable
contribution from the cyaphide moiety (1.11b: 50% m(C=P) for both orbitals; 1.12b: 24%
m(C=P) HOMO, m(C=P) 43% HOMO-1). The HOMO-LUMO gap (AE 1.11b 3.45 eV, 1.12b
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3.70 eV) of both complexes is notably distinct. The LUMOSs are dominated by the dppe ligands,
the mc=p do not contribute perceptibly to anti-bonding orbitals until LUMO+18/19. The lone-
pair of the cyaphido ligand lies about 1.6 eV below the HOMO (1.11b: HOMO-6, 1.12b:
HOMO-7) and possesses about 75% s- and 25% p-orbital character, with the typical
polarization (C% - P%). A combined UV-Vis spectroscopy and TD-DFT study described a
strong, absorption around A = 250 nm induced by LLCT (ligand-to-ligand charge transfer)
between the m-CP/CC and dppe m* orbitals for both compounds. A second band at about A =
300 nm was observed for 1.12b. Other less pronounced absorptions arise mainly from ILCT

(intra-ligand charge transfer) between different 1 and ™ transitions.2%°!

In continuation of their work, CROSSLEY and co-workers reported a bimetallic complex bearing
two conjugated C=P moieties in 2018. The reaction of [{Ru(dppe)2}{p-(C=C).CeHa-p}Cl,] with
two equivalents of AQOTf and MesSIC=P afforded the corresponding linear bisethynylbenzene-
bridged bimetallic complex with two terminal phosphaalkyne groups attached. This compound
showed a resonance at & = 111.4 ppm (Jpp = 34 Hz) in the 3P{*H} NMR spectrum. Sequential
treatment with KOtBu cleaved the trimethylsilyl groups and gave the new complex 1.14 with
two terminal cyaphido ligands. NMR spectroscopy revealed a doublet at 6(C'P{H}) =
159.7 ppm (3Jpp = 48.3 Hz) and &(**C{*H}) = 281.8 ppm (1Jcp = 92.0 Hz) for the C=P moiety.
The C=P stretching mode was recorded at ¥ = 1247 cm™ in the corresponding IR spectrum.
Calculations of the frontier orbitals gave the relative energies for the HOMO-1 (-4.53 eV),
HOMO (-4.17 eV) and LUMO (-0.93 eV) with about 14% contribution from 17c=p for the HOMO
(ca. 25% for HOMO-1/-2) showing some degree of conjugation. The lone-pairs of the terminal
cyaphido ligands are strongly stabilized and represented by the HOMO-14 and HOMO-15 with
an amount of about 75% s- and 25% p-orbital character. The observed UV and calculated
electronic spectra confirmed a dominance of the LLCT and MLCT (metal-to-ligand charge
transfer) transitions. The LLCT transitions are directed from the bis-ethynylbenzene bridge and
cyaphido ligands into the dppe scaffold resulting in absorption bands at A = 370 and 250 nm.
Further detected ILCT transition within the m-system are negligible. Cyclic voltammetry studies
revealed two distinct irreversible oxidations. Apparently, the reduced stability for the mixed
valence state prevented reversibility, but indicated an electron-acceptor character of the

cyaphido ligand, as expected.?19

Building on the initial idea of linking the conjugated m-systems of acetylido and cyaphido
ligands by transition-metal centers, CROSSLEY and co-workers published a series of trans-
cyaphido-alkynyl complexes in 2019. Starting from the ruthenium-alkynyl precursors trans-
[Ru(dppe)(C=CR)CI] (R = Ce¢HsMe-p 1.15a, Ce¢Hs 1.16a, CsHsF-p 1.17a, CeHa(CO-Me)-p
1.18a, CsHa(NOo)-p 1.19a, CO.Et 1.20a) substitution of Cl by MesSiC=P using AgOTf, AgPFs
or TIOTf afforded the corresponding trans-[Ru(dppe)z(n*-P=SiMes)(C=CR)]* salts, which

exhibited a characteristic resonance at approximately 6(3*P) = 110 ppm for the n'-
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phosphaalkyne ligand. The respective cyaphido complexes (1.15b - 1.20b) were obtained by
addition of KOtBu. Notably, the purity and yield were affected by the counterion (triflate >
hexafluorophosphate salts) and traces of silver ions apparently promoted the formation of a
phosphacarbon-free complex of unknown identity. However, this issue was avoided by using
TIOTf instead, leading to a fast, clean reaction under ambient conditions. In accordance with
the previously conducted reactions (cf. 1.11b,1.12b) no reversible intermediate of the type
[RuH(dppe){C(SiMe3z)=P(OtBu)}] could be observed, even at low temperatures (T = -78 °C).
The NMR and UV spectroscopic data, as well as a selection of structural information for
complexes 1.17b and 1.18b are depicted in the summary Table 1 (in the end of the
introduction). Generally, the complexes 1.15b - 1.20b show an NMR resonance at 6(*'Pcp)) =
160 - 170 ppm and 6(13Ccr)) = 280 ppm, while the infrared spectra display typical values (v =
1238 - 1257 cm?) for the C=P stretching mode. The C=P bond length becomes longer upon
conversion from nt-phosphaalkyne to the cyaphido ligand, which is in line with an expected -
back donation from the metal center into the ligand (mry — m*cp). Further evaluation of a series
of substituted phenylacetylenes revealed a general trend that correlates with the
donor/acceptor properties of the terminal alkynyl substituents. The chemical shifts of the C=P
moiety (6P) slightly increase with increased electron-withdrawing character of the trans-
substituent, while 6C follows the opposite trend. This behavior is in line with computational
calculations showing extensive out-of-phase mixing of the Ru (dyy, dx.), C=C (1) and C=P (1)
in the HOMO and HOMO-1 resulting in a certain amount of metal-mediated conjugation.
Consequently, these complexes can be considered as analogs of classical trans-bis-
acetylides. A closer inspection of the frontier orbitals illustrates two situations for the
energetically low-lying orbitals. In complexes 1.15b, 1.16b, and 1.17b the main contribution
belongs to the Ru(dppe). moiety, while the more electron-withdrawing alkynyls of compounds
1.18b and 1.19b induce a domination of the C¢H4R moieties. In all cases the m* system of the
cyaphido ligand contributes significantly only to LUMOs of high energy (> LUMO+17) around
5 eV above the HOMO. Thus, the electronic spectra are mainly designated as LLCT and MLCT
transitions from the HOMO/HOMO-1 to the chelating dppe ligands. They reveal an intense
band at A = 300 nm for 1.15b, 1.16b, 1.17b and A = 350 nm for 1.18b and 1.19b. Additionally,
minor contributions from ILCT is observed from the arene/alkynyl section into the cyaphido
across all complexes, which further diminished with increasing electron-withdrawing character
of the trans-alkynyl substituents. Cyclic voltammetric experiments confirmed the electron-
accepting properties of the cyaphido ligand as the anodic oxidation potentials increased
compared to the chlorido analogs. The irreversible oxidation event increases towards anionic
potentials with the electron-withdrawing capacity of the remote substituent at the
phenylacetylene ligand. However, the irreversible oxidation always lead to an uncharacterized,

cyaphido-free species.?'!
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Targeting follow-up reactions at the cyaphido ligand (cf. 1.4.3), CROSSLEY et al. synthesized a
modified ruthenium cyaphido complex with the intention of generating an accessible cyaphido
moiety. Starting from the literature-known complex [Ru(dppe).Me2]?*?, CHs* elimination with
TIOTf afforded [Ru(dppe).Me][OTf]. Subsequent addition of MesSIC=P gave trans-
[Ru(dppe)2(Me)(n'-P=CSiMes][OTf] which exhibited a characteristic NMR resonances at
O(3P{*H}) = 121.3 ppm (qnt, 2Jpp = 28 Hz) and &(**C{*H}) = 185.1 ppm (d, Jcp = 69 Hz) for
the phosphaalkyne ligand. Elimination of the trimethylsilyl group with phenolate generated the
corresponding neutral cyaphido complex trans-[Ru(dppe).(Me)(C=P)] (1.21), which showed
strongly downfield shifted NMR signals at 6(3'P{*H}) = 177.9 (br) ppm and &(**C{H}) =
294.3 ppm (br) for the cyaphido ligand. The molecular structure was confirmed by single crystal
X-ray diffraction, albeit with major uncertainty for the C=P bond length due to a disorder across
two sites of the carbon atom, resulting in mismatching distances (C=P 1.392(8) A; Ru-C
2.186(8) A) and angles (P-C-Ru 165.5(5)°) for the C=P- ligand compared with other known

ruthenium cyaphido complex.

1.4.2.4 Generation of C=P by reductive C-O bond cleavage in OC=P"

In 2017 MEYER and co-workers demonstrated the synthesis of an exceptional diuranium
cyaphido complex, which was obtained by direct generation of a cyaphide anion through
reductive C-O bond cleavage of the phosphaethynolate anion. The reaction of Na(OC=P) with
U(lll) chelate complex 1.13a and the consecutive addition of [2.2.2]cryptand in DME resulted
in the paramagnetic dinuclear cyaphido complex [Na(2.2.2-crypt)]-[{((**MeArO]sN)U(DME)}(u-
O){((A*MeArO)sN-U(CP)}] (1.13d, Scheme 9). The phosphorus resonance of the C=P moiety
was found at 6(*'P) = 265.8 (s) ppm. The X-ray structure determination revealed a typical C=P
bond length of 1.523(8) A and a U-C distance of 2.570(7) A. The U-C-P angle was found to be
nearly linear (177.5(4)°) (Figure 12).
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Figure 12. Molecular structure of 1.13d in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens, co-crystalized toluene and [Na(2.2.2-crypt)] species omitted. Most carbon atoms
reduced for clarity.

Additional computational studies were performed to determine the oxidative addition
mechanism. In a first one-electron transfer step OC=P- coordinates to the U(lll) center via the
oxygen atom, resulting in the mononuclear U(lV) intermediate 1.13b. Due to the exceptional
oxophilicity and reducing power of U(lll), a second equivalent of 1.13a coordinates to the
oxygen atom affording the key intermediate 1.13c with a (OCP)* entity sandwiched between
two U(IV) centers. This specific arrangement of the OCP group, n?-coordination via O and C
atom to one U center and the p-oxo bridging to the second one, facilitated O-C bond cleavage
(activation barrier 4.4 kcal mol*) and generated of the p-oxo-bridging diuranium(IV/1V) complex

bearing a C=P- moiety.?3l
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Scheme 9. [Na(2.2.2-crypt)]-[{((*¢MeArOzsN)U(IV)(DME)}(p-O){((A¢MeArO)sN-U(IV)(CP)}] (1.13d) and proposed
pathway.

1.4.2.5 Generation of C=P- by reductive C-O bond cleavage in R3Si-OC=P

Building on the observation that a cyaphido ligand can be generated by reductive C-O bond
cleavage of the phosphaethynolate anion in the coordination sphere of a strong oxophilic U(l11)
center, GOICOECHEA and co-workers investigated the possibility to generate the cyaphide ion,
from reduction of a R-O-C=P precursor. In 2021, the group succeeded in accessing Grignard-
type reagents 1.22a-d, which can be used to transfer the cyaphide ligand to other metal

centers. (Figure 13).
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\ 1.22d R = I'Pr
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Figure 13. Cyaphide transfer reagents 1.22a-d.

In situ silylation of [Na(dioxane)x]PCO with 'PrsSiOTf, resulted in the formation of the literature-
known kinetic product 'PrsSIOCP.* Subsequent reduction with Jones’ magnesium(l)
reagent(?5-218l [Mg(PPPNacNac)]. (Dipp = 1,3-diisopropylphenyl, NacNac = B-diketiminate
ligand) afforded an equimolar mixture of the Grignard reagent [Mg(®""NacNac)(C=P)(dioxane)]
(1.22a) and the by-product Mg(°PPNacNac)(OSi'Prs)(dioxane)] (1.23). Computational studies
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suggested an exergonic mechanism (AG = 52.2 kcal mol?t) with a moderate energy barrier of
AG = 12.5 kcal mol . Initially, the 'PrsSIOC=P symmetrically coordinates via the phosphorus
atom to the dimagnesium core of Jones’ reagent forming a metalla-phosphaalkene
intermediate. This species subsequently initiates the Mg-Mg bond cleavage, which finally
leads to a stabilized intermediate. The terminal and side-on bound P=C-O entity undergoes a
transition state consisting of a four-membered ring (Scheme 10, TS2), caused by the strong
oxophilicity of magnesium. This leads to the cleavage of the C-O bond of the
phosphaethynolate ion and formation of the two independent Mg monomers. Substantial steric
protection is essential, as the slightly less sterically shielded [Mg(*NacNac)]. compound
produces a reaction mixture containing cyaphide-based oligomers. The NMR shifts for the C=P
moiety of [Mg(PPPNacNac)(CP)(dioxane)] were found at 6(*P{*H}) = 177.2 (s), 6(**C{*H}) =
271.0 (d, YJcp = 34 Hz) ppm. Crystallographic characterization revealed a tetrahedral structure
with a linear arrangement of the Mg-C=P moiety (177.37(15)°) (Figure 14). The molecular
structure of 1.22a further showed typical distances of 2.118(2) A and 1.553(2) A for the Mg-C
and C=P bond, respectively. Due to the instability of the isolated compound, the C=P stretching
vibration (¥ = 1327 cm™) was determined by means of calculations. The similar solubility of
1.22a and 1.23 prevented separation, and 1.22a was found to decompose in vacuo. Use of
dioxane-free Na(OC=P) in the reaction affords a solvent-free analog of 1.22a with unknown
identity and a singlet resonance in the 3'P{*H} NMR spectrum at = 246.7 ppm (this is believed
to be a cyclic trimer as observed for [Mg("*NacNac)(CN)]s).?*1 However, due to rapid

decomposition in the solid state, the isolation of this species was unsuccessful.

] o

Ay

Figure 14. Molecular structure of 1.22a in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted and Dipp groups reduced for clarity.

Addition of the NHCs IMes or I'Pr (IMes =1,3-dimesitylimidazol-2-ylidene; I'Pr = 1,3-
diisopropylimidazol-2-ylidene) to a crude mixture of 1.22a and 1.23 successfully exchanged
dioxane and afforded the stable carbene adducts [Mg(°P"NacNac)(CP)(IMes)] (1.22c) and
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[Mg(DippNacNac)(CP)(I'Pr)] (1.22d), which could be isolated and found to be stable in the solid
state. Both compounds showed similar chemical shifts in their 3P{*H} NMR spectra (6 =
162.9 ppm (1.22c), 174.9 ppm (1.22d)) and their molecular structures were unambiguously
verified by means of single crystal X-ray diffraction. However, while I'Pr carbene coordinates
as expected, the IMes carbene showed “abnormal” coordination in the solid state. The infrared
C=P stretching vibrations for both compounds matched with the calculated values (IMes: 7V =
1316 cm™ (calc.: % = 1311 cm™), I'Pr: ¥ = 1325 cm™® (calc.: ¥ = 1325 cm™)) and nicely illustrated

the accuracy for the calculated value of 1.22a.11%%
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Scheme 10. Mechanism for the formation of 1.22a; AG in kcal molL.

1.4.3 Reactivity of the cyaphido-ligand

1.4.3.1 Reaction with transition metal complexes

Since the first cyaphido complexes (1.6a, 1.8b) were prepared, many attempts have been
made to functionalize the C=P- ligand. The reactivity of the C=P- ligand is expected to be
dominated by the m-system, similar to the situation in phosphaalkyne complexes.
Nevertheless, investigations on coordination compounds containing n?-coordinated
phosphaalkynes showed that the metal fragment enhances the coordination ability of the
phosphorus lone pair.*5* 18 On the other hand, calculations have shown that the lone pair of
the phosphorus atom in cyaphido complexes is energetically stabilized with respect to the -
system, which would prevent an additional coordination via the lone pair. In 1999, the group of
ANGELICI demonstrated a possibility to react the cyaphido ligand in 1.6a with an additional,
coordinatively unsaturated transition metal complex. In (CI)(PEts).Pt(u-C=P)Pt(PEts). (1.6a)

the C=P triple bond is already occupied and sterically blocked for further coordination on the
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opposite site. Addition of either [Pt(Cl)2(PEts)]. or W(CO)s(thf) to 1.6a affords the first examples
of the trinuclear cyaphido complexes CI(EtsP).Pt[u-nt,nt,n>-C=P{Pt(PEts)(Cl).}]Pt(PEts). (1.24)
and CI(EtsP)2Pt[u-nt,nt,n*-C=P{W(CO)s}]Pt(PEts). (1.25), respectively (Scheme 11). While
1.24 could not be isolated due to it propensity to decompose under vacuum, compound 1.25

could be characterized crystallographically (Figure 15).

o] cl
| [PY(C)2(PEt3)]2
Et3 _Pt_ Et3 or Et3 _Pt_ Et3
(I: W(CO)s(thf) &
K _PEt 7K _PEt
Pt s/ P
\ (M] |
Et3 PEt3
1.6a 1.24 [M] = (Et;P)PtCl,

1.25 [M] = W(CO)s

Scheme 11. Reaction of 1.6a with transition metal complexes.

Figure 15. Ball and stick model of the molecular structure of 1.25 in the crystal. Hydrogens omitted and carbon
atoms of the PEts ligands reduced for clarity.

The phosphorus atom of the C=P-moiety in 1.24 (5(**P) = 111.2 ppm) only showed a minor
downfield shift of & = 4 ppm with respect to 1.6a (6(°'P) = 107.0 ppm) in the P NMR spectrum,
whereas the signal in 1.25 (6(*'P) = 41.4 ppm) is strongly upfield shifted by & = 66 ppm. The
molecular structure of 1.25 in the crystal reveals distorted square planar coordination
environments for both the Pt(0) and Pt(Il) centers. The C-P distance of 1.663(9) A is identical
to that of 1.6a, and in line with typical C-P double-bond distances.??”! The bent geometry of
the Pt-C=P moiety (Pt-C-P angle 145.2(6)°, W-P-C 136.1(3)°) indicates a formal sp?
hybridization of the phosphorus and carbon atoms, consistent with Pt(ll)-character of the metal

center (Figure 15).
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1.4.3.2 Reaction with organic electrophiles

Another functionalization of the C=P- ligand was achieved by reaction of 1.6a with excess Mel,
yielding the methyl isocyaphido complex (Cl)(EtsP)Pt(u-C=PMe)Pt(PEts)(l) (1.26c; Scheme
12). In this case, Mel methylates the phosphorus atom of the cyaphido ligand resulting in the
formation of an isocyaphido (C=P-R) ligand. The reaction also results in the substitution of one
of the PEt; co-ligands by iodide. This type of reaction is well known for terminal cyanido
complexes.?%! The alkylation reaction was attempted for a series of different alkyl and aryl
halides, however it was only feasible for benzyl bromide (1.27) and isopropyl iodide (1.28). The
reaction with benzyl bromide successfully yielded the bridging isocyaphido complexes 1.27 in
solution, however the isolation was not possible. In the case of isopropyl iodide, the desired
complexed could be observed by 3P NMR spectroscopy but quickly decomposed before the
reaction was completed. Nevertheless, the 3P NMR spectroscopic data showed an increased
downfield shift going from methyl, benzyl to isopropyl (&(ppm) = 155.4 (1.26¢), 172.1 (1.27),
200.3 (1.28)). The proposed mechanism for the formation of 1.26¢ starts with the initial
methylation of the phosphorus atom of the C=P- ligand, forming the cationic isocyaphido
intermediate 1.26a (Scheme 12). The subsequent attack of the iodide on the side-on
coordinated Pt-fragment afforded the bridging isocyaphido intermediate 1.26b. The
unobserved intermediate undergoes a consecutive rearrangement under formation of a Pt-Pt
bond and loss of one PEts; ligand, yielding the final product 1.26¢, which contains a
semibridging isocyaphido ligand. The isocyaphido intermediate 1.26¢ could be trapped and
isolated either as a BPhs or OTf salt by addition of NaBPh, and Mel or MeOTf to 1.6a,
respectively and showed a signal in the *!P NMR spectrum at 6 = 34.7 ppm.[204

+ -
J Et3 J Et3 /IVIe _l X
R R-X R
CI—Pt—C//\ — = CI—Pt—C//\
Pt Pt
Ets A = Ets / PEty
Et3 Et3
1.6a 1.26b
X\Pi\\—Pt/ I
Et Et
/ >\ = °c.
3 /l _ Pt Pt__
Cl X
\ l |
Me L Et3 Et3 ]
1.26c R=Me, X = | (for Mel) 1.26b

1.27 R =Bn, X = Br (for BnBr)
1.28 R='Pr,X=1 (for Prl)

Scheme 12. Proposed mechanism for the methylation/alkylation of 6a.
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1.4.3.3 Reactivity at the metal center

A further attempt to coordinatively engage the cyaphido ligand was undertaken by CROSSLEY
and co-workers in 2019. In an attempt to coordinate ZnBr2(PPhs), to the phosphorus atom of
the cyaphido ligand of trans-[Ru(dppe)(Me)(C=P)] (1.21) both compounds were reacted in a
1:1 ratio. Surprisingly, an unexpected substitution of CHs for Br  occurred, yielding trans-
[Ru(dppe)2(Br)(C=P)] (1.29a), which was characterized by means of single crystal X-ray
diffraction. Bond angles and bond lengths are similar to those observed for 1.21 and typical for
trans-[Ru(dppe)2(alkyl)(C=P)] complexes. The only notable exception is the Ru-C=P bond
distance, which is shortened by around 0.150 A. Further investigation revealed that ZnBr,
containing 5 mol% PPh; should be used for optimal reaction conditions. Applying ZnCl, or Znl,
resulted in the formation of compounds 1.29b and 1.29c. The NMR spectroscopic data showed
significant shifts for the C=P- ligand in the halide complexes 1.29a compared to the methyl
precursor 1.21. While the *!P resonance was upfield shifted by & = 46 ppm, a downfield shift
of 6 = 28 ppm was observed for the *C signal of the C=P-carbon atom. The mechanism of the
zinc halide-mediated halogen/methyl exchange at a transition metal center is unclear.
Importantly, halide complexes of this type are inaccessible by conventional routes, because
[Ru(dppe)2(CI)]* does not react with P=CSiMes. These halide cyaphido complexes are
predestined for metathesis reactions. Indeed, treating 1.29a with Me>Mg resulted in the slow
formation of the original complex 1.21. However, the analogous reaction with LIC=CPh only
occurred in presence of TIOTf, yielding the trans-phenylethynyl cyaphido complex 1.16b,
which showed an upfield shift of the 3P NMR signal of & = 16 ppm for the C=P" ligand with
respect to 1.21. Concerning the mechanism, the formation of the discrete 5-coordinated
intermediate 1.30 was expected. This compound was isolated and its formation further verified
by addition of TIOTf to 1.29a. The spectroscopic examinations clearly identified the compound
as the salt [Ru(dppe)2(C=P)][OTf] (1.30), which showed resonances at d(*1P) = 154 ppm (q,
Jpp = 7 Hz) for the phosphorus atom of the cyaphido ligand as well as at 5(**P) = 52.1 ppm (d,
Jrp = 7 Hz) for the co-ligand dppe. The same reaction was achieved by adding [AgPF¢] to
1.29a, resulting in the analogous PFs salt. The crystallographic characterization of 1.30
revealed the presence of a square-pyramidal arrangement around the metal center with angles
and distances similar to 1.29a, but with less perturbation along the dppe co-ligands resalting
in a more ideal square shape. (Figure 16). It turned out that the vacant coordination site is
accessible for a carbonyl ligand by simply passing CO gas through a solution of 1.30 in

dichloromethane.
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Figure 16. Molecular structure of 1.31 in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens and co-crystalized toluene omitted. Carbon atoms of the dppe ligands reduced for
clarity.

The product [Ru(dppe)2(CO)(C=P)][OTf] (1.31) was characterized by means of X-ray
crystallography (C=P distance of 1.53(2) A), NMR and IR spectroscopy. The cyaphido ligand
shows a resonance at 6(°'P) = 181 ppm (q, 3Jerr = 10 Hz), while the C=P stretching vibration
was detected at ¥ = 1261 cm?'. A comparison with the complex trans-
[Ru(dppe)2(CO)(C=CR)]?*® indicated that the C=P- ligand acts as an alkynyl analog with
slightly enhanced acceptor properties.?'9

1.4.3.4 Transfer of the C=P" ligand

As described in section 1.4.2.5, GOICOECHEA and co-workers recently reported on the
synthesis of [Mg(°PPNacNac)(C=P)(dioxane)] (1.22a). The highly polarized Mg-C=P bond
should offer the capability to undergo salt metathesis reactions allowing transfer of the
cyaphido group. This possibility was first investigated by reacting 1.22a with
chlorotrimethylsilane. Indeed, quantitative C=P- transfer took place, resulting in the formation
of the known phosphaalkyne Mes;SIC=P. A similar reaction was observed for the NHC
compounds 1.22c and 1.22d. In the next step this metathesis reaction was successfully
demonstrated for the main-group metal compound [Ge(°P"NacNac)CI]. However, in this case
the product [Ge(°*PNacNac)(C=P)] (1.32) exhibited a tendency to decompose and could not
be isolated (Figure 17).
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Figure 17. New cyaphido complexes by C=P- transfer via [Mg(®PPNacNac)(C=P)(dioxane)] (1.32, 1.33, 1.34, 1.35).

In contrast, the same reaction with the Sn analog afforded [Sn(PPPNacNac)(C=P)] (1.33), which
was isolated by fractional crystallization. Spectroscopic investigation revealed a 3'P{*H}
resonance at & = 122.4 ppm (2Jpsn = 69.8 Hz), while no carbon signal could be found for the
cyaphido group, presumably due to broadening by the presence of Sn. The infrared spectrum
revealed a C=P stretching mode in accordance with computational calculations (¥ = 1327 cm™)
at an unusual high wave number of ¥ = 1321 cm™. Single crystal X-ray diffraction analysis of
1.33 revealed a comparable C-P distance of 1.542(4) A) with respect to compounds 1.22a-c
(Figure 18). The Sn-C=P moiety is linear (179.16°) and the Sn-C bond is, as expected, rather
long (2.216(4) A).

Q-

Figure 18. Molecular structure of 1.33 in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted and Dipp groups reduced for clarity.

Next, this intermetallic cyaphide transfer was successfully applied towards the two transition
metal complexes [(°PPPDI)CoCl] (°PPPDI = 2,6-{2,6-Pr.CsHsNCMe},CsHzN) and [Au(IDipp)CI]
(IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). Interestingly, [(°PPPDI)Co(C=P)]
(1.34), is the first example of a 3d metal cyaphido complex. The C=P- ligand showed a single
resonance in the 3P{*H} NMR spectrum at 6 = 345.4 ppm and a stretching vibration at ¥ =
1306 cm™ in the corresponding IR spectrum. Moreover, the molecular structure of 1.34 was

undoubtedly confirmed by means single-crystal X-ray diffraction (Figure 19).
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Figure 19. Molecular structure of 1.34 in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted and Dipp groups reduced for clarity.

The Au(l) complex [Au(IDipp)(C=P)] (1.35) showed a singlet resonance in the 3P{H}
spectrum, that appeared substantially upfield shifted at 6 = 84.1 ppm, compared to 1.34. The
BBC{*H} signal for the C=P- ligand was observed at 6 = 247.7 ppm (}Jcp = 6.1 Hz). The high
stretching vibration of ¥ = 1342 cm? in the infrared spectrum is clearly influenced by the
coupling to the trans-Au-Ccarvene Stretch mode, induced by the linearity of the gold center (C-
Au-C = 178.2(2)°, Au-C-P = 178.0(5)°). The C=P bond length of 1.552(6) A is within the usual
range, while an Au-C=P distance of 1.972(6) A was found. Interestingly, the Au-Ccarbene
distance of 2.034(6) A is slightly elongated in comparison with [(IDipp)AuCl] (1.942(3) A) and
more in line with [Au(IDipp)(C=CPh)] (2.018(7) A), and [Au(IDipp)(C=N)] (1.985(15) A),
respectively.??° This indicates a similar g-donor ability of C=P- and C=CPh". Even though this
seems to be a facile reaction, it most likely marks a revolutionary step in the synthetic history
of cyaphido compounds. This has already been demonstrated with the access to the very first
main group metal and 3d transition metal cyaphido complex, and the first examples of trigonal

pyramidal, square planar and linear cyaphido metal complexes.[*62

1.4.3.5 Recent formation of a trimetallic cyaphido complex

Based on the remarkable linear Au(l) cyaphido complex, [Au(IDipp)(C=P)] (1.35), YANG and
GOICOECHEA demonstrated consecutive coordination reactions to obtain hetero-, bi- and tri-
metallic transition metal complexes, sharing a joint cyaphido ligand. The first attempts were
aimed to mimic the common bridging mode n*:n*-cyanido complex ([M]-C=N-[M]). A good
accessibility of the phosphorus lone pair of the 1.35 was expected due to the minimized steric
protection of the cyaphido ligand. Even though first dummy reactions between the Lewis acid
B(CsFs)s and the isostructural Au(l) cyanido complex [Au(IDipp)(C=N)] were successful, no

coordination of unsaturated electrophiles to the Au(l) cyaphido complex 1.35 could be
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accomplished. Calculations of the frontier orbitals of 1.35 indicated an increased electrophilicity
due to the relatively low-lying m* orbitals, while the phosphorus lone pair is energetically too
far below the HOMO to be an efficient electron donor for incoming Lewis acids. Therefore, the
umpolung reaction with the two electron-rich, nucleophilic late transition metal complexes
[{Ni(™eI'Pr)2}2(12-COD)] and [Rh(Cp*)(PMes).] were investigated. Indeed, the Ni(0) carbene
complex reacts with 1.35 at room temperature by liberating the COD ligand and coordination,
yielding the heterobimetallic complex [Au(IDipp)(Hz-C=P)Ni(M¢I'Pr).] (1.36) (Figure 20). A single
resonance of & = 246.0 ppm in the 3P{*H} NMR spectrum and a doublet at & = 280.3 ppm (d,
1Jcp = 105 Hz) in the B¥C{*H} spectrum for the p.-cyaphido ligand was recorded. The Raman
spectroscopically assigned C=P stretch vibration is drastically reduced (¥ = 1125 cm™ (1.36)
vs 7 = 1350 cm™ (1.35)), indicating a weakened C=P bond strength. This is confirmed by the
molecular structure gained by X-ray diffraction, which shows a bond length of 1.642(4) A
compared to 1.552(6) A for 1.35. The solid-state structure also verifies the n:n?-coordination
of the bridging cyaphido ligand with a bent Au-C-P bond angle of 146.3(2)° (178.0(4)° (1.35)).
Additional DFT calculations certify a 29.3 kcal-mol?! energy gain of the n':n?-cyanido mode
over the theoretically also possible linear n*:n*-isomer. Another reaction with the Rh(I) Lewis
base complex [Rh(Cp*)(PMes),] at T =80 °C overnight yielded in displacement of one
trimethylphosphine and side-on coordination to the cyaphido ligand of 1.35, observed by
31p{1H} spectroscopy. The two coupling resonances in the 3'P{*H} spectrum at & = 94.7 ppm
(dd, YJprn = 34 Hz, 2Jpp = 6 Hz) for the cyaphido phosphorus and & = -5.0 ppm (dd, Jprn =
209 Hz, 2Jpp = 5 Hz) for the trimethylphosphino ligand prove the formation of [Au(IDipp)(H2-
C=P)Rh(Cp*)(PMe3)] (1.37) (Figure 20). The C=P bond stretching vibration of ¥ = 1175 cm,
identified by Raman spectroscopy, is in line with the one found for 1.36 (¥ = 1125 cm). The
n*:n?-coordination was confirmed by X-ray diffraction, revealing a Au-C-P bond angle of
151.4(2)° and a bond length of 1.631(4) A for the cyaphido group.
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Figure 20. Heterobimetallic cyaphido complexes by addition of electron-rich transition metals to [Au(IDipp)(C=P)]
(1.35).

The molecular structures of 1.36 and 1.37 in their single crystals indicated that further reactions
of the cyaphido phosphorus with electrophiles are possible. Addition of 1.37 to [W(CO)s(THF)]
yields the red heterotrimetallic complex [Au(IDipp)(H2-C=P){Rh(Cp*)(PMes) {W(CO)s}] (1.38).

The analog reaction with 1.36 only provides unidentified product mixtures. The 3!P{*H} NMR
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spectrum of 1.38 confirms the successful coordination of tungsten by showing a doublet of
doublets with 8W satellites (6 = 48.5 ppm, dd, 3Jpw = 175 Hz, 1Jprn = 62 Hz, 2Jpp = 13 HZ)
for the ps-cyaphido ligand and another set of doublets (& = -3.9 ppm, dd, 1Jprn = 194 Hz, 2Jpp
= 13 Hz) for the trimethylphosphino ligand in addition. The Raman spectrum reveals a C=P
stretching vibration of ¥ = 1186 cm™, nearly identical with the precursor 1.37 (¥ = 1175 cm™).
The X-ray analysis of the molecular structure shows the expected bonding of the cyaphido
group to the three metal centers in a n*:n%:n* (o + m + 0) coordination mode (Figure 21). The
cyaphido bond length was determined to 1.605(4) A. The observed contraction over 1.37
(1.631(4) A) is in accordance with the detected slightly increase of the C=P bond stretching
vibration. The strengthening of the bond is also reflected in the increase of the 3!P-19Rh
coupling constant (!Jprn = 34 to 62 Hz). A computationally fragment-based analysis for 1.36,
1.37 and 1.38 was accomplished to get a deeper insight into the orbital contributions of each
M-(n?-CP). In all cases the largest contribution to the M-(n?>-CP) bond is the m-back-donation
from the side-on coordinating metal core (Ni/Rh) into the cyaphido * antibonding orbital. The
only other major coordination arises from the o donation of the cyaphido 1 bonding orbital into
Ni/Rh. Consequently, the side-on n?-cyaphido ligand acts mainly as  acceptor. Those first
examples of multi-metallic transition metal complexes nicely demonstrated the excellent
bridging properties of the cyaphido ligand and proved further perspectives of consecutive

coordination at the cyaphido moiety.?%l

Figure 21. Molecular structure of 1.38 in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted and carbon atoms of the ligands partly reduced for clarity.
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Table 1. Summary of the key figures of the cyapido ligand in different metal complexes. 2 decomposition of the
product, b disorder in the crystallographic structure of C=P, ¢ solvent free, ¢ calculated, © major product, f minor
product.

cpd core 8 3P(c=p) & 13Cc=p) V(c=p) C=P M-CP M-C-P
metal [ppm] [ppm]  [cm7] [Al [A] [’]
l.4a Pt 68.0 - - - - -
1.6a Pt 107.0 - - 1.666(6) 1.950(6) 144.0(3)
1.7 B 39.6 202.3 1468 1.563(10)2 - -
1.8b Ru 143.8 287.1 1229 1.573(2) 2.057(2) 177.9(2)
1.10 Mo 13;8 - - - - -
1.11b Ru 161.5 279.1 1255 1.57(2) 2.05(1) 171.9(7)
1.12b Ru 159.5 281.9 1261 1.544(4) 2.065(4) 172.3(2)
1.13d U 265.8 - - 1.523(8) 2.579(7) 177.5(4)
1.15b Ru 159.8 281.8 1247 - - -
1.16b Ru 160.6 281.8 1248 - - -
1.17b Ru 161.7 281.5 1239 1.493(3) 2.1183)  177.8(2)
1.18b Ru 165.3 280.8 1245 1.549(19) 2.076(9)° 172.8(6)
1.19b Ru 170.0 279.5 1242 - - -
1.20b Ru 168.3 278.7 1257 - - -
1.21 Ru 177.9 294.3 1217 1.392(8) 2.186(8) 165.5(5)
1.22a Mg 211(:720 271.0 13274 1.553(2) 2.118(2) 177.37(15)
1.22b Mg 175.0 271.4 ; 1501(4)  2.160(4) 178.5(3)
1.22¢ Mg 162.9 - 1316 1.550(2) 2.166(2) 176.3(1)
1.22d Mg ]]-.763737? - 1325 1.531(3) 2.144(3) 176.8(2)
1.24 Pt 111.2 - - - - -
1.25 Pt 41.4 - - 1.663(9) 1.952(9) 145.2(6)
1.29a Ru 135.4 - 1249  1544(10) 1.901(9)  175.8(5)
1.29b Ru 132 265.5 1250  1.638(17) 1.687(16)®  177.4(10)
1.29¢c Ru 140 - - - - -
1.30 Ru 154 265 1242 1572(4)  1.904(4)  178.9(2)
1.31 Ru 181.3 249 1261 1.53(2) 2.06(2) 176.0(13)
1.32 Ge 106.4 - - - - -
1.33 Sn 122.4 - 1321 1.542(4) 2.216(4) 179.2(2)
1.34 Co 345.4 - 1306 1.506(4) 1.926(4) 178.3(3)
135 Au 84.1 247.7 1342 1552(6)  1.972(6)  178.0(5)
1.36 Au 246.0 280.3 1125 1.642(4) 1.992(4) 146.3(2)
1.37 Au 94.7 ; 1175  1.631(4)  1.975(4)  151.4(2)

1.38 Au 48.5 - 1186 1.605(4)  1.992(4) 155.4(3)
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1.5 Motivation of this work

Since the discovery of Prussian Blue by DIESBACH in 1706, the cyanide ion plays an important
role in the field of inorganic and material chemistry.??l The inorganic C=N ion as well as its
organic complements, nitriles (R-C=N) and isonitriles (R-N=C), are still highly relevant ligands
in coordination chemistry.l?22228] |n the past simple alkali metal cyanides were momentous for
the gold mining.?*%% Today, designated Prussian Blue analogs (PBAs) are of special
importance due to their stimulus-responsive magnetic properties.?2%! The organic
derivatives are meaningful in the production of nylon and other polymers.l42%! Being the
analog of the industrial important C=N-, the valence isoelectronic cyaphide anion (C=P") is an
exceptional candidate to enrich the coordination chemistry of tomorrow. At the current state,
only a few examples of cyaphido metal complexes have been reported (cf. chapter 1.4.2) and

the obtained knowledge is very limited.

It is to mention that the introduction (cf. chapter 1.4) contains several recent breakthroughs in
the field of cyaphido complexes. At the time, when this study started (May 2018) most of the
presented results were unknown/unpublished. Since the discovery of the first cyaphido
complex trans-[(Cl)(PEts).Pt(C=P)] by ANGELICI in 1992 and the fist follow-up reactions in 1999,
no substantial cyaphido complexes were synthesized until the stable [RuH(C=P)(dppe).] by
GRUTZMACHER in 2006. Two similar Ruthenium complexes were synthesized by CROSSLEY,
using Grutzmacher’'s method in 2014 and one bizarre uranium complex by MEYER by reductive

C-0O bond cleavage in OC=P in 2017. All further contributions are from 2018 or later.

In this respect, the cyaphido ligand itself and the corresponding cyaphido complexes are barely
explored and deserves extensive investigations towards stability, reactivity, properties of the
cyaphido ligand and possible coordination modes. Furthermore, the structural information is

mainly limited to Ruthenium and bridged bimetallic platinum complexes.

The goal of this work was the development of a novel reliable pathway towards cyaphido
complexes. Ideally, leading to a variety of similar cyaphido compounds to examine the impact
of small changes in the system. Gathering structural information of the molecule in the crystal
to validate the products and the effect on the C=P tripe bond upon coordination to the metal
center. Furthermore, the possibilities and limitations of the follow-up chemistry were explored,
including addition, cycloaddition, and coordination reactions. Finally, first substitution
experiments of the cyaphido ligand were inspected to evaluate the possibility of a C=P- transfer

in the future.
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2 Results and discussion

2.1 Synthesis of cyaphido platinum complexes by light induced
arylphosphaalkyne cleavage

2.1.1 Introduction

Until 2018, four different methods for the preparation of cyaphido complexes were known. First,
the not entirely comprehensible cleavage of a bimetallic complex bearing a bridging p-C=PR
ligand (cf. chapter 1.4.2.1), which leads to a non-isolable cyaphido Pt(ll) complex (Scheme
13a).34 € The cleavage process is not clearly defined, but current knowledge suggest a
reductive elimination from the carbon of the p-C=PR group (u-isophosphaalkyne), followed by
an elimination of the aromatic substituent R from the phosphorus atom and oxidative addition
at the palladium atom. The initial driving force for this reaction is unidentified. However, the
instability of the intermediate can be explained by the instable metal-metal bond between
palladium and platinum. In addition, the temporarily formed n!-isophosphaalkyne is an
unfavored species and prefers to transform the better stabilized regular phosphaalkyne as
mentioned in chapter 1.3.1. The cleaved aromatic substituent R cannot undergo the typical
1,2-P-C shift to recombine with the C=P group, because of the already fully occupied
guaternary carbon atom. Instead, it occupies the free coordination site of the platinum atom.
The second method utilize the typical (SiMes)20 elimination route by addition of E(P(SiMes)2)
(E = alkali metal) to an acid chloride substituted boron compound (Scheme 13b, cf. chapter
1.4.2.2).207 Third is the desilylation of a n'-silylphosphaalkyne ruthenium complex with a
suitable oxygen base to obtain a cyaphido complex (Scheme 13c, cf. chapter 1.4.2.3).B"
Lastly, is the addition of NaOC=P to a uranium complex and reductive cleavage of the C-O
bond in NaOC=P by another equivalent of this complex bearing an extremely oxophilic
uranium(lll) center (Scheme 13d, cf. chapter 1.4.2.4).1213l
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Scheme 13. The four schematic reaction procedures to create cyaphido compounds (or Lewis adduct (b)) known
until 2018.

Methods a and b have in common that the C=P group will be generated directly on the core
atom. Both routes are highly specialized reactions and appear unusable for a general
procedure to receive cyaphido complexes. Methods ¢ and d comprise the coordination of a
C=P containing molecule (phosphaalkyne or 2-phosphaethynolate anion) and consecutive
cleavage of the supplementary part to obtain the cyaphido ligand. In route d, a strong oxophilic
metal is needed to split the C-O bond. The reaction scope is very limited, since this reaction
has not been demonstrated to work with another metal than uranium. In contrast, method c is
a promising candidate to become a more general synthetic route towards cyaphido complexes,
because of the controllable cleavage of the organic substituent in the silylphosphaalkyne. This
was already demonstrated by the adapted synthesis of advanced cyaphido ruthenium
complexes by CROSSLEY and co-workers and first attempts of RUSSEL et al. towards a similar
molybdenum complex.™*% 2% However, a considerable drawback of this method is the demand
for large steric ligands on the metal center to achieve the initial n*-coordination of the
silylphosphaalkyne, which are also necessary to cleave the silyl group of the phosphaalkyne

by a base without attacking the metal center. In consequence, the created cyaphido ligand will
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be highly protected by the bulky substituents of the metal and hardly accessible for follow-up
reactions. Another preparation method, avoiding strong steric shielding is required to get easy
access to cyaphido complexes and to maintain the ability to study consecutive reactions on

the cyaphido moiety.

Since the first successful C-CN bond activation in benzonitrile with Ni(0) in 1971,[236-237]
numerous examples for the metal-mediated activation of C-C bonds in nitriles (R-C=N) leading
to cyanido complexes have been found.?® Most of those activations have been demonstrated
on nickel complexes,23-244 put there are also examples for Mo,?* Fe,[246] Cp,?47] Rh,248]
Pd,[249-250] ptl251] gnd Cul?%2-253, Since 2000, JONES and co-workers intensively investigated the
reversible thermal cleavage of the C(sp)-C(sp?) bond in benzonitrile!®>* (Scheme 14a) and a
selection of other nitriles with Ni(0).12°>2621 One year later, this concept was successfully
transferred to the C(sp)-C(sp?) bond cleavage in diphenylacetylene (tolane) by photolysis of a
Pt(0) complex (Scheme 14b),?%% and later expanded to other acetylenes to gain deeper
insights into the system.?642671 Furthermore, the bond cleavage of C-Si?%¢ and C-CN?25° was
examined. Based on JONES’ results, the valence isoelectricity between phosphaalkynes and
nitriles as well as the fact that phosphaalkynes act even more like acetylenes than nitriles, it is

reasonable to apply a similar strategy for the synthesis of cyaphido complexes.
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Scheme 14. Thermal synthesis of the Ni(ll)cyanido complex 2.20 and photolytic generation of Pt(ll)acetylido
complex 2.130.

The development of a suitable reaction pathway towards cyaphido complexes started with a
critical inspection of the literature for cleavage reactions of nitriles and diphenylacetylene. All
Ni(0) complexes were prepared by addition of two equivalents nitrile to the nickel dimer
[(dippe)NiH]. (2.1, dippe = 1,2-bis(diisopropylphosphino)ethane), which act as a source for the
[Ni(dippe)] fragment, yielding the corresponding n?nitrile complex (Scheme 15). The
[(dippe)Ni(n>-NCPh)] (2.21r) complex, generated by the aromatic benzonitrile, partly transforms

into the [(dippe)Ni(n*-CN)(Ph)] (2.20) complex at room temperate. This reaction results in an
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equilibrium between 2.2 and 2.2o, which is influenced by variation of the temperature.
Elevated temperatures shift the equilibrium in favor for 2.2c. The equilibrium constant Keq of
around one was determined to be at T = 91 °C in THF.?> The reaction also depends on the
used solvent. In THF the formation of 2.2c is thermodynamically slightly downhill, while in
toluene it is uphill (T = 300 K).
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Scheme 15. Activation and cleavage of the C-CN bond of nitriles in [(dippe)Ni(nitrile)] complexes.

Additional computational studies describe the energy barriers and the transition states for the
cleavage of benzonitrile (Scheme 16). To simplify the calculations the [Ni(dmpe)] (dmpe = 1,2-
bis(dimethylphosphino)ethane) fragment was used, which provides in average 1-2 kcal-mol?
more stable complexes than their dippe counterparts. The first transition state (2.3-TS1) is
30.2 kcal-mol? higher in energy than the n?-benzonitrile complex (2.31r). In 2.3-TS1, the nickel
center is mainly coordinated to the nitrile carbon and weakly bonded to the nitrogen and the
aryl-carbon atoms. A temporary species during the transformation is the n*-arene complex
(2.3-S1), 18.1 kcal-mol? lower in energy and in which the nickel is coordinated to the
Cipso=Corho double bond of the benzonitrile. Several transition states in which the nickel
alternately coordinates to different aryl carbons on the way from 2.3-S1 to 2.3-TS2 (AE =
17.1 kcal-mol?) are not displayed in Scheme 16 for clarity. In transition state 2.3-TS2, the
nickel binds to the nitrile carbon and the ipso-aryl-carbon atom. Compound 2.30,
30.1 kcal-mol*tlower in energy, is finally formed after the cleavage of the remaining C-CN bond
in the benzonitrile, giving a total energy difference of only 0.9 kcal-mol?* between 2.31 and
2.30.%8 The small energy difference and the moderate energy barrier might be responsible

for the observed equilibrium.
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Scheme 16. Energetics of the C-CN bond cleavage in benzonitrile. Free energies in kcal-mol relative to the total
energies of the fragments ([Ni(dmpe)] and PhCN).

Expanding the scope of nitriles showed some astonishing results. While all nitriles (RCN, R =
Me, Et, "Pr, 'Pr, ‘Bu, °Pr, “Bu, adamantyl) successful reacted with [(dippe)NiH]. (2.1) to form
the expected [(dippe)Ni(n>-NCR)] complexes, only some of them undergo C-CN cleavage to
their respective [(dippe)Ni(CN)(R)] complex. The acetonitrile derivative (2.41r) converts already
at room temperature slowly to the corresponding o-complex (2.40, Scheme 15), although
better yields are received on heating to T = 80 °C. Surprisingly, there is no equilibrium between
the m-complex and the o-complex for acetonitrile in contrast to the benzonitrile derivative.
Furthermore, the activation and cleavage can also be carried out by photolysis (A > 300 nm).
The adamantyl complex remains stable against thermal and photochemical activation, the
remaining n?-nitrile complexes could be only activated by photolysis. While cyclopropyl- and
cyclobutylnitrile yielded the typical o-complexes, ethyl-, propyl-, isopropyl- and tert-butylnitrile
gave mainly [(dippe)Ni(CN);] (2.7), the corresponding [(dippe)Ni(alkyene)] complex and
various by-products.?* The reaction of [(dippe)Ni(n>-NCMe)] (2.47r) was further investigated
by computational studies by using the [Ni(dmpe)] fragment with acetonitrile as a model for the
Ni(0) complex (Scheme 17). The first transition state (2.5-TS1) is 30.7 kcal-mol* higher in
energy than the m-complex (2.51). At this state the nickel is primary coordinated to the nitrile
carbon and weaker to the nitrogen and methyl carbon, leading to the species 2.5-S1. This
stable, high energy species can be considered as an n*-H,C,C-acetonitrile complex with
agnostic C-H interaction to the metal center. The next transition state (2.5-TS2) lies only

2.2 kcal-mol* higher in energy, leads to the C-CN bond cleavage and finally to the
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30.1 kcal-mol? lower in energy square-planar Ni(ll) o-complex (2.50). Consequently, the total
energy difference between the m-complexes (2.51r) and o-complexes (2.50) is 2.1 kcal-mol™.
The overall transformation process is very similar to the one found for the benzonitrile
derivative. Molecule orbital analysis of the bent acetonitrile, as it appears in structure 2.5,
reveal that HOMO and HOMO-1 are mostly 7 nitrile bonding orbitals, whereas the LUMO is
represented by the ™ nitrile antibonding orbital. The HOMO of the [Ni(dmpe)] fragment is
predominately located at the 3dx..y. orbital, while the LUMO is primarily the Ni sp hybrid orbital
directed towards the incoming acetonitrile ligand. Thus, complex 2.51. possesses strong
bonding interactions from the back-donating HOMO of the nickel fragment into the LUMO of
the acetonitrile. This results in square-planar geometry for 2.5 which is more in accordance
with a d® rather than a d*° electron configuration of the nickel. It is essential for the explanation
of the C-CN cleavage and the formation of the oxidative product (2.50) to examine the bonding
situation in 2.5-TS2. The back-donation from the nickel fragment HOMO into the acetonitrile
LUMO favors the formation of the Ni-CH3z o bond and the cleavage of the C-CN bond, due to
its o antibonding character towards the C-CN bond and the agnostic C-H interaction.
Therefore, the transition state 2.5-TS2 is exactly in between the tetrahedral d° Ni(0)

acetonitrile complex and the square-planar d® Ni(Il) methyl cyanido product.?5

N
N TF c”
/4// . |
K CI; [N\I]\C':‘\H
/. ! N /7VH
[NI\]\C\:H H
/" "H —
oo 292 .- 25.T82"
/2.5-TS1 - L
/I ///N “\
'l i c|: H
1’ I Y ‘\
~H
l’ H \\
30.7 / 2.5-81 \ 34.1
Ni—u
[ ! \ /,N
Me/ \ c”
LN /
2,57 Me_ Me 21 ‘\\ [ ']\
\ \ Me
[Ni] = [ /Ni
"R 2.5¢
Me® Me

Scheme 17. Energetics of the C-CN bond cleavage in acetonitrile. Free energies in kcal-mol™ relative to the total
energies of the fragments ([Ni(dmpe)] and MeCN).

Adopting the benzonitrile activation concept to the Pt derivative primarily led to C-H activation

(2.10, B-H elimination on the benzene ring) instead of the intended C-CN activation (2.90) in
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the nitrile by heating to T = 140 °C for 1 h (Scheme 18). The low yield of 2.9 indicated that the
product 2.10 is kinetically favored. Prolonged heating of the C-H activation product 2.10
showed additional 8-CN elimination (2.11) and successive C-H activation to the stable cyanido
complex (2.12).[269
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Scheme 18. Reaction of [(dippe)PtH] with benzonitrile and follow-up reaction of 2.10 by prolonged heating.

As mentioned before, the quantitative C-C cleavage could be achieved by the photolysis of the
diphenylacetylene derivative (Scheme 14).2%1 |n addition, a series of the type
[(dtbpe)Pt(R'C=CR?)] (dtbpe = 1,2-bis(di-tert-butylphosphino)ethane, R = R? = phenyl, 3,5-
xylyl, p-F-phenyl, CsFs; R = p-F-phenyl, R? = p-tolyl) was synthesized to analyze the impact
of EWGs and EDGs on the activation process.?® First, there was no significant difference
between the dippe and dtbpe substituted diphenylacetylene platinum complexes in respect to
the thermodynamical uphill oxidative addition of the C(sp?)-C(sp) bond cleavage. The cleavage
was carried out by irradiation (A > 300 nm) in CsDs for 4 h. The absorption of compound 2.141r
tails into the near UV to around A = 360 nm. The reverse reaction, C-C reductive coupling,
could be fully achieved by heating to T=80°C and has an energy barrier of around
32 kcal-mol?. The d'° Pt° complex 2.141 shows a disordered square-planar geometry. The
elongated C=C triple bond and bending of the C=C-Ph moiety indicates a strong m back-
donation. The d® Pt(Il) complex 2.140 has a regular square-planar geometry. To evaluate the
influence of the acetylene substrate, the stability of three modified o-complexes were
determined (Scheme 19) and compared to the diphenylacetylene derivative. The electron-
donating bis(3,5-dimethylphenyl)acetylene and the moderate electron-withdrawing
bis(perfluorophenyl)-acetylene had no significant effect on the stability, while the strong
electron-withdrawing bis(perfluorophenyl)acetylene successfully stabilized the g-complex with
an increased energy barrier of around 47 kcal-mol?. The large difference in the stabilization
effect of bis(perfluorophenyl)acetylene can be explained by the presence of two ortho-

fluorines, which increase the strength of the Pt-aryl bond in 2.170.27 |t was not possible to
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overcome the thermodynamical uphill pathway for the C-C cleavage reaction by ligand
modification. Surprisingly, a mixed hetero-substituted acetylene with an EWG on one and an
EDG on the other end did not lead to a selective C-C cleavage on one site of the acetylene.?%!
Furthermore, it is expected that EWGs on the chelating diphosphine ligand would generally

accelerate the elimination whereas EDGs would induce the opposite effect.?"!!
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Scheme 19. Structures of modified [(dtbpe)Pt(acetylene)] complexes.

Investigations with asymmetric acetylene derivatives of the type [L.Pt(PhC=CR)] (R = Me, CFs3,
'‘Bu; L = dippe, dtbpe) were performed to examine the possibility of C(sp®)-C(sp) bond
activation. However, in no case C(sp®-C(sp) cleavage took place. Remarkably, only the
electron-deficient trifluoromethylphenylacetylene ligand provided C(sp?)-C(sp) cleavage.
Irradiation of [(dtbpe)Pt(PhC=CR)] (R = Me, 'Bu) in CsDs yielded [(dtbpe)Pt(D)(CesDs)] by
elimination of the acetylene from platinum and C-H (here C-D) activation of the solvent.[2¢%
Further examinations of symmetrical complexes of the type [(dtbpe)Pt(RC=CR)] (R = Me, CFs3,
'‘Bu) either showed C-H activation or no reaction at all. The analog 2,4-hexadiyne complex
bearing C(sp)-C(sp) and C(sp®)-C(sp) bonds only showed C-H activation of the solvent. In
contrast, the [(dippe)Pt(PhC=CC=CPh)] complex (2.181, Scheme 20) featuring C(sp)-C(sp)
and C(sp?)-C(sp) bonds exclusively undergoes the regular C(sp?)-C(sp) cleavage. Accordingly,

the C-C activation for such platinum systems is strictly limited to C(sp?)-C(sp) bonds.[2¢"]
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Scheme 20. C(sp?)-C(sp) cleavage in [(dippe)Pt(PhC=CC=CPh)] by photolysis.

A similar C(sp?-C(sp) cleavage process in the 2,2’-dibromotolane ligand of a
(diphosphine)Pt(0) complex was reported by WEIGAND and co-workers. The synthesized
[(dppbe)Pt(n?-2,2’-dibromotolane)] complex (2.191; dppbe = 1,2-bis(diphenylphosphino)-
benzene) has a distorted square-planar geometry. The elongated C=C bond of the n?-tolane

and the bent C-Ph units suggest a strong m back-donation from the platinum center and
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convergence to a C=C double bond. Irradiation with UV light of the solid 2.191r led to the
C(sp?)-C(sp) cleavage in the tolane (diphenylacetylene) and consecutive intramolecular
oxidative addition (Scheme 21). The uphill platinum insertion reaction into the aryl-alkynyl C-C

bond is highly selective and thermal reversible.
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Scheme 21. UV light induced C(sp?)-C(sp) cleavage in the 2,2’-dibromotolane ligand and thermal back reaction.

Computational investigations confirm that the tolane acts as 2e- donor with a strong o-bonding
from the alkyne 1 into the platinum 6s orbital. The m back-donation from the platinum 5d,..y>
into the antibonding alkyne mr* orbital led to a weakening of the C=C triple bond. The UV light
irradiation causes an intense MLCT from the platinum 5dy..y» into the antibonding alkyne m*
orbital and promotes the C(sp?)-C(sp) cleavage, followed by the platinum insertion and
rearrangement to the o-complex 2.190. The C(sp?)-C(sp) cleavage heavily depends on the
electronic nature of the tolane ligands and the spatial orientation of the phenyl groups. The
wide dihedral angle suppresses the phenyl-conjugation and can be achieved by ortho-
substitution. Generally, the C-C cleavage can be tuned by addition of EWGs to the phenyl
groups, causing more intense MLCT. Further modification of this system demonstrated that
the Pt(0) m-complex is always thermodynamically favored and lower in energy than the Pt(ll)
o-complex. However, the activation barrier for the C-C cleavage can be lowered by EDGs,
whereas EWGs stabilize the o-complex at the expense of an increased activation barrier
(Scheme 22).[272-275]
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Scheme 22. Energetics of the photochemical oxidative C(sp?)-C(sp) bond cleavage and the thermal reductive
elimination.?74

Based on this knowledge, a novel synthetic route towards cyaphido complexes with moderate
steric demand was envisaged. The key factors for a possible successful transfer of the C(sp?)-
C(sp) bond cleavage concept are the valence isoelectricity between benzonitrile and aryl-
phosphaalkynes (Scheme 23a), the similarity in the reactivity of acetylenes and
phosphaalkynes, and the tendency of phosphaalkynes for n?-/mr-coordination on metals. To
realize the cleavage between the aromatic sp?-carbon atom and the phosphaalkyne sp-carbon
atom a stable phosphaalkyne transition metal complex must be synthesized, first. Therefore,
a suitable Ni and Pt(0) precursor, a phosphine and a kinetically stabilized phosphaalkyne is
required (Scheme 23b). Ni- and Pt-bis(cyclooctadiene) were chosen as metal(0) precursor,
due to its easy substitution of the cyclooctadienes. Furthermore, electron-donating chelating
diphosphines were selected to get a cis-configuration for the complex and to enhance the
electron density in the metal. The arylphosphaalkyne should be ortho-substituted to avoid
potential B-H-elimination reactions. As entry to the study the [(dippe)Ni(MesCP)] and
[(dippe)Pt(MesCP)] should be synthesized (Scheme 23c). Later, additional modification to the
carbon chain length of the diphosphine and different substituents on the phosphaalkyne aryl

group should be evaluated to tune the C(sp?)-C(sp) bond cleavage process.
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Scheme 23. Cleavage concept (a), planned synthetic approach (b) and first attempt (c) for the preparation of a

cyaphido complex.
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2.1.2 Preparation of starting materials

2.1.2.1 Transition metal precursors

The light and temperature sensitive bis(cycloocta-1,5-diene)nickel(0) and the bis(cycloocta-
1,5-diene)platinum(0) serve as starting compounds for the preparation of the phosphaalkyne
complexes. The yellow [Ni(COD);] was first synthesized by WILKE et al. in 1966.27% The
common synthesis is the reduction of [Ni(acac)] with triethylaluminum or diisobutylaluminum
hydride in excess of 1,5-cyclooctadiene (COD).[?” However, today [Ni(COD),] is widely
commercially available. The colorless [Pt(COD).] was first synthesized in1967 by MULLER and
GOSER by photolysis of [(COD)Pt(Pr),] in the presence of COD. Later, [Pt(COD),] was also
generated by evaporation of elemental platinum into a COD atmosphere. Even though there
was demand for [Pt(COD)] as universal Pt(0) source for synthetic chemistry, the synthesis
procedures were either too complicated or suffered from low yields. That changed with the
more convenient synthesis by STONES et al. by reduction of [(COD)PtCI;] with Li,COT (COT =
cycloocta-1,3,5,7-tetraene) in excess of COD, resulting moderate yields of around 40% to
60%.27%-27° This method is still broadly used today, due to the balance of effort, costs and
yields. However, it is common knowledge that the published yields are highly overestimated
and there are further methods for the synthesis of [Pt(COD)-] with higher yields or less effort.
First of all, the synthesis of [Pt(COD),] can also be achieved more reliably by transformation
of tris(2-norbornene)platinum by heating in excess of COD.?” Secondly, the elimination of
chloride in [(COD)PtCI;] can also be performed with different reducing agents like colbaltocene,
samarium(ll) iodide,’?2>-281l or by potassium formate in combination with 18-crown-6 or
[(bpy)Ni(COD)].12822831 Especially the last two methods are promising, due to their simple
execution but suffer from the high prices of the starting materials. The [Pt(COD),] for this work
was produced by a slightly modified synthetic route of STONE (Scheme 24),27% due to the
already existing knowledge for it. In the first step, an acetic acid aqueous solution of potassium
tetrachloroplatinate(ll) (1) was heated together with COD to T = 90 °C for 1 h. The pale-yellow
suspension was chilled to T = 0 °C, filtrated and the dichloro(1,5-cyclooctadiene)-platinum(ll)
(2) was isolated as colorless powder in nearly quantitative yields.?®¥ The freshly synthesized
(1,3,5,7-cyclooctatetraene)dilithium?®® (3) ether solution from elemental lithium and COTI?8¢-
2881 was added to the suspension of 2 in COD at T = -30 °C. After work up, the crude product
was purified by column chromatography with alumina and crystallization from toluene solution.
Colorless flakes of bis(cycloocta-1,5-diene)platinum(0) (4) could be isolated with a typical yield
of around 30%. 4 must be stored under inert conditions in the absence of light and

temperatures below T = -20 °C to avoid decomposition to elemental platinum and COD.?"
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Li,COT (3), |

COD (excess | Cl o
K,PICL, ( ) R \Pt‘ COD (excess) -
H,0, I e ether, 1
CH;COOH -30 °C, 30 min
1 90°C,1h 2 4

Scheme 24. Synthesis of [Pt(COD);] (4) starting from the platinum salt 1.

2.1.2.2 Chelating phosphine ligands

Since the discovery of the coordination chemistry by WERNER in 1983, the chemical importance
of the coordination ligands has been demonstrated by their effect on electricity and valence
orbital interaction on the metal center.!?8% In short, the reactivity of a metal in a complex strongly
depends on its coordinated ligands.?*® Phosphines attained a substantial position in the
coordination chemistry,?°l due to their ability to act as both o-donor and m-acceptor.?°? They
can ideally interact with the d orbitals of transition metals and consequently stabilize the
complex.?®3 Polydentate phosphines usually possess an even better stabilization effect.[2%4
The first bidentate phosphines were synthesized by ISSLEIB and MULLER in 1959.2%° Until
today, many di- and polydentate phosphines has been realized, nevertheless it is still a field of
active development.?®®! The binding situation of phosphines is well explored and also
appropriate for the polydentate phosphines. The phosphorus atom of the phosphine donates
electron density to the transition metal center by applying a o-bond, while the metal establishes
a m-back bonding to the phosphine.?®® The ability to act as o-donor and mr-acceptor is
significantly dependent on the substitution. Generally, EDGs enhance the g-donor and inhibit

the m-acceptor ability, while EWGs show exactly the opposite tendency (Figure 22).[2%2]

o-donor ability

Ni(CO)3X: P(CH)3 = P(OCH3)3 > PH(CH3), > PHy(CH3) > PH3 > PCl3 > PF4

n-acceptor ability

Ni(CO)3X: PF3 > PCl3 >> P(OCH3)3 > PH3 > PH,(CH3) > PH(CH3), > P(CH)3

Figure 22. o-donor and mr-acceptor ability of a selection of phosphine ligands.

However, the donor and acceptor properties of bidentate phosphines, in particular the
influence of the bite angle (P-M-P angle), are less intensely investigated yet. Bidentate
phosphines are commonly used to create a rigid steric environment with well-defined positions
(cis, trans) and electron-donating properties to affect the binding (conformation) and reactivity
of the metal center towards further ligand coordination. The P-M-P angle is affected by the
backbone of bidentate phosphines and tend to be smaller than in monodentate phosphines. A
computational study towards the impact of bidentate phosphines on tetrahedral nickel
complexes of the type [(R2P(CH2)nPR2)Ni(CO)] and [(R2P(CH2)nPR2)NiH] (n = 1-3, R = H, Me,
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Et, 'Pr, 'Bu, Ph, OMe, CFs, F) revealed the electronic and general consequences of this
geometric difference.”® The analysis of the carbonyl complexes showed a distorted
tetrahedral structure for all bidentate phosphines complex compared to the [(PMe3)Ni(CO)2].
The P-Ni-P angle decreased from 110° for [(PMe3)Ni(CO),] by around 12° for each CH- group
removed from the phosphine backbone in [(R2P(CH2),PR2)Ni(CO);] (n = 1-3). Depending on
the specific substituents the figures are 98-103° (n = 3), 88-91° (n = 2) and 75-78° (n = 1). The
P-Ni-P angle of a specific backbone chain length is affected by steric effects of the substituents.
Thus, the measured angle was largest for tert-butyl groups and smallest for fluorine.
Interestingly, the Ni-P distance of the backbone was 0.03 A longer in the case of only one CH;
group, whereas was identical for two and three groups. The poorer orbital overlap, caused by
the small P-Ni-P angle for a single CH, group backbone, is responsible for the shortened Ni-P
distance. A further point of the study was the investigation of the substituent effect in bidentate
phosphines according to the calculated Tolman’s electronic substituent parameter?®®l, showing
essentially identical values for bidentate and unidentate phosphine complexes. Consequently,
the substituents possess the same relative effect on the donor-acceptor properties and
Tolman’s tables are still valid even for bidentate phosphines. Furthermore, it was noted that
the length of the CH, backbone has a notable effect on the symmetric carbonyl stretching
vibration. For instance, addition of one methylene unit to the backbone decreases the CO
wavenumber by around ¥ = 4 cm™, which is equal to exchanging all phosphorus substituents
from their methyl to ethyl derivatives. Consequently, bidentate phosphines become more
electron donating with increased backbone chain size, leading to P-M-P angle broadening,
which reflects the typically called bite angle effect (Figure 23).12%°2l The bite angle influences
the donation of the metal fragment to other ligands by affecting the geometry of the complex
together with the orbital energy of the d.y metal-ligand hybrid orbital in the P-Ni-P plane.
Bonding analysis of [(R2P(CH2)nPR2)NiH2] showed that the nickel-based frontier orbitals of the
LoNi fragment interacts with the hydrogen atoms over a filled d (hybrid) orbital with 7w symmetry
and an empty p (hybrid) orbital with o symmetry. The d orbital lies energetically below the p
orbital. Both orbitals increase in energy if the coordinated phosphine becomes more electron
rich, leading to a decrease of o donation from H; to Ni and an increase of m back-bonding from
Ni to H.. For EDGs, the Ni to H, 7 back-donation is dominating, while for EWGs, it is the o
donation from H; to Ni. Interestingly, nickel dihydrogen complexes with electron-withdrawing
bidentate phosphines showed lower H, dissociation energies than their electron-donating

counterparts.2°7
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Figure 23. Bite angle sketch and four typical diphosphines with their common bite angle.

Besides the electron donating and accepting properties and the steric demand of the
substituents, the bite angle, the angle occurred between the coordinated phosphorus atoms of
the diphosphine and the metal center (P-M-P), can substantially affect the characteristics of
the metal core and consequently the reactivity of the complex. Generally, altering the bite angle
of a bidentate ligand shows two effects.*%?! First, the substituents of a bidentate ligand with a
wider bite angle exert more steric repulsion on the other ligands and the metal core (Figure
24a). Second, a fixed bite angle forces the metal center towards a designated geometry by
influencing the electronic or orbital interaction of the metal. For instance, the ideal bite angle
for a tetrahedral Ni(0) would be 109.5°, whereas it would be 90° for a square planar Ni(ll)
complex (Figure 24b). This concept of the “natural bite angle” was introduced by WHITEKER
and CASEY in 1990 and is defined “as the preferred chelation angle determined only by ligand
backbone constraints and not by metal valence angles”.*%® The bite angle size can be adjusted
by the diphosphine (carbon) backbone size (bridge length), the number of the methylene units.
This bite angle effect was the first time utilized by IwamoTO and YuGucHI for the study of a
catalytical co-dimerization of butadiene and ethene.° However, an useful bridge length is
typically between one to three methylene groups. Reaching a linker size of C,, like in dppb
(1,4-bis(diphenylphosphino)butane), has a reduced propensity for chelation and increased
tendency for bridging bimetallic structures, due to the increased flexibility of the diphosphine
ligand.B%! The bite angle effect leads to mainly four observed consequences. An adjusted bite
angle can influence the equilibrium between two species by changing the preferred geometry
(Figure 24c). It can also affect the product selectivity in catalytic reactions like increased
selectivity for linear hydroformylation products for larger bite angle ligands.*%? The most
prominent example is the effect on the reductive elimination rates. Wide bite angle bidentate
ligands increasing the rate of the reductive elimination step by enforcing the zero valent metal
oxidation state with their predefined wide angle over higher metal valences which are typical
for square planar complexes with around 90° bond angles.% %€ Bjte angle ligands clearly
also have an effect on oxidative addition reactions on the metal center. However, the general
trend is a less plausible and depending on many additional factors. Overall, the electron-
donating nature of the P substituents of the diphosphines is more dominant than the bite angle
on oxidative addition. Computational studies verified that mono-ligated species like
[Pt(PH.CH,PH,)] have lower energy barriers for oxidative addition than its ethenyl
[Pt(PH>(CH,),PH,)] or monodentate analog [Pt(PHs).], due to reduced steric factors and the



58 RESULTS AND DISCUSSION

pre-bent complex geometry which facilitate the bonding of the incoming substrate.E%7
Consequently, the necessary strain in pushing the already coordinated ligands closer together
upon oxidative addition of incoming substrate is reduced with smaller bite angles.

Astonishingly, this is a purely steric and not an orbital effect.[201. 308-310]

M/ _______ M §§§§§§ 7 ’ A ~
R
2 R,
|0 2+/L
b) NiiL  ONi
/ \ Ve \L
R2 L R2
109.5° 90°
tetrahedral square planar
Bu_ Bu ® ‘Bu, Bu H, ®
\N_ 7 C
NN ANZnN
C) Pt = ———— Pt _____ CH2
/N / \\\ /
ta,/ 't H H
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small bite angle large bite angle
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Figure 24. Steric effects in relation of the bite angle (a), idealized bite angle for Ni(0) and Ni(ll) complexes (b), effect
of the bite angle towards an equilibrium (c), Thorpe-Ingold effect (gem-dimethyl or angle compression effect; d).

A further way to adjust the bite angle of a diphosphine ligand, especially of those with a single
atom linker, is the exchange of the linking unit (E, Figure 24d). For instance, replacing the CH;
moiety with an amine (N-R) usually leads to a smaller bite angle.B'! Alternatively, the protons
of the methylene backbone group can be substituted with more steric demanding groups to
widen the angle between the geminal substituents on the backbone (Thorpe-Ingold effect®'?-
313)), leading to a compression of the other angles and improvement of the chelating effect.3l
The same effect can be achieved by large substituents on the diphosphine phosphorus
atoms.®'® Computational analysis showed that decreasing the bite angle of a diphosphine
ligand would enhance the reactivity due to a rise of the HOMO energy in the LM fragment

(Figure 25).B16-318 Finally, it is possible to generate hetero-polydentate chelating ligands
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(hybrid ligands) with electronically differentiated donors. Usually, one of the donors is weaker
bonded than the others and can readily dissociate. These hemilabile polydentate ligandst
are useful for catalytic reactions to offer temporary vacancies for incoming substrates,
especially for polymerizations.®?% Taking all these information299-303. 305-311, 314-326] intg account
it is reasonable to consider alkyne substituted (o-donating) diphosphines with C, or Cs
backbone for the synthesis of the phosphaalkyne complexes to stabilize the zero valent Ni(0)
or Pt(0) metal center. However, diphosphines with a methylene backbone would certainly
better suitable for the generation of the cyaphido complexes, due to their stabilizing effect for

square planar Ni(ll) complexes. 2% 3261
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Figure 25. Walsh diagram for a 14-electron d!° platinum fragment in dependency of the bite angle (linear to
bent).[326]

A broad selection of different diphosphines were used for the preparation of the phosphaalkyne

complex to analyze their stability and possible C-CP bond activation (Table 2, Figure 26).

Table 2. Overview of used chelating (di)phosphines. Compounds marked with * were ordered from chemical
suppliers.

compound abbreviation number
1,2-bis(dicyclohexylphosphino)ethane* dcpe 30
1,2-bis(diphenylphosphino)ethane* dppe 31
1,3-bis(diisopropylphosphino)propane* dippp 32
1,3-bis(dicyclohexylphosphino)propane* dcpp 33
1,3-bis(diphenylphosphino)propane* dppp 34
bis(diphenylphosphino)ferrocene* dppf 35
bis(di-tert-butylphosphino)methane dtbpm 15

bis(dicyclopentylphosphino)methane dcppm 24
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bis(dicyclohexylphosphino)methane dcpm 21
1,2-bis(diisopropylphosphino)ethane dippe 8
(diisopropylphosphinodimethylamino)ethane dippdmae 29
I’Bu ItBu Cy Cy Cyp cyp
Bu” ™ “Bu Cy” ™ “cy cyp” N cyp
dtbpm (15) dcpm (21) dcppm (24)
i
, P 4 , |
Pra_~_ ~ipr Cy< - ~_ oy Pr<_~_N
' | !
'Pr Cy 'Pr
dippe (8) dcpe (30) dippdmae (29)
Ph ‘ .
I Pro JPr Cy~ _Cy
Ph\ /\/ \Ph .'/\/\l' |/\/\|
IIDh 'Pr 'Pr Cy Cy
dppe (31) dippp (32) depp (33)
Ph.__~_-~_.Ph | Ph,
| | Fe
Ph Ph (E Ph
<
dppp (34) dppf (35)

Figure 26. Overview of used chelating (di)phosphines.

2.1.2.2.1 Synthesis of 1,2-bis(diisopropylphosphino)ethane
1,2-bis(diisopropylphosphino)ethane represents a chelating diphosphine ligand with moderate
steric demand and good o-donor abilities due to its isopropyl groups. Furthermore, the C;
backbone should stabilize the resulting phosphaalkyne complex but also reduce the steric
strain good enough to allow the oxidative C-CP cleavage. Hence, this ligand was taken as
starting point of the study.

1,2-bis(diisopropylphosphino)ethane (8) was prepared by adopting a literature synthesis for
1,2-bis(diethylphosphino)ethane (Scheme 25).527-3281 First, 2-bromopropane (5) was converted
to the corresponding Grignard reagent 6, which was added dropwise to a solution of 1,2-
bis(dichlorophosphino)ethane (7). After work up and fractional distillation the product 8 could
be obtained as colorless, air sensitive oil with a yield of 69%. It was stored as a 0.2 M THF
solution at T = -20 °C.
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Clll
C|\I/\/ \CI IPr
Br Mg MgBr cl 7 iy I
SpN T
N Et,0, A Et,0, ; Pr
reflux, 4 h -30t00°C,1h Pr

5 6

Scheme 25. Synthesis of 1,2-bis(diisopropylphosphino)ethane (8).

2.1.2.2.2 Synthesis of bis(di-tert-butylphosphino)methane

The bis(di-tert-butylphosphino)methane (15) ligand is one of the most steric demanding
common chelate ligands. The tert-butyl groups and the short methylene bridge results in a
small bite angle, which stabilizes mostly square planar complexes with transition metals of
oxidation state +Il. The dtbpm ligand was synthesized by two different literature known
pathways. The first route, established by KARSCH, is a one-step direct synthesis with low yields
due to the formation of several by-products.*2°33% The second method by HOFMANN is a more
flexible five-step synthesis with moderate yields with the option to also synthesize asymmetric

variants.[315 331-333]

The direct preparation of dtbpm (15) by KARSCH is possible by four consecutive substitution
reactions of bis(dichlorophosphino)methane (9) with tert-butyllithium (Scheme 26). However,
the product 15 could not be isolated in sufficient purity, due to the presence of several non-
separable by-products.®** Two of the cyclic by-products (15a, 15b) could be identified by
31P{1H} NMR spectroscopy (Figure 27).529

t 1y
¢ ¢ ‘BuLi (4.9 eq) jBu Bu
CI” 7 Cl Et,O, hexane, ‘Bu” ™ "Bu
9 -30°Ctort, 16 h 15
Bu.__~._ ‘Bu
. A . ]
u u tBu/ N \tBU
15a 15b

Scheme 26. Direct synthesis of bis(di-tert-butylphosphino)methane (15) and typical cycloaddition by-products (15a,
15b).
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Figure 27. 31P{*H} NMR spectrum of dtbpm (15) synthesized by the method of KARSCH.

The more flexible five-step synthesis by HOFMANN includes a Grignard reaction, followed by a
methylation, lithiation and final substitution to assemble the two independent phosphines (12,
14) to the diphosphine (15, Scheme 27).5%% The product 15 was isolated in 65% yield from 14
with negligible impurities (Figure 28) and stored as 0.2 M THF solution at T =-20 °C.
Attempting the unfavorable coordinating complex Ni(dtbpm). (cf. 2.1.2.2.6 for explanation) by
mixing 15 to Ni(COD). only yielded the oxidized species 15a, which could be obtained and
characterized by single crystal X-ray diffraction (Figure 29).%4

Mg

‘Bu—Cl Bu—MgCl
Et,0,
10 75 OC, 1 h 11
‘BuMgCl (2.2 eq) MeLi (1.3 e
I3 > Bu,PCl ( 9 ‘Bu,PCH,4
Et,0O, Et,O, pentane
60 °Ctort, 16 h, 12 78°C, 1 h, 13
75°C,2h 60% rt, 36 h 80%
BuLi(1.4 e Bu,PCl (1.0 e
'Bu,PCHj (14 eq) Bu,PCH,Li 2PC1(1.0 eq) Bu,PCH,PBus
13 heptane, 14 THF 15
110 °C, 18 h -78°Ctort, 18 h
85% 65%

Scheme 27. Five-step synthesis of bis(di-tert-butylphosphino)methane (15).
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Figure 28. 31P{*H} NMR spectrum of dtbpm (15, top) synthesized by the method of HoFMANN and its scaled up

spectrum (bottom) to identify the impurities.

Figure 29. Molecular structure of 15a in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens and co-crystalized 1,4-dioxane omitted for clarity.

2.1.2.2.3 Synthesis of bis(dicyclohexylphosphino)methane

Dcpe (21) is the cyclohexyl substituted analog of dtbpe (15). The cyclohexyl groups can

undergo a ring flip to the two possible chair conformers,% which allows a decrease of the

steric demand compared to tert-butyl groups. Thus, a marginal larger bite angle is expected

by keeping similar o-donor properties. The synthesis proceeded analogously to the flexible
synthetic pathway for dtbpm (15, Scheme 28).B%*! The dcpe (21) was obtained in 59% yield
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with traces of one by-product (Figure 30), which is in accordance with the result for dtbpe (15).
21 was stored as 0.2 M THF solution at T =-20 °C. During the course of the study the
molecular structure in the crystal of the fully oxidized version of dcpe 21a was obtained (Figure
31).5%4 The oxidation occurred during the crystallization and was not recognized by NMR

experiments.

Mg
Cy—ClI >  Cy—MgClI
Et,0,
16 75°C,3.5h 17
CyMgCl (2.4 eq) MelLi (1.2 e
C|3 Cy2 Cl ( q) Cy2 CH3
Et,0, pentane
-60°Ctort, 16 h, 18 -78 °C, 2 h, 19
75°C,2h 43% rt, 16 h 93%
BuLi (1.3 eq Cy,PCl (1.0 eq)
Cy2 CH3 ( ) Cy2 CH2L| 2 Cyz CH2 Cy2
heptane, THF
19 110 °C, 18 h 20 -78°Ctort, 16 h 21
95% 59%

Scheme 28. Five-step synthesis of bis(dicyclohexylphosphino)methane (21).
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Figure 30. 3'P{*H} NMR spectrum of dcpm (21) synthesized by the method of HOFMANN.
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Figure 31. Molecular structure of 21a in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens and co-crystalized water omitted for clarity.

2.1.2.2.4 Synthesis of bis(dicyclopentylphosphino)methane

In addition to dcpe (21), the less bulky bis(dicyclopentylphosphino)methane (24) was
synthesized by a Grignard reaction (Scheme 29). Even though, dcppm (24) was successfully
produced, the isolation by distillation and recrystallisation was not sufficient. Several
unidentified by-products were found by 3P{*H} NMR spectroscopy (Figure 32). When 24 was
later used for follow-up reaction, undesired side reaction could not be excluded due to the

number of by-products.34

Mg
cyp—Cl ELO cyp—MgCl
5,0,
22 75°C, 2 h 23
(|:| CEI cyp—MgCl (4.0 ecl) Cyp oyp
cI” > ~cl Et,0, cyp” 7 Teyp
9 -30 °C, 2 h, 24
rt, 12 h

Scheme 29. Grignard reaction for the synthesis of bis(dicyclopentylphosphino)methane (24).
R

cyp cyp
eyp” ™7 Teyp
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Figure 32. Quantitative 3'P NMR spectrum of dcppm (24) to evaluate the amount of by-products.
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2.1.2.2.5 Synthesis of (diisopropylphosphinodimethylamino)ethane

The (diisopropylphosphinodimethylamino)ethane ligand (29, dippdmae) is the hemilabile
analog of 1,2-bis(diisopropylphosphino)ethane (8). The phosphine part offers the same steric
demand and o-donor properties, while the dimethylamine group can be easily detached from
the transition metal center to permit temporary coordination of a substrate to promote possible

catalytic reactions. Dippdmae (29) was prepared®*® according to the procedure of WERNER.!3¥"]

For the preparation of 29, two additional reactions are necessary to get the direct precursors
26 and 28 (Scheme 30). First, chlorodiisopropylphosphine (27) was hydrogenated with lithium
aluminum hydride, yielding the diisopropylphosphine (28).3%83%! To obtain the second
precursor 26 the hydrochloride was absorbed from 2-chloro-N,N-dimethylethylamine
hydrochloride by addition of potassium hydroxide.®*® The released 2-chloro-N,N-
dimethylethylamine (26) was caught and temporally stored with an cooling trap, to avoid the
formation of the undesired intramolecular cyclisation product (26a), which presumable reacts
to miscellaneous oligomers.B4-343 |n the final reaction, 28 was first lithiated with n-butyllithium
and then coupled to 26 by substitution. Distillation of the crude product yielded an air and

temperature sensitive colorless high viscous gel (51%), which was stored at T = -20 °C.

"HCl KOH (1.5 eq) A v -
Cl ) I .
" NMe, —— »E}(\/NMez — DNi Cl ———_ oligomer

25 26 26a
1) nBulLi
| LiAIH, (1.5 eq) , 2)26 "nwe, |
PPryPCl PryPH Prs o NS
Et,0, THF, o
0°C,1h °
o7 08 0to 75°C, 1.5 h 09

Scheme 30. Reaction steps for the synthesis of (diisopropylphosphinodimethylamino)ethane (29).

2.1.2.2.6 Reactivity towards bis(cycloocta-1,5-diene)-nickel(0) and -platinum(0)

In the next step, a selection of the chelating (di)phosphines were reacted with the intended
(COD)2Ni(0) and (COD).Pt(0) precursors to evaluate their reactivity, to detect potential side
reaction and to gather helpful 3'P NMR shifts for the expected (COD)M(L) and M(L2) (M = Ni,
Pt; L = 8, 15, 21, 24, 29, 30) products, which might occur as undesired by-product or
intermediate in the later scheduled reaction of the phosphaalkyne complexes. To prove the
reactivity of the chelating (di)phosphine ligands towards (COD):Ni(0) and (COD).Pt(0), two
equivalents of the appropriate ligand were added to a suspension of the metal precursor in
THF (for C; bridged ligands) or toluene (for C; bridged ligands) and stirred at room temperature

overnight (Scheme 31). After recording the 3'P{*H} NMR spectrum, the reaction mixture was
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heated (THF: T = 75 °C, toluene: T = 110 °C) for several hours before recording another NMR

sample.

dippdmae (29)

Pr_ JPr

Me. Me
| \M“\\\ (2 eq) \M"‘\\\\N
/N " SN
| | THF SN ipp” ipy
Me Me
36 M = Ni 37 M = Ni
4M=Pt 38 M = Pt
dippe (8) R R dippe (8) R R
or N . or N2
dcpe (30) \M,~“ dcpe (30) [ \I\/I .
THF N THF, 75 °C -
R* R R" R

39 M= Ni, R = 'Pr
41 M=Pt, R ="Pr
43 M=Ni,R = Cy
45 M=Pt, R = Cy

R
R

40 M= Ni, R ='Pr
42 M= Pt,R ='Pr
44 M= Ni,R =Cy
46 M= Pt, R = Cy

Scheme 31. Results for the successful coordination of the selected (di)phosphine ligands with Ni(COD)2 or

Pt(COD)a.

Many conclusions could be drawn by combining literature facts with the observed 3!P{*H} NMR

spectra.[3%:344-3471 Based on the spectra the ligand consumption could be monitored and on the

basis of the platinum satellites, a successful coordination of the phosphorus atoms to the

platinum center could be proven. The results are summarized in Table 3.

Table 3. Observed 3'P{*H} NMR shifts [ppm], 1°Pt satellites [Hz] in the brackets for the free ligand (L) and the
corresponding transition metal (M) complexes. Tmax gives the maximum applied temperature. 2 reactions referring
to the last entry/obtained product in the line are accessible at rt;  heating led to decomposition of the observed
product; ¢ products are not unequivocal verified to be correct, ¢ literature value 5(3*P) = 78.7 ppm (1Jp,pt = 3244 Hz)

for (dippe)Pt(COD) (41).34]

L (2eq)

dippdmae (29)
dippdmae (29)

dippe (8)
dippe (8)
dcpe (30)
dcpe (30)
dtbpm (15)
dtbpm (15)
dcpm (21)
dcpm (21)
dcppm (24)

(COD):M(0)
precursor

Ni
Pt
Ni
Pt
Ni
Pt
Ni
Pt
Ni
Pt
Ni

L

31p{1H} shift

0.3
0.3
8.9
8.9
0.9
0.9
22.0
22.0
-10.8
-10.8
-11.9

(COD)M(L)
31p{1H} shift

69.1
d

59.0
69.1 (2990)
43.3
47.4 (2494)P

M(L)2
SP{IHY shift
45.9¢
54.3 (4238)°
52.9
42.1 (3583)
42.8
30.3 (3592)

Tmax
[°C]
7
752
75
752
75
752
75
1102
75
110
110
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Besides the 3!P{!H} shifts for some of the expected products, the evaluation of the results
provides further insides into the influence of the (di)phosphine steric hindrance on the complex
formation. As expected, the ligand dippdmae (29) possesses the lowest steric demand due to
the NMe; group and cleanly reacted to the di-chelate product M(dippdmae). for both Ni and
Pt. However, it should be pointed out that the structure is not verified by additional
measurements. The effect of the increased bulkiness of the diphosphino ligand can be clearly
monitored for dippe (8) and dcpe (30). In both cases, the ligands reacted with Ni(COD); to the
(COD)NiI(L) complex, but additional heating is necessary to get the Ni(L). complex. In contrast,
the larger platinum core of Pt(COD), reacted already at room temperature to the corresponding
Pt(L), complex and in the case of dippe (8) the intermediate (COD)Pt(dippe) could not even
be observed. Astonishingly, the diphosphine ligands bearing a methylene backbone are not
able to form a stable M(L). (M = Ni, Pt) complex. It is assumed, that the steric demand of the
ligands is too large to form a tetragonal transition metal(0) complex. Only in the case of dtbpm
(15), the mono-substituted species (COD)M(dtbpm) could be observed (Scheme 32). The

literature known [Pt(dtbpm)]. dimer (49) was not found.[348-34]

dtbpm (15) Bu_ Bu Bu, ‘Bu_ ,/Bu Bu_ Bu
(2 eq) AN “Bu A Rt
. v N < < ‘ >
/ \ toluene, 110 °C 7N | - —

. 7 'Bu JP—Pt—F
8y Bu By Bu” Bu Bu Bu
36 M =Ni 47 M = Ni 15 49
4 M =Pt 48 M = Pt

Scheme 32. Reaction of Ni(COD)2 or Pt(COD)2 with the methylene backbone ligand dtbpm (15).

2.1.2.3 Phosphaalkynes

To achieve a light induced cleavage of the phosphaalkyne C-CP bond, the phosphaalkyne
must meet certain criteria (cf. 2.1.1). Most importantly it requires an aromatic sp?-carbon atom
next to the sp-carbon atom of the C=P group. In addition, ortho substitution is recommended
to avoid possible R-H-elimination reactions, especially in the case of platinum complexes. The
best kind of substitution, EDGs or EWGS, is not clear yet. EDGs would probably favor the
cleavage process by lowering the oxidation barrier. However, EWGs might stabilize the
generated cyaphido complex by increasing this barrier. Therefore, the literature known
mesitylphosphaalkyne (68, Figure 33) was selected for first attempts to get a standard, which
can be extended in both directions along the electronegativity of the substituents (compare 76,
92). In addition, silylphosphaalkynes should also be evaluated for possible Si-CP cleavage,
via the thermal and photochemical silicon-carbon activation on Pt(0)-alkyne complexes found
by MULLER, LACHICOTTE and JONES."?%8! Optionally, the synthesis of di-, or triphosphaalkynes

was considered as building block for the generation of cyaphido complexes bearing multiple
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cyaphido groups. Figure 33 shows the selection of the planned phosphaalkynes. However, the
fluorinated phosphaalkyne 92 could not be isolated and the polyphosphaalkynes 97 and 105
could not be synthesized. Table 7, at the end of chapter 2.1.2.3.7, provides a list of all used

phosphaalkynes together with their 3P NMR chemical shifts.

Me,Si—= Ph,ySi—= PhyC—=
53 58 59
Pr ‘Bu
= iPr = By =
i t)
68 g1 °f 76 BY

Bu CF3 : i

86 92

7 105

Figure 33. Planned selection of phosphaalkynes for the synthesis of phosphaalkyne/cyaphido complexes. The
phosphaalkynes 53, 58, 59, 68, 81 and 76 are literature known compounds.

2.1.2.3.1 Synthesis of trimethylsilylphosphaalkyne

Trimethylsilylphosphaalkyne (53) was first synthesized by APPLE and WESTERHAUS in 1981.17%
A more convenient and reliable synthesis was introduced by RUSSEL and co-workers in
2010.'"1 The later synthesis was used to obtain 53 in reasonable yields. Starting from
(chloromethyl)trimethylsilane (50, Scheme 33) a Grignard reaction with phosphorus trichloride
gave the precursor 52. In the final step, a formal double elimination of HCI from the
dichlorophosphine 52 with DABCO yielded the phosphaalkyne 53. The silver cations of the
AgOTTf act as chloride scavenger, which is crucial for the reaction, since the chloride anions of
the liberated HCI would undergo a nucleophilic attack of the silyl group. Generally, the AQOTf
assists the elimination process by drastically shorting the reaction time. 53 is volatile in vacuo
and was separated from the reaction mixture by collecting it as toluene solution with a cooling
trap. Isolated 53 is unstable at room temperature and usually stored as toluene solution at low

temperatures (T = -80 °C).
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Mg (1.3 eq) Cl3 (1 eq)

MesSi”~ >Cl MesSi~ MgCl ~ MesSi”~ “PCl,
50 Et0, 51 EtO,, 52
rtto 40 °C 72°C'tort
46%

1) AgOTf (2.2 eq)
2) DABCO (2.2 eq)

MesSi”~ >PCl, MesSi—=
52 toluene, rt 53

53%

Scheme 33. Reaction sequence for the formation of trimethylsilylphosphaalkyne (53).

The literature known triphenylsilylphosphaalkynel®” (58) was synthesized analogously to 53,
however the reaction sequence starts with a Grignard reaction from the
trichloro(chloromethyl)silane (Scheme 34). Isolation of the solid product 58 results in fast

decomposition. As 53 it should be stored as toluene solution at low temperatures.

1) Mg (6.3 eq)

2) cisial Mg (9.8 eq)
PhBr Ph5Si Cl Ph,Si MgClI
THF, ° THF, 1t, 3 h s 9
54 Nrt, 2 h 55 56
2)0°Cto75°C 81%

1) AgOTf (2 eq)

Cl; (3 eq) 2) DABCO (2eq)
PhsSi”~ “MgCl PhsSi”~ “PCl, PhySi—=
EtO,, toluene, rt
56 78 °Ctort, 37 98
18 h 99% 35%

Scheme 34. Reaction sequence for the formation of triphenylsilylphosphaalkyne (58).

The tritylphosphaalkyne®®? (59, Figure 33) was provided by the group of GRUTZMACHER. The
preparation is analogously to 58, except for the final step. The HCI elimination in (2,2,2-
triphenylethyl)phosphonous dichloride®® is carried out with an excess of DABCO (10 eq) in
acetonitrile at T = 75 °C without the addition of AQOTf in 4 h. Based on the gained knowledge
of similar reactions, a significant decrease of the reaction time even under milder reaction
condition is expected by applying AgOTf, however this was not evaluated by GRUTZMACHER
and co-workers. 59 can be isolated as colorless solid in around 40% vyields and is surprisingly

stable towards oxidation even in solution.

2.1.2.3.2 Synthesis of supermesitylphosphaalkyne
Supermesitylphosphaalkynel™ (76) was prepared according to the literature following the
typical hexamethyldisiloxane elimination route (1.3.3, Scheme 2d). In the first step, 1,3,5-tri-

tert-butylbenzene (supermesitylene, 72, Scheme 35) was brominated to 73. The bromine atom
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was exchanged with lithium by addition of n-butyllithium and consequently substituted with CO-
by addition of dry ice. Hydrogenation of the 2,4,6-tri-tert-butylbenzoate intermediate yielded
the carboxylic acid 74, which was converted to the acid chloride 75 by addition of thionyl
chloride. Treating the precursor 75 with LiP(SiMes). resulted the supermesitylphosphaalkyne
(76), which was isolated in moderate yields by column chromatography. 76 is kinetically stable
and can be stored as a solid at room temperature. Similar to tritylphosphaalkyne (58),

supermesitylphosphaalkyne can be even handled under air for a limited time.

1) nBuLi (2.5 eq) O SOCl; (3 eq) 0]
Br, (2.4 e 2) CO, (excess ridine (0.1 e
e 2(24e0) o 2)COs( ) *MeS)J\OH pyridine (0.1 eq) *Mes)J\CI
72 (MGO)3PO, 73 Etzo, 74 Etzo, 75
100 °C, 48 h °
65% 1)rtto 50 °C, 1 h 42% rt, 24 h 96%
2)rt, 16 h,
then HCI (10%)
MeLi (1 eq)
(SiMe3)3 LiP(SiMes), - 2 THF
THF,
64 R ’ 65
0°Ctort,16 h 70%
LiP(SiMe3), - 2 THF
*Mes Cl >  *Mes—=
THF
75 ’ 76
° 16 h
0°Ctort, 16 31%

Scheme 35. Reaction sequence for the formation of supermesitylphosphaalkyne (76).

2.1.2.3.3 Synthesis of mesitylphosphaalkyne

A nearly identical reaction route should also lead to the mesitylphosphaalkyne®®? (68, Scheme
36). The mesityl acid chloride (63) was prepared analogously to the reaction sequence for
supermesitylphosphaalkyne (76). The low yield for the chlorination of the carboxylic acid 62 is
unusual and the reason unclear. In the next step, P(SiMes); or LiP(SiMes), was added to the
acid chloride 63. Surprisingly, the reaction did not lead directly to the desired phosphaalkyne
68, as it worked for the supermesityl derivative. Instead the reaction stopped at the stage of
the (E,Z2)-[mesityl(trimethylsiloxy)methylene]trimethylsilylphosphine (66), as it is described for
the adamantylphosphaalkyne.”® Generally, both reactions work similarly, however LiP(SiMe3),
reacted much faster and provides higher yields according to 3P NMR spectroscopy. Typically,
the ratio between E-isomer (6(*'P) = 126.3 ppm) and the Z-isomer (6(3'P) = 122.4 ppm) is
around 3:2. Theoretically, this intermediate can be converted to the phosphaalkyne 68 by
catalysis with NaOH,®5! as it is demonstrated for tert-butyl- and adamantylphosphaalkyne.%
8l However, in case of 68 it is described as not reproducible. In fact, several attempts to get

68 by this method failed. Instead, the procedure reported by REGITZ and co-workers using
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aluminum trichloride was applied, because it is outlined as “absolutely reliable” 5!
Unexpectedly, the isolation of (E/Z)-66 by bulb-to-bulb distillation did not work as described
and mostly resulted in decomposition of the starting material. In the end, the reaction with
aluminum trichloride was performed with the crude product of (E/Z)-66. However, even several
attempts did not provide any product signals according to the 3!P{*H} NMR spectrum, thus

another method for the synthesis of mesitylphosphaalkyne (68) was established.

1) nBulLi (2.5 eq) (0] SOCI, (3 eq) (0]
Br, (1.2 e 2) CO, (excess pyridine (0.1 eq
Mes 2 ) MesBr ) 2 ) Mes)J\OH Y ( ) Mes)J\CI
60 (MeOC)3PO, 61 Etzo, 62 Etzo, 63
100 °C, 30 h °
60% 1)rtto50°C,1h 100% rt, 24 h 15%
2)rt, 16 h,
then HCI (10%)
o o
_OSiMes (SiMe3), P'S LiP(SiMes), - 2 THF _OSiMe;
Me3SivwP=C_ - Mes Cl > MesSivwP=C_
Mes THF, THF, Mes
66 (E/2) 0°Ctort 16 h 63 oectort 16h 66 (E/Z)
NaOH,
,OSiMe; 110 - 150 °C, vacuum
MesSivwP=C_ — Mes—=
66 (E/2) Mes - Me3SiOSiMe; 68
AICl3,
DCM, 2 .
40 °C to rt ClyAlve _ 05 Mes
- Me;SiCl Mes - AICI,(OSiMe3)
67

Scheme 36. Literature known reaction sequence towards mesitylphosphaalkyne (68).

Inspired by the ease of the synthesis of trimethylsilylphosphaalkyne (53) by RUSSEL via
Grignard reaction and HCI elimination (Scheme 33),["l a similar approach was started. First,
mesitylene (60) was chloromethylated via Blanc reaction®? to the (chloromethyl)mesitylene
(69, Scheme 38).% Multiple chloromethylations of the mesitylene was observed. Overnight
reaction at room temperature mainly yielded the di-substituted product, 1,3-
di(chloromethyl)mesitylene,  together with 69 and even traces of 1,3,5-
tri(chloromethyl)mesitylene (98). Although the products could clearly be distinguished by thin-
layer chromatography with pure hexane, the separation of the mono- and di-substituted
products by column chromatography failed. Adjusting the reaction temperature and time
resulted in up to 95% yield of 69 and only traces of the di-substituted by-product, which could
be removed by quick recrystallization from pentane by temporary cooling with liquid nitrogen.

In the first attempt, the dichloro((mesityl)ymethyl)phosphine (71) should be received by Grignard
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reaction as demonstrated for the dichloro((trimethylsilyl)methyl)phosphine (52). This reaction
was unsuccessful even at low temperatures (T =-72 °C), which generally improved the
selectivity. However, a literature known synthesis for benzyldichlorophosphine (Scheme 37)
showed a highly increase selectivity by transmetalation of the Grignard compound to the
organozinc compound.B This effect can be explained by the decreased electronegativity
difference between the metal and the carbon (AEN(MgC) = 1.24, AEN(ZnC) = 0.90).13%%

an|2 C|3
Ph” > ZnBr Ph

EtO,, 0 °C EtO,, 40 °C

VS

Ph” MgCl Cly

Scheme 37. Synthesis of benzyldichlorophosphine by transmetalation of the Grignard compound to the more
selective organozinc compound.

Contrary to the literature, the transmetalation step can be omitted if the elemental zinc has an
active surface (free of an oxidized layer). The activation of zinc was realized by sonication in
an ultrasonic bath for several hours.® Dropwise addition of (chloromethyl)mesitylene (69) to
the zinc suspension at T =10 °C mostly gave the organozinc compound 70. Next to the
mesitylmethyl chloride (70, MesCH,-ZnCl), additional di(mesitylmethyl) zinc (Mes-CH>),-Zn),
traces of the homo-coupling product Mes-CH,CH>-Mes and the DME-zinc complex
[ZnCl(DME)].*5" were found, even under optimized conditions. While the presence of (Mes-
CHy)2-Zn can be neglected because it should react the same way as 70, the unreactive homo-
coupling product must be avoided by evading higher reaction temperatures. In the next step,
the organozinc compound 70 was added dropwise to an excess of phosphorus trichloride to
avoid multiple substitution reactions on the phosphorus atom. Finally, HCI was eliminated from
71 by addition of AgOTf and the base DABCO at room temperature within an hour. Filtration
of the resulting brownish suspension through diatomaceous earth and purification by column
chromatography with pentane as eluent resulted the mesitylphosphaalkyne (68), typically in
yields higher than 50%. 68 is a light and moderately temperature sensitive colorless oil and
should be stored at T =-20 °C in the absence of light. The decomposition can be minimized
by dissolving in toluene. Nevertheless, light of short wavelengths will inevitably lead to
polymerization/decomposition under formation of black particles. The particles are insoluble in
typical laboratory solvents, cannot be removed by filtration thought diatomaceous earth and
were not further characterized. Generally, the elimination step also works without the AgOTf
as additive, however a large excess of DABCO is needed for a complete reaction in reasonable
time. With an excess of twelve equivalents of DABCO the reaction took six days to complete
at room temperature. That was not practical due to the extended time, the struggle to fully
remove the excess of DABCO and the drastically reduced yield of 68, probably caused by the

already proceeding decomposition.
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paraformaldehyde

(1.05 eq) Zn (2.0 eq) Cl; (2.0 eq)

Mes > Mes” Cl Mes™ >ZnCl Mes™ > Cl,
HCI, MeCOOH 69 DME, 70 DME, 71
rtto40°C,1.5h o ultrasonic bath, O0°Ctort,16 h o
68% 10°C, 2 h 75%
1) AgOTf (2.2 eq)
2) DABCO (2.2 eq)
Mes™ “PCl, > Mes—=
toluene, rt
71 68
55%

Scheme 38. Reaction sequence for the formation of mesitylphosphaalkyne (68).

Although mesitylphosphaalkyne (68) is literature known, there was no molecular structure in a
single crystal published. With a melting point of T = 10.5 °C, it could be crystallized from an
acetonitrile solution (0.25 M) at T =-30 °C. The bond length and angles of the molecular
structure in the crystal (Figure 34) are nearly identical to supermesitylphosphaalkyne, which
was only crystallized and characterized for comparison reasons. The C=P bond length is
1.545 A (1.549 A for Mes*CP) and the C-C-P angle is 180° as expected.

Figure 34. Molecular structure of 68 (left) and 76 (right) in the crystal. Anisotropic displacement ellipsoids are shown
at 50% probability level. Hydrogens omitted for clarity.

68 should be suitable for reaction in most common solvents. It was successfully applied in
reactions with pentane, benzene, toluene, diethyl ether, DME, diglyme, THF, dioxane, DCM
and acetonitrile as solvent, therefore, it should be ‘stable’ within its general properties in
alkanes, arenes, ethers, organohalides and nitriles. Its ‘stability’ was experimental qualified for
a selection of representative solvent species by *H and 3!P{*H} NMR measurements at room
temperature for one week. The NMR chemical shifts are only marginal affected by the solvent.

The results are summarized in Table 4.

Table 4. 'H (400 MHz) and 3'P{*H} (162 MHZz) NMR signals for MesCP (68) in different solvents. All signals are
singlets and given in ppm.

solvent IH (Ar-H) 'H (ortho-CHz)  !H (para-CHs) 31p{iH} (C=P)

benzene 6.57 2.40 1.98 2.02
THF 6.88 2.44 2.25 0.45
DCM 6.87 2.46 2.27 1.44

MeCN 6.90 2.43 2.25 1.34
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2.1.2.3.4 Synthesis of 2,4,6-tri(isopropyl)phenylphosphaalkyne

Several examples have demonstrated that mesitylphosphaalkyne (68) and
supermesitylphosphaalkyne (76) show different reactivities and coordination behavior toward
metal complexes. For instance, two molecules of 68 undergo a cycloaddition reaction and
coordination on [W(CO)sTHF], while 76 exclusively builds a 7-coordination complex. (126 133-134]
Certainly, this behavior is caused by the enormous steric demand of 76, which can even lead
to the usually unfavorable o-coordination via the lone pair of the phosphorus atom.* With
respect to the steric demand and the effect of the electron donation properties, it would be
useful to complete the substitution row from Me to ‘Bu with a 'Pr derivative. Therefore, the
2,4,6-tri(isopropyl)phenylphosphaalkyne (81, Scheme 39) was synthesized. At the date this
reaction was carried out, the alternative reaction route for 81 found in the literature was not
published.*®® Hence, this reaction is an adaption of the reaction sequence for 68 with
optimized reaction conditions. 78 was synthesized from 1,3,5-triisopropylbenzene by Blanc
reaction. This time multiple chloromethylations were not observed therefore an excess of
paraformaldehyde and elevated temperatures could be used. The organozinc compound 79
was only formed at higher reaction temperatures with a small share of 1,3,5-triisopropyl-2-
methylbenzene and the homo-coupling compound 1,2-bis(2,4,6-triisopropylphenyl)ethane as
by-product. The dichlorophosphine species 80 was again generated by addition of 79 to
phosphorus trichloride. Based on prior investigations, the final elimination step of two HCI with
AgOTf and DABCO needed elevated temperature and a small reaction scale, to yield
reasonable amount of 81. After filtration of the reaction mixture, the isolated crude product was
purified by column chromatography and subsequent fractional distillation. 81 is highly light
sensitive and was stored at T = -20 °C in the darkness, to avoid precipitation of a green solid

within several minutes.

paraformaldehyde

) (3.0 eq) Zn (4.0 eq) PCl; (5.0 eq)
Tripp Tripp” >Cl Tripp” >znCl Tripp” “PCl,
95°C, 24 h 0 ultrasonic bath, 0°Ctort,16 h o

83/0 7500116h 58/0
1) AgOTf (2.1 eq)
2) DABCO (2.1eq)

Tripp” “PCl, Tripp—=
80 toluene,

50 °C, 1 h 81
37%

Scheme 39. Reaction sequence for the formation of 2,4,6-tri(isopropyl)phenylphosphaalkyne (81).

During the optimization for the reaction conditions of 81,%%8 the influence of temperature,
concentration and strength of the base as well as the polarity of the solvent was analyzed to
identify the elimination mechanism (E1 vs E2). The interrelationship between E1 and E2

mechanism and their competing Sn1 and Ss2 reactions were extensively studied by INGOLD
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and HUGHES.* Four parameters have the most impact on the two elimination types. The base
concentration and strength generally favor bimolecular reaction, leading to an enhancement
of E2. Increasing the solvent polarity favors unimolecular reactions by stabilization of the cation
intermediate. Elevated temperature improves both reactions, however E1 can exclusively be
improved by the reaction temperature. As a result, exclusive temperature dependence should
be an indication for E1, whereas additional dependence of the base strength should point out
an E2 mechanism. Table 5 summarizes the performed reactions.

Table 5. Reaction conditions for the investigation of the elimination step for the synthesis of 81. Except of the

reaction at T = 50 °C (1 h) the reaction time was 16 h. The reactions were performed with 50 mg of 80 or less in the
case of AgOTf additive.

KHMDS LDA DBU DABCO D:‘gBOCT(f)’

(2 eq) (2 eq) (2 eq) (10 eq) (2.1 eq)

50 °C toluene
20 °C toluene, MeCN toluene toluene MeCN MeCN
-20 °C MeCN toluene

The products were not isolated and the validation mainly conducted via 3'P NMR spectroscopy.
The strongest non-nucleophilic bases KHMDS and LDA did not yield any product, however,
DBU and DABCO did. The reaction with DBU, a base of moderate strength, also showed
several by-products. The selectivity could not be improved by lowering the reaction
temperature and the use of acetonitrile as solvent to stabilize the expected protonated DBU
species. Instead, no product formation was observed and even more by-products were found.
DABCO showed the best selectivity with two resonances in the 3P spectrum, one for the
product 81 (6 = 3.8 ppm) and another at 6 = 28 ppm. Under the assumption that the signal at
O(3tP) = 28 ppm corresponds to an intermediate, the reaction mixture was heatedto T = 75 °C
for 2 h. The signal at 6(*'P) =28 ppm stayed unchanged, whereas the product signal
completely vanished and many unspecific signals occurred. Presumably, 81 is not stable at
higher temperatures in the presence of chloride ions and excess of DABCO. An addition of
AgOTf seemed to prevent this. Certainly, the selectivity increases with declining basicity,
indicating a E1 mechanism by excluding E2. To verify this assumption, the temperature
dependency was analyzed. At T = 50 °C 53% of crude product 81 could be isolated, whereas
a reaction at T =-20 °C only yielded 14% of 81 after 16 h. Additional *H NMR data showed
that in both cases 1,3,5-triisopropyl-2-methylbenzene emerged as primary by-product (15% at
T =50 °C, 30% at T =-20 °C). It is for sure, that increased temperatures improve both, yield
and selectivity. Finally, the impact of the polarity was evaluated by the usage of acetonitrile
instead of toluene as solvent. Normally a polar solvent should stabilize the ionic intermediate
(carbocation) of an E1 mechanism, even though polar solvents are generally unfavorable for

eliminations. The reaction with acetonitrile at room temperature did not yield any significant



RESULTS AND DISCUSSION 77

amount of 81 according to the 3P NMR data. However, the isolated yield could not be specified
due to substantial elemental silver residue in the sample. The silver could not completely be
removed by filtration, probably due to complexation of the silver with the acetonitrile. Even
though most facts suggest an E1 mechanism, the negative impact of the basicity is
inconclusive, because in principle it should not affect the E1 mechanism, and cannot be

explained.

2.1.2.3.5 Synthesis of 3,5-di-(tert-butyl)phenylphosphaalkyne

The 3,5-di-(tert-butyl)phenylphosphaalkyne (86, Mdtbp-CP, Figure 33) with ‘Bu groups in meta
position should provide decent electron donating properties, while being less sterically
demanding than typical arylphosphaalkynes. Furthermore, it would show if steric protection of
the ortho position is needed to obtain a stable arylphosphaalkyne and if it is necessary to avoid
3-H-elimination during the C-CP activation process. For the synthesis of 86, 1,3-di-tert-butyl-
5-methylbenzene (82) was selected over 1,3-di-tert-butylbenzene as starting material due to
the much lower price and its predefined meta positioning of the 'Bu groups. Both synthetic
pathways, the zinc route and the hexamethyldisiloxane elimination were considered (Scheme
40).

Mdtbp—Me

Br (@) OH (0] Cl
{ NBS 1 KMnO, T SOCl, T
- —_— —_—
tBu tBu tBu tBu tBu tBu tBu tBu
83 82 87 88
Zn
- SiCHals
ZnBr Br, Il @—(0
5 1) AgOTf 84 SicH,
r3 2) DABCO B (SiMey)s
or
tBu tBu tBu tBu tBu tBu LiP(SiMe3),
84 85 86

Scheme 40. Planned reaction pathways for the synthesis of 86.

Except for the oxidation to the carboxylic acid 871%0-3¢2) the hexamethyldisiloxane elimination
route proceeded analogously to the sequence for supermesitylphosphaalkyne (76). The final
elimination step to receive 86, however, did not work no matter if P(SiMe3s)s or LiP(SiMes), was
used. In the 3'P{*H} NMR spectrum a resonance at = 123 ppm was found, indicating the
generation of [((3,5-di-tert-butyl)phenyl)(trimethylsiloxy)methylene]trimethylsilylphosphine as
observed in the analog reaction of Mes-CP (68). All attempts of basic catalysis to eliminate the

hexamethyldisiloxane failed. Thus, it was impossible to obtain 86 by this route.
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To follow the zinc route (Scheme 41), 82 was first brominated,®%3-3% then the organozinc
compound was formed and reacted with phosphorus tribromide to receive 85. The phosphorus
tribromide was used instead of phosphorus trichloride to avoid a mixed halogen product. The
3,5-di-(tert-butyl)phenylphosphaalkyne (86) could be obtained by double HBr elimination from
85 by addition of AgOTf and DABCO and purification by column chromatography in low yields.
86 is a colorless, probably temperature sensitive product and was stored in the absence of
lightat T =-20 °C.

Bu
NBS (1 eq) Zn (4.0 eq) PBr; (3.0 eq)
—_— Mdtbp/\Br —_— Mdtbp/\ZnBr —_— Mdtbp/\ Br,
CHCls, 83 DME, 84 DME, 85

tg 75°C,16h ultrasonic bath, 0°Ctort,16h
(Mdtbp—Me)

1) AgOTf (2 eq)

2) DABCO (2eq)

Mdtbp” ~PBr, Mdtbp—=
85 toluene, rt 86

23%

Scheme 41. Reaction sequence for the formation of 3,5-di-(tert-butyl)phenylphosphaalkyne (86).

2.1.2.3.6 Synthesis of 2,4,6-tris(trifluoromethyl)phenylphosphaalkyne

The 2,4,6-tris(trifluoromethyl)phenylphosphaalkyne (92, Ttfmp-CP, Scheme 42) should be
synthesized originating from 1,3,5-tris(trifluoromethyl)benzene (89) by following the
hexamethyldisiloxane elimination route. First, 89 was lithiated with nBuLi and then substituted
with CO; sublimated from dry ice yielding the carboxylic acid 91.3%! Several attempts with

P(SiMes); and the more reactive LiP(SiMes), were made to transform 91 to 92 (Table 6).

Table 6. Reaction conditions to transform 91 to 92.

# reagent solvent conditions

1 P(SiMes)3 THF 1) 23°C, 18 h; 2) 64 °C, 2 h
2 LiP(SiMes)2 THF 1) 23°C, 18 h;2)64 °C,2h
3 P(SiMes)3 toluene 70°C, 18 h

4 LiP(SiMe3)2 toluene 1) 70°C, 18 h; 2) 100 °C, 2 h
5 LiP(SiMes)2 toluene -15 °C, 20 min

Only for the addition of LiP(SiMes), at low temperatures (#5, Table 6) a new selective
resonance at 6(3'P) = 94.5 ppm occurred, which nearly matches with the calculated shift of
O(3P) = 108.5 ppm The NMR calculation were carried out by ERIC YANG of the GOICOECHEA
group at def2-mSVP level of theory, for details see the experimental part. However, all attempts
of isolation were unsuccessful. It is presumed that 92 is unstable and decomposes at higher

temperatures. Furthermore, it might be volatile and was accidentally removed in vacuo. Later
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attempts to collect the potential 92 in a cooling trap failed, but might have been afflicted by the

overall small reaction scale.

CF3 1) nBuLi (1.5 eq) o} o) N
E CQ 2) CO, (excess) PY PCls (1.25 eq) I LiP(SiMes), - 2 THF
3 _—

Ttfmp OH ——————— > Ttfmp Cl
Et,0, 90 CCly, 91 toluene

1) 010 80 °C, 2 h

Ttimp——=

CF; 1)-5°C,1h 92

?9 2)r, 16 h,
(THMP)  then HCI (10%)

32% 57%

Scheme 42. Reaction sequence for the formation of 2,4,6-tris(trifluoromethyl)phenylphosphaalkyne (92).

2.1.2.3.7 Attempted synthesis of di-, triphosphaalkynes

Succeeding with the aryl-mono-phosphaalkynes, the possibility for the synthesis of
polyphosphaalkynes was considered to later expand the scope for the preparation of potential
polycyaphido complexes. First, the diphosphaalkyne 97 (1,4-bis(phosphaethynyl)durene)
should be prepared, starting from 1,2,4,5-tetramethylbenzene (93, durene, Scheme 43)
following the zinc route, successfully applied to arylphosphaalkynes. The methyl groups in
ortho (and meta) position should be adequate to stabilize the resulting diphosphaalkyne as
previously shown for MesCP (68). Again, the Blanc reaction successfully provides the
chloromethylated product 94, showing two singlet resonances at & =4.28 ppm for the
methylene bridges and at & = 1.99 ppm for the four methyl groups in the *H NMR spectrum.
After addition of 94 to the activated Zn powder, only the signal of the methylene bridges shifted
to 6(*H) = 3.06 ppm, which is in line with the previously synthesized organozinc compounds
and matches the expectations for 95. However, several reactions with phosphorus trichloride
and tribromide failed. Thus, another method described by KNOCHEL et al. to avoid aggregation
of organozinc compounds was applied but furnished the same result.*¢"! A classical Grignard
reaction was also ineffective. All products were titrated against an iodine-THF solution but were
not able to discolor the solution, which indicated the absence of any Grignard compound. The
formation of a polymerization product is not plausible, due to the sharp *H NMR signals. Instead
the formation of the homo-coupling product, the methylated [2.2]paracyclophane (95a,
Scheme 43), is more likely and the 'H signals matches with the only published spectrum for
95a.%¢81 Even this reaction did not lead to the synthesis of a diphosphaalkyne, it might be a
much shorter and better yielding route towards [2.2]paracyclophanes compared to the

published six-step, low yielding route.
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paraformaldehyde

(3.0 eq) Cl ZnCl
ZnCl, (1.0 eq) Zn (8.0 eq) n
HCI, MeCOOH DME, cizr

120 °C, 76 h 94 ultrasonic bath,

rt, 16 h 95

95%

1) AgOTf
ZnCl Cls Cl2 2y pABCO o >/ \< o
Clzn Cl, >:<
95 96
methylated O
[2.2]paracyclophan w 95a

Scheme 43. Planned reaction sequence for the synthesis of 1,4-bis(phosphaethynyl)durene (97) and proposed
product 95a from reaction of 94 with elemental zinc.

A further attempt towards the triphosphaalkyne 105 (1,3,5-tris(phosphaethynyl)mesitylene)
started from mesitylene (60, Scheme 44). Already previously seeing the tendency of multiple
chloromethylation on 60, the conversion to 98 by applying the Blanc protocol was
straightforward and could be confirmed by single crystal diffraction (Figure 35). A aliquot
portion of 98 was converted to the iodide analog 99 via Finkelstein reaction.% Both 98 and
99 were reacted with activated zinc or magnesium to obtain the corresponding organometallic
compound. The reaction mixture was directly added to the phosphorus trichloride without
purification or analysis. However, only in the reaction of 103 with PCls, promising 3P NMR
resonances at 6=183.0 and 182.9 ppm, which match the calculated value of
O(3!P) = 184.5 ppm, could be monitored. The attempted isolation of the compounds, showing

those signals, by column chromatography was unsuccessful.
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Figure 35. Molecular structure of 98 in the crystal is already literature known but was remeasured to prove the
precursor identity for the intended synthesis of 97. Anisotropic displacement ellipsoids are shown at 50% probability
level. Hydrogens omitted for clarity.

Overall, the synthesis of polyphosphaalkynes by the zinc route failed at the step of the
generation of the organozinc compound, even under harsh reaction conditions. Consequently,
the hexamethyldisiloxane elimination route from the carboxylic acid stays the means of choice
for the preparation of diphosphaalkynes as demonstrated by CAMERON!%4-191 with two isolated

diphosphaalkynes and CROSSLEY®%-371 with temporary in situ generated diphosphaalkynes.

Cl
paraformaldehyde
(4.0 eq) Nal (4 eq)
HCI, MeCOOH Cl acetone, rt I
30°C,72h cl |
98

60 99
90% 10%
X Mg (9 eq) MX Cl,
or
Zn (9 eq) PCl; (9 eq)
X DME, MX DME, Cl,
X reflux, 16 h XM 0 °C to reflux Cl,
98 X = ClI 100 M = Mg, X = ClI 104
99 X = | 101 M =Mg, X =1
102 M =Zn, X =Cl
103M=2Zn,X=1
Cl
2 \\
1) AgOTf
2) DABCO o
Cly
C|2 //
104 105

Scheme 44. Planned reaction sequence for the synthesis of the 1,3,5-tris(phosphaethynyl)mesitylene (105).
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Table 7. NMR 3P signals of phosphaalkynes used for the synthesis of phosphaalkyne complexes.

number compound 3P NMR [ppm]

53 MesSiC=P 96.2
58 PhsSiC=P 112.4
59 PhsCC=P -49.2
68 MesC=P 1.5

81 TrippC=P 3.8

86 MtbpC=P -36.3
76 Mes*C=P 34.5

2.1.2.3.8 Electronic structure assay

For a deeper insight, all scheduled phosphaalkynes were analyzed by means of quantum
chemistry, especially in terms of their electronic properties. To get some reliable references
the well-studied HCP, MeCP and PhCP were included in the calculations. The geometry
optimizations were realized with the PBEh-3c method, which offered a good correlation of bond
distances and angles compared to the corresponding structurally characterized
phosphaalkynes. The found bond lengths of the phosphaalkynes C=P triple bonds are
summarized in comparison with their associated literature values in Table 8. The calculated
values for HCP and MeCP are a bit overestimated, whereas the larger arylphosphaalkynes

are very close to the experimental data.

Table 8. Calculated C=P distances of the synthesized and scheduled phosphaalkynes (PBEh-3c method) with their
associated literature values. 2 value for all CP bonds in the molecule, ¢ experimental values, ¢ experimental value
of 58 o-coordinated to a Ru complex, ¢ calculated value. MdtbpCP (86) = 3,5-di-(tert-butyl)phenylphosphaalkyne,
TtimpCP (92) = 2,4,6-tris(trifluoromethyl)phenylphosphaalkyne, durene(CP)2 (97) = 1,2-bis(phosphaethynyl)-
durene, Mes'(CP)s (105) = 1,3,5-tris(phosphaethynyl)mesitylene.

molecule C=P bond length [A] literature value [A]
HCP 1.529 1.542¢ (199
MeCP 1.535 1.544¢ B8]
PhCP 1.539 1.516°¢ (111
MesCP (68) 1.541 1.545¢ 372
TrippCP (81) 1.543 -
Mes*CP (76) 1.544 1.516¢ [164]
MdtbpCP (86) 1.539 -
TtfmpCP (92) 1.533 -
MesSiCP (53) 1.540 1.525¢ [116]
PhsSiCP (58) 1.539 1.530¢ ¥
TritylCP (59) 1.536 1.538¢ [80]
durene(CP)2 (97) 1.5412 -
Mes'(CP); (105) 1.5402 -

The molecular orbitals were calculated for the optimized structures using the B3LYP functional
with the def2-TZVP basis set and the def2/J auxiliary basis set. First, the energetic levels of
the HOMOs and LUMOs of HCP, MeCP, PhCP and MesCP (68) are evaluated towards the



RESULTS AND DISCUSSION 83

influence of the aromatic benzene ring for a subsequent comparison to their nitrile and
acetylene analogs (Figure 36). The HOMO energies continuously raise from HCP to MesCP
with a bigger step of 1.87 eV between MeCP and PhCP. The LUMO energies do not show a
clear trend but are decreased for the aryl systems. The HOMO-LUMO gaps shrink from HCP
to MesCP in correlation with the raised HOMO levels, making the arylphosphaalkynes to a
better 7-donor and slightly better m-acceptor. The lone pair at the phosphorus atom is always
significantly below the HOMO with the tendency to slightly rise in energy along the series from
HCP to MesCP, while the energy gap between the lone pair and HOMO increases from
1.98 eV for HCP to 2.98 eV for MesCP, making the arylphosphaalkynes also a better o-donor.
Due to the much higher energy level of the HOMO, a reaction via the m7-system will always be

highly preferable over a g-bonding.

LUMO
04 HOMO | 4
] —— lone pair
-1 - -
-2 -
-3 -
\j Y
-4 v 6.15 v 433 .
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S‘ _5 — ‘ -
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-8 — -
-9 I -
] — -_— HOMO-4 .
~10 4 S HOMO-2 HOMO-4 .
HOMO-2 §
—11 _ -
-12 T T T T
HCP MeCP PhCP MesCP

Figure 36. Calculated HOMO and LUMO energy levels as well as the phosphorus lone pairs for selected
phosphaalkynes.

To analyze the differences between the C=CH, C=N and C=P groups, phenylacetylene,
benzonitrile and phenylphosphaalkyne were compared. These molecules are fast to be
calculated, possess an aromatic benzene ring such as the relevant arylphosphaalkynes for the
scheduled activation and all atoms share one joint plane, which makes those systems
convenient to visualize in a 2D picture. The Laplacian of the electron density is depicted for all
three molecules in Figure 37, illustrating negative charge density between all bonds, which is
in line with the covalent character of the bonds.B™ The natural charge of the molecules was

evaluated by a natural population analysis (NPA), showing a negative charge between -0.14
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and -0.21 for all carbons of the phenyl ring of the three molecules. The charge distribution
between the C=CH, C=N and C=P group differ significantly. The carbon atom bound to the
phenyl group of the C=CH unit is nearly neutral (-0.02), whereas the carbon atom of the C=N
unit is positively (0.32) and the carbon atom of C=P unit is strongly negatively (-0.51) polarized.
In consequence, the outer carbon atom (-0.24) of the phenylacetylene and the nitrogen atom
(-0.38) of the benzonitrile is negatively charged, whereas the phosphorus atom (0.51) of the
phenylphosphaalkyne is positively polarized. These results are typical and in accordance with
the electronegativity of nitrogen and phosphorus. The natural bond orbital (NBO) analysis
displays a triple bond for each of the three molecules (C=CH, C=N, C=P) with a population of
six electrons. All three different triple bonds consist of one o-bond from sp*-hybrid orbitals and
two regular m-bonds. In the case of phenylphosphaalkyne the bonds are spitted in nearly equal
parts between the two carbon atoms. The occupancy of the triple bond of benzonitrile is slightly
in favor of the nitrogen atom, which have a share of 57% of the o-bond and 55% of both 7-
bonds. The electrons of the nitrogen lone pair are composed of nearly half of the s and the p
orbitals of the nitrogen. The C=P triple bond in the phenylphosphaalkyne is dominated by the
carbon with a share of 65% of the o-bond and 55% of both 17-bonds. The o-bond consists of a
0.81(sp®®). + 0.59 (sp?°1)p hybrid composition from carbon and phosphorus, whereas the
phosphorus lone pair has mostly s character (76%) and hardly p share (24%).

10.04

00 10 20 30 40 50 60 7.0 00 10 20 30 40 50 60 70
Length unit: Angstrom Length unit: Angstrom

Figure 37. Contour plot of the Laplacian of the electron density in phenylacetylene (left), benzonitrile (middle),
phenylphosphaalkyne (right). Positive contour lines are blue and negative contour dashed lines are red. In
parentheses are the values for the atomic partial charges received from the natural population analysis (NPA).

The charge transfer and a possible stabilization within each of the three molecules was
analyzed by second order perturbation theory analysis. In all three molecules, a stabilization
of around 21 kcal-mol* was found for the aromatic C-C bonds within the phenyl ring. The C=C
triple bond of the phenylacetylene participates with 12.4 kcal/mol to the aromatic system. The
C=N bond of benzonitrile provide an additional stabilization of 7.9 kcal-mol? to the aromatic

system and 9.5 kcal-mol? to the Cipso-CN bond by the lone pair. The phenylphosphaalkyne
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benefits from the 14.0 kcal-mol* stabilization provided by the CP bond to the aromatic system
and 13.6 kcal-mol? from the lone pair into the Cipso-CP bond. Overall, the electron density is
well-distributed in all three molecules, although it is visibly increased at the nitrogen side of the
C=N bond in benzonitrile and decreased in similar fashion at the phosphorus atom of
phenylphosphaalkyne (Figure 38), which is in accordance with the previously discussed
charges at the nitrogen and phosphorus atom. The electron localization function (ELF) plots
illustrate the localization of the electron pairs between atoms, displaying the location of the
bonds in the three molecules and the lone pairs at the nitrogen and phosphorus atom (Figure
39). As visible from the plot, the lone pair and the triple bond is more diffuse in the case of the

phosphorus atom compared to nitrogen atom.
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Figure 38. Color filed map of the electron density of phenylacetylene (left), benzonitrile (middle),
phenylphosphaalkyne (right).
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Figure 39. Color filled map of the electron localization function (ELF) of phenylacetylene (left), benzonitrile (middle),
phenylphosphaalkyne (right).

Complementary to the bonding situation, the HOMO and LUMO energy levels of all scheduled

phosphaalkynes including their acetylene and nitrile derivatives were calculated (Figure 40).

Along the whole series the HOMOs of the phosphaalkynes and acetylenes have a similar
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energy level, slightly in favor of the phosphaalkynes. Their HOMOs lie noticeable higher in
energy than the HOMOs of the nitriles. The energy gap between the phosphaalkyne and nitrile
HOMOs is roughly 0.5 to 1.3 eV, except for Ph;Si derivatives. The energy levels of the LUMOs
are decreasing in energy from acetylene, over nitriles to the phosphaalkynes. For the very
similar row of Mes, Tripp, Mes* and Mdtbp the energy gaps are approximately 0.5 eV, the other
derivatives do not show a clear trend. The HOMOs and LUMOs of the Ttfmp derivatives are
the lowest in energy of this series, due to the electron withdrawing ortho- and para-CFs groups.
Astonishingly, the HOMO-LUMO energy gaps are nearly identical for the acetylene and nitrile
derivatives, whereas the gaps for the phosphaalkynes are significant smaller (Figure 41). The

largest energy gap was determined for the MesSi and the lowest for the durene derivatives.

LUMO CP
HOMO CP
— LUMO CN
— HOMO CN
19 — LUMO CCH | 7]
1 — HOMO CCH ]

energy [eV]
I
1
|

-9 T T T T T

I I I I I
Mes Tripp Mes* Mdtbp Ttfmp Me,Si Ph,Si  Trityl durene Mes'

Figure 40. Calculated HOMO and LUMO energy levels for all scheduled phosphaalkynes and their acetylene and
nitrile derivatives. The durene derivatives possess two trans-units and the Mes! derivative three CP units in 1,3,5
position on a regular mesitylene (unit = CCH/CN/CP).
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Figure 41. HOMO-LUMO energy gaps of all scheduled phosphaalkynes and their acetylene and nitrile derivatives.
The durene derivatives possess two trans-units and the Mes! derivative three units in 1,3,5 position on a regular
mesitylene (unit = CCH/CN/CP).

The HOMOs and LUMOs molecular orbitals as well as the lone pair of all presented
phosphaalkynes have very similar shape, especially at the C=P group. As a representative,
TrippCP (81) is illustrated in Figure 42. The pronounced phosphorus lone pair is represented
by the HOMO-12 around 3.4 eV below the HOMO. The HOMO has an energy level of -6.1 eV
with a bonding m-orbital at the C=P unit, whereas the LUMO (-1.8 eV) is around 4.3 eV higher
in energy with an antibonding rm*-orbital at the C=P unit.
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lone pair

< A (HOMO-12)

Figure 42. Optimized structure and frontier molecular orbitals as well as the molecular orbital of the phosphorus
lone pair of TrippCP (81).

2.1.2.3.9 Reactivity tests of the isolated phosphaalkynes

As described in chapter 1.3.4 phosphaalkynes are predestined for cycloaddition reactions and
cyclizations on metals due to the polarization of the C=P triple bond. A common reaction type
is the pericyclic [4+2] cycloaddition with pyrones to generate a phosphinine (Scheme 45),
which was found by ROscH und REeciTz for the reaction of 2-pyrone with tert-
butylphosphaalkyne.*”® The functionalization of phosphinines via the pyrone route is limited
to the substitution pattern of the reagents. However, MULLER and co-workers demonstrated a

method to functionalize specific phosphinines after their preparation.E74-371

0 0]
0] [4+2] cycloaddition N
| + R—==P > /J P - |
X toluene, 4 - CO, AR
106 115 °C R

Scheme 45. General synthesis of a phosphinine by the pyrone route.

Due to the large steric demand of the 'Bu groups supermesitylphosphaalkyne (76) did not react
with 2-pyrone even at elevated temperatures. In contrast, mesitylphosphaalkyne (68) could
barely react with 2-pyrone or 3-bromo-2-pyrone in toluene at around T =100 °C to the
corresponding phosphinine (Scheme 46) in low yields of around 10%. The 3'P{*H} NMR
spectra displayed one signal at 6 = 208.9 ppm for 110 and two signals for the two possible
isomers of 111 (6 = 208.4 ppm) and 111a (6 = 221.8 ppm). It was not possible to separate the
two isomers, though the phosphorus signals of them could be distinguished by a *H3!P-HMBC

experiment. An exclusive qualitative proof for the reaction of the triphenylsilylphosphaalkyne
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(58) with 108 showed only one *'P{*H} signal at & = 239.6 ppm for 112, which can typically be
isolated by column chromatography.

0
]
o R [4+2] cycloaddition N - Br
“ | + R2= | _ | _
toluene 1 2
, R R
100°C - 130 °C, Mes
108 R'=H 58 R?= SiPh, 16 h 110 R" = H, R? = Mes 111a
109 R' = Br 68 R? = Mes 111 R" = Br, R? = Mes
112 R"' = H, R? = SiPhg

Scheme 46. Synthesized phosphinines by the pyrone route.

A Young NMR tube scale reaction of 58 with the dipyrone 113 was performed to investigate if
58 will react equally to the trimethylsilylphosphaalkyne (53), which yielded three different
compounds, the trimethylsilyl analogs of the pyrone substituted phosphinine 114, the
diphosphinine 115 and the trimer 116 (Scheme 47). The trimer 116 was formed by a cascade
reaction sequence involving product 114. The detailed mechanistic background of the four
consecutive reactions was analyzed by means of NMR spectroscopy and DFT calculations.F7¢
8771 Due to the increased steric demand of 58 a more selective reaction towards the
diphosphine 115 was expected. However, only the product 114 with a singlet at 6 = 237.4 ppm
could be observed in the 3!P{*H} NMR spectrum, next to several unknown impurities with a
resonance at around 6 = 20 ppm. The formation of 116 can be excluded because of the lack

of any P-P couplings in the spectrum.

excess

PhySi—= o OI
58 NN .
toluene,
130 °C,16 h =
SiPhs
114 115 116

Scheme 47. Investigated reaction of the dipyrone 113 with the phosphaalkyne 58. The assumed grey compounds
found for the analog reaction with MesSi-CP (53) were not formed in this reaction.

As demonstrated by REGITz et al., phosphaalkynes can react in regioselective [3+1]
cycloaddition reactions to the 3H-1,2,3,4-triazaphosphole (Scheme 48).B8 The selectivity is
caused by the polarization of the C=P triple bond of the phosphaalkyne.™® The steric demand

of the substituents influence the reaction time, but has almost no effect on the selectivity.*"*!

R' , _ R" [3+2] cycloaddition N=N
N=EN=N <—> N-N=N'| + R2-= - Ri-No Pge
toluene, rt

Scheme 48. Regioselective cycloaddition reaction to triazaphospholes.
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For reference reasons several triazaphospholes were synthesized as reliable source of 3P{*H}

NMR data and a selection of those are depicted in Figure 43.

Bn—N; Mes—Nj3 Dipp—N;
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Figure 43. Selection of synthesized phosphaalkynes with 31P{*H} NMR signals below.

Another interesting cyclization reaction of phosphaalkynes demonstrated by IONKIN and co-
workers yields triphospholes and tetraphospholes.7°-%8% Based on the hexamethyldisiloxane
elimination route, supermesitylphosphaalkyne (76) is in situ generated by reaction of 2,4,6-tri-
tert-butylbenzoyl chloride (75) with cesium (bis(trimethylsilyl)phosphide as phosphorus source,
which is in situ generated by an excess of CsF to P(SiMes)s. The formed
supermesitylphosphaalkyne (76) cyclizes in the ongoing reaction to the triphospholes 129 and
tetraphospholes 130 with significant number of by-products (Scheme 49). The mechanism is
not verified yet, but it is presumed that 129 is formed by an [2+1] cycloaddition reaction of two
molecules of 76 with 126 under loss of the trimethylsilyl groups caused by the high affinity of
silicon towards fluorine atoms and the favorable aromatization. The mechanism for the
formation of 130 is not assisted by any observation and exclusively speculative. The most
plausible would be an [2+1] cycloaddition reaction between 76 and an in situ generated
cesium azide (Cs-P=P=P) or cesium

phosphorus analog of

pentaphosphacyclopentadienide.84
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Scheme 49. Literature synthesis of 3,5-bis-(2,4,6-tri-tert-butyl-phenyl)-4H-[1,2,4]triphosphole (129) and 5-(2,4,6-tri-
tert-butyl-phenyl)-1H-[1,2,3,4]tetraphosphole (130) with by-products.

This reaction sequence was adapted towards the mesityl derivatives by using carboxylic acid
63. Due to the stepwise formation of the different reaction products during the course of the
reaction, it should be proven if MesCP (68) could be identified and isolated from the reaction
mixture at a certain time. In addition, the mesityl analog of triphospholes 129 and
tetraphospholes 130 should be synthesized. Surprisingly, the reaction progression for mesityl
was much slower then given for the supermesityl in the literature. Starting from the carboxylic
acid 63 it took 25 days for the complete conversion of all P(SiMe3); instead of around 5 to 10
days mentioned for 75. At no point of the reaction MesCP (68) could be identified, however the
direct precursors (E,Z)-[mesityl(trimethylsiloxy)methylene]trimethylsilylphosphine (66, Scheme
36) were already observed after around one day (Figure 44). Directly starting from MesCP (68)
to by-pass the hexamethyldisiloxane elimination significantly accelerated the reaction by
shortening the reaction time to 5 days (Scheme 50). Furthermore, the reaction is more
selective towards the triphospholes 131. Nevertheless, both reactions yielded some by-

products which did not fit the literature observations and could not be identified.

)oj\ (SiMeg); (1 eq) _. Cs  P(SiMey); (1 eq)
CsF (2.3 eq) CsF (2.3 eq) .
Mes Cl : Mes/<@>\Mes - : Mes—=
dioxane, dioxane,
63 90 °C, 25d 131 90 °C,5d 68

Scheme 50. Formation of 3,5-bis-(2,4,6-tri-tert-butyl-phenyl)-4H-[1,2,4]triphosphole (131) by hexamethyldisiloxane
elimination route (left) and shorted reaction my starting from the phosphaalkyne 68 (right).
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Figure 44. Reaction progress of 2,4,6-trimethylbenzoyl chloride (63) with CsF and P(SiMes)z monitored by 3P{*H}
NMR and the alternative approach starting from MesCP (68) instead of 63.

Even though 131 could be successfully isolated by this reaction the same molecule 133 with
sodium as cation can be much faster synthesized by addition of MesCP (68) to the sodium
pentaphosphacyclopentadienide (132, Scheme 51).1%¢2

+

Na+ Mes—— Na
_ 68 _
/ \
@ diglyme, Mes/<®>\Mes
132 M, 4h 133

Scheme 51. Synthesis of the triphosphole 133 starting from sodium pentaphosphacyclopentadienide (132).

SCHEER et al. demonstrated the different reaction behavior of MesCP (68) and Mes*CP (76)
with the tungsten complex [W(CO)s(thf)] (134). Two units of 68 cyclize, as most small
phosphaalkynes do, in the coordination sphere of the tungsten to 136 and three by-
products,*?®! whereas two bulky supermesitylphosphaalkynes (76) form a m-coordination
complex 135 (Scheme 52).1% This reaction was revisited with the new TrippCP (81), whose
steric demand is in between the other two phosphaalkynes. The reaction of 81 with 134
selectively yielded the cyclization product 137, which showed a singlet at 6 = 69.1 ppm in the
31p NMR spectrum.
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Scheme 52. Different reaction behavior of [W(CO)s(thf)] depending on the steric demand of the used
arylphosphaalkyne. The reactions were carried out in THF starting at room temperature and heated to T = 65 °C.
The [W] symbolize a [W(CO)s] fragment.[126. 134]

Another cyclodimerization can be achieved on the iron(0) precursor 138, which can be formed
from pentacarbonyl iron(0) and an excess of cyclooctene (coe) under low temperatures and
UV irradiation (Amax = 365 nm).[%8% The addition of tert-butylphosphaalkyne to 138 results in the
formation of the literature known iron complex 139 (Scheme 53).%1 The same reaction could
be carried out with MesCP (68). Surprisingly, the resulting complex 140 (6(3'P) = 76.9 (s) ppm)
was not published but an entry for its molecular structure in the crystal can be found in the
CCDC database and matches with the synthesized sample. In contrast to the reaction with
[W(CO)s(thf)], the addition of TrippCP (81) did not yield the Tripp derivative 141. Instead, five
independent 3P signals between & = 100 and 175 ppm were observed. None of them could
be isolated by sublimation, therefore uncontrolled decomposition of the dimerization product is

assumed.
coe (10 eq) R ;
hv R—= I, 139R='8u
Fe(CO)s t—> (coe),Fe(CO); —t> | '/R 140 R = Mes
pentane, pentane, Fe. 1M R = Tr
o o - pp
-40 °C, 2.5 h 138 40°Ctort, OC L CO

2h

Scheme 53. Phosphaalkyne cyclodimerization on the tricarbonylbis(cyclooctene)iron(0) complex (138).1384
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2.1.3 Preparation of phosphaalkyne complexes (m-complexes)

[(dippe)Ni(MesCP)] (142) and [(dippe)Pt(MesCP)] (143) were selected as an entry point in
search of suitable phosphaalkyne complexes of the type [(L)M(R)] (L = chelating (di)phosphine,
two phosphines; M = Ni, Pt; R = phosphaalkyne), in the following mostly called m-complex, for
the intended C-CP cleavage reaction. According to the 3!P and 'H NMR results, both
complexes were synthesized nearly quantitatively by addition of bis(diisopropyl-
phosphino)ethane (dippe, 8) and mesitylphosphaalkyne (MesCP, 68) to a toluene suspension
or a THF solution of Ni(COD), (36) or Pt(COD). (4) at room temperature. 143 could also be
synthesized by starting from tetrakis(triphenylphosphine)platinum(0), although the yield is very
low and the released triphenylphosphine could only be removed by sublimation under the

formation of other impurities (Scheme 54).

fPr . .
Pre. '\,Pr Pry / = Pr. Pr
ip [ \ g [ AN
ip ’Pr

> M— 11
/ \ -coD -coD s
L
toluene rt, 16 h Pr’ ipr Mes
36 M = Ni THF 39 M = Ni 142 M = Ni
4 M = Pt 41 M = Pt 143 M = Pt
1) dippe ’Pr\ /ipr
2) MesC [ \P
Pt(PPhs) t—1
¢ -4 PPh, s
THF, ipr” ipr  Mes
rt, 3d 143

Scheme 54. Preparation of [(dippe)Ni(MesCP)] (142) and [(dippe)Pt(MesCP)] (143) starting from Ni/Pt(COD): (top)
and synthesis of 143 starting from tetrakis(triphenylphosphine)platinum(0) (bottom).

The 3'P{*H} spectrum of 142 shows three low field shifted signals compared to the free ligands
(Figure 45). The doublet at 6 = 171.7 ppm belongs to the phosphaalkyne phosphorus atoms
which is in agreement with the predicted shift of the theoretical [([dmpe)Ni(MesCP)] (C1, dmpe
= 1,2-bis(dimethylphosphino)ethane) complex calculated by ERIC YANG (cf. 4.1 and 5.1). The
phosphaalkyne phosphorus of 142 couples with a coupling constant of 2Jpp = 16.6 Hz to one
of the diphosphine phosphorus atom at 6 = 70.9 ppm, which is most likely in trans position to
the phosphaalkyne phosphorus atom. As a doublet of doublets, it also couples to the other
dippe (cis-)phosphorus atom at & = 81.5 ppm with a coupling constant of 2Jpp = 34.0 Hz. An
explanation for the 3'P assignment will be later given for the platinum analog 143. Figure 46
shows a comparison of the H spectra of dippe (8, blue), MesCP (68, green) and
[(dippe)Ni(MesCP)] (142, red) with assignment of their hydrocarbon groups. The three well-
separated signals of the MesCP ligand can be easily detected, while the signals of the dippe

ligand are more complicated to identify, due to linking with each other by *H'H and H3P
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couplings and the loss of their previous molecular symmetry. All carbon atoms could be
assigned by the *C{*H} NMR measurement. The isopropyl group signals are in the area at
around 6 = 19 - 26 ppm, the aromatic carbons are between 6 = 128 - 150 ppm. The quaternary
carbon of the C=P moiety appears as a doublet of doublets of doublets, which is highly deep
field shifted to 6 = 231.8 ppm with respective coupling constants of Jcp = 80.1, 32.5and 4.7 Hz

to the phosphorus atoms.

Pr. Pr MesCP
\N_
i—1n .
, C A (d) dippe
g [ 81.5
ipy” ipr Mes 1(34.0)
' A (dd)
142 709
1(34.0, 16.6)
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171.7

3(16.6) ‘ ‘ i
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ll
1

ﬁ | A S VZ " L i
—1 — —
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 a

3 [ppm]

Figure 45. 31P{*H} NMR spectrum of [(dippe)Ni(MesCP)] (142) in benzene-ds with magnifications of the resonances.
Both ligands, dippe (8, green) and MesCP (68, blue), given as reference.
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Figure 46. 'H NMR spectra of dippe (8, blue), MesCP (68, green) and [(dippe)Ni(MesCP)] (142, red) in benzene-
ds to visualize the changed shifts of specific hydrocarbon groups after ligand coordination.

A comparison of the molecular structure of 142 with the nitrile complex!?* 2.21r (chapter 2.1.1,
Scheme 14) prepared by JONES’ et al. revealed the same expected square-planar coordination
(Figure 47). Due to the m-back donation for the nickel center into the antibonding 7* orbital of
the C=P triple bond, the C=P triple bond is elongated (1.6453(19) A), and its bond length is
closer to a C=P double bond (typically 1.67 A)?"l instead of a C=P triple bond (typically
1.55 A)113 The mesityl group of the coordinated mesitylphosphaalkyne is strongly bent
(142.88(14)°) away from the complex center in contrast to the linear configuration in free
mesitylphosphaalkyne. The bending of the aryl group in 142 is also significant larger than in

2.21 (136.1(4)°), due to the increased steric demand of the methyl groups in the ortho position.
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Figure 47. Molecular structure of 142 in the crystal (left). Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted for clarity. Selected bond lengths (A) and angles (°): C3-P3: 1.6453(19), P3-
C3-C4: 142.88(14). Molecular structure of 2.2 in the crystal (right), shown as ball-stick model. Hydrogens omitted
for clarity. Selected bond lengths (A) and angles (°): C1-N1: 1.225(6), N1-C1-C2: 136.1(4).

The platinum m-complex 143 revealed a similar 3'P{*H} spectrum as the nickel complex 142
with three main signals, one at 6 = 139.4 ppm for the phosphaalkyne moiety and two at
0 =82.0 and 73.1 ppm for the dippe unit. The C=P phosphorus signal of 143 closely matches
the predicted chemical shift of [(dmpe)Pt(MesCP)] (C7) at 6(**P) = 146.8 ppm. In contrast to
the nickel derivative 142, all resonances appeared as doublet of doublets this time, meaning
that the phosphaalkyne phosphorus atom couples to both dippe phosphorus atoms and those
also couple to each other. Furthermore, each resonance shows two additional resonances for
the platinum satellites, due to the 3PPt coupling. The correct assignment of these satellites,
depicted in Figure 48, can be verified by several parameters. First, the satellites possess an
specific intensity, which should be around 1/5 of the main signal, due to the natural abundance
of *°Pt of around 34% and the typical magnetic field strength of the used 400 MHz NMR
device.®! Second, the satellites must bear the same coupling constants and pattern as the
main signal. Third, the distance of both satellites from the centered main signal must be
identical. The phosphorus-platinum coupling constant for the phosphaalkyne moiety is
Jppt=230 Hz. The coupling of the diphosphine is substantially higher with over
1Jppt = 3000 Hz, the bigger coupling constant of 1Jpp: = 3210 Hz probably belongs to the
phosphorus atom in trans position to the phosphaalkyne phosphorus atom.8! The 3!P°5pt
coupling were also reversely confirmed by the 3P satellites found for the platinum signal at
0 =-4611 ppm in the %Pt{*H} spectrum (Figure 49). The cis/trans assignment of the
phosphorus signals in a platinum complex can be achieved by the 1Jptp and the 2Jp p coupling
constants. The 1Jpp coupling constant is mostly depending on the oxidation state of the
platinum, the molecular configuration and the involved ligand types. Generally, the Jpip
coupling constant of a phosphorus nuclei decreases with the o-donor ability of the ligand (e.g.,

Ph > Me" > PEt3) in trans position to it.[385-3%] Additionally, in almost all cases, the 2Jp » coupling
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constant in phosphorus containing metal complexes (P-M-P) is larger for phosphorus ligands
in trans vs. cis position to each other.3%4%° Based on the theoretical information and in
agreement with experimental literature datal*®Y, the cis dippe phosphorus atom was assigned
to the signal at 6(3'P{*H}) = 82.0 ppm (?Jpp = 37.3, 15.7 Hz) whereas the trans phosphorus
atom to the signal at O('P{*H}) =73.1ppm (3Jpp=37.4, 28.8Hz) relative to the
phosphaalkyne phosphorus atom. The *H NMR spectrum of 143 shows a better separation of
the hydrocarbon group signals than 142, but was further improved by 3P decoupling to identify
all groups (Figure 50). The 3C{*H} NMR is very similar to that of 142 with the quaternary carbon
of the C=P moiety at nearly the same shift (6 = 232.7 ppm (ddd, J = 83.1, 59.1, 8.7 Hz)),
however the second and third order doublets exhibit higher coupling constants. The molecule
143 shows a square-planar geometry (Figure 51). The C=P distance is 1.653(3) A, which is
negligible longer than found for the nickel complex (1.6453(19) A). The C-CP bond, which
should later be cleaved, is a bit shorter in 143 than in 142 (140.9(4) A vs. 142.88(14) A). Due
to the increased valence orbital size of the platinum compared to the nickel complex, the
general bond lengths to the surrounding atoms are increased by around 0.110 A to the dippe
phosphorus atoms, 0.179 A to the phosphorus atom and 0.081 A to the carbon atom of the
C=P unit. The bite angle of the nickel derivative 142 is about 3.6° wider, whereas the opposite

angle is around 3.3° narrower (Figure 52) than in 143.
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Figure 48. 3'P{'"H} NMR spectrum of [(dippe)Pt(MesCP)] (143) in tetrahydrofuran-ds with magpnification of the
MesCP phosphorus signal to highlight the 19Pt satellites of the C=P phosphorus. The blue dots and triangles assign
the 1°5Pt satellites of the two dippe phosphorus signals.
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Figure 49. 3'Pt{*H} NMR spectrum of [(dippe)Pt(MesCP)] (143) in tetrahydrofuran-ds with illustrated 3P coupling
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Figure 50. Stacked 'H (top) and *H{3'P} (bottom) NMR spectra of [(dippe)Pt(MesCP)] (143) in tetrahydrofuran-ds
to assign the hydrocarbon groups and to visualize the reduced coupling complexity by suppressing the H3'P

coupling.
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Figure 51. Molecular structure of 143 in the crystal. Anisotropic displacement ellipsoids are shown at 50%
probability level. Hydrogens omitted for clarity. Selected bond lengths (A) and angles (°): C1-P3: 1.653(3), P3-C1-
C2A: 140.9(4).

P3

Figure 52. Metal core with surrounding atoms of the molecular structure of 142 and 143 in the crystal. Anisotropic
displacement ellipsoids are shown at 50% probability level. Selected bond lengths (A) in blue and angles (°) in red.

After succeeding in the synthesis and isolation of [(dippe)Ni(MesCP)] (142) and
[(dippe)Pt(MesCP)] (143), a broad selection of m-complexes were prepared, based on the
different combination of (di)phosphines and phosphaalkynes. Main subject of the study was
the influence of the bite angle as a function of the size (methy, ethyl or propyl) of the
diphosphine backbone and, within each backbone size, the impact of the steric demand of the
phosphaalkyne as well as the effect of the bulk and electronic properties of phosphine
substituents. In addition, it should be clarified if chelating phosphines are necessary for the C-
CP cleavage process and if the hemilabile (diisopropylphosphinodimethylamino)ethane ligand

(29, dippdmae) might offers the possibility of catalytical cycloaddition reactions of the



RESULTS AND DISCUSSION 101

phosphaalkynes on the metal complex towards triphosphabenzene derivatives (Scheme 55).
Furthermore, the option of a Si-CP bond cleavage in silylphosphaalkyne should be

investigated.
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Scheme 55. Possible catalytic cyclotrimerization of phosphaalkyne in the presence of dippdmae-metal-
phosphaalkyne complex. Adopted scheme of cyclotrimerization of alkynes in the coordination sphere of nickel.[25!

Figure 53 gives an overview over the targeted m-complexes. Most representatives of the C;
(142 - 162) and C; (172 - 175) backbone fraction, with exception of the silylphosphaalkyne
based m-complexes (154 - 157), could be realized and were partly or fully characterized,
depending on their success towards the C-CP cleavage process. The preparation of the C;
backbone derivatives (163 - 171) were primarily limited by the instability of insufficient sterically
shielded phosphaalkynes. Furthermore, their reactions were less selective, which made it
more challenging to receive pure samples in reasonable yields. Table 9 presents the summary
of all T-complexes with their corresponding *'P{*H} NMR figures, as the most relevant method
for their characterization and comparison. All showed m-complexes were checked towards
their C-CP cleavage ability by heating to T=75°C in THF or T =100 °C in toluene and
irradiation with ultraviolet light (Amax = 365 nm) or violet light (Amax = 405 nm). Some samples
were also examined for possible chemical activation by addition of Lewis acids. The results of
those studies will be discussed in the next chapters (cf. 2.1.4.2, 2.1.5.1.1). This chapter
exclusively focuses on m-complexes either as selected representative of their class or their
success in the activation process. It should be already mentioned that all nickel based -

complexes as well as non-chelating and Cz backbone phosphine-based complexes showed
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no C-CP cleavage or other positive response to the activation process. Generally, all nickel

based m-complexes are colored yellow, whereas the platinum complexes are mostly dark

yellow to orange, with exception of the red C; derivatives.
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Figure 53. Scheduled phosphaalkyne complexes by addition of phosphine and phosphaalkyne to Ni(COD)2 or

P{(COD).



Table 9. Overview over the 31P{*H} NMR signals of the synthesized m-complexes. Values in parentheses were not found and are calculated. Red values are unreliable. 2 not all 3P
signals found, ® decomposition, ¢ two signals found for dippdmae due to two isomers, 9 synthesis failure most likely related to impurities in the dcppm ligand, € C-C=P activation by
UV (Amax = 365 nm) or violet light (Amax = 405 nm).
S1p{iH} Jep Jp pt S1p{*H} Jep Jept  SIP{*H} Jrp Jppt  PH{H}
m-compound nr P1 P1 P1 P2 P2 P2 P3 P3 P3 Ptl hve
[Ppm] [HZ] [HZ] [Ppm] [HZ] [Hz]  [ppm] [HZ] [Hz]  [ppm]
[(dippe)Ni(MesCP)] 142 | 172.6 16.4 82.2 33.9 71.8 33.9, 16.5 no
[(dippe)Pt(MesCP)] 143 | 1405 29.2,15.7 234 82.9 37.2,15.7 3056 74.0 37.1,29.1 3211 -4611 yes
[(dippe)Pt(TrippCP)] 144 | 1458 28.7,17.2 229 79.5 36.5,16.7 3044 70.7 36.5,28.2 3213 yes
[(dippe)Ni(Mes*CP)] 145 | 156.3 14.8 80.1 37.8 60.5 37.8,14.8 no
[(dippe)Pt(Mes*CP)] 146 | 126.5 28.8,18.7 167 78.0 39.0,18.7 3036 65.5 39.0,28.8 3283 -4576 no
[(dcpe)Ni(MesCP)] 147 | 169.6 16.9 70.4 35.6 62.2 35.6, 16.6 no
[(dcpe)Pt(MesCP)] 148 | 140.0 29.5,15.6 230 71.7 378,145 3056 65.8 37.7,29.4 3205 -4582 yes
[(dcpe)Ni(TrippCP)] 149 | 1711 16.8 67.1 32.6 59.6 32.6, 15.8 no
[(dcpe)Pt(TrippCP)] 150 | 149.9 29.1,17.5 217 69.2 35.4,16.7 3046 64.2 35.4,29.1 3212 -4578  yes
[(dcpe)Ni(MdtbpCP)]2 151 | (177.2) 58.9 39.6 50.6 39.6, 14.6 no
[(dcpe)Pt(MdtbpCP)] 152 | 137.3 31.0,19.7 204 69.6 33.4,19.4 2937 64.3 31.8 3178 yes
[(dcpe)Pt(Mes*CP)] 153 | 128.0 28.8,18.8 166 67.4  39.3,184 3045 58.9 39.2,28.1 3278 no
[(dcpe)Ni(MesSiCP)] 154 - - - - - - - - - - -
[(dcpe)Pt(MesSiCP)] 155 - - - - - - - - - - -
[(dcpe)Ni(PhsSiCP)]? 156 | (322.7) 75.4 29.3 66.0 29.3, 18.5 no
[(dcpe)Pt(PhsSiCP)] 157 | 287.9 30.9 129 72.5 33.3,6.7 3264 65.2 31.8 3221 no
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[(dcpe)Ni(TritylCP)]
[(dippdmae)Ni(MesCP)]°
[(dippdmae)Pt(MesCP)]¢
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112.3
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195.9
155.8
192.3
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126.0
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149.7
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15.0
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33.7,16.7
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13.8, 5.7
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[(PPh3).Pt(MesCP)]
[(PPh3).Pt(TrippCP)]
[(PPh3)2Pt(MdtbpCP)]
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96.9
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111.6

23.9,12.1
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It is worth to mention that the following discussion does not follow the chronological order of
the experiments performed in the laboratory. These started mostly with the C,-m-complexes
and based on the gained knowledge it could be estimated at an early stage whether the pursuit
of a certain ligand combination makes sense for the project or not. If not stated otherwise, the
preparation of the m-complexes follows the general synthesis starting from Ni(COD). or

Pt(COD), and addition of the phosphine and phosphaalkyne (Scheme 54).

The option for silylphosphaalkyne complexes was evaluated by using Me3SiCP (58) and the
bulkier Ph3SiCP (59). The attempt of getting the [(dcpe)Ni(MesSiCP)] complex (154) led to an
instant black solution upon addition of 58 to the mixture of [Ni(COD)] (36) and dcpe (30). Four
31p{1H} resonances were found at & = 161.7 (t), 94.1 (t), 79.1 (s) and 20.6 (s) ppm. The two
low-field shifted signals couple to each other with a Jpp = 21 Hz constant, indicating the
formation of a symmetrical compound taking three phosphorus atoms into consideration.
According to the integration in the 3P spectrum, the two singlets are independent compounds
and a possible [(dcpe)Ni(MesSICP)] complex represented by the signals at 6 = 161.7, 94.1,
79.1 ppm, similar to results for other rm-complexes, can be excluded. In addition, computational
3P NMR predictions for [(dmpe)Ni(MesSiCP)] (C2) suggest the shift of the C=P phosphorus at
o = 300.9 ppm. Heating the reaction mixture only converted the signal at 6(**P{*H}) = 20.6 to
169.1 ppm. Irradiation of the solution by a mercury high-pressure lamp (Amax = 365 nm)
equipped with a band-pass filter for A = 300 - 400 nm did not show any effect. The formation
of [(COD)Ni(dcpe)] (43) and [Ni(dcpe)z] (44) could be excluded (cf. chapter 2.1.2.2.6). The
analog reaction towards the platinum complex 155 resulted in a red solution, which slowly
turned black. The 3!P{*H} spectrum was dominated by unreacted Me3SiCP (58). Heating the
reaction mixture to T = 50 °C showed three independent singlets at 6(*!P{*H}) = 169.1, 60.0
and 45.1 ppm but without any platinum couplings. Crystals, not suitable for single crystal
diffraction, were isolated and characterized by NMR. The 3'P{*H} spectrum contains one
singlet at 6 = 64.5 ppm with platinum satellites (Jp,pt = 3542 Hz) and the *H confirms only the
presence of cyclohexyl groups. [(COD)Pt(dcpe)] (45) and [Pt(dcpe)] (46) could be excluded,
instead the structures 181 or 182 (Scheme 56), similar to the literature known complexes
[Pt(dppe)(SiHMe,),] and [Pt(dppe)(U-SiMe;)]., were assumed.*%? However, no 2°Si signal
could be found and the identity of the compound remained unknown. It is noteworthy that
RUSSELL et al. synthesized the Me3SiCP based platinum complex 2.20 and the palladium dimer
2.21 (Scheme 56).1%% The dimer 2.21 is stabilized by dppe, whereas 2.20 with its PPh;s ligands
decomposed rapidly at room temperature to multiple products, which might include a
pentametallic cluster like for the analogous palladium reaction. Similar reaction pathways are

also conceivable for the presented m-complex reaction.
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Scheme 56. Possible outcomes (181, 182) by attempting the preparation of [(dcpe)Pt(MesSiCP)] (155) and
performed reactions of MesSi-CP with Pt(0) or Pd(0) precursors by RusseLL and co-workers.[139]

The synthesis of [(dcpe)Ni(PhsSiCP)] (156) yielded exclusively four 3!P{*H} NMR signals for
two independent compounds (Figure 54). Interestingly, the fist compound (cf. signals C and D)
shows a similar shift, pattern and coupling constant as the two triplets found in the attempt of
synthesize complex [(dcpe)Ni(MesSiCP)] (154). This compound (signals C, D) was removed
from the reaction mixture by precipitation from pentane but decomposed during this step. The
signals A (6(3*P{*H}) = 75.4 ppm, (dd, Jpp = 29.7, 6.4 Hz) and B (8(**P{*H}) = 66.0 ppm, (dd,
Jrp =29.4, 18.8 Hz) of the remaining compound reflect the typical shifts and coupling
constants of m-complexes bearing a dcpe ligand and belong most likely to the desired product
156, which should have a similar 3'P shift for the C=P moiety (& = 322.7 ppm) as calculated
model complex [(dmpe)Ni(PhsSiCP)] (C3). Unfortunately, that was not recognized at this time
due to a lack of comparable dcpe complexes and shifts beyond & = 300 ppm were not
recorded. Nevertheless, the isolated compound was exposed to an array of violet light LEDs
(A = 405 nm) for several hours without showing any change in the 3P{*H} spectrum. Thus, an
activation of the C-CP bond can be excluded. In the analog reaction with platinum, the -
complex [(dcpe)Pt(PhsSiCP)] (157) was obtained (O(**P{*H}) =287.9 (calc. 267.5 for
[(dcpe)Pt(PhsSiCP)] (C5)), 72.5, 65.2 ppm) in combination with an unknown by-product at
O(3P{*H}) = 68.0 ppm (Figure 55). Even though the chemical shift of the by-product fits with
the [(COD)Pt(dcpe)] (45), the %Pt satellites did not match. Irradiation with violet light
(Amax = 405 nm) did not show any effect, hence no further studies on silylphosphaalkyne

complex were performed.
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The similar [(dcpe)Ni(TritylCP)] complex (158) could also be synthesized and shows a less
deep-field-shifted phosphaalkyne moiety of S(3'P{*H}) = 148.9 ppm (145.7 ppm calc. for
[(dmpe)Ni(TritylCP)] (C4)), whereas the dcpe phosphorus atoms possess similar shifts of
O(3P{*H}) = 71.9 and 56.4 ppm. 158 did not react under UV (Amax = 365 nm) or violet light
(Amax = 405 nm) irradiation. However, the 3'P{*H} spectrum revealed an additional set of signals
for a second species in addition to [(COD)Ni(dcpe)] (43) and [Ni(dcpe).] (44, Figure 56). Taking
into account the 3P NMR shifts of compound 2.21 (Scheme 56) reported by RUSSELL and co-
workers,**° and the excess of dcpe ligand, the formation of the [{(dcpe)Ni}z(H2-TritylCP)] dimer
complex is assumed but has not been verified.
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Figure 54. 3'P{1H} NMR spectrum of the reaction mixture of [(dcpe)Ni(PhsSiCP)] (156) in toluene with magnification
of the phosphorus signals of the two compounds (1: A, B; 2: C, D).
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Figure 55. 3'P{*H} NMR spectrum of [(dcpe)Pt(PhsSiCP)] (157) in tetrahydrofuran. The blue dots and triangles
assign the 9Pt satellites of the two dcpe phosphorus signals of the compound 157, whereas the green stars mark
the corresponding 1°°Pt satellites of an unknown by-product.
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Figure 56. 3'P{*H} NMR spectrum of [(dcpe)Pt(TritylCP)] (157) in tetrahydrofuran-ds. The signals A, B and C are
from a additional compound, presumably [{(dcpe)Ni}2(p2-TritylCP)].

The dippdmae m-complexes 159 - 162 are more sensitive than their dippe or dcpe counterparts
and easily react with most impurities within the reaction mixture making it challenging to isolate
them. Interestingly, the two 3'P{*H} signals for [(dippdmae)Ni(MesCP)] (159) appear at
6 = 165.7 and 39.2 ppm are broad multiplets, whereas the signals of [(dippdmae)Ni(Mes*CP)]
(161) are sharp doublets at d=157.4 and 57.7 ppm. The S3P{*H} spectrum of the
[(dippdmae)Pt(MesCP)] complex (160) suggests the assumption of two isomers in the case of
the less bulky MesCP (68), orientating the phosphorus atom of the dippdmea either cis or trans
to the phosphorus atom of the MesCP (Figure 57). The signal at 6(*'P{*H}) = 32.6 ppm with
the larger 3PPt coupling constant should be the m-complex with the phosphorus atom in
trans position. The bulkier supermesitylphosphaalkyne complex 162 showed, likewise to the
nickel derivative, only a set of two sharp resonances. Addition of an excess of the appropriate
phosphaalkyne to these complexes did not result in the catalytical formation of a
triphosphabenzene. Longer heating or irradiation with UV light (Amax =365 nm) led to
decomposition, especially with an excess of phosphaalkyne or impurities. Potentially, less
steric demanding phosphaalkynes might show positive results, but are generally unstable and

impractical for handling.
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Figure 57. 3'P{1H} NMR spectrum of [(dippdmae)Pt(MesCP)] (160) in tetrahydrofuran-ds. The blue dots and
triangles assign the 9Pt satellites of the dippdmae phosphorus signals.
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The non-chelating m-complexes 178 - 180 were synthesized by addition of the appropriate
phosphaalkyne to ethylenebis(triphenylphosphine)platinum(0) (183, Scheme 57). The 3P{*H}
spectra of these complexes reveal three signals, a doublet of doublets at approximately
6 = 100 ppm for the phosphaalkyne, a triplet at about 6 = 30 ppm and a doublet of doublets at
about & =25 ppm. The 3!P®Pt coupling constants of the phosphaalkyne and phosphine
phosphorus atoms are larger than the correlating derivatives with chelating diphosphines.
Compound 180 slowly decomposed or reacted to non-specified compounds and, a potential
C-H activation, as observed by JONES et al. for benzonitrile might be implicated (cf. chapter
2.1.1, Scheme 18).1%%° The molecular structures of 178 - 180 were not determined, however a
square-planar coordination environment around the metal center in compliance with the
chelating derivatives is expected, as found for the diphenylacetylene counterpart.*?34%! No

photochemical activation was observed for the non-chelating m-complexes 178 - 180.

Phs =C-R Phs™ 178 R = Mes
P - Pt—i 179 R =Tripp
Phj THF Ph, i 180 R = Mdtbp
183 R

Scheme 57. Preparation of arylphosphaalkyne-bis(triphenylphosphino)planitum complexes.

All examined C3 m-complexes with mesitylphosphaalkyne are stable. Their 3P chemical shifts
are given in Table 9. Even the platinum derivative 174 did not react by irradiation with UV
(Amax = 365 nm) or violet light (Amax = 405 nm). The molecular structure of [(dcpp)Ni(MesCP)]
(173) revealed an increased bite angle of around 10° and slightly increased nickel bond
distances of 0.014 A on average against the C, backbone derivative [(dippe)Ni(MesCP)] (142,
Figure 58).
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Figure 58. Molecular structure of [(dcpp)Ni(MesCP)] (173) in the crystal. Anisotropic displacement ellipsoids are
shown at 50% probability level. Hydrogens omitted for clarity. Selected bond lengths (A) in blue and angles (°) in
red.

The synthesis of the C; m-complexes differs a bit from the other m-complexes. For the best
results, it is important to add dtbpm (15) or dcpm (21) at low temperatures (T = -30 °C) under
vigorous stirring and allow the reaction mixture to warm to room temperature or, even better,
heat to around T = 35 °C. After stirring the red solution for 3 h, the phosphaalkyne was added
dropwise at T =-30 °C under vigorous stirring until the reaction solution turned bright red or
golden, before allowing to warm up to room temperature and stir for additional 16 h. There are
two reasons for that. Firstly, the reaction yields unknown by-products if performed at room
temperature. Secondly, the formation of the intermediate [(P,P)M(COD)] and the final
phosphaalkyne complex [(P,P)M(R-C=P)] takes much more time than for the other m-
complexes with larger bite angles. Those effects are more prominent for the sterically more
demanding dtbpm (15) ligand. Too fast addition of the C;-diphosphine ligands might lead to
intermolecular reactions and the formation of metal dimers or even clusters (cf. chapter
2.1.2.2.6, Scheme 32), but that was never investigated. The choice of the phosphaalkyne also
influences the formation and/or stability of the generated m-complex. In general, all MesCP C;
m-complexes seemed to be unstable, especially in the case of dtbpm (15). Directly after
applying MesCP to the reaction mixture of [(dtbpm)M(COD)], promising 3P{*H} resonances of
a potential [(dtbpm)M(MesCP)] complex were observed, but these resonances disappeared in
the further course of the reaction. In the end, only the [(dcpm)Ni(MesCP)] (167) could be
monitored without doubt. In contrast, all TrippCP derivatives could be detected by means of
31p{*H} NMR spectroscopy. The most relevant representative, [(dcpm)Pt(TrippCP)] (170), was
successfully isolated and fully characterized. The 3'P{!H} spectra of the Ci m-complexes

revealed the typical signal pattern, however, the gap between the phosphaalkyne and the two
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phosphine signals is the largest in the row of the synthesized arylphosphaalkyne m-complexes
with & = 178 ppm for [(dcpm)Ni(TrippCP)] (169) and 6 = 162 ppm for the platinum derivative
170. The nickel m-complexes [(dtbpm)Ni(TrippCP)] (165), [(dcpm)Ni(MesCP)] (167) and
[(depm)Ni(TrippCP)] (169) did not react if exposed to violet light (Amax = 405 nm), whereas the
platinum complexes slowly converted into a new species, which will be discussed in detail in
the next chapter (2.1.4.2). The 3P{*H} spectra of [(dtbpm)Pt(TrippCP)] (166) and
[(dcpm)Pt(TrippCP)] (170) are depicted in Figure 59. The smaller P*'Pt'® coupling constants
of around Jpp = 2600 Hz for the phosphine signals of both complexes are conspicuous
against the typical values of more than 1Jpp: = 3000 Hz. The ¥C{*H} signal of the C=P units
was found in the typical area of around &= 225 ppm (166: 224.5 ppm, 170: 221.5 ppm),
although the *Pt{*H} signal of &=-3991 ppm, measured for 170, is downfield shifted
compared to the values at around & = -4500 ppm found for the C, platinum m-complexes. The
noticeable shift in the %Pt NMR, together with the significant change of the **Pt3'P couplings,
indicates the impact of the narrow bite angle, which also impairs the orbital overlap between
the phosphine phosphorus atom and the platinum atom.[301 406-4%8] The molecular structure of
170 in the crystal has a square-planar geometry. The methylene carbon C17 lies in the plane
of the platinum bonded phosphorus atoms. The platinum bond lengths are slightly elongated
compared to the C, m-complexes 143 (Figure 60), whereas the C=P distance is unchanged.
The bite angle of 170 is substantial decreased by 14°, whereas the corresponding angle (P1-
Pt1-C1) is identical. Consequently, the two wider angles between the diphosphine phosphorus
atoms and C=P moiety are further enlarged. The aryl group of 170 (P1-C1-C2: 147.5(2)°) is
less bent from the ideal 180° than in 143 (140.9(4)°), even though it is bulkier (Tripp vs Mes).
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Figure 59. 3'P{1H} NMR spectrum of [(dtbpm)Pt(TrippCP)] (166, top) and [(dcpm)Pt(TrippCP)] (170, bottom) in
tetrahydrofuran-ds. The blue dots and triangles assign the %Pt satellites of the dtbpm (top) and dcpm (bottom)
phosphorus signals.

Figure 60. Molecular structure of [(dcpm)Pt(TrippCP)] (170) in the crystal. Anisotropic displacement ellipsoids are
shown at 50% probability level. Hydrogens omitted for clarity. Selected bond lengths (A) in blue and angles (°) in
red.

The most relevant compounds for the study were the C, arylphosphaalkyne complexes. They
are stable and could be isolated almost purely and in quantitative yields. Even though the

stoichiometry of the ligands needs to be very accurate (1 eq) to avoid the formation of
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undesired by-products, the generated m-complex are remarkable stable at room temperature.
Supplementary addition of chelating diphosphines did not yield the corresponding [M(P,P)2]
dimer by liberating the phosphaalkyne. The lightweight nickel m-complex [(dippe)Ni(MesCP)]
(142) could be purified by sublimation. The sublimation of the heavier [(dippe)Ni(Mes*CP)]
(145) and platinum based complexes like [(dippe)Pt(MesCP)] (143) already resulted in product
mixtures and decomposition products. All platinum derivatives, with the exception of the
supermesitylphosphaalkyne complexes [(dippe)Pt(Mes*CP)] (146) and [(dcpe)Pt(Mes*CP)]
(153), reacted upon irradiation with UV (Amax = 365 nm) or violet light (Amax = 405 nm), for
details see chapter 2.1.4.2. None of the nickel m-complexes reacted by photolysis. The 3'P{*H}
spectra of the C, m-complexes show three signals with typical pattern. The phosphorus atom
of C=P unit has a shift range between & = 126 and 172 ppm. The shifts of the nickel complexes
are in average 6 = 30 ppm higher (deeper downfield shifted) in comparison to their platinum
analogs. The diphosphine signals are between 6 = 59 and 83 ppm with the same value for the
analog nickel and platinum complexes within the uncertainty of measurement. The platinum
complexes possess supplementary %Pt satellites with values of between Jpp = 166 and
230 Hz for the C=P unit, around 1Jp pt = 3000 Hz for the deeper downfield shifted phosphorus
atom of the diphosphine group and around Jp p: = 3200 Hz for the second phosphorus atom.
The 3P shift for the C=P units of [(dcpe)Ni(MesCP)] (147, exp. 169.6, calc. 183.8 for C1) and
[(dcpe)Pt(MesCP)] (148, exp. 140.0, calc. 146.8 for C7) was computationally calculated as
reference point for further predictions and is in reasonable agreement with the found values,
taking in account that the cyclohexyl groups were replaced with methyl groups to reduce the
calculation time. A spin simulation of the platinum complex 148 is in excellent agreement with

the measure spectrum (Figure 61).
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Figure 61. Measured (top) and simulated (bottom) 3'P{*H} NMR spectrum of [(dcpe)Pt(MesCP)] (148). Scale in
ppm.

Figure 62 lists the 3'P{*H} spectra of all platinum C, m-complexes to visualize some 3'P{*H}
NMR tendencies. All dippe signals appear at a deeper low-field shift than the dcpe signals.
Furthermore, the signal gap between the two phosphorus signals of the diphosphine is larger.
Interestingly, there is a significant difference in the shifts of the C=P phosphorus atom. Taking
the MesCP complexes 143 and 148 as reference, the signals of the analogous Mes*CP
complexes 146 and 153 are less high-field shifted, whereas the signals of the TrippCP
complexes 144 and 150 are clearly more low-field shifted, leading to a significant larger shift
gap Ad (Figure 62) between the C=P phosphorus and the next diphosphine signal. The NMR
chemical shift is depending on the shielding of the atomic nucleus by the electrons (magnetic
susceptibility; cf. Shoolery's rule).*® Inversely, the chemical shift also represents the
electronic situation of an atomic nucleus. Already anticipating the results of the m-complex
activation, the best outcomes were achieved by m-complex with the largest shift gap Ad within

a class; namely the TrippCP complexes 144 and 150.
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Figure 62. 3'P{*H} NMR spectra of the synthesized C: arylphosphaalkyne platinum complexes. The Ad [ppm] value
is the shift difference between the C=P phosphorus signal an the highest shifted (left) phosphorus of the
diphosphine.

The molecular structure of the C, m-complexes in the crystal shows a slightly twisted square-
planar geometry. Taking [(dcpe)Pt(MesCP)] (148) as example, the twist is induced by the dcpe
ligand with one bridging carbon (C15) above and the other (C14) below the (Figure 63)
imaginative plane spanned by the three phosphorus atoms. The bond length and angles
including the platinum core as well as the C=P distance comply with those found for
[(dippe)Pt(MesCP)] (143, cf. Figure 52). The Mes group is marginal less bent with an P3-C41-
C23 angle of 145.7(8)° against 140.9(4)°.
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Figure 63. Molecular structure of [(dcpe)Pt(MesCP)] (148) in the crystal. Anisotropic displacement ellipsoids are
shown at 50% probability level. Hydrogens omitted for clarity. Selected bond lengths (A) in blue and angles (°) in
red.

The molecular structures of [(dippe)Ni(Mes*CP)] (145) and [(dippe)Pt(Mes*CP)] (146) are
analogously to the previous discussed molecular structures of [(dippe)Ni(MesCP)] (142) and
[(dippe)Pt(Mes*CP)] (143) with slightly wider bond angles for the nickel complex for the P1-
Nil-P2 and the opposite angle (Figure 64). Surprisingly, the Mes* group is in both cases (145:
150.9(1)°, 146: 149.5(5)°) even less bent, closer to ideal 180°, than found for the analog mesity!|
complexes. However, the ipso carbon of the supermesityl ring of both complexes 145 and 146
is bent around 15° out of aromatic plane. This effect is in correlation with the steric demand of
the groups in ortho position. A comparison of the platinum structures 143, 170 and 146 bearing
the MesCP, TrippCP and Mes*CP revealed an increase of this out of plane bending trend from

around 1, over 7 to 15°.
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Figure 64. Molecular structure of [(dippe)Ni(Mes*CP)] (145, left) and [(dippe)Pt(Mes*CP)] (146, right) in the crystal.
Anisotropic displacement ellipsoids are shown at 50% probability level. Hydrogens omitted for clarity. Selected bond
lengths (A) in blue and angles (°) in red.

To complete the row of d!® metals, the two palladium complexes [(dippe)Pd(MesCP)] (184)
and [(dcpe)Pd(MesCP)] (185) were synthesized (Scheme 58). The preparation was realized
with tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s) or tris(dibenzylideneacetone)-
dipalladium(0) (Pd:(dba)s) instead of Pd(COD),. Even though Pd(COD), can be synthesized
by the same method as its platinum derivative, the whole preparation including the isolation
must take place at low temperatures not exceeding T = -25 °C.[278-27% The reported yields are
low and the compound itself highly sensitive, therefore other Pd(0) precursor were more
reasonable for a prove of concept reaction. The major drawback of starting the synthesis with
Pd(PPhs)4 or Pdx(dba); is the product isolation. The liberated triphenylphosphine has a similar
solubility as the product 184, which could not be separated by column chromatography or
sublimation due to its highly sensitive nature. The same issue applies to the isolation attempt
of 185, although the dibenzylideneacetone could be mostly removed by washing 185 with hot
hexane if accepting very low yields (> 15%). Both palladium complexes 184 and 185 did not
react upon heating to T=65°C in THF but decompose upon irradiation with UV
(Amax = 365 nm) or violet light (Amax = 405 nm) within several hours. Due to the lack of any
evidence for C-CP cleavage capability and the general higher sensitivity of the palladium

complexes, no further investigations were conducted.
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Scheme 58. Preparation of [(dippe)Pd(MesCP)] (184) and [(dcpe)Pd(MesCP)] (185).

The 3P NMR studies revealed a similar pattern as for the nickel and platinum complexes. The
palladium complexes possess the lowest shift for the C=EP moiety with & = 97.2 ppm for 184
and 6 = 97.2 for 185, which is in line with the predicted value of around & = 108 ppm for the
hypothetical [(dmpe)Pd(MesCP)] (C6) complex. The 3P NMR signals of the dippe and dcpe
groups are approximately 6 = 10 ppm less downfield shifted than for the Pt analogs (Figure
65). The H spectra follow this tendency with less low-field shifted signals such as illustrated
for the *H{®!P} spectrum of [(dippe)Pd(MesCP)] (184) in Figure 66.
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Figure 65. 3'P{"H} NMR spectra of [(dippe)Pd(MesCP)] (184, red) and [(dcpe)Pd(MesCP)] (185, blue) in
tetrahydrofuran-ds.
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Figure 66. *H{2*P} NMR spectrum of [(dippe)Pd(MesCP)] (184) in benzen-ds.

The approach to transfer this concept to d° transition metals by applying either dippe together
with  MesCP or dcpe with TrippCP to the commercially available [Rh(COD).]BFs or
[Ir(COD).]BF4 only let to decomposition and the formation of double chelate complexes of the
kind [(P,P)2Rh/Ir]BF4. The connectivity structure could be proven by the single crystal X-ray
diffraction analysis of [Ir(dcpe).]BF. (Figure 67). The d® transition metals for the C-CP slitting
were not investigated further, however, it is assumed that rhodium precursor, like [Rh(dippe)(u-
K - THF)]2, with the metal in the formal oxidation state of -l are potentially suitable for the
cleavage reaction as it was already demonstrated for the C-CN cleavage by JONES and co-

workers. 1248l

Figure 67. Connectivity structure of [Ir(dcpe)2]BF4 in the crystal, shown as ball-stick model. Hydrogens, four co-
crystalized toluenes and BF4 anion omitted for clarity.
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2.1.4 Preparation of cyaphido complexes (o-complexes)

2.1.4.1 Coordination Modes

For a deeper understanding of the chemistry of cyaphido ligand, DFT calculations were
performed to gain insight into the frontier molecular orbitals of the cyaphido ligand with respect
to the well-established cyanido ligand.*'% The MO scheme (Figure 68) reveals similar energy
levels for the HOMOs, indicating that the cyaphido and cyanido ligand possess similar o-donor
strengths. In contrast, the degenerate LUMO and LUMO+1 of C=P" is energetically stabilized
by 3 eV. In addition, the degenerate HOMO-1 and HOMO-2 are destabilized by 0.6 eV in the
cyaphide anion. Since these two orbital sets correspond to ™ and 1 orbitals, cyaphido has

slightly better m-donor and much stronger m-acceptor properties than cyanide.
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Figure 68. MO Scheme for CN™ and CP- (left) and selected MOs of CP- (right).

Calculations of the CO-stretching vibrations, ¥co, of generic nickelates [Ni(CO)sCE] (E = N, P)
were performed (Figure 69). The lower CO-stretching vibrations of the n*-cyaphido complex
are provoked by stronger electron back-donation into the m*(CO) orbitals with respect to the
cyanido complex, which refers to a higher electron density at the metal center and the slightly
better net-donor characteristics of C=P-. The C=P bond length of [Ni(CO)s;CP] was calculated
to be 1.582 A, whereas the C=N distance of the cyaphido analog was assigned to be 1.607 A
long. Interestingly, a second minimum structure for [Ni(CO)sCP]" was found, where the
cyaphide anion is coordinated in a side-on fashion ([Ni(CO)s{n?-CP}],, Figure 69). While this
isomer is higher in energy than for the o-coordinated nickelate (AE =20.9 kcal-mol?), the

calculated Vco values are similar. This finding hints to the strong m-donor abilities of the
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cyaphide anion. The m-coordination led to an elongation of the C=P bond distance (1.622 A)
in [Ni(CO)s{n>-CP}]".

[Ni(CO);CNJ [Ni(CO);CPI~ [Ni(CO)5{n>-CP}]~

Veo= 1962, 2025 cm™ 1957, 2017 cm™! 1957, 1968, 2019 cm™

Figure 69. Calculated structures of generic nickelates [Ni(CO)sCE]- (E = N, P) and the wavenumbers of the CO-
stretching vibrations.

The m-coordination mode represents the minimum energy structure of the homobimetallic
complex [(Ag(NH3)2{p-n*:n>-CP}]*. While the analogous cyanido complex [(Ag(NHz){p-n*:n*-
CN}J* shows a linear bridging mode of the central cyanide ligand, the cyaphido ligand binds
one silver atom via the carbon atom (o-coordination, Ag-C 2.001 A) and the second silver atom
is bound via the 17-system (Ag-C 2.138 A, Ag-P 2.651 A, Figure 70). EDA-NOCYV calculations
show that the cyaphido ligand in this complex acts simultaneously as a m-donating
(25.3 kcal-mol™) and m-accepting ligand (12.8 kcal-mol™). This is in accordance with the rather
small energy gap between the HOMO-1/HOMO-2 and the LUMO/LUMO+1 orbitals in C=P~
(5.3 eV, Figure 68).

v

Figure 70. Structure of the calculated homobimetallic complexes [(Ag(NH3)2{u-n*:n*-CN}]* (left) and [(Ag(NH3)2{u-
n-:n*-CP}]* (right).

When the two [Ag(NH3)]* fragments in those complexes are formally replaced by sterically
demanding metal fragments, namely a [Ru"(NHs)s]?* and a [Ru"(NHs)s]** fragment, dinuclear
paramagnetic complexes are obtained, which were analyzed towards the influence of the
bridging ligand (CN or CP) on the electronic ground state structures. The bridged cyanido
complex [RU"(NHs)s-CN-Ru"(NHs)s]** retains its linear M-CN-M structure (Figure 71). In the

analogous cyaphido complex, the C=P- ligands now also adopts a o-bridging mode, however
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in a zig-zag fashion (Ru-C-P 158.0°, C-P-Ru 144.0°, C-P 1.664 A). Not only do the structures
of these two complexes deviate from each other, their electronic structures also show some
profound differences: In the cyanido complex, the spin-population is exclusively located on the
formal Ru(lll)-fragment, which coordinates to the nitrogen atom of the cyanido ligand. In
contrast, the spin-population in the cyaphido complex is rather evenly distributed over the
whole molecule (Ru: 0.4 each, CP: 0.2). Therefore, the cyanido complex can be described as
a Ru(IN-Ru(lll) complex, whereas the corresponding cyaphido complex is best described as a

mixed-valent complex where each ruthenium center formally has an oxidation state of +2.5.

o
B

w [N

Figure 71. Structure of the calculated homobimetallic complexes [Ru"(NH3)s-CN-Ru(NHz)s]** (left) and [Ru"(NHz3)s-
CP-Ru"(NHa3)s]** (right).

In summary, these calculations show that the cyaphide anion is not only a fundamental
curiosity, but also has the potential to access metal complexes with markedly different
properties than their corresponding cyanido complexes. Particularly, in dinuclear complexes in
which the first metal center is terminally coordinated to carbon of the cyaphido ligand, resulting
a metallaphosphaalkyne [M]-C=P, and the second metal center [M’] might coordinate in a side-
on n2-fashion to the C=P triple bond, due to the energetically low-lying m*-orbitals of the C=P
ligand. If this n',n?>-mode is denied by steric interactions, a trans bent [M]-C=P-[M’] unit might

be feasible.*4

2.1.4.2 Attempts to synthesize cyaphido complexes

All stable m-complexes of the selected compounds 142 - 180 (cf. 2.1.3, Figure 53) were
examined towards the described potential C-CP cleavage reaction by thermal or primarily
photolytic activation (cf. 2.1.1). Selected complexes were also subject of a chemical activation
process with boron-based Lewis acids, which will be discussed later. As mentioned in chapter
2.1.3, the light induced intramolecular cleavage reaction could exclusively be observed for
specific platinum complexes. In the following, C-CP cleavage complexes bearing an end-on,
n* bonded cyaphido ligand will simply called o-complex to keep the unified nomenclature,

introduced with the side-on, n? bonded phosphaalkyne m-complexes.

The first positive result was found when [(dippe)Pt(MesCP)] (143) was irradiated with UV light

of a high-pressure mercury lamp (100 W) with Anax = 365 nm in toluene and later in THF for
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12 h. The 3'P{*H} NMR spectrum shows three additional high-field shifted signals with changed
31p3lp and 3PPt coupling constants for the C-CP cleavage product [(dippe)Pt(CP)(Mes)]
(1430, Figure 72). The doublet of doublets at 6 = 97.8 ppm belongs to the phosphorus atom
of the newly generated cyaphido ligand, which is about & =40 ppm upfield shifted in
comparison with the phosphaalkyne phosphorus atom in 143. This high-field shift was
expected, due to the enhanced shielding of the phosphorus nucleus and is in line with the
predicted shift of &('P) =85.8 ppm for the C=P phosphorus atom of the envisaged
[(dmpe)Pt(CP)(Mes)] (C7o) complex. The 3P1%Pt coupling constant of the cyaphido ligand in
1430 is significantly increased in comparison to 143 from 1Jppt = 234 Hz to 2Jppt = 340 Hz,
even though the coupling is increased from 1J to 2J, presumably due to the improved alignment
of the C=P moiety near to linearity towards the Pt center along the Pt-C=P axis. The 3!P{*H}
NMR signals of the two phosphorus atoms of the dippe ligand are 6 = 16 ppm upfield shifted
to 6 =67.3 and 56.2 ppm and appear as a doublet. Both signals show drastically decreased
31p1%5pt coupling constant values over the m-complex precursor. Presumably, the 3P cis- and
trans-signals of the dippe ligand are still identically arranged as found in the signal order of the
m-complex 3P NMR spectrum. The cis phosphorus atom with *Jp pr = 1653 Hz of 1430 is more
low-field shifted than the trans phosphorus atom with Jp s = 2169 Hz. Both coupling constants
are in good agreement with the theoretical background, which was previously discussed for
the m-complex 143. Moreover, the cis phosphorus atom of 1430, which is in trans position to
mesityl group, matches the typical 1Jp pt coupling constant of around 1700 Hz, which is found
for dppe phosphorus atom in trans position to a phenyl group.“**! Furthermore, the %°Pt3'p
coupling constant of the trans phosphorus atom can be used as probe to estimate the g-donor
strength of the cyaphido ligand. In agreement with the calculations for the nickel carbonyl
complex (cf. 2.1.4.1), which anticipated a slightly higher g-donor strength for CP- than CN- in
metal complexes, a comparison between 1430 (1Jppi = 2169 Hz) and JONES' cyanido complex,
[(dippe)Pt(Ph)(CN)] (2.90, Jppr: = 2744 Hz),?%° validate the stronger o-donor ability to the
cyaphido. The 3!P3'P coupling constants of the o-complex 143c are generally smaller
compared to the m-complex 143. Interestingly, the conversion after twelve hours of irradiation
is only about 20% according to a quantitative 3P NMR measurement and cannot be increased
by additional reaction time, which indicates an equilibrium between 143 and 1430 during the
photolysis. Indeed, the slow back reaction to 143 could be observed by monitoring a sample
at room temperature over several days by means of NMR spectroscopy. The back reaction
rate is diminished with decreased concentration of 1430. A freshly prepared 20 mol% sample
of 1430 in THF could be completely converted back to 143 by heating to T = 60 °C for 1 h.
Consequently, the competing back reaction is thermally induced, however additional factors
cannot be excluded. To conclude, the photolytic oxidative addition towards 1430 competes

with the thermal reductive elimination back reaction to 143. Even though these two inverse
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reactions appear as a chemical equilibrium at first glance, they are not. Instead, both reactions
are independent from each other, until irradiation with a continuous beam of light is set. The
constant irradiation establishes the classical chemical equilibrium situation, which is influenced
by temperature, pressure and the concentration of the substances. Obviously, the last two
parameters are difficult to change in a laboratory environment but the temperature as well as
the intensity of the light can be modified in the favor of 1430. Before addressing these

parameters, the impact of dcpe on the reactions was studied.
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Figure 72. 3'P{1H} NMR spectrum of a 5:1 mixture of [(dippe)Pt(MesCP)] (143, grey) and [(dippe)Pt(CP)(Mes)]
(1430, blue) in tetrahydrofuran-ds. The labels show the multiplet type, chemical shift [ppm], 3!P3P coupling
constants [Hz] and the 1%Pt satellites [Hz]. Cycles tag the corresponding phosphorus nuclei.

The replacement of isopropyl by cyclohexyl group should increase the electron density at the
metal center, which should favor the oxidative addition according to previous considerations
(cf. 2.1.1). Indeed, the same irradiation experiment (UV, high-pressure mercury lamp,
Amax = 365 nm, 100 W) of [(dcpe)Pt(MesCP)] (148) in THF for 12 h, resulted in the formation of
about 30 mol% [(dcpe)Pt(CP)(Mes)] (148c). That is an improvement of 50% over the
analogous dippe complex under the same conditions. The 3'P{*H} spectrum reveals a new set
of signals for the o-complex (Figure 73). The C=P moiety is represented by a doublet of
doublets at & = 97.0 ppm in the 3P{*H} NMR spectrum with an increased 3'P%°Pt coupling
constant of 2Jpp = 338 Hz. The two doublets at & = 60.7 and 49.7 ppm of the dcpe ligand
showcase a decreased *'P**Pt coupling constant compared to the initial m-complex. These
findings are in good agreement with the previous results found for [(dippe)Pt(CP)(Mes)]
(1430).
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Figure 73. 31P{’H} NMR spectrum of a 5:2 mixture of [(dcpe)Pt(MesCP)] (148, grey) and [(dcpe)Pt(CP)(Mes)]
(1480, blue) in tetrahydrofuran-ds. The labels show the multiplet type, chemical shift [ppm], 3!P3P coupling
constants [Hz] and the 9Pt satellites [Hz]. Cycles tag the corresponding phosphorus nuclei.

Prolonged irradiation time did not provide more product 148c, analogously to 143c. The
maximum conversion was already reached after 8 h of photolysis. Extended irradiation over
several days resulted in decomposition of both compounds 148 and 148c. Irradiation with a
high-pressure mercury lamp for more than one day resulted in an accumulation of broad
resonances in the area of the dcpe signals in the *!P{*H} NMR spectrum. Moreover, the
appearance of a new singlet with %Pt satellites was observed, indicating the formation of
Pt(dcpe).. Furthermore, all resonances of the *H NMR spectrum were significantly broadened.
The same effect was also found for the system 143/143c. Presumably, the emitted high energy
light (A <250 nm) of the high-pressure mercury lamp has a negative impact on the platinum
complexes, especially on the C=P tripe bond. In addition, the mercury lamp also produces an
enormous amount of thermal energy, which considerably heats the exposed sample even at
distances over one meter. To limit the negative effect of short and long wavelength light, two
parallel connected band-pass filter (A = 340 - 480 nm, 300 - 400 nm) were used to cover the
whole irradiation sample, mainly allowing the light of A = 300 - 480 nm to pass. Consequently,
the irradiation damage could be highly reduced, whereas the conversion to 1480 was improved
to 39% for an exposure period of 8 h. In addition, cooling was applied by dipping the sample
into a half shell Dewar vessel filled with dry ice and ethanol (absorption above A > 220 nm) to
maintain around T =0 °C during the irradiation process. An improvement of 4%-points,
resulting in a total conversion of 43%, was verified over a series of three independent samples.
These samples were analyzed towards the thermally induced reductive elimination to 148,

which was found to be significantly slower than the reverse reaction of 143c. Astonishingly, no
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kinetic relation could be made, because all three independent samples possessed a non-
comparable reaction rate. The reverse reaction at room temperature was completed for all
three samples within two weeks. Potentially, platinum nanoparticles, which might get released
during the initial formation of the m-complex, have a tremendous impact on the reductive
elimination rate. Pure samples, proven by elementary analysis, offered dramatically reduced
elimination rates, resulting in incomplete reverse reactions even after heating to T = 60 °C for
one week. No kinetical studies were performed, due to this disparity. Interestingly, the
transformation from 148 to 1480 by UV light (Amax = 365 nm) proceeds even faster in the solid
phase, however the transformation ratio is the same and the total amount of compound is
restricted by the exposed surface of the solid, due to the limited penetration ability of the light.
In solution, there is a correlation between the solubility of the m-complex and the product ratio
formed by photolysis. High solubility results in faster transformation and higher product ratios.
The best results were found for THF as solvent, followed by toluene, benzene and
fluorobenzene. The limited solubility in pentane and hexane resulted in highly extended
reaction time and low o-complex yields. Acetonitrile and benzonitrile were not able to dissolve
the m-complex in relevant concentrations. The best solubility for the proved solvents was found
for DCM. However, a longer residence time of a mixture of 148 and 148c in DCM led to
decomposition and formation of [(dcpe)PtCl,]. The o-complex 148c is slightly less soluble in
toluene than the m-complex 148. This aspect was used to grow single crystals for X-ray
measurement by storing a saturated toluene solution of 43% 1480 at T = -30 °C for two days.
The thin colorless needles were picked at low temperatures to avoid potential thermal back
reaction in the solid state, which might crack any formed single crystals. Nevertheless, it was
not possible to receive reliable crystal data suitable for a publication by this method, however,
several measurements on different crystals confirmed the correct connectivity structure (Figure
74). Noteworthy, storing a saturated toluene sample with 43 mol% 148c at T = -30 °C for two
months only resulted in precipitation of a colorless solid. Separate 3P NMR analysis of the
liquid and the solid phase revealed a 148c proportion of 30% in the liquid and unchanged 43%
in the solid. Meaning the back reaction still proceeded at T=-30°C even though with

drastically decreased reaction rate, at least in the liquid phase.
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Figure 74. Connectivity structure of [(dcpe)Pt(CP)(Mes)] (1480) as ball and stick model.

Recognizing the improved transformation results by reducing high energy light (A < 300 nm)
and heat, additional photolysis experiments were performed with different UV light
(Amax = 365 nm) sources. Irradiation of an NMR sample of 148 in a UV light photoreactor at
room temperature resulted in 13% of 1480 in 1.5 h. Extended exposure time did not yield more
product. Another photolysis attempt was done with a 1.5 m long UV light luminescent tube
(“blacklight”) labeled with 50 Watt. Irradiation at room temperature for 5 h gave 9% conversion
and 16% after 22 h, which also was the upper limit by this method. The same setup with one
additional luminescent tube resulted in 20% (5 h) and 21% (22 h) conversion. Based on these
outcomes, it can be presumed that the wavelength of the light is the major contributor for the
absolute conversion yield whereas the light intensity primary influences the conversion rate
and has a minor impact on the yield. Therefore, a UV-Vis spectrum of 148 was recorded
(Figure 75) and a UV-Vis spectrum of the complex [(dmpe)Pt(MesCP)] (C7, dmpe = 1,2-
bis(dimethyl-phosphino)ethane) was simulated (Figure 76) to identify the optimal light
absorption wavelength. For the prediction of the vertical electronic excitations by the ab initio
unparametrized STEOM-DLPNO-CCSD method (cf. experimental section for details), the
cyclohexyl groups of the dcpe ligand were replaced by methyl groups to reduce the calculation
time. The recorded absorption reveals two maxima at around A= 230 and 275 nm and a flat
absorption shoulder roughly at A = 400 nm. These absorption bands are in good agreement
with the calculated spectrum for the approximated compound model [(dmpe)Pt(MesCP)] (C7)
with maxima at A = 238.7, 275.7 and 403.6 nm. The best results for the light induced activation
of photoactive compounds are usually achieved by irradiation with the longest possible
absorption wavelength, which is typically the absorption shoulder. The analysis of the
absorption band at A = 403.6 nm classifies the MLCT (dyxzy2 — T*cp) as major contributor for
this transition in [(dmpe)Pt(MesCP)], which is in line with the findings of WEIGAND, GONZALEZ
and co-workers for their observed photochemical cleavage in Pt(0)-diphenylacetylene
complexes (cf. 2.1.1). Based on the excellent correlation between the measured and
calculated absorption spectrum a similar transition situation is anticipated for the lowest singlet
excitations in [(dcpe)Pt(MesCP)] 148. Therefore, irradiation of 148 with this specific
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wavelength should maximize the electronic excitation for the photochemical bond C(sp)-C(sp?)

activation.
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Figure 75. UV-Vis spectrum of [(dcpe)Pt(MesCP)] (148) in THF.

Intensity [arb. units]

0.52

0.48

0.44

0.4+

0.36

0.32

0.28

0.24

0.24

0.16

0.12

0.08

0.04

0

203

275.7

238.7

232.9
260.8

316.8

292 307.9 403.6

200

208
3.5
| | 251.4 278.9
1 : 254 ok |
220

280

240 260

300 320 340 360 380 400

Wavelength [nm]

420

Figure 76. UV-Vis Spectrum and density difference plot (isosurface value 0.003) for the MLCT transition (from red
to blue) at A = 403.6 nm obtained from the DLPNO-STEOM-CCSD calculation for [(dmpe)Pt(MesCP)] (C7).

To ensure the optimal photolytic conditions for the photochemical C-CP cleavage and oxidative

addition process, a “blacklight LED array” (violet light) with 15 W of Amax = 405 nm was used

as light source. Besides the optimized light wavelength, the LED array emits nearly no heat to

the sample, which should minimize the induced antagonistic thermal reductive elimination

reaction. The irradiation of 148 in THF with one “blacklight LED array” yielded a maximum of

79% of the cyaphido complex 148c after 5 h. That doubles the product yield by cutting the



130 RESULTS AND DISCUSSION

reaction time for 38% (3 h) compared to the conventional activation by the UV mercury high-
pressure lamp (Amax = 365 nm, 100 W) including the band-pass filter (A =300 - 480 nm).
Setting up a second LED array reduced the total reaction time to 2.5 h, while maintaining the
maximum conversion of 79%. Supplementary cooling to T = 0 °C increased the product yield
to 85% and further decreased the reaction time to 2 h. The highest monitored transformation
ratio was achieved at T = -20 °C after an exposure time of 4 h, yielding 90% of 148c. The
irradiation setup was further tweaked by installing two additional LED arrays, giving a total

amount of four LED arrays placed in a square manner around the sample (Figure 77).

Figure 77. The UV mercury high-pressure lamp (100 W, Amax = 365 nm) irradiating three NMR samples (left) and
the setup of four violet light (“blacklight”) LED arrays (4x 15 W, Amax = 405 nm) irradiating one NMR samples in the
middle (right).

A sample of 148, irradiated via the setup of four LED arrays, was monitored by 3P NMR
spectroscopy every 30 min until reaching the maximum conversion to 148c. For the first
measurement a completeness of 49% was observed. The second reading after 1 h gave 75%
of 1480. After 1.5 and 2 h the same value of 80% was determined. Putting these outcomes
into relation to the measured reaction time for the irradiation with one and two LED arrays, the
assumption can be made that the conversion of 148 to 148c correlates linearly with the light
intensity and the maximum was reached by the LED setup after around one hour and 15
minutes. Further irradiations of the m-complex were made without supporting cooling since the
complexity of continuous cooling solution is disproportionate with the additional product yield
obtained. Furthermore, all gained product yields on top of the regular yield received at room
temperature decreased rapidly by warming the irradiated sample to room temperature. The
increased in situ yields of 148c allowed for further compound characterizations. The infrared
spectrum of a solid sample of 148/148c0 (2:8) revealed the vibrational mode of the cyaphido
ligand with the stretching vibration of ¥ = 1259 cm, which is in line with the IR data found for
the cyaphido ligand in [(dppe)Ru(CP)(H)] (1.8b, ¥ = 1229 cm™?, cf. 1.4.2.3). The slightly raised

value found for 148 compared to 1.8b indicates a diminished m7-back donation from the metal
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into the r*-orbitals of the C=P unit and reflects the HSAB concept statement that Pt(Il) is harder
than Ru(ll). The *Pt{*H} resonances of 148c verify the 3PPt coupling constants found in
the 3!P{*H} NMR spectrum (Figure 78). The 1°°Pt signal of 1480 is & = 120 ppm less high-field
shifted than in 148.
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Figure 78. Superimposed °°Pt{*H} NMR spectra of [(dcpe)Pt(CP)(Mes)] (1480, blue) and [(dcpe)Pt(CP)(Mes)]
(148, red).

The significantly improved yield of 1480 (80%) made it easier to obtain single crystals from
saturated reaction solutions by cooling or evaporation. Several crystallizations finally resulted
in a single crystal of 1480 in excellent quality, which ultimately confirmed the previously found
connectivity structure and existence of the C=P ligand within the molecule (Figure 79). The
metal center of 1480 showed a square-planar geometry, as expected for a platinum in the
oxidation state +II. In comparison to the mm-complex [(dcpe)Pt(MesCP)] (148, Figure 63), the
bond length between the platinum and the diphosphine ligand slightly increased from
2.265(2) A to 2.2939(6) A for the phosphorus atom in cis position and from 2.275(3) A to
2.3154(5) A for the phosphorus atom in trans position to the C=P ligand. The cyaphido C=P
distance is 1.563(2) A, shorter than the 1.573(2) A found in the archetype [(dppe)2Ru(CP)(H)]
(1.8b, Figure 80). The Pt1-C1-P1 angle in 1480 is 176.6(1)°, which is close to the expected
linearity for a o-coordinated triple bond unit and in good agreement with the Pt1-C1-N1 angle
of 174.6(4)° found in the cyanido complex [(dippe)Pt(CN)(Ph)] (2.90, Figure 80) reported by
JONES and co-workers. In the direct comparison with the slightly twisted m-complexes 143, 148
and 146, the angles around the Pt(ll) center in 1480 are closer to the ideal 90° angles of a
square-planar structure, as a direct result of the C-CP cleavage. The splitting of the
coordinated phosphaalkyne ligand into the two independent units Mes and C=P allows for an
optimized structure geometry with less tension. Generally, the Pt-C and Pt-P bond length of
the similar Pt(ll) structures 1480 and 2.90 are akin, except for the trans influenced Pt-P bond

across the CP or rather CN ligand.
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Figure 79. Molecular structure of [(dcpe)Pt(CP)(Mes)] (1480) in the crystal. Anisotropic displacement ellipsoids are
shown at 50% probability level. Hydrogens omitted for clarity. Selected bond lengths (A) in blue and angles (°) in
red.

Figure 80. Molecular structure of GRUTZMACHER'’s [(dppe)2Ru(CP)(H)] (1.8b) and JoNES’ [(dippe)Pt(CN)(Ph)] (2.90)
in the crystal. Anisotropic displacement ellipsoids are shown at 50% probability level. Hydrogens omitted, cyclohexyl
and isopropyl as wireframe for clarity. For comparison, the infrared wavelengths of C=P in 1.8b and C=N in 2.90¢
are ¥ = 1229 cm* and 2278 cm, respectively.

With the gained information regarding the activation of 148, the irradiation process of the -
complex 143 was revisited. The UV-Vis spectrum of 143 shows an absorption shoulder at
around A =400 nm, in line with the DLPNO-STEOM-CCSD calculation giving the highest
vertical electronic excitations at 398.3 nm, which is very similar to 148. The transition is mainly
caused by MLCT (dxzy2 — mcp) and LLCT (TTves — *cp). Nevertheless, the 3P NMR vyield for
the formation of the o-complex 1430 could only be improved from 20% (26% with band-pass
filters) to 31% by switching the light source from the mercury high-pressure lamp

(Amax = 365 nm) to the full four “blacklight LED arrays” setup (Amax = 405 nm). Consequently,
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the increased electron density on the metal center, caused by the cyclohexyl groups, has a

significant impact on the activation and oxidative addition reaction.

As a next step after the successful diphosphine ligand modification, the influence of the
substitution pattern of the arylphosphaalkyne was studied. Attaching EWGs on the aryl moiety
should normally rise the activation barrier of the C-CP cleavage process, whereas EDGs
should lower the activation barrier (cf. 2.1.1, Scheme 22), as described by WEIGAND, GONZALEZ
and co-workers. Increasing the barrier should hamper the thermodynamical reductive
elimination, whereas the decrease of the barrier could make the initiation of the oxidative
addition easier. Overall, EWG-substituted compounds and ortho-derivatives possess the
strongest MLCT (dxy2 — mcp) and were most efficient in WEIGAND’s tolane C(sp?)-C(sp)
cleavage investigations. This supposed activation barrier concept should be analyzed for the
arylphosphaalkyne platinum complexes by comparing the effect of Mes*CP (76) and TtfrmpCP
(92) substituted m-complexes against the MesCP (68) derivative as standard for the light
induced activation process. The advantage for the ortho-substituted arylphosphaalkynes
should be studied in contrast to a meta-substituted CP (86) for their corresponding -
complexes. Unfortunately, TtfmpCP (92) could not be isolated and hence not used to build any
m-complexes. Interestingly, none of the analyzed Mes*CP m-complexes, [(dippe)Pt(Mes*CP)]
(146) and [(dcpe)Pt(Mes*CP)] (153), showed any reactivity upon irradiation by UV
(Amax = 365 nm) or violet light (Amax = 405 nm). Considering this fact as well as the success with
the MesCP m-complexes (143, 148), the TrippCP analogs were synthesized because their
steric demand and electronic properties are right in between the two other species (68, 76).

The irradiation of [(dcpe)Pt(TrippCP)] (150) in THF with violet light (4x 15 W, Amax = 405 nm)
generates the corresponding o-complex [(dcpe)Pt(CP)(Tripp)] (1500, Scheme 59).
Astonishingly, the transformation to the o-complex is more effective but slightly slower than for
the previous systems (143, 148) and continues up to full completeness. The thermal back
reaction at room temperature is significantly slower than for [(dcpe)Pt(CP)(Mes)] (1480).
These findings contradict the prognosticated lower activation barrier, expecting a faster

transition in both directions. Instead, the opposite, a higher activation barrier, seems plausible.
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Scheme 59. Photolysis of [(dcpe)Pt(TrippCP)] (150) and thermal back reaction of [(dcpe)Pt(CP)(Tripp)] (1500).

The *'P{*H} NMR spectrum of 1500 reveals a high-field shift of the C=P moiety of around
0 = 40 ppm against the m-complex 150, in line with the findings for 1430 and 148c. The C=P
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ligand signal appears as doublet of doublets at 6 = 108.3 ppm (3Jpp = 17.8, 10.7 Hz) with
additional °°Pt satellites (2Jp,pt = 331 Hz, Figure 81). The dcpe ligand only shows a 3!P3p
coupling to the cyaphido ligand. The two phosphorus doublets with %Pt satellites
(Yppt = 1647, 2145 Hz) are located at 6(3*P{*H}) = 60.2 and 47.9 ppm, which is in excellent
agreement with the results of 148c. The 3!P3!P spin interactions were simulated to verify the
couplings in 1500 and is depicted in Figure 81. The %Pt satellites were confirmed by the
195pt31p coupling constants in the *°Pt{*H} spectrum of 1500, showing a doublet of doublets
of doublets at § =-4393 ppm (6 = -4578 ppm for the m-complex 150). As already noted, the
activation process of 150, as well as the thermal back reaction from 150 to 1500, is slower
than for the MesCP analogs 148/148c. Figure 82 shows extracts of an 3!P{*H} NMR study on
the reversible oxidative addition and reductive elimination processes. The yellow spectrum
showcases the situation after photolysis with violet light (4x 15 W, Amax = 405 nm) for 1.5 h. At
this state, the reaction solution contains about 72% of 1500 and required around an additional
1.5h to reach completeness (green). As for the previous irradiation reaction, the last
percentage points the maximum conversion takes most of the overall reaction time. The
thermal back reaction is generally slower than for 148c, but behaves the same way,
proceeding fast at the beginning at high concentration of 1500 and drastically slowing down
for reduced quantity of 1500 in the mixture. After 18 h, already 31% of 150 was formed
(turquoise). Five days later, around 40% of 150 was measured (blue). After two weeks, 63%
of the o-complex was converted to the m-complex 150 (purple). At this point, the back reaction
almost came to a halt, showing around 65% of 150 after one month. The monitoring at room
temperature was stopped and the reaction mixture of 150/1500 was heated to T = 60 °C for
1 h, going through the back reaction without any evidence for by-products or decomposition

(rose), even in the *H NMR spectrum.
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Figure 81. Measured (top) and simulated (bottom) 3'P{*H} NMR spectrum of [(dcpe)Pt(CP)(Tripp)] (1500). Scale
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Figure 82. 3'P{*H} NMR monitored photolysis of [(dcpe)Pt(TrippCP)] (150) to [(dcpe)Pt(CP)(Tripp)] (1500) and
thermal back reaction from 1500 to 150 in THF.
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Crystals of 1500, suitable for single crystal diffraction analysis could be obtained by slow
evaporation of a concentrated THF solution within 16 h (Figure 83). The square-planar
geometry of 1500 was confirmed and matches the molecular structure, bond lengths and
angles of 148c. The Tripp unit is partly disordered, but with no impact on the area of interest
at the Pt(ll) center and the C=P ligand. The cyaphido C=P distance is 1.556(6) A long and the
Pt1-C1-P1 angle is 174.3(4)°. The cis P2-Pt1 distance of the dcpe ligand is shorter (2.288(2) A)
than the trans P3-Pt1 distance (2.315(1) A), like in 148a. The shorter C=P bond length in 1500
against 1.8b is in line with the measured stretching vibration of ¥ = 1260 cm™ for the C=P unit
in the infrared spectrum compared to ¥ = 1229 cm™ for 1.8b. Both, the shorter C=P distance
as well as the higher infrared stretching vibration, as result of the shorter bond length, indicate
a weaker 1-back donation of the Pt(ll) center into the C=P m*-orbitals compared to the Ru(ll)
center in 1.8b. The angles around the Pt(ll) center in 1500 are in excellent agreement with the
results of 148c. Overall, the increased steric demand of the Tripp group does not impact the

bond length nor angles of the core structure.

Figure 83. Molecular structure of [(dcpe)Pt(CP)(Tripp)] (1500) in the crystal. Anisotropic displacement ellipsoids
are shown at 50% probability level. Hydrogens omitted and cyclohexyl as wireframe for clarity. The para-isopropyl
group of Tripp is modeled with two independent carbons (C11, C11A), due to disorder in the molecular structure.
Selected bond lengths (A) in blue and angles (°) in red.

In order to further analyze the influence of the Tripp group, the isolated [(dippe)Pt(TrippCP)]
(144) m-complex was irradiated in THF by the violet light setup (Amax = 405 nm) for 4.5 h, giving
a conversion of 83% to the o-complex 1440 (Figure 84). Additional irradiation for 5 h under
constant conditions did not change the product ratio. The resulting cyaphido complex 144c
possesses the typical 3!P{*H} parameters, similar to the already discussed o-complex 1500,
and is depicted in Figure 84. The rate of the still at room temperature slowly proceeding back

reaction was not studied. The experiment confirms the effectiveness of the TrippCP for the
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light induced C-CP cleavage reaction, showing a 2.7-fold improved conversion rate of 144 over
the MesCP analog 143. However, it again confirms the impact of the diphosphine ligand,
demonstrating better conversion rates for the dcpe substituted over the dippe complexes, as
already presented in the comparison of 148 with 143. Accordingly, the conversion rate of the
m-complex to the g-complex is strongly influenced by the substitution of the aromatic ring of

the arylphosphaalkyne and the electron donor ability of the diphosphine ligand.
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Figure 84. Superimposed 3'Pt{*H} NMR spectra of [(dippe)Pt(TrippCP)] (144, blue) and a 83:17 mixture of 144 and
[(dippe)Pt(CP)(Tripp)] (1440, red).

A THF sample of [(dcpe)Pt(MdtbpCP)] (152) was irradiated by the violet light setup
(Amax = 405 nm) for 20 h to investigate the effect of the changed substitution pattern on the
aromatic ring of the arylphosphaalkyne ligand. The conversion rate to 1520 is very slow in
relation to all previously studied o-complexes. Irradiation of 152 for 1 h led to a turnover of
around 3%. Extended photolysis gave higher product yields but also showed significant
formation of by-products in the 3!P{*H} NMR spectra (Figure 85). The various by-products were
not analyzed, due to an overall decrease of all 3!P{H} signal intensities, indicating serious
decomposition reactions. The experiment was stopped after 20 h, resulting a product quantity
of around 67% (1520). The 3!P{*H} cyaphido resonance at & = 90.2 ppm is more downfield
shifted than for all other investigated o-complexes. All other 3'P{*H} parameters are nearly
identical to the other C, o-complexes. Overall, the highly prolonged reaction time of 152
bearing 'Bu groups in the meta position of the arylphosphaalkyne is evidence for its poor
effectiveness in the photolysis reaction. This result agrees with the assertion of WEIGAND and
GONZALEZ that ortho substituted arylalkynes bear more intensive MLCT (dx2-y2 — T*aikyne),
which is the core feature for the light induced activation (cf. 2.1.1). In addition, the observed
decomposition might be caused by an B-elimination process with follow-up reactions similar to

the findings of JONES et al. for the benzonitrile complex (cf. 2.1.1, Scheme 18).
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Figure 85. Resulting 3'Pt{*"H} NMR spectra of a mixture of [(dcpe)Pt(MdtbpCP)] (152) and [(dcpe)Pt(CP)(Mdtbp)]
(1520) after irradiation of 152 in THF with violet light (Amax = 405 nm) for 1 h (blue) and 20 h (red). First traces of
1520 after 1 h are highlighted with red cycles. Remnants of 152 after 20 h are marked with blue cycles. The dcpe
195pt satellites of 1520 are tagged with blue dots and triangles.

Until now, only the effect of the ligand substitution was studied for [(dcpe)Pt(TrippCP)] 148,
which is showing the best result for the light induced C-CP splitting. In the next step, the impact
of the bite angle was analyzed through photolysis of the methylene bridged (C1) m-complexes
[(dtbpm)Pt(TrippCP)] (166) and [(dcpm)Pt(TrippCP)] (170). Generally, a smaller bite angle
should favor the oxidative addition and stabilize the cyaphido complex, whereas the reductive
elimination should be inhibited (cf. 2.1.2.2). Irradiation of 166 in THF by the violet light setup
(Amax = 405 nm) at room temperature for 48 h gave around 75% of [(dtbpm)Pt(CP)(Tripp)]
(1660) in the NMR sample (Figure 86). Against the expectations for the oxidative addition,
prolonged photolysis did not overcome this product maximum. However, no back reaction
(reductive elimination) to 166 was observed at room temperature. After heating to T = 60 °C
for 2 h, 5% of 1660 remained in the THF solution, while forming corresponding quantities of
166. The 3'P{*H} characteristics of the C; g-complex 1660 are similar to the C, derivatives.
The C=P signal is located at & = 104.9 ppm with 1°°Pt satellites of 2Jp pt = 360 Hz. The dbtpm
resonances are high-field shifted to § = -7.6 and -11.1 ppm and the 3PPt coupling constants
are decreased to 1Jppt = 1333 and 1761 Hz compared to 166.
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Figure 86. Resulting 3'Pt{'H} NMR spectra of a 1:3 mixture of [(dtbpm)Pt(TrippCP)] (166) and
[(dtbpm)Pt(CP)(Tripp)] (1660) after irradiation of 166 in THF with violet light (Amax = 405 nm) for 48 h. The dtbpm
195pt satellites of 1660 are marked with blue dots and triangles. Cycles tag the corresponding phosphorus nuclei.

The [(dcpm)Pt(TrippCP)] (170) complex reacted almost quantitatively upon photolysis,
resulting in 97% conversion to [(dcpm)Pt(CP)(Tripp)] (1700). No back reaction was observed,
neither at room temperature for 5 days nor at T = 60 °C for 2 h. Prolonged heating (T = 60 °C)
for 24 h diminished the concentration of 1700 to 60%. Repeated irradiation granted again a
maximum of 97% of 170o0. However, numerous repetitions of this cycle increased the
proliferation of unidentified decomposition products. As for all other cyaphido complexes the
31p{1H} signals are upfield shifted and the 3P'%Pt coupling constants are increased for the
C=P unit and decreased for the diphosphine ligand in comparison to the m-complex. The

specific signals of 1700 and 170 are depict in Figure 87.
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Figure 87. Resulting 3Pt{*H} NMR spectra of a 1:3 mixture of [(dcpm)Pt(TrippCP)] (170) and [(dcpm)Pt(CP)(Tripp)]
(1700) after irradiation of 170 in THF with violet light (Amax = 405 nm) for 48 h. The dtbpm 9Pt satellites of 1700
are marked with blue dots and triangles. Cycles tag the corresponding phosphorus nuclei.
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In contrast to the C, analog 1500 (6(**°Pt{*H}) = -4393), the *>Pt{*H} signal is downfield shifted
to & = -3792 ppm (Figure 88). The *°Pt3'P couplings confirm the detected °°Pt satellites in the
31p{*H} spectrum.
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Figure 88. Superimposed %Pt{*H} NMR spectra of [(dcpm)Pt(TrippCP)] (170, red) and [(dcpm)Pt(CP)(Tripp)]
(1700, blue).

Both molecular structures, 1660 and 1700, confirmed the assumption of an inhibited reductive
elimination for a narrow bite angle. Further studies for the C: o-complexes were limited to the

170/1700 system, due to its much slower back reaction and better o-complex yields.

Evaporation of a concentrated benzene solution of 1700 over 16 h yielded crystals, suitable
for single crystal diffraction analysis. Interestingly, a not resolved large residual electron
density peak near the platinum core was found but could be assigned as the platinum center
of a second complex with almost identical conformation, indicating a whole-molecule disorder.
The high quality of the diffraction data allowed, in combination with the concept of “archetype
structures”™? and molecule-in-cluster calculations'®l, to identify the second structure as
[(depm)Pt(H)(Tripp)] with an occupancy of 2.5%. The square-planar geometry of the molecular
structure of 1700 is depicted in Figure 89. The bond distances are unremarkable and nearly
identical to the C, analog 1500 with exception of the marginal extended Pt1-P2 bond. As
expected, the bond angles around the platinum core differ from 1500. The P2-Pt1-P3 angle is
with 73.20(1)° akin with its T-complex 170 and significantly smaller than 85.71° in 1500. In
consequence, all other angles around the platinum core are wider. The highest increase of
6.18° over 1500 can be found for the angle P2-Pt1-C1. The opposite angle (P3-Pt1-C11) is
3.26° larger and the C1-Pt1-C11 angle is only 1.9° wider. The measured C=P stretching
vibration of ¥ = 1262 cm™ by infrared spectroscopy and the determined C=P bond distance of
1.555(1) A is in excellent correlation to the previously found values for the other cyaphido

complexes.
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Figure 89. Molecular structure of [(dcpe)Pt(CP)(Tripp)] (1700) in the crystal. Anisotropic displacement ellipsoids
are shown at 50% probability level. Hydrogens and co-crystalized benzene omitted for clarity. Selected bond lengths
(A) in blue and angles (°) in red.

The UV-Vis spectra of 150 and 170 were recorded to analyze the absorption bands (Figure
90), that might give a hint for the much slower light induced activation and oxidative addition
reaction in 170 compared to the C, bridged analog 150. The absorption spectrum of 150 is
similar to the recorded spectrum of 148 (Figure 75), showing two maxima at around A = 225
and 275 nm although the second maximum at A = 275 nm is less intense. Both spectra (148,
150) show the for the activation process important, absorption shoulder at around A = 400 nm.
In contrast, the UV-Vis spectrum of 170 has additional maxima (A = 240 - 270 nm) between
the two peaks at A = 220 and 285 nm and the absorption shoulder at around A = 400 nm is less

prominent. The full absorption area from A = 200 to 425 nm is similar for both.
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Figure 90. UV-Vis spectrum of [(dcpe)Pt(TrippCP)] (150, left) and [(dcpm)Pt(TrippCP)] (170, right) in THF.

To get deeper insights into the absorption at A = 400 nm for the m-complex 170, the vertical
electronic excitations for the simplified C. model complex [(dmpm)Pt(MesCP)] (C9, dmpm =
bis(dimethylphosphino)methane) was predicted by the ab initio unparametrized STEOM-
DLPNO-CCSD method (Figure 91). The calculated spectrum is similar to the spectrum of the
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C. model complex [(dmpe)Pt(MesCP)] (C7, Figure 76), but shows more absorption bands in
the area from A = 220 to 260 nm. The most intense bands are at A = 213.3 and 277.6 nm. The
longest wavelength absorption can be found at A = 399.5 nm, which represents the, for the
activation process important, absorption shoulder. The main contributors of this band are a
MLCT (dxzy2 — m*cp) and LLCT (mmves — T*cp), Which are illustrated via a density difference
plot in Figure 91.
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Figure 91. UV-Vis Spectrum and density difference plot (isosurface value 0.003) for the MLCT transition (from red
to blue) at A = 399.5 nm obtained from the DLPNO-STEOM-CCSD calculation for [(dmpm)Pt(MesCP)] (C9).

Even though the calculated spectrum of the model complex [(dmpm)Pt(MesCP)] (C9) matches
the recorded spectrum of 170 well, the previous experiments showed an enormous impact of
the substituents on the light induced activation of the m-complex and the stabilization of the
resulting cyaphido complex. Therefore, the UV-Vis spectrum and the transitions of actual
complex 170 with all its ligands was calculated. However, the calculation method had to be
changed to the less accurate TD-DFT with wB97xD-D3/def2-TZVP level of theory due to
computation power restraints. The relation between the two calculation methods was affirmed
for the model compounds [(dmpm)Pt(MesCP)] (C9), [(dmpe)Pt(MesCP)] (C7) and the simplest
synthesized complex [(dippe)Pt(MesCP)] (143). The results and the deviation values for the
lowest energy singlet excitations are depicted in Table 10. In all cases, independent of the
calculation method, the MLCT (dx.y2o — m*cp) is the main contributor of the lowest energy
singlet excitation. The LLCT (mmves — *cp) Occasionally also shows a significant contribution
but depending on the calculation method. The deviation of the lowest energy singlet excitation
between the two methods is always about A =31 nm with the TD-DFT studies showing the
higher energies. According to the experimental UV-Vis data for [(dippe)Pt(MesCP)] (143,
Figure 92), the DLPNO-STEOM-CCSD calculations are more accurate. Taking this into
account, the lowest energy singlet excitations for [(dcpm)Pt(TrippCP)] (170) is expected at
around A = 415 nm, based on the calculated value of A = 383.6 nm with the TD-DFT method.
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Table 10. Lowest energy singlet excitations (S1) of C9, C7, 143 and 170 calculated by STEOM-DLPNO-CCSD and
TD-DFT method.

STEOM-DLPNO-CCSD TD-DFTwBa7xD-D3/def2-TzvP AE (steom-
E [nm] assignment E assignment PLPNO-CCSD - TD-
[nm] pF1) [NM]
co 3995 MLCT (dxz-y2 — TI:‘CP) 370.1 MLCT (dxz-y2 — mT*cp) 29 4
LLCT (mTmes — TT*cp)
MLCT (dxz-y2 — mT*cp)
Cc7 403.6 MLCT (dxz-y2 — m*cp) 373.6 LLCT (Mwes — 17*cp) 30.0
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Figure 92. Experimental UV-Vis spectrum (blue) and theoretical vertical excitations (red) calculated with the
DLPNO-STEOM-CCSD method for [(dippe)Pt(MesCP)] (143). Density difference plot (isosurface value 0.003) for
the transition at A = 398.3 nm for 143 with MLCT (dx2-y2 — m*cp) and LLCT (1Tmes — *cp) as main contribution. The
transition occurs from red to blue.

Overall, the less accurately calculated UV-Vis spectrum of 170 (Figure 93) is in better
agreement with the experimental data than the more accurately calculated UV-Vis spectrum
of the model complex [(dmpm)Pt(MesCP)] (C9), demonstrating the influence of the
substitutions in addition to the bite angle. The DLPNO-STEOM-CCSD calculation would
indisputably also furnish the best results for 170 but is too time intensive. Assuming the lowest
energy singlet excitation for 170 at around A= 415 nm and even thought the light source
(“blacklight”) is labeled with Amax = 405 nm and appeared strong violet (Avioler = 380 - 430 nm)
and not blue (Awwe =430 - 490 nm) to the eye, it might be possible that the light emission at

higher wavelength (A > 410 nm) is less intense. That could explain the much slower reaction
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time of 170 to 1700 in comparison to 143, which has its lowest absorption band at
A =398.3 nm.
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Figure 93. UV-Vis Spectrum and density difference plot (isosurface value 0.003) for the MLCT transition (from red
to blue) at A = 383.6 nm obtained from the TD-DFT calculations at the wB97xD-D3/def2-TZVP level of theory for
[(dcpm)Pt(TrippCP)] (170).

All conducted cyaphido complex syntheses suggest, that the overall C-CP activation process
in the platinum based m-complexes is thermodynamically uphill, as it was already described
first by JONES et al.?%! and later by WEIGAND, GONZALEZ and co-workers?’4 for the tolane
C(sp?)-C(sp) cleavage in platinum complexes (cf. 2.1.1). Consequently, thermal back reaction
(reductive elimination) is hampered by the activation barrier. In order to estimate the energy of
this barrier DFT calculations at the wB97xD-D3/def2-TZVP level of theory were conducted for
the Ci-bridged model complex [(dmpm)Pt(CP)(Mes)] (C90). The gas phase Gibbs free energy
(AGY) and the activation barrier (AG¥) for the reaction C9c — C9 are illustrated in Figure 94.
The energetic profile of the reductive elimination is exergonic (AG < 0) with
AG° = -25.82 kcal-molt. However, an energy of 29.15 kcal-mol* must be expended to
overcome the transition state (C9-TS) at the highest point of the activation barrier. This finding
confirms experimental observations, that the formal Pt(0) m-complexes are overall
thermodynamically more stable than the corresponding Pt(ll) o-complexes. Similar results
gained from the calculation on the Cy-bridged model complex [(dmpe)Pt(MesCP)] (C7)

underline this outcome.
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Figure 94. Energy diagram with Gibbs free energies and activation barrier of the thermal reductive elimination from
C90 to C9. Relative free Gibbs energies are given in kcal-mol! with respect to the o-complex C9o (0 kcal-mol?).
The new bond is built between the C1-C2 carbon, whereas the Pt1-C2 bond is erased. Distance C1-C2 [A]: C9¢
2.912, C9-TS 1.491, C9 1.456.

The electronic structure of 1700 was analyzed by means of DFT calculation (wB97xD-D3/def2-
TZVP). The geometry, bond lengths and angles of the computational model matches with
crystallographic data of 1700. The frontier molecular orbitals of the Pt(Il)-cyaphido complex
1700 (Figure 95) significant differ from the Ru-cyaphido complexes described by CROSSLEY
and co-workers (cf. 1.4.2.3). The phosphorus atom of the cyaphido ligand is a major
component of the LUMO (0.81 eV). The HOMO-1 (-7.96 eV) and HOMO-3 (-8.34 eV) shows a
high contribution of mc=p, whereas the HOMO (-7.69 eV) has barely interactions with the
cyaphido ligand. The HOMO-LUMO gap is 8.50 eV. The lone pair of the terminal phosphorus
atom contributes significantly to the HOMO-6 (-9.33 eV) with a stabilization of 1.64 eV in
respect to the HOMO, which is much less than for the typical L,Ru-C=P complexes. Similar
shapes and values were also found for the frontier molecular orbitals of the C, structure 1430.
These electronic properties are relevant for potential consecutive reactions at the C=P ligand.
The computational study suggests mainly two reaction types, nucleophilic additions (Ax) at the
phosphorus atom and electrophilic additions (Ag) at the C=P-mr-system or the phosphorus lone
pair, which include cycloaddition reactions. In contrast to the archetype [(dippe):Ru(CP)(X)]
complexes, the C=P moiety in the Pt(Il)-cyaphido complexes are readily accessible as they
are evident from the molecular structures in the crystals of 148c, 1500 and 1700 (cf. Figure
79, Figure 83, Figure 89). Therefore, these types of Pt(Il)-cyaphido complexes are predestined

to undergo follow-up reactions.
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Figure 95. Selected frontier molecular orbitals of 1700.
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2.1.5 Consecutive reactions
2.1.5.1 Consecutive reaction on the m-complex phosphorus
2.1.5.1.1 Lewis-acid assisted cleavage

2.1.5.1.1.1 Introduction to the Lewis-acid promoted reactions

Several examples demonstrated, that the use of Lewis acids can increase the selectivity,
reaction rates and extend the transition-metal catalyst’s lifetimes for hydrocyanation reactions
by coordination to the nitrogen lone pair.**4%! Furthermore, a dramatically increase of the
reaction rates of alkyne arylcyanations was found for boron and aluminum based Lewis
acids.*54171 JoNes, GARcCiA and co-workers studied the effect of Lewis-acid promoted
selectivity and reaction rates for the C-CN cleavage reactions in their Ni(0)-r-nitrile systems
with surprisingly disparate outcomes depending on the specific system,[256-257. 259, 262, 418] | sing
BPhs on the nickel allyl cyanide 2.22m successfully accelerated the C-CN cleavage,
suppressed the undesired C-H cleavage (Scheme 60) and is irreversible.!?>®! The coordination
of BPhjs to the nitrogen lone pair of the nitrile probably diminishes the electron density from the
cyanido antibonding orbitals, leading to a stronger C=N bond, which is reflected in the increase
of the C=N stretching vibration by 7 = 54 cm™ in the infrared spectrum upon coordination of
the Lewis acid. Astonishingly, the formed Lewis acid adduct 2.25 shows a o-m allyl
interconversion with 2.26 being thermodynamically favored. In contrast to the allyl nitrile, the
analogous crotononitrile adduct 2.24 did not undergo the C-CN cleavage reaction even at
elevated temperatures, which might indicated a stronger mr-coordination due to the increased

electron accepting properties of the Lewis acid-coordinated olefin. 25!
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Scheme 60. Lewis acid promoted C-CN cleavage in nickel allyl cyanide 2.22m and the Lewis-acid inhibited
acetonitrile complex [(dippe)Ni(n?>-MeCN-BPhs)] (2.27).

A suppression of the C-CN cleavage process upon coordination of the Lewis acid ZnCl, or

BEt; was also observed for the allyl cyanide complex [(dppf)Ni(n3-allyl-CN-LA)] (2.271r, 2.28Tr,
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LA = Lewis acid, Scheme 61), even though the oxidative addition to [(dppf)Ni(n*-allyl)(CN-LA)]
(2.270, 2.280) was still possible.*® Lewis-acid inhibitions of the oxidative addition in favor for
an accelerated reductive elimination were previously reported for palladium-phosphine
complexes.“*® The coordination of the Lewis acid to the cyanido induces a positive charge at
the nitrogen and carbon atom, therefore making the carbon more susceptible to nucleophilic
attacks. The oxidative addition in the acetonitrile complex [(dippe)Ni(n*>-MeCN-BEts)] (2.291T)
was also strongly inhibited by the Lewis acid and did not show any C-CN cleavage product by
heating to T = 100 °C, however, irradiation with UV light (Amax = 365 nm) still resulted in the
formation of 2.290.[2°9

Ph_ Ph Ph, Ph LA
v ?/ \N,/C
Fe | _— e |
N"e, TRt ! =
AN AN
Ph” "Ph LA Ph" Ph
2.277 LA = ZnCl, 2.276 LA = ZnCl,
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[ N N hv N
|—III —_— Ni
THF, rt 7 e
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Scheme 61. Strongly Lewis-acid inhibited C-CN cleavage reaction of [(dppf)Ni(r3-allyl-CN-LA)] (top) and the only
thermally Lewis-acid inhibited C-CN cleavage reaction of [(dippe)Ni(n?>-MeCN-BEts)] (bottom).

Overall, the coordination of Lewis acids to the nitrogen atom of a Ni-mr-nitrile complex renders
ambivalent results. Sometimes, the Lewis acid strongly assisted the C-CN cleavage, whereas
in other cases, it induces limited suppression to the oxidative addition or even promotion of the
reductive elimination. Further studies were carried out for the benzonitrile complex
[(dippe)Ni(PhCN)] (2.27r) with the Lewis acids BPhs; and BFs.152 Both Lewis acids yielded the
corresponding C-CN cleavage products. The reaction rate is affected by the type as well as
the amount of Lewis acid used. Adding a mixture of BPhs and BF3 to 2.21r first resulted in the
quick formation of [(dippe)Ni(Ph)(CN-BF3z)] and subsequent slow transformation into
[(dippe)Ni(Ph)(CN-BPh3)] (2.300). This proves that BFs is less acidic than BPh3z and gives the
kinetically controlled adduct, whereas the thermodynamically more stable adduct is obtained
with BPhs. The reaction rate for both Lewis acids is heavily dependent on the used equivalents
in respect of 2.21r. An excess of Lewis acid (eq > 1) strongly inhibits the C-CN cleavage and
generation of the Lewis-acid o-complex, whereas eq < 1 accelerates this reaction up to 100
times. The mechanism for the formation of 2.300 was examined to get an in-depth explanation

for this behavior (Scheme 62). The crucial point in the Lewis-acid acceleration or inhibition is
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the equilibrium between 2.21r and 2.301r, which depends on the stoichiometry of BPhs. An
excess of BPh; strongly shifts the equilibrium to the favor of 2.301r. Calculations revealed that
2.30mr is lower in energy than 2.2, thus more stabilized. Consequently, more energy is
needed to overcome the energy barrier to undergo the C-CN cleavage reaction, which
significantly slows down the reaction rate. However, 2.2t is also in equilibrium with the less
stable 2.21raene, Which is crucial for the formation of the regular o-complex 2.20 (cf. 2.1.1, 2.3-
S1 in Scheme 16). Low temperature NMR studies suggest that small quantities of BPhs,
dissociated from 2.301r, coordinate to 2.2Tarene and form the much more stabilized 2.30TTarene,
which quickly converts to 2.300° upon warming. In consequence, the coordination of BPhs to
2.2Tarene IS the rate-determining step in the formation of 2.300 and key to accelerate the C-CN

cleavage reaction.26?
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Scheme 62. Proposed mechanism for the formation of [(dippe)Ni(Ph)(CN-BPhs)] (2.300) by JONES and co-workers.

Besides nickel complexes, JONES et al. also analyzed palladium complexes towards the ability
of Lewis-acid assisted activation.?*®® The precursor complex [dippe)Pd(p-H)]2 (2.32, Scheme
63) was in situ generated by mixing [(dippe)PdCl;] (2.31) with 2eq of potassium
triethylborohydride and subsequently treated with acetonitrile to obtain the m-complex
[(dippe)Pd(MeCN-BEts)] (2.331r), which could not be isolated as a solid. Heating of the reaction
mixture to receive [(dippe)Pd(Me)(CN-BEts)] (2.330) also led to decomposition, whereas UV
irradiation (Amax = 365 nm) generated the unstable and quickly decomposing 2.330, which
prevent the characterization. However, the system could be stabilized by exchanging BEtz with
the bulkier BPhs in the m-complex (2.331 — 2.341r). The resulting [(dippe)Pd(MeCN-BPh3)]
(2.341r) could be transformed to the corresponding o-complex 2.340 by heating or by
photolysis. The best ratio was obtained by heating and resulted in a 1:1 mixture of 2.341 and

2.340. Contrary to the observation on the analog synthesis with Ni (cf. 2.291r in Scheme 61),
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the Lewis acid BPhs favors the C-CN cleavage reaction in acetonitrile within the palladium
system. The best result was achieved by addition of benzonitrile to the precursor 2.32, which
instantly resulted in the exclusive formation of the C-CN cleavage product [(dippe)Pd(Ph)(CN-
BEts)] (2.350) instead of the m-complex [(dippe)Pd(PhCN-BEtz)] (2.351r).24°1 As for nickel, the
Lewis-acid assisted cleavage reaction is highly dependent on the acidity and the steric demand
of the Lewis acid as well as the electronic and steric properties of the nitrile. Overall, a

prediction for the occurrence of a Lewis-acid promotion or inhibition remains challenging.
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Scheme 63. Lewis-acid assisted C-CN cleavage reaction in palladium complexes.

2.1.5.1.1.2 Lewis-acid boron adducts

Based on that background, the addition of Lewis acids on a selection of synthesized 17-
complexes was analyzed with the intention to find a chemical activation for the C-CP cleavage,
mainly for nickel based m-complexes. In demand for a suitable Lewis acid ZnCl,, BEts;, BPhs
and B(CesFs)s were screened towards their coordination on [(dippe)Ni(MesCP)] (142). Only for
the toluene solution of 142 with tris(pentafluorophenyl)borane an instant color change from
yellow to strong red and shifts of the 3P signals appeared. All other Lewis acids did not show
any activity, even after heating the mixture. In addition to that, the effect of triphenylborane
towards [(dcpe)Ni(MesCP)] (147) and [(dcpe)Pt(MesCP)] (148) in toluene was investigated by
means of heating or irradiation (Amax = 365 nm) of the solution. However, none of these
mixtures showed any reactivity. Consequently, the Lewis acid tris(pentafluorophenyl)borane

was exclusively used for further studies. Tris(pentafluorophenyl)borane did not react with free
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MesCP (68) or TrippCP (81). It turned out that tris(pentafluorophenyl)borane acts surprisingly
different towards the various - and o-complexes, which will be pointed out for the compounds
142, 147, 148, 149, 150, 153, 169 and 185. Generally, the Lewis acid coordination reactions
were carried out by mixing separately prepared toluene solutions of the respective metal
precursor complex and B(CeFs)s. The order of the addition is arbitrary and does not influence
the reaction outcome. The molecular structure of the final Lewis-acid adducts could not be
determined, however, the possibility of the boron n!-coordination on the phosphaalkyne
phosphorus atom leading either to a m-complex of the fashion [(P,P)M(aryl-C=P-B(C¢Fs)s] or
the formation of a o-complex adduct, [(P,P)M(aryl)(C=P-B(CsFs)], will be discussed at the end
of this chapter and in chapter 2.1.5.1.1.3. For reference reasons the B (& = 58.7 ppm) and
19F (6 = -128.98, -142.19, -160.37 ppm) NMR of B(C¢Fs)s were measured. Figure 96 shows all
successfully conducted reactions between the m-complex and B(CsFs)s and assign a

compound number to the outcome.
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Figure 96. Not specified boron adducts by addition of B(CsFs)s to different m-complexes.

Upon addition of 0.5 eq of B(CsFs)s to [(dippe)Ni(MesCP)] (142) the 3!Pt{*H} signal of the
phosphaalkyne phosphorus atom shifted & = 43.8 ppm upfield and showed an additional
splitting to a doublet of doublets with a conspicuous large P3P coupling constant of
Jrp =119.1 Hz (Figure 97). The dippe phosphorus atoms experience only a marginal
downfield shift below & = 3.0 ppm and a decrease of the 3P3!P dippe coupling constant by half
(from Jpp =16.5Hz to 8.3 Hz). The !B NMR showes only one broad signal at around
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6 = -12 ppm, while the °F signals are broadened and slightly shifted to & = -130.62, -135.05
and -165.66 ppm. Overall, the NMR spectroscopy results appeared inconclusive. All three
NMR spectra, 3!P{H}, B and *°F, showed only one single species, however two different
compounds, the starting material 142 and a boron adduct are expected in the 3!P{*H} spectrum,
due to the addition of only 0.5eq B(CsFs)s. Furthermore, the signal of the alleged
phosphaalkyne phosphorus atom did show neither additional !B couplings nor the typical

boron signal broadening. The *H spectrum also did not provide clarity.
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Figure 97. Superimposed 3'P{*H} NMR spectra of [(dippe)Ni(MesCP)] (142, blue) and after the addition of 0.5 eq
B(CeFs)s yielding 186 (red) in benzene-de.

Astonishingly, the reaction of the very similar [(dcpe)Ni(MesCP)] (147) with B(CsFs)s (1 eq)
resulted in decomposition of the complex, whereas [(dcpe)Ni(TrippCP)] (149) cleanly reacted
under instant color shift from yellow to red. The 3!P{*H} signal of the phosphaalkyne
phosphorus atom is only 6 = 10.7 ppm upfield shifted compared to 149, significantly less than
for 186. The highly broadened resonance rather meets the expectation for a boron atom
coupled phosphorus atom (Figure 98). The dcpe signals are around 6 = 4 ppm downfield
shifted and appear as triplet and a doublet of doublets. The lager doublet is Jpp = 60.1 Hz
wide, which is less than half the coupling constant found in 186 and the smallest doublet of
this kind for the boron complex series. The broad !B signal was found at = -0.2 ppm. The
addition of benzyl azide, to prove for the existence of the cyaphido complex by forming a

triazaphosphole (explanation cf.2.1.5.2.4), resulted in decomposition.
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Figure 98. 3'P{1H} NMR spectrum of [(dcpe)Ni(MesCP)] after the addition of 1 eq B(CsFs)3 yielding 187 in benzene-
de.

The analogous reaction with the small bite angle complex [(dcpm)Ni(TrippCP)] (169) showed
a broad resonance with large upfield shift of & = 56.3 ppm for the 3!P{*H}-phosphaalkyne signal
and around & = 7 ppm upfield shifted doublets (Je,r = 133.3,33.2 Hz) for the dcpm ligand in

respect to the starting material.

The B(CsFs)s reaction with [(dcpe)Pd(MesCP)] (185) led to a broad doublet (Jpp = 219.0 H2)
for the assumed 3!P{*H}-phosphaalkyne signal without significant shift compared to 185. The
triplet and doublet of doublets resonances of the dcpe group are around 6(CG*P{*H}) = 12 ppm
shifted to the low field. The broad *'B signal is located at & = 0.4 ppm. The **F NMR showed
three broad signals at 6 = -129.23, -142.58 and -160.76 ppm for the pentafluorophenyl units.

Mixing the platinum complex [(dcpe)Pt(MesCP)] (148) with 0.5 eq B(CsFs)s resulted in a 1:1
ratio of the starting material and a new 3!P{*H}-upfield shifted boron adduct species (190).
Further addition of 0.5 eq B(CesFs)s completed the conversion (Figure 99). Performing the
synthesis with the corresponding C-CP cleavage product (1480) surprisingly revealed equal
31p{1H} signals indicating the formation of the same boron adduct. The 3!P{*H} phosphorus
resonance (6 = 121.4 ppm) of the associated phosphaalkyne ligand is in between the signals
found for the m- (6 = 140.0 ppm) and the o-complex (& = 96.6 ppm). The 3PPt coupling
constants are only visible for the dcpe ligand and assigned to *Jp pt = 2783 and 3635 Hz, which
is more in line with the m-complex. The B spectrum showed one broad signal at & = -5.7 ppm.
The signals in the °F spectrum were unremarkable and appeared nearly unchanged in respect
to B(CeFs)s.
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Figure 99. 3'P{*H} NMR spectra of [(dcpe)Pt(MesCP)] (148) after the addition of 0.5 eq (blue) and 1.0 eq B(CsFs)3
(green). 31P{*H} spectrum of [(dcpe)Pt(CP)(Mes)] (1480) after the addition of 1.0 eq B(CsFs)s (red). The grey dashed
boxes tag the remaining signals of the starting material (148). The blue cycles and triangles mark the 19Pt satellites
of the resulting boron adduct 190.

Surprisingly, B(CsFs)s did not react with the o-complex of [(dcpe)Pt(CP)(Tripp)] (1500),
however, the slowly generated m-complex [(dcpe)Pt(TrippCP)] (150) immediately formed the
boron adduct (191), which showed 3!P{*H} resonances at = 118.4 (br), 68.8 (dd) and 58.9
(d) ppm with 3!P1%Pt coupling constants of 1Jp p: = 2861 and 3456 Hz for the dcpe ligand. The

11B signal was assigned to & = -4.2 ppm, whereas the °F spectrum did not change.

The addition of B(CeFs); to the, neither thermally nor photochemically activatable,
[(dcpe)Pt(Mes*CP)] (153) resulted in three new *'P{*H} signals at 4 = 120.1 (d, br), 66.7 (dd)
and 57.1 (dd) ppm with 3P%Pt coupling constants of *Jp p = 2995 and 3334 Hz for the dcpe
ligand. In contrast to the other two platinum-based boron adducts (190, 191), the 3!P{*H}
resonance of the phosphaalkyne is a more distinct doublet with a much lower coupling constant
of Jpp = 80.8 Hz.

The 3'P{*H} signals of all synthesized boron adducts (Figure 96) are summarized in Table 11,
together with the relevant shifts of the corresponding - and g-complexes. All phosphaalkyne
phosphorus (P1) signals of the boron adducts, except for the palladium compound 189, are
O(*P{*H}) = 8 to 56 ppm upfield shifted in respect to the corresponding m-complex, even
though, the platinum-based boron adducts 190 and 191 are downfield shifted with respect to
their corresponding o-complex. These results are unexpected for the presumed boron n!-
coordination to P1 of the m-complex. Normally, a slight downfield shift would be expected upon
coordination of the boron adduct (Lewis acid), due to the electron density transfer from the P1
to the boron, leading to a de-shielding of the P1. Computational NMR predictions for the
simplified version of [(dcpe)Pt(MesCP)] (148) confirm this consideration by a downfield shift of
O(3P{*H}) = 5.2 and 5.4 ppm for the - and o-complexes (Figure 100). Except of the actual
31p{1H} shifts, there is further NMR information to evaluate the molecular configuration. Even
though a distinct 1Jeg coupling constant is not visible for any of the boron adducts, the

broadened P1 signals are in line with the estimated Jp g coupling.[3%6: 400. 420 The NMR pattern
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of the 3P{*H} signals, the general presence of a 2Jpp coupling between diphosphine
phosphorus nuclei, as well as the magnitude of the coupling are evidence for the formation of
boron adducts of the m-complex instead of o-complex. Furthermore, the 1Jp p: constants of the
boron adducts are much closer to those found in the m-complexes and the increase of the
31p1%5pt coupling of the trans phosphorus (P2) is in line with the expectation of a decreased o-
donation from the phosphaalkyne phosphorus, due to the diminished electron density upon
coordination to the boron. The increased 1Jp, p; also indicates the formation of m-complex boron
adducts.

Table 11. 3'P{*H} signals of the boron adducts and the corresponding P1 shifts relative to the corresponding -
(Am) and o-complex (Ao). P1 is in relationship with the phosphaalkyne phosphorus, while P2 (cis to P1) and P3
(trans to P1) are assigned to the diphosphine ligand.

SPHY  Jep WP{MH}  Jep  P{H}  Jpp
cmd P1 P1 P2 P2 P3 P3 Am Ao
[Ppm] [HZ] [Ppm] [HZ] [ppm] [HZ]

119.1, 119.1,
186 128.8 392 84.5 39.4, 8.2 74.8 8.4 -43.8 -
187 159.4 br 71.0 20.1 65.5 65.1, -11.7 -
20.4
188 143.1 br 14.3 33.2 8.8 133.3 -56.3 -
189 99.8 219.0 72.4 29.6 66.7 2;3'66’ 0.6 -
190 121.4 223.1 70.8 315,99 62.2 229.0 -18.6 24.8
191 118.4 br 68.8 21?3%’ 58.9 194.5 -31.5 9.5
30.6, 82.4,
192 120.1 80.8 66.7 21 2 57.1 305 -7.9 -
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Figure 100. Structure of the predicted platinum complexes and their corresponding boron adducts. NMR shifts of
the phosphaalkyne/cyaphido phosphorus (P1) in ppm.

Interestingly, the increase of the 1Jp p; for the trans phosphorus (P3) and the decrease of the
et for the cis phosphorus (P2) in [(dcpe)Pt(R-CP)] (R = Mes, Tripp, Mes*) across the
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corresponding m-complex is reduced along the line from MesCP (A'Jpip2 = 430 Hz,
Aldpip3 = -273 Hz), TrippCP (244 Hz, -185 Hz), to Mes*CP (56 Hz, -50 Hz). All crystallization
attempts to finally verify the molecular structure were unsuccessful. Independent of the used
solvent, concentrated solutions of the boron adducts resulted without exception in slow

decomposition under the formation of a dark red oil, whose NMR analysis were inconclusive.

2.1.5.1.1.3 Lewis-acid tungsten adducts

In the next step, tungsten hexacarbonyl was selected to continue with the investigation on the
Lewis acid coordination due to its superb crystallization ability, which should help to receive
single crystals for a molecular structure determination. A colorless THF solution of [W(CQOg)]
was irradiated with UV light (Anax = 365 nm) for 2.5 h and several times flushed with argon to
remove the liberated CO. Subsequently, one equivalent of the obtained strong bright yellow
THF solution of [W(COs)(thf)] was added to a THF solution of m-[(dcpe)Pt(MesCP)] (148) and
o-[(dcpe)Pt(CP)(Mes)] (1480), respectively, resulting in a dark yellow solution. Indeed, the
31pf1H} NMR spectra were identical in both cases, as previously already observed for the
addition of B(CsFs)s. In contrast to B(CsFs)s, [W(COs)(thf)], typically also reacts with free
MesCP and TrippCP to cyclization products (cf. 2.1.2.3.9, Scheme 52), however, no evidence
for similar reactions were found. The phosphaalkyne phosphorus (P1) resonance
(6(**P{*H}) = 86.3 ppm) of the new species 193 showed a large upfield shift of
O(3P{*H}) = 53.7 ppm, whereas the dcpe signals (6(3*P{*H}) = 71.7, 64.2 ppm) did not shift in
respect to 148 (Figure 101). The 3P{*H} NMR pattern is very similar to the boron adducts,
mainly due to similar 3!P3!P and 3'P%Pt coupling constants, especially due to the large doublet
of the phosphorus trans to the phosphaalkyne phosphorus. In contrast to most of the boron
adducts, the P1 resonance stayed sharp and revealed the Jpp: and the Jpw coupling. The
tungsten satellites can be easily differentiated from the platinum satellites by the natural
abundance of the elements (*83W = 14%, 1%°Pt = 34%), leading to less intense signals for the
tungsten satellites. Both satellites are depicted in the magnification of Figure 101. The inner
31p18\V resonances are overlapping with each other, whereas the inner 3PPt resonances
are hidden below the main signal. The %Pt{*H} displays one resonance as a doublet of
doublets of doublets at 6 =-4578 ppm (148: -4582 ppm, 1480 -4463 ppm), which confirms
the found %Pt satellites at Jpp = 3330, 2860 and 376 Hz. The H spectrum revealed the
singlets of MesCP (68) at 0 = 6.82 (meta-H), 2.29 (para-Me) and 2.12 ppm (ortho-Me). The
resonances of the dcpe are not resolved individually but can be found between 6 = 2.05 and
0.75 ppm. The ¥C{*H} shows a very broad resonance at = 215.7 ppm, which is most likely
the carbon signal of the C=P unit (148: 6 = 226.8 ppm).
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Figure 101. 3'P{*H} NMR spectrum of [(dcpe)Pt(MesCP)] (148) or [(dcpe)Pt(CP)(Mes)] (1480) after the addition of
1 eq [W(COs)(thf)] yielding 193 in tetrahydrofuran-ds.

Compound 193 is stable, both as solid and in solution. Suitable crystals for single crystal
diffraction could be collected by slow evaporation of a concentrated THF and toluene solution,
which finally revealed the molecular configuration as m-complex (Figure 102). In comparison
with 148 (cf. 2.1.3, Figure 63), the C=P distance (193: 1.642(2), 148: 1.66(1) A) and the Pt1A-
P1A bond length (193: 2.2847(5), 148: 2.348(3) A) are slightly shorter, whereas the Pt1A-C1A
distance (193: 2.079(2), 148: 2.046(8) A) is marginally longer. The P1A-C1A-C4A angle (193:
149.4(2), 148: 145.7(8)°) is closer to linearity and the P1A-Pt1A-P2A angle is expanded from
114.75(9) to 117.34(2)°, owing to the bulky tungsten moiety. In return, the C1A-Pt1A-P3A
angle is narrower. All other bond lengths and angles are nearly identical.

Figure 102. Molecular structure of [(dcpe)Pt(MesCP-W(CO)s)] (193) in the crystal. Anisotropic displacement
ellipsoids are shown at 50% probability level. Hydrogens and a second molecule of 193 in the asymmetric unit
omitted for clarity. Selected bond lengths (A) in blue and angles (°) in red.
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Even though a respective mixture of 7- and o-complex 150/1500, 166/1660 or 170/1700, was
used for the reaction with [W(COs)(thf)], consistently one single product was obtained. With
respect to the gathered information of 193 and on the basis of the 3P{*H} NMR spectroscopy
results of the other products (Table 12), all tungsten complexes are considered as -
complexes (Figure 103). A comparison of 193 and 194 with the relevant boron adducts (190,
191) reveal very similar 3P%Pt coupling constants and the tendency of a likewise reduction
of the increased 1Jp,pt and decreased 1Jpspt OVer the corresponding m-complex from MesCP
(AlJp2pt =126 Hz, AlJpspi=-196 Hz) to Mes*CP (AJp2pt =94 Hz, A'Jpspi=-175Hz). In
addition, GoOICOECHEA and YANG recently demonstrated, by means of the Lewis acids
[W(COs)(thf)] and B(CsFs)s, that electrophiles cannot coordinate to the phosphorus lone pair of
the cyaphido complex [Au(IDipp)(C=P)] (1.35, cf. 1.4.3.5) before a nucleophile had been
coordinated to the m-system of the cyaphido ligand.? Taking all this into account, it is most
likely that all synthesized boron adducts are coordination products of the T-complexes, exactly

like the tungsten compounds.

Cy. Cy V¥(CO)5 Cy. Cy V;/(CO)5 ‘Bu_ Bu W(CO)s Cy. Cy W(CO)s
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Figure 103. Products received from the reaction of 148/148c, 150/1500, 166/1660 or 170/1700 with [W(COs)(thf)].

Table 12. 3'P{H} signals of the [(P,P)Pt(aryl-C=P-W(CO)s] complexes. P1 is the phosphaalkyne phosphorus, while
P2 (cis to P1) and P3 (trans to P1) are assigned to the diphosphine ligand. 2 suspected value.

31P{1H} \]P,P 31P{1H} -]P,P 3lp{1H} JP,P 195P{1H} JPt,P JW,P

cmd Pl P1 P2 P2 P3 P3 Pt Pt W
[ppm] [Hz] [ppm] [Hz] [ppm] [HZ] [ppm] [Hz]  [HZ]
376
193 863 0% g7 SLLoogp LA 4578 2ge0 187
312 18.9 18.8
3330
187.3 295 187.6 307
194 882 3 714 S 625 O 453 2867 186
29.6 17.7 17.6
3303
421
195 904 2990 465 229 133 2990 . 2466 185
24.6 20.6
2870
428
196 959 42 g7 228 12 239 : 2392 184
21.2 245
2820
530
325, 170.0,
1930 975 1748 709 o> 635 07 . 2892 -

3238

In contrast to the boron complex 190, [(dcpe)Pt(MesCP-W(CO)s)] (193) could be partly

transformed into a new species (193a, 16%) upon irradiation with violet light (Amax = 405 nm)
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for 5 h. Prolonged photolysis for two days increased the amount of 193a to 21%, however, at
the cost of considerable decomposition. Additionally, the reverse reaction occurred at room
temperature, which rapidly reduced the quantity of 193a to around 7% until it slowed
significantly down, leaving around 3% of 193a after one week. This behaver matches the
previously discussed back reactions of most synthesized cyaphido complexes. The
remarkable shift of the P1 signal from & = 86.3 to 97.5 ppm in the *P{*H} NMR (Figure 104)
also indicates a significant change of the phosphorus surrounding, which might be caused by
the formation of a cyaphido product. However, the mostly unchanged dcpe shifts, the general
coupling pattern, which is still similar to 193, and the fact that the boron complex 190 did not
react on photolysis, argue against the formation of a cyaphido species. Instead, a further
substitution of one or more carbonyl groups of the tungsten with THF under the irradiation
process is assumed. Later, the liberated CO, which is trapped in the sealed vial, coordinated

to the tungsten again, slowly completing the reverse reaction.

|
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Figure 104. 3'P{*H} NMR spectrum of [(dcpe)Pt(MesCP-W(CO)s)] (193) after 5 h of irradiation with violet light,
showing additional signals (purple rings, dots, triangles) of the new compound 193¢ tetrahydrofuran-ds.
Magpnification of the dcpe signals represented in blue.

2.1.5.2 Consecutive reaction on the cyaphido moiety

2.1.5.2.1 Additional complexation of the cyaphido ligand

Knowledge about the coordination chemistry of the cyaphido ligand is still very limited, even
though, ANGELICI et al. and recently GOICOECHEA and YANG demonstrated the feasibility for
platinum (1.4a, 1.6a) and gold complexes (1.35), bearing an accessible cyaphido ligand. The
Lewis-acid experiments already showed that ZnCl;, which did not react, and [(W(COs)(thf)]],
which only yielded m-complexes, are not suitable for the coordination. The addition of
[(PPh3)2Pt(C2H4)] (183), [(acac)Rh(CO).] or [Re(CO)s]. to [(dcpe)Pt(CP)(Tripp)] (1500) showed
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no reaction. AuCl-SMe; and [(CO)AuCl] reacted at room temperature with
[(dcpe)Pt(CP)(Mes)] (1480) but did not yield a cyaphido complex. The reaction with [(CO)AuCI]
mainly gave [(dcpe)PtCl;] and undefined decomposition products, whereas the addition of
AuCI - SMe; resulted in shifted 3P{*H} signals for the dcpe ligand and three new singlets,
which might result of the loss of the C=P unit. The analysis of the *'P{*H} NMR spectra over
time surprisingly revealed the rapid liberation of MesCP (68, 6 = 0.5 ppm) upon addition of
AuCI - SMe,. Furthermore, a singlet at & = 63.4 ppm with *°Pt satellites (Jppt = 3552 Hz)
appeared and the dcpe signals shifted to 6 = 73.4 ppm (d, Jpp = 2.7 Hz, Jptp = 3080 Hz) and
0 =66.0 ppm (d, Jep = 2.5 Hz, Jpp: = 3314 HZz). In the course of the reaction, the signal of
MesCP vanished, while two new signals at 6(*!P{*H}) = 238.0 and 234.4 ppm appeared. With
the help of the °°Pt satellites, all signals could most likely be assigned to a group of four
compounds (Figure 105). The first compound is [(dcpe)PtCl]*2Y (6(3*P{*H}) = 63.4 ppm),
which was already observed as by-product of previous reactions. The next compound is
described by the two dcpe phosphorus nuclei, which couple to each other as a doublet. That
indicates an unsymmetrical molecule without further phosphorus atoms at least within a 3Jpp.
Considering the SMe: in the reaction solution might suggest the complex [(dcpe)Pt(SMe)(Me)].
However, the very similar [(dippe)Pt(SMe)(Me)]“¥?>4%1 shows slightly different signals
(6(*P{*H}) = 66.6 ppm, (s, Jppt=1828 Hz); O(C'P{*H}) =64.2, (S, Jppt= 2846 Hz)). An
unsymmetrical S,S bridged®?* complex could also be excluded. Furthermore, the large **°Pt
satellites of more than Je pr = 3000 Hz eliminate methyl as ligand but argue for chloride, which
suggests the literature unknown [(dcpe)Pt(SMe)(CI)] (G1) as the best option. Originating from
free MesCP (68) in the solution by reverse reaction of the C-CP cleavage, the MesCP could
either coordinate to the gold atom or be attacked by anions like Mes’, Me", ClI,, leading to
phosphaalkenes. The closest matches in the literature are Ph,C=PMes (8(*'P{*H}) = 233 ppm)
and Ph,C=PCI (6(3*P{*H}) = 235 ppm),®! which makes the below suggested structures (G2,
G3) plausible. However, these results are speculative and need further proof by *H NMR

spectroscopy and mass spectrometry.
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Figure 105. 3'P{*H} NMR spectrum of a reaction mixture of [(dcpe)Pt(CP)(Mes)] (1480) with AuCl - SMe2. Molecular
structure suggestions assigned to the resonances.



RESULTS AND DISCUSSION 161

The reaction of [(dcpe)Pt(CP)(Mes)] (1480) with one equivalent [Cr(CO)s(MeCN)s] at room
temperature in THF was more successful and showed an instant color change from yellow to
deep red. The *P{*H} NMR spectrum revealed a complete conversion to a new species (197)
with a slightly downfield shifted signal for the C=P unit to 6 = 102.9 ppm (1480 96.6 ppm),
which matches the expectation of a de-shielding of the phosphorus nucleus. The dcpe ligand
resonances are upfield shifted to é = 55.6 and 46.2 ppm, with respect to the starting material
(6 =60.2, 49.2 ppm). The 3P3!P coupling constants are similarly small (Jpp = < 14.4 Hz) as in
1480, which was observed for all examined platinum based cyaphido complexes. Even better
results were exhibited by the °°Pt satellites (Figure 106). With around Je pt = 300 Hz for the
C=P, Jppt = 1851 Hz for the cis and Jppt = 2046 Hz for the trans phosphorus atom (to C=P),
they are still in the area of 1480 (*2Jppt = 338, 1654, 2164 Hz). All these figures indicate the
presence of a cyaphido ligand. However, further investigations like infrared spectroscopy,
mass spectrometry and single crystal diffraction should be performed to resolve the molecular
structure and determinate the coordination mode (7 or o) of the chromium. Interestingly, the
31p{1H} spectrum showed additional resonances, especially a doublet of doublets at
0 =169.1 ppm and a doublet at 6 = 152.9 ppm, whereas the signals of the m-complex 148

(around 10%), remaining after the irradiation, have almost vanished.
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Figure 106. 3'P{*H} NMR spectrum of a reaction mixture of [(dcpe)Pt(CP)(Mes)] (1480) with [Cr(CO)3(MeCN)3]
(red) in THF with magnification of the new resonances assigned to 197. The blue cycles and triangles tag the
corresponding °5Pt satellites. The blue ghost NMR (background) shows the starting material mixture of around
90% (1480) and 10% (148) to visualize the signal shift.

To investigate this further, a pure THF sample of the m-complex 148 was reacted with
[Cr(CO)3(MeCN)3]. Indeed, the reaction produced mainly the previous spotted compound 198
with the characteristic large doublet of doublets (Jpp=154.6, 32.7Hz) at
O(3*P{*H}) = 169.1 ppm for the phosphaalkyne phosphorus. The significant downfield shift and
the large °°Pt satellites of the dcpe ligand in comparison with 148, as well as the large Jpp,

similar to the boron (190) and tungsten (193) adducts, indicate the coordination of the
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chromium to the m-complex. As in the case of 197, the molecular structure and the coordination
mode (17 or o) are not clear yet and need further investigation. Even though, the coordination
of multiple [Cr(CO)s;(MeCN)s] units, one per coordination site, or the formation of a chromium
bridged dimer cannot be excluded, they are unlikely due to the 1:1 stoichiometry between the
starting material and [Cr(CO)3(MeCN)s].

In addition of the signals of 198, three further resonances at &(**P{*H}) = 152.9 ppm (d,
Jpp = 178.0 Hz), 69.5 ppm (t, Jpp = 23.5 Hz) and 65.4 (dd, 179.4, Jpp = 24.4 Hz) can be
allocated to another compound 199. The pronounced doublet of doublets again suggests a 17-
complex, however further assumptions are hampered by the not-resolved %Pt satellites.
Placing the results into the context set for the tungsten complexes (cf. 193a), 199 could be the
coordination complex of a substituted chromium compound variant, like the exchange of MeCN
ligands with THF.
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Figure 107. 3'P{*H} NMR spectrum of [(dcpe)Pt(MesCP)] (148) with [Cr(CO)3(MeCN)s] (red) in THF with
magnification of the new dcpe resonances assigned to 198 and 199 (green star).The blue cycles and triangles tag
the corresponding %Pt satellites, whereas the green stars mark the resonances of 199. The blue ghost NMR
(background) shows the starting material (148) to visualize the signal shift.

2.1.5.2.2 Attempted cyaphido exchange with cyanides

Since the calculations for nickel carbonyl complexes (cf. 2.1.4.1) predict only a slightly higher
bond strength to the nickel for the cyaphido versus the cyanido ligand, it was examined if the
addition of a cyanide salt to a cyaphido complex could undergo a salt metathesis reaction,
leading to the exchange of the C=P- moiety with C=N- or if the exchange can take place by

initiation of the back reaction to the m-complex.

In a first attempt, [(dcpe]Pt(CP)(Mes)] (1480) was dissolved in THF and added to an excess

of solid sodium cyanide, which most probable did not react due to its insolubility in THF.
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According to the literature, sodium cyanide is only soluble in few common solvents like H,O,
poorly in MeOH and ppm scale in DMF.[“?5-426 Since water and alcohols are not suitable for
the cyaphido complexes, the reaction was repeated in a 1:1 mixture of THF and MeCN, DMSO
or DMF. Only the DMF reaction mixture, heated to T = 85 °C for 2 days, showed traces of two
additional resonances at 6(3'P{*H}) = 18.5 and1.2 ppm and a high amount of liberated dcpe
(30) ligand next to the reverse reaction to the m-complex in the !P{*H} NMR spectrum.
Surprisingly, the reaction of 1480 with copper cyanide in a 1:1 mixture of THF and MeCN
showed a rapid darkening of the yellow-orange solution and the participation of a red-brown
solid. The 3'P{*H} spectrum revealed a clean transformation by showing only three signals
(200), a very broad one, typical for a copper-phosphorus coordination, at 6 = 137.8 ppm, and
two for the dcpe ligand at 6 =69.8 ppm (dd, Jep =35.8, 15.4 Hz, Jpp = 3035 Hz) and
0 = 64.3 ppm (dd, Jepp = 35.4, 29.9 Hz, Jp pt = 3252 Hz). Overall, the signal shifts and coupling
constants are very close to the m-complex 148. Based on the gained knowledge from the
reaction of [W(CO)s(thf)], the copper of CUCN probably coordinates to the phosphorus lone
pair of the C=P moiety of either 1480 or 148. It is conceivable that the coordination to 1480
initiates the fast back reaction to the m-complex, which is presumable more thermodynamically
stable. The formation of a cyanido-platinum complex can be excluded, due to the 3!P{*H}
signals and corresponding %Pt satellites. In the next approach, tetraethylammonium cyanide
was used as cyanide source to improve the solubility in organic solvents. An excess of a MeCN
solution of Et4N(CN) was poured in a THF solution of 1480 and stirred at room temperature
for two weeks. Apart from the transformation of 1480 into 148, nearly identical 3'P{*H} NMR
signals (201, 6 =84.2 ppm (d, Jep = 7.7 Hz), 17.5 ppm (d, Jep = 36.6, 7.5 Hz), 1.6 ppm (d,
Jrp = 36.6 Hz) and liberated dcpe as in the case of Na(CN), were detected. Switching to
tetrabutylammonium cyanide, which is soluble in THF, yielded almost identical 3P{*H} NMR
signals (202, 6 = 83.0 ppm (d, Jpp = 6.3 Hz, Jppt = 410 Hz), 16.9 ppm (d, Jpp = 35.1, 6.3 Hz,
Jrpt= 1710 Hz), 1.3 ppm (d, Jep =35.3 Hz) in significant higher intensity, together with
liberated dcpe and initial traces of non-reacted 148 within a week by consuming 148c. Most
of the free dcpe could be removed by repetitive precipitation of a brown solid via dropwise
addition of pentane after concentration of the THF solution. Analysis of the liquid phase by H
and 3P NMR spectroscopy confirmed the presence of free dcpe. The 3!P{*H} spectrum of the
solid residue showed mainly signals of the new compound 202 and traces of 148, which was
slowly converted into two singlets at & = 66.5 and 10.0 ppm (Figure 108). Even though all three
phosphorus atoms of 202 are connected to each other in one structure, the doublet at
0 = 1.3 ppm does not show any %Pt satellites, which may indicate that the dcpe ligand is only
connected to the platinum center over one phosphorus. The %Pt satellites of the other
phosphorus signals are still in line with a possible cyaphido ligand (Jppt = 410 Hz) and a

phosphine (Jept = 1710 Hz, one phosphorus atom of the dcpe) trans to the mesityl group.
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Unfortunately, the *H NMR spectrum is populated with the signals of excessive BusN(CN) and
does not allow reliable conclusions, whereas the %Pt{*H} spectrum shows one broad signal
at 6 = -4639 ppm.
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Figure 108. 3'P{*H} NMR spectrum of 202 in tetrahydrofuran-ds.

The hypothetical substitution of one dcpe phosphorus of 1480 with C=N" would rise the
oxidation state of the platinum to +lll, which requires presence of a strong reducing agent.[*?”
429 Furthermore, a resulting Pt(+11) complex is paramagnetic (15 valence electrons) and would
not provide such a clear NMR spectrum. Numerous di- and trinuclear platinum complexes*%
and ring structures® can be excluded since the recorded 3'P{*H} spectrum indicates an
unsymmetrical structure. An assignment or even rough estimation of the structure is not
possible, due to the lack of reliable data. Nevertheless, based on knowledge of the liberated
dcpe, the literature known compound 2.36/%? (Scheme 64) may serve as an inspiration for

future investigations.
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Scheme 64. Literature synthesis of trans-[(dppm)2Pt(CN)2] (2.36).

The analogous reaction between [(dippe)Pt(CP)(Mes)] (143c) and BusN(CN) delivers similar
S1pfIH} NMR signals (203, 6 =84.2 ppm (d, Jpp =6.8 Hz, Jppt =410 Hz), 25.6 ppm (d,
Jrp =35.1, 6.8 Hz, Jppt = 1724 Hz), 9.7 ppm (d, Jpp = 35.5 Hz)). The signals 6(3'P{‘H}) = 25.6
and 9.7 ppm are in line with the proposed downfield shift of dippe (8), coordinated over one
phosphorus. Surprisingly, the 3!P{*H} resonances from the reaction of [(dcpe)Pt(CP)(Tripp)]
(1500) with BusN(CN) diverge from 202 and 203. Besides the signal of the liberated dcpe as
an intense singlet at 6(*P{*H}) = 13.9 ppm, the 3!P{*H} NMR spectrum showed two doublets
(204, 6=625ppm (d, Jpp=49Hz, Jpp=2885Hz), 41.3ppm (d, Jrp=5.1Hz,

Jrpt = 865 Hz), whose shifts are similar to the dcpe ligand of the starting material 1430
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(6 =60.9, Jppt = 2885 Hz, 48.6 ppm, Jppt = 865 Hz), but with significantly changed 3'Pt1*°Pt
coupling constants. The fate of the cyaphido ligand is unknown, but several resonances with
poor intensity suggest decomposition. The %Pt satellites of Jp pt = 865 Hz are very uncommon
and are too small for a typical Jp e, but also too large for a 2Jp pt coupling. While indirectly in
the 31P{*H} visible, *°Pt-1%Pt couplings can be excluded by the too simple spin system,[“30. 433

4341 Insufficient isolation of 204 prevented further data collection.

2.1.5.2.3 Additions on the cyaphido ligand

Based on the reactivity of the C=P triple bond, the cyaphido ligand should be capable to
undergo numerous addition reaction like other phosphaalkynes (cf. 1.3.4). In the typical
addition reaction of HCI to phosphaalkynes, the protons are added to the negatively polarized
carbon atom, whereas the chlorides are attached to the positively polarized phosphorus
atom.® 7 Indeed, stepwise addition of HCI (1 - 4 eq) to [(dcpe)Pt(CP)(Mes)] (1480) in toluene
at room temperature decolorized the yellow solution and yielded [(dcpe)PtCl;] (209) as product,
according to the 3P{*H} NMR spectra. Surprisingly, no other products could be identified at
room temperature. However, four equivalents of HCI were necessary to consume all starting
material 148c0. Therefore, the reaction was repeated and monitored by low temperature 3*P{*H}
NMR spectroscopy, starting the reaction with four equivalents of HCl at T = -94 °C. The NMR
spectra were taken at T = -90, -80, -60, -50, -30, 0 and +25 °C. The most relevant spectra are
depicted as stacked illustration in Figure 109 and support the mechanism of the stepwise HCI
addition to 1480 (Scheme 65). Spectrum #2 showcases that the reaction took place even at
T =-90 °C. All starting material 1480 was already converted to different species, however, the
dcpe ligand signals are broadened, due to the ongoing reaction and the generation of multiple
similar products. Most prominent are the singlets at 6 = 239.7 (br) and 191.3 ppm. The last
one stayed sharp over the whole reaction sequence, which indicates that it is not part of any
dcpe complex. Starting from -80 C a new broad singlet at 6 = 175.3 ppm appeared, which got
more distinct at higher temperatures. Furthermore, the signal of [(dcpe)PtCl;] (209,
0 = 64.8 ppm, *Jp pt = 3568 Hz)“?! together with two more dcpe based resonances at d = 66.7
and 57.5 ppm (Jppt = 3792 Hz) appeared. Due to the substantial number of different dcpe
compounds with additional °°Pt satellites, not all signals could be assigned to a specific
compound. Most species are present from T = -60 to -30 °C and got fully consumed at elevated
temperatures. Reaching room temperature (#6), mostly the resonances of the product

[(dcpe)PtCl;] (209) and the always sharp singlet at 6 = 191.3 ppm remained present.

The supposed mechanism (Scheme 65), the stepwise addition of HCI to the cyaphido ligand
and the final cleavage of it and the mesityl group, is supported by sequential low-temperature

NMR spectra analysis. All previously mentioned relevant resonances are visible in spectrum
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#4 and will be in the following assigned to their assumed compounds. The first reaction step,
the addition of one equivalent of HCI, is represented by the resonance at 6 = 239.7 ppm, a
broad singlet with a 3!P®°Pt coupling constant of Jppt = 118 Hz. The 3P NMR signals of
chlorinated phosphaalkenes usually appear in this area.l® This is in good agreement with the
postulated phosphaalkene complex 205. The next addition of HCI would lead to compound
206, represented by the doublet at 6 = 173.3 ppm (d, 2Jpp = 44.2 Hz, 1Jppt = N.1.), in line with
dichlorophosphines.“3 The third equivalent of HCI probably splits off dichloromethylphosphine
(208), giving [(dcpe)Pt(Cl)(Mes)] (207). 208 shows a sharp singlet at é = 191.3 ppm,“3¢l
whereas no dcpe signals could be assigned to 207 with certainty. However, several
resonances are in the area of the similar literature known complex [(dcpe)Pt(Cl)(Ph)]
(6(C*P{*H}) = 62.5, 52.5 ppm).1*37-438l |n the final step, the fourth equivalent of HCI substitutes
mesityl with another chloride, yielding [(dcpe)PtCl;] (209)#2 and was ultimately proven by
single crystal reflection of colorless crystals, obtained from a concentrated toluene solution.
The alternative mechanism, the direct cleavage of HC=P and stepwise addition of HCI, is not
supported by the 3'P{*H} NMR spectroscopic analysis, due to the lack of the signals for HC=P
(6 =-32.0 ppm) and the expected intermediate H.C=PCl (6 = 300.4 ppm).

starting material rt

+HCI (4 eq) 90°C |

P

| -50°C

25°C L

240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
3 [ppm]

Figure 109. Stacked 3'P{*H} NMR spectra of the reaction of [(dcpe)Pt(CP)(Mes)] (148c) with HCI (4 eq) monitored
over the course of different temperatures.
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Scheme 65. Suggested reaction mechanism for the addition of [(dcpe)Pt(CP)(Mes)] (148c) with HCI (4 eq).

In a first trial to protonate the cyaphido phosphorus atom of [(dcpe)Pt(CP)(Mes)] (1480), one
equivalent of the bulky super Bransted acid H[AI(OTeFs)4]“*°! was added on top of a yellow
mixture of [(dcpe)Pt(CP)(Mes)] (1480, 90%) and [(dcpe)Pt(MesCP)] (148, 10%) in ortho-
difluorobenzene at T=-30°C in a J. Young NMR tube. The solution turned red on the
interaction surface of the two layers. The blend of both solution layers resulted in a dark yellow-
brown solution. The 3!P{*H} NMR spectrum revealed three singlets. The main component is
described by a singlet at & = 57.8 ppm with %Pt satellites of Jppt = 3921 Hz and does not fit
the considered [(dcpe)PtH;] nor [(dcpe)Pt(u-H)J..#4° The other two singlets are located at
0 =78.4 ppm (Jppt = 3436 Hz) and 6 = 59.3 ppm (Jppt = 2188 Hz). None of these structures
could be identified even by combining 1H, 3C{*H}, °F and 2’Al NMR experiments. Up to date,
no further investigations in this regard were made, however, individual experiments with pure
samples of [(dcpe)Pt(CP)(Tripp)] (1500) and [(dcpe)Pt(TrippCP)] (150) are suggested to
determine the origin of the found 3'P{‘H} signals.

Alternatively to protonation, the methylation of the cyaphido phosphorus was considered and
already demonstrated on a additionally side-on coordinated cyaphido ligand by ANGELICI and
co-workers (cf. 1.4.3.2).2°4 The first attempts were carried out with strong alkylating
Meerwein's salts, namely trimethyloxonium and triethyloxonium tetrafluoroborate. Depending
on the solvent, both reagents either did not dissolve and showed no reactivity or caused the
complete decomposition of starting material [(dcpe)Pt(CP)(Mes)] (148c). Concluding
Meerwein reagent as too strong, the more selective iodomethane was chosen instead. The
reaction of one equivalent Mel with [(dcpe)Pt(CP)(Mes)] (148c) at room temperature was
monitored by 3'P{*H} NMR, displaying a slow reaction with no further change after one day.

Five new signals (0 = 66.6, 62.3, 68.3, 46.5, 36.5 ppm) were counted, but the three signals of
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the starting material remained the main component. Additional three equivalents of Mel were
added to the reaction solution until all 1480 was consumed, while the five new resonances
sizably increased (Figure 110). The singlet at & = 66.6 ppm (}Jppt = 3362 Hz) clearly belongs
to [(dcpe)Ptlz] (210),1421 438 which was later confirmed by single crystal reflection of a colorless
crystal, obtained from a concentrated toluene reaction solution. The singlet at 36.5 without
195pt satellites is most likely methylated dcpe (211).14414421 The two doublets (b1, b2) at 6 = 62.3
(Jp.pt = 2050 Hz) and & = 46.5 (Jppt = 55 Hz) ppm with a 3'P*'P coupling constant of around
Jpp = 8.8 Hz do not fit to [(dcpe)Pt(I)(Mes)]“3® and could not be assigned to a compound.
However, the 3P1%Pt coupling constant of b2 is remarkable small, which might indicate a 3Jp pt
coupling.B®¥ The compound of the third singlet at 58.3 (Jppt = 3790 Hz) should be symmetric,
assuming it still contains the dcpe ligand. Any bridged platinum dimer or an arene complex
(e.g. [{(dcpe)Pt(u-Mes)}2][12])“*¥ would be a highly hypothetically guess, based on the 3!P{*H}

shift and %Pt satellites.
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Figure 110. 3'P{*H} NMR spectrum of the reaction of [(dcpe)Pt(CP)(Mes)] (1480) with Mel (4 eq) with assignment
of the %Pt satellites and compounds (210: approved by XRD, 211: plausible by comparison with literature values).

The reaction was repeated with the more kinetically stabilized [(dcpe)Pt(CP)(Tripp)] (1500)
and one equivalent of Mel, which cleanly yielded [(dcpe)Ptl;] (210) as only product. The
reaction sequence was even slower than for [(dcpe)Pt(CP)(Mes)] (1480), reaching the end
point at room temperature after about one week. The received ratio of 1:4 (210:1500) suggests
that four equivalents of Mel are required for full conversion, which could point to the same
mechanism as for the reaction of [(dcpe)Pt(CP)(Mes)] (148c) with HCI to [(dcpe)PtClz] (209).
However, none of the expected intermediates (cf. Scheme 65 and replace HCI with Mel) could
be monitored by 3P{*H} NMR spectroscopy. Even though, these intermediates do not last long
enough to get detected, the final by-product '‘BuPl, (6(*P{*H}) = 168 ppm*4! ;cf. Scheme 65,
analogy to 208) should. Following the **P{*H} spectra in chronological order, the impression is
created that [(dcpe)Pt(CP)(Tripp)] (1500) first undergoes the reverse reaction to
[(dcpe)Pt(TrippCP)] (150) before reacting with Mel. Again, this result supports the assumption
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that electrophiles cannot coordinate to the phosphorus lone pair of a cyaphido complex before
a nucleophile had been coordinated to the m-system of the cyaphido ligand (cf. 1.4.3.5,
2.1.5.1.1.3). Another attempt with the bulkier 'Prl together with 1500 provided the same

outcome.

2.1.5.2.4 Cycloaddition reactions at the cyaphido ligand

Phosphaalkynes are known to undergo different types of cycloaddition reactions (cf. 1.3.4,
Scheme 5) due to their polarized triple bond. In the presence of electron donating transition
metal MesCP is usually able to undergo a cyclodimerization process by attacking a second
electron accepting MesCP to form a 1,3-diphosphacyclobutadiene. Therefore, it was analyzed
if the triple bond of the cyaphido ligand is still able to perform cycloaddition reactions. Initially,
MesCP (68) was added to a THF solution of [(dcpe)Pt(CP)(Mes)] (148c). No reaction was
observed, besides the slow decomposition of the mesitylphosphaalkyne and the reverse
reaction of 1480 to the m-complex 148 at elevated temperatures. Even the more reactive
phosphaethynolate anion of NaOC=PB: %1 and the similar PhsSnP=C=0[F* 443l did not react
with 148c. In following attempts, the possibility to undergo Diels-Alder reactions was
investigated. Therefore, 2,3-dimethyl-1,3-butadiene or 2,3,4,5-tetraphenyl-2,4-
cyclopentadien-1-one was added to 1480 and heated to T = 120 °C. Only the reverse reaction
to 148 was observed. Even the irradiation with UV light (Amax = 365 nm, 100 W) to regenerate
the o-complex in small yields at elevated temperatures, just created 148c. A problem might
be the required heat for the intermolecular cycloaddition reaction. Under these conditions, it
most likely competes with the intramolecular reverse reaction, which proceeds faster. As
already demonstrated, azides react reasonably fast in a “click” type reaction with
phosphaalkynes at room temperature (cf. 2.1.2.3.9). Thus, different azides were probed to
circumvent the issue with the omnipresent reverse reaction. Indeed, the new triazaphosphole
(TAP) species 215 (Figure 111) was formed by the reaction of benzyl azide (BnNs, 117) with
1480 in THF at room temperature. Upon addition of BnN3 to the strong yellow THF solution of
1480, the solution brightens up to pale yellow and three new signals at 6 =202.9 (d,
3Jpp=29.4 Hz, 2Jppi =618 Hz), 59.5 (s, Jppi=1801 Hz) and 49.6 (d, 3Jpp=29.2 Hz,
1Jppt = 1985 Hz) ppm appeared in the 3P{*H} NMR spectrum, while the signals of 148c
(6=96.6 (dd, 3Jpp = 17.7, 10.4 Hz, 2Jppt = 338 Hz), 60.2 (d, 3Jpp = 10.3 Hz, 1Jppt = 1654 HZz),
49.2 (d, 3Jpp = 17.8 Hz, Jppt = 2164 Hz) ppm) slowly decreased over a period of 6 h. The
large downfield shift of the former cyaphido phosphorus in the 3P{*H} spectrum is prominent
and in line with the predictions for the simplified molecule C11 (5(3'P) = 194.8 ppm) in respect

to the increased de-shielding caused by the adjacent nitrogen atom.
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Figure 111. 3'P{*H} NMR spectrum of [(dcpe)Pt(Mes)(TAP-Bn)] (215), magnification of the signals (blue) and the
predicted 3P{*H} shift of the TAP phosphorus of the simplified structure C11 (left box).

The H NMR spectrum shows distinct resonances for the meta-protons of the mesityl unit
(6 =7.05ppm (s)), the phenyl group of the TAP (6=7.03 ppm (m), 6.94 ppm (m)), the
methylene bridge between the TAP and the phenyl with *H3P coupling (6 = 5.35 ppm (d,
2Jup = 4.43 Hz), the ortho-methyl groups (6=2.80ppm (s)) and para-methyl groups
(6 = 2.35 ppm (s)) of the mesityl. The ethylene bridge as well as the cyclohexyl groups of the
dcpe ligand are not distinguishable and cumulated in a not resolved resonance from 6 = 1.94
to 0.86 ppm. If the same reaction is carried out at T = 60 °C or started with a 3:2 ratio of 148c
to 148, it resulted in the release of free TAP (120, 6(3*P{*H}) = 177.8 ppm; cf. 2.1.2.3.9, Figure
43) and a significant amount of by-product, which is represented by a singlet at 6 = 66.4 ppm
with Jppt = 3501 Hz in the 3!P{*H} spectrum. Assuming that the by-product is caused by
reaction with the m-complex 148, a pure sample of 148 was reacted with BnNs. Surprisingly,
this very slow reaction did not yield the expected singlet and one equivalent of the azide was
not enough to consume all starting material. Instead, three new 3'P{*H} signals were detected,
a singlet for the free TAP (120) and two independent doublets at = 60.0 and 47.7 ppm with
31p1%5pt coupling constants of Jept = 3112 Hz and 3333 Hz, respectively. The analog reaction
with the nickel derivative 147 yielded only one singlet at 6 = 46.9 ppm, however, isolation
attempts were not promising according to several additional signals found in the *H NMR

spectrum.

After successful generation of the triazaphospholato platinum complex 215, a full series of ten
compounds was synthesized by a combination of the o-complexes [(dippe)Pt(CP)(Mes)]
(1430), [(dippe)Pt(CP)(Tripp)] (1440), [(dcpe)Pt(CP)(Mes)] (148c), [(dcpe)Pt(CP)(Tripp)]
(1500) and [(dcpm)Pt(CP)(Tripp)] (1700) together with the azides BnNs (117), MesNs (118),
DippNs (119) and 2,6-bis(azidomethyl)pyridine. The resulted products are portrayed in Figure

112 and the corresponding 3!P{*H} NMR signals are summarized in Table 13.
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Figure 112. Overview of the synthesized triazaphospholato complexes.

Table 13. 3'P{!H} signals of the [(P,P)Pt(aryl)(TAP-R] complexes 212 -221. P1 is the triazaphospholato
phosphorus, while P2 (cis to P1) and P3 (trans to P1) are assigned to the diphosphine ligand.

31P{1H} JP,P Blp{lH} JP,P Blp{lH} \]P,P 195Pt{1H}

cmd P1 P1 P2 P2 P3 P3

Pt

[Ppm] [HZ] (Ppm] [HZ] (Ppm] [HZ] (Ppm]

212 | 2051 | 282 | 677 i 58.2 286 i
213 2122 275 = 669 38 = 582 274  -4501
214 2088 300 640 i 549 298  -4495
215 2029 294 595 : 496 292 i
216 2059 288  60.1 : 50.8  28.7 :
217 211.0 22.3, 59.0 3.9 50.3 284  -4489
218 2056 295  60.2 i 50.5 289 i
219 2069 313 561 30 = 466 310 :

Jptp
Pt
[HZ]
611
1815
1998
592
1803
2025
571
1825
1994
618
1801
1985
608
1800
2014
595
1801
2026
605
1805
2005
592
1802
2005
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575
220 218.6 28.3 58.9 = 48.3 28.4 - 1813
2008
609
221 210.6 29.8 -26.3 21.7 -35,6 26.5 - 1560
1656

The diphosphine phosphorus atom shifts and 3PPt coupling constants within the same
diphosphine ligand type are notably similar and in good agreement with their respective starting
material (o-complex). All triazaphospholato phosphorus resonances are above
O(3tP) = 200 ppm, more specifically, in the area of around &(3P) =200 to 220 ppm. The
tendency of the largest downfield shift is given by the row of the azides (DippNs > MesN3 >
BnN3) and the aryl ligand on the platinum (Tripp > Mes), resulting in the lowest shift for 215
(6C*P{*H}) = 202.9 ppm) and the highest for 220 (6(3*P{*H}) = 218.6 ppm). Generally, the
reaction rates are significantly decreased with increased steric demand of the azides or the
aryl group of the o-complex, meaning the reaction between BnNs; (1 eq) and a mesityl
containing o-complex are completed within 6 to 12 h, whereas the reaction of MesN3z or DippN3
(1 eq) with a Tripp o-complex can take up to a week at room temperature. Certainly, the gained
flexibility by the methylene bridge in BnN3 and 2,6-bis(azidomethyl)pyridine is the main reason
for that. In consequence, it seems reasonable to combine BnNsz (117) with
[(dippe)Pt(CP)(Mes)] (143c) or [(dcpe)Pt(CP)(Mes)] (1480) to obtain mostly pure
triazaphospholato-platinum-complex samples. Whereas this might be true in theory, only a
mixture of - and o-complex could be used due to the limitation by the generation of the o-
complexes of this type. The logical alternative was the use of [(dcpe)Pt(CP)(Tripp)] (1500),
which can be obtained as pure substance. Unfortunately, the reaction with the o-complex
proceeded extremely slow, while, in contrast to 1430 and 1480, the reaction with the -
complex (150), slowly forming via reverse reaction from 1500, is executed much faster and
resulted a large amount of unknown by-product that decomposed rapidly. This can be avoided
by a large excess of azide (10 - 20 eq) but at the costs of overall purity. An isolation by common
laboratory techniques like solubility, recrystallization, sublimation or column chromatography
were not successful or sufficient for any triazaphospholato platinum complex, synthesized in
one of the discussed ways. Hence, all described azide-cyaphido-complex combinations
(Figure 112) were necessary to find a suitable system to isolate one of the target compounds
in reasonable yields for further characterization and final prove of identity. Generally, the best
results were achieved with DippNs (119, 1 eq), even though a significant amount of by-product
was generated, depending on the o-complex type. The by-product was neither isolated nor
characterized (Table 14), however, is proposed to occur from the reaction of DippNs with the
m-complex or an intermediate at the formation of it. Assuming its origin from a Pt(0) species,

like the m-complex, it could hypothetically be an side-on coordinated triazaphosphole complex.
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This might be proven in the future by addition of an adequate triazaphosphole to
[(dcpe)Pt(COD)] (45), but was not part of this work. The by-product 217a from the reaction of
[(dcpe)Pt(CP)(Mes)] (1480) and DippNs (119) decomposed quickly in the reaction mixture at
room temperature, forming the new species 217b, which is described by a doublet of doublets
in the 3'P{*H} spectrum at (6 = 71.5 ppm (Jpp = 26.0, 14.4 Hz, Jp pt = 2925 Hz). The signals of
the corresponding phosphorus nuclei, indicated by the given coupling, could not be found.

Table 14. 3'P{*H} signals of the by-products of 213, 217, 220 and 221, labeled with an additional a. Not found (nf)
signals of 213a, due to low amount and resulting low NMR intensity. Compounds 213a and 217a are unstable in
the reaction mixture at room temperature. 217a apparently decompose into a new compound (217b,
O(3P{*H}) = 71.5 ppm (dd, Jpp = 26.0, 14.4 Hz, Jp pt = 2925 Hz)).

P(H} e P{H}  Jep  PH}  Jep  Jee

emd p1 P1 P2 P2 P3 P3 Pt
[ppm] [Hz] [ppm] [Hz] [ppm] [HZ] [Hz]

2405

213a nf it 617 174 592 65 200
400

217a 738 ¥$g* 56.5 ﬁgg* 533 8.4 33 2428
: : 3632

284

2208 65.6 %gg’ 51.6 %gf’ 46.8 60 2431
: : 3665

351

221a 661 128 286 @ °t4 300 5L 1946
12.9 129 o0

After the effected decomposition of 217a to 217b, 217 was successfully isolated by extraction
with pentane and filtration through a Whatman filter from the crude solid as pale-yellow
solution. The identity of 217 could be validated by NMR spectroscopy (Figure 113), high
resolution mass spectrometry, elemental analysis and ultimately by single crystal diffraction
(Figure 114). The geometry, bond lengths and angles of the platinum center are nearly identical
to 148c (Figure 79) with exception of the bond between platinum and the triazaphospholato
carbon (Pt2-C49), which is slightly elongated from 1.974(2) to 2.043(5) A. The bond lengths
and angles within the triazaphospholato ligand itself are unremarkable and close to the values
found in neutral 3,5-disubstituted 3H-1,2,3,4-triazaphosphole derivatives.*¢ With that proof of
the molecular structure, 217 is the first reported complex bearing an anionic triazaphospholato
ligand. Furthermore, the crystallographic data confirmed the regioselective [3+2] cycloaddition
reaction of an azide with the cyaphido ligand, which is in conformity with the reaction of
phosphaalkynes with organic azides. In perspective of the isolobal relationship between a CH
fragment and a trivalent phosphorus, this reaction is in analogy with the [3+2] cycloaddition
reaction between metal-acetylides and azides.*"%° Qverall, this result demonstrated the

possibility of consecutive reactions on the cyaphido moiety.
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Figure 113. 3'1P{*H} and °°Pt{1H} (top left) NMR spectrum of [(dcpe)Pt(Mes)(TAP-Dipp)] (217) with around 14% by-
product (217a, purple dots) in tetrahydrofuran. *H NMR spectrum (top right) of resolved crystals of 217 in benzene-

de.

Figure 114. Molecular structure of [(dcpe)Pt(Mes)(TAP-Dipp)] (217) in the crystal. Anisotropic displacement
ellipsoids are shown at 50% probability level. Hydrogens and second molecular structure in the asymmetric unit
omitted for clarity. Selected bond lengths (A) in blue and angles (°) in red.
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2.2 Synthesis of cyaphido gold complexes by C=P- transfer

Independent of the recent progress in the synthesis of novel cyaphido transition metal
complexes (cf. chapter 1.4.2), there is a demand for easy-to-use cyaphido transfer reagents
like [Mg(°PPNacNac)(C=P)(dioxane)]*®? (1.22a, cf. 1.4.3.4) to avoid individual designed
multistep syntheses to access novel cyaphido complexes. Ideally, those transfer reagents
should be simple in the production and storable for a long time like the numerous cyanide
salts™*! for the cyanido equivalents. Probably, sodium phosphaethynolate*® (NaOC=P, cf.
1.3.3) is still the most related phosphorus source, meeting those requirements, to date. Even
though it transfers the phosphaethynolate anion, it can sometimes be considered as

“phosphorus” transfer reagent.[*52

Following the endeavor in the search of a cyaphido transfer reagent,
trimethylsilylphosphaalkynel™ 71 (Me3Si-CP, 53, cf. 2.1.2.3.1) was selected as an accessible
precursor for the release of C=P". Silyl groups are widely used as protection unit in the organic
synthesis, especially as silyl ethers to preserve OH groups.*53454 There is a broad variety of
desilylation reagents, 55456 the strongest are mostly fluoride reagents,“>” which serve as F
source. The high reactivity of the fluoride ion is usually explained by the generation of the very
strong silicon-fluorine bond, which has a typical dissociation energy of around 700 kJ-mol1.1458l
As already stated (cf. chapter 1.3.2), phosphaalkynes and their reactivity are related to
acetylenes. Several examples for the desilylation of acetylenes with fluoride reagents are
known.15%-4611 Fyrthermore, the famous synthesis of the first stable cyaphido complex by
GRUTZMACHER et al. (cf. 1.4.2.3) is also based on the silyl group cleavage to generate the C=P
moiety in situ directly on the metal core.B”l Hence, trimethylsilylphosphaalkyne seemed to be

an excellent contender for the release and transfer of the cyaphide anion.

Although the desilylation of silylphosphaalkynes are evident and have already been
successfully applied by the group of GRUTZMACHER and CROSSLEY (cf. 1.4.2.3) in the
coordination sphere of ruthenium and Me;SiCP (53) is known since 1981, no further references
were found. At the risk of retaking many non-documented failures, the desilylation of 53 and
aspired C=P" release/transfer was step by step examined until exhibited signs of success.
Before presenting the relevant results of the successful transfer, a very brief summary of the
previous conduced reactions (Table 15) should illustrate the development process to avoid
future iterations of the same reactions. A first attempt (#1) was carried out with TBAF (tetra-n-
butylammonium fluoride) as F source in toluene. Indeed, the formation of fluorotrimethylsilane
(MesSiF or TMS-F) was observed by °F NMR spectroscopy (6 = -178.3) in the brown solution,
which indicates the split between the MesSi* and C=P- unit. In principle, the naked cyaphide
anion might be stabilized by the cation and, in consequence, associated with the "BusN*.

However, cycloaddition reactions of the highly reactive cyaphide anion with further cyaphides
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could also lead to polymeric structures as known for not sterically shielded phosphaalkynes
like HCP or MeCP (cf. 1.3.2, Figure 4). The negative charge might be compensated by the
"BusN* ion or unpredictable side reactions. Surprisingly, the 3!P{*H} NMR spectrum only
showed one main signal, a singlet at 6 = 10.1 ppm. Nevertheless, identification of a potential
C=P species is not trivial, due to the lack of unequivocal proof techniques and especially the
31p shifts vary widely. Usually, the C=P group can be best identified by X-ray crystallography.
Alternatively, a combination of NMR, infrared spectroscopy, mass spectrometry and chemical
follow-up reaction are suitable. In some of the previous cyaphido complexes the mass of the
C=P- anion could be found in the negative mass spectrum. For the reactions listed in Table 15
mostly *H, ¥C{*H}, °F and 3P NMR spectroscopy were used, sometimes ESI-MS or APCI-
MS and IR was realized in addition. Chemically, azides (BnNs, DippNs) were occasionally
applied to force cycloaddition reactions, MesSiCl to regain MesSiCP by precipitation of a metal
chloride salt or [W(CO)s(thf)] to receive coordination products. Most of the reactions were
performed in toluene-dioxane mixtures at T=-78°C and allowed to warm to room
temperature. If the solubility of the fluoride sources were insufficient, the reactions were
repeated with MeCN or DCM as a solvent. For all concluded fluorination reaction MesSiF (#3,
PhsSiF) was observed in the **F NMR spectra.

Table 15. Summary of the conducted MesSiCP (53) cleavage reaction with different fluoride sources (and second
reagents). Only in #3 the bulkier PhsSIiCP (58) was used. All reactions released MesSiF (#3, PhsSiF). The new
31p{iH} shifts of the unidentified products are listed. Abbreviations: TBAF = tetra-n-butylammonium fluoride, TBAT =
tetra-n-butylammonium difluorotriphenylsilicate, 18C6 = 18-crown-6, DB18C6 = dibenzo-18-crown-6, Crypt-
222 =[2.2.2]cryptand, phosphazenium CI = tetrakis{[tris(dimethylamino)phosphoranyliden]amino}phosphonium
chloride, I'Pr = 1,3-diisopropylimidazol-2-ylidene, IMes = 1,3-dimethylimidazol-2-ylidene.

nr F source sec. reagent new 3'P{*H} main signals [ppm]
#1 TBAF - 10.1 (s)

#2 TBAT - 10.5 (s)

#3 TBAT - 179.2(s), 67.2 (s), 7.6 (d)
#4 PhsPF - 22.8 (s)

#5 PhsSnF - 17.8 (br)

#6  "BusN PhsSnF2 - 15.1 (br)

#7 CsF = none

#8 CsF 18C6 273.2 (s), 10.2 (s)

#9 CsF DB18C6 267.1 (s), 11.2 (s)
#10 CsF Crypt-222 273.7 (s)

#11 KF 18C6 11.2 (s)

#12 KF DB18C6 10.4 (s)

#13 KF Crypt-222 264.8 (s)

#14 KF phosphazenium Cl 28.7 (d), 24.7 (s), 22.1 (s)
#15 AgF - 42.8 (d), 20.8 (s)
#16 AgF 18C6 42.5 (d), 21.7 (s)
#17 AgF Mes*Br 34.8 (s)

#18 AgF ‘BuCl 42.0 (d), 20.4 (s)
#19 AgF IMe4 265.1 (s), 7.7 (s), -26.2 (S)
#20 AgF I'Pr -24.5 (s)
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#21 AuFs - 39.8 (s), 39.2 (br), 38.1 (dt)
#22 CsAuFsa - none
#23 MesN AuF4 - none

The identity of #1 could not be resolved, however, the generation of Mes;SiF was a major
indicator for the cleavage and motivation to continue this project. In a next attempt (#2), solid
TBAT (tetra-n-butylammonium difluorotriphenylsilicate) was used as fluoride source, because
it is more reliably water free than TBAF.!*62 The red-brown reaction solution showed the same
major 3'P{*H} signals as for TBAF. Astonishingly, in a settled solution of #2, the two 3!P{*H}
signals 325.8 (d, 2Jpp = 31.8 Hz) and 314.9 (t, 2Jpp = 32.4 Hz) could be found, which are in
excellent agreement with 3,5-bis(trimethylsilyl)-1,2,4-triphosphole. This might indicate the
formation of an “P” source like in the reaction of CsF with MesCP (cf. 2.1.2.3.9). The reaction
was repeated with the bulkier PhsSIiCP (58, #3), but this time, there was no evidence for the
formation of a 1,2,4-triphosphole. The next pursuits were aimed to find a suitable counter ion,
which is able to stabilize the naked C=P- anion. Further reactions of Me3SiCP with Ph,PF¢3!
(#4), PhaSnF“64 (#5), "BusN Ph3SnF,[*65-4681 (#6) were unremarkable. The reaction with CsF
(#7 - #10) and KF (#11 - #13) as an F source, showed similar results as the reaction with
TBAF or TABT, but often generated an additional singlet in the 3'P{*H} spectrum between
60 = 265 - 273 ppm depending on the used solvent. A connection between these singlets was
not revealed, however the existence of a C=P species can be most likely excluded based on
additional measurements and attempts of follow-up reactions. An exception to those outcomes
was the reaction of KF together with the extremely bulky tetrakis{[tris(dimethylamino)-
phosphoranyliden]amino}phosphonium chloride (#14). The intention was the reaction of the
free potassium with the chloride of the phosphonium salt to provide the phosphonium ion as
an adequate counter ion for the C=P- anion after the initial fluorination of the TMS group. The
observed 3'P{H} shifts were similar to PhsPF (#4). Potentially, better results might be obtained
by exchanging the chloride of the phosphonium ion by fluoride.¢7-468 This was not done, due
to the expected low yields, the high price of the phosphonium chloride itself and the necessary
time for the preparation of phosphonium chloride from scratch by multistep synthesis. The
reactions with AgF (#15 & #16) in toluene proceed fast, yielding first a red and upon warming
to room temperature a brown solution with two resonances in the 3'P{*H} NMR spectrum, a
doublet at 6 = 42.8 ppm (Jpr = 994.5 Hz) and a singlet at 6 = 20.8 ppm. The coupling of the
doublet is typical for a J(®!P°F).*6°1 The responding *°F signal (ddd) is located at
0 =-69.0 ppm and the 3!P spectrum revealed additional signals at & = 42.2 ppm (ddt, J =
994.5, 577.8, 18.0 Hz) and & =21.6 ppm (dt, J = 530.3, 18.1 Hz). The H3P HMBC NMR
spectrum showed two cross-couplings in the aromatic region (6 = 7.62, 6.23 ppm) and several
very close signals in the aliphatic area at around 6 = 0.5 ppm. Over a longer period, the signals

slightly changed their shifts and the coupling pattern, indicating ongoing reactions. Thus, no
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further assignments have been made. Instead, the reaction was repeated with additional
Mes*Br in the reaction solution (#17) with the goal to precipitate AgBr and force the direct C=P-
anion transfer to receive Mes*CP (76). Indeed, the *'P{*H} spectrum showed only on signal at
0 = 34.8 ppm, which is in agreement with the expected product. Further investigation of the
product revealed that this signal only matches Mes*CP by accident and a second experiment
with 'BuClI (#18), which theoretically yields 'BuCP, verified that. In two other reactions with AgF
N-heterocyclic carbenes (#19 & #20) were added to build a silver complex ([(NHC)Ag(CP)])
instead of a salt, which resulted in a blood red solution with yellow precipitation even at room
temperature and changed NMR signals. Still, none of them could be assigned to a C=P
species. The reactions with other gold fluorination reagents (#21 - #23) also did not lead to

identifiable C=P species.

Despite the lack of success, the direct transfer of the C=P- onto a transition metal complex
seemed more promising. Ideally, the transition metal precursor should also act as a fluoride
source for the fluoride-cyaphido exchange. Fortunately, BRAUN et al. very recently developed
novel fluorido gold(l) complexes, which can also be used as a fluorination reagents.*" First
test reactions between [(IDipp)AuF] (225-F) and Me3sSiCP (53) were conducted.“’Y! The N-
heterocyclic carbene IDipp (1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) was deliberately
chosen, because it should result the already literature known cyaphido gold(l) complex 1.35
(cf. 1.4.3.4, Figure 17) upon successful reaction. Indeed, the reaction of 225-F and 53 in
DCM/toluene, performed in a PFA tube (perfluoroalkoxy), started at around T =-97 °C and
warmed to room temperature, showed only one signal in the 3P NMR spectrum at
d = 83.9 ppm (Figure 115), matching the literature value of & = 84.1 ppm. The **F NMR of the
yellow reaction mixture showed the release of MesSiF. Further NMR characterization were not
obtained, due to the decomposition of [(IDipp)Au(CP)] (1.35) upon vacuum application to the
reaction mixture to exchange the liquid with deuterated solvent, which was later achieved
through other iterations. Nevertheless, this was clear evidence for the successful formation of
1.35. For further investigations suitable [(NHC)AuF] complexes (222-F - 225-F) were
synthesized, starting with the addition of NHCs (IMes, I'Pr, SIMes, IDipp) to AuCl - SMe;
(Scheme 66). The halogen exchange for the [(NHC)AuCI] complexes (222-CI - 225-Cl) with
sodium iodide, yielded the corresponding iodido complexes 222-I - 225-I. Together with a
significant excess of AgF suspended in DCM, these were filled into a PFA tube and flame-
sealed under vacuum for sonication in a water ultrasonic bath for around 1 h. After the opening
of the PFA tube either under a strong stream of argon or in the glovebox, the liquid phase
(DCM) was transferred with a filter cannula into a another PFA tube. The PFA tube containing
the corresponding fluorido-complex-DCM solution (222-F - 225-F) was frozen in liquid
nitrogen, then the toluene solution of MesSICP (53) was added on top. The complete frozen

sample was again flame-sealed under vacuum, stored in a beaker until it was defrosted, before
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it was shaken to blend the two solutions. The still sealed PFA tubes were slid into a regular
NMR tube for the measurement of 3P{*H}, 3P and '°F NMR spectra.

NHC (1 eq) Nal (10 eq) AgF (20 eq)
Cl*'SMe;, — > [(NHC) uCl] ——— > [(NHC) ul] —— > [(NHC) uF]
DCM, rt, DCM, rt, DCM, rt,
2h 222-Cl = IMey 2d 222-] = IMe, ultrasonic, 222-F = IMey
223-Cl=IPr -NaCl 223-1 = |'Pr Th 223-F = I'Pr
224-Cl = SIMes 224-1 = SIMes Agl 224-F = SIMes
225-Cl = IDipp 225-1 = IDipp 225-F = IDipp
Me3Si—=F (1 eq) 222 = |Me,
53 =i
[(NHC)"  F] NHC—/ —= 223 =IPr
DCM, 224 = S|Mes
-97°Ctort 1.35 = IDipp
- Me3S|F

Scheme 66. Reaction route from AuCl - SMe2 to the cyaphido gold(l) complexes 222, 224 and 1.35. The final
reaction towards 223 was not successful. I'Pr = 1,3-diisopropylimidazol-2-ylidene, IMes = 1,3-dimethylimidazol-2-
ylidene, SlIMes = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene, IDipp = (1,3-bis(2,6-diisopropyl-
phenyl)imidazol-2-ylidene.

All recorded °F spectra revealed the signal for MesSiF after the final reaction step. The yellow
toluene-DCM-d; reaction solution of the potential [(IMe4)Au(CP)] (222) showed exclusively one
singlet at & = 81.1 ppm in the 3P spectrum (Figure 115). The H spectrum revealed a singlet
of 6 = 3.76 ppm for the nitrogen methyl groups and a singlet of & = 2.14 ppm for the backbone
methyl units. The reaction towards [(I'Pr)Au(CP)] (223) gave several 3'P{'H} signals, but none
of them in the area around 6 = 80 ppm, which indicates decomposition out of unknown reason.
The 3'P spectrum of the SIMes derivative displayed again exclusively one singlet at
0 = 84.5 ppm (Figure 115). Several isolation efforts of the compounds 222, 224 and 1.35 failed,
due to decomposition under reduced pressure. To accomplish the full NMR characterization,
the experiments must be performed in deuterated solvents. However, at the current state,
MesSiCP (53) is produced as toluene solution. The fast decomposition of neat Me3SiCP made
it difficult to isolate it or to exchange the solvent. Frist endeavors showed that Mes;SiCP might
be separated from a MesSiCP-tolunene solution if captured in a cooling trap by the right
combination of vacuum and temperature. Alternatively, the new complexes might be
crystallizable without previous isolation. Despite the lack of the current characterization, the
successful cyaphido transfer between MesSICP (53) and [(NHC)AuUF] is most likely, due to the
similarity 3P signals among the new 222, 224 compounds and the literature known complex
[(IDipp)Au(CP)] (1.35).

A more direct approach to access the cyaphido gold(l) complexes 224, by addition of MesSiCP
(53) to [(NHC)AUCI], resulted in a yellow solution with a singlet at & = 130 ppm in the 3P{*H}
NMR. The reaction mixture was transferred into a PFA tube containing one equivalent of AgF.

Upon sonication, the solution slowly turned dark yellow and a solid formed. Afterwards, no
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31p{*H} signals could be detected anymore. Likewise ineffective was the replacement of the
NHC species with triphenylphosphine at the last reaction step, following the same reaction
route as for the NHC derivatives (Scheme 66). The failure can certainly be attributed to the
fast decomposition of [(PhsP)AuF].*"2 Switching to the stable [(BrettPhos)AuF] (BrettPhos =
dicyclohexyl-[3,6-dimethoxy-2-[2,4,6-tri(propan-2-yl)phenyl]phenyl]phosphane), indeed,
resulted in a signal pair of two doublets (6 = 74.4 ppm (Jpp = 13.3), 44.0 ppm (Jpp = 12.4)) in
the 3'P{*H} spectrum, which suggests the formation of [(BrettPhos)Au(CP)] (226, Figure 115).
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Figure 115. 3P{*H} NMR spectrum of the proposed structures [(IDipp)Au(CP)] (1.35, top left), [(IMes)Au(CP)] (222,
top right), [(SIMes)Au(CP)] (224, bottom left) and [(BrettPhos)Au(CP)] (226, bottom right).
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3 Conclusion and outlook

Since the discovery of H-C=P by GIER in 1961, several small, labile derivatives have been
synthesized before the preparation of the kinetically stabilized '‘Bu-C=P by BECKER et al.
established phosphaalkynes as regular building block in the phosphorus chemistry in 1981.
Today, various sterically stabilized phosphaalkynes are accessible by the
hexamethyldisiloxane elimination route or the double elimination of HCI from a
dichlorophosphine (Scheme 67). Alterations of this methods have been used to attain MesSi-
C=P (53), PhsSi-C=P (59), Mes-C=P (68), Mes*-C=P (76) and the new representatives Tripp-
C=P (81) and Mdtbp-C=P (86).

A NaOH TMes
a) RACI2—> R— 2 )\\M. b)
-2 HCl - (SiMe3),0 R SiMes
R =H, Me, CI, F, ... R = Bu, Ad, Mes*, ...

Scheme 67. Common synthesis of phosphaalkynes by double elimination of HCI from a dichlorophosphine (a) or
hexamethyldisiloxane elimination of a phosphaalkene (b).

In a theoretical evaluation, the HOMO-LUMO gaps of all synthesized phosphaalkynes were
compared with their corresponding acetylenes and nitriles, confirming the similarity in reactivity
of phosphaalkynes and acetylenes by their HOMO orbitals. Furthermore, the electron density,
electron localization and natural bond orbitals of phenylphosphaalkyne, phenylacetylene and
benzonitrile were analyzed. The tendency to undergo cycloaddition reaction was validated for
the arylphosphaalkynes by the generation of phosphinines, triazaphospholes, triphospholes
and cyclodimers in the coordination sphere of tungsten and iron. Moreover, the obtained
arylphosphaalkynes were used to create novel phosphaalkyne nickel, palladium and platinum
complexes with variations of the bite angle size through the applied chelating diphosphine-co-
ligands (Scheme 68). As precursor selected complexes were fully characterized by means of
IH, 3tp{1H}, B3C{*H}, *°Pt{*H} NMR and UV-Vis spectroscopy, EI mass spectrometry, elemental
analysis and single crystal X-ray diffraction. The phosphaalkyne phosphorus in the platinum
complexes has a typical 3'P{*H} shift of 6 =125- 150 ppm for the ethylene (C.) and
0 =155 - 165 ppm for the methylene (C1) bridged derivatives. The nickel complexes showed
an average downfield shift of about = 30 ppm, whereas the signals of palladium complexes
appeared around & =40 ppm upfield shifted. The *C{*H} NMR shifts of the coordinated
phosphaalkyne carbon atom are between & = 220 and 240 ppm. The *°Pt{*H} signals of the
formal platinum(0) square-planar complexes are located at around & = -4550 ppm for the C,
and at around & = -4000 ppm for the C, derivatives. The precursors were subject of photolysis

experiments to receive novel cyaphido complexes.
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Scheme 68. General synthesis of arylphosphaalkynes complexes (rm-complexes).

The elusive cyaphido ligand was discovered by ANGELICI and co-workers in 1992.
GRUTZMACHER et al. succeeded in the isolation of the first stable cyaphido complex 14 years
later. However, cyaphido complexes are still very rare and the chemical potential of the
cyaphido moiety is inhibited by steric shielding. Therefore, the general knowledge regarding
its reactivity is limited. Theoretical studies were applied to receive deeper insights into the
coordination modes of C=P-. Essentially, the cyaphide anion is a slightly better 7-donor and a
significant stronger m-acceptor than the cyanide anion. In contrast to cyanido, a terminally, via
the carbon atom coordinated cyaphido ligand, will always favor a side-on over the end-on
interaction via the phosphorus lone pair for the coordination with a second metal fragment.
Inspired by the C(sp)-C(sp?) bond cleavage in diphenylacetylene by the photolysis of a
platinum(0) complex, this concept was successfully transferred to the isolobal phosphaalkyne
analogs, resulting in seven novel cyaphido complexes. The best conditions for the irradiation
process are intense light at the lowest absorption band of the specific compound (A = 400 nm),
low temperatures (T <0°C) and polar solvents (THF). The o-donor capability of the
diphosphine ligand and the m-acceptor properties of the ortho-substituted arylphosphaalkyne
have a major impact on activation process, most likely due to the necessary MLCT from the
platinum 5d,..y> into the antibonding ™ orbital of the phosphaalkyne. The best results were
found for [(dcpe)Pt(TrippCP)] (150). Currently, the violet light (Amax = 405 nm) induced C-C=P
bond scission and oxidative reaction (Pt° — Pt") could only be accomplished for the C, and C;
platinum complexes (Scheme 69). Even at T = -20 °C, the thermally induced reverse reaction
is present and aggravated the isolation and characterization of the cleavage products. The
thermodynamical downhill reductive elimination could be successfully suppressed by
narrowing the bite angle of the chelating diphosphine, resulting the C; analog
[(dcpm)Pt(TrippCP)] (170). The cyaphido Pt(ll) complexes were characterized by means of *H,
S1p{iH}, BC{*H}, *°Pt{*H} NMR and IR spectroscopy. The typical chemical 3!P{*H} shift of the
C=P moiety in the cyaphido complexes is at 6 =100 - 110 ppm, upfield shifted to the
precursors. The BC{H} shifts of the carbon atom are typically nearly identical to the
phosphaalkyne complexes, meaning & =220 - 240 ppm. The %°Pt{*H} signals of the C;
complexes are about 6= 100 ppm (-4450 ppm) and the C; analogs around &= 200 ppm
(-3800 ppm), downfield shifted in comparison with their precursors. The measured stretching

vibrations of the C=P unit were between ¥ = 1242 and 1262 cm™. The molecular structure of
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[(dcpe)Pt(CP)(Mes)] (1460), [(dcpe)Pt(CP)(Tripp)] (1500) and [(dcpm)Pt(CP)(Tripp)] (1700) in
the crystal ultimately confirmed the identity of the cyaphido ligand on the platinum core. The
frontier molecular orbitals of the Pt(Il)-cyaphido complex 1700 show significant discrepancies
from the literature known archetype [(dppe)sRu(CP)(X)] complexes. The cyaphido bears only
a small ratio of the HOMO, but has a major contribution to the LUMO. The HOMO-1 and
HOMO-3 are dominated by the c=p contribution, whereas the HOMO-6 possesses significant
contribution of the phosphorus lone pair. These orbitals are highly relevant for consecutive

reactions of the cyaphido ligand.

Pt
R, R, C/// l fc(sp)
\o hv \+2,/ _
(Qn Pt=Ill — (), Pt $-c=
e~ N /)
n=12 R, R' A Ry )
n-complex c-complex Clsp)

Scheme 69. Violet light (Amax = 405 nm) induced C-CP cleavage reaction of arylphosphaalkynes Pt(0) complexes
and thermal reverse reaction of the generated cyaphido Pt(ll) complexes.

Only very recently, YANG and GOICOECHEA reported on the successive coordination behavior
of an exclusively terminal bonded cyaphido ligand. The terminal cyaphido group highly favors
a side-on coordination with a nucleophile as the first follow-up reaction, before allowing the
attack on an electrophile via the phosphorus lone pair. Their observation is supported by the
conducted consecutive reactions of the cyaphido Pt(ll) complexes with the Lewis acids
B(CsFs)s and [W(CO)s(thf)], exclusively forming Lewis-acid adducts with the phosphaalkyne
Pt(0) complexes, which were in most cases instantly in situ generated by the initiated reductive
elimination of the cyaphido Pt(ll) complexes. Moreover, the [3+2] cycloaddition of the cyaphido
moiety with azides to novel triazaphospholato Pt(ll) complexes clearly demonstrated the
reactivity of the C=P triple bond (Scheme 70). The registered 3'P{*H} chemical shifts of the
triazaphospholato ligand are around & = 200 - 220 ppm, about é = 30 ppm downfield shifted
compared to their corresponding free triazaphospholes. The %Pt{*H} signals of the C:
derivatives are typically with around é = -4500 ppm only & =50 ppm upfield shifted to the
cyaphido precursors.

_N

Cy. ,Cy \?V(CO)S Cy. Cy Cy. ,Cy N\~ 'N-Dipp
N W(CO)s(th) N4 DippN3 =
[ Pt—11 [ Pt\ —_— Pt\
> \/ ] > \/ Mes \/ Mes
cy’ cy Mes cy’ Cy cy’ Cy
193 1460 217

Scheme 70. Consecutive reactions of the cyaphido Pt(Il) complexes with the Lewis acid [W(CO)s(thf)] (left) and
with the 2,6-diisopropylphenyl azide (right).
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Parallel to the ambitions of this work of finding a simple way to transfer the cyaphido group,
Goicoechea et al. demonstrated the first, highly polar cyaphido magnesium reagent to transfer
the C=P" unit by salt metathesis protocol onto metal halides in 2021. Pursuing the idea of using
the well-known MesSi-C=P as cyaphide anion source, by cleaving the trimethylsilyl with an
appropriate electrophilic fluorination reagent, led to three novel cyaphido gold(l) complexes
(Scheme 71). The complexes were accessible by the generation of electron rich gold(l) fluoride
precursors, which acts as F source and suitable complexation reagent for the liberated C=P-
anion.
MesSi——=

[(L)~uF] L—Au—=
-Me3SiF

L = IMe4, SIMes, BrettPhos

~
Me Mes o
Me | N Tripp ///
| >—r.-c= [ »—ro-c=
N e
Me \ \
Me Mes o Oy
~
222 224 226

Scheme 71. C=P- anion transfer onto an electron rich gold fragment induced by the fluoride MesSi cleavage of
MesSi-C=P.

The overall results, creation of novel cyaphido Pt(Il) complexes by photolysis of phosphaalkyne
Pt(0) precursors, demonstration of consecutive reactions to obtain novel triazaphospholato
Pt(Il) complexes and the cyaphide anion transfer onto a gold(l) core, enrich the still limited
cyaphido chemistry and surely assist the evolution and design of prospective cyaphido

compounds.

This project was finished with great success, but not all issues has been fully covered yet.
First, there is still room for the improvements of the electron donating ligands, namely the
diphosphines. With the background of the P,N ligand experiments, the impact of an asymmetric
(diphosphine) ligand on the side-on coordination of the phosphaalkyne would be interesting.
Furthermore, it is still pending if a suitable hemilabile polydentate ligand might lead to catalytic
reactions with the option to link several phosphaalkyne units together. The narrow bite angle
greatly suppressed the reductive elimination, stabilizing the cyaphido system. This effect can
potentially be further boosted by applying a more narrow R2P-N-P- ligand or by substitution of
the protons of the dcpm methylene backbone.®?8! Apart from tweaking the diphosphine ligands,
stronger o-donating N-heterocyclic carbenes could be introduced.?*" Some initial experiments
with bipyridine, to build up cleavable phosphaalkyne nickel complexes, showed promising
findings,?*®l however the products appeared to be unstable at room temperature. The

arylphosphaalkynes possess even more potential for improvements. As demonstrated, small
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changes in the substitution pattern (Mes to Tripp) showed huge effects on the backlight
induced C-CP cleavage reaction. Particularly for the installment of electron-withdrawing groups
in ortho position, an increased stability of the resulting cyaphido complexes is expected. The
not yet isolated 2,4,6-tris(trifluoromethyl)phenylphosphaalkyne (92) is a promising candidate
for this purpose and might be feasible by trapping at low temperatures or in situ reaction with
[(dcpe)Pt(COD)]. Furthermore, alternative arylphosphaalkynes bearing EWGs are
conceivable. Although, the recently carried out synthesis of cyaphido gold complexes by
cleavage and transfer of the C=P- anion from the trimethylsilylphosphaalkyne still needs to be
fully verified, first efforts to transfer this concept on silver and cooper have been started.[7347°]
Another idea is to combine the two demonstrated cyaphido complex syntheses (Pt & Au) to
skip the requirement of a Pt(0) species and avoid the photolysis to generate the cyaphido Pt(Il)
complexes (Scheme 72). Theoretically, this concept can also be applied to any other metal

and grants access to novel cyaphido complexes.

Cy. Cy Cy. Cy +MesSi—= Cy. Cy
NPl 4 MesMgel N + AgF N4
Pt_ Pt_ Pt
/ Cl - MgC|2 4 Mes - Me3S|F /s Mes
7\ 7\ 7/ \
Cy  Cy Cy Cy - AgClI Cy  Cy
209 1466

Scheme 72. Theoretical reaction to obtain [(dcpe)Pt(CP)(Mes)] (1460) without Pt(0) precursor and photolysis.

Many well-known nitrile and acetylene cleavage processes like direct methods,?*" catalytic
cycles?* 4781 or specific designed cage molecules?®?! provide additional inspiration for the
phosphaalkynes scission due to the isolobal concept between phosphorus, nitrogen and
methine. Another auspicious concept to get direct access to the cyaphide anion and generate
either a cyaphide salt or transfer the C=P- unit onto metals is provided in Scheme 73.[477-478]
The relevant reagent to adopt this process is the well-known Li or Na[P(SiMe3)] salt, which can
be easily prepared from P(SiMes)s and stored under inert atmosphere at room temperature.

+ COgas)
+ 18-crown-6 - .
a) NaP(SiMes), . [Na(18 crown 6)]
- (SiMe3)20 C=

b) PhyE[Mn(CO)ly 22 EME)2 s (PhyE Mn(CO)(CP)Lo}

- (SiMe3),0

=8n, Pb

Scheme 73. Theoretical concept to generate an in situ C=P species for consecutive reactions (a), or a cyaphido
manganese complex (b).

With the recently developed, innovative preparations of novel cyaphido complexes and the

possibility even to transfer the high reactive cyaphide anion, the cyaphide ion will certainly
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become a more common ligand and a new building block for cycloaddition reactions. Surely,

the cyaphido chemistry has just being started into a prosper future.
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4 Experimental section

Note: Parts of the experimental section were already published in the supporting information
of J. Am. Chem. Soc. 2021, 143, 19365.5

4.1 General remarks

All reactions were performed under an argon atmosphere in oven-dried glassware using
modified Schlenk techniques or in an MBraun glovebox unless otherwise stated. The
photoreactions were performed with either a single Blak-Ray B-100 AP 100 W Hg-Lamp
(Amax = 365 nm) or a setup of four Onforu 15 W blacklight LED arrays (Amax = 405 nm). All
common solvents and commercially available chemicals were used without further purification
if not stated otherwise. Heptane and 1,5-cyclooctadiene were dried and stored over sieves.
1,2-Bis(diisopropylphosphino)ethanel®?8, bis(di-tert-butylphosphino)methanet®!, bis(dicyclo-
hexylphosphino)methane!®%, bis(cyclooctadiene)platinum(0)27, Ph,PF4631 and
"BusN Ph3SnF.[“%¢1 were prepared according to literature procedures. P(TMS):; was
synthesized according to common literature procedures by the technicians DORIAN REICH and
MARKUS PESCHKE. Bis(cyclooctadiene)nickel(0) was purchased from ABCR. 1,2-
Bis(dicyclohexyl-phosphino)ethane was bought from Acros Organics. All other chemicals were
purchased from common retailers. All dry and deoxygenated solvents were prepared using
standard techniques or were obtained from a MBraun solvent purification system. The H,
BC{H}, 3P{*H} and Pt{*H} NMR spectra were recorded on a JEOL
ECA400/ECS400/ECZ600/ECP500/ECX400 or Bruker Avance700/Avance500/DPX400
spectrometer and all chemical shifts are reported relative to the residual resonance in the
deuterated solvents. The 3P NMR is calibrated against HsPO, and Pt NMR is calibrated
against Na;PtCls as a standard. The El-Mass spectrometry measurements were performed on
a Waters Autospec Premier. Elemental analyses were performed on an Elementar Vario EL
Cube. The UV-Vis measurements were performed on a Perkin EImer Lambda 465. The IR
vibrational spectra were measured on a Bruker Alpha FTIR spectrometer equipped with a
diamond ATR in the solid state (pure powder) under an argon atmosphere. Low-temperature
diffraction data were collected on Bruker-AXS X8 Kappa Duo diffractometers with I[uS micro-
sources, performing ¢-and w-scans. The structure data were collected using either a Photon 2
CPAD detector with Mo K,, radiation (41 = 0.71073 A) or a Smart APEX2 CCD detector with Cu
K. radiation (1=1.54178 A). The structures were solved by dual-space methods using
SHELXTH™ and refined against F2 on all data by full-matrix least squares with SHELXL-
20171480 following established refinement strategies“ll. The program Olex28? was used to
aid in the refinement of the compound structures. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included into the model at geometrically calculated

positions and refined using a riding model. The isotropic displacement parameters of all
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hydrogen atoms were fixed to 1.2 times the U-value of the atoms they are linked to (1.5 times
for methyl groups). The collection and the refinement of the crystallographic data were assisted
by NATHAN CoLES and MANUELA WEBER. The crystallographic molecular structures were
visualized with the program Mercury®®l, DFT Calculations were carried out with the ORCA
5.0.3 program suite*®+48% at the Curtal*®®, a general-purpose high-performance computer at
the Free University of Berlin. Initial molecular structures were created in the program
Avogadro®® or were based on crystallographic data, if available. Initial geometries were
optimized with the PBEh-3c method developed by Grimme and co-workers.[*88-481 The single
point calculations on the optimized organic structures were conducted with the B3LYPH“°0
functional with def2-TZVP %! basis set and def2/J“%? auxiliary basis set. The cyaphido
transition metal complexes were calculated by DANIEL FROST. To obtain more accurate results,
the geometry of the complexes was further optimized with the wB97xD-D3 functional“®® and
a Triple-C-valence-basis set (def2-TZVP).[“U “Resolution of the identity” (RI) approximations
were not employed since convergence problems were observed during the optimization step.
Numerical or analytical frequency calculations were carried out to confirm the nature of
stationary points found by geometry optimizations and to calculate standard Gibbs free
energies AGo(p =1 bar and T = 298 K). The absence of imaginary vibrational frequency modes
indicated that the optimized structure is a local minimum, while one imaginary mode indicated
a transition state. Standard convergence criteria were used for the geometry optimization
(OPT) and the addition “tight” for SCF-calculations (“TIGHTSCF”). Final single point
calculations on the optimized structures were conducted at the same level of theory.
Additionally, for all calculations the empirical Van der Waals Correction (D3)1“%44"l was used
and solvent effects were taken into account with the Conductor-like-Polarizable-Continuum-
Modell (CPCM)19850 for THF. Scalar relativistic effects were taken into account for platinum
by means of Stuttgart effective core potential (ECP).*%? Molecular orbitals were visualized via
the freely available program IBOView v20150427.05%-504 The nudged elastic band (NEB)
method implemented in ORCA was used to obtain approximate transition states, followed by
a saddle-point optimization (“OptTS”). To rationalize the photochemical behavior of the
complexes and to get an estimate for the wavelength required to facilitate the photochemical
C(sp)-C(sp?) bond activation, vertical excitation energies were calculated with an ab initio
STEOM-DLPNO-CCSD non-parametrized method.®! The STEOM-DLPNO-CCSD single
point calculations were done with ORCA with the def2-TZVP basis set and a correlation fitting
auxiliary basis set (def2-TZVP/C)B%! and the CPCM correction for THF on the geometries
mentioned before. To improve accuracy, the “TIGHTPNO* truncation scheme defined by
LIAKOS et al. was applied.®°” The structures used for the single point calculations had wB97xD-
D3/def2-TZVP quality. Additional TD-DFT calculations were performed at the wB97xD-
D3/def2-TZVP level of theory to evaluate the excitation energies for the complex C7, C9, 143
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and 170. Overall the STEOM-DLPNO-CCSD method and the TD-DFT calculations show
coherent excitation processes with defined and consistent differences in the excitation
energies. The orca_plot module of the ORCA program suite was used to generate difference
densities for the lowest energy transition and the plots were visualized via the UCSF Chimera
1.14 program packagel®®! and are presented together with the calculated UV-Vis spectra,
which is visualized with ChemCraft.5%! NBO population analyses were carried out with the
NBO 7.0 modulel implemented in the ORCA program suite. The natural charges on
atoms were calculated with the NPA. Intrinsic bond orbital (IBO) analysis®®4 was
conducted with the IBO module of ORCA and visualized by IBOView v20150427.1503]
QTAIM analysis®% was performed with the Multiwfn software (version 3.7)51 using the
wave functions (.wfn) generated at the B3LYP/def2-TZVP level of theory. 3P NMR
predictions were performed by ERIC YANG from the GOICOECHEA group in Oxford using
optimized geometries obtained by the PBEh-3c composite method developed by Grimme and
co-workers,“8! which uses a composite valence-double-zeta Gaussian AO basis set (def2-
mSVP) for all atoms. The NMR shielding tensors were calculated using the Gauge Including
Atomic Orbitals (GIAO) method,5*2514 and were carried out with the one-parameter hybrid
Perdew-Burke-Ernzerhof (PBEO) functional,®® using Jensen’s segmented contracted
pcsSeg-3 basis set for phosphorus,®®l and the composite def2-mSVP basis set for all other
atoms. Relative chemical shifts were obtained using HsPO4 in water as a reference (6 = 0 ppm)
and scaled using an empirical linear scaling method that has been previously shown to improve

the accuracy of chemical shift predictions. %% 517-5221
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4.2 Syntheses

4.2.1 Preparation of bis(cycloocta-1,5-diene)platinum(0)
Dichloro(1,5-cyclooctadiene)platinum(ll) (2)

|\ Cl
Pt
Il e

Note: Working under air, no inert technique required. 2 was prepared by a slightly modified

literature procedure.284

1,5-cyclooctadiene (4.89 ml, 39.8 mmol, 3.30 eq) was added to a red solution of potassium
tetrachloroplatinate(ll) (1, 5.0 g, 12.0 mmol, 1.0 eq) in water (60 ml) and glacial acetic acid
(80 ml). The red solution was heated to T = 90 °C for 1 h until the solution turned slightly pale
yellow and a colorless precipitation has been formed. The warm solution was cooled down to
T = 0 °C and filtrated through a pleated filter. The pale beige-colored residue was washed with
water (3x 20 ml), ethanol (1x 10 ml) and diethyl ether (2x 20 ml). After drying in vacuo, a

colorless powder (= 4.29 g, 11.5 mmol, 95%) was obtained.

H NMR (400 MHz, chloroform-d;): 6 = 5.62 (s, 2H, Jupt = 66 Hz), 2.73 (m, 10H) ppm.

(1,3,5,7-cyclooctatetraene)dilithium (3)

e

3 was prepared according to the literature procedure.2¢°

Lithium flakes (1.00 g, 144 mmol, 4.16 eq) were added to a round-bottom Schlenk flask
equipped with a large stirring bar. The lithium flakes were mechanically activated by stirring
overnight. Diethyl ether (150 ml) and 1,3,5,7-cyclooctatetraene (COT, 3.87 ml, 34.6 mmol,
1.0 eq) were added and stirred at T =0 °C for 16 h in the darkness. The formed precipitate
was allowed to settle, an aliquot of the orange solution was removed with a syringe to check
the molarity by titration*. The saturated orange solution of 3 usually has a concentration of

= 0.24 M and was directly used for reactions without further purifications and analytics.

*Titration against salicylaldehyde phenylhydrazone with two color changes from
colorless/slightly yellow to strong yellow (1 eq) and from strong yellow to red (2 eq).
Recommendation: Dropwise addition of product solution (1 ml) to a solution of salicylaldehyde
phenylhydrazone (25 mg) in THF (10 ml).
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Bis(cycloocta-1,5-diene)platinum(0) (4)

N
Pt
T

4 was prepared by a modified work up from the literature procedure.?”

A diethyl ether solution of Li.COT (3, 81.1 ml, 0.14 M, 1 eq) was added dropwise to a chilled
suspension of [(COD)PtCl;] (2, 4.06 g, 10.9 mmol, 1 eq) and COD (16 ml, 132 mmol, 12.2 eq)
over a period of 5 min in the darkness. The temperature should not exceed T = -30 °C during
the addition. The solvent (diethyl ether and COT) was removed in vacuo by maintaining around
T = 20 °C by a water bath until complete dryness. The orange-brown residue was suspended
and extracted with toluene (2x 50 ml) by syringe. The transferred dark brown suspension
should rest until most of the non-soluble particles are settled. The dark liquid phase was directly
transferred (transfer cannula) onto a solvent-free chromatography column packed with alumina
of activity 1l and the column additionally washed with toluene (1x 40 ml, 1x 20 ml). The
chromatographically purified pale yellow liquid phase was concentrated under reduced
pressure until first colorless solid precipitated. The solid was first resolved by swiveling of the
flask and then fully recrystallized/precipitated at T =-80 °C overnight. The solvent was
removed with a syringe at T =-72 °C. The product was dried in vacuo, yielding a colorless
powder (1.05 g, 2.55 mmol, 24%).

4.2.2 Preparation of chelating phosphines
1,2-bis(diisopropylphosphino)ethane (8)
Pr
Pr :
N : /\/ \,'Pr
iPr

8 was prepared according to an adapted literature synthesis for 1,2-bis(diethylphosphino)-

ethane.[327-328]

Magnesium flaks (3.14 g, 129 mmol, 6.0 eq) were added to a Schlenk flask equipped with a
dropping funnel. The magnesium was mechanically activated by strong stirring with a stirring
bar overnight, before diethyl ether (50 ml) was added. 2-Bromopropane (5, 12.2 ml, 129 mmol,
6.0 eq) mixed with diethyl ether (20 ml) was added dropwise to the refluxing magnesium
suspension (Twaterbath = 45 °C) over a period of 45 min. After further refluxing for 4 h, a solution
of 1,2-bis(dichlorophosphino)ethane (7, 3.26 ml, 21.6 mmol, 1 eq) in diethyl ether (20 ml) was
added dropwise at T =-30 °C over a period of 30 min. After additional stirring at T = 0 °C for
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30 min, the reaction mixture was quenched with degassed, saturated ammonium chloride
solution. The organic phase was separated and collected with a separation funnel under inert
conditions. The remaining water phase was washed with diethyl ether (2x 20 ml). The
combined organic phase was dried with MgSO, and filtrated through a reverse frit. The solvent
was removed from the filtrated under reduced pressure, yielding a pale-yellow oil. The crude
product was purified by fractional distillation (T =58 °C, p = 4.5x102 mbar, Toibath = 89 °C) as
colorless, air sensitive oil (3.90 g, 14.9 mmol, 69%).

IH NMR (400 MHz, benzene-ds): & = 1.64-1.57 (m, 8H, CH.P, CHCHs), 1.09-1.01 (m, 24H,
CHCHs) ppm.

31p{1H} NMR (162 MHz, benzene-ds): & = 8.9 (s) ppm.

1,2-bis(dicyclohexylphosphino)ethane (30)

Cy
|
Cy

30 was purchased from Acros Organics.?7

H NMR (400 MHz, tetrahydrofuran-ds): d = 1.86-1.75 (m, 16H), 1.73-1.69 (m, 4H), 1.59-1.56
(m, 4H), 1.51 (s, 4H), 1.38-1.18 (m, 20H) ppm.

31p{1H} NMR (162 MHz, tetrahydrofuran-dg): 8 = 0.9 (s) ppm.

Bis(di-tert-butylphosphino)methane (21)

I’Bu I’Bu

tBu/ N~ \tBU
Preparation according the literature procedure of KARSCH.F??!

Bis(dichlorophosphino)methane (9, 5.00 g, 23 mmol, 3.12 ml, 1.0 eq) was added into a Schenk
flask together with diethyl ether (60 ml). Tert-butyllithium (70.0 ml, 1.6 M in pentane, 0.11 mol,
4.9 eq) was added dropwise at T = -40 °C. After stirring at T = 0 °C for 16 h oxygen free water
(100 ml) was added to the orange suspension. The water phase was separated and washed
with pentane (22 ml). The combined organic phases were dried with MgSOy, filtrated and the
solvent was removed under reduced pressure. Fractional distillation (T =82-100 °C,
p = 2.5x102 mbar) purification provided a slightly yellow viscos liquid (1.26 g, 4.1 mmol, 10%;

Lit.529 479). The complete purification of the crude product failed.
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'H{'P} NMR (400 MHz, dichloromethane-d,): 6 = 1.59 (s, 2H; CH>), 1.19 (s, 36H, 'Bu) ppm.

31p{1H} NMR (162 MHz, dichloromethane-d,): & = 22.8 (s) ppm.

Preparation according the literature procedure of HOFMANN.F!

Step 1: 'BuMgClI (11)

‘Bu—MgCl

Magnesium flakes (25.0 mg, 1.0 mol, 1.1 eq) were added to a two-necked Schlenk flask
equipped with a dropping funnel and mechanically activated by stirring overnight. After
suspending of the magnesium with diethyl ether (100 ml), a solution of tert-butyl chloride (10,
100 ml, 0.92 mmol, 1.0 eq) in diethyl ether (100 ml) was added dropwise and stirred at
T =75°C for 1 h. The grey suspension was filtrated through a reverse frit (P2), which was
additionally washed with diethyl ether (50 ml), resulting the clear grey Grignard solution 11
(350 ml, 2.72 M in diethyl ether, 0.95 mol).The concentration of 11 was determined by titration
against salicylaldehyde phenylhydrazone (505 mg, 2.4 mmol) in THF (20 ml).

Step 2: 'Bu,PCl (12)

IBUZ Cl

Phosphorus trichloride (37.0 ml, 0.42 mol, 1.0 eq) was added in a two-necked Schlenk flask
equipped with a dropping funnel and diluted with diethyl ether (1 I). The Grignard solution 11
(350 ml, 2.72 M in diethyl ether, 0.95 mol) was added dropwise at T =-60 °C. The reaction
mixture was first stirred at rt for 16 h and then at T =75 °C for additional 2 h. The solid
magnesium chloride was separated from the mixture by filtration though a reverse frit (P3 (8 cm
diameter) filled with diatomaceous earth (5 cm) and washed with diethyl ether (420 ml). The
solvent was removed in vacuo from the filtrate. The crude product was two times purified by
fractional distillation (T = 28-38 °C, p = 1.0x10! mbar), yielding a colorless solution (11.5 ml,
52 mmol, 12%; Lit.31% 60%).

H NMR (400 MHz, dichloromethane-d.): 6 = 1.21 (d, 3Jup = 12.15 Hz, 'Bu) ppm.

31p{*H} NMR (162 MHz, dichloromethane-d,): 6 = 144.5 (s) ppm.
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Step 3: 'Bu,PCH3 (13)

‘Bu,PCH,4

Di-tert-butylchlorophosphine (12, 5.00 ml, 26 mmol, 1.0 eq) was added to a Schlenk flask
equipped with a dropping funnel and diluted with pentane (20 ml). Methylllithium (22.0 ml,
1.6 M in diethyl ether, 35 mmol, 1.3 eq) was added dropwise at T =-78 °C and stirred at rt
overnight. Oxygen free ammonium chloride solution (conc. 5%, 40 ml) was added to the
reaction mixture. The water phase was separated and washed with pentane (2x 20 ml). The
combined organic phases were dried with MgSO., filtrated and the solvent removed in vacuo,
yielding a colorless liquid (4.07 ml, 21 mmol, 80%; Lit.% 96%).

'H NMR (500 MHz, dichloromethane-dy): & = 1.06 (d, 3Jup = 10.9 Hz; 18H, 'Bu), 0.89 (d,
2Jup = 4.1 Hz, 3H, CHs) ppm.

3P NMR (202 MHz, dichloromethane-d,): & = 11.7 (m) ppm.

Step 4: '‘Bu,PCH,Li (14)

‘Bu,PCH,Li

A tert-butyllithium solution (18.0 ml, 1.6 M in pentane, 29 mmol, 1.4 eq) was added into a
Schlenk flask and the pentane was removed under reduced pressure. The resulting salt was
dissolved in heptane (10 ml) and the solution of di-tert-butylmethylphosphine (13, 4.07 ml, 21
mmol, 1.0 eq) dissolved in heptane (10 ml) was added dropwise at rt. After stirring at
T =110 °C overnight, the colorless solid was separated from the orange suspension by
filtration through a reverse frit and washed with pentene (2x 20 ml). The solvent was removed

in vacuo, yielding a colorless solid (2.97 g, 18 mmol, 85%; Lit.* 90%).

'H NMR (400 MHz, tetrahydrofuran-ds): 6 =1.08 (d, 2Jup = 12.7 Hz, 2H, CH>), 0.99 (d, 2Jup =
8.8 Hz, 18H, 'Bu) ppm.

31P{H} NMR (162 MHz, tetrahydrofuran-ds): & = 45.0 (s) ppm.
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Step 5: '‘Bu,PCH,P'Bu, (15)

ItBu I’Bu

tBu/ N~ \tBU

Di-tert-butylphosphinomethyllithium (14, 2.97 g, 18 mmol, 1.0 eq) was transferred to a Schlenk
flask and suspended in THF (57 ml). Di-tert-butylchlorophosphine (12, 3.40 ml, 18 mmol,
1.0 eq) was added dropwise at T =-78 °C. The reaction mixture was stirred at rt overnight.
After removing of the solvent in vacuo, the product was extracted with pentane (2x 25 ml).
Oxygen free ammonium chloride solution (conc. 5%, 40 ml) was added to the pentane extract.
The water phase was separated and washed with pentane (2x 30 ml). The combined organic
phases were dried with MgSQ., filtrated and the solvent removed under reduced pressure. The
crude product was recrystallized at T = -21 °C in methanol (10 ml). The solvent was removed
with a syringe at T =-30 °C. The remaining colorless crystals (3.06 g, 10 mmol, 65%; Lit.E%!

77%) were dried in vacuo.
'H NMR (500 MHz, benzen-ds): 6 = 1.64 (s, 2H, CH,), 1.22 (s, 36H, 'Bu) ppm.

BC{*H} NMR (215 MHz, benzene-ds): 6 = 32.7 (dd, 3Jcp = 12.5 Hz, YJcp = 10.4 Hz, CMe3),
30.4 (t, 2Jcp = 8.3 Hz, CHa), 13.3 (t, *Jcp = 38.1 Hz, CH,) ppm.

31p{1H} NMR (202 MHz, benzene-ds): 6 = 22.0 (S) ppm.

Bis(dicyclohexylphosphino)methan (21)
Cy Cy
cy” ™ “cy
[315]

Preparation according the literature procedure of HOFMANN.

Step 1: CyMqCI (17)

Cy—MgClI

Magnesium flakes (32.6 mg, 1.34 mol, 1.1 eq) were added to a two-necked Schlenk flask
equipped with a dropping funnel and mechanically activated by stirring overnight. After
suspending of the magnesium with diethyl ether (150 ml), a solution of cyclohexyl chloride (16,
145 ml, 1.22 mmol, 1.0 eq) in diethyl ether (100 ml) was added dropwise and stirred at
T =75 °C for 3.5 h. The reaction mixture was diluted with diethyl ether (200 ml) and filtrated
through a reverse frit (P2 (1 cm diameter) with diatomaceous earth (2 cm)), resulting the clear

grey Grignard solution 17 (335 ml, 3.57 M in diethyl ether, 1.20 mol). The concentration of 17
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was determined by titration against salicylaldehyde phenylhydrazone (500 mg, 2.4 mmol) in
THF (20 ml).

Step 2: Cy,PCI (18)

Cy,PCl

Phosphorus trichloride (45.0 ml, 0.52 mol, 1.0 eq) was added in a two-necked Schlenk flask
equipped with a dropping funnel and diluted with diethyl ether (500 ml). The Grignard solution
17 (335 ml, 3.57 M in diethyl ether, 1.20 mol) was added dropwise at T = -60 °C in a period of
6 h. The reaction mixture was first stirred at rt overnight and then at T = 75 °C for additional
2 h. The solid magnesium chloride was separated from the mixture by filtration though a
reverse frit (P3 (8 cm diameter) filled with diatomaceous earth (5 cm) and washed with diethyl
ether (300 ml). The solvent was removed in vacuo from the filtrate. The crude product was
purified by fractional distillation (T = 140 °C, p = 1.0x10 mbar), yielding a colorless solution
(48.6 ml, 0.22 mmol, 43%; Lit.B* 53%).

!H NMR (400 MHz, dichloromethane-d;): 6 = 1.90-1.75 (m, 10H, ortho-, meta-, para-CHy),
1.75-1.68 (m, 2H, ipso-CH), 1.40-1.20 (m, 10H, ortho’-, meta’-, para’-CH) ppm.

31p{1H} NMR (162 MHz, dichloromethane-d;): & = 129.2 (s) ppm.

Step 3: Cy,PCH3 (19)

Cy2 CH3

Dicyclohexylchlorophosphine (18, 12.0 ml, 56 mmol, 1.0 eq) was added to a Schlenk flask
equipped with a dropping funnel and diluted with pentane (50 ml). Methylllithium (42.0 ml,
1.6 M in diethyl ether, 62 mmol, 1.2 eq) was added dropwise at T =-78 °C over a period of
30 min and stirred at rt overnight. The suspended lithium chloride was removed by filtration
through a reverse frit (P3) and washed with pentane (3x 25 ml). The solvent was removed in

vacuo from the filtrate, yielding a colorless viscos liquid (11.1 g, 52 mmol, 93%).

'H NMR (500 MHz, dichloromethane-d.): & = 1.84-1.70 (m, 8H, ortho-, meta-CH), 1.70-1.64
(m, 2H, para-CHy), 1.43 (tq, 2Jup = 11.9 Hz, 3Jun = 3.1 Hz,3Jun = 3.0 Hz, 2H, ipso-CHy), 1.35-
1.18 (m, 8H, ortho’-, meta’-CH,), 1.17-1.05 (m, 2H, para’-CH), 0.86 (d, 2Jup = 2.8 Hz, 3H,
PCHs) ppm.

31p{*H} NMR (202 MHz, dichloromethane-d,): 6 = -17.9 (s) ppm.
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Step 4: Cy,PCH,Li (20)

CyZ CH2L|

A tert-butyllithium solution (44.0 ml, 1.6 M in pentane, 70 mmol, 1.3 eq) was added into a
Schlenk flask and the pentane was removed under reduced pressure. The resulting salt was
dissolved in heptane (20 ml) and a solution of dicyclohexylmethylphosphine (19, 11.1 g, 52
mmol, 1.0 eq) dissolved in heptane (20 ml) was added dropwise at rt. After stirring at
T =110 °C overnight, the colorless solid was separated from the orange suspension by
filtration through a reverse frit and washed with pentene (2x 20 ml). The solvent was removed

in vacuo, yielding a colorless solid (10.9 g, 50 mmol, 95%).

'H NMR (400 MHz, tetrahydrofuran-dg): 6 =-1.44 to -1.74 (m, 10H, ortho-, meta-, para-CH,),
-1.86 (tq, 2Jup = 11.4 Hz, 3Jypn = 2.8 Hz, 3Jun = 2.4 Hz, 2H, ipso-CHy), -1.94 to -2.32 (m, 10H,
ortho’-, meta’, para’-CH), -2.48 (d, 2Jup = 3.3 Hz, 2H, PCH,) ppm.

31p{1H} NMR (162 MHz, tetrahydrofuran-ds): & = 12.1 (s) ppm.

Step 5: Cy,PCH,PCy> (21)

Cy Cy
cy” ™ “cy

Dicyclohexylphosphinomethyllithium (20, 10.9 g, 50 mmol, 1.0 eq) was transferred to a
Schlenk flask and suspended in THF (160 ml). Dicyclohexylchlorophosphine (18, 10.6 ml,
48 mmol, 1.0 eq) was added dropwise at T =-78 °C. The reaction mixture was stirred at rt
overnight. After removing of the solvent in vacuo, the product was extracted with pentane (2x
40 ml). Oxygen free ammonium chloride solution (conc. 5%, 50 ml) was added to the pentane
extract. The water phase was separated and washed with pentane (2x 30 ml). The combined
organic phases were dried with MgSO., filtrated and the solvent removed under reduced
pressure. The crude product was recrystallized at T = -21 °C in a pentane-THF solution (49 ml,
1:1.3). The solvent was removed with a syringe at T =-30 °C. The remaining colorless

crystalline solid (11.9 g, 29 mmol, 59%; Lit.B'® 83%) was dried in vacuo.

H NMR (500 MHz, benzene-dg): 6 = 2.00-1.89 (m, 8H, meta-CHy), 1.81-1.74 (m, 8H, ortho-
CHy), 1.69 (tt, 3Jun = 11.9 Hz,3Jy 1 = 3.0 Hz, 4H, ipso-CH,), 1.66-1.61 (m, 4H, para-CH,), 1.58
(s, 2H, PCH2P) 1.52-1.34 (m, 8H, ortho’-CHy), 1.31-1.15 (m, 12H, meta’-, para’-CH,) ppm.

BC{*H} NMR (215 MHz, benzene-ds): 6 = 35.0 (t, 1Jcp= 5.4 Hz, ipso-C), 30.7 (t, 2Jcp= 8.0 Hz,
ortho-C), 29.9 (t, *Jcp= 6.0 Hz, meta-C), 27.9 (s, para-C), 13.8 (t, 1Jcp = 29.3 Hz, PCH:P) ppm.

31p{1H} NMR (202 MHz, benzene-ds): 6 = -10.8 (S) ppm.
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Bis(dicyclopentylphosphino)methane (24)

cyp cyp

N \cyp

cyp
Modified preparation according the literature procedure of KARSCH.B!

Step 1: cypMgCl (23)

cyp—MgCl

Magnesium flakes (3.83 mg, 0.16 mol, 1.1 eq) were added to Schlenk flask equipped with a
dropping funnel and mechanically activated by stirring overnight. After suspending of the
magnesium with diethyl ether (10 ml), a solution of cyclopentyl chloride (22, 15 ml, 0.14 mmol,
1.0 eq) in diethyl ether (10 ml) was added dropwise and stirred at T =75 °C for 2 h. The
reaction mixture filtrated through a reverse frit. The Grignard solution 23 was used for the next

step without determination of the concentration. A full conversion was presumed.

Step 2: cyp2PCH,Pcyp, (24)

cyp cyp

PRGN

cyp cyp

Bis(dichlorophosphino)methane (9, 5.00 g, 3.12 ml, 23 mmol, 1.0 eq) was transferred to a
Schlenk flask and dissolved in diethyl ether (150 ml). The Grignard reagent 23 was added
dropwise at T = -30 °C over a period of 2 h. The reaction mixture was diluted with diethyl ether
(400 ml) stirred at rt overnight. Oxygen free ammonium chloride solution (conc. 5%, 300 ml).
The water phase was separated and washed with diethyl ether (150 ml). The combined organic
phases were dried with MgSO., filtrated and the solvent removed under reduced pressure. The
crude product was recrystallized at T =-80 °C in diethyl ether (17.5 ml). The solvent was
removed with a syringe at T = -78 °C. The colorless solid was dried in vacuo and subsequently
distilled (Toiibath = 180 °C, p = 1x10- mbar), yielding a colorless liquid (1.85 g, 5.3 mmol, 23%).
Around 50% by-products (measured by 3P NMR) remained in the crude mixture. A complete

purification of the crude product was not possible.

3P NMR (202 MHz, benzene-de): 6 = -11.9 (m) ppm.
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Diisopropylphosphinodimethylamino)ethane (29)
. |
IPr\ /\/N\
;Pr

Preparation according the literature procedure of WERNER.[3¥"]

Step 1: 2-chloro-N,N-dimethylethan-1-amine (26)

Cl
" NMe,

Potassium hydroxide (8.0 g, 143 mmol, 1.51 eq) was added to a two-necked Schlenk tube
connected over a glass bridge with another Schlenk tube, which is cooled with liquid nitrogen
bath. 2-chloro-N,N-dimethylethan-1-amine hydrochloride (25, 11.0 g, 94.7 mmol, 1.0 eq) was
added to the potassium hydroxide. The reaction mixture was shaken several times within a
total period of 5 min. The release product was transferred and trapped in the chilled flask by
applying reduced pressure. The frozen product was directly used for the following reaction step

after melting.

Step 2: 'Pr,PH (28)

Pr,PH

A solution of chlorodiisopropylphosphine (27, 10.0 g, 65.8 mmol, 1.0 eq) in diethyl ether (50 ml)
was added dropwise to a suspension of lithium aluminum hydride (3.77 g, 99.3 mmol, 1.51 eq)
in diethyl ether (50 ml) at T = 0 °C over a period of 30 min. After additional stirringat T =0 °C
for 30 min the reaction mixture was allowed to warm to rt and the reaction progress monitored
by %P NMR. The suspension was cooled to T =0 °C and quenched with oxygen free water
(40 ml). The organic phase was separated, dried with MgSO4 and filtrated through a reverse
frit filled with silica (5 cm). The solvent was removed in vacuo at T = -30 °C, yielding a colorless
liquid.

'H NMR (400 MHz, benzene-dg): 6 = 2.91 (dt, *Jup = 192.1 Hz, 3Jun = 6.0 Hz, 1H, PH), 1.80
(m, 2H, PCH), 1.04 (m, 12H, CHs) ppm.

31p NMR (162 MHz, benzene-ds): 6 = -16.7 (d, *Jpx = 192 Hz) ppm.



200 EXPERIMENTAL SECTION

Step 3: 'Pr,PCH,NMe; (29)

. |
IPr\ /\/N\

ipr

Diisopropylphosphine (28, 3.9 g, 33 mmol, 1.0 eq) diluted with THF (40 ml) was added in a
two-necked Schlenk flask equipped with a reflux condenser. After addition of n-buthyllithium
(14 ml, 2.5 M, 35 mmol) at T = 0 °C the reaction mixture was stirring at T = 75 °C for 30 min.
A solution of 2-chloro-N,N-dimethylethan-1-amine (26, 3.7 ml, 33 mmol, 1 eq) in THF (10 ml)
was added over a period of 1 h. After cooling to rt, an oxygen free, saturated solution of
ammonium chloride (45 ml) was added. The organic layer was separated and the solvent
removed by reduced pressure. The high viscous crude product was purified by fractional
distillation (T = 72 °C, p = 7 mbar, Toivan = 100 °C), yielding a colorless jelly (3.95 g, 51%).

IH NMR (400 MHz, benzene-de): & = 2.47 (m, 2H, CH:N), 2.13 (s, 6H, NCH3), 1.57 (m, 2H,
CH2P), 1.57 (m, 2H, PCH), 1.06-0.98 (m, 12H, PCHCH3) ppm.

31p{IH} NMR (162 MHz, benzene-de): 6 = 0.3 (s) ppm.

4.2.3 Preparation of ancillary reagents
Lithium-bis(trimethylsilyl)phosphide bistetrahydrofuran (65)

LiP(SiMes), - 2 THF

P(SiMe3)s (64, 8.0 ml, 6.88 g, 27.5 mmol) was diluted in THF (50 ml) and transferred to a
Schlenk flask equipped with a dropping funnel. Methyllithium (17.2 ml, 27.5 mmol, 1 eq, 1.6 M
in diethyl ether) was added dropwise at T =0 °C over a period of 30 min. After stirring at rt
overnight the solvent was removed under reduced pressure, yielding a white powder (6.3 g,
24.7 mmol, 90%; LiP(SiMes), - THF).52!

Note: LiP(SiMes). - 2 THF is a fluffy powder, additional or too long drying of the product under
vacuum partly removes the coordinated THF and might yield the sticky LiP(SiMes). - THF or
even LiP(SiMes), - n THF (n < 1), which shows less shifted *'P signals around -237 ppm.
However, dissolving any of those products in THF-ds should always result a 3'P shift of around

-305 ppm.
H NMR (400 MHz, benzene-de): 6 = 3.71 (THF), 1.34 (THF), 0.55 (s, 18H, Si(CHs)s) ppm.

31P{*H} NMR (162 MHz, benzene-dg): 6 = -296.3 (S) ppm.
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Benzylazide (117)

<,

Note: Working under air, no inert technique required.

3

Benzyl bromide (3.47 ml, 5.0 g, 29.2 mmol, 1 eq) was added dropwise to a solution of sodium
azide (2.85 g, 43.8 mmol, 1.5 eq) dissolved in DMSO (60 ml). After stirring at rt for 16 h, water
(100 ml) was added to the slightly yellow solution. The product was extracted from the reaction
mixture with diethyl ether (4x 100 ml). The diethyl ether phase was narrowed to 100 ml and
washed with water (4x 100 ml), dried with MgSO4 and the solvent removed in vacuo. The

product (3.44 g, 88%) was obtained as colorless viscous liquid.

H NMR (400 MHz, chloroform-d;): 6 = 7.44 - 7.35 (m, 5H, ArH), 4.36 (s, 2H, CH>) ppm.

[W(CO)5(thf)]

[W(CO)s(thf)]

Tungsten hexacarbonyl (1.0 g, 2.84 mmol) was dissolved in 60 ml and irradiated with UV light
(high-pressure Hg lamp, 100 W, Amax = 365 nm) for 6 h. The reaction tube was purged with
argon every 2 h to remove liberated CO gas. The yellow solution was concentrated to about
20 ml and stored at T = -20 °C.

Tricarbonylbis(cyclooctene)iron(0) (138)

(coe),Fe(CO)3

138 was prepared according to an adapted literature synthesis. %!

Iron pentacarbonyl (0.69ml, 1.0g, 5.1 mmol, 1eq) and cyclooctene (6.62ml, 5.6 g,
51.0 mmol, 10 eq) was diluted in 40 ml pentane. After degassing via freeze-pump-thaw, the
solution was cooled to T = -72 °C and irradiated with UV light (high-pressure Hg lamp, 100 W,
Amax = 365 nm) for 3 h. The CO gas was removed by bubbling argon through the reaction
mixture for around 5 min. The irradiation was continued for at T = -60 °C for 3 h. The reaction
mixture was filtered through diatomaceous earth. The pentane was removed by reduced
pressure from the yellow filtrate at T =-20 °C. The greenish cyclooctene solution was stored
at T=-80 °C.
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4.2.4 Preparation of phosphaalkynes
Trimethylsilylphosphaalkyne

Me3Si_:
Prepared according to the literature synthesis.l’")

Step 1: ((trimethylsilyl)methyl)magnesium chloride (51)

MesSi~~ “MgCl

Magnesium flakes (12.9 mg, 530 mmol, 1.3 eq) were transferred to a three-necked Schlenk
flask equipped with a reflux condenser and a dropping funnel. The magnesium was activated
by stirring overnight with two pearls of iodine. After addition of diethyl ether (200 ml) to the
activated magnesium, a solution of (50, chloromethyl)trimethylsilane (50.0 g, 408 mmol, 1 eq)
in diethyl ether (50 ml) was added dropwise to the suspension at rt over a period of 1 h. After

refluxing for 1 h, the mixture was allowed to cool down and settle.

Step 2: dichloro((trimethylsilyl)methyl)phosphine (52)

MesSi~ “PCl,

Phosphorus trichloride (35.7 ml, 56.0 g, 408 mmol, 1 eq) was added to Schlenk flask equipped
with dropping funnel and diluted with diethyl ether (100 ml). The Grighard solution (51) was
transferred to the funnel with a filter cannula and added dropwise to the solution at T =-72 °C
within 1 h. Additional diethyl ether (800 ml) was added for stirring at rt overnight. Hydrogen
chloride (150 ml, 2 M in diethyl ether) was added and the stirring was continued for 12 h. The
suspension was filtrated through diatomaceous earth (reverse frit) to remove the MgCl,. The
solvent was in vacuo removed from the filtrate at T = 20 °C, yielding a slightly yellow liquid
(35.8 g, 189 mmol, 465). Note: The product is volatile under a strong vacuum. The

removement of the solvent is completed if the solution stops bubbling.

H NMR (400 MHz, dichloromethane-d,): § = 2.08 (d, 2Jup = 15.4 Hz, 2H, CH,P), 0.22 (s, 9H,
Si(CHa)3) ppm.

31p{*H} NMR (162 MHz, dichloromethane-d,): 6 = 207.4 (s) ppm.

Step 3: trimethylsilylphosphaalkyne (53)

Me,Si—=
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AgOTf (12.04g, 46.5 mmol, 2.2 eq) was added to a  solution of
dichloro((trimethylsilyl)methyl)phosphine (52, 4.0 g, 21.2 mmol, 1.0 eq) in toluene (125 ml) at
rt and stirred for 30 min in the darkness. Under strong stirring DABCO (5.22 g, 46.5 mmol,
2.2 eq) was added portion-wise to the suspension while maintaining rt with the help of a water
bath. After stirring at rt for 1 h, the liquid phase was separated and collected via cooling trap
(liquid nitrogen) and reduced pressure. The toluene solution of the product (0.09 M) was
transferred to another flask and stored at T =-80 °C. The concentration and yield (1.31 g,

11.3 mmol, 53%) was defined by 3P NMR against triphenylphosphine.[’”]

3P NMR (162 MHz, toluene): & = 96.2 (s) ppm.

Triphenylsilylphosphaalkyne (58)
PhsSi—=

Step 1: (triphenylsilylYmethyl chloride (55)

PhsSi~ >Cl

Bromobenzene (54, 2.87 ml, 4.23 g, 23 mmol, 1 eq) was added dropwise to a suspension of
activated magnesium flakes (3.48 mg, 143 mmol, 6.23 eq) in THF (100 ml). After stirring at rt
for 2 h, the solution was transferred to another flask via filter cannula. A solution of
trichloro(chloromethyl)silane in THF (38 ml) was added dropwise to the Grignard solution at
T =0°C. After refluxing for 24 h, the solution was hydrolyzed with saturated, aqueous
ammonium chloride solution (77 ml) and diethyl ether (150 ml). The separated organic layer
was dried over MgSQy, filtrated and concentrated by rotary evaporation. The crude product
was purified by column chromatography on silica with a hexane-DCM mixture (1:1) and

recrystallized from ethanol, yielding a colorless solid (5.73 mg, 18.6 mmol, 81%).524

'H NMR (400 MHz, chloroform-di;): & = 7.63-7.58 (m, 6H, Si(Phs)s), 7.50-7.45 (m, 3H,
Si(Phs)s), 3.54 (s, 2H) ppm.

Step 2: ((triphenylsily)methyl)magnesium chloride (56)

PhsSi~~ “MgClI

A solution of (triphenylsilyl)methyl chloride (55, 5.70 g, 18.6 mmol, 1 eq) in THF (22 ml) was
added dropwise to a suspension of activated magnesium flakes (4.39 mg, 180 mmol, 9.78 eq)

in THF (22 ml) at rt within 30 min. After stirring for 3 h, the mixture was allowed to settle.
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Step 3: dichloro((triphenylsilyl)methyl)phosphine (57)

PhsSi~~ “PCl,

Phosphorus trichloride (4.84 ml, 7.60 g, 55.4 mmol, 3 eq)) was added to Schlenk flask
equipped with dropping funnel and diluted with THF (44 ml). The Grignard solution (56) was
transferred to the funnel with a filter cannula and added dropwise to the solution at T =-78 °C.
After stirring the reaction mixture at rt overnight, the solvent was removed in vacuo. The crude
product was extracted with toluene (88 ml) and filtrated through diatomaceous earth (reverse
frit). The solvent was removed under reduced pressure, yielding a colorless solid (6.86 g,
18.3 mmol, 99%).

1H NMR (400 MHz, benzene-ds): & = 7.43-7.38 (m, 6H, Si(Phs)s), 7.14-7.02 (m, 9H, Si(Phs)a),
2.53 (d, 2Jup = 14.34 Hz, 2H, CH2P) ppm.

31p{1H} NMR (162 MHz, benzene-de): & = 199.4 (s) ppm.

Step 4: triphenylsilylphosphaalkyne (58)

PhySi—=

AgOTf (746 mg, 2.90 mmol, 22eq) was added to a  solution of
dichloro((triphenylsilyl)methyl)phosphine (57, 495 mg, 1.32 mmol, 1.0 eq) in toluene (24 ml) at
rt and stirred for 15 min in the darkness before DABCO (325 mg, 2.90 mmol, 2.2 eq) was
added to the suspension. After stirring at rt for 1 h, the reaction mixture was filtrated through a
diatomaceous earth plug with toluene and the solvent was removed under reduced pressure.
The product (139 mg, 460 umol, 35%) was obtained as a red-brown solid with a purity of
around 50%.B"1 Note: Triphenylsilylphosphaalkyne is not stable in solid state. It is

recommended to use it imminently after the synthesis as toluene solution.

'H NMR (400 MHz, dichloromethane-d,): 6 = 7.65-7.62 (m, 6H, Si(Phs)s), 7.46-7.42 (m, 3H,
Si(Phs)s), 7.40-7.36 (m, 6H, Si(Phs)s) ppm.

31P{*H} NMR (162 MHz, dichloromethane-d): 6 = 112.4 (s) ppm.
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2,4,6-trimethylphenylphosphaalkyne (68)

Mesitylphosphaalkyne  (68) was prepared by a modified synthesis  of
trimethylsilylphosphaalkyne (58) of RUSSEL and co-workers.’”! There is another synthesis for

68 from REGITZ et al. which was not reproducible.?%!!

Step 1: 2-(chloromethyl)-1,3,5-trimethylbenzene (69)

P

Mes Cl

Note: Working under air, no inert technique required.

A mixture of mesitylene (100 g, 832 mmol, 1.0 eq), paraformaldehyde (26.2 g, 874 mmol,
1.05 eq) and hydrochloric acid (240 ml, 37%, 2.91 mol) in acetic acid (240 ml) was stirred and
slowly heated over a period of 1.5 h to T = 40 °C. After cooling down to ambient temperature,
the mixture was diluted with water (1.0 [) and DCM (200 ml) and the product was extracted
with DCM (4x50 ml). The combined organic phases were washed with water (5x100 ml) and
evaporated atp = 11 - 12 mbar (Twaterbath = 42 °C). A colorless oil (134 g, 790 mmol, 95% vyield)
was obtained. After 15 - 18 hours at T = +4 °C the oil crystallized. The crystals were dissolved
in n-pentane and transferred into a suitable round-bottom flask. The flask is swiveled in liquid
nitrogen until the product precipitated as colorless crystals and the solvent was decanted off
(repeated 3x). Finally, the product was collected by filtration from cold n-pentane and dried in
vacuo. A white solid with a melting point of T =39 °C is obtained. (95.9 g, 566 mmol, 68%
yield)

H NMR (400 MHz, Chloroform-d,): d = 6.88 (s, 2H, aryl-H), 4.66 (s, 2H, ipso-CHCl), 2.40 (s,
6H, ortho-CHs), 2.27 (s, 3H, p-CHs) ppm.

Step 2: (2,4,6-trimethylbenzyzinc(ll) chloride (70)

Mes™ >ZnCl

A suspension of zinc powder (9.85 g, 151 mmol, 2.0 eqg) and DME (80 ml) was stirred at rt in
a strong ultrasonic bath (ELMA Transsonic 310/H) for 30 min (with increased particle size of
the zinc longer activation times might be necessary). 2,4,6-trimethylbenzyl chloride (12.7 g,
75.3 mmol, 1.0 eq) was dissolved in DME (15 ml) and added dropwise with a dropping funnel

at T=10-12 °C to the suspension. The reaction mixture was stirred for additional 2 h at
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T =10 °C. It is important to maintain the temperature between T =10-12 °C to avoid the
formation of by-products. The reaction mixture was filtered through diatomaceous earth to
remove any residual elemental zinc. A colorless to pale yellow solution was obtained. The

organozinc reagent was then used without further purification in the subsequent step.

Step 3: dichloro(2,4,6-trimethylbenzyl)phosphane (71)

7~

Mes Cl,

Phosphorus trichloride (3.66 g, 41.8 mmol, 2.0 eq) was added to a Schenk-flask prefilled with
DME (50 ml). The (2,4,6-trimethylbenzyl)zinc(ll) chloride (1.0 eq) solution from the above step
was added dropwise via dropping funnel to the solution at T = 0 °C. After completion of the
addition, the reaction mixture was allowed to warm to ambient temperature and stirred
overnight. The solvent was removed in vacuo and the residue was dissolved in DCM, forming
a suspension. The suspension was filtered through silica. Removal of the solvent under
reduced pressure gave a pale yellow oil. After a bulb-to-bulb distillation (Toeii path = 134 °C,

p = 6.0x102 mbar) a colorless oil was obtained. (3.69 g, 15.70 mmol, 75%)

'H NMR (400 MHz, dichloromethane-d,): 6 = 6.61 (s, 2H, aryl-H), 3.88 (d, 2H, ipso-CH,PCl,),
2.40 (s, 6H, ortho-CHs), 2.27 (d, 3H, para-CHs) ppm.

31p{1H} NMR (162 MHz, dichloromethane-d;): & = 185.8 (s) ppm.

Step 4: 2,4 ,6-trimethylphenylphosphaalkyne (68)

The following reaction should be performed in the absence of light to prevent the

decomposition of AQOTHT.

AgOTf (8.49 g, 33.0 mmol, 2.2 eq) was added to a toluene solution (150 ml) of 71 (3.53 g,
15.0 mmol, 1.0 eq) and stirred for 30 min at rt. After the addition of DABCO (3.71 g, 33.0 mmol,
2.2 eq) the reaction mixture was stirred for another hour, before it was filtered through
diatomaceous earth to remove the AgCl.. The toluene was removed from the slightly brown
solution under reduced pressure. The residue was dissolved in n-pentane and purified by
column chromatography, the product comes with the colorless n-pentane fraction, whereas the

impurities stay on the silica. The n-pentane was removed under reduced pressure, yielding 3
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as a colorless liquid (1.34 g, 8.28 mmol, 55%). The product must be stored under T =-20 °C
in the absence of light.

'H NMR (400 MHz, dichloromethane-dz): 6 = 6.88 (s, 2H, aryl-H), 2.47 (s, 6H, ortho-CHz),
2.28 (d, 3H, para-CHzs) ppm.

3P NMR (162 MHz, dichloromethane-d): & = 1.5 (s) ppm.

2,4,6-tri(isopropyl)phenylphosphaalkyne (81)

Note: In the meantime, another synthesis protocol with lower yields for 81 was published. 8!

Step 1: 2-(chloromethyl)-1,3,5-triisopropylbenzene (78)

Tripp/\CI
Note: Working under air, no inert technique required.

A mixture of 1,3,5-triisopropylbenzene (30 ml, 125 mmol, 1.0 eq), paraformaldehyde (19.3 g,
375 mmol, 3.0 eq) and hydrochloric acid (50 ml, 37%) in acetic acid (50 ml) was heated to
T =95 °C for 24 h with vigorous stirring, yielding a waxy colorless solid layer on the liquid
surface which was chopped into small clumps with a spatula. The suspension was diluted with
water (200 ml) and DCM (50 ml). The product was extracted with DCM (3x50 ml). The
combined organic phases were washed with water (3x50 ml) and dried with MgSQO.. The
solvent was removed in vacuo yielding a crude product mixture (about 40% starting material).
The crude mixture was again mixed with the same amount of fresh paraformaldehyde (19.3 g,
375 mmol, 3.0 eq), hydrochloric acid (50 ml, 37%) and acetic acid (50 ml). After additional
heating at T = 95 °C for 2 days the same work up procedure (DCM 3x50 ml, water 3x50 ml)
was used to obtain a highly viscous, pale yellow oil. Vacuum distillation yielded two fractions
(starting material: T=72°C, Toi banh=115°C, p=1.0x10°mbar; product: T =75 "°C,
Toilbath = 115-122 °C, p = 1.0x10 mbar). The second fraction contains the product as a highly

viscous, colorless oil (2a, 26.3 g, 104 mmol, 83%), which solidifies over time.

'H NMR (400 MHz, chloroform-di): & = 6.94 (s, 2H, aryl-H), 4.66 (s, 2H, ipso-CH.CI), 3.22
(sept, 3Jun = 6.85 Hz, 2H, ortho-CH(CHzs)2), 2.79 (sept, 3Jun = 6.91 Hz, 1H, para-CH(CHjs)2),
1.20 (d, 3Jun = 6.86 Hz, 12H, ortho-CH(CHs),), 1.16 (d, 3Jun = 6.89 Hz, 6H, para-CH(CHz),)
ppm.
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Step 2: (2,4,6-triisopropylbenzyl)zinc(ll) chloride (79)

Tripp”™ > ZnCl

Due to the limited success of scaling up the following reaction, two sperate reactions were

performed simultaneously and combined later.

Zinc powder (5.17 g, 79.1 mmol, 4.0 eq) was suspended in DME (20 ml) and stirred at rt for
2 h in a strong ultrasonic bath (ELMA Transsonic 310/H). After this time, additional DME (60
ml) and 2,4,6-triisopropylbenzyl chloride (5.0 ml, 19.0 mmol, 1.0 eq) were added. The reaction
mixture was heated to T = 75 °C with stirring for 16 h. At this point the two reaction mixtures
were combined and filtered through diatomaceous earth to remove any residual elemental
zinc. A colorless to pale yellow solution was obtained. The organozinc reagent was then used

without further purification in the subsequent step.

'H NMR (400 MHz, tetrahydrofuran-ds): d = 6.79 (s, 2H, aryl-H), 3.30 (sept, 2H, ortho-CH-
Me), 2.74 (sept, 1H, para-CH-Mey), 1.75 (s, 1H, ipso-CH.Cl), 1.19 (d, 12H, ortho-CHCH5), 1.17
(d, 6H, para-CHCH3) ppm.

Step 3: dichloro(2,4,6-triisopropylbenzyl)phosphine (80)

T~

Tripp Cl,

Phosphorus trichloride (17.3 ml, 27.2 g, 198 mmol, 5.0 eq) was diluted with DME (40 ml). The
(2,4,6-triisopropylbenzyl)zinc(ll) chloride (1.0 eq) solution from the above step was added
dropwise via a dropping funnel to the solution at T = 0 °C. After completion of the addition, the
reaction mixture was allowed to warm to ambient temperature and stirred overnight. The
solvent was removed in vacuo and the resulting residue was dissolved in DCM, forming a
suspension. The suspension was filtered through silica. Removal of the solvent under reduced

pressure yielded a pale-yellow solid (7.31 g, 22.9 mmol, 58%).

'H NMR (400 MHz, dichloromethane-d;): & = 7.06 (s, 2H, aryl-H), 3.95 (d, 2Jupr = 13.0 Hz,
2H, ipso-CH,PCl,), 3.30 (sept, 3Jun = 6.81 Hz, 2H, ortho-CH(CHz)2), 2.88 (sept, 3Jun =
6.79 Hz, 1H, para-CH(CHs),), 1.25 (d, 3Jun = 6.96 Hz, 12H, para-CH(CHs)2), 1.25 (d, 3Jun =
6.77 Hz, 6H, ortho-CH(CH3)2) ppm.

13C{'H} NMR (101 MHz, dichloromethane-d): & = 149.1 (d, 5Jcp = 3.5 Hz), 148.6 (d, 3Jcp =
3.6 Hz), 123.5 (d, 2Jcp= 6.8 Hz), 122.3 (d, “Jcp = 2.3 Hz), 43.1 (d, YJcp = 3.5 Hz), 34.8 (s), 30.9
(d, *Jcp= 6.3 Hz), 24.4 (s), 24.3 (S) ppm.

3P NMR (162 MHz, dichloromethane-d;): & = 184.1 (t, 2Jpn = 12.96 Hz) ppm.
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Step 4: 2,4,6-tri(isopropyl)phenylphosphaalkyne (81)

Pr
Pr —
Pr
Four separate reactions were performed at once for the following synthesis. The reaction

should be performed in the absence of light to prevent the decomposition of AQOTf.

AgOTf (2.54 g, 9.87 mmol, 2.1 eq) was added into a toluene solution (100 ml) of 80 (1.50 g,
470 mmol, 1.0eq) and stirred for 30 min at rt. After the addition of 1,4-
diazabicyclo[2.2.2]octane (DABCO, 1.11 g, 9.87 mmol, 2.1 eq) the reaction mixture was stirred
at T=50°C for 1h. All four reaction mixtures were combined and filtered through
diatomaceous earth to remove the AgCI. The pale-yellow toluene solution was concentrated
to about 200 ml and purified by column chromatography. The solvent was removed in vacuo.
Vacuum distillation of the crude product (sec. fraction: T =50°C, Toii ban =90 °C,
p = 1.2x10° mbar) yields a highly viscous colorless oil (1.72 g, 6.98 mmol, 37%), which is

sensitive towards light. The product must be stored at T = -20 °C in the absence of light.

H NMR (700 MHz, benzene-de): 6 =7.00 (s, 2H, aryl-H), 3.95 (sept, Jun = 6.88 Hz, 2H, ortho-
CH(CHs)2), 2.69 (sept, 3Jun = 6.94 Hz, 1H, para-CH(CHs)2), 1.26 (d, 3Jun = 7.02 Hz, 12H, para-
CH(CHs)2), 1.14 (d, 3Jun = 7.00 Hz, 6H, ortho-CH(CHs)2) ppm.

BC{*H} NMR (176 MHz, benzene-ds): 6 = 163.5 (d, 1Jcp = 46.0 Hz), 153.9 (d, Jcp = 5.3 Hz),
150.9 (d, Jep = 6.1 Hz), 125.7 (d, 2Jcp = 21.2 Hz), 120.7 (s), 35.1 (), 32.0 (), 23.9 (), 23.4
(s) ppm.

3P NMR (162 MHz, benzene-de): 6 = 3.8 (S) ppm.

2,4,6-tri-(tert-butyl)phenylphosphaalkyne (75)
'‘Bu
‘Bu =
‘Bu

75 was prepared according to an adapted literature synthesis.[””)
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Step 1: 2-bromo-1,3,5-tri-tert-butylbenzene (73)

Mes*Br

Note: Working under air, no inert technique required.

1,3,5-tri-tert-butylbenzene (72, 16.0 g, 64.9 mmol, 1 eq) was added together with freshly
distilled trimethyl phosphate (250 ml) to a two-necked Schlenk flask equipped with a reflux
condenser and dropping funnel. The solution was heated to T = 55 °C before bromine (8.01 ml,
25.0 g, 156.5 mmol, 2.4 eq) was added dropwise. The reaction mixture was stirred at
T =100 °C for 48 h. The formed solid was collected by filtration, washed with water (50 ml)
and acetone (2x 3 ml). After drying under reduced pressure, a colorless solid (13.7 g,

42.2 mmol, 65%) was obtained.5?!

'H NMR (400 MHz, chloroform-d;): 6 = 7.43 (s, 2H, meta-H), 1.60 (s, 18H, ortho-'Bu), 1.33 (s,
9H, para-'Bu) ppm.

Step 2: 2,4,6-tri-tert-butylbenzoic acid (74)

o

PN

Note: Working under air, no inert technique required.

*Mes OH

2-bromo-1,3,5-tri-tert-butylbenzene (73, 13.7 g, 42.2 mmol, 1 eq) was added together with
diethyl ether (250 ml) to a two-necked Schlenk flask equipped with a reflux condenser and
dropping funnel. After the dropwise addition of n-butyllithium (42.2 ml, 0.106 mmol, 2.5 M in
hexane), the solution was refluxed for 1 h. The solution was allowed to cool down to rt before
dry ice (around 80 mg) was added. The next day, aqueous HCI (100 ml, conc. 10%) was added
to reaction mixture. The organic layer was separated and washed with water (3x 50 ml). The
combined organic phases were dried with MgSQy, filtrated and the solvent removed in vacuo.
The residue was recrystallized from hexane, yielding a colorless solid (5.12 g, 17.6 mmol,
42%). The most common impurity is unreacted starting material which has good solubility in

hexane, while the product is mostly insoluble in hexane.[526-527]

'H NMR (400 MHz, chloroform-d;): & = 7.45 (s, 2H, meta-H), 1.49 (s, 18H, ortho-'Bu), 1.33 (s,
9H, para-'Bu) ppm.

Step 3: 2,4,6-tri-tert-butylbenzoyl chloride (75)

2,4,6-tri-tert-butylbenzoic acid (75, 3.00, 10.3 mmol, 1 eq) was dissolved in diethyl ether
(100 ml). Freshly distilled thionyl chloride (2.25 ml, 3.69 g, 31 mmol, 3 eq) and some drops of
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pyridine was added to the solution. The reaction mixture was stirred at rt for 24 h and filtrated
through a reverse frit (P4). After removing of the solvent under reduced pressure, the product

was obtained as colorless solid (3.06 g, 9.91 mmol, 96%).1526-527]

'H NMR (400 MHz, chloroform-d;): & = 7.45 (s, 2H, meta-H), 1.50 (s, *®H, ortho-'Bu), 1.35 (s,
9H, para-'Bu) ppm.

13C{*H} NMR (101 MHz, chloroform-di): & = 174.0 (COCI), 152.1 (para-C), 144.5 (ortho-C),
133.4 (ipso-C), 123.2 (meta-C), 37.4 (ortho-C(CHs)s), 35.1 (para-C(CHs)s), 32.4 (ortho-
C(CHs)s3), 30.9 (para-C(CHs)s) ppm.

Step 4: 2,4,6-tri-(tert-butyl)phenylphosphaalkyne (76)

Bu
Bu =
Bu

2,4,6-tri-tert-butylbenzoyl chloride (1.87 g, 6.07 mmol, 1 eq) was added to LiP(TMS),- THF
(1.56 g, 6.07 mmol, 1 eq) in THF (50 ml) and stirred for 16 h at rt. The solvent was removed
from the deep red reaction mixture under reduced pressure. The product was extracted from
the residue with n-pentane and purified by column chromatography (the collection needs to be
stopped when the yellow fraction reaches the bottom of the column). The n-pentane was

removed under reduced pressure, yielding a colorless powder (543 mg, 1.88 mmol, 31%).["°!

'H NMR (400 MHz, benzene-de): 6 = 7.43 (s, 2H, aryl-H), 1.73 (s, 18H, ortho-'Bu), 1.24 (s, 9H,
para-'Bu) ppm.

3P NMR (162 MHz, benzene-de): & = 34.5 (s) ppm.

3,5-di-(tert-butyl)phenylphosphaalkyne (86)

By

Bu
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Step 1: 1-(bromomethyl)-3,5-di-tert-butylbenzene (83)

Bu
Br

Bu
Note: Working under air, no inert technique required.

1,3-Di-tert-butyl-5-methylbenzene (82, 12.6 g, 61.7 mmol, 1 eq), N-bromsuccinimid (11.0 g,
61.7 mmol, 1eq) and benzoylperoxide (0.45g, 1.9 mmol, 0.03 eq) were suspended in
chloroform (125 ml) and refluxed at T =75 °C for 2 h. The yellow to orange solution was
allowed to cool down to rt, leading to crash out of excessive N-bromsuccinimid. Addition of
water (50 ml) to the solution dissolves the solid. Sodium thiosulfate was added to the mixture
to quench traces of bromide. The organic layer was separated, washed with water (3x 40 ml)
and dried with MgSO.. The solvent was removed by rotary evaporation, yielding an orange oil
(16.2 g, 57.2 mmol, 93%).[363-365]

'H NMR (400 MHz, chloroform-d.): & = 7.37 (t, 1H, para-H), 7.24 (d, 2H, ortho-H), 4.50 (s,
2H, CHBr), 1.33 (s, 18H, 'Bu) ppm.

Step 2: (3,5-di-tert-butylbenzyl)zinc(ll) bromide (84)

Bu
ZnBr

By

Zinc powder (1.85 g, 28.2 mmol, 4.0 eq) was suspended in DME (10 ml) and stirred at rt for
2 h by a strong ultrasonic bath (ELMA Transsonic 310/H). Then, additional DME (30 ml) and
1-(bromomethyl)-3,5-di-tert-butylbenzene (83, 2.0g, 7.1 mmol, 1.0 eq) were added. The
reaction mixture was conventionally stirred first at rt for 16 h then at T =75 °C for 3 h. The
reaction mixture was filtered through diatomaceous earth to remove any residual elemental
zinc. A colorless to pale-yellow solution was obtained. The organozinc reagent was then used

without further purification in the subsequent step.

The *H NMR revealed a mixture of starting material, unknown by-product (probably a DME-Zn

complex) and product.

'H NMR (400 MHz, benzene-ds): 6 = 7.16 (s, 1H, para-H), 7.08 (s, 2H, ortho-H), 2.26 (s, 2H,
CH»ZnBr), 1.31 (s, 18H, 'Bu) ppm.
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Step 3: dibromo(3,5-di-tert-butylbenzyl)phosphine (85)

Bu
BI"Z

'Bu

Phosphorus tribromide (2 ml, 5.73 g, 21.2 mmol, 3.0 eq) was diluted with DME (100 ml). The
(3,5-di-tert-butylbenzyl)zinc(Il) bromide (84, 1.0 eq) solution from the above step was added
dropwise via a dropping funnel to the solution at T = 0 °C over a period of 1 h. After completion
of the addition, the reaction mixture was allowed to warm to ambient temperature and stirred
overnight. The solvent was removed in vacuo and the resulting residue was dissolved in DCM.
The pale orange solution was filtered through silica. Removal of the solvent under reduced

pressure yielded the pale-yellow product (5.16 g, 13.1 mmol, 67%).

H NMR (400 MHz, benzene-de): 6 = 7.42 (d, Jun = 1.89 Hz 1H, para-H), 6.98 (s, 2H, meta-
H), 3.61 (d, 2Jup = 17.52 Hz, CH,P), 1.25 (s, 18H, 'Bu) ppm.

3P NMR (162 MHz, benzene-de): d = 174.3 (t, 2Jp 4 = 18.3 Hz) ppm.

H NMR (600 MHz, dichloromethane-d,): & = 7.40 (s, 1H, para-H), 7.14 (s, 2H, meta-H), 4.08
(d, 2Jup = 16.96 Hz, CH,P), 1.33 (s, 18H, 'Bu) ppm.

BBC{*H} NMR (151 MHz, dichloromethane-d,): & = 151.9 (s, meta-C), 132.6 (d, 2Jcp =
10.0 Hz, ipso-C), 124.5 (d, Jcp = 5.9 Hz, ortho-C), 122.2 (d, Jcp = 3.6 Hz, para-C), 49.8 (d,
Jep = 49.9 Hz, CH,P), 35.1 (S, C(CHas)s), 31.6 (s, C(CHs)s) ppm.

31P{*H} NMR (243 MHz, dichloromethane-d,): 6 = 175.2 (s) ppm.

Step 4: 3,5-di-(tert-butyl)phenylphosphaalkyne (86)

Bu

By

The reaction should be performed in the absence of light to prevent the decomposition of
AgOTH.

AgOTf (2.15 g, 8.27 mmol, 2.2 eq) was added into a toluene solution (150 ml) of 85 (1.50 g,
3.81 mmol, 1.0eq) and stirred for 30 min at rt. After the addition of 1,4-
diazabicyclo[2.2.2]octane (DABCO, 0.94 g, 8.37 mmol, 2.2 eq) the reaction mixture was stirred

at rt for 1 h. The reaction mixture was filtered through diatomaceous earth to remove the AgCl
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and the solvent was removed by reduced pressure. The product was extracted with pentane
and purified by column chromatography with pentane as eluent. The solvent was removed in
vacuo, yielding a colorless solid (232 mg, 99.9 umol, 26%), which is probably sensitive towards

light and heat. The product must be stored at T =-20 °C in the absence of light.

'H NMR (600 MHz, dichloromethane-d,): 6 = 7.47 (s, 1H, para-H), 7.42 (s, 2H, meta-H), 1.30
(s, 18H, 'Bu) ppm.

1BBC{*H} NMR (151 MHz, dichloromethane-d,): 6 = 168.8 (d, Jcp = 46.9 Hz, CP), 151.4 (s,
meta-C), 129.0 (d, 2Jcp = 19.9 Hz, ipso-C), 127.7 (d, Jcp = 8.2 Hz, ortho-C), 124.9 (d, Jcp =
4.9 Hz, para-C), 35.1 (s, C(CHsa)3), 31.4 (s, C(CHs)3) ppm.

31p NMR (243 MHz, dichloromethane-d,): & = -36.3 (s) ppm.

alternative unsuccessful attempt for 86 via Mes;SiOSiMes elimination route

Step 1: 3,5-di-tert-butylbenzoic acid (87)

'Bu

OH
Bu

Note: Working under air, no inert technique required.

Potassium permanganate (24.2 g, 153 mmol, 2.48 eq) was portion-wise added over a period
of 2 h to a mixture of 1,3-di-tert-butyl-5-methylbenzene (82, 12.6 g, 61.7 mmol, 1 eq), pyridine
(33.9 ml, 420 mmol, 6.82 eq), potassium hydroxide (5.3 g, 94.0 mmol, 1.54 eq) and water
(22 ml, 0.6 mmol, 0.01eq) at T = 95 °C. After stirring at T = 105 °C overnight, the cold reaction
mixture was filtrated and the residue in the filter was washed with agueous KOH (2 N) and
water. The filtrate was acidified with sulfuric acid and extracted with ether. The organic layer
was separated, dried with MgSO., filtrated and concentrated to dryness by rotary evaporation.
The residue was recrystallized from an ethanol-water solution, yielding a colorless solid
(1.60 g, 6.8 mmol, 11%).[360-361]

Note: The product is water soluble, whereas the starting material is not.

'H NMR (400 MHz, chloroform-d;): & = 7.99 (d, 3Jun = 1.94 Hz, 2H, ortho-H), 7.69 (t, *Jun =
1.80 Hz, 1H, para -H), 1.37 (s, 18H, 'Bu) ppm.

13C{*H} NMR (101 MHz, chloroform-d,): 6 =150.8 (s, meta-C), 137.0 (ipso-C), 123.5 (s, ortho-
C), 119.5 (para-C), 34.9 (s, C(CHzs)3), 31.7 (s, C(CHs)s) ppm.
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Step 2: 3,5-di-tert-butylbenzoyl chloride (88)

Bu

Cl
By
3,5-di-tert-butylbenzoic acid (87, 1.60 g, 6.83 mmol, 1 eq) was heated under reflux in an
excess of thionyl chloride (20 ml) with some drops DMF (0.1 ml) for overnight. After removal
of all solvents in vacuo, the colorless product was obtained in approximate quantitative yields

and used without further purifications.[6?

H NMR (400 MHz, chloroform-d1): & = 7.97 (d, 3Jun = 1.81 Hz, 2H, ortho-H), 7.79 (t, 3Jun =
1.78 Hz, 1H, para -H), 1.37 (s, 18H, 'Bu) ppm.

Step 3: 3,5-di-(tert-butyl)phenylphosphaalkyne (86)

By

Bu

3,5-di-tert-butylbenzoyl chloride (88, 1 eq) was added to the solution of LiP(SiCHz). (1 eq) in
THF atrt, T=0°C or T = -40 °C. The reaction mixture turned fist yellow and finally red while
warming to rt. The 3P NMR showed a triplet (J = 2.8 Hz) at 62 ppm. No product was formed

and the observed species could not be identified.

3,5-di-tert-butylbenzoyl chloride (88, 1 eq) was added to the solution of P(SiCHs)s (1 eq) in
THF atrt, T =0 °C or T = -40 °C. The reaction mixture turned yellow while reaching rt. The 3P
NMR showed two signals at 126 and 123 ppm, which probably indicated the formation of the
two E-/Z-Isomers (see below). Addition of bases like NaOH to convert to the desired product
failed. However, treating the reaction mixture with NaOH changed the color to red and yields

the same 3P signal as for the reaction with LiP(SiCHjs)..

By Si(CHy)s

@)

|
‘Bu Si(CH3)3

Performing both reactions in toluene instead of THF gave the same outcome.
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2,4,6-tris(trifluoromethyl)phenylphosphaalkyne (92)
CFs
FsC =

CF;

Step 1: 2,4,6-tris(triffluoromethyl)benzoic acid (90)

0
F3C
OH
CF3

1,3,5-tris(trifluoromethyl)benzene (89, 5.00 g, 17.7 mmol, 1.0 eq) was diluted in diethyl ether
(5 ml). After cooled to T =-10 °C, nBuLi (10.6 ml, 26.6 mmol, 1.5 eq) was added dropwise to
the solution and stirred at T =-5°C for 1 h. Subsequently, CO, was bubbled through the
reaction mixture for 30 min by warming dry ice in a separate flask and transferring the gas
through a pipe filled with CaCl, (10 cm) to the reaction flask. Aqueous HCI (5 ml, 6 M) was
added to the reaction solution at T = 0 °C and stirred for around 10 min. The organic layer was
separated and the water phase washed with ethyl acetate (3x 10 ml). The combined organic
phases were dried with NaSQy, filtrated and the solvent removed in vacuo. After washing of
the residue with hexane, the product was obtained as colorless oil (1.82 g, 5.58 mmol,
329%).13661

H NMR (400 MHz, chloroform-d;): & = 8.20 (s, 2H, meta-H) ppm.

¥F{IH} NMR (377 MHz, chloroform-d;): & = 59.8 (s, 6F, ortho-CF3), 63.4 (s, 3F, para-CFs)
ppm.

Step 2: 2,4,6-tris(trifluoromethybenzoyl chloride (91)

0
Cl
CF;

2,4,6-tris(trifluoromethyl)benzoic acid (90, 1.80g, 5.51 mmol, 1.0 eq) was suspended in
tetrachloromethane (3 ml) and cooled to T =0°C. Phosphorus pentachloride (1.43 g,
6.89 mmol, 1.25 eq) was added to the suspension. The reaction mixture was first stirred at
T=0°C for 45min, then at rt for 15min and finally at T=80°C for 1h. The

tetrachloromethane was removed by applying static vacuum at T = 55 °C and collected in a
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cooling trap with the purpose to reuse it. The product was obtained as a colorless, crystalline
solid (1.09 g, 3.15 mmol, 57%).5%

'H NMR (400 MHz, dichloromethane-d,): 6 = 8.27 (s, 2H, meta-H) ppm.

F{*H} NMR (377 MHz, dichloromethane-d,): = 58.7 (s, 6F, ortho-CFs), 63.9 (s, 3F, para-
CF3) ppm.

Step 3: 2,4,6-tris(trifluoromethyl)phenylphosphaalkyne (92)

CF;
F3C =
CF;3
The 2,4,6-tris(trifluoromethyl)benzoyl chloride (91, 1 eq) was transferred to a Young NMR or
Schlenk tube and dissolved in THF or toluene. The phosphorus source (LiP(SiCHs), or
P(SiCHs)s) was added at T = -15, 0, rt, 50, 70 or 100 °C. The potential product was spotted by

3P NMR at 94.5 ppm (nearly matching the calc. value 108.5 ppm), but not isolated. The best
results were obtained with LiP(SiCHs), from T = -15 °C up to 50 °C.

It is assumed that 92 can be extracted together with the solvent (like 53) from the reaction

mixture to the cooling trap under reduced pressure. However, all isolation attempts failed.

1,4-bis(phosphaethynyl)durene (97)

Step 1: 1,4-bis(chloromethyl)-2,3,5,6-tetramethylbenzene (94)

Cl

Cl

Note: Working under air, no inert technique required.

1,2,4,5-Tetramethylbenzene (Durene, 93, 50.0 g, 372 mmol, 1 eq) was suspended in glacial
acetic acid (150 ml) together with paraformaldehyde (33.6 g, 1.12 mol, 3 eq). After addition of
aqueous HCI (conc. 37%, 149 ml, 1.79 mol, 4.8 eq), the suspension was stirred at T = 120 °C

for 60 h. The resulting black solution was decanted from the colorless waxy solid. The
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remaining waxy solid was crushed and mixed with the same amount of glacial acetic acid,
paraformaldehyde and aqueous HCI. This time, additional zinc chloride (52.0 g, 382 mmol)
was added as a catalyst. After stirring at T = 120 °C for 16 h, the reaction mixture was filtrated.
The residue in the filter was washed with water until it became colorless. The solid was
recrystallized from DCM (800 ml, T =40 °C to -20 C), yielding thin colorless needles (81.7 g,
95%).

H NMR (400 MHz, benzene-ds): & = 4.28 (s, 4H, CH,CI), 1.99 (s, 12H, CH3) ppm.

Step 2: 1,4-ClZnCH,-2,3,5,6-tetramethylbenzene (95)

ZnCl

ClZn

Note: The reaction was carried out at two different temperature, rtand T = 75 °C, with the same

result. Hence, there is only one reaction described.

Zinc powder (5.66 g, 86.5 mmol, 8.0 eq) was suspended in DME (20 ml) and stirred/activated
at rt by ultrasonication for 1h. After addition of 1,4-bis(chloromethyl)-2,3,5,6-
tetramethylbenzene (94, 2.50 g, 10.8 mmol, 1 eq) and DME (40 ml), the suspension was
stirred for 16 h at T = rt/75 °C. The reaction mixture was filtrated through diatomaceous earth
to remove the excess of Zn and the precipitated colorless powder. The filtrate was used without

further purification or isolation.

The same product was alternatively produced as LiCl adduct.

Zinc powder (2.83 g, 42.3 mmol, 4.0 eq) was suspended in DME (20 ml) and stirred/activated
by ultrasonication for 16 h. After addition of DME (60 ml), Lithium chloride (1.83 g, 43.3 mmol,
4 eq) was added to the suspension and stirred for 10 min. 1,4-bis(chloromethyl)-2,3,5,6-
tetramethylbenzene (94, 2.50 g, 10.8 mmol, 1 eq) was partly dissolved in toluene (80 ml) and
portion-wise added to the reaction mixture. The zinc powder was slowly consumed over a
period of 16 h, while colorless powder precipitated. The reaction mixture was filtrated through
diatomaceous earth to remove the excess of Zn and the precipitated white powder. The filtrate

was analyzed by *H NMR and used without further purification or isolation.

!H NMR (400 MHz, benzene-de): 6 = 3.06 (s, 4H, CH:CI), 1.99 (s, 12H, CHs) ppm.
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1,3,5-tris(phosphaethynyl)mesitylene (105)

AN

Y4

Step 1: 1,3,5-tris(chloromethyl)-2,4,6-trimethylbenzene (98)

Cl

Cl
Cl

Note: Working under air, no inert technique required.

Mesitylene (60, 27.8 ml, 24.2 g, 201 mmol, 1 eq) was suspended in glacial acetic acid (120 ml)
together with paraformaldehyde (24.2 g, 805 mol, 4 eq). After addition of aqueous HCI (conc.
37%, 120 ml) the solution was stirred at T = 30 °C for 72 h. The resulting pale-yellow solution
was decanted from the colorless waxy solid. The remaining waxy solid was crushed and mixed
with the same amount of glacial acetic acid, paraformaldehyde and aqueous HCI. These steps
were repeated three times until the *H NMR only shows the product compound. The reaction
mixture was filtrated and the residue in the filter was washed with water (3x 100 ml) and
pentane (2x 20 ml). Drying of the solid in vacuo yielded a colorless powder (48.0 g, 181 mmol,
90%).

'H NMR (400 MHz, chloroform-d;): =4.67 (s, 3H, Ar-H), 2.49 (s, 2H, CH.), 2.40 (s, 4H, CHy)
ppm.

Step 2: 1,3,5-tris(iodomethyl)-2.4,6-trimethylbenzene (99)

1,3,5-tris(chloromethyl)-2,4,6-trimethylbenzene (98, 5.0 g, 18.8 mmol, 1 eq) was mixed with
sodium iodide (11.3 g, 75.3 mmol, 4 eq) in acetone (188 ml) and stirred at rt for 16 h. The
suspension was filtrated and the solvent was removed from the filtrate by rotary evaporation.
The residue was dissolved in ethyl acetate (100 ml) and washed with water (2x 50 ml). The

organic phase was dried with MgSOQO., filtrated and the solvent removed under reduced
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pressure. The crude product was purified by column chromatography (hexane: ethyl acetate,

1:1), yielding a slightly yellow solid (1.03 g, 1.91 mmol, 10%).

'H NMR (400 MHz, chloroform-d;): & = 4.44 (s, 3H, Ar-H), 2.29 (s, 2H, CHy), 2.28 (s, 4H, CHy)
ppm.

Step 3: 1,3,5-XMCH>-2.4,6-trimethylbenzene (100 - 103)

MX

100 M = Mg, X = Cl
101 M = Mg, X = |
102 M = Zn, X = Cl

XM 103 M =2Zn, X=1

Either 98 (2.5 g, 9.41 mmol, 1 eq) or 99 (500 mg, 926 umol, 1 eq) was added to a suspension
of either activated magnesium (9 eq) (by stirring) or activated zinc (9 eq) (by ultrasonication)
in DME (100 ml for 98, 20 ml for 99) at rt. The reaction mixture was heated to reflux for 24 h.
After cooling to rt, the suspension was filtrated through diatomaceous earth and the filtrate was

directly used for the next step without further purification or analysis.

Step 4: ((2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene))tris(dichlorophosphane) (104)

Cl,

Cl,
Cly

100 - 103 were treated with PCls, however only in the case of 101 relevant 3P signals could

be observed and is described here.

Phosphorus trichloride (1.91 g, 13.9 mmol, 15 eq) was diluted with DME (6 ml) and cooled to
T =0 °C. The Grignard solution (101) was added dropwise to the solution. After completed
addition, the reaction mixture was heated to reflux for 24 h. The solvent was removed at rt
under reduced pressure. The residue was dissolved in toluene (3 ml) and analyzed by 3P
NMR. The four signals were observed, two of them (183.0, 182.9 ppm) might fit to the expected
signal for the product (calc. 184.5 ppm). The solvent was removed, the residue dissolved in

pentane and filtrated through silica. Further analysis of the liquid did not show any 3P signals.

31p NMR (162 MHz, toluene): & = 183.0 (s), 182.9 (s), 176.9 (s, Pls), -9.7 (s) ppm.
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4.2.5 Preparation of phosphinines
2-mesitylphosphinine (110)

X
L
Mes
Mesitylphosphaalkyne (68, 30 mg, 165 pmol, 1 eq) was added together with 2-pyrone (60 ml,
excess) to a Young NMR tube filled with toluene (1 ml) and heated to T = 100 °C for 3 days.
The solvent was removed in vacuo and the product extracted with pentane from the red
residue. The pentane phase was filtered through a silica plug (glass pipette). The solvent was

removed under reduced pressure and the colorless residue was dissolved in benzene-de.

'H NMR (400 MHz, benzene-de): 6 = 8.71-8.59 (m, 1H, Jup = 38.22 Hz, Ar-H), 7.44-7.14 (m,
3H, Jup = 58.77 Hz, Jup = 18.08 Hz, Ar-H), 6.86 (sept, 2H, Ar-H), 2.10 (s, 3H, CHz), 2.04 (s,
6H, CHs) ppm.

3P NMR (162 MHz, benzene-de): & = 208.9 (br) ppm.

2-bromo-6-mesitylphosphinine (111) & 3-bromo-2-mesitylphosphinine (111a)
Br

Br Mes Mes

Mesitylphosphaalkyne (68, 42 mg, 231 umol, 1 eq) was added together with 3-bromopyrone
(excess) to a Young NMR tube filled with toluene (1 ml) and heated to T = 100 °C for 2 days.
The solvent was removed in vacuo and the product extracted with pentane from the red
residue. The pentane phase was filtered through a silica plug (glass pipette). The solvent was

removed by reduced pressure and the colorless residue was dissolved in benzene-ds.

'H NMR (400 MHz, benzene-de): § = 8.43-8.31 (m, 1H, Jup = 38.79 Hz, Ar-H), 7.68-7.55 (m,
2H, Ar-H), 7.06-6.95 (m, 2H, Ar-H), 6.85 (br, 3H, Ar-H), 6.78 (br, 2H, Ar-H), 6.78-6.72 (m, 1H,
Ar-H), 2.02 (s, 6H, CHs), 1.92 (s, 12H, CHs) ppm (signals for a mixture of 111 & 111a).

3P NMR (162 MHz, benzene-ds): d=221.8 (d (br), Jp» = 37.1 Hz, 111a), 208.3 (br, 111) ppm.

2-(triphenylsilyl)phosphinine (112)

L

SiPhs
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Triphenylsilylphosphaalkyne (58, 72 mg, 238 pumol, 2.86 eq) was stirred together with 2-pyrone
(8 mg, 83.3 umol, 1.0 eq) in diglyme (5 ml) at T = 130 °C for 16 h. The reaction mixture was
purified by column chromatography (silica, eluent hexane/ethyl acetate (1:1)).

31P{'H} NMR (162 MHz, toluene): & = 239.6 (s) ppm.

2-(triphenylsilyl)phosphinine (114)

R

»

SiPhg

Triphenylsilylphosphaalkyne (58, 64 mg, 210 umol, 4.0 eq) was stirred together with 2-pyrone

(10 mg, 52.6 umol, 1.0 eq) in diglyme (5 ml) at T = 130 °C for 16 h. The reaction mixture was
purified by column chromatography (silica, eluent hexane/ethyl acetate (1:1)).

31P{1H} NMR (162 MHz, toluene): & = 237.4 (s) ppm.

4.2.6 Preparation of triazaphospholes
5-mesityl-3-phenyl-3H-1,2,3,4-triazaphosphole (120)

N=N
Bn/N\ /)\Mes

Mesitylphosphaalkyne (68, 0.86 ml of 0.144 m in THF, 20 mg, 123 umol, 1 eq) was added
together with benzylazide (117, 0.33 ml of 0.376 m in THF 16.4 mg, 124 pmol, 1 eq) to a
Young NMR tube filled with THF (1 ml). After 2 days at rt the THF solution was concentrated
by reduced pressure and pentane was added dropwise until colorless solid precipitated. The

solid was washed with pentane, dried in vacuo and dissolved in THF-ds.

H NMR (400 MHz, tetrahydrofuran-ds): 6 = 7.40-7.28 (m, 5H, Ar-H of Ph), 6.93 (s, 2H, Ar-H
of Mes), 5.87 (dd, J = 6.79, 3.18 Hz, 2H, CHy), 2.28 (s, 3H, para-CHs of Mes), 2.05 (s, 6H,
ortho-CHz of Mes) ppm.

BC{*H} NMR (151 MHz, tetrahydrofuran-ds): 6 = 128.8 (d, 1Jcp = 24.4 Hz, CP), 129.8 (s, 2C,
Ar-C of Mes), 129.4, 129.2 (s, 5C, Ar-C of Ph), 56.7 (d, YJcp = 12.4 Hz, CH,), 21.6 (s, 2C,
ortho-CHjs), 21.3 (s, para-CHs) ppm.

31p{*H} NMR (162 MHz, tetrahydrofuran-ds): 6 = 177.4 (s) ppm.
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3,5-Dimesityl-3H-1,2,3,4-triazaphosphol (121)

N=
Mes/N\ /)\Mes

Mesitylphosphaalkyne (68, 30 mg, 185 umol, 1 eq) was added together with mesitylazide (118,
30 mg, 185 pmol, 1 eq) to a Young NMR tube filled with toluene (1 ml). After 3 days at rt the
solvent was removed by reduced pressure and the residue washed with pentane (3x 4 ml),

yielding a colorless solid.

H NMR (400 MHz, dichloromethane-dz): & = 7.07 (s, 2H, Ar-H), 7.02 (s, 2H, Ar-H), 2.39 (s,
3H, para-CHs), 2.35 (s, 6H, ortho-CHs), 2.15 (s, 3H, para-CHs), 2.01 (s, 6H, ortho-CHs) ppm.

BC{*H} NMR (151 MHz, dichloromethane-d;): 6 = 182.3 (d, }Jcp = 51.1 Hz, CP), 140.0,
138.8, 137.4, 137.3, 136.2 (d, Jcp = 6.9 Hz), 135.3 (d, Jcp = 1.6 HZz), 129.5, 128.9, 21.3, 21.2,
21.2,17.6. ppm.

3P NMR (162 MHz, dichloromethane-dz): 6 = 182.8 (s) ppm.

3-phenyl-5-triisopropylphenyl-3H-1,2,3,4-triazaphosphole (122)

N=N
Bn— N~ /)\Tripp

TrippCP (81, 1 eq) and benzylazide (117, excess) were added to a Young NMR tube filled with
benzene-ds (1 ml). After succeeded reaction at rt overnight, the NMR spectra were measured.

The product was not isolated.

'H NMR (400 MHz, tetrahydrofuran-ds): 6 = 7.21 (s, 2H, Ar-H of Tripp), 7.08-6.96 (m, 5H, Ar-
H of Ph), 5.29 (d, J = 6.56 Hz, 2H, CH,), 3.23 (sept, 3Jun = 6.86 Hz, 1H, para-CH(CHj3)2), 2.9
(sept, 3Jun = 6.96 Hz, 2H, ortho-CH(CHz)2), 1.19 (d, 3Jun = 6.88 Hz, 12H, para-CH(CHs),),
1.14 (d, 3Jun = 7.08 Hz, 6H, ortho-CH(CHz)2) ppm.

31p{’H} NMR (162 MHz, benzene-ds): 6 = 179.4 (S) ppm.

3-mesityl-5-triisopropylphenyl-3H-1,2,3,4-triazaphosphole

N=
Dipp/N\ /)\Mes
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TrippCP (68, 1 eq) and 2,6-diisopropylphenylazide (119, 1 eq) were added to a Young NMR
tube filled with THF (1 ml). After succeeded reaction at rt overnight, the NMR spectra were

measured. The product was not isolated.

31p{1H} NMR (162 MHz, tetrahydrofuran): & = 185.3 (s) ppm.

3-(2,6-diisopropylphenyl)-5-triisopropylphenyl-3H-1,2,3,4-triazaphosphole (123)
N=N
Dipp~— -~ /)\Tripp

TrippCP (81, 1 eq) and 2,6-diisopropylphenylazide (119, excess) were added to a Young NMR
tube filled with THF (1 ml). After succeeded reaction at rt overnight, the NMR spectra were

measured. The product was not isolated.

31P{*H} NMR (162 MHz, tetrahydrofuran): & = 187.5 (s) ppm.

5-((3,5-di-tert-butyl)phenyl)-3-triisopropylphenyl-3H-1,2,3,4-triazaphosphole (124)
N=N

Bn— N~ /)\Mdtbp

MdtbpCP (86, 1 eq) and benzylazide (117, excess) were added to a Young NMR tube filled
with THF (1 ml). After succeeded reaction at rt overnight, the NMR spectra were measured.

The product was not isolated.

31P{*H} NMR (162 MHz, tetrahydrofuran): & = 172.1 (s) ppm.

5-((3,5-di-tert-butyl)phenyl)-3-triisopropylphenyl-3H-1,2,3,4-triazaphosphole (124)

N=N

Dipp~— N\~ /)\Mdtbp

MdtbpCP (86, 1 eq) and 2,6-diisopropylphenylazide (119, excess) were added to a Young
NMR tube filled with THF (1 ml). After succeeded reaction at rt overnight, the NMR spectra

were measured. The product was not isolated.

31p{1H} NMR (162 MHz, tetrahydrofuran): & = 178.5 (s) ppm.
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4.2.7 Preparation of 1,2,4-triphospholes
Cesium 3,5-mesityl-1,2,4-triphospholide

+

_ Cs

MesA@%Mes

Method A: 2,4,6-trimethylbenzoyl chloride (63, 0.23 ml, 250 mg, 1.37 mmol, 1eq) and
P(SiMes)s (64, 0.40 ml, 343 mg, 1.40 mmol, 1 eq) were added to a suspension of CsF (478 mg,
2.3 eq) in 1,4-dioxane (7 ml) and stirred at T =90 °C for 20 days. After 15 days the strong

yellow suspension turned red.

Method B: Mesitylphosphaalkyne (68, 0.5 ml of 0.244 M in toluene, 20 mg, 123 pmol, 1 eq)
and P(SiMes)s; (64, 0.035 ml, 31 mg, 123 umol, 1 eq) were added to a suspension of CsF
(43.1 mg, 2.3 eq) in 1,4-dioxane (2 ml) and stirred at T = 90 °C for 5 days. The solvent was
removed in vacuo and the red residue was washed with a THF-pentane (1:8) solution (3x 1 ml).
Removing the solvent under reduced pressure yielded an orange-red powder.

H NMR (400 MHz, tetrahydrofuran-ds): & = 6.74 (s, 4H, meta-CH), 2.17 (s, 6H, CHs), 2.12
(s, 12H, CHs) ppm.

13C{*H} NMR (151 MHz, tetrahydrofuran-dg): & = 190.6 (m, Cheterocycle), 145.2 (m, ipso-C),
137.4 (ortho-C), 132.8 (s, para-C), 127.8 (s, meta-CH), 22.9 (s, CHs), 21.3 (s, CHz) ppm.

S1p{IH} NMR (162 MHz, tetrahydrofuran-dg): 6 = 264.8 (d, 2Jpp = 38.0 Hz, 2P), 256.6 (d,
2Jpp = 37.9 Hz, 2P) ppm.

4.2.8 Cyclooligomerization reactions of phosphaalkynes on metal(0) precursors
[{n*-1,3-(Mes),P2}W(CO)3] (136)

o
O
\
/
0O
O

Mesitylphosphaalkyne (68, 0.32 ml of 0.252 M in THF, 10 mg, 62.0 umol, 2.0 eq) was added
at rt to a THF (2 ml))solution of [W(COs)(thf)] (0.6 ml of 0.102 M in THF). The strong yellow
solution turned immediately red. After two weeks at rt the sample was heated to T = 65 °C for
10 days.

3P NMR (202 MHz, tetrahydrofuran): 6 = 57.7 (s) ppm.
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[{n*-1,3-(Tripp)2P2}W(CO)3] (137)

TrippCP (81, 0.75 ml of 0.213 M in THF, 39 mg, 122 umol, 2.0 eq) was added at rt to a THF
(3 ml) solution of [W(COs)(thf)] (1.19 ml of 0.102 M in THF). The strong yellow solution turned
immediately dark red. After two weeks at rt the sample was heated to T = 65 °C for 10 days.

31p NMR (202 MHz, tetrahydrofuran): & = 69.1 (s) ppm.

[{n*-1,3-(Mes)2P2}Fe(CO)s] (140)

Mes
Jroly
| "Mes

ocC’ (I:(‘DCO

Mesitylphosphaalkyne (68, 1.0 ml of 0.251 M in THF, 40.7 mg, 251 umol, 2.5 eq) was added
at T = -40 °C to a solution of [Fe(COg3)(coe);] (1.6 ml of 0.06 M in pentane). The green reaction
mixture was stirred at T =-20 °C for 2 h until it was allowed to warm to rt. The solvent was
removed in vacuo and the solid residue was sublimed at T = 140 °C at p = 1x10° mbar. The
orange solid was dissolved in THF. Slow evaporation of the solvent yielded orange crystals
suitable for XRD measurement and compared with the crystals found in the database (CCDC:
234605, CSD: OBOBEN).

H NMR (600 MHz, tetrahydrofuran-ds): = 6.51 (s, 4H, meta-CH), 2.31 (s, 12H, ortho-CHy),
1.96 (s, 6H, para-CHs) ppm.

3P NMR (202 MHz, tetrahydrofuran-ds): & = 76.9 (s) ppm.

[{n*-1,3-(Tripp).P2}Fe(CO)s] (141)

Tripp

Tripp

°co

T
FI
co

ocC’
TrippCP (81, 0.96 ml of 0.193 M in THF, 45.6 mg, 185 pmol, 2.5 eq) was added at T =-50 °C

to a solution of [Fe(COs)(coe),] (1.16 ml of 0.06 M in pentane). The green reaction mixture was

stirred at T =-50 °C for 2 h until it was very slowly allowed to warm to rt. The solvent was
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removed in vacuo and the solid residue was sublimed at T =50 - 180 °C at p = 1x10° mbar.

The red solid was dissolved in THF.

3P NMR (162 MHz, tetrahydrofuran): & = 109.1 (s, crude product) ppm.

4.2.9 Preparation of phosphaalkyne platinum(0) complexes

General synthesis for the mr-complexes

R, R
AN
— Il
(o Jm—
s\ |
R R Ar

The reactions to produce the m-complexes were performed in an argon filled glovebox
equipped with a freezer (T = -25 °C). Ni(COD); or Pt(COD); (10-50 mg, 1 eq) was added into
a scintillation vial and dissolved in THF (2-8 ml) with vigorous stirring. Addition of a
(di)phosphine solution (0.2M in THF, 1eq) results in a significant color change to
yellow/orange after several seconds. The reaction mixture was stirred at rt for at least
30 minutes. The formation of the [((di)phosphine)M(COD)] can be monitored by *'P{*H} NMR
spectroscopy. Once complete conversion is achieved, the reaction mixture was cooled to
T =-25 °C. A chilled solution of phosphaalkyne (0.2 M in THF, T =-25 °C, 1 eq) was added
dropwise to the reaction mixture over 5 - 10 min. The reaction solution was allowed to warm
to rt and stirred overnight. The solvent was removed under reduced pressure, yielding the

product as yellow to red powders (quantitative conversion by NMR).

If necessary, the Pt complexes can be filtered through a Whatman glass paper filter, whereas
the Ni complexes can be filtered through diatomaceous earth to remove any polymeric particles
from the phosphaalkyne excess. Traces of dippe or dcype can be removed by washing with n-

pentane.

[(dippe)Ni(MesCP)] (142)

Pr_ Pr

[ \Ni—m
N

ipy” Vipr Mes

H NMR (600 MHz, tetrahydrofuran-ds): =6.71 (s, 2H, meta-H-Mes), 2.18 (s, 3H, para-CHs-
Mes), 2.21 (ddt, 2Jup = 14.5 Hz, 3Jun = 7.23 Hz, J = 3.01 Hz, 2H, P-CH), 1.98 (s, 6H, ortho-
CHs-Mes), 1.92 (ddt, 2Jup = 14.0 Hz, 3Jun = 6.94 Hz, J = 2.96 Hz, 2H, P-CH), 1.69 (m, 4H, P-
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CHy), 1.27 (ddt, 3Jup = 14.8 Hz, 3Jun = 6.86 Hz, J = 2.78 Hz, 6H, CHs of Pr), 1.11 (ddt, 3Jup =
12.9 Hz, 3y = 6.72 Hz, J = 2.79 Hz, 6H, CHs of 'Pr), 0.98 (ddt, 3Jup = 12.6 Hz, 3Juy = 6.54 Hz,
J =2.75 Hz, 6H, CHs of 'Pr), 0.77 (ddt, 3Jup = 14.9 Hz, 3Jun = 6.92 Hz, J = 2.77 Hz, 6H, CHs
of 'Pr) ppm.

13C{*H} NMR (151 MHz, tetrahydrofuran-ds): =231.8 (dd, J = 80.1, 32.5, 4.7 Hz, CP), 149.7
(app. t, J = 6.7 Hz, Mes), 132.1 (Mes), 128.9 (Mes), 128.2 (Mes), 26.3 (ddd, J = 32.3, 17.1,
4.0 Hz), 22.7 (app. t, J =20.4 Hz), 22.49, 22.45 (app. t, J = 17.8 Hz), 21.3, 20.1 (d, J = 5.0 Hz),
19.5,19.4 (d, J = 6.9 Hz), 18.9 ppm.

31p{1H} NMR (243 MHz, tetrahydrofuran-ds): 6= 172.6 (d, 2Jpp = 16.4 Hz, CP), 82.2 (d, 2Jpp =
33.9 Hz, dippe), 71.8 (dd, 2Jpp = 33.9, 16.5 Hz, dippe) ppm.

HRMS (El pos): m/z calc. for [C24H43NiP3): 482.1931; found: 482.1937

Elemental analysis for C24Ha3NiP3: calc.: C: 59.65%, H: 8.97%; found: C: 59.67%, H: 8.99%

[(dippe)Pt(MesCP)] (143)

Pr. Pr

[ \Pt—m
/ C

[
N

ipr” ipr Mes

'H NMR (600 MHz, tetrahydrofuran-ds): & =6.76 (s, 2H, meta-H-Mes), 2.27 (s, 3H, para-CHs-
Mes), 2.22 (dq, 2Jup = 14.2 Hz, 3Jyn = 7.16 Hz, 2H, P-CH), 2.03 (s, 6H, ortho-CHs-Mes), 1.99
(dg, 2Jup = 14.3 Hz, 3Jun = 6.84 Hz, 2H, P-CH), 1.67 (m, 4H, P-CH>), 1.25 (dd, 3Jup = 15.7 Hz,
2Jun = 7.03 Hz, 6H, CHs of 'Pr), 1.08 (dd, 3Jup = 13.9 Hz, 2Jun = 7.04 Hz, 6H, CH;3 of 'Pr), 0.93
(dd, 3Jnp = 13.7 Hz, 234 = 6.89 Hz, 6H, CHs of 'Pr), 0.74 (dd, 3Jup = 16.0 Hz, 2Jupn = 7.17 Hz,
6H, CHs of 'Pr) ppm.

BC{*H} NMR (151 MHz, tetrahydrofuran-ds): & = 232.7 (ddd, J = 83.1, 59.1, 8.7 Hz, CP),
148.9 (br. d, J = 7.2 Hz, Mes), 132.9 (Mes), 129.6 (Mes), 127.9 (Mes), 26.6 (ddd, J = 38.5,
22.1 3.6 Hz), 24.8 (ddd, J = 48.4, 26.6, 14.8 Hz), 21.9, 21.2, 20.2 (d, J = 5.5 Hz), 19.4, 18.9
(d, J =6.1 Hz), 18.5 ppm.

31p{1H} NMR (243 MHz, tetrahydrofuran-ds): & = 140.5 (dd, 2Jpp = 29.2, 15.7 Hz, YJpp =
234 Hz, CP), 82.9 (dd, 2Jpp = 37.2, 15.7 Hz, Jpp = 3056 Hz, dippe), 74.0 (dd, 2Jpp = 37.1,
29.1 Hz, 3Jppt= 3211 Hz, dippe) ppm.

195p{1H} NMR (86 MHz, tetrahydrofuran-ds): & = -4611 (ddd, Jpp = 3211, 3056, 234 Hz)
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HRMS (El pos): m/z calc. for [C24H43P3Pt]: 619.2226; found: 619.2203

Elemental analysis for C,sHasPsPt: calc.: C: 46.52%, H: 7.00%; found: C: 46.76%, H: 7.04%

[(dippe)Pt(TrippCP)] (144)

Pr_ Pr

[ \Pt—m
/ C

|
ipy” ipy  Tripp

3p{IH} NMR (162 MHz, tetrahydrofuran): & = 145.8 (dd, 2Jpp = 28.7, 17.7 Hz, 1Jp = 229 Hz,
CP), 79.5 (dd, 2Jpp = 36.5, 16.7 Hz, 1Jpp = 3044 Hz, dippe), 70.7 (dd, 2Jpp = 36.5, 28.2 Hz,
1Jppt= 3213 Hz, dippe) ppm.

[(dippe)Ni(Mes*CP)] (145)

Pr_ Pr

[ \N'—III
o C

N

ipr” ipr Mes*

'H NMR (600 MHz, tetrahydrofuran-dg): & = 7.17 (s, 2H, meta-H-Mes*), 2.24 (dq, 2Jup =
14.3 Hz, 3Jun = 7.21 Hz, 2H, P-CH), 1.91 (dq, 2Jup = 13.9 Hz, 3Jun = 6.95 Hz, 2H, P-CH), 1.62
(m, 4H, P-CH,), 1.42 (s, 9H, para-CHs-Mes*), 1.29 (s, 18H, ortho-CHz-Mes*), 1.26 (dd, 3Jup =
15.0 Hz, 2Jun = 7.38 Hz, 6H, CHs of 'Pr), 1.10 (dd, 3Jup = 12.6 Hz, 2Jun = 6.76 Hz, 6H, CHs of
'Pr), 0.91 (dd, 3Jup = 12.1 Hz, 2Jun = 6.71 Hz, 6H, CHs of 'Pr), 0.71 (dd, 3Jup = 14.6 Hz, 2Jun =
7.22 Hz, 6H, CHz of 'Pr) ppm.

BC{*H} NMR (151 MHz, tetrahydrofuran-ds): & = 238.5 (dd, J = 71.9, 35.2 Hz, CP), 150.6
(app. t, J = 6.8 Hz, Mes*), 143.9 (Mes*), 140.8 (Mes*), 121.1 (Mes*), 38.3, 35.4, 32.9, 26.4
(dd, J = 17.9, 3.4), 22.1 (app. t, J = 16.2 Hz), 21.9 (app. t, J = 20.9 Hz), 20.1 (d, J = 3.9 Hz),
20.0 (d, J =5.9 Hz), 19.4, 18.6 ppm.

31p{1H} NMR (243 MHz, tetrahydrofuran-ds): & = 156.3 (d, 2Jpp = 14.8 Hz, CP), 80.1 (d, 2Jpp
= 37.8 Hz, dippe), 60.5 (dd, 2Jpp = 37.8, 14.8 Hz, dippe) ppm.

HRMS (El pos): m/z calc. for [CssHs1NiP3]: 608.3340; found: 608.3325

Elemental analysis for CasHe1NiPs3: calc.: C: 65.03%, H: 10.09%; found: C: 63.53%, H: 9.61%
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[(dippe)Pt(Mes*CP)] (146)

Pr_ Pr

[ \Pt—l“
e

. 7/ N, *
Pr Pr Mes

'H NMR (600 MHz, tetrahydrofuran-ds): & = 7.23 (s, 2H, meta-H-Mes*), 2.22 (dq, 2Jup =
14.0 Hz, 3Jun = 6.99 Hz, 2H, P-CH), 1.96 (dq, 2Jupe = 14.1 Hz, 3Jun = 7.23 Hz, 2H, P-CH), 1.62
(m, 4H, P-CH,), 1.42 (s, 9H, para-CHs-Mes*), 1.30 (s, 18H, ortho-CHs-Mes*), 1.25 (dd, 3Jup =
15.7 Hz, 2Jun = 7.05 Hz, 6H, CHs of 'Pr), 1.07 (dd, 3Jup = 14.0 Hz, 2Jun = 7.00 Hz, 6H, CHs of
'Pr), 0.89 (dd, 3Jnp = 13.2 Hz, 2Jun = 6.97 Hz, 6H, CH3 of 'Pr), 0.66 (dd, 3Jup = 15.9 Hz, 2Jypn =
7.15 Hz, 6H, CHz of 'Pr) ppm.

BC{*H} NMR (151 MHz, tetrahydrofuran-ds): & = 232.7 (m, CP), 150.6 (br. m, Mes*), 144.7
(Mes*), 141.9 (Mes*), 121.8 (Mes*), 38.4, 35.2, 32.9, 26.7 (dd, J = 23.1, 3.2), 24.6 (dd, J =
25.7, 13.0 Hz), 23.9 (dd, J = 26.9, 15.7 Hz), 20.0 (d, J = 4.8 Hz), 19.32, 19.26 (d, J = 5.9 Hz),
18.1 ppm.

31p{1H} NMR (243 MHz, tetrahydrofuran-ds): & = 126.5 (dd, 2Jpp = 28.8, 18.7 Hz, YJpp =
167 Hz, CP), 78.0 (dd, 2Jpp = 39.0, 18.7 Hz, Jpp = 3036 Hz, dippe), 65.5 (dd, 2Jpp = 39.0,
28.8 Hz, 1Jp pi= 3283 Hz, dippe) ppm.

195Pt{*H} NMR (86 MHz, tetrahydrofuran-ds): & = -4576 (ddd, *Jeip = 3283, 3036, 167 Hz)
ppm.

HRMS (El pos): m/z calc. for [CasHe1P3Pt]: 745.3634; found: 745.3694

Elemental analysis for CssHe1PsPt: calc.: C: 53.14%, H: 8.24%; found: C: 50.74%, H: 7.62%

[(dcpe)Ni(MesCP)] (147)

'H NMR (400 MHz, tetrahydrofuran-dg): = 6.75 (s, 2H, meta-H-Mes), 2.20 (s, 3H, para-CHs-
Mes), 1.99 (s, 6H, ortho-CHsz-Mes), 1.79-0.69 (m, 48H, P-CH, P-CH, Cy) ppm.

31p{iH} NMR (162 MHz, tetrahydrofuran-ds): & = 169.6 (d, 2Jpp = 16.9 Hz, CP), 70.4 (d, 2Jpp =
35.6 Hz, dcpe), 62.2 (dd, 2Jpp = 35.6, 16.4 Hz, dcpe) ppm.
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[(dcpe)Pt(MesCP)] (148)

H NMR (600 MHz, tetrahydrofuran-ds): 6 = 6.78 (s, 2H, meta-H-Mes), 2.29 (s, 3H, para-CHs-
Mes), 2.06 (s, 6H, ortho-CHs-Mes), 1.97-0.73 (m, 48H, P-CH, P-CH, Cy) ppm.

BC{*H} NMR (151 MHz, tetrahydrofuran-ds): & = 226.8 (m, CP), 148.9 (br. d, J = 6.7 Hz,
Mes), 132.9 (Mes), 129.7 (Mes), 127.9 (Mes), 36.6 (dd, J = 22.9, 3.4 Hz), 36.0 (dd, J = 21.4,
3.6 Hz), 30.6 (d, J = 4.1 Hz), 30.0, 29.1, 28.9 (d, J = 4.8 Hz), 28.0 (app. dqg, J = 29.5, 10.5 Hz),
27.4, 27.1, 26.6, 24.6 (m), 22.0, 21.2 ppm.

31p{1H} NMR (243 MHz, tetrahydrofuran-ds): & = 140.0 (dd, 2Jpp = 29.5, 15.6 Hz, YJpp =
230 Hz, CP), 71.7 (dd, 2Jpp = 37.8, 14.5 Hz, 1Jppi= 3056 Hz, dcpe), 65.8 (dd, 2Jpp = 37.7, 29.4
Hz, 1Jp pt= 3205 Hz, dcpe) ppm.

195Pt{*H} NMR (86 MHz, tetrahydrofuran-ds): & = -4582 (ddd, *Jptp = 3205, 3056, 230 Hz)
ppm.

HRMS (El pos): m/z calc. for [CssHs9P3Pt]: 779.3478; found: 779.3465

Elemental analysis for CssHs