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ABSTRACT

Abstract

Within the last two centuries a plethora of chemical transformations and processes changed
the face of our planet in the context of and alongside with the industrialization of the western
world. This development brought prosperity and wealth, but also left us with new challenges.
In the face of climate change, it is of high importance to re-think and refine processes to
reduce costs, toxicity, and the environmental load. Among the most abundant and least toxic
elements in the earth’s crust, silicon attracted much attention. It offers chemistry way beyond
the very stable fourfold coordination and oxidation state of +IV. Ligand stabilized, low valent
molecular silicon complexes are promising candidates to find application in novel materials

as well as being catalysts for chemical transformations.

The here presented doctoral dissertation thesis concludes the studies on bis-N-heterocyclic
imine (bis-NHI)-stabilized silicon centered complexes and their reactivity. Whereas different
bis-NHIs and one mono-NHI ligands could be synthesized, the 2017 published mesityl-
substituted and ethylene bridged bis®-NHIMs (P0) was chosen as a work horse throughout

the thesis.

In the beginning, several halo-silane and silyliumylidene complexes were isolated and fully
characterized. The yielded complexes range from five-coordinated [bis-NHISiH,Cls.][CI] (x =
0 P4, 1 P5, 2 P6) halosilanes, over the four-coordinated [bis-NHISiH,]?>*2[I]- dication (P7), to
three-coordinated [bis-NHISiX][X] (X = CI P1, Br P2) silyliumylidenes.

The main part describes the reactivity of [bis-NHISICI|[X] (X = CI P1, OTf P3), that was
executed to elucidate the electronic structure of the silyliumylidene as well as its suitability to
serve as a ligand in coordination chemistry and as precursor for reduction to novel silicon(0)
species. Oxidation with heavier chalcogens vyielded selectively the corresponding
silaacyliumions [bis-NHISICIE][CI] (E = S P8, Se P9, Te P10). Furthermore, the ’Se NMR shift
of the selenide complex was used to assess the n-acceptor properties of the silyliumylidene,
when acting as a ligand in coordination chemistry. Further conversion enabled the isolation
and characterization of group 6 and group 11 complexes [bis-NHISiCIM][X] (M = Cr(CO)s P11,
Mo(CO)s P12, CuCl P13, AgCl P14, AuCl P15, AuMe P16; X = CIl, OTf). From the coinage
metal compound P15, unusual double anion exchange gave rise to novel heterobimetallic
silyliumylidene bis-NHICISiAuFe(CO). (P17) as an overall neutral, yet zwitterionic species. The
electronic structure of complex P17 was examined via computational and spectroscopic
methods, suggesting it to be best described as bis-NHICISi*(Il)—Au*(l)«Fe*(Il)(CO).. Follow
up reactivity of the compound was tested and functionalization by chloride exchange was

proven possible.
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Finally, the direct reduction of P1 to novel silylone L,Si(0) was attempted through reductive
dehalogenation. Whereas the free silylone bis-NHISi could not be observed, iron silylone
complex bis-NHISiFe(CO), (P21A) is hypothesized to form upon reaction with KoFe(CO)s. The
complex has a short lifetime and could not be characterized in the time of this thesis.
Intramolecular C-H activation stabilizes the elusive iron silylone, forming an isolable silicon
hydride species that could be characterized as bis-NHIHSiFe(CO)s complex P21. Trapping
reaction using NHs;BH; and an additional equivalent of K.Fe(CO)., afforded [bis-NHISiHFe]
[HFe(CO)4] (P22) further validating the intermediate three-coordinated silylone.

Two additional parts describe reactivity studies of [bis-NHISiCl3][Cl] (P4), [bis-NHISiH-CI][CI]
(P6), and [bis-NHISiH,][l]. (P7) towards HCI abstraction and reductive agents, such as
K:Fe(CO).. Whereas the selectively formed product that stems from P7 could not be identified
unambiguously, the reaction with P4 resulted in the [bis-NHISICIFe(CO)4] silyliumylidene iron

complex cation with steerable formation of either “Cl (P24) or "HFe(CO)., (P23) anion.
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Zusammenfassung

In den letzten zwei Jahrhunderten hat eine Fille von chemischen Umwandlungen und
Prozessen unter anderem im Zuge der Industrialisierung der westlichen Welt das Gesicht
unseres Planeten veréndert. Diese Entwicklung brachte Wohlstand und Reichtum, stellte uns
aber auch vor neue Herausforderungen. Angesichts des Klimawandels ist es von groBer
Bedeutung, Prozesse zu Uberdenken und zu verfeinern, um die Kosten, die Toxizitat und die
Umweltbelastung zu reduzieren. Silizium ist eines der am haufigsten vorkommenden und am
wenigsten toxischen Elemente der Erdkruste und hat viel Aufmerksamkeit auf sich gezogen.
Es bietet synthetische Moglichkeiten, die weit Gber die sehr stabile Vierfachkoordination und
die Oxidationsstufe +IV hinausgehen. In ligandenstabilisierten und niedrigvalenten
Molekulkomplexen ist Silizium ein vielversprechender Kandidat flr die Verwendung in

neuartigen Materialien sowie als Katalysator fur chemische Umwandlungen.

Die hier vorgestellte Dissertation umschlieBt die Untersuchungen zu Bis-N-heterozyklischen
Imin (NHI)-stabilisierten siliziumzentrierten Komplexen und deren Reaktivitdt. Obwonhl
verschiedene Bis-NHIs und ein Mono-NHI-Ligand synthetisiert werden konnten, wurde der
2017 veroffentlichte Mesityl-substituierte und Ethylen-verbriickte bis®-NHIVes (PQ) als

Arbeitspferd fir die gesamte Dissertation gewahlt.

Zu Beginn wurden mehrere Halogensilan- und Silyliumylidenkomplexe isoliert und vollstandig
charakterisiert. Die erhaltenen Komplexe reichen von flinffach koordinierten [bis-
NHISiH«Cl5.4][Cl] (x = 0 P4, 1 P5, 2 P6) Halosilanen Uber ein vierfach-koordiniertes [bis-
NHISiH,J**2[l]" Dikation (P7), bis hin zu dreifach-koordinierten [bis-NHISiX][X] (X = CI P1, Br
P2) Silyliumylidenen.

Der dritte Teil beschreibt die Reaktivitdtsuntersuchungen von [bis-NHISICI][X] (X = CI P1, OTf
P3), um die elektronische Struktur des Silyliumylidens sowie seine Eignung als Ligand in der
Koordinationschemie und als Vorstufe flr die Reduktion zu neuartigen Silicium(0)-Spezies
aufzuklaren. Die Oxidation mit schwereren Chalkogenen flhrte selektiv zu den
entsprechenden Silaacyliumionen [bis-NHISICIE][CI] (E = S P8, Se P9, Te P10). Darlber
hinaus wurde die "Se-NMR-Verschiebung des Selenidkomplexes genutzt, um die mn-
Akzeptoreigenschaften des Silyliumylidens zu bewerten, wenn es als Ligand in der
Koordinationschemie fungiert. Eine weitere Umwandlung ermdglichte die Isolierung und
Charakterisierung der Gruppe 6- und Gruppe 11-Komplexe [bis-NHISICIM][X] (M = Cr(CO)s
P11, Mo(CO)s P12, CuCl P13, AgCl P14, AuCl P15, AuMe P16; X = CI, OTf). Aus der
Minzmetallverbindung P15 entstand durch ungewdéhnlichen doppelten Anionenaustausch

das neuartige heterobimetallische Silyliumyliden bis-NHICISiAuFe(CO), (P17) als insgesamt

Xl
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neutrale, aber zwitterionische Spezies. Die elektronische Struktur dieses Komplexes wurde
mittels theoretischen und spektroskopischen Methoden untersucht und lasst sich am besten
als Bis-NHICISi*(Il)—Au*(l)«Fe*(I)(CO)s beschreiben. Die Anschlussreaktivitdt der
Verbindung wurde getestet und eine Funktionalisierung durch Chloridaustausch erwies sich

als moglich.

SchlieBlich wurde die direkte Reduktion von P1 zu einem neuartigen Silylon L.Si(0) durch
reduktive Dehalogenierung untersucht. Wahrend das freie Silylon Bis-NHISi nicht beobachtet
werden konnte, wird angenommen, dass sich der Eisensilylon-Komplex Bis-NHISiFe(CO),
(P21A) bei der Reaktion mit Ko.Fe(CO), bildet. Der Komplex hat eine kurze Lebensdauer und
konnte im Rahmen dieser Arbeit nicht charakterisiert werden. Eine intramolekulare C-H-
Aktivierung stabilisiert das schwer fassbare Eisensilylon und bildet eine isolierbare
Siliciumhydrid-Spezies, die als bis-NHIHSiFe(CO). (P21) charakterisiert werden konnte. Die
Abfangreaktion mit NHsBHs und einem zusatzlichen Aquivalent K.Fe(CO), ergab [bis-
NHISiHFe][HFe(CO)4] (P22), wodurch die Bildung des intermedidren dreifach koordinierten

Silylon weiter untermauert wurde.

Zwei weitere Teile beschreiben Reaktivitatsstudien an [bis-NHISICI5][CI] (P4), [bis-
NHISIH.CIJ[CI] (P6), und [bis-NHISiH:][ll. (P7) zu HCI-Abstraktion und gegeniber
Reduktionsmitteln wie K,Fe(CO),. Wéhrend das selektiv gebildete Produkt aus P7 nicht
eindeutig identifiziert werden konnte, ergab die Reaktion mit P4 das Silyliumyliden-
Eisenkomplexkation [bis-NHISIiCIFe(CO)s mit steuerbarer Bildung von entweder dem ~ClI
(P24) oder "HFe(CO)4-Anion (P23).
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1 INTRODUCTION

1 Introduction

Over the last centuries, the advances in chemical science and industry have changed the face
of our world. Among the most groundbreaking developments is the high richness of fine
chemicals and tailor-made structures in organic- and pharmaceutical chemistry that offer
excellent materials for industrial application and everyday life. Organometallic chemistry has
grown and evolved in tandem with the ever-increasing demands on structures, purities, and
economical efficiency of stock and fine chemicals. Beyond the pure academic eager,
organometallic complexes of transition metals have early shown their potential to serve as
catalysts in chemical conversions and became quickly indispensable. To date, precious metal
catalysts are appreciated for their versatility, reactivity, and high selectivity. Yet, due to
drawbacks such as high cost, limited availability, or toxicity, alternative solutions are

increasingly sought.

Since the 1980s it became more and more clear that the main group elements are not only
by far more abundant than precious transition metals and established part of inanimate nature
but could also be brought in unusual coordination and oxidation states, making them main
actors in novel classes of reactive organometallic complexes. This so-called renaissance of
main group chemistry started with three major reports by West," Yoshifuiji,? and Brook® who
were able to stabilize multiply bonded p-block elements in the key compounds
Mes.Si=SiMes;, 2,4,6-(tBu)s-CesH.-P=P-2,4,6-(tBu)s-CsH, and (MesSi).Si=C(OSiMes)Ad (Ad =
1-adamantyl). These findings disproved the so-called “double-bond-rule”*% and opened the
door for a today booming research area. When the main group elements revealed their
secrets, it became clear that their reactivity is not as limited as was thought when only their

most stable oxidation states were considered.

The accessible d-orbitals, that put the magic into transition metal chemistry, are lacking in p-
block complexes. Therefore, their stabilization is more challenging, but not impossible. One
look into well-known principles of organic chemistry demonstrates the importance of s- and
p-orbitals and their ability to hybridize. In direct comparison carbon shows by far the most
efficient hybridization, due to its rather low atomic radius and repulsion of the inner electron
shells. Going down group 14 the hybridization ability fades tremendously - this trend is the

explanatory fundament of the disproven “double-bond-rule”.**!

Regardless, many milestones in modern main group chemistry were reached within the past
four decades and it is clearly debatable, which ones are the most striking or the most
important. Even if one focuses only on low-valent complexes of p-block elements, the realized

range of unusual bondings, electronic structures and surprising reactivities, is outstanding.!”
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Actually, one can say that the p-block elements are able to mimic the reactivities of transition
metals, engaging in small molecule and bond activation, redox catalysis and even hypervalent
coordination catalysis.®® Within the p-block elements, group 14 and silicon in particular
sparks major interest. Firstly because of its lightest sibling carbon and its special position in
organic chemistry, secondly because of the passage from non-metal (C) via the semi-metals
(Si, Ge) to metals (Sn, Pb). Additionally, silicon features a high natural abundancy and non-

toxic nature.

For these reasons, among others, silicon is often considered the most promising candidate
to take on the challenge between the stabilization of low valent complexes and maintaining
the highest possible reactivity. Although, there has been great progress in organosilicon
chemistry (e.g9. the recent leap of a silyliumylidene complex into industrially relevant

applicability!'®'), the field is still in its beginning and requires close study.
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2 State of the Art

2.1 N-Heterocyclic Carbenes (NHC) and Imines (NHI)

Carbenes

Since their earliest mention in the first half of the 19th century, carbenes have matured from
an obscure, unprovable idea, through detectable but elusive transitional states in the 1950s,
to the cornerstone of the new synthetic era that we are part of today.!'? The great attention is
based on the highly reactive electronic nature of a divalent carbon that possesses an electron
sextet (R:C:). In consequence, a stereochemically lone pair of electrons dominates the
reactivity of carbenes. Due to the hybridized sp®-p-orbital structure of the carbon atom,
carbenes can exist in two distinct electronic ground states. Although the parent methylene
(H2C:) occupies the triplet ground state with two unpaired electrons in the sp? and p-orbital,
carbenes can be transformed comparatively easily into the singlet state by modifying the

energetic position of the orbitals. Electronegative and/or n-donating heteroatoms in adjacent

position to the carbene carbon, for example, increase the sp2-p-orbital separation (Figure 1).
The same effect can be achieved by shrinking the R—-C-R angle. As soon as the spin pairing

energy is less than the sp2-p-orbital separation energy, the singlet state is preferred.!"®

H/l/,,@ R//, @ XI/,,,O X//,,,O

S < ) B ol Y AN+ () B )

0 0 0 0

Triplet Singlet
R = alkyl, aryl, etc. X=0, S, N, etc.

Figure 1: General representation with approximated frontier orbitals of carbenes arranged according to their electronic
ground state.

Understanding of the electronic nature is crucial for a deeper understanding of the reactivity
of carbenes, however it lagged behind the experimental isolation of the first carbene transition
metal complexes. Whereas the first complex of a singlet carbene was isolated already in 1925
(surprisingly without recognizing its carbene nature) as Chugaev’s salt!'¥ [PtCsH1sNg]xClx (A),
the breakthrough of the carbene chemistry was sought after 40 more years until the age of
Fischer and Schrock carbenes started (Figure 2).['"® Ernst Otto Fischer and Richard Royce
Schrock could isolate the first transition metal coordination complexes of otherwise elusive

singlet (Fischer) and triplet (Schrock) carbenes and became namesakes of the chemistry.

This class of transition metal complexes, often represented by the seminal structures
(CO)sW=CMe(OMe)!'® (B) and (tBuCH.);Ta=CH(tBu)!'"! (C), differ substantially in reactivity

according to the electronic ground state of the carbene.
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A, Chugaev, 1925 B, Fischer, 1964 C, Schrock, 1974

Figure 2: Selected early carbene transition metal complexes.

The singlet carbene donates to the metal center via the electron lone pair (o-donation) and
receives n-back donation into the vacant p-orbital. Therefore, electrophilic Fischer carbenes
(like B) are relatively stable and inert, so that they are mainly found in optical and sensing
applications. In contrast, the less stable and nucleophilic Schrock carbenes (like C) have been
firmly established in catalytic olefin metathesis, for which Schrock (D) and Grubbs (E) were
honored with the Nobel Prize in 2005 (Figure 3).['¥ The bonding can be described as a triplet-

triplet interaction between the metal and the carbene.

iPr/Q\iPr : :
. - PC
N : _ R Ry Ri ~
o, T = = e
Mo ! = = ) ! R0
0TI e Lo’ Ph
Bu™™ o 'R R R R R Rs !
[ CMeyPh ! "2 3 2 3 2 ® PCys
tBu ' )
D, Schrock cat. ! | E, Grubbs cat. (1% ge.)

Figure 3: General representation of the catalytic olefin metathesis using Schrock and Grubbs catalysts.

As the chemistry of carbene metal complexes already flourished, persistent carbenes still
remained elusive until the early 1990s. Certainly, the early findings regarding the Wanzlick
equilibrium in 1960 were promising: Via vacuum pyrolysis of 2-trichloromethyl
dihydroimidazole derivatives, imidazole-2-ylidene dimers F could be generated and the
presence of small amounts of the monomeric form F’ was proposed by reactivity studies
(Figure 4, top).'”) However, isolation of a stable and ‘free’ carbene was not achieved until
1988, when Bertrand published the distillable phosphinocarbene G®% and shortly after, when
Arduengo succeeded in the crystallization of adamantly substituted imidazole-2-ylidene H?"!

(Figure 4, bottom).
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Figure 4. Milestones in carbene chemistry: First isolated persistent carbenes.

In fact, the ‘Arduengo-carbene’ should arouse great interest: It showed that a free carbene
could not only be isolated and characterized, but that it could be conveniently prepared in
moderate to high scales and stored under inert conditions for long terms. Within no time, the
range of so-called NHCs (N-heterocyclic carbenes) was extended and their chemistry

investigated.

NHCs — very special carbenes

Today NHCs are a widely applied and well understood class of ligands that offer not ending
possibilities of electronic as well as steric design. In general, they are considered as being a
special class of carbenes that are structurally as well as electronically related to Fischer
carbene ligands. While the term ‘NHC’ refers to a range of structurally rather diverse carbenes
that bear a cyclic design and at least one nitrogen heteroatom, organometallic chemists tend
to use it in particular for the so-called ‘Arduengo-type’ imidazoline-2-ylidenes.?? In a 5-
membered cyclic core, the carbene carbon is flanked by two adjacent nitrogen intramolecular

donor atoms that stabilize the central carbon atom in the formal oxidation state +II (Figure 5).
R /V‘\
Y}
& 0

Figure 5. Ground state multiplicity and approximation of frontier orbitals of (Arduengo-type) N-heterocyclic carbenes. R =
alkyl- or aryl substituent.

Steric protection in varying scaling is gained by two substituents (R; Figure 5) at the nitrogen
atoms in 1 and 3 position as well as optional additional substituents on the backbone carbons
in 4 and 5 position. The substituents are chosen according to the degree of sterically
shielding, and electronically properties to exert the desired effects on possible central atoms.
Since the first isolation of so-called ‘bottleable’ carbenes, NHCs have turned the face of

metalorganic chemistry tremendously and have made it possible to synthesize easily storable
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but still powerful catalysts.”® Nevertheless, they already found widespread application
besides being ligands for transition metals and f-block elements: They are valued as
organocatalysts and also act as Lewis base ligands in many main group complexes stabilizing

otherwise elusive species.?

The well-balanced counterplay of strong o-donor ability and possible m-back donation
allowed the stabilization of many ‘novel’ and ‘first-of-their-kind’ main group species and
bonding motifs, that have been reviewed a number of times.?? Here, only some selected
examples of NHC-stabilized main group compounds can and should be mentioned. Quite
stunningly, in 2008 Robinson observed the first ‘naked’ Si,-unit with NHC stabilization
(NHC—:Si=Si:«—NHC, K) that is considered being the first successful (molecular) Si(0)
isolation.”® From that point on, species like NHC—SiX, (M, X = halogen)?28 and other
reactive monomeric compounds such as bis-NHC—:Si: (44)?® or NHC,—HS:i:* (9)*° became
accessible. Apart from silicon and group 14, NHC-stabilization gave rise to group 13 multiple
bonds (e.g. NHC—HB=BH<—NHC, I; NHC—B=B—NHC, N; and (NHC)RAI=AIR(NHC), J), a
stabilized parent borylene (NHC—HB:<—NHC, L) and a group 15 formal triple bond
(NHC—P=P«NHC, 0), beyond others.?4

(/\N,Dm /\N//Pr (/\N,Dm
/NJ.-\ H /NJ,. SiMetBu, /NJ\
Dip B—B Dip iPr AlI=Al iPr Dip Si—Si Dip
H/ \/'/N, / \/'/N/ /'/N,
y tBu,MeSi y y
Dip/N\/ iPr/N\/ Dip/N\/
I, Robinson, 2007 J, Inoue, 2017 K, Robinson, 2008
N _Dip
1
)] Dip Dip Dip ON
Dip ! i \ N—:
ABx N . N N N
. S\ [ »i—>siCl, [ Yi—~B=B—:( ] Dip P—P Dip
N N N N NN
i Di bi g i
Dip .~/ ip ip ip
‘\v/ Dip/N\/)
L, Bertrand, 2011 M, Roesky, Stalke, 2009 N, Braunschweig, 2012 0O, Robinson, 2008

Figure 6. Selected examples of NHC- and cAAC-stabilized low-valent p-block complexes.

NHI - the stronger donors

In the animate life there are countless processes that involve the coordination of N-based
ligands at various metal centers, with hemoglobin being only one, but a striking example. As
nature has always served as a good model for synthetic chemistry, it is not surprising that the
relative strength and coordinative flexibility of nitrogen has been exploited again and again.

When NHCs are extended with an exocyclic nitrogen atom, they form imidazoline-2-imines,
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the so-called N-heterocyclic imines (NHI).®" In respect to NHC, the properties of these
compounds, of course, change drastically. Nitrogen is known for its strong coordinative
nature, showing a rather high electronegativity and donor strength, due to the lone pair that
is formed in sp®- or sp2-orbital configuration of trivalent nitrogen-compounds like amines and

imines, respectively.

The concept of using iminato-type ligands in organometallic main group- or transition metal
chemistry was known before NHI found application. Phosphorane iminato ligands (PILs)
RsPN-, for example, are known since 1970, when triphenylphosphine and molybdenum (or
tungsten) nitride chloride were boiled in dichloromethane, yielding M(NPPh;)Cl; (M = Mo,
W).B2 The field flourished and produced a large number of structurally diverse transition metal
complexes within the next decades. In the beginning of the new millennium, PlLs had found
also vivid interest in main group chemistry and were reviewed by Dehnicke and Weller.®
Among the most used starting materials for the coordination chemistry of phosphorane imines
is the TMS adduct RsP=N-SiMes. It can be formed from Mes;SiN; and PR3 by Staudinger-type
reaction. Actually, this spans the bridge back to NHI, that are also readily available via an

analogue strategy.?*

NHI and PIL are isoelectronic and can be considered as monodentate but isolobal
cyclopentadienyl (Cp) analogues.® However, obviously the bonding modes and nature are
not directly comparable. The iminato ligands show surprisingly short M—N bonds that are
interpreted as o-single bonds, reinforced by polar bond shares. Nevertheless, the mesomeric
structures shown in Figure 7 are useful to map the bonding situation on metal centers

properly.

R R
R M R M N M N M
N N = N2 N
Rp=N"  — RPN [ N [ o
R R + N N
R R

Figure 7. Comparison and mesomeric structures of phosphorane imines and N-heterocyclic imines.

It is worth noting that PIL and NHI can form both linear and bent angles to metal centers.
However, metals in high oxidation state tend to form linear bonds, whereas changes in the
oxidation state, substituents or packing effects result in deviation from the linear bonding

mode.B!

It was hypothesized, that replacing phosphines with NHCs in imino ligands could boost
stability and catalytic activity of resulting novel NHI-M complexes. The iminato functionality

in imidazoline-2-imines involve two main resonance structures that show how they act on
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metal centers (Figure 8, right). NHIs are mono anionic ligands that effectively stabilize a formal
positive charge within the imidazoline backbone and provide significant enhanced electron-
donating properties compared to PILs. Considering the orbital interactions between the NHC

and exocyclic imino nitrogen (Figure 8 left), it is apparent, that NHIs are strong 20- as well as
2-4 n-electron donors but avoid ni-back donation according to the already filled nitrogen p-

orbital in orthogonal orientation.®®

R@@@
038 ‘*[”

Figure 8. Ground state multiplicity with orbital interaction (left) and mesomeric structures (right) of N-heterocyclic imines.

Those properties allowed the isolation of a broad range of main group metal complexes.?"!
They profit from stabilizing electron donation that balance electron deficiency, and a boosting
effect that enhances reactivity. Figure 9 shows selected examples P-V isolated within the last

decade.?839

S~ =\ =\
SN N e ot Moo &
. n N . [
Db+ N He / N\ _H AN Dip |
N /AI<—:< | SA A Ge: N _Si,
[ =n"1 N N N [ =N
N N G N
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P, Inoue, 2015 Q, Inoue, 2013 R, Rivard, 2015 S, Inoue, 2012
Dip . / Dip ]
N Si R ( S| N Si R
PN T N A
IV M % L= 3¢
N R N R R
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T, Inoue, unpublished U, Rieger, Inoue, 2017 V , Rieger, Inoue, 2017

Figure 9. Selected examples of NHI-stabilized low valent main group compounds. (R = tBu, TMS)

The structural variability of NHI is comparable to that of NHC in view of modifications on the
imidazoline-body and wingtips, and bridging ability towards multidentate ligands. However,
it is superior considering that bridging can not only be performed at the endocyclic
imidazoline-N in 1- and/or 3-position, but also via the exocyclic imine function.“? Bridging of
NHI via the imino-nitrogen atoms comes along with a decisive change from anionic imino-
ligands towards two neutral and pure donor bis-imine functionality (Scheme 1, bottom, right).

Compounds of that bis(imidazoline-2-imine) (bis-NHI)-type offer accumulated charge
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delocalization ability and therefore substantially advanced basicity — qualifying them as
powerful organosuperbases.®! It should be mentioned, that adding a substituent to the imine
nitrogen can also be achieved without the urge of bridging, resulting in an additional class of

monodentate, neutral NHI (n-NH]I) ligands (Scheme 1, bottom left).
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Scheme 1. General synthetic pathway for neutral NHI and mesomeric structures of bridged neutral NHI. L = bridge (e.g.
CaHa, CgHa, C3H7), R, R’ = aryl, alkyl substituents.[4041]

The first bis-NHI, bridged by an ethylene group was reported by Kuhn in 1998,“? but the
procedure suffered from inconvenient multi-step syntheses. In 2007 Tamm showed a refined
strategy that yields desired bis-NHI within four synthesis steps, starting from respective free
NHC (Scheme 1, top pathway)."*!

Whereas the unique properties of bis-NHI are already valued in transition metal chemistry,
they are growing exceptionally slowly into the field of main group chemistry. Our group has
shown successfully, that novel aryl substituted bis-NHI can effectively be used for
stabilization of electron deficient main group species, such as group 13 boron and aluminum

cations W-Y“+4%! and group 14 tetryliumylidenes Z and AA (Figure 10).18

+ 2+ +
Mes Mes\ Mes Mes\ Mes Mes\
N / \ N N /T \ N N /T \ N
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N \B/ /N N \ B ¢ /N N \E/ /N
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S Me;,N NMe,
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/ \ N~ /T \ N
: N N :[ E N N j
I o= N = | N/E N/ ﬂ\N |
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BHj3
Z E =Ge, Sn AA

Figure 10. Selected examples of bis-NHI stabilized electron deficient main group cations of group 13 and 14 reported by the
Inoue group.
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2.2 Low Coordinate Silicon Species — Fundamentals

Silicon is the lighter sibling of carbon, but the differences between these group neighbors are
so decisive that the first has become the basis of all known live and the synthetically best-
known element of all, whereas the latter is forming the second largest part of the inorganic

and inanimate earth’s crust material (Figure 11).147]

Distribution of the most common elements in

the earth's crust
24 2321 15

46.1

= Oxygen = Silicon Aluminum Iron = Calcium

= Sodium = Potassium = Magnesium = Other

Figure 11. Distribution of the eight most abundant elements in the earth’s crust (big) and photograph of a silicon piece
wrapped in gold wire (small).

Therefore, when comparing carbon to silicon it is easy to find similarities in naming and
structural composition but also unique features that make silicon differ not only from carbon
but giving it a special position in modern main group chemistry. The differences between
carbon and silicon are already clearly apparent: The increasing size of the atomic orbitals, the
higher electron affinity but lower electronegativity, as well as the lower ionization energies, in
silicon efficiently divides carbon from the heavier group 14 elements. So, silicon has neither
the special hybridization tendency of carbon, nor the stability of the +Il oxidation state that
the heavy homologs Ge and Sn show. Furthermore, it shows a high stability in the +IV
oxidation state and fourfold coordination, and is fairly oxophilic. All these points rationalize
the fact that low-coordinate silicon compounds are hard to isolate and to handle. Yet, low-
coordinate and low valent silicon species are no longer fleeting curiosities that can only be
detected from a distance - rather, they are accessible and isolable subjects of a fascinating
field of synthetic chemistry. This section attempts to provide a concise outline of the most

common compound classes referred to as ‘low valent silicon’.[*®!

Silanes — The Starting point

Silanes are not low valent compounds, nevertheless, as the most common starting point for

low valent silicon chemistry, they should be briefly described. Within this simplest tetra
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coordinated silicon compounds, a structural variety can be found that leads beyond the
parent eponym SiHs, named (mono-)silane. Following IUPAC nomenclature, the term silane
describes compounds of the form Si Hzn.2, with Si in the sp® hybridization, resembling the
carbon class of alkanes. However, also compositions of SiR4 (R = alkyl, aryl) and SiX, (X = Cl,
Br, I) are coined as alkyl-, aryl-, and halo-silanes, respectively. Methane and mono-silane bare
a similar tetrahedral structure, but the bonding enthalpies reveal a quite significant higher
stability of the C-H bond (416 kJ mol™) compared to the Si-H bond (326 kJ mol-') together
with an inverse bond polarity.“” In consequence silanes are more reactive than their matching
alkanes, as can be easily understood by contrasting methane, which is difficult to activate,

with silane, which spontaneously self-ignites in humid air.

Disilenes and Disilynes

Until the 1970’s the stabilization of heavier group 14 multiple bonds (and p-block elements in
general) seemed so futile, that the so-called ‘classical double bond rule’ was established to
explain their absence.® That rule based on the simple observation of the vast richness of first
row p-block multiple bonds and the lack of their heavier congeners with lower hybridization

ability.

Obviously, this rule was obsolete with the report of [ECH(SiMes):]. (E = Ge, Sn) by Lappert®”
in 1976 and Mes;Si=SiMes, by West!"! in 1981. Looking back, the observation of a stable Si=Si
double bond marked the starting point of modern low-valent silicon chemistry. Today it is
known that, despite their lower tendency for hybridization, silicon can form multiple bonds in
compound classes such as silenes (R.Si=CR,),” disilenes (RSi=SiRy),*" silynes (RSi=CR),’%
and disilynes (RSi=SiR).5¥ Also other heteronuclear multiply bonded silicon compounds
(R:Si="M’ / RSi=’M’) are described.® Due to the wide range of silicon multiple bonds, only
disilenes and disilynes are described here as being the direct descendants of alkenes and

alkynes.

Looking at the bonding situation in the parent disilene and ethylene in comparison, shows
that the bonding situation and structure in H.Si=SiH; is dominated by Pauli repulsion between
two H.Si: moieties in the singlet ground state that leads to trans-bending and/or twisting as
described best in the Carter-Goddard-Malrieu-Trinquier (CGMT)-model (Figure 12). With that,
the bonding in disilenes can be best described as a double donor-acceptor interaction
between occupied sp? lone pair orbitals and vacant p-orbitals. In contrast, the methylene H.C:
moieties are in the triplet ground state, forming covalent and planar (ri-)bonds. For disilynes,
the bonding situation follows the same concept, with HSi:- moiety in the doublet ground state,

that form one covalent bond additional to the double donor-acceptor interaction.
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Figure 12. Depiction of parent ethylene, disilene, disilyne, and acetylene and the respective approximation of frontier orbitals.

The reactivity of disilenes and disilynes stems from the availability of the lone pairs within the
multiple bond that is dominated by the inert pair effect and ligand influences. However, in
general it can be said that multiply bonded silicon compounds are prone to undergo
cycloaddition reactions with olefins, CO,, and other heteroatom multiple bonds. Additionally,
activation of small molecules like Hz, NHs, etc., via bond order reducing addition reactions are

common.

Although, there are today numerous isolated examples of group 14 multiply bonded

compounds, they remain elusive and reactive species.®

Silyl lons

This three-coordinate silicon compounds can be synthesized either as Lewis acidic silylium
cations (RsSi*) or Lewis basic silyl anions (RsSi). Both of this ionic compound classes can be
idealized as the heavier analogues of carbocations and carbanions, respectively (Figure 13).
Their structures also resemble those of the carbon analogue with planar shaped silyl cations

in sp2-p configuration and trigonal pyramidal shaped silyl anions in sp® hybridization.

: I I
H ! H ! !
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Figure 13. Parent three-coordinate cations H3E* and anions H3E~ of carbon and silicon (E = C, Si).

In contrast, the lower electronegativity and higher polarizability of silicon results in a
thermodynamic stabilization of the silylium cation, which makes it comparably easy to
generate those species in the gas phase. Isolation in the condensed phase, however, requires
additional kinetic stabilization of the highly electrophilic vacant orbital. Owing to the
“voracious appetite for nucleophiles” of silylium ions, it is challenging to find a set of suitable

substituents, counter anion, and solvent that is truly inert towards the silyl cation.®® Even with
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careful design, interaction with a broad variety of o- and n-donors is hardly avoidable, so that
the isolation of silylium ions has been targeted for more than 60 years.*"! Although the isolation
of truly ‘free’ silylium ions remains challenging even until today — the first structurally proven
example [Mes;Si]*[H-CB11MesBrs] - CsHs was reported only in 2002 by Lambert and Reed®®
- understanding of their catalytic capability has developed rapidly.®® 1996, when isolation of
silylium-ions was only possible in a solvent or anion coordinated form, Lambert was able to
show the first successful application of Et;Si*[B(CsFs)4]™ as catalyst in hydrosilylation. In 2005
the first catalytic C—F bond activation was found by Ozerov using the same compound.®% Of
course, Si-based Lewis acids are well known catalysts, however, silylium ions outperform
them due to their extreme Lewis acidity in difficult conversions such as Diels-Alder
cycloadditions, but stand back in Lewis acid catalysis, of all things. The challenging task is to

find the ideal balance between exposure and protective shielding of the reactive vacant orbital.

While the reactivity of the silyl cations is mainly determined by the vacant 3p-orbital, the
occupation of this orbital reverses the face of the compound towards nucleophilic silyl anions.
Silyl anions (RsSi") — also called silanides — can form direct coordination to their counter cation
or stay separated in the ionic form. Their synthesis is commonly achieved by reductive
metalation starting from the respective (halo-)silane. Silanides are way scarcer in small
molecule activation and catalysis®®'! but found relevant application in synthetic purpose, as

silyl transfer agent and novel building blocks for organosilicon compounds.©?

Silyl Radicals

Within the group of three-coordinated Si-compounds neutral RsSi* radicals are also to be
mentioned. They are the silicon version of the well-known Rs;C* carbon radicals, featuring a
singly occupied orbital (SOMO) (Figure 14).

Figure 14. Parent three-coordinate radicals HsE* of carbon and silicon (E = C, Si) with depicted SOMO.

The structure and electronic nature of R;Si* radicals are determined by the s-character of the
SOMO. Whereas the parent carbon radical is planar with sp?-p-orbital configuration, the
heavier tetrel radicals HsSi*, HsGe®, and HsSn* show increasingly higher s-character SOMOs
and are therefore pyramidalized with rather sp®-type orbitals.®® Silyl radicals are observable

since the 1960’s via EPR (electron paramagnetic resonance) spectroscopy but persistent silyl
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radicals are only known since the late 1990’s by the groups of Matsumoto and Kira.¥! The
first silyl radical analyzed by single crystal X-ray diffraction (SC-XRD) analysis was a
cyclotetrasilenyl radical in 2001% and the acyclic trisilyl substituted silyl radical (tBu.MeSi);Si*
in 20026¢ by Sekiguchi. The significance of silyl radicals becomes apparent when they are
placed in an electrochemical context. Silyl radicals are very promising candidates to undergo
one electron reduction towards silyl anions, as well as one electron oxidation, forming silyl
cations. Several examples of silyl radical redox couples are known today and have also
demonstrated their suitability for battery applications.®” In contrast to common lithium ion
batteries, the merit of silyl radicals lies in the highly reversible redox behavior and the high
abundancy of the elements. Moreover, considering lithium's (self-)ignitability and difficult
extinguishability, metal-free organic silyl batteries could offer positive safety aspects in some

applications.

Silylenes

Main group chemists show considerable interested in the chemistry of silylenes, which, in
addition to their undeniably diverse and astonishing chemistry, is probably due to the light
that shines from the carbenes onto their heavier congener. In fact, the parent silylene H.Si: is
— as carbenes are — a 2-coordinate Si(ll) species that bears a lone pair. But in contrast to the
triplet methylene (H.C:), the parent silylene exists in the singlet electronic ground state, with
a singlet-triplet (S/T)-gap of 16.7 kcal mol™ (Figure 15, left and middle left).®® In this
configuration, singlet silylenes are ambiphilic in nature and mimic the d-orbitals of transition
metals.® They benefit from donor stabilization through their Lewis acidic vacant p-orbital, but

also react as quite strong Lewis bases via their chemically active lone pair (Figure 15, middle).
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Figure 15. Ground state multiplicity and approximation of frontier orbitals of methylene (left), silylene H,Si (middle; middle
right: additional donor stabilization D = donor molecule) and NHSi (right) for comparison.

As their lighter siblings — the carbenes — also silylenes benefit exceptionally from stabilization
via intramolecular donor atoms and cyclization of the ligands (Figure 15, right). Knowing that,
it is not surprising that the first isolable and 2-coordinate silylene was prepared in 1994 as an
N-heterocyclic compound, resembling the Arduengo carbene.® The availability of room
temperature stable and bottleable silylenes mark not the first — but maybe most important

milestone in silylene chemistry. To date, NHSi - that are by far not limited to the ‘Arduengo-
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type’ — represent the largest group of known silylenes.”” Elimination of the stabilizing N-
donors from the cyclic backbone yields more reactive carbocyclic silylenes, of which the first
representative was isolated in 1999 by Kira.[''! Whereas all silylenes are considered as highly
reactive species that are prone to di- and oligomerization, this holds exceptionally true for
acyclic and 2-coordinate silylenes. Until the beginning of the new millennium, only cyclic
silylenes where known, which changed in 2003, with the report of (TMS:N).Si: by West."2 With
the removal of the cyclic ligand sphere, the R-Si-R angle is no longer forced small by the
ligands but can be intentionally widened. According to computational studies, larger R-Si-R
angles result in smaller (S/T)-gaps, due to enhancement of the p-character of the silicon sp?-
hybrid orbitals and thus the stabilization of the triplet state.”® The combination of the small
S/T-gaps and the transition metal like orbital configuration make 2-coordinate, acyclic
silylenes very promising candidates for activation of otherwise chemically rather inert small
molecules, such as H,, NHjs, olefins, and CO.. Within the last decade important progress was
shown in this field, proving this concept right.”* Although especially acyclic silylenes do show
small S/T-gaps it is important to mention, that until today there is no isolable triplet silylene
known. Overcoming of the S/T-gap, which is comparatively easy for carbenes, is a remarkable
challenging task for silylenes. So far very scarce examples of triplet silylene (Si(SitBus).,
tBusSiM (M = Li, K)) were proven to exist via EPR spectroscopy from frozen glass matrix at 9

and 15 K, respectively.[
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2.3 Silyliumylidenes and Silylones
2.3.1 Silyliumylidene lons

Bonding and Electronic nature

Silyliumylidenes are often described as a combination of silylenes and silylium ions in terms
of their electronic nature and reactivity. This description aims to express that they combine
the main reactive features of a positive charge and resulting enhanced Lewis acidity (silylium
ion), and a chemically active lone pair with accompanying Lewis basicity (silylene) in
themselves. Their composition and structure differ of course from these two models, being
coordinated by only one covalent substituent. So, silyliumylidenes do have four valence
electrons, two vacant orbitals, and are of the general form R-Si:* (Figure 16, left), but barely
any isolable examples are known, that can dispense with the stabilizing effect of one (Figure
16, middle) or two additional intra- or intermolecular donors (Figure 16, right). From
calculations it is proposed that this is in good agreement with theoretical findings regarding
the non-donor substituted Me-Si* by Muller.'”? The HOMO was found to be a located lone
pair in the sp-hybrid orbital, whereas two degenerate p-orbitals remain vacant LUMOs. This
prompts the methyl-substituted silyliumylidene cation to persist in the singlet ground state
with an S/T gap of 222.4 kJ mol™.
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Figure 16. General depiction and approximation of frontier orbitals of silylium ion (left top) and silylene (left bottom) that
combine within silyliumylidene ion (middle; middle right: additional donor stabilization D = donor molecule).

Obviously, the use of coordinating Lewis bases (o-donors, e.g. D = NHC, DMAP, RsN), comes

with a trade of in reactivity: The system undergoes kinetic as well as thermodynamic
stabilization, by partial population of the vacant p-orbitals. Whereas the direct electron
donation decreases the Lewis acidity, the steric demand decreases the Lewis basicity of the
lone pair. Additionally, the covalent bound residue introduces distinct electronic as well as
steric properties into the system compared to the parent silyliumylidene (H-Si*, AE = 0). For

example, aryl- (R = Ph-, AE = 38.2 kcal mol") and mn-donor (R = HoN-, AE = 46.4 kcal mol™)
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ligands and combination of those (R = mTer,, AE = 71.8 kcal mol™") can provide valuable
stabilization by delocalization of the positive charge and n-electron donation into the vacant
p-orbital (Figure 17). Electropositive ligands, such as silyl-groups show less stabilization
energy (R = HsSi~, AE = 9.6 kcal mol™).[""

R—(BQ% qg— _(éi%

Figure 17. Stabilizing influence of electron donation by aryl and terphenyl ligands on vacant orbitals of silyliumylidenes.

Ligands and substituents with strong m-donor substituent effect, such as halogens (R = F,
CI, Br, I), nitrogen binding substituents (e.g. R = HoN~, N3) and ligands (e.g. D = HsN, R=N-
R’), or oxygen binding substituents (e.g. R = OH~, O*) effectively donate surplus electron
density into the orthogonal p-orbitals and contribute significantly to the stabilization of

silyliumylidene ions.

Thus, with careful design, the properties of a silyliumylidene ion can be finely tuned, at least

on paper.

History and Synthesis — State of the Art

Whereas the coordination of silyliumylidene ions was, for the sake of clarity, previously
defined as mono-coordinated with respect to only covalent substituents, in terms of synthesis
and structure discussion it makes more sense to count all ligands present in the coordination
sphere. Therefore, single donor stabilized silyliumylidene ions are referred to as 2-coordinate

and double donor-stabilized silyliumylidenes are referred to as 3-coordinate, respectively.

The smallest non monoatomic silicon species HSi:* has been of interest since its
spectroscopic discovery in a discharge of He with SiH, by Douglas and Lutz and its
identification in the solar spectrum in 1970. Due to this interstellar importance, it has been
widely studied theoretically as well as spectroscopically, long before the first derivative could

be isolated in the condensed phase."®

Whereas it remains not possible until today to isolate a truly mono-coordinated and donor-
free silyliumylidene ion, the outstanding report of the first isolated silyliumylidene is also the
only known example of the donor-free (but n°-coordinated) [Cp*Si*][B(CsFs)4] (2) found by Jutzi
in 2004.7 2 was prepared via protonation and elimination of one Cp* ligand in Cp*,Si:% (1)
using [(CH3)sCsH2][B(CeFs)4] (Scheme 2). The structure of Cp*Si:* (2) is found to be slightly

distorted pentagonal-pyramidal with weak Si—anion interaction (shortest Si-F distance of
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2.99 A). The Cp*-Si distance of 1.76 A is substantially shorter than in the pentamethyl-
silicocene precursor 1. The 2°Si-NMR shift of 2 appears in the very high field region at —-400.2
ppm and is in good agreement with previously reported n-complexes of di-coordinated Si

centers.8l
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Scheme 2. Synthesis of Cp*Si:* (2) starting from SiCp*; (1) via protonation of one Cp*.

2-fold coordinated silyliumylidene ions are similarly rare as singly coordinated ones, with the
B-diketiminate-supported 4 and 5 being the only reported examples up to date. In a straight
forward reaction of the zwitterionic N-heterocyclic silylene precursor 3 with B(CeFs)s or
[H(OEt,).][B(CeFs)s], 4 and 5 were afforded, respectively (Scheme 3).52 Both compounds
feature a silyliumylidene center but utilization of the borane results in a coordinated anion and
an overall neutral (but zwitterionic) species, whereas the borate anion remains separated in 5.
The structure of 5 demonstrates the concept of the B-diketaminate ligand with one nitrogen
binding covalent (Si-N 1.76 A) and one featuring a donor-acceptor interaction (Si-N 1.77 ,&).
Overall, the compound shows the expected aromatic-like planar 6-membered SiN.Cs-core.
The less effective shielding of the Si-nucleus compared to 3 (§(**Si) = 88.4 ppm) leads to a

29Si-NMR signal at 69.3 ppm.

.
(CeFe)B__ ) R MHOEL, R
L+ B(CeFos N, [B(CeFs)l N,
Sj: —— Si: ——— Si:
/ / /
\ N \ N \ N
\ \ \
R R
4 3 5[B(CeFs)a]

Scheme 3. Preparation of 4 and 5 starting from 3. Different pathways (B(CsFs)s / [B(CsFs)4]™) lead to either zwitterionic-contact
or separated silyliumylidene ion complexes.

As already mentioned, those examples are exceptions and three-coordinated silyliumylidenes
are the standard picture. Among them, the majority features two identical donor ligands with
either an aryl or halogen substituent. However, variations for this pattern are also known: In
2013, So reported on the synthesis of amidinate-stabilized and 4-dimethylaminopyridine
(DMAP)-coordinated silyliumylidene 7, which comes with covalent (Si-N 1.85 A) and donor-
acceptor (Si-N 1.86 A) amidinate-N bonds, and one DMAP (Si-N 1.88 A) donor-acceptor
interaction. Compound 7 was formed by reacting interconnected bis-silylene 6 with oxidizing
[4-NMe.CsHsNSiMe;]OTf and additional two equivalents of DMAP (Scheme 4).8 As usual for
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three-coordinated silyliumylidenes, the Si atom in 7 adopts a slightly distorted trigonal
pyramidal geometry, which indicates a localized lone pair of electrons with high s-character
on a nearly non-hybridized silicon center. Computationally, the lone pair could be found
representing the HOMO. The #*Si-NMR shift of 6 = —-82.3 ppm is in consistency with a three
coordinated silicon nucleus and, due to Lewis base coordination, upfield shifted compared to
its bissilylene precursor 6. The compounds 4, 5, and 7 are purely nitrogen-substituted
silyliumylidenes, and thus differ additionally from the previously discussed Cp*Si:* (2) and the

following aryl (Ar) and halo (X)-substituted silyliumylidenes.

tBu

N ]

B
N N = DMAP N_ -
N N
] K N .
A Ph,< si—si )>\Ph @ o EN
N i W
tBu tBu ™S Bu N /N’
!
6 [OTf] 7[0T]

=

Scheme 4. Synthesis of DMAP-stabilized 3-coordinate silyliumylidene 7 starting from interconnected bissilylene 6.

The greatest progress in silyliumylidene chemistry was made using NHCs and cAACs as
stabilizing Lewis bases. The structural variety increased with symmetric (same carbene), and
asymmetric (different carbene), as well as cyclic (bridged carbene) compounds of aryl-, and
halo (X)-silyliumylidenes.®*8% Within this group the donor-stabilized (IMe.).HSi:* (9) was
isolated in 2017 as first derivative of the parent species (Scheme 5).E% The synthesis strategy
of NHC-stabilized silyliumylidenes focuses mainly on straight forward utilization of either Si(ll)-
precursors such as NHC:—SiX, (X = Cl, Br, I) for (NHC).XSi:* or base induced H-X abstraction

of aryl-substituted silanes to form (NHC).ArSi:* .1

+
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Scheme 5. Preparation of IMey-stabilized parent silyliumylidene iodide 9, via bond cleavage of interconnected bissilylene 8.

In the case of 9, the interconnected bissilylene 8 reacts with four equivalents of IMey,
homoleptically cleaving the Si-Si bond and abstracting He from a toluene molecule. Whereas
the 2°Si NMR shift of 9 (-77.7 ppm) appears only slightly downfield shifted from 7, a remarkably
downfield shifted single signal at 6 = 9.73 ppm in the '"H NMR verifies the presence of ‘Si-H’

in solution, which could also be found by SC-XRD analysis in the solid state.
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In 2014 our group demonstrated that the small tetramethyl-NHC IMe, was suitable for
stabilizing aryl-substituted silyliumylidenes (IMes)omTerSi:* (12) and (IMes)TippSi:* (13)
(Scheme 6).B1 The sterically demanding aryl groups provide the previously described
stabilizing effect of charge delocalization and electron donation, leading to a moderate
downfield shift in 2°Si NMR with signals at 6 = -68.9 ppm and -69.5 ppm, respectively. 12 and
13 show that aryl groups enable a more conservative synthesis strategy, in which SiHCls is
used as a starting material to generate Ar-SiHCI, via salt metathesis. The respective aryl-
silane can directly be transformed into silyliumylidene species by conversion with three
equivalents of IMe, providing the base for reductive HCI abstraction as well as stabilizing IMe4
donors. Within a short period of time the structural diversity was expanded by introduction of

various aryl groups. 848!
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Scheme 6. Synthesis of aryl-substituted and IMey-stabilized silyliumylidene chlorides 12 (R = Mes, R’ = H), 13 (R = R’ = iPr) via
reductive dehalogenation of arylsilanes 10 (R = Mes, R’ = H), 11 (R =R’ = iPr).

If halogen (X)-substituted silyliumylidenes are to be achieved —i.e. to dispense with the large
and aryl ligands - larger and more demanding NHCs are employed, consequently.
Compounds 14,% 15,88 and 16% display possible strategies to use two NHC with different
steric demand (15), a mixture of NHC and cAAC (16), and a bridged bis-NHC that results in a
cyclic silyliumylidene (14). In 2013 compounds 14 and 15 were reported by the groups of
Filippou and Driess, who both used IDip—SiX., a relatively easy accessible Si(ll)-halide adduct,
to treat them with their respective NHC ligand (Scheme 7). Whereas IDip—Sil, reacts with
IMe»iPr, under addition, IDip—SiCl. gets stripped of IDip upon complexation with the bis-NHC
ligand. In 2016, So used a similar technique for successful isolation of the mixed carbene 16,

starting from cAAC—Sil..
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Scheme 7. Formation of halosilyliumylidene ions 14, 15, and 16 via complexation of stabilized SiX, (X = Cl, I) synthons.

The 2°Si NMR shifts are in good agreement with aryl-substituted three coordinate
silyliumylidenes but occur slightly downfield shifted with §(**Si) = -55.3 ppm (14), -51.5 ppm
(15), and -58.4 ppm (16). It is worth noting that besides using NHC for stabilization, also a
RsP=N supported silyliumylidene (17) was reported by Driess in 2012 (Scheme 8, left).’% The
bis(iminophosphorane) chelate ligand equipped 17 with diminished Lewis acidity, due to the
higher donor strength of the imino-function, thus leading to further downfield shift of the 2°Si
NMR signal (compared to other three-coordinate silyliumylidenes) at 6(*°Si) = -3.3 ppm.
Likewise to 14-16, 17 can be synthesized by treating the bis-iminophosphorane ligand
directly with IDip—SiCl.. By using a bridged bis-silylene as donating ligand system in an
analogous strategy, Driess 2020 expanded the range of silyliumylidene classes by isolation of
18 (Scheme 8, middle).”"! The xanthene-bridged bissilylene ligand creates a Si-Si-Si skeleton
describing a 114.2° angle. Whereas the silylene Si resonates at 6 = -5.2 ppm in 2°Si NMR, the
central Si atom appears upfield at 6 =-71.7 ppm. Recently our group succeeded in
introducing silyl groups for stabilization of silyliumylidene 19 (Scheme 8, right).% The effect
of the electropositive substituent contrasts 19 with a pronounced Lewis acidity and a 2°Si
NMR shift of § =-90.7 ppm. The synthesis protocol is based on the preparation of ArSi(NHC).
(12, 13), such as that the silyl-group is introduced to SiClsH and three equivalents of NHC are

added for HCI abstraction and subsequent coordination.
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Scheme 8. Non NHC-stabilized silyliumylidene ions 17 and 18, and silyl-substituted silyliumylidene ion 19.

Reactivity (recent advances)

Due to their complex electronic properties, silyliumylidenes can show quite divers reactivity.
Whereas electron withdrawing and small ligands result in Lewis acidic silyliumylidenes, the
introduction of strong donors and sterically demanding groups quench the electrophilicity and
pronounces their potential as Lewis bases. Although this ambiphilic and tunable properties
are exiting and promising for reactivities, such as small molecule activation and catalytic
application, they have long been seen only as reactive intermediates and have been little
studied in their own right. Since the role of silyliumylidenes as ligands for transition metal
complexes is to be discussed in detail in a separate chapter (see 2.3.3), it will be skipped

here.

With its unique structure Cp*Si:* is an exception and has been studied extensively as
outstanding reactivities had been found few years after the seminal report. Dissolving 2 in
dimethoxyethane (DME), Jutzi et al. observed conversion vyielding 2,6-dioxane and
dimethylether. Further studies revealed the catalytic activity of the silyliumylidene cation
towards the degradation of several oligo(ethyleneglycol) diethers in dichloromethane and a
catalyst loading of 5-10 mol%.? The reaction mechanism, calculated for DME degradation,
is proposed to proceed via a double DME coordinated intermediate 20 that emits

dimethylether after rearrangement of o- and lone pair electrons of the ether molecules forming

21. Within two steps the ring ether is formed and released to regenerate 2. In this study the
role of the counter anion is not highlighted and may be considered negligible, however,
B(CeFs)s~ anions and neutral B(CsFs)s in general are known to show catalytic activity in various
chemical transformations including the hydrosilylation of olefins.!®® Within the last decade a
number of transformations was found for Cp*Si:* (2)*¥ leading to novel low valent Si-species
22-24 (compiled in Scheme 9, left) but probably most striking is a further catalytic application
that was found only recently in 2019 by a research group of WACKER Chemie AG (Scheme
9, right).to-11
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Scheme 9. Example reactivity of 2 towards nucleophiles forming 22-24 and catalytic degradation of ethers via 20 and 21
(left). Proposed mechanism of catalytic hydrosilylation of olefins under industrial suitable conditions (right).

Fritz-Langhals reported on hydrosilylation using 2 in even technical relevant conditions. In
this, the mechanism is described with weak interaction of the Si(ll) cation with the substrate
weakening the Si—-H bond of silanes (25). In this state the complex is able to undergo insertion
of an unsaturated olefin in the Si-H bond (26) to form the product. It is of note that this is the
first example of hydrosilylation using a low valent main group element that accepts a broad
range of substrates and is able to compete to standard Pt(0) catalysts in selectivity,
conversion and turnover. With that, the preeminent advantage of low cost and low toxic silicon
could mark a turning point in hydrosilylation and with that heading towards the polymerization
of polysiloxanes. The matter of the counter anion is more addressed in this study. Using
2[B(CsFs)4] the author states higher activity of the catalyst 2 (0.0013 mol% loading for terminal
olefins) compared to non-metal [B(CsFs)s] (1-5 mol% loading). In addition, the selective
activation of Me,SiCl (as opposed to the more electron-deficient MeSiCl,) suggests a cationic
mechanism as described (Scheme 9). Variation of the anion revealed the efficiency of ion pair

separation to be a stronger influence on the catalyst’s activity than the anion’s nature itself.

Silyliumylidenes of the type Ar-Si:*(NHC). have proven to be active in small molecule
activation.B4 In 2014, mTer-Si:*(IMes). (12) was shown to react with three equivalents of
phenylacetylene (HC=C-Ph) yielding the double C-H activated and acetylene-hydrogenated
product 29 (Scheme 10).B"! Calculated mechanism of the reaction suggests that the first
oxidative addition of acetylene is followed by reductive H-CI abstraction driven by one of the

coordinated IMe,4 (27). Upon C-H activation of the second acetylene molecule, the hydrogen
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is transferred to the first acetylene substituent (28). Intermediate 28 is stabilized by
surrounding IMe;HCI and reacts with a further acetylene molecule, whose hydrogen atom is
again transferred to the unsaturated double bond. Overall, both NHCs are abstracted as

IMe;,HCI during the addition and hydrogen-transfer reaction of three phenylacetylene

molecules.
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Scheme 10. Activation and addition of phenylacetylene by 12 via a three-step mechanism including NHC-HCIl abstraction
forming 29 (R = Mes).

Furthermore, 13 is oxidized by CO: furnishing CO and a stabilized ‘Si=O’ derivative, which is
present in the form of the heavy silaacylium ion 30. Controlled addition of small amounts H,O
to 30 enable further oxidation towards cyclotetrasiloxanediol dianion (31) (Scheme 11, left
bottom).®® A 4-membered ring compound was isolated as stable intermediate in case of R =
mTer (12).°%

Different from the oxygen case, the heavier silaacylium ions of S (33), Se (12%), and Te (32)
are accessible directly from the reaction of 12 and 13 with the elemental chalcogens (Scheme
11, right).®® Going down group 14, a transmetalation series can be initiated, in which the ever-
lighter chalcogen replaces the former (32 and 33). Introducing an acidic reagent, such as
hydrogen sulfide (H.S) results in abstraction of IMe,HCI and the neutral thiosilaaldehyde 34
(Scheme 11, bottom middle).®”! Whereas the acceptor-free silaaldehyde remained elusive, it
could be shown that the Lewis acid-stabilized silaaldehyde 35 is observable via equimolar
conversion of 12 with GaCl; and H,O under release of IMe,HCI (Scheme 11, top middle).
Reaction of stable 35 with an excess of GeCl; results in isolable silaaroyl chloride 36.
Treatment of 35 and 36 with additional equivalents of IMe, result in formation of gallium

silacarboxylate complex 37 (Scheme 11).1%
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Scheme 11. Chalcogen activation by 12 (R = Mes, R’ =H) / 13 (R = R’ = iPr) via oxidation of the s-type lone pair yielding 30, 32,
33, and 34 with subsequent hydrolysis and oligomerization of 30 forming 31

Turning towards nitrogen ligand-stabilized silyiumylidenes 7 and 17, the so far shown

reactivity is more limited. They show for example activation of heavier chalcogens such as

elemental sulfur. Moreover, 7 can be transformed into novel low valent Si(ll) species via

dimerization and trimerization, using the precursor bis-silylene (6) or reductive hydride transfer
agent K{HB(/Bu)s}, respectively.
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2.3.2 Silylones

Bonding and Electronic nature

Within the last two decades, the low valent silicon family has been extended by donor ligand-
stabilized Si(0) compounds. This step into the stabilization of the smallest clusters of
elemental silicon atoms, that feature no covalent ligand interactions, represents a major step
in understanding the nature of silicon and provides fascinating new building blocks for novel
silicon species and imaginable applications. Basically, these compounds can be divided into
two types: i) single base stabilized multi nuclear 382% and 39, that being “(D—Si©:),” with n
= 2, 3 (Figure 18, left) and ii) double base stabilized mono nuclear “D—:Si?:«<D” complexes
(Figure 18, right). Although all of these species are understandably highly reactive and difficult
to handle, a clear distinction can be drawn between the first group with stabilizing Si-Si
bonding and the second, which must do without these element-element bonds. In 2009,
Frenking coined the term silylones for this compound class,!'® which is derived from the
analog carbon species ‘carbones’ “D—:C:«<—D” that is known since the first appearance of

C(PPhs), in 1961 reported by Ramirez and its structural characterization in 1978.[10-103]

Figure 18. Polynuclear molecular Si°® compounds 38 and 39 (right) and general representation of silylones with approximated
frontier orbitals (right).

Of course, the bonding nature in compounds such as C(PPhs). (40) needs to be described
with at least two mesomeric structures reflecting the interplay between covalent and donor-
acceptor interaction present between the central carbon and the phosphine ligands (Figure
19, left). In case of carbon, the favored hybridization questioned the carbone character,
although it was proposed by both theory and structural analysis.['0":192104105 The experimental
evidence for the presence of two stereo chemically active lone pairs at the carbon center was
provided in 1976 via the isolation of the geminal dimetallated (CIAu).C(PPhs). (Figure 19,
right).[08)
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Figure 19. Mesomeric structures of carbone (PPhs),C 40 and bimetallic complex (PPhs),C(AuCl), 41.

In 2009, Frenking investigated the theoretical properties and expected stabilities of different
substituted carbones!'® and in an analog study, printed later the same year, he highlighted
silylones.['% |n this works he used quantum chemical DFT methods to describe their bonding
situation and electronic structure as follows: Silylones are strongly bent divalent Si(0)
compounds with two donor-acceptor bonds and Si-located lone pairs of electrons in - and
o-symmetry (Figure 20, right). The energetic level of the lone pairs was predicted calculating
first and second proton affinities and revealed the better accessibility of the m-lone pair (first
PA =~ 230 - 290 kcal mol™') and subsequent protonation of the o-lone pair (second PA =~ 70 -
150 kcal mol™). The interaction of the ligands (in the singlet state) and the silicon atom (also
in the singlet state) is described as sigma-donation into the vacant and orthogonal p-type
orbitals. This description explains vividly why silylones are not linear but should be found with
L-Si-L angles of near to 90°. If, on the other hand, the covalent bond shares —i.e. a silaallene
with classical double bonds — are to be emphasized, the ligands as well as the central atom
would technically need to reside in the triplet state. However, in main group chemistry the
formation of multiple bond character using donor-acceptor interactions and n-back donation

of ER.-fragments (E = p-block element) in the singlet state is a today well-known concept.
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Figure 20. Mesomeric structures of silylones SiD, (left) and approximated frontier orbitals (right). (D = Donor)

However, compounds of the type R:E’=E=E’'R: (E = Si, Ge, Sn, E’ = Si, Ge, Sn) — so called
tritetrelallenes — were isolated much earlier with the first example of a tristannaallene in
1999.1'%1 Other than expected for standard carbon-like allenes these species do show a
bending angle, which is 156.0° for the Wiberg tristannaallene. That found angle points out the
existing share of a tetrylone character in tritetrelallenes, but the bond order and E-E distances

indicate clear multiple bond character, as feature of allene-type bonding.

The discussion of silylone- vs. allene-character is a key aspect in understanding the nature of

L,Si® compounds.®+198.1 Whereas until today no ‘true’ ditetrelsilaallene or silylone could be
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observed, the compounds isolated need to be discussed carefully using structural,

experimental, and theoretical parameters (Figure 20, left):
Structural and spectroscopic properties

First and obvious parameters can be determined using structural-analytical characteristics of
the compound in question. As a rule of thumb, the silylone character increases with the L-Si-
L angle getting nearer to 90° and decreases as the angle approaches 180°. Of course, the
ligands properties, such as steric demand, denticity, etc. influence the bonding angle, and
therefore influence the nature of the compound to a certain extent. Turning to the *Si-NMR
of silylones and related Si(0) species, the signals follow the trend of highfield shifting and
therefore (de)shielding of the central Si-nucleus with increasing silylone character and range

from roughly §(**Si) = 220 ppm to =100 ppm.
Experimental behavior

Experimentally, the compound can be tested for its coordination behavior to proof the
existence of two stereo chemically active lone pairs, using small and Lewis acidic synthons
such as ZnCl,, Fe(CO)s, GaCls, or BCls. This test can be thwarted by the candidate’s unique
chemical properties and possible instabilities, so that it should be seen as one puzzle piece

of understanding.
Computations

Performing detailed theoretical investigations, the properties of a silylone can be expressed
by the frontier orbitals and bonding analysis, as well as calculation of proton affinities (1st and
2nd) that were determined between 15t 272.2 — 281.7 kcal mol™ / 2" 186.7 — 213.1 kcal mol™
for today’s known silylone compounds. It should be noted that these values were determined

using different levels of theory and basis sets, limiting the comparability of the values.

For the reasons described, silylones should always be carefully characterized. For the sake
of clarity, however, the representatives of this structure class in this thesis are consistently
named silylones and described in terms of this structural feature, although the silylone

character is never pure and other mesomeric structures may sometimes have a higher share.

History and Synthesis — State of the Art

The seminal isolation of trisilaallene 44 by Kira in 2003 marks the first milestone in silylone
chemistry.l''? |t was synthesized from the SiCl, addition product 43 of cyclic silylene (42), by
reductive dehalogenation using four equivalents of KCs over a reaction time of one day

(Scheme 12).
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Scheme 12. Synthesis of first trisilaallene 44, starting from cyclic-alkyl silylene 42, via oxidative addition product 43 and
subsequent reduction using KCs.

It is noteworthy that the compound was not discussed at that time because of its silylone
character but for its unusual structure, since the idea of stable silylones was not yet
widespread. Concluding, the authors indicated the structure to consist of two trans-bent Si=Si

double bonds with a shared Si central atom.

Ten years later, the groups of Roesky and Driess reported independently on the compounds
46" (cAAC),Si) and 47" (bis-NHCSi) within few months (Scheme 13). Both silylones stem
from reductive dehalogenation of suitable Si(ll) precursors — a straight forward and until today
the most often used synthetic procedure. In contrast, Roesky started with neutral silylene 45,

whereas Driess used silyliumylidene 14 as starting material.
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Scheme 13. Preparation of silylones 46 and 47. Both compounds are formed by reductive dehalogenation of suitable Si(ll)
precursors (45, 14).

46 is isolated as deep blue powder and described as having a biradicaloid character, although
no EPR signal could be found. Detailed theoretical study revealed the biradicaloid character
being inherited from the precursor silylene, that forms a silylene carrying two radical
substituents, in which the two unpaired electrons give the m-HOMO.!""? However, the
computations suggest the silylone character to be dominating, since NBO analysis displayed
a o-lone pair and a slightly Si centered three-center C-Si—C m-orbital. In line with that finding,
the calculated proton affinities of PA(1) = 272.2 kcal mol™ and quite high PA(2) = 186.7 kcal

mol™ point towards two distinct lone-pairs of electrons. In summary the bonding situation of

46 was displayed as a silylone, stabilized by o-donor cAAC ligands and accompanying Si—C
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n-back bonding. Analytical measurements of 46 showed the 2°Si NMR signal to appear at &
=66.7 ppm and in SC-XRD study the C-Si-C angel displays with 117.7°. Those values are in

good agreement with a high degree of n-back bonding from the silylone center.

Cyclic silylone 47 is furnished as a deep red solid via reduction using a sodium naphthalenide
solution. Computational investigations found the Si n-type electron lone pair in HOMO and
the o-type lone pair in HOMO-1. Admixture of the silicon n-bonding orbital with the Si-C
bonds, indicate occurring m-back donation into the NHC ligands that, in fact, leads to
shortened Si—-C bonds. The calculated proton affinities are high with PA(1) = 281.7 kcal mol™
and PA(2) = 189.4 kcal mol™, thus indicating a considerable silylone character. SC-XRD and
NMR measurement provide further evidence by displaying C-Si-C angle of 89.1° and 2°Si shift
of § = -83.8 ppm. The severe highfield shift of 47 compared to 46, stems from the more
effective shielding in 47, rationalized by the stronger o-donor and weaker m-acceptor ability

of the NHC ligand framework.

Since 2017 also bis-tetrylene stabilized silylones are accessible as in the case of 1,3-digerma-
2-silylone 50, ring compound 52, and bis-NHSi-stabilized 54 and 56.°"''3-"%! Utilization of the
ethylene [2+2] cycloaddition product of BbtGe=GeBbt 48, affords a chlorinated Si(ll)
precursor (49), that features a five-membered SiGe.C.-ring. Reduction with KCs gives rise to
orange 50 in 57% isolated yield (Scheme 14).1'""® Structural investigations suggest a not
negligible silylone character considering the acute Ge-Si-Ge angle of 80.1° and Ge-Si bond
lengths of 2.2900 and 2.2681 A that are in between typical single (~2.4 A) and double bonds
(~2.26 A). Moreover, the — compared to the starting material — noticeable upfield shifted °Si
NMR signal at 6 = -16.5 ppm, could be explained by the acute Ge-Si-Ge angle and the o-
donating ability of the bis-germylene ligand. This finding was further substantiated by DFT
calculation that represents the frontier orbitals of a simplified model compound as follows:

The HOMO could be found as a m-orbital, delocalized over the Ge-Si-Ge atoms, whereas the
HOMO-1 and HOMO-2 represent the o0-Ge-Si interactions. One Si-located lone-pair of
electrons (3s) can be found in the HOMO-5 additionally.

cl__Cl (TMSKC g C(TMS),
P G’Bbt SCl CI\Ge/ SI\Ge/ oot 4 KCs (TMS),C G/ \G c(TMS)
e—Ge _— —_— e e
Bot” | | >CI ’ ’
48 49 (TMS),C 50 C(TMS),

Scheme 14. Isolation of bis-germylene stabilized silylone 50, starting from cycloaddition product 48 of respective digermyne.
Addition of SiCl, (49) and subsequent reduction affords the silylone (Bbt = 2,6-bis[CH(SiMe3),]-4-[C(SiMe3)3]-CeH>).
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Both, theory and experimental findings concede 50 a silylone character, which, however,
needs to be put into perspective by the double bond character present, that is in contrast to

the description as a silylone.

The until today latest known ligand system, that has been employed successfully into the
stabilization of silylones, are bis-silylenes. In 2019 the group of Lips could show the isolation
of a cyclic Sis-ring based silylone 52, yielded via conversion of the precursor Sis{N(SiMes)Dip}.
{IMe4}o{NDip} (61) with five equivalents IMe4 (Scheme 15).1''¥ The compound formed shows
one two-coordinate Si-atom, that is surrounded by two ‘(NHC)(NR:)Si:’ silylenes that are part
of the Sis-ligand’s ring scaffolding. The (NHC)(NR:)Si-Si° bond lengths (2.318, 2.301 A) are
between single (2.4 A) and double bonds (2.138 - 2.289 A) and the (NHC)(NRy)Si-Si°-
Si(NHC)(NR:2) angle is found to be 93.43°, pronouncing the silylone character. The °Si NMR

shows a signal at 6 = 55.6 ppm for the central silylone Si nucleus. The calculated molecular
orbitals show two lone pairs of electrons: one in the HOMO (ri-type), which is partly
delocalized over the R.Si-Si>~SiR. ring moiety, and another in the HOMO-1 and HOMO-2 (o-

type). Calculation of the proton affinities affords PA(1) = 278.2 kcal mol™ and PA(2) = 213.1
kcal mol™, which is in the same range than 43 and 44, although the PA(2) is slightly enlarged

in comparison.
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Scheme 15. Isolation of bis-silylene stabilized silylone 52, through reaction of bicyclic silicon ring compound 51 with IMe4.

The latest examples were reported in 2019 and 2020 by Driess, using amidinate type bis-
NHSi’s, bridged via a xanthene backbone in 54°" and an ortho-carborane in 56!''3. While
compound 54 was synthesized according to the standard procedure by treating the
respective silyliumylidene (18) with KCs (Scheme 16, top), the synthetic procedure of 56 uses
a variation. In this case, the isolated ligand (NHSi).-carbo (63) is reduced firstly to yield the
nido-carborane dianionic form 55. Subsequently, this is reacted with NHC—SiCl; to furnish
the silylone 56 (Scheme 16, bottom). Interestingly, reversing the synthetic order is the key to
the formation of this silylone, as all attempts to follow the ‘standard’ procedure resulted in

unidentified mixtures without product formation.
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Scheme 16. Syntheses of bis-silylene stabilized silylones 54 and 56. The synthesis strategy involves complexation of a SiCl,
synthon and reductive dehalogenation using KCg in both cases and is tailored to the corresponding bridging.

Following the procedure, 54 and 56 can be isolated as dark purple or red solids in moderate
to high yields (78%, 61%), respectively. Structural analysis reveals the silylone 2°Si NMR
signals at 6 = -187.5 ppm (54) and -263.8 ppm (56). The exceptional highfield shifted
resonances indicate a strong shielding of the Si° nucleus provided by the applied ligands that
is comparable with bare Si-atoms within siliconoid clusters. It is of note, that the compounds
54 and 56 are direct descendants to Kira’s silylone 44, and therefore imply clearly lower m-
acceptor abilities of 53, compared to the cyclic alkyl silylene 42. The Si-Si-Si angles of 54
and 56 amount to 104.4° and 82.7°, respectively. The widened angle in 54 is obviously driven
by the exceptional steric demand of the Si;C,OC.-8-membered ring, however, it influences
the electronic environment towards more allenic features. Theoretical calculations were
performed to gain further information about the electronic environments in 54 and 56.
Whereas both calculated WBI (54: 1.40, 56: 1.44) and Si-Si bond lengths (54: 2.2526, 2.2586
A; 56: 2.2272, 2.2225 A) imply similar double bond contributions, NBO analysis manifests

differences in the bonding nature. In 54 the c-lone pair is found located within the LP1-orbital,
while the m-type electrons are presenting delocalized over the Si-Si-Si moiety. In contrast,
the lone pairs of electrons in 56 are found localized in HOMO (n-type lone pair) and HOMO-

1 (o-type lone pair).

Understandably, interest in ordering silylones by their silylone character is high; it would allow
verification of the premise after a higher share of a silylone character entails higher reactivity.

However, concluding from the given state of facts, it is not reasonable to strictly rank the
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known compounds, since the data are not always comparable and conclusive. For example,
an L-Si-L angle close to 90° should induce a very high silylone character, however, the angles
are strongly influenced by the coordination and structural fashion of the ligand. So that in the
case of 54, it is quite high with 104°, although the theoretical description and reactivity imply

a rather high silylone character.

An approximate idea of the relative silylone character of compounds 44-56 can best be made
by comparing the 2°Si NMR shifts, according to which Figure 21 is plotted. The trend in 2Si
NMR shifts shows the increasing shielding of the Si® nucleus, with increasing donor ability
and/or decreasing acceptor ability of the ligands, corresponding to the electron richness of

the Si° center.

Within the line of isolated silylones, it is easy to understand that the stability of those
complexes goes in hand with the degree of n-back donation that reduces the electron density
at the Si(0) center. In a trade of, the enhanced stability comes at the cost of decreasing
reactivity and a reduced silylone character. The quest for a ‘real’ silylone that shows no allene
character is therefore both — academic eager and a pursuit for novel reactivities. Whether as
a preparative building block, Si(0) transfer agent, or in small molecule activation and catalysis,

silylones are considered to be promising candidates.
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Figure 21. Graphic representation of isolated silylones 44 to 56 according to their L-Si—L angle [°] and 2°Si-NMR shift 6[ppm].
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Reactivity (recent advances)

Since the formation and reactivity of transition metal complexes of silylones are to be
emphasized in an extra subchapter (see 2.3.3), these are skipped here. Rather, this chapter

will focus on conversion of silylones and their reactivity towards small molecules.

Together with the seminal report on the trisilaallene in 2003, Kira investigated the conversion
of compound 44 with H.O, which lead to addition product 57 pointing out the cooperativity
within the Sis-skeleton (Scheme 17).1'"% The addition of water is conceivable for both
mesomeric structures. However, the authors contribute the reactivity to anti-addition to the

allene double bonds.
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Scheme 17. Reaction of trisilaallene 44 with H,0 yielding addition product 57.

In 2014, Roesky could show an unusual intramolecular bond activation reaction of silylone
(cAAC):Si (46).['"® By treating 46 with substoichiometric amounts of elemental potassium the
Si—-C(cAAC) bond was inserted in a H-CMe; bond of one Dip-ligand resulting in three-
coordinated silylene 568 (Scheme 18, left). The reaction mechanism was theoretically as well
as spectroscopically shown to proceed via the formation of a radical anion localized at one
cAAC-carbon center. This reactive intermediate abstracts one H-CMe; radical resulting in
-CMe; that is stabilized by reduction of a further silylone molecule and formation of the silylene
58. Oxidation with molecular oxygen or N>O, in contrast, results in defined decomposition of
the silylone into cAAC=0 and SiO, (Scheme 18, right).
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Scheme 18. Reduction (left) and oxidation (right) of silylone 46, yielding compound 58 and free SiO,, respectively.

Silylone bis-NHCSi (47) was investigated for its reactivity towards heavier elemental

chalcogens (S, Se, and Te) as well as the small molecule CO.,.""""] With heavier chalcogens,
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47 shows oxidation of the silicon via one or both lone pairs of electrons (59, 61), which could
be accompanied by coordination of the Lewis acid GaCls; in 60 and 61 (Scheme 19, bottom
right). The addition of CO, gives a silicon dicarbonate (64), that origins from intermediate
formation of stabilized ‘Si=O’ 62 and ‘O=Si=0’ 63 (Scheme 19, top left). The reaction is
accompanied by release of CO, which could be detected in *C NMR monitoring. With that
the so-called ‘molecular sand’ (stabilized molecular SiO;) remains elusive but could be

rationalized as an intermediate (63) in this reaction.
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Scheme 19. Selected reactivity of silylone 47 with different chalcogen sources forming direct addition product 59 and Lewis
acid adducts 60 and 61 (E =S, Se, Te (via TeP(nBu)s). Direct addition product of CO; (62) could not be isolated and reacted
via 63 to stable 64.

Bissilylene supported silylone 54 was tested towards a range of gaseous small molecules.®"
In this study the compound showed high reactivity toward N-O, NHs, Hz, and C.H, (Scheme
20). In accordance with the oxophilic nature of silicon, the compound shows conversion with
oxygen transfer agents CO,, O, and N.O; out of which only N.O produces selective products.
Depending on the stoichiometry of the reaction, the dimerization products 65 and 66 were
isolated. In both cases, no formation of ‘Si=O’ or ‘SiO,’ could be observed, instead,
cooperativity between the silylene ligands and the Si° center determines the reactivity.
Exposure of XantSi to NHs results in N-H activation of two ammonia molecules to form 67.
Similar to the conversion of 44 with water, the NH.-fragments are transferred to the silylene
moieties. Furthermore, two hydride atoms are connected to the former Si° center. Whereas

the silylone 54 does not react with nonpolar H, and C.H., the reaction could be triggered by
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addition of the sterically demanding Lewis acid BPhs. As the authors state, an interaction of
the silylone and BPh; could be identified in spectroscopic analysis ("H NMR) and a slight color
change of the reaction mixture. In computations two minima were found corresponding to the
perpendicular directions of the silylone’s lone pairs. Using the FLP concept, the heteroleptic

cleavage of H. (68) and the addition of ethylene (69) could be observed.
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Scheme 20. Selected reactivity of silylone 54 towards small and gaseous molecules N,O (65, 66; left), H, (68) and C,H, (69;
right) and NH3 (67; bottom).

In 2020, Driess reported on a substoichiometrical reduction of 56 using potassium
naphthalenide (Scheme 21).1'""® In contrast to 46, no intramolecular bond activation was
observed. Rather, the carborane bridge in 56 acts a redox non-innocent ligand, allowing
electron uptake upon rearrangement to nido-carborane. Stabilization is achieved via

homocoupling to zwitterionic compound 70.
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Scheme 21. Substoichiometrical reduction of silylone 56 using K Naph forming dimer 70.
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2.3.3 Silyliumylidene and Silylone Metal Complexes

Even though a major goal of main group chemistry is to mimic transition metals and thus
provide a cost-effective and more environmentally friendly alternative, it would be a mistake
to exclude the capability of low-valent silicon compounds as ligands for transition metal
complexes out of false conceit. NHCs are the perfect example that teaches the overwhelming
effect of a powerful ligand system. They do show catalytic activity as standalones, however,
this clearly takes a back seat to their importance in organometallic complexes. Currently,
silylenes are highlighted for their potential as auxiliary ligands in catalysis. Their influence on
transition metal catalyst can comped with those of phosphines and even NHCs, as
demonstrated in several show cases. However, additional to ‘standard’ ligand properties —

i.e. o-donation and mn-back donation - silylenes and related species enable Si-M

cooperativity. Synergetic effects between these metal centers could further lower activation
barriers and improve selectivity. Silyliumylidenes and silylones gaining increasing attention

currently, however, their coordination chemistry is still in its early stages.

Bonding and Electronic nature

Whereas, both species have accessible lone pairs of electrons for direct coordination,
silyliumylidenes offer two more potential reactive sites for transition metals: (i) Their cationic
nature should allow for salt metathesis reactions with metallates and metal hydrides, and (i)
commonly used stabilizing Lewis bases could undergo ligand exchange reactions and
rearrangements, unblocking reactivity towards metal precursors. Halosilyliumylidene metal
complexes, moreover, do have the potential to be converted into bimetallic silylone
complexes via reductive dehalogenation using metallate precursors. Scheme 22 displays
conceivable reaction pathways forming double donor-stabilized silyliumylidene- and silylone

metal complexes.
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Scheme 22. Selected reaction pathways towards silyliumylidene- (left) and silylone- (right) transition metal (M) complexes.

Although most silyliumylidene and silylone complexes are formed with late transition metals,

especially group 6 metals are also popular.




2.3 SILYLIUMYLIDENES AND SILYLONES

Like commonly used phosphine or NHC ligands, silyliumylidenes and silylones are tunable in
their steric demand. However, synthetic approaches are less handy and their electronic
features are more in focus of recent investigations. Isolated examples reveal that
silyliumylidenes combine o-donor properties with pronounced electrophilicity to form novel
Si(I)-M complexes (Figure 22, left). Thus, their cationic nature holds a contrary property to
the more common silylene ligands. Silylones on the other hand are expected to show even
stronger o-donor properties, due to the exceptional electron-rich Si° center, while providing

an additional lone pair of electrons at the same time (Figure 22, right).

HEQ%M % s%};—»m

Figure 22. General depiction with approximated frontier orbitals of silyliumylidene- (left) and silylone- (right) transition
metal (M) complexes.

History and Synthesis — State of the Art

Silyliumylidene

Two silyliumylidene transition metal complexes were reported by So from DMAP-stabilized
silyliumylidene 7.1'"® In this case, 72 was isolated from reaction of the OTf- salt with
W(CO)s(thf) complex, however, upon reaction with [RhCl(cod)]. the dimeric complex 71 is
formed under release of one cod (Scheme 23). In 71 two silyliumylidene ligands are connected
to one Rh center. In 2°Si NMR an expected downfield shift can be observed for dication 71

(6(*°Si) = 40.5 ppm) and W(CO)s complex 72 (56(*Si) = 51.6 ppm) for deshielding of the Si-

nuclei.
cop
/Rh\
cl Tl 2+ + ¥
Bu =\ / tBu —\ tBu—\ tBu_I
! RH ! / (CO)sW I
o <N\ N ./N>'Ph [RhCl(cod)], - N W(CO)s(thf) NN
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/S'\ /S'\ N )>\Ph AN )>\Ph
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71[20Tf] 7[0TH] 72[0TH]

Scheme 23. Reactions of silyliumylidene 7 with [RhCl(cod)], (left) and W(CO)s(thf) (right), to yield the respective complexes
71 and 72.

Starting from R(IMe.).SiCl (R = mTer (12), Tip (13), tBusSi (19), tBu.MeSi), our group has

reported a list of defined silyliumylidene metal complexes.[''*'2% Using group 11 coinage




2.3 SILYLIUMYLIDENES AND SILYLONES

metals, it was shown that the complex structure (monomer vs. dimer) depends on the steric
demand of the covalent substituent (Scheme 24, right). While 73-75 could be isolated in their
monomeric form (in the solid state), the Tipp substituent allowed dimerization for 76-78, as
shown by SC-XRD analysis. In further coordination chemistry the smaller Tipp substituted
silyliumylidene was used to form transition metal carbonyl complexes of group 6 (79-81) and
8 (82) (Scheme 24, middle). All of these complexes were furnished via direct coordination of
the neutral metal fragments to the silyliumylidene’s lone pair. In a slightly different approach,
dimeric, halo-bridged Ru and Rh precursors revealed a further size dependency within the
coordination chemistry of R(NHC).Si:*. Upon addition of a monomeric precursor moiety, one
former Si bound NHC and one former metal bound chorine, migrate vice versa. Complexes
NHC(CIRSi—MR(CI)NHC were isolated for aryl substituent Tip and electropositive silyl (84-
85) ligands. If the steric demand of aryl substituent is decreased further to Mes, the direct
addition products R(NHC).Si—MCI:R (83) were obtained. In all complexes an upfield shift in
29Si NMR signals, that range from 6 = -48.8 to 6.3 ppm was observed.

;Y
tBu3Si—Si=Ru\j§
d

88 M =Ru, Ar=p-cym
88a M = Rh, Ar = Cp*

or Fe,(CO)q

IMe4_|+

82M=Fe, n =4.

-
IMe4 _|
/o
Mes—Si— M---Ar
NN
Cl .
IMe I IMCly (ANl
83[Cl] for
R = Mes
+ +
cl IMe4_| IMe, IMe4_|
'/, [MCly(Ar)]; 7 MX
BuzSi—Si — M---Ar «——————— R—Sj: PP m-Ter —Si — MCI
\ \CI for 19 IMe, or N\
IMe4 IMe4
84[CI] / 85[CI] 12[A] / 13[A] X
MX 73 M =Cu, X =Cl
M(CO)s(thf , )
(CONN | 43 for13 74 M = Ag, X = OT,

75 M = Au, X =Cl

/oo M
BusSi—S] — M—Ar Tip—Si — M(CO), Tip—Si — M\/
Cl \ \ N
IMe, IMey4
86[CI] / 87[CI]
[OT” 2[XT”
KCsl 79M=Cr, n =5, 76 M =Cu, X =Cl,
80 M=Mo,n =5, 77 M = Ag, X = OTf,
cl IMe, 81M=W, n =5, 78 M =Au, X =Cl

Scheme 24. Selected reactivities of silyliumylidene 12 (R= mTer) / 13 (R = Tip) towards transition metal precursors of group

8, 9 (left), group 6, 8 (middle) and group 11 (right).
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Finally, complexes 84-85 could be reduced using KCs to the silyl-substituted metal complexes

86-87 and, in case of Ru, even to silylidene-type complex 88 (Scheme 24, left).

Besides it should be mentioned, that silyliumylidene metal complexes can also be furnished
from alternative (non-silyliumylidene) starting materials. Our group reported in 2013 on a base
stabilized silyliumylidene-phosphide 89, derived from a zwitterionic phosphasilene (Figure
23).['211 Computations suggest the dinuclear platinum species to feature a o-type silicon
centered lone pair, overlapping in side-on fashion with Pt®~Pt° empty d-orbitals (HOMO). The
silyliumylidene’s vacant p-orbitals receive ni-electrons from p-type lone pair of the phosphide
(HOMO-1). With this compound 89 exhibits dominant silyliumylidene character as

represented by resonance structures in Figure 23.

fBu PPhS E Bu PPh3
Pt 0 tms
Ph<( SI/ N / 5 Ph<( s.@ -
Pt OTMS
tBu PPh3 ; Bu PPha
89

Figure 23. Dinuclear silyliumylidene platinum complex 89 in neutral depiction (left) and zwitterionic form with approximated
frontier orbitals (right).

Silylone

The coordination chemistry of silylones remains comparatively unexplored, with only few
examples known today. Literature research affords the first coordination complex of a formal
silylone (90) to be reported in 1988 by Zybill (Figure 24, left).'??! The Si° center is covered by
two hexamethylphosphoramide (HMPA) ligands and Fe(CO)s fragments. Within a two-step
procedure, SiCls is reacted with two equivalents of NasFe(CO), in the highly coordinative
solvent HMPA. The diiron silylone is poorly soluble in organic solvents and decomposes upon
exposure to air. In a modified procedure, our group could furnish the NHC analog
(IMe4),Si(Fe(CO)4)2 (91), using the Kuhn NHC—SiCl, adduct!'?® as starting material (Figure 24,
right).['24

(CO)4Fe\ /Fe(CO)4 (CO)4Fe\ /Fe(CO)4
/SI\ \ /S| /
(NMey);PO OP(NMe,)3 Nj \FN
&va ¢
90, Zybill, 1988 91, Inoue, unpublished result

Figure 24. Silylone diiron complexes 90 and 91 derived from stepwise introduction of Fe(CO),4 groups using Collman’s reagent.
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2.3 SILYLIUMYLIDENES AND SILYLONES

In the course of characterization, 47 was treated with ZnCl, and GaCl; as an experimental
proof of the lone pair’s reactivity towards Lewis acids. In both cases the corresponding
complexes 92 and 93 could be yielded, however, only few characterizations were given

(Scheme 25).01%8!

GaCls ClpZzn  ZnCl,
‘o Dip Dip i Dip Dip { Dip

92 47 93

Scheme 25. Reaction of silylone 47 with Lewis acids GaCls and ZnCl; yielding complexes 92 and 93, respectively.
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3 Scope of this Work

Whereas the chemistry of low valent silicon is a fast-growing scientific field, there are still
voids that have not been investigated so far. The recent example of an industry-suitable
application of a silyliumylidene ion as transition metal free catalyst in hydrosilylation,!"®'"!
shows that fundamental research in this field has great potential and is still worth a deeper
look. Silyliumylidenes, as pointed out in the introduction, do also have a great potential to
serve as starting material for electron enriched silylones, as well as a ligand support on
transition metal complexes to tease novel and unexpected reactivities. Since the advances in
those fields were quite scars at the starting point of this thesis, it was aimed for a more
detailed understanding of the reactivity and novel bonding motifs of silyliumylidene ions and
related species. Accordingly, the aim of this PhD project is the synthesis, isolation, and
characterization of novel bis-NHI-stabilized and therefore acceptor-free and electron-
enriched halosilanes and silyliumylidenes, which should be subsequently tested for their

coordination and reduction chemistry towards respective silylone complexes.
Ligand design and preparation of starting complexes

The bis-NHI ligand system is chosen to provide stabilization for these rather electron deficient
species via its exceptional strong electron donating properties, and bidentate coordination
fashion. The steric demand and electronic nature of bis-NHIs can be finely tuned by variation
of the bridging moiety and the NHC’s substituents ‘R’. To achieve narrow N-Si-N angles and
a well-sized coordination pocket, the number of bridging atoms is chosen to create 5-
membered and 6-membered rings upon complexation of a silicon precursor. Steric protection

is pursued by aryl and/or bulky substituents ‘R’.

Si(IV) . Si(ln) N
R R ,R R
N, LN /N SiH X4n NHC—SiX; N N N
| C=N N:C\ [ c= N N c EE— c N N=C_ |
N N I/ n= O 1 2 N N
R HIX 'y X/H R/ ‘R X7 OR
IX] ]

Scheme 26. Synthetic strategy to afford I[X] Si(IV) (left) and I[X] Si(ll) (right) cationic bis-NHI complexes. R = aryl or alkyl
wingtip substituents; L = aryl or alkyl bridging group; X = Cl, Br, I.

In a first step different novel as well as literature-knownt*# bis-NHls should be synthesized
and tested for their ability to coordinate and stabilize Si(IV) as well as Si(ll) synthons (Scheme
26). The readily available chlorosilanes are ideal candidates to form bis-NHI—-SiCls..H,
(n=0, 1, 2) complexes (Scheme 26, left). Furthermore, NHC—SiX, (X = CI, Br, |) can be
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prepared following straight forward procedures,?®2® in order to generate silyliumylidenes

through direct conversion with neutral bis-NHI ligands (Scheme 26, right).
Reductive Dehalogenation and Coordination Chemistry

In further investigations novel electron-rich low-valent species are targeted, such as transition
metal mono-, and bimetallic silyliumylidene and silylone complexes. These investigations
focus on two main reactivities: (i) Reduction of bis-NHI silicon complexes, either in defined 2-
electron reducing steps or as single step reduction, and (i) coordination of Lewis acidic
transition metals. Naturally, to accomplish the synthetic goals, these reactivities were not only
seen delineated from each other, but rather in all their combinations and variations (Scheme
27). One additional synthetic option is halide exchange to either weakly coordinating anions
or alternating functional groups to enhance and modify properties and reactivities of the

regarding compounds.

red. 4e~
| )
Si(lv Si(ll Si(0
i(1V) X e - i) =k i(0) .
red 2e” N red 2e” N
E \F ] [N\FN ] [ F #N]
R Xy xR R X R "R
11X X 1l
red. 26~ | IM] l[M] l[M]
R i R R
red. 2e” N VRN N
T o e
\ N
R X"y R R i)
IVIX] v
red. 2¢~ | M] l[M]
R R
N
E = ﬂ\N]
/ " ]
Rt R
Vi

Scheme 27. Synthetic strategy to afford targeted free silylone lll, silyliumylidene transition metal complex IV, and silylone
transition metal complexes V and VI. R = aryl or alkyl wingtip substituents; L = aryl or alkyl bridging group; X = Cl, Br, |; red. =
reduction agent; [M] = transition metal synthon.
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() Reduction

Depending on the starting material and silicon precursor different reductive pathways are
conceivable regarding either reductive dehalogenation (using e.g. KCs, NaNaph, CoCp: etc.)
or HX-salt abstraction (using e.g. KOtBu, n-BuLi, NHC, etc). The reductive agents need to be

chosen carefully, to avoid over-reduction that could result in decomposition.
(i) Coordination of Lewis acidic Transition Metals

Readily available Lewis acidic transition metal species like metal halides, MX / MX,, metal
carbonyls M(CO)« and ligand-stabilized derivatives of those are in the focus of the
coordination chemistry. Dianionic metallates, such as the Collman’s reagent (Na.Fe(CO).) and
derivatives thereof are especially handy, since they combine two-electron reduction and an
iron carbonyl fragment for coordination. Considering the highly reactive nature of electron
enriched silyliumylidenes and silylones, direct stabilization by Lewis acids could be essential

for successful reduction chemistry.

All aforementioned species are potential candidates for application in small molecule
activation, catalytic conversions, and as preparative building blocks. All obtained and isolated
target compounds are to be tested for their ability to activate small molecules of enthalpically
strong bonds, such as CO, CO,, NH;, H,, CH4, and N2 and catalytic applications, such as
olefin hydrogenation and hydrosilylation. Whereas metal free species should show silylene-
related chemistry via their accessible lone pair, transition metal complexes could (additionally)
benefit from cooperative effects between the low valent silicon center and the respective
metal in the fashion of [M-Si], [M-Si-M], or [M---M].
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4 Results and Discussion

4.1 Ligand Synthesis

To generate a reasonable variety of neutral NHI ligands with well-sized coordinative pockets
and steric protection, the selection was narrowed down to two criteria for bridged bis-NHI.
Well-stabilized five- and six-membered rings are likely favored for the stabilization of resulting
silicon complexes. Accordingly, 2C- (1,2-ethylene, 1,2-phenylene) and 3C- (1,3-propylene)
bridges were chosen. Furthermore, different level of steric protection is provided through
variation of the NHI wing-tip substituents. We selected mesityl- (Mes) and diisopropylphenyl-
(Dip) as starting points with reasonable steric demand. In addition, two novel monodentate,
but neutral, NHIs were synthesized and tested for their coordination ability to silicon

precursors. The synthetic procedure was adapted from Tammi*® and modified as needed.
Synthetic Route A

Following well documented procedures, neutral monodentate NHI-H could be synthesized in
moderate to high yields and sufficient purity. After a Staudinger-type reaction starting from
the respective free NHC and trimethylsilylazide (TMSNs), the NHI-TMS is furnished as slightly
air sensitive compound that could already be used for coordination chemistry. Hydrolysis with

methanol (MeOH) releases NHI-H as air-stable and bottleable solids (Scheme 28).1%!

R R R
N TMSN, N, TMS  meoH N H
| e — T Loe=Nn ——— | C=N,
N N2 N ~TMSOMe N
R R R R = Mes, Dip

Scheme 28. Synthesis of R-substituted N-heterocyclic imines starting from corresponding free NHC using TMSN3 in
Staudinger-type reaction.

With NHI-H in hands bridging reactions with 1,2-bis(tosyloxy)ethane and 1,3-bis(tosyloxy)
propane were pursued, following literature reported procedures for bis-NHIMes (Scheme
29).444%1 |In case of bis-NHIP? the procedure was modified towards higher temperature and
reaction time to achieve full conversion. The resulting bridged NHI dications were
deprotonated using n-BuLi to free neutral bis-NHI ligands bis®™-NHIP® and bis®-NHIMes,
Whereas the ethylene-bridged bis-NHI could be deprotonated successfully, all attempts to
isolate neutral propylene-bridged bis-NHI failed, with degradation of the propylene bridge. It

was assumed that the acidity of the middle CH»-group lead to undesired side-reactions.
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2+ 2+
R R R ]
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N N
R R
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Scheme 29. Attempted synthesis of propylene-bridged bisP™-NHI® and successful synthesis of ethylene-bridged bis-NHI bisEt-
NHIR (R = Mes, Dip) via tosylate bridging and subsequent deprotonation.

Synthetic Route B

In an alternative synthetic route, altering substituents and bridges can be introduced. Starting

from the respective [NHC-CI|[BF,] salt and primary amine the NHI can be yielded in a

convenient one-pot reaction.”'! However, the exact reaction conditions and molarities need

to be adjusted for different starting materials, thus some conversions presented unexpectedly

challenging. Following this route, 1,2-phenyl-bridged bis™-NHIVes (POA) and n-Bu substituted

"BUNHIMes and "™B'NHIP® could be isolated in moderate yields and sufficient purity. All attempts

to isolate less sterically demanding bis™-NHI™", as well as more sterically demanding bis™-

NHIP® failed upon intended bridging reaction (Scheme 30).

|
N

FZW
R l. CZCIG R I.nBu-NH2 1/‘
N/ Il. NaBF, N Il. KF / NEtg KHMDS /
o [+>>C.4.[> > —>[
| N hBu
R R R Mes, Dip
[BF4I” [BF4I”
y N \ / 2+
' . oCeHy(NHz); R —‘ R R
II. KF / NEt3 N KHMDS N
[ =N N# j —»[ =N. N=]
N N
R R R R
2 [BF,I™ POA R =Mes

Scheme 30. Synthesis of mono n-butyl substituted "8“NHIR and phenylene-bridged bisP"-NHIMes vig amination and subsequent
deprotonation. Solid state structure of ["BUNHIPPPH][BF,] (top) and [bisP-NHIMesH][BF,] (bottom) presented at the 50%
probability level.
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4.2 Synthesis and Characterization of bis-NHI-stabilized Silyliumylidenes and
Halosilane Complexes

According to the synthetic strategy mentioned in the scope of this thesis, the prepared ligands

were tested for complexation of several silicon precursors. Chlorosilanes and NHC-stabilized

halosilylenes were rendered suitable and readily available candidates to be used as silicon

synthons. Especially NHC—SiX. (X = CI, Br, I) are well established and handy, for their

convenient preparation and direct transfer ability of the Si(ll) synthon.?6-28
BiSEt_NHlDip/Mes

It is hypothesized that a sterically well-protected silicon central atom would provide a major
advantage for subsequent reduction chemistry. Therefore, priority was given to the chelating
bis®-NHIPP and bis®-NHIMe ligands.

Whereas no reaction could be observed upon mixing of NHC—SIiCl, with bis®-NHIP? for
several solvents and temperatures, bis®-NHIVes delivered the desired silyliumylidene complex
bisE'-NHIMSiCl, (P1) in a straightforward procedure (Scheme 31). The starting materials were
mixed in a 1:1 molar ratio and treated with toluene at room temperature. Within 30 minutes
precipitate formation is visible indicating successful conversion. After 16 hours of reaction

time, the silyliumylidene could be isolated in 76% yield as a pearly solid.

Si(ll)
Mes Mes Mes Mesj +
N NHC—SiX,
|: >: . N:< :| |: >:N N:< :|
N \ /
Mes Mes Mes X Mes
PO P1[X] X =ClI
P2[X] X =Br

Scheme 31. Synthesis of [bisf:-NHIMesSiX][X] (X = Cl P1, Br P2) starting from free ligand bisf-NHIMes (PQ) and base stabilized
NHC—SiX,. The synthesis is carried out in toluene as solvent at room temperature over 16 hours.

The compound is stable under inert conditions at room temperature and is soluble in
acetonitrilie (MeCN), pyridine (pyr), and 1,2-difluorobenzene (DFB). Multinuclear NMR
spectroscopy revealed the connection of the silicon moiety to the ligand in a symmetric
fashion, indicating bidentate coordination. The proton NMR (Figure 25, big) displays the
general ligand’s pattern with two singlets at §('"H) = 2.01 and 2.33 ppm for the mesityl’s ortho-,
and para-methyl groups respectively. The bridging ethylene group causes two broad signals
at 6 = 2.61 and 2.93 ppm, while the imidazoline backbone and mesityl’s aromatic protons

were found at § = 6.80 and 6.97 ppm respectively. Compared to the free bisH-NHIMes (PO) the
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system loses flexibility, resulting in chemically non-equivalence of the mesityl-methyl-CH; and

the bridge C.H.-protons, as expected.
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Figure 25. 1H-NMR (big) and 2°Si-NMR (small) spectrum of [bistt-NHIMesSiCI][CI] P1 recorded at 25°C in MeCN-ds.

The *Si NMR signal was found at & = 1.5 ppm (Figure 25, small), which is slightly upfield
shifted regarding the starting material NHC—SIiCl,?® (5(%°Si) = 19.1 ppm) and in good
agreement with bis-imino-stabilized silyliumylidene (17)°% (6(>*Si) = =3.3 ppm), thus indicating
comparable electronic structure and coordination environment. However, reported NHC-
stabilized silyliumylidenes, such as 9,5% 12,87 or 142 resonate at considerably higher fields

(6(°Si) = =51 to —91 ppm).[B>86:88l

Single crystals suitable for SC-XRD analysis are grown in DFB solution under slow diffusion
of diethylether (Et,0). The solid-state structure (Figure 26) confirms the assumed connectivity
by showing a 5-membered C.N,Si-ring, from which the coordinated chlorine atom protrudes
with almost 90°. The Si-atom is found in trigonal pyramidal geometry and the sum of bond

angles around Si being 273.9(2)°, thus indicating the presence of a o-type lone-pair of

electrons, according to standard VSEPR-theory.
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Figure 26. Solid-state plot of the molecular structure of [bist-NHIMesSiCI][CI] P1. Ellipsoids are set to the 50% probability level.
Hydrogen atoms, the counter anion and solvent molecules are omitted for clarity; mesityl-substituents are depicted as
wireframe for simplicity. Selected bond lengths [A] and angles [°]: Si1—Cl1 2.2374(8), Si1-N5 1.8290(18), Si1-N6 1.8617(18),
C1-N5 1.337(3), C4-N6 1.336(3), CI1-Si1-N5 95.07(6), N5-Si1l-N6 84.00(8), CI1-Si1-N6 94.91(6).

Deploying NHC—SiBr, as starting material in an otherwise analogue experimental setup
(Scheme 31) gave access to corresponding bis®-NHIM*=SiBr. in 53% isolated yield (corrected,
due to high NHCP®-HCI contamination of the NHC—SiBr, starting material). Although no single
crystal could be grown, the structural conformity of bis®-NHIM*=SiBr. (P2) and P1 is
substantiated through multinuclear NMR spectroscopy, that reveals a slightly shifted pattern

in '"H NMR experiment (Figure 27, big) and one single resonance at 6 = -7.7 ppm in 2Si NMR
(Figure 27, small). The upfield shift of the silicon resonance compared with P1 (6(*°Si) = 1.5

ppm) is in line with the less electronegative bromine substituent. However, with NHC—Sil; no
complex formation was observed even at elevated temperatures and altered synthetic

strategies.
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Figure 27. TH-NMR (big) and 2°Si-NMR (small) spectrum of [bisE-NHIMesSiBr][Br] (P2) recorded at 25°C in MeCN-ds.
Considerable amounts of NHCPP-HBr are contained.

Although the NHC—SiX; (X = CI, Br) silylenes have proven to be suitable precursors to form
bis-NHI-Si(ll) complexes, the synthesis often suffers from accompanying NHCP?-HCI salt
impurities. The imidazolium salt originated either from incomplete reduction of NHCP®-SiH.Xa-n
during synthesis or partly decomposition of NHCPP—SiX,, that is mostly kinetically stabilized
by the sterically demanding NHCP®. Due to the similar solubility properties and behavior of
NHCPP-HX and P1 (X = Cl) / P2 (X = Br), a sufficient purification of contaminated batches

remains challenging.

While halogen anions can in some cases support the driving force of desired conversions, in
other cases they tend to provoke side reactions. Therefore, defined anion exchange reactions
were conducted, in order to equip the silyliumylidene with rather chemically inert and weakly

coordinating anions.

Mes Mes ]+ Mes Mes ~ |+
N TIOTf /\
LN N ——— = N
\ N ~TICI \ Si
MesC|/ ' Mes{ Mesc|/ ' Mes/
P1[CI] P3[OT]

Scheme 32 Synthesis of anion exchange product [bisEt-NHIMesSiCI][OTf] (P3) from [CI] (P1) using TIOTf. The synthesis is carried
out in THF as solvent at room temperature.
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Due to complex formation (see chapter 4.4.3 and 4.4.4) and unselective reactivity, the choice
of the anion transfer agent was crucial to obtain a defined exchange product in satisfactory
yield. The best results were obtained using TIOTf as a halogen capturing, triflate transfer agent.
The reaction was conducted in THF to simplify the separation of the soluble product [bisF-
NHIMesSiCI[OTf] P3 from insoluble P1 (Scheme 32). When P1 and a slight excess (1.3 equiv.)
of TIOTf were mixed in THF at room temperature, an isolated yield of 80% P3 was achievable
after 48 hours. The characteristic ligand’s pattern in '"H NMR (Figure 28, big) is nearly identical
compared to P1, as expected. However, minor changes in signal appearance are visible. The
ortho-methyl groups at §('"H) = 1.99 and 2.02 ppm and the aromatic-C3,5 proton signals at &
= 6.99 and 6.95 ppm split into two closely lying singlets. Moreover, the broad bridge

resonances at 6 = 2.93 and 2.60 ppm appear as distinct multiplets. Further evidence for the
successful anion exchange is provided by the sole °F NMR signal found at 6 = -79.3 ppm in
combination with unshifted 2°Si NMR at 6 = 1.55 ppm (Figure 28, small). In contrast to P1, P3

is well soluble in THF, opening the door for additional experiment designs.
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Figure 28. 'H-NMR (big), 2°Si-NMR (small left), and °F-NMR (small right) spectrum of [bist-NHIMesSiCI][OTf] (P3) recorded at
25°C in MeCN-ds.

Complexations of base free halosilanes such as SiCls, HSiCl; and H.SiCl,, were executed to

provide further bis-NHI silicon(lV) complexes. Whereas the complexation of NHC — SiCl,
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occurs rather slowly within several hours, base free silicon halides react immediately.

Following the same reaction setup (Scheme 33 and Scheme 34), an equimolar amount of free

bisH-NHI"es (P0) was treated dropwise with halosilanes in toluene, with rapid precipitation of

the respective ionic Si(IlV) complexes.
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Mes

Scheme 33. Synthesis of [bisfF-NHIMesSiCls][Cl] (P4) from free bisE-NHIMes (P0O) and SiCls. The reaction is carried out in toluene
as solvent at room temperature over 2 hours.

Bis®-NHIMesSiCl, (P4, Scheme 33) was isolated as a colorless powder in 93% yield directly

without additional purification steps. Multinuclear NMR spectroscopy (Figure 29) in

conjunction with 2D 'H*Si-HMBC experiment identified the complex unambiguously and

revealed the 2°Si NMR resonance at 6 =

-112.4 ppm, despite the minor signal intensity in 1D

29Si-IG NMR experiment (Figure 29, small).
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Figure 29. 'H-NMR (big) and 2°Si-NMR (small) spectrum of [bis&-NHIMesSiCl3][Cl] (P4) recorded at 25°C in MeCN-ds.
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The shift is in good agreement with a 5-coordinated silicon species, and thus is indicative for
ionic [bis®-NHIM*SiCl;][Cl] (P4). The structural motif was substantiated by SC-XRD analysis

on crystals grown from a saturated MeCN / THF mixture.

Figure 30. Solid-state plot of the molecular structure of [bisEt-NHIMesSiCl3][Cl] (P4). Ellipsoids are set to the 50% probability
level. Hydrogen atoms, the counter anion and solvent molecules are omitted for clarity; mesityl-substituents are depicted as
wireframe for simplicity. Selected bond lengths [A] and angles [°]: Si1—Cl1 2.0822(19), Si1—CI2 2.2117(19), Si1—CI3 2.113(2),
Si1-N5 1.771(4), Si1-N6 1.839(4), C1-N5 1.365(7), C4—N6 1.341(7), N5-Si1-N6 85.33(19), CI2-Si1-N6 172.58(15), Cl1-Sil—
Cl2 91.43(7), CI1-Si1—CI3 115.73(8).

The complex crystalizes in the monoclinic space group P2(1)/n with the silicon atom being in
a trigonal bipyramidal coordination environment and the N6-Si1-Cl2 angle being 172.6°
(Figure 30). Therefore, CI2 holds an elongated Si-Cl bond length with 2.21 A, compared to
Cl1 (2.08 A) and CI3 (2.11 A).

Using HSIiCl; and H.SiCl, as silicon sources, furnished the analog complexes bis®-
NHIMHSICl; (P5) and bis®-NHIM*H,SiCl. (P6), respectively (Scheme 34). While
silicochloroform could be used in the same manner as SiCls, the (at room temperature)
gaseous dichlorosilane first had to be condensed in toluene to be usable as a 37 wt% solution.
Reactions with H.SiCl, should be performed at low temperature to avoid degassing of the
volatile reactant. Therefore, the ligand solution was cooled to —30°C prior to addition of the
dichlorosilane. After warming of the reaction mixture to room temperature, the isolation of the
complex proceeds as in the previous cases via filtration of the insoluble product bis®-
NHIMesH,SiCl, (P6).
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Scheme 34. Synthesis of [bisE:-NHIMesSiHxCl3][Cl] from free bis-NHI and H,SiClax (x = 1 P5, 2 P6) The reaction is carried out in
toluene as solvent at room temperature (HSiCls) or —30°C (H,SiCl,) over 2 hours (R = Mesityl = 2,4,6-trimethylphenyl).

Both compounds can be isolated in high yields (86% for P5; 91% for P6)and in sufficient to
excellent purity. Likewise to P4, P5 and P6 are furnished as colorless and, under exclusion of
air, stable solids. The 2°Si NMR signals appear slightly downfield shifted at 6 = -101.5 (Figure
S 12) and -104.9 ppm (Figure 31, small), respectively. Additionally, characteristic Si-H signals
in '"H NMR emerge at 6 = 5.3 ppm (Si-H satellites 'Jsiy = 187.6 Hz, Figure S 12) and 4.3 ppm

(Si-H satellites 'Jsin = 160.6 Hz; Figure 31, small), thus verifying successful complex formation.

For this, the full range of bis-NHIM*=SiH,Cls« (x = 0 P4, 1 P5, 2 P6) is accessible for the
bidentate mesityl-substituted ligand with no greater effort by simple mixture of ligand and

silicon precursor.
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Figure 31. 1H-NMR (big) and 2°Si-NMR (small) spectrum of [bisEt-NHIMesSiH,CI][CI] (P6) recorded at 25°C in MeCN-ds. Toluene
remaining from synthesis is contained.
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Penta-coordination is a well-known bonding motif for Lewis base - silicon(lV) adducts.
However, if monodentate NHCs are used, the adduct remains over-all neutral. In case of the
bidentate bis-NHI, one halogen is cleaved off to produce 5-coordinated bis-NHISiX; cations.
In addition, the bis-NHI enables stabilization of up to two positive charges within the aromatic
imidazoline-rings (see mesomeric structures, bottom Scheme 1), which further favors the

formation of cations.

The preference is particularly evident, when reacting bis®-NHIs (P0) with H,Sil, (Scheme 35).
When dropping equimolar amounts of an H.Sil. toluene solution into a solution of the free

ligand, immediate product formation could be observed.

Si(IV)
Mes Mes Mes Mes_\ 2+
N SIH2|2
N \ /
Mes Mes Mes H H Mes
PO P7[I],

Scheme 35. Synthesis of [bisEt-NHIMesSiH, ][], (P7) from free bisF-NHIMes (P0O) and H,Sil,. The reaction is carried out in toluene
as solvent at room temperature.

The colorless bis-NHI"*H,Sil, (P7) was isolated in 86% yield by filtration, and analyzed via
multinuclear NMR spectroscopy. In addition to highly symmetric ligand framework signals, H
experiment revealed a direct Si-H resonance at §('H) = 3.0 ppm (Si-H satellites 'Jsin = 282.3
Hz) that integrates as two hydrides (Figure 32, big). While the majority of known Si-H signals
emerge between 6 = 4.5 and 6.5 ppm, the observed resonance is notably highfield shifted

but still within the known range (§('"H) = 2.97 ppm to 6.20 ppm).!"2%!
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Figure 32. 1H-NMR (big) and 2°Si-NMR (small) spectrum of [bist-NHIMesSiH,][1], (P7) recorded at 25°C in MeCN-ds.

Four-coordinate SiH. dications are scare in literature but neutral ferrocene-based N-
heterocyclic-SiH: ([Fe{(n®-CsHs)NR}.SiH.]"*®! and bis(phosphine) diamine-SiH. (tBuPNSi)H,)!'?"]
display corresponding SiH. signals at 6('H) = 5.25 ppm and 6.60 ppm, respectively. In the *Si
NMR spectrum the assigned signal appears at 6(**Si)= —28.7 ppm (Figure 32, small), which is
significantly downfield shifted compared to the chlorine analog P6 (bis®-NHIV*H,SiCl,). In

2Siinept €Xperiment H-Si-H coupling is observed as depicted in Figure 32. SC-XRD analysis,
carried out on crystals grown from saturated MeCN / Et,O solution, shows [bis®-NHIMesSiH,]?*
21~ (P7) in dicationic form with both iodine anions more than 3.0 A separated from the cation
(Figure 33). The silicon center occurs in distorted tetrahedral coordination environment with
the N5-Si1-N6 angle being 91.9(5)°. The silicon bound hydrides HO1 and HO2 were found in
the difference Fourier maps, but needed to be fixed in ideal positions for successful
refinement. Admixture of metalimide character, throughout partial stabilization of the positive
charge within the imidazoline rings, results in a slight elongation of the Ccat—Nimine bond
lengths to 1.37 A (C1-N5 1.367(10), C4-N6 1.370(9) A) compared to P1 (Ceas—Nimine 1.33 / 1.33
A) and bisE-NHIMesSiCl, (P4) (Cear—Nimne 1.36 / 1.34 A). Likewise, the Si-N bond lengths are
contracted upon strengthening of the iminato-character to Nimine—Si 1.75 A (Si1-N5 1.750(11),
Si1-N6 1.748(9) A) in comparison to P1 (Si-N 1.82 / 1.86 A) and P4 (Si-N 1.77 / 1.84 A).
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Figure 33. Solid-state plot of the molecular structure of [bist-NHIMesSiH,][I], (P7). Ellipsoids are set to the 50% probability
level. Hydrogen atoms (except for HO1 and H02), and solvent molecules are omitted for clarity; mesityl-substituents are
depicted as wireframe for simplicity. Selected bond lengths [A] and angles []: Si1-N5 1.750(11), Sil-N6 1.748(9), C1-N5
1.367(10), C4—-N6 1.370(9), N5-Si1-N6 91.9(5).

The performed ligand complexation experiments show, that bis®-NHIMes complexes P1 to P7
could be prepared with a wide range of silicon starting materials with reasonable effort. In
contrast, bis®-NHI?® was isolated in consistently lower yields and could not be directly
converted to the corresponding silyliumylidene complex. In addition, reaction with base free
halosilanes result invariably in the formation of imidazolium salt NHCP?-HX (X = Cl, ). Since, it
was found that the mesityl wingtips do already form a pocket surrounding the silicon atom,
which is expected to provide reasonable steric protection, the bis®-NHIMes ligand PO was

chosen as the workhorse for further studies.
BisP"-NH|Mes

Testing the coordination ability of bis”"-NHIMes (POA), reactions with Si-precursors NHC—SiX;
and base-free halosilanes were pursued, analogous to the previous bis®-NHI system. As
suggested from the protonated ligands’ structure the bis™-NHI ligand is more rigid and less
accessible for coordination of Si-synthons. This lack of flexibility could explain, that out of the

four tested Si precursors, only the smallest H.SiCl, could accomplish complex formation.

Si(IV)

Mes Mes Mes Mes
N 2S|C|2

L = = [ =]

Mes Mes Mes H CI “H Mes

POA PBA(CI]

Scheme 36. Synthesis of [bisP-NHIMesSiCIH,][CI] (P6A) from free bisPh-NHIMes (POA) and H,SiCl,. The reaction is carried out in
toluene as solvent at room temperature over 48 hours.
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Upon mixing of equimolar amounts of the free ligand POA and H.SiCl, the formation of the
product complex bis™"-NHIM**H,SiCl, was indicated by precipitation of colorless solid from the
yellowish solution (Scheme 36). It is of note that full conversion takes significantly longer than
in the bis-NHIM case (complex P6) according to '"H NMR monitoring. After 48 hours of
reaction time the product could be isolated in 43% yield. The multinuclear NMR analysis gives
a sound picture that is indicative for [bis""-NHI"*=SiH,CI][CI] (P6A, Figure 34). However, the
reaction proceeds in an unclean fashion, in which NHCVes-HCI and at least one more not
identified Si-H containing species was formed. Purification of P6A could not be accomplished,

due to similar solubility and crystallization properties of the complex product mixture.
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Figure 34. 'H-NMR (big) and 29Si-NMR (small) spectrum of [bisPh-NHIMesSiH,CI][CI] (P6A) recorded at 25°C in MeCN-ds. Product
signals are picked, considerable amounts of NHCMes-HCl and a minor Si-H containing species are contained.

nBuNHlMes / nBuNHIDip

Unfortunately, all attempts to afford mono-substituted "®“NHI-Si complexes from neutral
"BUNHI and Si precursors failed, and no complex formation could be observed. However,
reactions using the protonated ligand ["®'NHI-H][BF.] and various Si synthons under reductive

conditions were not tested and remain one reasonable synthetic option.
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4.3 Chemistry of bis®-NHIMesSiH.X, (P6 X = Cl, P7 X =)

HCI abstraction has proven to be a powerful synthetic concept in the isolation of low valent
silicon species such as the silyl-substituted silyliumylidene 19 (Scheme 8), to name just one.
To gain access to novel bis-NHI substituted silylones and silyliumylidene hydrides, the
reactivity of bis®-NHI"*=SiH.X, (X = Cl P6, X = | P7) towards different bases was tested.
However, using KOtBu, KHMDS, IMe4, DABCO, Na-SitBus, n-BuLi, and pyridine no selective

conversions could be obtained at different reaction conditions and temperatures.

proposed structure
Si(lv) Si(l)
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Mes Mgs—| Mes Me‘s—l
N N base N N
N Si| ;\l — base-HCI N Si E\I
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P6[CI] P6B[CI]

Scheme 37. Intended reaction of [bisf-NHIMesSiCIH,][Cl] (P6) with different bases to achieve HCl abstraction to silyliumylidene
hydride species P6B.

It is noted, that an experiment using P6 and one equivalent of potassium tert-butoxide as a
base (Scheme 37) yielded promising shifts in multinuclear NMR analysis, which could not be

reproduced, despite several attempts.
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Figure 35. TH-NMR (big) and 2°Si-NMR (small) spectrum of reaction mixture of P6 with KOtBu to proposed structure P6B
recorded at 25°C in MeCN-ds. Toluene remaining from synthesis is contained.
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In a selective manner the Si—H signal of P6A shifts to §('"H) = 4.59 ppm (Si-H satellites 'Jsin =
120.7 Hz) in the '"H NMR and integrates as one hydride (Figure 35, big). The other signals of
the bis-NHI ligand are shifted but remain in a symmetric pattern. More evident, the °Si NMR
resonance experienced a significant downfield shift to §(*°Si) = -51.4 ppm (Figure 35, small),

matching with the loss of the electronegative chlorine substituent within HCIl-abstraction.

proposed structure
i Mes
Si(IV) Si(n N
Mes Me‘es_l 2+ Mes N=< ]
N ,— N K,Fe(CO), N~ N
[ >=N_ N=< ] S [ >=N_ H Mes
N K N/
N s N —Kl N Si,,
Mes 4 H Mes Mes 4 Fe(CO),
P7[1, P7A

Scheme 38. Intended reaction of [bisE-NHIMesSiH,][1], (P7) with K;Fe(CO),4 to achieve reductive dehalogenation to proposed
reaction product P7A.

Attempts to reduce [bis®-NHI"*SiH,]?* 2I~ (P7) using K.Fe(CO), at room temperature (Scheme
38) resulted in one main species that was analyzed via multinuclear NMR spectroscopy. Upon
addition of the ferrate reagent, the formerly clear and colorless solution of P7 in acetonitrile-

ds turned cloudy orange.
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Figure 36. IH-NMR (big) and 2°Si-NMR (small) spectrum of reaction mixture of P7 with K;Fe(CO)4 to proposed structure P7A
recorded at 25°C in MeCN-ds. Toluene remaining from synthesis is contained.
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The precipitate was filtered off and the resulting clear orange solution was analyzed. Full
conversion of the starting material can be confirmed in '"H NMR with all signals being shifted
compared to P7. A loss of molecular symmetry is indicated by the split of several signals
(Figure 36, big). However, one distinct singlet at §('"H) = 4.5 ppm (Si-H satellites 'Jsiy = 195.0
Hz) evidences the presence of two hydrides. The 2°Si NMR resonance appears at § = 30.3
ppm (Figure 36, small) and thus suggesting a deshielding of the silicon center that is likely to
be caused by coordination of the iron synthon, that is further evidenced via *C NMR
experiment, in which the characteristic carbonyl signals can be found at §(**C) = 225.0, 221.9

and 217.5 ppm (Figure S 16).

For both complexes P6 and P7, HX (X = Cl, |) abstraction presented challenging and could
not clearly be evidenced. However, test reactions with KOtBu and K,Fe(CO), gave promising

preliminary results, that warrant further investigations on this reaction pathway.
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4.4  Chemistry of bis®-NHIMesSiCl, (P1)
With the first bis-NHI stabilized silyliumylidene in hand, this working horse complex was
tested for its reactivity. The following chapter describes the oxidation using heavier

chalcogens and coordination of transition metals of the groups 6, 8 and 11.
4.41 Chalcogens

This chapter has been published in part within refl'®!

Recent studies reveal NHC- and phosphine-selenides to serve as model compounds to
determine the o-donor and m-acceptor strength of respective ligand by assessment of the
7Se NMR shift (Chart 1).['2-'31 Determination of the ””Se NMR shift of NHC=Se complexes
reflects the m-acidity ranking that is also found for NHCs using DFT calculations. By electron

back donation the selenium nucleus experiences deshielding resulting in a downfield shift of
the "”Se NMR signal.

In addition, a correlation was found for the 'Jcse coupling constant with the o-donor strength
of those carbenes. Originating from the Fermi contact between nuclear magnetic moments
and electron spins, the coupling between neighboring atoms provides information on the
basicity of Se bound NHC. Low coupling constants arise from strong o-donation ability, as
the s-character of the respective bonding orbital decreases. While those coupling constants
can be challenging to observe, the 7Se shift is a straightforward method to assess the relative

n-acidity. Thus, an analog strategy might also be sound for [Si]=Se compounds.

R R
N N . R R
1 \ T \ ' \ \
[,C:Se «— [ c=se | R-P=Sse <— R-P—-Se
N N LR R
\ \
R R

Chart 1. Depiction of donor-selenides NHC=Se and R3P=Se in two mesomeric structures (R = aryl and alkyl substituents).

As pointed out within the state-of-the-art part, the activation of heavier chalcogens is a well-
known concept reactivity for Lewis base lone pairs of low-valent main group compounds. The
addition of heavier chalcogens (S, Se, Te) results in higher oxidized and higher coordinate
and therefore commonly more stable silicon complexes, favoring conversion and highlighting
the lone pair reactivity. Indeed, elemental sulfur, selenium, and tellurium could be activated
by reaction with P1 in equimolar ratio in acetonitrile at room temperature, furnishing the

heavier silaacylium ions P8 to P10 (Scheme 39).
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Scheme 39. Synthesis of [bisEt-NHIMesSiCIE][CI] (E =S P8, Se P9, Te P10) from P1 and the respective chalcogen. The reaction is
carried out in acetonitrile as solvent at room temperature over 30 minutes (P8) up to 48 hours (P10).

While sulfur reacted readily within 30 minutes to give P8 (Scheme 39, left), the reaction took
48 hours in case of tellurium for complete conversion to P10 (Scheme 39, right). To sustain
full conversion and reduce the reaction time to the necessary minimum, the reaction can be
executed with two equivalents of the respective chalcogen, without the formation of
byproducts. The surplus reaction agent was filtered off and the product stripped from solvent

to afford the silaacylium ions in nearly quantitative yields.
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Figure 37. Stacked H-NMR spectra of [bisft-NHIMesSiCIE][CI] (E =S P8, Se P9, Te P10) recorded at 25°C in MeCN-ds.



4.4 CHEMISTRY OF BISET-NHIMESSICL2 (P1)

Successful formation of heavier silaacylium ions is verified via multinuclear NMR analysis
(Figure 37 and Figure 38).The 2°Si NMR spectroscopic analysis revealed the expected trend
of upfield shift from P8 to P10 with 6(**Si) = —26.7 ppm (P8), -31.0 ppm (P9), -59.1 ppm (P10),
that was also observed for the heavier silaacylium ions of 12 (compound 32, 33).°¢ For
bis(iminophosphorane) stabilized 175,°% a sharp singlet at §(>**Si) = —-26.7 ppm was observed,
that matches the findings in P8, pointing out the structural and electronic similarity between

the compounds.
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Figure 38. Stacked 2°Si-NMR (left) and 77Se/125Te-NMR (right) spectra of [bisft-NHIMesSiCIE][CI] (E = S P8, Se P9, Te P10)
recorded at 25°C in MeCN-ds.

For P9, the shift of §("’Se) = —-388.8 ppm (Figure 38, right) is indicative for a reasonable but
comparably low mt-acidity of silyliumylidene P1, as being the selenide’s ligand. Whereas NHC
(NHC=Se) and phosphine (RsP=Se) complexes ranges roughly from 860 to —22 ppm!'?®! and
-30 to =350 ppm('®?! respectively, known Si=Se compounds resonate between -244 to -655
ppm in 77Se NMR.['31:133-13¢] Ag gnticipated, due to the electronegative chlorine substituent, P9
seems a stronger n-acceptor than mTer substituted selenium adduct 125 (§("’Se) = -423.8
ppm), and also three-coordinate Si=Se with anionic N,N-chelating ligands and additional
donors tend to resonate at higher field. However, compared to chlorine substituted NHSI
[PhoP(NtBu),]CISi=Se (6("’Se) = —267.9 ppm) P9 shows an upfield shift, suggesting lower n-
acidity.
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Chart 2. Selected examples of ligand-stabilized silicon-selenide complexes plotted according to their 77Se-NMR shift
&(ppm).[133-136]

SC-XRD analysis of compound P8 was carried out on colorless crystals grown from a MeCN
/ DME mixture (Figure 39). Upon addition of sulfur, the silicon atom adopts a tetrahedral
coordination. The Si=S bond length (1.9740(6) A) is in good agreement with other donor
stabilized Si=S double bonds (1.96 — 2.08 A)®¢.137 reported before and matches the Si=S bond
in 17° (1.984(2) A). The molecular structure of P8 serves as a representative for the heavier

homologues by replacing S for Se or Te.

Figure 39. Solid-state plot of the molecular structure of [bisEt-NHIMesSiCIS][CI] (P8). Ellipsoids are set to the 50% probability
level. Hydrogen atoms, the counter anion and solvent molecules are omitted for clarity; mesityl-substituents are depicted as
wireframe for simplicity. Selected bond lengths [A] and angles [°]: Si1-S1 1.9740(6), Si1—Cl1 2.0678(6), Si1-N5 1.7839(12),
Si1—-N6 1.7972(14), C1-N5 1.3446(19), N6-C4 1.356(2), N5-Si1—N6 89.89(6), N5—Si1-S1 120.22(5), S1-Si1—Cl1 117.05(3), N5—
Si1—Cl1 101.96(5).
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Compounds P9 and P10 were characterized by multinuclear NMR techniques including "’Se
(P9 6("Se) = -388.8 ppm) and *Te (P10 §('*°Te) = -1049.4 ppm) as well as mass

spectroscopy (ESI). The data are found to be consistent in all structural means and strongly
suggest that P9 and P10 are structural analogues of P8.

The oxidation of silyliumylidene P1 using oxygen sources, would not only complete the series
of chalcogens, but provide the possibility of stabilizing the monomeric ‘Si=O’ or ‘O=Si=0’
unit. Despite several today known silaacylium-ions, the neutral and monomeric ‘SiO.’ — so-
called ‘molecular sand’ — remains an elusive dream compound. As described in the state-of-
the-art, reaction of silylone 47 with CO. afforded the carbonate derivative 64, indicating ‘Si=0O’
and ‘O=Si=0’ as non-isolable intermediates. However, treatment of P1 with 1 bar of CO,, O,,

or N2O unselectively resulted in unidentified mixtures of products even at low temperature.
4.4.2 Transition metals of Group 12, 10, and 8

According to the scope of this thesis, the coordination of transition metals was expected to
introduce on the one hand a potent second active center and on the other hand a Lewis acidic
fragment into bis-NHI silyliumylidene chemistry to provide surplus synthetic options. Studies
on a pyridine-pincer bridged bis-silylene germanium complex demonstrated the stabilizing
effect of the Lewis acidic metal fragment Fe(CO)s (Scheme 40). The corresponding iron-
germylone could be isolated as L.Ge—Fe(CO)s 96 upon direct reduction of the
chlorogermyliumylidene precursor 94 using K.Fe(CO)s;, however the free germylone 95

remained elusive with this specific ligand backbone.!'*®

+ Fe(CO),
tBu .- tBu tB/u .(|)I tBu —\ tB/u T tBu
N
Ph\(( \ / \Sl,\vPh reduction Ph\(( \ / SRVPh K;Fe(CO), Ph\(( \ I/ /Sl\vPh
tBu tBu —2Kal BuU
et Mt " U 1
95 94[Cl]

Scheme 40. Unsuccessful reduction of bis-silylene-stabilized germyliumylidene 94 to free germylone 95 and isolable
germylone-iron complex 96 via K,Fe(CO)4 reduction of 94.

Several test reactions were conducted to achieve conversion to transition metal
silyliumylidene complexes. The substrates were chosen from early to late transition metals
and tested for direct coordination to the silyliumylidene’s lone pair of electrons. Selective
conversion with ZnCl,, Ni(cod)., Ni(PPh3)(CO),, Pd(PPhs)s, Fe(CO)s, and Fex(CO)s remained
unsuccessful despite several attempts at different reaction conditions. Whether sterically
demanding auxiliary ligands or unfavored ligand exchange inhibited the formation of the

corresponding silyliumylidene complexes could not be conclusively elucidated.
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4.4.3 Transition metals of Group 6

Reaction of P1 with Cr(CO)s in acetonitrile expectably resulted in the formation of anion
exchange product. Whereas the color of the reaction mixture changed to yellow and Cr(CO)s
got dissolved upon applying radiation with 340 nm, only very small variation of the shifts in 'H
NMR were detectable. *C NMR spectroscopy confirmed the formation of Cr(CO)sCl. To

achieve successful and selective coordination, the reaction was repeated using P3.

si(ll)
I\lilies M?\ls_l + Cr(CO) I\’ilies M?\]S_\ + Mo(CO)s l\’ilies M(ie\ls_\ +
/ \ hv / \ hv / \
LN N T o =N v T o= o= v T
N Si N - €O N Si N -CO N Si N
Mes ¢ \  Mes Mes ¢/ °© Mes Mes ¢ N\ Mes
Cr(CO)s Mo(CO)s
P11[OTf] P3[OTf] P12[OT]

Scheme 41. Synthesis of [bisE-NHIMesSiCIM][OTf] (M = Cr(CO)s P11, Mo(CO)s P12) from P3 and the respective carbonyl
complex. The reaction is carried out in THF as solvent at room temperature under radiation with 360nm.

When equimolar amounts of P3 and Cr(CO)s or Mo(CO)s were mixed in THF at room
temperature, no reaction was observed until the M(CO)sTHF (M = Cr, Mo) complexes were
allowed to form under radiation at 340 nm (Scheme 41). The reaction mixture turned yellow
and within 72 hours formation of the desired complexes could be detected via NMR

monitoring.
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Figure 40. 1H-NMR (big) and 2°Si-NMR (small) spectrum of [bist-NHIMesSiCICr(CO)s][OTf] (P11) recorded at 25°C in THF-ds.
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While the reaction forming [bis®-NHIM*=SiCICr(CO)s][OTf] (P11, Figure 40) reached full
conversion at room temperature, reaction forming [bis®-NHIM*=SiCIMo(CO)s][OTf] (P12, Figure
41) remained at approximately 70% starting material even after 14 days. The '"H NMR of the
complexes P11 and P12 display the full ligand’s pattern, with one respective signal per NHI

component (Figure 40 and Figure 41, big).
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Figure 41. 'H-NMR (big) and 2°Si-NMR (small) spectrum of [bisEt-NHIMesSiCIMo(CO)s][OTf] (P12) recorded at 25°C in THF-ds.
Unreacted starting material P3 is marked with arrows.

This is indicative for a similar symmetry and thus a complex geometry comparable to
chalcogen addition products. Moreover, characteristic carbonyl signals in *C NMR were
found at §('°C) = 212.9, 221.5, and 224.7 ppm for P11 (Figure S 20) and at §('*C) = 202.3,
210.0, and 211.7 ppm for P12 (Figure S 21), verifying the coordination of the M(CO)s synthons.
The 2°Si NMR resonance were found at 6(*°Si) = 58.8 ppm in case of P11 and §(*°Si) = 42.8
ppm in case of P12 (Figure 40 and Figure 41, small). Compared to the starting material P3,
the Si centers experience a noticeable downfield shift of almost 60 ppm, indicating the
intended deshielding of the Si nucleus caused by reduced electron density. The same trend
with also comparable shifting of the *Si NMR signals is apparent in Tip-Si(IMe4)>M(CO)s (M
[6%°Si] =/ [-69.5 ppm] 13, Cr [6.3 ppm] 79, Mo [-17.3 ppm] 80, W [-30.5 ppm] 81) complexes,
published in 2019 by our group.™” In 2012, Roesky, Stalke, and Ghadwal published neutral

chloro-silylene metal complexes that feature a similar coordination environment to P11 and
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P12. Those amidinate-stabilized complexes resonate even more downfield at §(**Si) = 92.3

ppm (Cr), 72.8 ppm (Mo), and 53.0 ppm (W), respectively.['*
4.4.4 Transition metals of Group 11
This chapter has been published in part within refl'¢!

Following transition metal complexes of 12, the conversion of P1 with the coinage metal salts
Cu(I)Cl, Ag()Cl, and Me>SAu(l)Cl was carried out. Group 11 metals are readily coordinating
and moderately strong Lewis acids, promising a straight forward approach to access still
electron enriched silyliumylidene metal complexes. In addition, the preference to linearly
coordinate two ligands, renders the coinage metals exceptionally slender, possibly allowing
follow up chemistry at the chlorine functionality. Moreover, further coordination sites at the

coinage metal could facilitate cooperative behavior between it and the silyliumylidene ‘ligand’.

Adapting the previously reported experimental procedure, P1 was treated with an equimolar
amount of the precursor (or two equivalents in the case of Ag to ensure complete conversion
of poorly soluble precursor salt) CuCl, AgCIl, or Me,SAUCI in acetonitrile at ambient
temperature (Scheme 42). According to solubility and activity of the precursors, the fastest

conversion could be obtained for the donor-stabilized gold chloride.

si(ll)

Mes Mes_\ + Mes Mes_\ + Mes Mes_l +
N CuCl
N= ]| «— [ NN j — [ NN j
[N\F\/# \sza/ \F\/#
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o’ Noyces cr’ cl \ Al
P13[Cl] P1[CI] P14[C]

Me,SAuCl l - Me,S

Mes Me‘:s_| +

P15[CI|

Scheme 42. Synthesis of [bist-NHIMesSiCIM][CI] (M = CuCl P13, AgCl P14, AuCl P15) from P1 and the respective coinage metal
precursor. The reaction is carried out in acetonitrile as solvent at room temperature.

Within one hour full conversion occurred and light sensitive [bis®-NHIM*SiCIAuCI][CI] (P15)
could be isolated by evaporation of the solvent and volatile auxiliary ligand SMe,. Using
soluble copper chloride, the reaction was completed after six hours to [bis®-
NHIMesSiCICuCI][Cl] (P13), whereas insoluble silver chloride needed 16 hours to reach full
conversion to light sensitive [bis®-NHIM=SiCIAgCI][CI] (P14).
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Figure 42. Stacked H-NMR spectra of [bisEt-NHIMesSiCIMCI][CI] (M = Cu P13, Ag P14, Au P15) recorded at 25°C in MeCN-ds.

Complexes P13 to P15 could be identified via 1D and 2D - 'H, *C, and 2°Si NMR techniques
(Figure 42 and Figure 43) and mass spectrometry (ESI).

Coordination of the corresponding transition metal causes an expected downfield shift in >°Si
NMR for 6(**Si) = 13.8 ppm (P13), 20.2 ppm (P14, 'Js;'%, = 592.8 Hz, 'J5'%sy = 514.3 Hz), and
18.2 ppm (P15, Figure 43). Notably, compound P14 features the up to now highest observed
Si—Ag coupling constant with 592.8 Hz for the '%°Ag nucleus. As opposed to compounds P8-
P10, the trend for downfield shifting in P13-P15 does not reflect the trends going down the
group from Cu to Au. Relativistic effects in case of the gold complex P15 arguably cause the

observed behavior.
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Figure 43. Stacked 2°Si-NMR spectra of [bisF-NHIMesSiCIMCI][CI] (M = Cu P13, Ag P14, Au P15) recorded at 25°C in MeCN-ds.

It is noted, that reaction of P3 with two equivalents of AgOTf results in selective conversion,
forming a similar complex to P14 with slight shifts in 'H and 2°Si NMR (6 = 21.1 ppm; 'Js'%xg
= 674.6 Hz, U5y = 583.7 Hz) and even higher Si-Ag coupling. However, preliminary SC-
XRD results indicated the formation of a Si-Ag-MeCN motif, the full elucidation of which failed
due to strong disorder and partial occupancies in the examined crystals. Reaction of either

P1 or P3 with one equivalent of AQOTf resulted in unclean conversions.

To circumvent possible halogen driven side reaction, PPhsAuMe was tested in a similar
reaction setup than Me,SAuUCI (Scheme 43). Within 30 minutes the corresponding [bis®-

NHIMesCISiAuMe][CI] complex P16 formed readily with only minor amounts of residual starting

material.
si(l)
Mes Mes_l + Mes Mes_| +
N PPh3AuMe
N N :l
[N <] —— [~ W
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Au
P1[CI] P16[CI] CH3

Scheme 43. Synthesis of [bisF-NHIMesSiCIAuMe][Cl] (P16) from P1 and PPhsAuMe. The reaction is carried out in acetonitrile
as solvent at room temperature over 2 hours.
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All bis-NHI signals were found within the expected regions in '"H NMR and an additional AuCH;
resonance appears highfield shifted at 6('"H) = —0.2 ppm (Figure 44, big), verifying successful
coordination of the AuMe synthon. The #*Si signal shifts to §(**Si) = 76.2 ppm, due to the
altered methyl substituent (Figure 44, small). While the 17 ppm downfield shifting from P1 to
P15 appears rather moderate, this shift is more significant (A5(>*Si) = 75 ppm). The higher

Lewis acidity of the AuMe synthon in conjunction with the lower chlorine load, renders P16

another promising candidate for follow up reduction chemistry.
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Figure 44. *H-NMR (big) and 2°Si-NMR (small) spectrum of [bisEt-NHIMesSiCIAuMe][Cl] (P16) recorded at 25°C in MeCN-ds.
Small amounts of unreacted starting material P1 and impurities of NHCPP-HC| and PPh; marked. Toluene remaining from
synthesis is contained.
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4.4.5 Heterobimetallic Silyliumylidene complex bis®-NHIMCISiAuFe(CO). (P17)

This chapter has been published in part within ref'?¢l, with collaborating scientists:

DFT: Prof. Dr. D. Munz | M6Bbauer spectroscopy: Prof. Dr. K. Meyer, Dr. J. Sutter

Heterobimetallic complexes arguably represent monomeric subunits of alloy clusters that
could help us to understand the fundamental reaction mechanisms in cooperativity driven
reactions. Such reactions occur e.g. in catalytic conversions using gold-iron mixed metal
clusters and nanoparticles. Whereas gold and iron already show catalytic activity, the alloy
clusters have attracted attention for their application in electrocatalytic oxygen evolution
reactions (OER), for example.['* The cooperativity between two well-defined reactive sites is
believed to endeavor these additional reactivity, still heterobimetallic complexes such as 97-
101 or defined small clusters are rare, especially for the metallophilic Au-Fe unit (Chart 3).['4

These metals engage in strong interactions leading to favorable aggregation and cluster

growth.
Mes - Mes
N R Hes o
[ »—> Au—Fe(CO), [ >— AL{—I|=e(CO)4 Mes—l|3 —> Au—Fe(CO)s
N N “
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M‘es M‘es /?u
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N ?H3
[ >—>Aq—||:e(CO)4 Ph—g;—Ph
N “Au 0C,_
Mes T PhsP —> Au—/Fe—CO
oc” |
Mes~p" " N-Mes PPh,
100 101

Chart 3. Selected examples for ligand stabilized monomeric (97, 99, 101) and dimeric (98, 100) heterobimetallic Au-Fe
complexes.

To assess the silyliumylidene’s ability to serve as stabilizing ligand for the Au-Fe unit, halogen
abstraction reactions using K.Fe(CO)s were pursued. For the bigger picture the lighter
congener complexes were examined as well for their reactivity towards heterobimetallic Si-
M-Fe complexes (M = Cu, Ag, Au). However, reaction with P13 showed no conversion even
after 16 hours at 60 °C, after which formation of a copper mirror indicated decomposition of
the starting complex P13 into an ill-defined mixture detected via NMR inspection. P14 in
contrast, reacted readily at room temperature under regeneration of P1 as evidenced in 'H
and 2°Si NMR analysis. The formation of Ag-Fe(CO). containing small clusters is a conceivable

explanation, but was not evidenced in this case.
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Scheme 44. Synthesis of bist:-NHIMesCISiAuFe(CO), (P17) from P1 in one-pot procedure (bottom reaction way) or intermediate
isolation of P15 using K,Fe(CO),. The reaction is carried out in acetonitrile as solvent at —30°C to room temperature.

When P15 was mixed with KoFe(CO), at low temperature, a mixture of various products was
formed that could neither be isolated nor identified. We hypothesized that the addition of an
auxiliary donor molecule might stabilize the unsupported vacant coordination site after
chloride abstraction. Indeed, admixture of PPh; to P15 before addition of KoFe(CO). resulted
in the formation of bis®-NHIMCISiAuFe(CO), (P17), that was isolated as bright yellow crystals
(Scheme 44, upper reaction pathway). Interestingly, using deviant donors, such as IMe.,
SMe,, DMAP, or pyridine did not provide access to compound P17. Notably, P17 is also
accessible through one-pot reaction of P1 with the metal precursor PPhsAuCl and subsequent

addition of K;Fe(CO). (Scheme 44, bottom reaction pathway) in higher purity and 54% yield.
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Figure 45. 'H-NMR (big) and 2°Si-NMR (small) spectrum of bisEt-NHIMesC|SiAuFe(CO)4 (P17) recorded at 25°C in pyridine-ds.
Remaining acetonitrile from synthesis is contained.
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Overall neutral P17 is insoluble in benzene, fluorobenzene and THF, sparingly soluble in
acetonitrile and dissolves readily in pyridine. It is stable in pyridine solution up to 80 °C
according to 'H NMR monitoring (Figure 45 and Figure 46). After 48 hours at 80°C,
decomposition sets in with slow discoloring of the yellow solution to brown. The 2°Si NMR
spectrum displays a single resonance at §(>*Si) = 67.6 ppm (Figure 45, small). This is further
downfield shifted compared to starting material P1 (6(**Si) = 1.24 ppm) and precursor
compound P15 (5(*Si) = 18.2 ppm). A single signal at §('*C) = 229.0 ppm in carbon NMR
(Figure S 26) represents the coordinated Fe(CO), moiety.
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Figure 46. Stacked 'H-VT-NMR spectra of bisE-NHIMesCISiAuFe(CO)4 (P17) recorded at 25°C—80°C—25°C in pyridine-ds.

SC-XRD analysis confirmed the heterobimetallic structure of P17. The silicon atom remains
in a distorted tetrahedral coordination environment with the N-Si-N angle being strained to
87.80(13)° as shown in Figure 47. As common for Au(l) complexes the gold atom is nearly
linear coordinated with a Si-Au-Fe angle of 173.65(3)°. The Si-Au bond length (2.2676(9) A)
is comparable short for a Si(ll) gold complex, which range from 2.246 — 2.363 A. The Au-Fe
distance of 2.5305(6) A matches related compound 97 (2.5168 A) and is in good agreement
with the range of Fe-Au single bond lengths in small molecular gold-iron cluster (97-101:
2.516 — 2.567 A). Moreover, comparatively short C-H---Au distances can be detected for the

mesityl’s ortho-methyl groups pointing towards the gold atom, indicating rare anagostic
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interactions. The shortest contact is detected for CH42---Au with 2.70(3) A, while two more
are slightly elongated (CH17---Au 2.87(6), CH33:--Au 2.97(5) A) but still shorter than
svdW(H,Au) = 3.3 A.l2 Also computationally, an anagostic interaction is found between the

gold ion and a methyl group of the mesityl ligand (BP: 2.361 A; PBEO: 2.445 A; Figure 49).

Although agostic interactions of Au(lll) complexes have been recently evidenced, C-H---Au
interactions remain extremely rare.'*¥ In contrast to agostic interactions, the weaker
anagostic interactions are formed via the filled d-orbitals of transition metals and C-H
bonds.!"* Therefore, M(l) (M = Cu, Ag, Au) complexes, that exclusively feature filled d-orbitals,
are candidates to observe those contacts. Thus, the concept of anagostic C-H--Au

interactions is a topic of current interest.

Figure 47. Solid-state plot of the molecular structure of bisE-NHIMesCISiAuFe(CO), (P17). Ellipsoids are set to the 50%
probability level. Hydrogen atoms and solvent molecules are omitted for clarity; mesityl-substituents are depicted as
wireframe for simplicity. Selected bond lengths [A] and angles [°]: Au1l-Sil 2.2676(9), Aul—Fel 2.5305(6), Si1-N5 1.793(3),
Si1—N6 1.819(2), Si1-Cl1 2.1076(11), C1-N5 1.352(5), C4—N6 1.355(4), CH42--Aul 2.70(3), CH17--Aul 2.87(6), CH33---Aul
2.97(5), CH26-Aul 3.58(4), Sil-Aul-Fel 173.65(3), Cl1-Sil—-Aul 119.02(5), N5—-Si1-N6 87.80(13).

Infrared (IR) spectroscopic measurements reveal the carbonyl stretching frequencies of P17
to occur at 1924, 1835, 1811, and 1796 cm™ (Table 1). The position of these bands, which is
reproduced by calculations at the ZORA-BP86-D3/def2-SVP level of theory, is indicative for
the donor properties, i.e. combined o-donor/m-acceptor abilities of the ‘ligand’ P15, which
coordinates anionic Fe(CO), in P17. These bands are bathochromically shifted in case of

zwitterionic P17 compared to related compounds such as 97, 82, IMes-Fe(CO)4, NaFe(CO)..
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Table 1. Experimental (AT-IR) and computed (ZORA-BP86-D3BJ/def2-SVP) CO stretching frequencies of P17 and relevant
(gold-)iron carbonyl compounds. [a] solid state, neat AT-IR [b] solid state, neat nujiol-IR.

Compound Experimental Calculated
P17@ 1924, 1835, 1811, 1796 1954, 1872, 1833, 1825
970! 1975, 1927, 1830, 1790 1926, 1866, 1843, 1818
820! 2021, 1943, 1903, 1887 2027, 1958, 1915, 1895
IMes—-Fe(CO),®! 2035, 1949, 1915 2022, 1959, 1934, 1920
NayFe(CO),2 1762 1787

Prompted by its unexpected polar solubility properties and CO stretching IR bands, we aimed
for further understanding of the bonding situation of P17. Whereas structural data is
consistent with gold in the formal oxidation state of +I, the iron center presents itself
comparatively electron-rich. Zero-field *’Fe MoBbauer spectroscopy was performed in order
to assess the complex’s electronic structure (Figure 48). For comparison, the starting material

K:Fe(CO)., which is commonly assigned a formal oxidation state of —Il, was analyzed as well.
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Figure 48. Zero-field >’Fe M6Rbauer spectrum of a solid sample of bist-NHIMesCISiAuFe(CO)4 (P17, left) and KyFe(CO)4 (right)
at 77 K.

Electronic structure analysis of P17 revealed the formal dative interaction between the
silicon’s o-type lone pair of electrons (Si: 0.70) and the gold atom (Au: 0.30) that further
supports the compound to be well described as a silyliumylidene complex. IBO (Intrinsic Bond
Orbitals) analysis give insights into the d-orbital populations of gold and iron (Figure 49),
showing formally d'°-configured Au(+l). Furthermore, all d-orbitals of iron appear to be fully
occupied, thus suggesting iron to be in the formal oxidation state of Fe(-ll). The Fe d(z?)-orbital
engages in the Fe—Au bond, that features dative bond character with considerable covalency
(contribution Fe: 0.58, Au: 0.26). Turing the spotlight from the direct Si-Au-Fe bonds, a
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hyperconjugative interaction between the non-bonding Au d(z%)-orbital that shows admixture
of the 6s-orbital, and d(xz) and d(yz) in observed that donates n-electron density back towards
the silyliumylidene ligand. Also Léwdin bond order of 1.56 indicates the described
hyperconjugative interaction. As expected by the results of *’Fe Mdssbauer spectroscopy,
the irons d-orbitals (d(xy), d(xz), d(yz) are striped from electron density by the four CO ligands
(contribution Fe: 0.75). Both, the Hirshfeld as well as Lowdin (Figure S 3) population analysis
indicate accumulation of negative partial charge at the iron atom, whereas the positive partial
charge is delocalized across the silyliumylidene, the gold ion, and the NHI moieties. Over all,
electronics suggest compound P17 to be well described as zwitterionic bis-
NHISi(ll)*—Au(l)*<Fe(-Il)>(CO)s, with considerably covalent Au-Si and, especially, Au-Fe

bonds.

Figure 49. IBOs (PBEO-D3/def2-TZVPP//PBEO-D3BJ/def2-SVP) of bisEt-NHIMesCISiAuFe(CO)4 (P17) with strong valence d-orbital
admixture.

4.4.5.1 Reactivity of Heterobimetallic Silyliumylidene Complex

Being the first example of a silyliumylidene serving as ligand for a heterobimetallic Au-Fe
fragment, its reactivity was tested to evaluate the complex’ ability to show cooperative
behavior of silicon, gold and iron, beyond others. Especially the rather strong charge
separation of Si¥-Au®-Fe?) was hypothesized to reveal unusual reactivities. In initial small

molecule and bond activation reactions compound P17 was treated with gaseous CO, CO.,
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N.O, H,, ethylene (C.H.), and phenylacetylene (PhCCH), however, no reaction was detectable,

to our surprise.
Oxidative Addition

Upon further reflection of the heterobimetallic complex moiety, it is notable that the charge
separation between the terminal Fe(CO).>~ group and the linearly coordinated Au* atom in
combination with the relatively facile accessibility in P17, is promising to show Au(l) / Au(lll)
catalytic activity. Gold complexes are well known to show divers catalytic capability with
cross coupling and functionalization of multiple bonds being two examples. Nowadays,
homogenous gold catalysis is mostly done using simple Cl-Au(l)-L (L = ligand = PPhs;, SMey,

etc.) precatalysts.!'*!

reductive \H oxidative

elimination )/ Au \< addition

\+||| \+|||

M-X M-R
trans- L Il trans-
metallation M-R' \Au/x M-X  metallation
R™ M

Chart 4. General depiction of an Au(l)/Au(lll) redox catalytic cycle for C—C cross coupling reaction (L = ligand, A = anion, X =
leaving group e.g. halogen, M = transmetalation reagent, R() = organic alkyl-, aryl substituents).

The active species are considered to be free or only weakly coordinated A~ L-Au* cations (A
= weakly coordinating anion = OTf, SbFs, etc.), generated via chlorine exchange reactions
(Chart 4). Considering the bonding situation in P17, catalytic pre-studies were performed to
reveal its potential in the first key step, oxidative addition. Characteristic substrates with
polarized C-X bonds, such as CHsl, TMSI and the strong chlorinating reagent C.Cls were

chosen.
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proposed structure
Si(l1) / Au(lln)
Mes Mes
N N ]
[ = o =
Mes CI/ \ Mes

Me3S| Fe(CO)4
P17C

Scheme 45. Attempted oxidative addition of C,Clg (P17A), CHsl (P17B), and TMSI (P17C) on P17. The reactions were carried
out in the NMR scale with each one equivalent of the reagent at room temperature in acetonitrile-ds as a solvent.

The reaction of P17 with one equivalent of C.Cls resulted in fast conversion, giving rise to two
species obtained in 'H and ?°Si NMR analysis (Scheme 45, left). The solid starting materials
were mixed and treated with CDsCN at room temperature. Whereas compound P17 is not
soluble in acetonitrile, the reaction mixture dissolved completely after 30 minutes.
Examination of the spectra reveals two full sets of the ligand’s pattern in a roughly 1:2 ratio.
2D NMR experiment ("H?°Si-HMBC) confirmed the main species to contain a silicon center
resonating at 6(**Si) = 18.3 ppm (Figure 51). Comparison to the P15 precursor complex shows
only very slight differences in 'H, *C, and #*Si NMR shifts (Figure S 27), suggesting a similar
structure. Thus, the Fe(CO).-moiety is hypothesized to be cleaved from the complex resisting
either as non-coordinating anion, or forming non-identified complex(es) with C.Cls remains,

such as (C.Cly)Fe(CO), olefin-, or dechlorination complexes.
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Figure 50. Stacked 'H-NMR spectra of bisEt-NHIMesCISiAuFe(CO)4 + C,Clg (P17A, top) / CHsl (P17B, middle)/ TMSI (P17C,
bottom) recorded at 25°C in MeCN-ds. Spotted lines highlight the similar positions of the ligand’s framework signals.

The minor species, however, shows a silicon signal at 6(*°Si) = 45.0 ppm (Figure 51, small),
which is indicative for a more electron rich silicon center. The desired addition of m-donating
chloride substituents could explain an upfield shift, as it is observed in this case. To avoid

side-reactions that stem from over-chlorination, the reaction was repeated with trimethylsilyl

iodide and methyl iodide.

Upon addition of one equivalent of TMSI or CHsl to a suspension of P17 in CD;CN (Scheme
45, bottom and right), the solid dissolves into a dark yellow solution. After two hours no solid
was left in the reaction mixture and multinuclear NMR analysis evidenced the formation of a
single species similar to P15 (Figure 50). After several hours the second species with a 2°Si
NMR shift of 6 = 45 ppm grown in, suggesting the second species to originate from a
consecutive reaction. Preliminary testing of transmetalation using CHsl and ZnPh, did not
yield toluene as the desired cross-coupling product, but benzene that is believed to be formed

from unselective protonation of diphenylzinc.
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Figure 51. 1H-NMR (big) and 2°Si-NMR (small) spectrum of P17 after 5 hours of mixing with C>Clg (P17A) recorded at 25°C in
MeCN-ds. Arrows mark the signals of a subsequently forming species in *H and 2°Si NMR.

Functionalization

To address a further reactive site, complex P17 was tested for functionalization at the
remained coordinated chloride. Exchanging the chloride substituent to less electronegative
and/or less m-donating nitrogen-, silicon- or aryl-based substituents should result in altered

electronic environment at the Si-Au-Fe synthon that might lead to enhanced reactivity.

In an unexpected side reaction several single crystals revealed the general ability of
nucleophilic chloride exchange. When P17 was treated with a slight excess of
LiMo(CO).(PMes)Cp in THF-ds no reaction was observed within 72 hours at 60°C. The reaction
mixture was treated with several drops of pyridine and kept at 60°C for 16 more hours, to
enhance solubility of starting material P17. Although no reaction was observed in NMR
monitoring, a couple of single crystals could be collected from the reaction vessel,
subsequently. Surprisingly, SC-XRD analysis revealed the formation of bipyr-functionalized
P17 ([bisE-NHIMe=SjAuFe]-4,4’-bipyr / P18).
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Figure 52. Solid-state plot of the molecular structure of [bisf-NHIMesSiAuFe(CO)4),-4,4 -bipyr (P18). Ellipsoids are set to the
50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity; bis-NHIs are depicted as wireframe for
simplicity. Selected bond lengths [A] and angles [°]: Sil-Aul 2.273(2), Sil-N7 1.776(11), Si1-N5 1.826(7), Sil-N6 1.831(8),
Aul-Fel 2.5508(15), N5—C1 1.352(11), N6-C4 1.349(12), Sil-Aul—Fel 176.45(7), N5—Si1-N6 87.7(4), N7-Sil-Aul 121.1(4).

The solid state structure of P18 shows the Si centers Si1 and Si1’ in similar coordination
environment to P17 (Figure 52). However, the bis-NHI ligands are bended to establish mt-ring

stacking between each, two bis-NHI’s mesityls and the pyridyl ring with Mes---pyr distance of
3.29 and 3.47 A, respectively. The newly formed Si1-N7 bond (1.776(11) A) is shorter than the
bis-NHI ligand’s coordinative N-Si-N bonds (1.826(7) / 1.831(8) A), indicating a noticeably

covalency as expected.

- N2_
N
XN 2M M |/
2| J—> 2| | — | ]
N \|
N
M+

P18

Scheme 46. Synthesis of [bist--NHIMesSiAuFe(CO)q4]2-4,4’-bipyr (P18) from P17 via unpredicted reduction of pyridine and
trapping of dimerized radical anion. The reaction is carried out in THF-dg as solvent over 72 hours at 80°C.
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The reaction can be rationalized by a here unexpected reduction of pyridine molecules that is
known to happen between alkali metals and pyridine since 1870.1"¢! Intriguingly, the reaction
does not proceed completely but is trapped at the dimerized pyridine radical anion stage,
which shows activity towards chlorine exchange (Scheme 46). In previous studies, this dimer
was shown to be stable for seconds to minutes in pyridine solution, but was isolable from and
persistent in THF suspensions. Despite of several attempts, aimed preparation of the 4,4’-

bipyridyl radical anion dimer, to cleanly furnish P18 remained unsuccessful.

Different reagents were utilized in order to cleanly introduce novel substituents. Whereas alkali
salts of sterically demanding substituents such as SitBu.Me, N(/Pr)., and CH.Ph presented
themselves inert towards chlorine exchange with P17, the small pseudo halogen salt NaNs;
(Scheme 47, left) and strongly chlorine abstracting agent AgOTf (as well as TIOTf) showed

selective reactivity with full conversions (Scheme 47, right).

si(l) Si(l) Si(ll)

I\'/\Iies Mes NaN Mes M(\BS AgOTf or Mes Mes
7\ 3 TIOTf

| N N j [ N N j [ N N j

[N>: Mg = — NaCl - Mg = — AgCloor - Mg =

\ \

Mes ./ N\ Mes Mes CI/ \ Mes TICl Mes / \ Mes

N3 Au
Fe(CO), Fe(CO)4 FsCOzS Fe(CO)4

P19 P17 P20

Scheme 47. Synthesis of bisEt-NHIMesXSiAuFe(CO), (X = N3 (P19, left), OTf (P20, right)) from P17 via halogen exchange. The
reaction is carried out in acetonitrile as solvent over 48 hours at —60°C (NaNs, left), or over 2 hours at room temperature in
pyridine (AgOTf, right).

Reaction of P17 and 1.5 equivalents of NaNs in acetonitrile results in a suspension that clears
upon product formation. After 72 hours at 60°C a clear yellow solution indicates full
conversion. Isolation of the product as a yellow powder and multinuclear NMR analysis proofs
the selective formation of a new species (P19). In '"H NMR the ligand’s full pattern is displayed,
suggesting preserved bidentate coordination of the bis-NHI ligand (Figure 53, big). One

characteristic singlet at 6('*C) = 228.2 ppm in carbon NMR denotes the presence of the iron

carbonyl moiety (Figure S 28). It is of note, that no "H NMR highfield signal in the -8 ppm
region was observed, which would indicate "HFe(CO), anion formation. Exchange from ClI to

N; results in a highfield shift in silicon NMR of ca. 20 ppm to a singlet signal at 6(**Si) = 46.6

ppm (Figure 53, small). The less electronegative and strongly m-donating nitrogen substituent
causes less effective shielding of the silicon nucleus that could consequently indicate a higher
electron density. The formed complex is stable towards radiation and heating with no change
in the NMR, nor gas formation, was detected after exposure to 24 hours at 60°C or radiation
with 340 nm.
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Figure 53. IH-NMR (big) and 2°Si-NMR (small) spectrum of bist-NHIMesN;SiAuFe(CO)4 (P19) recorded at 25°C in MeCN-ds.

Further functionalization could be achieved by treating P17 with equimolar amounts of AQOTf
or TIOTf, respectively. By performing the reaction in pyridine-ds the reaction was monitored
via '"H NMR. Within 6 hours full conversion to bis®-NHIM*OT{SiAuFe(CO), (P20) can be
achieved at room temperature (Scheme 47, right). Alternatively the reagents can also be
mixed in acetonitrile, however, the reaction time is elongated compared to the pyridine case.
This is attributed to the superior solubility of P17 in pyridine that results in faster conversion.
It should also be noted, that the use of AgOTf accelerates the reaction, but it proceeds in a
less clean fashion than with TIOTf, due to the light sensitivity of silver reagents.

Apart from a full bis-NHI ligand’s pattern (Figure 54, big), the complex shows one singlet in
the silicon NMR, and characteristic signals in the C NMR at §('*C) = 221.5 (CO) and 129.51
(CF3) ppm (Figure S 29) that further suggest the sustainment of the Fe(CO), synthon and the
coordination of OTf. The silicon shift appears at 6(**Si) = 47.2 ppm (Figure 54, small), which is
almost identical to P19 (6(*°Si) = 46.6 ppm).




4.4 CHEMISTRY OF BISET-NHIMESSICL2 (P1)

—2.53
—2.33

ZQSi

-47.15

—7.70

~6.99
~6.88

ol

L
1 354
. E.gs

m AH T s
1H 4.0 4.04.0 2.2 2.1 11.824.0
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20

f1 (ppm)

Figure 54. 'H-NMR (big) and 2°Si-NMR (small) spectrum of bisf-NHIMesOTfSiAuFe(CO)4 (P20) recorded at 25°C in pyridine-ds.
Acetonitrile remaining from synthesis is contained.

Thus the spectroscopic data are consistent and suggest that using OTf and N3 salts result in
a similar fashion of halogen exchange to electronically similar complexes P19 and P20.
Unfortunately, both complexes decompose during mass spectrometric examination (ESI and
LIFDI) to free ligand PO.

4.4.6 Silylone metal complexes

Following the standard procedure for the reductive dehalogenation of Si(ll) precursors, P1
was reacted in different settings and reaction conditions with reductive agents, such as KCs,
NaCioHs, and the milder [NacnacMg].. The reactions didn’t yield free silylone bis®-NHIV*Si(0)
but ended in ill-defined mixtures. Within several attempts, the results varied between
decomplexation into free ligand and unidentified precipitate, and ligand degradation resulting
in free M*NHC, beyond others. As the ligand framework provides exceptional strong donor
contributions, the missing formation of bis®-NHI"*Si(0) could be attributed to a too electron
rich silicon center. With that in mind, the strategy was changed. Lewis acidic Fe(CO).-
fragment, was introduced to achieve stabilization by reducing the electron density around the

Si center without introducing m-acceptor ability to the ligand. The starting material P1,
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therefore was reacted with one equivalent of the two-electron reducing agent K.Fe(CO),
(Scheme 48). Interestingly, when carrying out the reaction in THF, benzene or acetonitrile even
at low temperatures, only inseparable mixtures of up to six species were obtained. In contrast,
reaction in dimethoxyethane (DME) gives a bright yellow mixture that fades within several

minutes to uncover colorless crystals of P21 in 50% isolated yield.

Mes
si(ll) Si(0) si(ll N
'\:ies M?\Js_l ' K,Fe(CO) '\:ies M?\JS l\:fes — N:<N]
/\ 2 4 /N
[ >=N\ /N=< ] —_— [ >=N\ /N=< ] —_— [ =N Més
N Si N — 2KCl N Si N N Y —H
Mes ¢/ Mes Mes ¥ ° es N
Fe(CO)q Fe(CO),
P1[CI] P21A P21

Scheme 48. Synthesis of bisE-NHIMesHSiFe(CO),4 (P21) from P1 via intermediate iron silylone (P21A) formation. The reaction
is carried out in dimethoxy ethane as solvent at —30°C to room temperature.

It is supposed that first the iron silylone complex P21A forms, which is still exceptional
electron-rich and is stabilized by release of one imino-nitrogen and insertion of the silicon into

the C-H bond of one mesityl’s ortho-methyl group (P21).

Intramolecular stabilization rearrangements are a known concept for low-valent silicon
compounds, as seen for example in the case of the acyclic silylene U.B However the systems
use different stabilization mechanisms: The corresponding acyclic silylene gets inserted into
one Dip-C6 ring to form silepin U, from which it can be recovered by well-steerable
temperature management. Intriguingly, in case of P21 no silepin formation was observed. In
total, ring insertions seem to be more likely with Dip-substituents, than they are with mesityl-

substituents.

Upon C-H activation the molecule loses symmetry and displays additional sets of signals in
proton NMR accordingly (Figure 55, big). The compound is poorly soluble in benzene-ds and
well soluble in thf-ds, however, sufficient analytical spectra could be obtained in both solvents.
Using Si-H 2D NMR methods in CsDs the Si-H can be identified as a singlet at 6('H) = 6.53
ppm with a Si-H coupling constant of 181 Hz (Figure 55, small). In *Si NMR the four-
coordinate Si was found at 6(**Si) = 68.2 ppm. Donor-stabilized hydridosilylene iron
complexes resonate in a broad range from 6(**Si) = -48.3 ppm (‘Jsin = 157 Hz) to +105.2 ppm
(‘Jsin = 180 Hz).['*]
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Figure 55. 'H-NMR (big) and H-2°Si-HMBC-NMR (small) spectrum of bisf-NHIMesSiHFe(CO), (P21) recorded at 25°C in
benzene-ds.

Crystals for SC-XRD analysis formed upon cooling of a saturated DME solution of P21 (Figure
56). An intramolecular CH-activation is evident with silicon insertion into one ortho-methyl
group of a mesityl wingtip. The silicon Si1 is embedded within a newly formed 7-membered

ring in boat conformation, whilst retaining a distorted tetrahedral coordination environment.

Figure 56. Solid-state plot of the molecular structure of bis®-NHIMesSiHFe(CO), (P21). Ellipsoids are set to the 50% probability
level. Hydrogen atoms (except for H1) and solvent molecules are omitted for clarity; mesityl-substituents are partly depicted
as wireframe for simplicity. Selected bond lengths [A] and angles [°]: Sil-Fel 2.2881(6), Sil-H1 1.39(3), Si1-N5 1.8146(17),
Si1-C24 1.907(2), N5-Si1-C24 100.20(8), C24-Sil—Fel 117.92(7), Fe1-Si1-H1 112.5(10), H1-Si1-N5 101.8(10).
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The former Si1-N6 bond is cleaved and the therefore free NHI-arm rotates by nearly 180°
compared to the precursor P1. By inserting into the C-H bond, the Si1—-H1 hydride bond is
formed. H1 could be found within the difference Fourier maps and was allowed to refine freely.
The Si1-H1 bond length amounts to 1.39(3) A, which matches those of transition metal
substituted triangular (IMe.):Ni(Si(H)SitBus). (Si-H: 1.38 / 1.39 A) almost perfectly. The Si1-
Fe1 bond length of 2.2881(6) A reflects an elongated single bond.

Since the intramolecular reaction of P21A occurs within a short time, it eluded isolation or
spectroscopic observation despite multiple attempts. However, its presence could be
evidenced via a trapping reaction using ammonia-borane complex NHs;BH; as ready H. source
(Scheme 49). Whereas H. itself, HSiEts, HCCPh, and ethylene could not be activated before
the intramolecular C—H activation occurred, reaction with NH;BHjs yielded iron-silyliumylidene
hydride complex P22 in initially poor purity and yield. The reaction was repeated with adjusted
stoichiometric ratio of 1:2:2 (1 : NHzBHj; : KoFe(CO)4), which lead to pure P22 in good yield (67
%). It is worth noting that NH;BHs; was tested for initial reactivity towards P1 and K,Fe(CO)4
without any detectable conversion. Upon addition of K,Fe(CO), to a mixture of P1 and NH;BHjs
in DME the mixture turned yellow for approximately 30 seconds indicating the formation of

P21A and subsequently faded to a pale beige.

si(ln) Si(0) si(ll)
NH5;BH

Mes Mes\—| Mes Mes 32113 R R_l
N N KaFe(CO) KzFe(CO)

N N |: N N j |: N N j
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Scheme 49. Synthesis of [bistt-NHIMesHSiFe(CO)4][HFe(CO)4] (P22) from P1 via trapping of the elusive iron silylone complex
P21A using NH3BHs3 and additional K;Fe(CO),. The reaction is carried out in dimethoxy ethane as solvent at —30°C to room
temperature.

The now preserved symmetry of P22 is demonstrated by the single set of ligand signals in
'H-NMR, where Si-H could be found as a singlet at §('"H) = 4.7 ppm (Figure 57, big). In
addition, an upfield signal at 6 = -8.95 ppm pinpoints the formation of an iron hydride species,
that could be identified as HFe(CO),~. Two signals in the carbonyl range of *C-NMR at 6 =
221.7 ppm for HFe(CO)s and 6 = 216.9 ppm for silicon coordinated Fe(CO), support the
structure containing one coordinated iron carbonyl and one non-coordinated iron anion
(Figure S 31). The central silicon nucleus resonates at §(**Si) = 54.4 ppm (Figure 57, small left),
which is upfield shifted compared to P21, probably caused by the second donating imino-
nitrogen replacing the alkyl-CH. coordination leading to enhanced shielding of the silicon

center in P22.
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Figure 57. H-NMR (big and highfield region small right) and 2°Si-NMR (small, left) spectrum of [bisF-
NHIMesSiHFe(CO),][HFe(CO)4] (P22) recorded at 25°C in acetonitrle-ds.

Crystals suitable for SC-XRD analysis were grown from a MeCN / THF solution (Figure 58).
The bidentate coordination fashion of the bis-NHI ligand is substantiated also in the solid
state structure with the N5-Si1-N6 angle being strained to 87.6°. The central silicon Si1 is
further connected to H1 and Fel, which features a trigonal bipyramidal coordination
environment. H1 and H2 could be found in the difference Fourier maps and were allowed to
refine freely. The Si1-H1 bond length (1.39(4) A) is similar to that found in P21. The Si1-Fe1
distance of 2.2695(10) A is within the range known for silylene iron complexes (2.154 to 2.363

A). The shortest O-:-H distance within the asymmetric unit is found between the HFe(CO),
anion’s carbonyl and the ligands backbone H at 2.680 A.
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Figure 58. Solid-state plot of the molecular structure of [bisEt-NHIMesSiHFe(CO)4][HFe(CO)4] (P22). Ellipsoids are set to the 50%
probability level. Hydrogen atoms (except for H1 and H4) and solvent molecules are omitted for clarity; mesityl-substituents
are depicted as wireframe for simplicity. Selected bond lengths [A] and angles [°]: Sil-H1 1.39(4), Sil-Fel 2.2695(10), Sil—
N5 1.833(3), Si1-N6 1.817(3), N5—C1 1.346(5), N6—C4 1.352(5), H5---05 2.680, H1-Sil-Fel 116.4(14), N5-Si1-N6 87.59(14).
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4.5 Chemistry of bis®-NHIMesSiCl, (P4)

Starting from the tetrachloro silane adduct bis-NHIM*-SiCl, P4 coordination chemistry in
conjunction with reduction chemistry was tested. Examination of the silyliumylidene showed
no successful coordination of more than one transition metal synthon to the silicon center.
The bigger coordination sphere at the higher coordinated silicon center, however, was
hypothesized to vary the reactivity towards reductive transition metals via pre-orientation of

the reactive cavity.

As mentioned, using silyliumylidene P1 and neutral iron carbonyls such as Fe(CO)s and
Fe-(CO)s no conversion to iron complexes could be observed. To obtain iron silyliumylidene
(bis-NHIMeSiCIFe(CO),*) and/or silylone (bis-NHIM*=Si(Fe(CO).).) complexes, bis®-NHIMeSiCl,
(P4) was reacted with two equivalents of K.Fe(CO). (Scheme 50, left). The mixed solid starting
materials were cooled to -80°C and treated with pre-cooled THF. The suspension was
allowed to warm to room temperature overnight and the product was extracted with benzene
from the dried mixture. Using this procedure, compound [bis®-NHIMsSiCIFe(CO)4][HFe(CO)4]

(P23) was isolated in 48% vyield as a slight orange powder.

Si(l) Si(IV) si(ln
Mes Me‘s—l * Mes Me;\ Mes Me;\
/\ N K2Fe(CO
[ \FN\Si‘(Nﬂ\N] [ >:N\ “Nﬂ\ j ~2KCl [ \FN\ "Nﬂ\ j
M NM M M M P \ M
es ¢l Fe(COe)j es cr'd ‘o Mes (DME) es ¢l Fe(CO?j
P23[HFe(CO),] P4[C|] P24[CI]

Scheme 50. Synthesis of [bisE:-NHIMesSiCIFe(CO)4][X] (X = HFe(CO)4 P23, Cl P24) from SiCl, complex P4. The reaction is carried
out in either THF or DME resulting in complex P23 and P24, respectively.

The compound features a high solubility in non-polar solvents, due to the HFe(CO),~ anion,
and is stable under inert conditions at room temperature. It is of note, that experiments using
one equivalent of K;Fe(CO), resulted in the same product P23 in lower yield mixed with
remaining starting material P4. Crystals, suitable for SC-XRD analysis, were grown from a
THF / Et,0 solvent diffusion setup (Figure 59).

The solid state structure reveals a distorted tetrahedral and therefore similar coordination
environment of the silicon center compared to P22 with the silicon atom Si1 being connected
to the ligand’s N5 and N6, the remaining chloride CI1, and the Fe(CO), synthon. All bond
lengths are in similar regions compared to P22 and four-coordinate P24 and P17,
respectively. Detection of the [bis®-NHIM=SiCIFe(CO)4]* cation in mass spectrometry (ESI)

evidences the separated cation-anion-pair to be persistent also in solution.
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Figure 59. Solid-state plot of the molecular structure of [bisft-NHIMesSiCIFe(CO),][HFe(CO)4] (P23). Ellipsoids are set to the 50%
probability level. Hydrogen atoms (except for H1) and solvent molecules are omitted for clarity; mesityl-substituents are
depicted as wireframe for simplicity. Selected bond lengths [A] and angles [°]: Sil-Fel 2.2591(7), Si1-Cl1 2.0968(9), Si1-N5
1.77(3), Si1-N6 1.75(3), Cl1-Sil-Fel 116.64(4), N5-Si1-N6 91.1(12), N5-Sil—Fel 122.1(10).

Multinuclear NMR analysis in DsCs shows the bis-NHI ligand’s pattern with the pseudo
aromatic NHC-backbone signals comparably high-field shifted at 6 = 5.6 ppm in '"H NMR
experiment (Figure 60, big).
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Figure 60. 'H-NMR (big) and 2°Si-NMR (small) spectrum of [bisEt-NHIMesSiCIFe(CO)4][HFe(CO)4] (P23) recorded at 25°C in
benzene-ds.
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The characteristic ®*C NMR carbonyl signals at 6 = 216.3 and 222.7 ppm represent the iron
carbonyl (Figure S 32). The silicon center resonates with one distinct singlet in 2°Si NMR at 6
= 50.4 ppm, respectively (Figure 60, small). Compared to [bisE-NHI"*SiHFe(CO)4][HFe(CO)4]
(P22), the silicon center presents itself a bit more shielded which can be attributed to the n-
donor halogen substituent. Whereas the synthesis of [bis®-NHIMSiCIFe(CO)4][HFe(CO)4]
(P23) requires careful temperature management to obtain the pure product in acceptable
yields (approx. 50%), upon solvent exchange in favor of dimethoxyethane (DME) the reaction
proceeds in a heterogeneous fashion at room temperature. The mixture of equimolecular
amounts of bis-NHISICl, and K:Fe(CO). results in 46% isolable yield of [bis®-NHIMes
SiCIFe(CO),][CI] (P24), as direct product without verifiable anion exchange (Scheme 50, right).
The now colorless solid is insoluble in non-polar solvents and resonates with only minor
changes in multinuclear NMR analysis (Figure 61). The silicon 2°Si NMR signal remains at 6 =
50.2 ppm, as expected. The 'H NMR of P24 lack the characteristic resonance of HFe(CO),

at 8§("H) = -9 ppm, further substantiating the eluding anion exchange.
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Figure 61. TH-NMR (big) and 2°Si-NMR (small) spectrum of [bisf-NHIMesSiClIFe(CO)4][Cl] (P24) recorded at 25°C in MeCN-ds.

Conducted HCl-abstracting experiments using bases such as IMe,, DABCO, KHMDS, and
pyridine did show either no conversion even at elevated temperatures or resulted in (CO).Fe—

Fe(CO).* dianion formation, as found in preliminary SC-XRD analysis.
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5 Conclusion

The presented work addresses the synthesis and characterization of novel bis-NHI-stabilized
and low-valent silicon species and their coordination chemistry. In the first part several bis-
NHI complexes of halosilanes (P4-P7) and halosilylenes (P1-P3) were obtained. The
complexes can conveniently be isolated from reaction mixtures of the free ligand bis®-NHI|Mes
and the respective silicon source (NHC—SICl, (P1), NHC—SiBr. (P2), SiCl, (P4), HSIiCl; (P5),
H.SiCl, (P6), H.Sil. (P7)) at room temperature (Scheme 51). For anion exchange, P1 was
treated with TIOTf to obtain P3 in moderate yields. Reactivity studies were conducted to
evaluate the highly o- and n-donating bis-NHI ligand system for its ability to stabilize novel

silyliumylidene-, and desired electron-enriched silylone-complexes.
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Scheme 51. Compilation of silicon complexes syntheses, furnished via coordination of different Si-synthons on PO.

The furnished silyliumylidenes P1-P3 feature two main reactive sites: (i) Coordination of Lewis
acids onto the electron lone-pair, and (ii) reduction towards reactive silicon complexes in
lower oxidation states via reductive dehalogenation or respective HX (X = halogen) extraction.
Both reaction strategies were combined to observe several transition metal complexes as well
as heavier silaacylium ions (Scheme 52). In addition, halosilanes P4-P7 were tested for their

reducibility under comparable conditions (Scheme 53).




5 CONCLUSION

Direct reaction of P1 and heavier chalcogens (S, Se, Te) gave rise to the heavier silaacylium
ions P8-P10 in good to excellent yields and provided the possibility to assess the
silyliumylidenes ligand properties (i.e. m-acceptor strength) via the "”Se NMR shift of selenide

complex P9.

Using OTf-salt P83 and the carbonyls Cr(CO)s and Mo(CO)s, the respective group 6
silyliumylidene complexes P11 and P12 could be obtained via NMR monitoring of radiated

THF solutions.

Sterically less demanding coinage metals, such as CuCl, AgCl, and stabilized gold precursors
ClAuSMe;, CIAuPPh3, as well as MeAuPPh; gave the direct coordination products P13-P16.
Varying AuCl (P15) towards AuCHs; (P16) results in a similar complex coordination
environment, as concluded from heteronuclear NMR analysis. However, the silicon center

experiences a remarkable down-field shift in 2°Si NMR of 6 = 58.0 ppm.

Whereas direct reductions of bis-NHI-stabilized silicon complexes P1-P16 using several
reductive reagents remained unsuccessful, the reducing and Lewis acidic iron providing
Collman’s reagent (Na,Fe(CO). and its derivative K,Fe(CO),) allowed the isolation of several
iron-containing complexes. Upon treatment of gold complex P15 with one equivalent PPh;
and subsequent KoFe(CO)., the first heterobimetallic and zwitterionic silyliumylidene complex
P17 could be isolated. The compound features a rather high thermal stability and is fully
characterized including theoretical computations and Mdssbauer spectroscopy. All
considerations suggest P17 to be best described as bis®-NHIMCISi*—Au*«Fe?(CO)a.
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Scheme 52. Compilation of silyliumylidene complex (P1, P3) reactivity towards heavier chalcogens and transition metal
synthons of group 6,8, and 11.

Initial reactivity studies of P17 reveal possible functionalization via chloride exchange with
4,4’-bipyr?-(P18), NaN; (P19) and AgOTf (P20) as well as selective reactivity towards standard
substrates for oxidative addition such as C,Cls (P17A), CHsl (P17B), and TMSI (P17C).

Direct reduction of P1 with K;Fe(CO), in DME afforded the intramolecular C-H activation
product P21 that is suggested to form upon stabilization of the elusive three-coordinate iron
silylone complex P21A. Carried out trapping reaction with NHs;BH; and one additional
equivalent of KoFe(CO), allowed the isolation of silyliumylidene hydride iron-complex P22. The

findings further support the presents of P21A, however, it eluded spectroscopic observation.

Starting from halosilane complex P4, the reaction with K,Fe(CO)s gives rise to iron
silyliumylidene complexes P24 and P23, depending on the reaction conditions. Synthesis in
thf requires careful temperature control and two equivalents of K.Fe(CO), to form P23 with
“HFe(CO)4 anion. In contrast, when DME was used as solvent, the conversion was allowed to

proceed at room temperature and results in P24 with preserved ~CI anion.
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Scheme 53. Compilation of halosilane complex reactivity (P4) towards K,Fe(CO)a.

In this thesis it could be shown, that the bis-NHI system is capable to stabilize various silicon

synthons with reasonable effort. Using this complexes as starting materials for reduction and

coordination chemistry revealed a diverse chemistry that lead to unique bonding motifs with

silicon centers in variable shielding situations that resonate from §(>*Si) = 76 ppm to =112 ppm

(Chart 5 and Chart 6) and promising transition metal complexes for further research.
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Chart 5. Graphic presentation of the thesis’ product complexes plotted according to their 2°Si-NMR shift § = 77 to 14 ppm.
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Chart 6. Graphic presentation of the thesis’ product complexes plotted according to their 2°Si-NMR shift § =2 to —113 ppm.

Whereas all complexes are of interest for reactivity studies, of particular note is the potential

of heterobimetallic complex P17, as well as silyliumylidene-hydride iron-complex P22 and

P7A, for application in small molecule activation and catalysis, such as the potential hydration

of olefins and cross-coupling reactions.
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6 Experimental

General considerations: All experiments and manipulations were carried out under dry
oxygen-free argon using standard Schlenk techniques and glassware or in a MBraun
glovebox workstation containing an atmosphere of purified argon if not stated otherwise.
Solvents were dried by standard methods (e.g. withdrawal from MBraun Solvent Purification
System, storage over molecular sieves (3 & 4 A), degassing via freeze-pump-thaw cycling,
distillation from sodium/ketylradical or CaH,). 'H-, 2°Si-, 7’Se-, **Te-, '°F-, and "*C{'H} NMR
spectra were recorded on Bruker Avance 300 MHz, 400 MHz, or 500 MHz spectrometers and
referenced to residual solvent signals as internal standards ('H and *C). §(*°Si) was referenced
to the signal of SiMe, (TMS) (6 = 0 ppm) as external standard. Values for the chemical shift ()
are given in parts per million (ppm). Elemental analyses were carried out by the microanalytical
laboratory of the Catalysis Research Center, Technische Universitdt Minchen, using a
HEKAtech EURO EA instrument equipped with a CHNS combustion analyze. Melting Points
(M.P.) were determined in sealed glass capillaries under inert gas by a Biichi M-565 melting
point apparatus. Liquid injection field desorption ionization mass spectrometry (LIFDI-MS)
was measured directly from an inert atmosphere glovebox with a Thermo Fisher Scientific
Exactive Plus Orbitrap equipped with an ion source from Linden CMS.!"4" Electrospray
ionization mass spectrometry (ESI-MS) analysis was conducted on a Bruker HCT Instrument
with a dry gas temperature of 300 °C and an injection speed of 240 yLs-1. Samples were

prepared in a glovebox and spectra were visualized using OriginPro 2018.

MoBbauer spectroscopy (Dr. J. Sutter, Prof. Dr. K. Meyer): Zero-field 5’Fe-Mo6Bbauer
spectra were recorded on a WissEl MéBbauer spectrometer (MRG-500) at 77 K in constant
acceleration mode. *’Co/Rh was used as the radiation source. Least-square fitting of the
Lorentzian signals was carried out with the Mfir software, developed by Dr. Eckhard Bill (MPI
Mulheim/Ruhr). The minimum experimental line widths were 0.21 mms™. The temperature of
the samples was controlled by an MBBC-HE0106 MOSSBAUER He/N, cryostat within an

accuracy of 0.3 K. Isomer shifts were determined relative to a-iron at 298 K.
Reagents were purchased from commercial suppliers and processed as received if not stated
otherwise. Precursors were synthesized according to literature procedures: K.Fe(CO)4, IDip—

SiCl,,1? IDip—SiBr2," Li[MoCp(CO),PMes],l* [IRCI[BF.J*" (R = Mes, Dip), bist-NHIVes
(PO).144:451

Abbreviations: s = singlet, d = doublet, quint = quintet, t = triplet, sept = septet, br = broad,

n.a. = not applicable/no answer, n.r. = not resolved, n.o. = not observed.
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Procedure for the isolation of [bis®-NHI"sSiCI]CI (P1)

70 ml of toluene was added to a mixture of bis®-NHIMes (PO, 750

+
M M .
& Iy ] mg, 1.13 mmol) and NHC®"—SiCl, (605 mg, 1.24 mmol, 1.1 eq.) in
[ /EN\ /N:< ] one portion at r.t.. After filtration of very little insoluble residue, the
N Si N
Mes C| | Mas mixture was stirred for 16 h. The product was separated from the
P1[CI] solution by filtration and consequently washed with 20 ml of

toluene. The colorless, pearly solid was dried in fine vacuum to
obtain 654 mg (76%) of P1 as a colorless solid. X-ray quality
crystals were obtained by gas phase diffusion of solvent between

a solution of P1 in 0-DFB and a reservoir of Et,O over 2 days.

'H NMR (500.1 MHz, CD:CN): & [ppm] = 6.97 (s, 8H, MesH-3,5), 6.80 (s, 4H, NCH), 2.93 (br,
2H C.Ha), 2.61 (br, 2H, CoH.), 2.33 (s, 12H, Mes-p-CHs), 2.01 (s, 24H, Mes-0-CHs).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 147.90 (NCN), 141.61 (MesC-1), 137.16 (MesC-
2,6), 132.61 (MesC-4), 130.19 (MesC-3,5) 119.83 (NCH), 47.26 (C:H.), 21.24 (p-MesCHb),
18.32 (0-MesCH).

29Gj NMR (99.4 MHz, CDsCN): & [ppm] = 1.54.

Elemental analysis: [763.93] calcd: C 69.18, H 6.86, N 11.00; found: C 65.73, H 6.71, N

9.77. (Consistently low C values can be explained by the formation of silicon carbide.)

M.P.: 215.4 °C (decomposition, color change to dark red)

101




6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHIM*-SiBr]Br (P2)

5 ml of toluene was added to a mixture of bis®-NHI"* (PO, 100 mg,

+
Zles 'V'e\;_| 0.15 mmol) and NHC®?—SiBr, (104 mg, 0.18 mmol, 1.2 eq.) at r.t..
/N : : i
[ >=N\ /N—j/N] The orange suspension was stirred for 16 h. The formed precipitate
1. . . .
Mes s’ M s was separated from the solution by filtration and consequently
P2[Br] washed with 2x10 ml of toluene. The off-white solid was dried in

fine-vacuum to obtain 51 mg (40% corrected yield from crude
product that contained 60% of NHCPPHCI) of P2.

H NMR (500.1 MHz, CDsCN): 6 [ppm] = 6.98 (s, 8H, MesH-3,5) 6.81 (s, 4H, NCH), 2.86 (br,
4H C.H,), 2.34 (s, 12H, Mes-p-CH,), 2.02 (s, 24H, Mes-0-CH,).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 146.25 (NCN), 141.65 (MesC-1), 136.99 (MesC-

2,6), 136.70 (MesC-2,6), 132.93 (MesC-4), 130.68 (MesC-3,5), 130.26 (MesC-3,5), 125.53
(NCH), 47.63 (CzH.), 29.80 (MesCH:), 24.57 (MesCH), 23.67 (MesCHs).

295 NMR (99.4 MHz, CD:CN): & [ppm] = 7.67.

Procedure for the isolation of [bis®-NHIM:s-SiCIJOTf (P3)

TIOTf (315 mg, 0.89 mmol, 1.3 eq.) was dissolved in 10 ml of THF

Mes M?Sj+ and added to P1 (500 mg, 0.69 mmol) in one portion at r.t.. The
[N>:N®N N] suspension was stirred for 46 h, after what the mixture was
Si. N stripped from all volatiles in fine vacuum. The product was

\ .
Mes CI/ Mes

P3[OTH] extracted with 2x5 ml MeCN and subsequently dried to afford 480

mg (80%) of P3 as colorless powdery solid.

H NMR (500.1 MHz, CDs;CN): 6 [ppm] = 6.99 (s, 4H, MesH-3,5), 6.95 (s, 4H, MesH-3,5) 6.77
(s, 4H, NCH), 2.93 (m, 2H CyH4), 2.60 (m, 2H, C,H.,), 2.33 (s, 12H, Mes-p-CHs), 2.02 (s, 12H,
Mes-0-CHs), 1.99 (s, 12H, Mes-o-CH,).

13C{'H} NMR (125.8 MHz, CDsCN): 6 [ppm] = 147.88 (NCN), 141.59 (MesC-1), 137.14 (MesC-
2,6), 137.10 (MesC-2,6) 132.57 (MesC-4), 130.20 (MesC-3,5), 130.11 (MesC-3,5), 119.76
(NCH), 47.22 (C2H4), 21.19 (p-MesCHs), 18.32 (0-MesCHs), 18.22 (0-MesCHy).

29Gj NMR (99.4 MHz, CD:sCN): & [ppm] = 1.55.

19F NMR (470.8 MHz, CDsCN): & [ppm] = 79.34.
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Procedure for the isolation of [bis®-NHIM*:-SiCl;]CI (P4)

bisF-NHI"es (PO, 579 mg, 0.87 mmol) was dissolved in 20 ml of
+
Mes M?S_| toluene and treated with neat SiCl, (148 mg, 0.1 ml, 0.87 mmol, 1

/

N \ N
[ /EN Nﬂ\ ] eq.). The rapidly formed colorless precipitate was stirred for 1 h and
N ¥
\ A N separated afterwards. The isolated solid was washed with 10 ml
Mes C| c| Cl Mes
toluene and subsequently dried in fine vacuum to afford 697 mg
(96%) P4 as colorless solid. A single crystal suitable for SC-XRD

P4[CI]

analysis is grown from gas phase diffusion of solvent between a solution of P4 in MeCN and

a reservoir of THF over 4 weeks.

'H NMR (500.1 MHz, CD;CN): & [ppm] = 7.16 (s, 4H, NCH), 7.01 (s, 8H, MesH-3,5), 2.76 (s,
4H CyH4), 2.38 (s, 12H, Mes-p-CHs), 2.04 (s, 24H, Mes-p-CH).

13C{'H} NMR (125.8 MHz, CD;CN): & [ppm] = 148.98 (NCN), 141.34 (MesC-1), 136.71 (MesC-
2,6), 136.44 (MesC-2,6), 132.35 (MesC-4), 130.75 (MesC-3,5), 130.57 (MesC-3,5), 122.17
(NCH), 48.36 (CzHa), 21.11 (MesCHs), 19.06 (MesCH:), 17.90 (MesCH).

295 NMR (99.4 MHz, CD;CN): & [ppm] = —112.45.

Procedure for the isolation of [bis®-NHIMs-SiHCI.]CI (P5)

bis®-NHIYes (PO, 330 mg, 0.50 mmol) was dissolved in 15 ml of

Mes Mes j+ toluene and treated with neat HSICl; (67 mg, 0.05 ml, 0.87 mmol, 1
[N/>:N/_\N _ﬁ/\N] eq.). The rapidly formed colorless precipitate was stirred for 1 h and
\ >S|'< /N separated afterwards. The isolated solid was washed with 8 mi
Mes oI 1 Mes toluene and subsequently dried in fine vacuum to afford 343 mg

P5[CI
. (86%) P5 as colorless solid.

'H NMR (400 MHz, CD:CN): & [ppm] = 7.08 (s, 2H, NCH), 7.02 (s, 4H, MesH-3,5), 7.01 (s, 4H,
MesH-3,5) 6.90 (s, 2H, NCH), 5.35 (s, 1H, SiH), 2.76 (s, 2H, C2Ha), 2.36 (s, 12H, MesCHs) 2.32
(s, 2H CoH.), 2.03 (s, 24H, MesCH-).

BC{'H} NMR (100 MHz, CDsCN): 6 [ppm] = 145.02 (NCN), 141.78 (MesC-1), 136.70 (MesC-
2,6), 136.42 (MesC-2,6), 132.60 (MesC-4), 130.66 (MesC-3,5), 130.56 (MesC-5,6), 121.64
(NCH), 119.45 (NCH), 47.22 (C:Hs), 44.22 (CoH4), 21.22 (MesCHg), 18.74 (MesCHs), 17.90
(MesCHs).

295 NMR (99.4 MHz, CDsCN): & [ppm] = —101.52.
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6 EXPERIMENTAL

Procedure for the isolation of [bis®'-NHIMes-SiHCI,]CI (P6)

+
I\,\/Il/es M?,\T;I
L= M= T
)
Mes H CIEI\H Mes
P6[CI]

bisF-NHI"es (PO, 244 mg, 0.37 mmol) was dissolved in 10 ml of
toluene and treated dropwise with a 37 wt% H,SiCl in toluene (100
mg, 0.37 mmol, 1 eq.) solution at —-30°C. The rapidly formed
precipitate was stirred for 1 h at r.t. and separated afterwards. The
isolated solid was washed with 5 ml toluene and subsequently

dried in fine vacuum to afford 268 mg (91%) P6 as colorless solid.

H NMR (500.1 MHz, CDsCN): & [ppm] = 7.06 (s, 8H, MesH-3,5), 6.99 (s, 4H, NCH), 4.33 (s,
2H, SiH), 2.63 (s, 4H CsHa), 2.37 (s, 12H, Mes-p-CHs), 2.07 (s, 24H, Mes-p-CH).

BC{'H} NMR (125.8 MHz,

CDsCN): 6 [ppm] = 148.65 (NCN), 141.43 (MesC-1), 136.69 (MesC-

2,6), 132.21 (MesC-4), 130.38 (MesC-3,5) 120.26 (NCH), 47.52 (CzH.), 21.09 (p-MesCHb),

18.63 (0-MesCHs).

295 NMR (99.4 MHz, CD;CN): & [ppm] = —104.85.

Procedure for the isolation of [bisE'-NHIMes-SiH,][I]. (P7)

bisE-NHIMes (PO, 325 mg, 0.49 mmol) was dissolved in 15 ml of
toluene and treated dropwise with a 0.24 M H.Sil in toluene (139
mg, 2.00 ml, 0.49 mmol, 1 eq.) solution. The rapidly formed
colorless precipitate was stirred for 30 min at r.t. and separated
afterwards. The isolated solid was washed with 5 ml toluene and
dried in fine vacuum to afford 398 mg (86%) P7 as colorless solid.
Crystals for SC-XRD analysis were grown from gas phase
diffusion of solvent between a P7 solution in MeCN and a

reservoir of Et,O over 4 days.

'H NMR (500.1 MHz, CDsCN): & [ppm] = 7.16 (s, 4H, NCH), 7.11 (s, 8H, MesH-3,5), 2.97 (s,
2H SiH), 2.78 (s, 4H, CsH.), 2.42 (s, 12H, Mes-p-CHs), 2.03 (s, 24H, Mes-0-CHs).

29Gj NMR (99.4 MHz, CDsCN): & [ppm] = -28.65.
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6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHIV*s-SiCIS]CI (P8)

+ 3 ml of MeCN was added to a mixture of P1 (80.0 mg, 0.10 mmol)
Mes Me(s _I

and Sg (6.7 mg, 0.21 mmol, 2 eq.) in one portion at r.t. and the

[N/E N\Si/N_ﬂ/N] mixture was stirred for 45 min. Excess of sulfur was separated by
Mes c” \\s Mes filtration and the solution was evaporated under reduced pressure
P8[CI] to yield the crude product as an off-white solid. The product was
washed with 0.5 ml of toluene and dried in fine vacuum to obtain

80.0 mg (96%) of P8 as a colorless solid. X-ray quality crystals were

obtained by gas phase diffusion of solvent between a solution of

P8 in MeCN and a reservoir of THF over 3 weeks.

'H NMR (500.1 MHz, CDsCN): & [ppm] = 7.04 (s, 4H, NCH), 7.02 (s, 4H, MesH-3,5), 6.93 (s,
4H, MesH-3,5), 3.13 (m, 2H C2H.), 2.78 (m, 2H, C.H.), 2.36 (s, 12H, Mes-CHs), 2.23 (s, 12H,
Mes-CHs), 2.03 (s, 12H, Mes-CH).

13C{'H} NMR (125.8 MHz, CD:sCN): & [ppm] = 146.70 (NCN), 141.68 (MesC-1), 136.62 (MesC-
2,6), 136.41 (MesC-2,6), 132.32 (MesC-4), 130.89 (MesC-3,5), 130.55 (MesC-3,5), 122.14
(NCH), 47.59 (C2Ha), 21.33 (p-MesCHs3), 18.91 (0-MesCHs), 18.57 (0-MesCH).

295 NMR (99.4 MHz, CD:sCN): & [ppm] = —26.73.

MS (ESI*) m/z calcd: 759.34; m/z found: 759.3
Elemental analysis: [794.31] calcd: C 66.39, H 6.59, N 10.56, S 4.03; found: C 63.78, H 6.45,
N 10.36, S 3.35.

(Consistently low C values can be explained by the formation of silicon carbide.)

M.P.: 268.2 °C (decomposition, color change to black)
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6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHIV*s-SiCISe]Cl (P9)

3 ml of MeCN was added to a mixture of P1 (80.0 mg, 0.10 mmol)

Mes Mes _|+

N /\ \N
| >=N N_ﬁ/ | mixture was stirred for 6 h. Excess of selenium was separated by
N N N
Si
/

Mes ar” Sse Mes filtration and the solution was evaporated under reduced pressure

and Se (16.5 mg, 0.21 mmol, 2 eq.) in one portion at r.t. and the

P9[CI] to yield the crude product as a slightly yellow solid. The product
was washed with 0.5 ml of toluene and dried in fine vacuum to

obtain 82.0 mg (93%) of P9 as a colorless solid.

'H NMR (500.1 MHz, CD3CN): 6 [ppm] = 7.07 (s, 4H, NCH), 7.02 (s, 4H, MesH-3,5), 6.93 (s,
4H, MesH-3,5), 3.16 (m, 2H C.H.), 2.77 (m, 2H, CoHy), 2.35 (s, 12H, Mes-CHa), 2.25 (s, 12H,
Mes-CH,), 2.05 (s, 12H, Mes-CHs).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 146.63 (NCN), 141.68 (MesC-1), 136.57 (MesC-
2,6), 136.37 (MesC-2,6), 132.37 (MesC-4), 130.93 (MesC-3,5), 130.57 (MesC-3,5), 122.26
(NCH), 48.04 (C;Ha), 21.34 (p-MesCH:), 19.24 (0-MesCHs), 18.93 (0-MesCHy).

295 NMR (99.4 MHz, CD:sCN): & [ppm] = —30.99.

7Se NMR (76.3 MHz, CDsCN): & [ppm] = -388.78.

MS (ESI*) m/z calcd: 807.29; m/z found: 807.4

Elemental analysis: [842.26] calcd: C 62.70, H 6.22, N 9.97; found: C 61.41, H 6.05, N 9.47.

(Consistently low C values can be explained by the formation of silicon carbide.)

M.P.: 254.5 °C (decomposition, color change to green-black)
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6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHI"s-SiCITe]Cl (P10)

—|+ 3 ml of MeCN was added to a mixture of P1 (80,0 mg, 0.10 mmol)

Mes Mes
/ \

N \ N and Te (26.7 mg, 0.21 mmol, 2 eq.) in one portion at r.t. and the
[N>: N\Si/Nﬂ\N] mixture was stirred for 72 h. Excess of tellurium was separated by
Mes c” \\-re Més filtration and the solution was evaporated under reduced pressure
P10[C]] to yield the crude product as a slightly yellow solid. The product

was washed with 0.5 ml of toluene and dried in fine vacuum to

obtain 86.0 mg (92%) of P10 as a colorless solid.

'H NMR (500.1 MHz, CD3CN): 6 [ppm] = 7.11 (s, 4H, NCH), 7.05 (s, 4H, MesH-3,5), 6.97 (s,
4H, MesH-3,5), 3.22 (m, 2H C.H.), 2.79 (m, 2H, C.Hy4), 2.38 (s, 12H, Mes-CHs), 2.31 (s, 12H,
Mes-CH,), 2.11 (s, 12H, Mes-CH5).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 146.60 (NCN), 141.74 (MesC-1), 136.47 (MesC-
2,6), 136.28 (MesC-2,6), 132.45 (MesC-4), 131.02 (MesC-3,5), 130.61 (MesC-3,5), 122.45
(NCH), 48.81 (C:Ha), 21.34 (p-MesCH), 20.00 (0-MesCH), 19.74 (0-MesCHy).

29Si NMR (99.4 MHz, CDsCN): 6 [ppm] = -59.14.
125Te NMR (126.24 MHz, CD;CN): 6 [ppm] = -1049.36.
MS (ESI*) m/z calcd: 857.28; m/z found: 857.4

Elemental analysis: [892.25] calcd: C 59.28, H 5.88, N 9.43; found: C 60.11, H 6.19, N 9.28.

M.P.: 271.8 °C (decomposition, color change to black)
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6 EXPERIMENTAL

Procedure for the isolation of [bis®'-NHI"*s-SiCI(Cr(CO)s)]JOTf (P11)

0.4 ml of THF-ds was added to a mixture of P3 (15.0 mg, 0.17 mmol)

+
Mes Mgs_| and Cr(CO)s (3.8 mg, 0.17 mmol, 1 eq.) in one portion at r.t. and the
[N/EN’ ‘N_ﬁ/N] mixture was irradiated with 340 nm. After the starting Cr(CO)s

AN

\ Si /N dissolved completely into a yellow solution, the reaction was
Mes CI/ \ Mes . . " oo
Cr(CO)s irradiated for additional 72h. NMR monitoring showed full

P11[OTf] , . .
conversion to P11 as a still yellow solution.

'H NMR (500.1 MHz, THF-d8): 6 [ppm] = 7.35 (s, 4H, NCH), 6.98 (s, 4H, MesH-3,5), 6.92 (s,
4H, MesH-3,5), 3.43 (br, 2H C.H.), 2.92 (br, 2H, C:H.4), 2.31 (s, 12H, Mes-CHs), 2.24 (s, 12H,
Mes-CH,), 2.13 (s, 12H, Mes-CH,).

BC{'H} NMR (125.8 MHz, THF-d8): § [ppm] = 224.67 (CO), 221.47 (CO), 212.94 (CO), 149.27
(NCN), 141.08 (MesC-1), 136.73 (MesC-2,6), 136.20 (MesC-2,6), 133.97 (MesC-4), 131.13
(MesC-3,5), 130.63 (MesC-3,5), 123.32 (NCH), 51.90 (C2H4), 21.17 (MesCHzs), 19.66 (MesCHs),
19.27 (MesCHs).

295 NMR (99.4 MHz, THF-d8): & [ppm] = 58.76.

Procedure for the isolation of [bisE'-NHIMs-SiCl(Mo(CO)s)]CI (P12)

Mes
/

" j+ 0.4 ml of THF-ds was added to a mixture of P3 (15.0 mg, 0.17 mmol)

es

N \ N and Mo(CO)s (4.5 mg, 0.17 mmol, 1 eq.) in one portion at r.t. and

[N>:N\S_/N_ﬁ/N] the mixture was irradiated with 340 nm. After the starting Mo(CO)s
|

Mes C|/ \ Més dissolved completely into a yellow solution, the reaction was
Mo(CO)s
P12[OTf] irradiated for additional 72 h. NMR monitoring showed 30%

conversion to P12 (70% starting material) as a still yellow solution.

'H NMR (500.1 MHz, THF-d8): 6 [ppm] = 7.38 (s, 4H, NCH), 6.99 (s, 4H, MesH-3,5), 6.92 (s,
4H, MesH-3,5), 3.37 (br, 2H C:H.), 2.89 (br, 2H, C.H.), 2.33 (s, 12H, Mes-CHs), 2.23 (s, 12H,
Mes-CH,), 2.11 (s, 12H, Mes-CHs).

3C{'H} NMR (125.8 MHz, THF-d8): & [ppm] = 211.67 (CO), 209.99 (CO), 202.31 (CO), 149.37
(NCN), 141.00 (MesC-1), 136.42 (MesC-2,6), 136.03 (MesC-2,6), 133.78 (MesC-4), 131.23
(MesC-3,5), 130.73 (MesC-3,5), 123.30 (NCH), 52.05 (C>Ha), 21.22 (MesCHs), 19.85 (MesCHs),
19.44 (MesCHy).

29Gj NMR (99.4 MHz, THF-d8): & [ppm] = 42.77.
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6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHI"s-SiCI(CuCl)]CI (P13)

+ 3 ml of MeCN was added to a mixture of P1 (80 mg, 0.10 mmol)
M?s_l

Mes
/

N \ N and CuCl (10.4 mg, 0.10 mmol, 1 eq.) in one portion at r.t. and the
[N>:N\Si/N_ﬁ/N] mixture was stirred for 6 h. Minor amount of insoluble residue was
Mes c’ \Cu Més separated by filtration and the solution was evaporated under
P13[CI] <l reduced pressure to yield the crude product as a slightly yellow
solid. The product was washed with 0.5 ml of toluene and dried in

fine vacuum to obtain 89.0 mg (94 %) of P13 as a colorless solid.

TH NMR (500.1 MHz, CD;CN): 6 [ppm] = 7.10 (s, 4H, MesH-3,5), 7.07 (s, 4H, MesH-3,5), 7.06
(s, 4H, NCH), 3.03 (m, 2H C.H,), 2.80 (m, 2H, C.H,), 2.38 (s, 12H, Mes-CHs), 2.10 (s, 12H,
Mes-CH,), 2.01 (s, 12H, Mes-CH5).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 147.01 (NCN), 142.11 (MesC-1), 136.14 (MesC-

2,6), 136.05 (MesC-2,6), 131.86 (MesC-4), 131.35 (MesC-3,5), 131.00 (MesC-3,5), 121.80
(NCH), 48.48 (C:H.), 21.30 (p-MesCH), 18.97 (0-MesCHo).

295 NMR (99.4 MHz, CD:CN): & [ppm] = 13.84.

MS (ESI*) m/z calcd: 827.47; m/z found: 827.4

Elemental analysis: [860.24] calcd: C 61.24, H 6.07, N 9.74; found: C 54.36, H 5.43, N 8.27.

(Consistently low C values can be explained by the formation of silicon carbide.)

M.P.: 168.9 °C (decomposition, color change to black)
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6 EXPERIMENTAL

Procedure for the isolation of [bis®'-NHI"*s-SiCI(AgCI)]CI (P14)

+ 3 ml of MeCN was added to a mixture of P1 (80 mg, 0.10 mmol)
Mes Me\s_|

/

N /\ N and AgClI (30.0 mg, 0.21 mmol, 2 eq.) in one portion at r.t. and the
[N>: N\S_/N_ﬂ/N] mixture was stirred for 16 h. Excess of silver chloride was separated

\ ! /
Mes cI” \Ag Mes by filtration and the solution was evaporated under reduced

Cl

P14[CI] \ pressure to yield the crude product as a beige solid. The product

was washed with 0.5 ml of toluene and dried in fine vacuum to

obtain 72.0 mg (76%) of P14 as a colorless solid.

'H NMR (500.1 MHz, CDsCN): 6 [ppm] = 7.11 (s, 8H, MesH-3,5), 7.08 (s, 4H, NCH), 3.04 (br,
2H C.H.), 2.86 (br, 2H, CoH,), 2.38 (s, 12H, Mes-CHs), 2.08 (s, 12H, Mes-CHs), 2.02 (s, 12H,
Mes-CH).

BC{'H} NMR (125.8 MHz, CD3;CN): 6 [ppm] = 146.79 (NCN), 142.35 (MesC-1), 136.16 (MesC-
2,6), 131.77 (MesC-4), 131.37 (MesC-3,5), 131.04 (MesC-3,5), 121.92 (NCH), 48.46 (C:H,),
21.31 (p-MesCHs), 18.96 (0-MesCHs).

298i NMR (99.4 MHz, CDsCN): & [ppm] =20.18 (d, 'Jsi'®ag = 592.8 Hz), 20.18 (d, 'Jsi"%ag=514.3
Hz).

MS (ESI*) m/z calcd: 871.80; m/z found: 871.4

Elemental analysis: Sufficient elemental analysis could not be obtained due to high light

sensitivity.

M.P.: 254.6 °C (decomposition)
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6 EXPERIMENTAL

Procedure for the isolation of [bis®'-NHI"*s-SiCI(AuCI)]CI (P15)

M _"' 3 ml of MeCN was added to a mixture of P1 (80 mg, 0.10 mmol)
les M?s
[N /\ | and Me,SAuCI (30.9 mg, 0.10 mmol, 1 eq.) in one portion at r.t. and
N N j
>: \Si/ _ﬂ/N the mixture was stirred for 1 h. Minor amount of insoluble residue
\ / /
Mes Ci \Au Mes was separated by filtration and the solution was evaporated under
p1scy reduced pressure to yield the crude product as a slightly violet solid.

The product was washed with 0.5 ml of toluene and dried in fine

vacuum to obtain 92.0 mg (88%) of P15 as a colorless solid.

'H NMR (500.1 MHz, CDsCN): 6 [ppm] = 7.13 (s, 4H, NCH), 7.09 (s, 4H, MesH-3,5), 7.02 (s,
4H, MesH-3,5), 3.14 (m, 2H C.H.), 2.86 (m, 2H, C.Hy), 2.38 (s, 12H, Mes-CHs), 2.16 (s, 12H,
Mes-CH,), 2.01 (s, 12H, Mes-CH5).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 146.29 (NCN), 142.13 (MesC-1), 136.27 (MesC-

2,6), 136.16 (MesC-2,6), 131.75 (MesC-4), 131.14 (MesC-3,5), 130.95 (MesC-3,5), 122.32
(NCH), 48.44 (C:H.), 21.31 (p-MesCH:), 19.21 (0-MesCH:) , 18.95 (0-MesCHy).

295 NMR (99.4 MHz, CD:CN): & [ppm] = 18.20.

MS (ESI*) m/z calcd: 959.31; m/z found: 959.2

Elemental analysis: [994.28] calcd: C 53.04, H 5.26, N 8.44; found: C 50.75, H 5.11, N 8.06.

(Consistently low C values can be explained by the formation of silicon carbide.)

M.P.: 172.6 °C (decomposition)
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6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHI"*s-SiClI(AuMe)]CI (P16)
3 ml of MeCN was added to a mixture of P1 (100 mg, 0.13 mmol)

Mes Mes _|+ .

N N and PPh;AuMe (62.1 mg, 0.13 mmol, 1 eq.) at r.t. and the mixture
[ /EN\ /N:< ] was stirred for 3 h. The solution was evaporated under reduced to

N Si

N
Mes c|” I\Au Més yield the crude product as an off-white solid. The product was
P16[CI] "Me washed with 2x1 ml of toluene to remove PPh; and dried in fine

vacuum to obtain 94.7 mg (74%) of P16 as a colorless solid.

H NMR (500.1 MHz, CDsCN): 6 [ppm] = 7.07 (s, 4H, MesH-3,5), 7.06 (s, 4H, NCH), 6.98 (s,
4H, MesH-3,5), 3.13 (m, 2H C.H.), 2.83 (m, 2H, C.H.), 2.37 (s, 12H, Mes-CHs), 2.19 (s, 12H,
Mes-CH,), 2.01 (s, 12H, Mes-CH,), —0.16 (s, 3H, AuCH,).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 147.20 (NCN), 141.61 (MesC-1), 136.38 (MesC-
2,6), 136.16 (MesC-2,6), 132.01 (MesC-4), 130.83 (MesC-3,5), 130.73 (MesC-3,5), 121.80
(NCH), 48.65 (C:H), 21.24 (MesCHs), 19.03 (MesCH), 18.78 (MesCH), 15.57 (AuCHs).

295 NMR (99.4 MHz, CD:CN): & [ppm] = 76.19.

Procedure for the isolation of [bis®'-NHI"*sSiAuFe].-4,4’-bipyr (P18)

0.4 ml of THF-d8 was added to a mixture of P17

(\N’Mes .
Mes 'l: (CO), (15 mg, 0.014 mmol) and Li[MoCp(CO).PMe;]
fN Au Mes N/\ e (5.0 mg, 0.017 mmol, 1.2 eq.) at r.t. and the
Mé,: N —>sTi——N/;>/<;\N‘?"_ Nﬁy mixture was left at 60°C for 72 h. After addition
N N/Mes A}u ,N\) of several drops of pyr-d5 the redish-brown
ves N (OC)sFe suspension was left at 60°C for 16 h. After
P18 cooling to r.t. several single crystals of P18 were

collected from the glass wall of the NMR tube.
NMR: No reaction could be detected from the solution in thf-d8 that showed only starting

material Li[MoCp(CO).PMes]. Upon alternating the NMR solvent to pyr-d5 an ill-defined

mixture was detected.
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6 EXPERIMENTAL

Procedure for the isolation of bis®'-NHIVe-SiCIAuFe(CO), (P17)

4 ml of MeCN was added to a mixture of P1 (100 mg, 0.13 mmol)
N N and PPhs;AuCl (64.8 mg, 0.13 mmol, 1 eq.) in one portion at r.t. and
[N>:N\ _/N_ﬂ/ ] the mixture was stirred for 30 min under the exclusion of light. The
Mes ¢” \A Més stirring solution is cooled to -30 °C and K:Fe(CO)4 (32.2 mg, 0.13
P17 \Fe(co)4 mmol, 1 eq.) suspended in 2 ml MeCN is added expeditiously
dropwise. The mixture was allowed to warm to rt. and stirred for additional 10 min.
Precipitated KCI was separated from the yellow solution by filtration. The filtrate was
concentrated under reduced pressure to ca. 2 ml. The product solution was stored at +5 °C
over 2 days to yield P17 as yellow crystals. The Product was separated from the mother liquor
and dried in fine vacuum to obtain 80 mg (56%) of P17 as a yellow crystalline solid. X-ray

quality crystals of P17 were obtained from a concentrated MeCN solution after 2 days.

'H NMR (500.1 MHz, pyr-d5): 6 [ppm] = 7.36 (s, 4H, NCH), 6.78 (s, 4H, MesH-3,5), 6.70 (s,
4H, MesH-3,5), 3.38 (m, 2H C.H.), 2.94 (m, 2H, C.H.), 2.58 (s, 12H, Mes-CHs), 2.36 (s, 12H,
Mes-CH,), 2.19 (s, 12H, Mes-CH,).

BC{'H} NMR (125.8 MHz, pyr-d5): & [ppm] = 228.95 (CO), 147.52 (NCN), 140.75 (MesC-1),
136.20 (MesC-2,6), 132.36 (MesC-4), 130.96 (MesC-3,5), 130.25 (MesC-3,5), 121.70 (NCH),
48.49 (Cz:H4), 21.54 (p-MesCHj3), 19.36 (0-MesCHg), 19.26 (0-MesCHj).

298i NMR (99.4 MHz, pyr-d5): 6 [ppm] = 67.56.

IR (ATR, neat) [cm™]: v(CO) = 1924, 1835, 1811, 1796.

Elemental analysis: [1092.25] calcd: C 52.73, H 4.79, N 7.69; found: C 51.37, H 5.06, N 7.71.

(Consistently low C values can be explained by the formation of silicon carbide.)

M.P.: 155.8 °C (decomposition, color change to dark brown)
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6 EXPERIMENTAL

Procedure for the isolation of bis®-NHIVes-SiN;AuFe(CO). (P19)

Mes Mes 5 ml of MeCN was added to a mixture of P17 (100 mg, 0.09 mmol)

[N>: /~\ _ﬂ/N] and NaNj; (11.9 mg, 0.18 mmol, 2 eq.) in one portion at r.t. and the
N N
4 mixture was stirred at 60°C for 72 h. During this time the

/
Mes N3/ \Au Mes suspension turned into a dark yellow solution. Filtration of with
AN . .
P19 Fe(CO), precipitate (NaCl) and evaporation under reduced pressure

afforded 74 mg (73%) of P19 as a yellow powder.

H NMR (500.1 MHz, CDsCN): 6 [ppm] = 7.03 (s, 4H, MesH-3,5), 6.98 (s, 4H, MesH-3,5), 6.95
(s, 4H, NCH), 2.96 (m, 2H C.H,), 2.63 (m, 2H, C.H,), 2.39 (s, 12H, Mes-CH5), 2.33 (s, 12H,
Mes-CH,), 2.12 (s, 12H, Mes-CH,).

3C{'H} NMR (125.8 MHz, CD;CN): & [ppm] = 228.22 (CO), 147.68 (NCN), 141.52 (MesC-1),
136.52 (MesC-2,6), 136.26 (MesC-2,6), 132.10 (MesC-4), 131.17 (MesC-3,5), 130.33 (MesC-
3,5), 121.53 (NCH), 48.84 (C.H.), 21.32 (MesCH), 19.07 (MesCHs), 18.97 (MesCHy).

295 NMR (99.4 MHz, CD:CN): & [ppm] = 46.56.

Procedure for the isolation of bis®-NHIMs-SiOTfAuFe(CO), (P20)

'\/Jes Me(s TIOTf (6.5 mg, 0.02 mmol, 1 eq.) or AgOTf (4.7 mg, 0.02 mmol, 1

N /~\ N eq.) was added to a solution of P17 (20.0 mg, 0.02 mmol, 1 eq.) in
[N\/EN\S/NH\N] 0.5 ml pyridine-d5 at r.t.. The reaction mixture turn dark yellow with
Mes /o/ \Au Mes formation of precipitate. After separation of the (dark) precipitate,
CFa80; P20 \Fe(CO)4 the NMR monitoring showed full conversion to P20 as a dark

yellow solution.

'H NMR (500.1 MHz, pyr-d5): 6 [ppm] = 7.71 (s, 4H, NCH), 6.99 (s, 4H, MesH-3,5), 6.88 (s,
4H, MesH-3,5), 3.54 (m, 2H CyH,4), 2.98 (m, 2H, C.H.), 2.53 (s, 12H, Mes-p-CHs), 2.33 (s, 24H,
Mes-0-CHs).

BC{'H} NMR (125.8 MHz, pyr-d5): § [ppm] = 221.48 (CO), 147.13 (NCN), 141.24 (MesC-1),
134.58 (MesC-2,6), 134.43 (MesC-2,6), 132.40 (MesC-4), 131.00 (MesC-3,5), 130.62 (MesC-
3,5), 129.51 (CFj), 122.55 (NCH), 49.27 (C:Ha4), 21.70 (MesCHs), 19.57 (MesCHs), 19.21
(MesCHs).

28i NMR (99.4 MHz, pyr-d5): 6 [ppm] = 47.15
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6 EXPERIMENTAL

Procedure for the isolation of bis®-NHIMesHSiFe(CO),(P21)

Mes 4 ml of DME was added to a mixture of P1 (80 mg, 0.10 mmol) and
\

N K:Fe(CO)4 (25.8 mg, 0.10 mmol, 1 eq.) in one portion at 0°C. The

I\/I/es N:< ]
N /—/ ;\1 reaction mixture was kept at 0°C for 1 h and additionally stirred at

N

[N>: N Mes rt. for 72 h. Colorless precipitate was filtered off and the pale
\Fe(CO)4 solution was concentrated to 0.7 ml under reduced pressure (start
P21 of product crystallization). Precipitation was completed after 5 h at

-33°C, when the product was collected from the liquor, washed
with 0.7 ml Et,O and dried in fine vacuum to obtain 49 mg (54 %) of

P21 as colorless crystals.

"H NMR (500.1 MHz, CgD¢): 6 [ppm] = 7.30 (s, 1H, MesH), 6.93 (s, 1H, MesH), 6.70 (s, 2H,
MesH), 6.66 (s, 1H, MesH), 6.55 (s, 1H, SiH), 6.50 (s, 1H, MesH), 6.33 (s, 1H, MesH), 5.50 (d,
1H, NCH) 5.50 (s, 2H, NCH), 5.30 (d, 1H, NCH), 3.32 (m, 2H SiCH.), 2.68 (m, 2H, C,H.), 2.51
(d, 2H, C.H4), 2.28 (s, 6H, MesCHs), 2.25 (s, 6H, MesCHs), 2.12 (s, 3H, MesCHs), 2.11 (s, 3H,
MesCH5), 2.09 (s, 3H, MesCH,), 2.02 (s, 3H, MesCH,), 1.84 (s, 3H, MesCH5), 1.75 (s, 3H,
MesCHs).

BC{'H} NMR (125.8 MHz, C¢De): 6 [ppm] = 217.89 (CO), 149.43 (NCN), 143.10 (NCN), 140.20
MesC),139.65 (MesC), 138.02 (MesC), 135.11 (MesC), 134.99 (MesC), 134.55 (MesC), 132.19
MesC), 131.97 (MesC), 130.29 (MesC), 130.19 (MesC), 129.96 (MesC), 129.20 (MesC), 128.56
MesC), 118.31 (NCH), 117.47 (NCH), 50.93 (C.H.), 46.68 (C-.H.), 25.39 (SiCH.), 21.26
MesCHzs), 21.23 (MesCHs), 21.13 (MesCHs), 18.38 (MesCHs), 18.07 (MesCHjs), 18.03 (MesCHG),
17.64 (MesCHs), 17.36 (MesCHs).

(
(
(
(

295 NMR (99.4 MHz, CosDg): & [ppm] = 68.20.

MS (LIFDI) m/z calcd: 861.32; m/z found: 861.32.

115




6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHI"*s-SiH(Fe(CO).,)JHFe(CO). (P22)

Mes Mes_"f 1.5 ml of MeCN was added to a mixture of P1 (60 mg, 0.08 mmol)

[ /E ﬂ\ and NH;BH; (3.6 mg, 0.12 mmol, 1.5 eq.) and the mixture was
N N j
\ / stirred for 5 min. The solution was added to K,Fe(CO), (19.3 mg,

Mes H \Fe(CMC;a)S 0.08 mmol, 1 eq.) in one portion at r.t. and stirred for 45 min. All
P22[HFe(CO),] insoluble material was filtered off and the orange filtrate was

evaporated under reduced pressure, to yield 43 mg (63%) of P22

as a slight orange powder.

"H NMR (500.1 MHz, CD;CN): & [ppm] = 7.05 (s, 4H, MesH-3,5), 7.01 (s, 4H, MesH-3,5), 6.90
(s, 4H, NCH), 4.68 (s, 1H, SiH), 3.04 (m, 2H C.H.), 2.77 (m, 2H, CsH.), 2.34 (s, 12H, Mes-CHs),
2.13 (s, 12H, Mes-CHs), 2.09 (s, 12H, Mes-CH).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 221.99 (CO), 221.95 (CO), 217.79 (CO), 146.91

(NCN), 141.81 (MesC-1), 136.68 (MesC-2,6), 136.45 (MesC-2,6), 132.46 (MesC-4), 131.09
(MesC-3,5), 130.71 (MesC-3,5), 121.25 (NCH), 46.79 (CzH.), 21.22 (MesCH), 18.77 (MesCHs),
18.64 (MesCHs).

298j NMR (99.4 MHz, CDsCN): & [ppm] = 54.40.
Procedure for the isolation of [bisE-NHIMes-SiCl(Fe(CO).)]JHFe(CO), (P23)

Mes—|+ 15 ml of THF was added to a mixture of P4 (292 mg, 0.35 mmol)
and K;Fe(CO)s (172 mg, 0.70 mmol, 2 eq.) in one portion at -78°C.

N N
[ >: \ / _ﬁ/ j The suspension was allowed to slowly warm to r.t. over 72 h. All

Mes

Mes CI/ \Fe(cMcf)S volatiles were evaporated from the reaction mixture and the yellow
4
P23[HFe(CO)4] product solution was extracted with 10 ml benzene. Freeze dry in

fine vacuum afforded 195 mg (52%) of P23 as a fine beige powder.

H NMR (500.1 MHz, C¢De): 6 [ppm] = 6.93 (s, 4H, MesH-3,5), 6.74 (s, 4H, MesH-3,5), 5.61 (s,
4H, NCH), 3.23 (m, 2H C,H.,), 3.04 (m, 2H, C.H,), 2.20 (s, 12H, Mes-CH,), 2.15 (s, 12H, Mes-
CH,), 2.09 (s, 12H, Mes-CH,), -7.92 (s, 1H, HFe).

3C{'H} NMR (125.8 MHz, CsDe): & [ppm] = 222.68 (CO), 216.33 (CO), 147.52 (NCN), 141.41
(MesC-1), 135.47 (MesC-2,6), 135.26 (MesC-2,6), 132.33 (MesC-4), 131.30 (MesC-3,5),
130.69 (MesC-3,5), 120.68 (NCH), 48.27 (C:H.), 21.11 (MesCHs), 19.25 (MesCHs), 18.70
(MesCHs).

29Gj NMR (99.4 MHz, CsDe): 6 [ppm] = 52.42.

MS (ESI*) m/z calcd: 895.28; m/z found: 895.4.
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6 EXPERIMENTAL

Procedure for the isolation of [bis®'-NHI"*s-SiCl(Fe(C0O).)]CI (P24)

1 ml of DME was added to a mixture of P4 (50 mg, 0.06 mmol) and

+

':\?es M‘?,\T _| K:Fe(CO), (29.5 mg, 0.12 mmol, 2 eq.) at r.t.. The slurry suspension

[ >=N\ /N—ﬁ/ ] was stirred for 48 h upon the color changes to red-orange. 0.5 ml
N Si N . _

Mes c|” \ Més of toluene is added to complete precipitation of the orange product.

P24[CT]G(CO)4 The product is separated via filtration and dried in fine vacuum to

obtain 38.0 mg (68%) of P24 as an orange solid.

'H NMR (500.1 MHz, CDsCN): 6 [ppm] = 7.10 (s, 4H, NCH), 7.05 (s, 4H, MesH-3,5), 7.01 (s,
4H, MesH-3,5), 2.93 (m, 2H C.H.), 2.83 (m, 2H, C.H.), 2.33 (s, 12H, Mes-CHs), 2.18 (s, 12H,
Mes-CH,), 2.12 (s, 12H, Mes-CH,).

29Gj NMR (99.4 MHz, CD:CN): & [ppm] = 50.19.

Procedure for the isolation of NHI"®'H BF,*"!

8 ml MeCN were added to a mixture of [IRCI|[BF,] (R = Mes; (2-chloro-

N’R ' 1,3-dimesitylenimidazolium tetrafluoroborate, 600 mg, 1.4 mmol, 1 eq. |
[N/EN;_\_ R = Dip; (2-chloro-1,3-di(2,6-diisopropylphenyl)imidazolium tetrafluoro-
R borate, 700 mg, 1.4 mmol, 1 eq.) and KF (478 mg, 8.2 mmol, 6 eq.). NEt;

R = [,3;‘] Dip (0.6 ml, 4.1 mmol, 3 eq.) was added, followed by n-Butylamine (100 mg,

1.4 mmol, 1 eq.). The reaction mixture is stirred for 24 h at r.t., after that
8 ml chloroform where added under air and insoluble remains were filtered off. The filtrate was
washed with 8 ml 2M NaBF, (aqg.). The organic layer was dried with Na,SO., filtered and
evaporated under reduced pressure, yielding NHI"®“H BF, (M**NHI"®“H BF4: 393 mg (60%) |
DPNHI"B'H BF4: 560 mg (77 %)) as colorless powder.

MesNHI"®“H BF,

"H NMR (400.1 MHz, CeDs): 6 [ppm] = 7.08 (s, 4H, MesH-3,5), 6.70 (s, 2H, NCH), 5.45 (s, 1H,
NH), 2.61 (t, 2H, NCH,CH>CH.CHs), 2.34 (s, 6H, Mes-CHs), 2.17 (s, 12H, Mes-CHs), 1.08 (m,
2H, NCH,CH;CH.CHs), 0.93 (m, 2H, NCH,CH2CH,CHs), 0.64 (t, 3H, NCH,CH,CH2CH).

DiPNHI"®“H BF,

'H NMR (400.1 MHz, CsDe): 6 [ppm] = 7.64 (t, 2H, Dip-p-), 7.46 (d, 4H, Dip-m-H), 7.12 (s, 2H,
NCH), 6.00 (br, 1H, NH), 3.14 (g, 2H NCH.CH,CH.CHs), 2.64 (sep, 4H, Dip-CH), 1.29 (d, 12H,
Dip-C-CHs), 1.24 (d, 12H, Dip-C-CHs ), 1.11 (m, 2H, NCH,CH.CH,CH:), 0.88 (m, 2H,
NCH.CH,CHCHs), 0.59 (t, 3H, NCH2CH,CH,CHb).
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6 EXPERIMENTAL

Procedure for the isolation of NHIBu41]

R A solution of [FNHI"®“H][BF,] (R = Mes, 419 mg, 0.9 mmol, 1 eq. | R = Dip,
[ >:N/_\_ 500 mg, 0.9 mmol, 1 eq.) in 10 ml THF was treated dropwise with KOtBu
(113 mg, 1.0 mmol, 1.1 eq.) in 3 ml THF at 0°C. The milky mixture was

\

R

NH|"Bu warmed to r.t. and stirred for 2 h. The insoluble material was filtered off
R =Mes, Dip and washed with 2 ml THF. Volatiles were removed under reduced
pressure to afford NHI"B" (MesNHI"®: 301 mg (80%) | °PNHIB: 309 mg (74 %)

as beige powder.

MesNH "5
H NMR (400.1 MHz, CeDe): 6 [ppm] = 6.73 (s, 4H, MesH-3,5), 6.42 (m, 2H, NCH), 2.71 (m, 2H,
NCH.CsH-), 2.09 (s, 6H, Mes-CHz), 2.01 (s, 12H, Mes-CHs), 1.16 (m, 2H, NCH,CH.C,Hs), 0.81
(m, 2H, NC,H,CH2CHs), 0.53 (m, 3H, NC,HsCH-).

Dip |5
"H NMR (400.1 MHz, CsDs): & [ppm] = 7.20 (t, 2H, Dip), 7.10 (d, 4H, DipH-3,5), 5.81 (s, 2H,
NCH), 3.35 (sep, 4H, Dip-CH), 2.88 (t, 2H, NCH.CsH+), 1.40 (d, 12H, Dip-C-CHs), 1.32 (m, 2H,
NCH,CH,C:Hs), 1.23 (d, 12H, Dip-C-CHs), 1.19 (m, 2H, NC,H.CH>CHs), 0.69 (t, 3H, NCsHsCH-).

Procedure for the isolation of bis?"-NHIM**H, BF, ([POAH]2[BF.])*"

<|2+ 25 ml MeCN were added to a mixture of [IMesCI][BF4] (2-chloro-

'\'\?es Me{j 1,3-dimesitylenimidazolium tetrafluoroborate, 1.5 g, 3.5 mmol, 2
[ >=N\ /N—ﬁ/ ] eq.) and KF (613 mg, 10.6 mmol, 6 eq.). NEt; (0.7 ml, 5.3 mmol, 3
I\'\Al\es H Mé’: eq.) were added, followed by 1,2-phenylenediamine (190 mg, 1.8
2[BF4] mmol, 1 eq.). The reaction mixture was stirred for 48 h, after that

25 ml chloroform were added under air and insoluble remains were filtered off. The filtrate was
washed with 12 ml 5% NaOH (ag.) and 12 ml 2M NaBF, (aqg.). The organic layer was dried
with Na,SO,, filtered and evaporated under reduced pressure. The brown residue was taken
up in chloroform. Precipitation with Et,O, yielded 375 mg (24%) of [POAH:]2[BF] as colorless

crystals after isolation and drying.

H NMR (400.1 MHz, CDCly): & [ppm] = 6.78 (s, 4H, NCH), 6.77 (s, 8H, MesH-3,5), 5.98 (s, 4H,
CoHa), 2.22 (s, 12H, Mes-CH:), 1.94 (s, 24H, Mes-CHs).

13C{'H} NMR (101 MHz, CDCly): & [ppm] = 143.77 (NCN), 139.75 (MesC-1), 134.90 (MesC-
2,6), 130.84 (MesC-4), 129.89 (C¥-1,2), 129.50 (MesC-3,5), 120.59 (C*-3,6), 118.25 (C-4,5),
117.51 (NCH), 21.03 (MesCHs), 17.75 (MesCH).
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6 EXPERIMENTAL

Procedure for the isolation of bisP"-NHIVes (POA)!“

A solution of [POAH]2[BF.] (1.5 g, 1.7 mmol, 1 eq.) in 15 ml o-DFB was
'\n?es Q M‘?NS treated dropwise with KHMDS (707 mg, 3.5 mmol, 2.1 eq.) in 15 ml o-
[ >=N N—ﬁ/ ] DFB at 0°C. The dark mixture was warmed to r.t. and stirred for 2 h.
N N
/

\
Mes Mes

POA

Volatiles were removed under reduced pressure, and the product was
extracted with 2x15 ml hexane. After solvent removal, 1.15 g (96%) of

POA as brownish foam was obtained.

"H NMR (400.1 MHz, C¢De): 6 [ppm] = 6.68 (s, 8H, MesH-3,5), 6.36 (m, 2H, C¢Ha), 6.22 (m, 2H,
CeH.), 5.67 (s, 4H, NCH), 2.24 (s, 24H, Mes-CHs), 2.08 (s, 12H, Mes-CHb).

3C{'H} NMR (101 MHz, CsD¢): & [ppm] = 143.37 (NCN), 142.68 (MesC-1), 136.77 (MesC-2,6),
134.78 (C*-1,2), 129.15 (MesC-4), 128.79 (MesC-3,5), 121.33 (C*-3,6), 118.90 (C¥-4,5),
113.61 (NCH), 21.03 (MesCHj), 18.66 (MesCHj).

Procedure for the isolation of [bis""-NHIM*sSiH,CI]CI (P6A)

POA (150 mg, 0.21 mmol) was dissolved in 3 ml of toluene and
+
Mes Me\s_l treated dropwise with a 37 wt% H,SiCl, in toluene (58 mg, 0.21
N N
mmol, 1 eq.) solution at -30°C. The rapidly formed precipitate was
[ =N, /N—ﬁ/N] q) pidly precip
\ AN / stirred for 1 h at r.t. and separated afterwards. The isolated solid
Mes H cl H Mes
was washed with 1 ml toluene and subsequently dried in fine
vacuum to afford 146 mg (89%) P6A as off-white solid.

P6A[CI]

'H NMR (400.1 MHz, CDsCN): 6 [ppm] = 7.38 (s, 4H, NCH), 6.95 (s, 4H, MesH-3,5), 6.90 (s,
4H, MesH-3,5), 6.31 (m, 2H, CsH.), 6.17 (m, 2H, CsHa), 4.79 (s, 2H, SiH.CI), 2.27 (s, 12H, Mes-
CH,), 2.12 (s, 12H, Mes-CHs), 2.03 (s, 12H, Mes-CH,).

295 NMR (99.4 MHz, CD:sCN): & [ppm] = —104.66.
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6 EXPERIMENTAL

Procedure for the isolation of [bis®-NHIVsSiH]CI (P6B)

0.4 ml of pre-cooled CDsCN were added to a mixture of P6 (20 mg,

Mes Me\s_|+
N /\ N 0.03 mmol) and KOtBu (2.9 mg, 0.03 mmol, 1 eq.). The yellow
[N/EN\S/N N] suspension was filtered after 30 min and the NMR monitoring
i
Mes W Més showed selective formation of P6B and HO?Bu.
P6BICI]

'H NMR (500.1 MHz, CDsCN): & [ppm] = 6.99 (s, 8H, MesH-3,5), 6.52 (s, 4H, NCH), 4.59 (s,
1H, SiH), 2.34 (s, 12H, Mes-CHs), 2.26 (s, 4H CoHz), 2.00 (s, 24H, Mes-CHy).

BC{'H} NMR (125.8 MHz, CD;CN): 6 [ppm] = 144.85 (NCN), 140.51 (MesC-1), 137.11 (MesC-
2,6), 132.53 (MesC-4), 129.98 (MesC-3,5), 129.84 (MesC-3,5), 126.18 (NCH), 46.01 (C2Ha,),
31.57 (MesCHjs), 21.16 (MesCHa).

298i NMR (99.4 MHz, CDsCN): & [ppm] = -51.38.

Procedure for the isolation of bis®-NHIM**SiH,Fe(CO), (P7A)

Mes A solution of P7 (20 mg, 0.02 mmol) in 0.4 ml of CD;CN was treated
\
N . .
Vs N : ] with K>Fe(CO). (5 mg, 0.02 mmol, 1 eq.) at r.t.. After 2 h and separation
N /—/ N
—N
[N N\ H Mes formation of P7A in NMR monitoring.

of colorless precipitate the orange solution showed selective

Fe(CO),
P7A

TH NMR (500.1 MHz, CD;CN): 6 [ppm] = 6.95 (s, 4H, MesH-3,5), 6.93 (s, 4H, MesH-3,5), 6.87
(s, 2H, NCH), 6.16 (br, 2H, NCH), 4.45 (s, 2H, SiH,), 2.89 (m, 2H, C.H,), 2.66 (m, 2H, C.H.),
2.32 (s, 6H, Mes-CHs), 2.30 (s, 6H, Mes-CH,), 2.13 (s, 12H, Mes-CH,), 2.06 (s, 12H, Mes-CH5).

13C{'H} NMR (125.8 MHz, CD:CN): & [ppm] = 224.95 (CO), 221.90 (CO), 217.49 (CO), 150.40

(NCN), 144.33 (NCN), 141.14 (MesC-1), 136.29 (MesC-2,6), 132.90 (MesC-4), 130.34 (MesC),
129.80 (MesC), 129.11 (MesC), 126.14 (NCH), 120.55 (NCH), 53.55 (C2H.), 48.89 (C:H.,), 21.14
(MesCHj3), 21.04 (MesCHj5), 18.48 (MesCHs), 18.11 (MesCHy).

295 NMR (99.4 MHz, CD:CN): & [ppm] = 30.34.

MS (LIFDI) m/z calcd: 861.32; m/z found: 861.33
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6 EXPERIMENTAL

Procedure for the Reaction of P17 with C.Cls (P17A)

A solution of P17 (20 mg, 0.02 mmol) in 0.4 ml of CD;CN was treated with C.Cls (4.3 mg, 0.02
mmol, 1 eq.) at r.t.. After 10 min the formerly colorless solution turned yellow upon dissolution

of P17. 'H and 2°Si NMR monitoring of the reaction was carried out over 72 hours.

Procedure for the Reaction of P17 with CH;l (P17B)

A solution of P17 (20 mg, 0.02 mmol) in 0.4 ml of CDzCN was treated with CHsl (2.6 mg, 0.02
mmol, 1 eq.) at r.t.. After 10 min the formerly colorless solution turned yellow upon dissolution

of P17. 'H and 2°Si NMR monitoring of the reaction was carried out over 72 hours.

Procedure for the Reaction of P17 with TMSI (P17C)

A solution of P17 (20 mg, 0.02 mmol) in 0.4 ml of CDsCN was treated with TMSI (3.7 mg, 0.02
mmol, 1 eq.) at r.t.. After 30 min the formerly colorless solution turned yellow upon dissolution

of P17. 'H and #*Si NMR monitoring of the reaction was carried out over 72 hours.
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8 Appendix

Crystallographic Details

General considerations: Single crystal diffraction data were recorded on Bruker instruments
equipped with a Helios optic monochromator and a Mo IMS microsource (A = 0.71073 A) with
CMOS / Photon area detector or a Mo TXS rotating anode source (A = 0.71073 A) with CMOS
/ Photon area detector. The data collection was performed, using the APEX Ill software
package!'® on single crystals coated with Fomblin ® Y as perfluorinated ether. The single
crystals were mounted on a micro sampler, transferred to the diffractometer and measured
frozen under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice
parameters. Reflections were merged and corrected for Lorenz and polarization effects, scan
speed, and background using SAINT.I"*® Absorption corrections, including odd and even
ordered spherical harmonics were performed using SADABS.['*® Space group assignments
were based upon systematic absences, E statistics, and successful refinement of the
structures. Structures were solved by direct methods with the aid of successive difference
Fourier maps, and were refined against all data using the APEX Ill software in conjunction
with SHELXL-20141"" and SHELXLE.!"*? H atoms were placed in calculated positions and
refined using a riding model, with methylene and aromatic C-H distances of 0.99 and 0.95 A
respectively, and Uiso(H) = 1.2-Ueq(C). Non-hydrogen atoms were refined with anisotropic
displacement parameters. Full-matrix least-squares refinements were carried out by
minimizing Iw(F.2-Fc2)? with the SHELXL-97 weighting scheme.['*® Neutral atom scattering
factors for all atoms and anomalous dispersion corrections for the non-hydrogen atoms were
taken from International Tables for Crystallography.'¥ The images of the crystal structures
were generated by Mercury.['®® The CCDC numbers CCDC- (2085156 - 2085158) contain the
supplementary crystallographic data for the structures P1, P8 and P17. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre via

https://www.ccdc.cam.ac.uk/structures/.

XV
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Table S 1. Crystal data and structure refinement for compound P1, P4, P7.

Compound #
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system

Space group

Unit cell dimensions

Volume
Z
Density (calculated)

Radiation source

Theta range for data
collection

Index ranges
Reflections collected
Independent reflections
Completeness
Absorption correction
Max. and min. transmission
Refinement method

Function minimized

Data / restraints / paramete
rs

Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

P1
Cas Hs, Clo Ng Si, 2(Ce Ha Fy)
992.09 g/mol
100K
0.71073A
0.378x0.296 x0.130 mm
clear colorless fragment
triclinic
P1
a= 14.0779(12) A; a=76.724(4)
b=14.3401(12) A; B = 71.447(4)°
c=14.7770(12) A; y = 67.418(4)°
2591.5(4) A3
2
1.271g/cm3
TXS rotating anode

2.26t0 25.39°

—16<=h<=16, -17<=k<=17,
—17<=Ik=17

45078
9486
0.996
Multi-Scan
0.7452 and 0.5463
Full-matrix least-squares on F2
3 W(Fo?- F2)?
9486/0/634
1.028
R1=0.0457, wR2 = 0.0981
R1=0.0747, wR2 =0.1092

0.324 and-0.352 eA3

P4

2(CagHs2Cl3N6 Si), 2(Cl), 2(C4H1o
0),7(C2H3 N)

2105.23 g/mol
100K
0.71073A
0.254x0.113x0.101 mm
clear colorless fragment
monoclinic
P2:/c
a=19.649(2) A; a=90°
b=27.963(3) A; p=90.277(4)°
c=21.2203) A;y=90°
11659(2) A3
4
1.199 g/cm3
IMS microsource

2.03t0 25.36°

—23<=h<=21, —33<=k<=33,
—23<=I<=25

83104
21321
0.996
Multi-Scan
0.7453 and 0.6888
Full-matrix least-squares on F2
S w(Fo2-F2)?
21321/813 /1524
1.031
R1=0.0645, wR2 =0.1514
R1=0.1078, wR2=0.1783

0.455 and -0.604 eA3

P7
Caa Hsa N6 Si, 2(1)
948.82 g/mol
100K
0.71073A
0.355x0.137x0.118 mm
clear colorless fragment
triclinic
pP-1
a=11.7048(9) A; o = 82.688(3)°
b =16.0873(14) A; B = 69.690(3)°
c=16.8481(15) A; y = 68.662(3)°
2771.3(4) A3
2
1.137 g/em3
IMS microsource

1.981t0 25.35°

—14<=h<=14, —19<=k<=19,
—20<=I<=20

39683
10122
0.996
Multi-Scan
0.7452 and 0.6561
Full-matrix least-squares on F2
I w(Fo2-F2)?
10122 /204 /539
1.025
R1=0.0355, wR2 = 0.0865
R1=0.0460, wR2 = 0.0923

0.716 and —0.802 eA3

XV
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Table S 2. Crystal data and structure refinement for compound P8, P17, P18.

Compound #
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness
Absorption correction
Max. and min. transmission
Refinement method
Function minimized
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]

Rindices (all data)

Largest diff. peak and hole

P8
Caa Hsp Cl Ng S Si, 3 (C2 Hs N)
919.13 g/mol
100K
0.71073A
0.273x0.211x0.182 mm
clear colorless fragment
triclinic
P-1
a=12.2139(11) A; a =70.258(3)°
b = 14.4858(13) A; B = 84.626(3)°
¢=15.2925(13) A; y = 80.130(3)°
2507.1(4) A3
2
1.218 g/cm3
TXS rotating anode

2.39t0 25.42°

—14<=h<=14, -17<=k<=17,
—18<=I<=18

131380
9241
0.998
Multi-Scan
0.7452 and 0.7144
Full-matrix least-squares on F?
3 W(Fo2- F)?
9241/0/583
1.038
R1=0.0346, wR2 = 0.0930
R1=0.0386, wR2 = 0.0961

0.313 and-0.351 eA3

P17
Cag Hsz Au Cl Fe Ng O4 Si
1093.32 g/mol
100K
0.71073A
0.176 x0.165 x 0.091 mm
clear light yellow fragment
monoclinic
C2/c
a=30.060(2) A; a=90°
b =16.7584(11) A; B = 121.366(2)°
c=23.3357(16) A; y = 90°
10037.6(12) A3
8
1.447 g/cm3
IMS microsource

2.00to 25.35°

—36<=h<=36, —20<=k<=20,
—28<=I<=28

149934
9204
0.999
Multi-Scan
0.7452 and 0.6606
Full-matrix least-squares on F?
S W(F2- F2)2
9204/0/571
1.139
R1=0.0213, wR2 = 0.0467
R1=0.0312, wR2 =0.0533

0.957 and —0.682 eA3

P18
Ci06H114Au; Fe; N14 Og Si
2273.94 g/mol
100K
0.71073A
0.218 x 0.180x 0.155 mm
clear yellow block
monoclinic
P2./c
a=14.4735(12) A; a=90°
b = 18.7683(13) A; B =93.953(3)°
€=24.6240(18) A; y = 90°
6673.0(9) A3
2
1.132 g/em?
IMS microsource

1.92t0 25.35°

—17<=h<=16,-22<=k<=22,
—29<=I<=28

64332
12205
0.997
Multi-Scan
0.7453 and 0.5624
Full-matrix least-squares on F2
3 W(Fo2- F2)?

12205 /253 / 690
1.059
R1=0.0705, wR2 =0.1700
R1=0.0942, wR2 = 0.1859

6.596 and—2.211 eA3

XVI
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Table S 3. Crystal data and structure refinement for compound P21, P22, P23.

Compound #
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness
Absorption correction
Max. and min. transmission
Refinement method
Function minimized
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole

P21
Cag Hs2 Fe Ng 04 Si, C4H10 O
935.02 g/mol
100K
0.71073A
0.273 x 0.240x0.175 mm
clear colorless fragment
monoaclinic
P2/c
a=12.1472(6) A; 0 =90°
b = 18.4259(9) A; B = 99.409(2)°
€=22.6851(11) A; y=90°
5009.1(4) A3
4
1.240 g/cm3
TXS rotating anode

2.0310 25.35°

—14<=h<=14, —22<=k<=22,
—27<=I=27

107117
9167
0.999
Multi-Scan
0.7453 and 0.7141
Full-matrix least-squares on F2
3 W(Fo? - F2)?
9167/133/ 651
1.021
R1=0.0426, wR2 =0.1186
R1=0.0465, wR2 =0.1222

0.657 and —0.619 eA3

P22
Cag Hs3 Fe Ng 04 Si, C4H Fe O4
1030.80 g/mol
100K
0.71073A
0.145x0.134 x 0.108 mm
clear colorless block
monoclinic
P2/c
a=11.2653(5)A; a=90°
b =26.7561(11) A; B = 95.477(1)°
c=17.0043(6) A; y =90°
5102.0(4) A3
4
1.342 g/cm3
IMS microsource

1.941t0 25.35°

—13<=h<=13, —32<=k<=32,
—19<=Ik=20

106093
9349
1.000
Multi-Scan
0.7452 and 0.7096
Full-matrix least-squares on F2
3 W(Fo? - F2)?
9349/0/662
1.089
R1=0.0633, wR2 =0.1461
R1=0.0772, wR2 =0.1539

1.921 and—1.549 eA3

P23

C43 H52 ClFe N6 04 Si, C4 HFe 04,
C4H1O

1139.36 g/mol
100K
0.71073 A
0.244 x0.217 x0.136 mm
clear light orange block
triclinic
P-1
a=13.6114(10) A; o = 107.339(3)°
b =14.9329(13) A; = 96.927(3)°
c=16.0582(14) A; y = 90.121(3)°
3090.4(4) A3
2
1.224 g/cm3
IMS microsource

2.04to 25.36°

—16<=h<=16, -17<=k<=17,
—19<=Ik=19

129944
11312
0.999
Multi-Scan
0.7452 and 0.6879
Full-matrix least-squares on F2
3 W(Fo? - F2)?
11312/ 143 /750
1.008
R1=0.0442, wR2 = 0.1180
R1=0.0510, wR2 = 0.1228

0.839 and -0.609 eA3

XVl
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Table S 4. Crystal data and structure refinement for compound [PPNHI"8Y H][BF,], [bisPh-NHIMes H][BF,].

Compound #
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness
Absorption correction
Max. and min. transmission
Refinement method
Function minimized
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

[PPNHI"B H][BF4]
C31 Hag N3, BF4
547.52 g/mol
100K
0.71073A
0.612x0.211x0.173 mm
clear colorless fragment
monoclinic
P2:/c
a=10.738(6) A; & =90°
b=23.104(16) A; B =91.21(2)°
c=12.364(7) A; y=90°
3067(3) A3
4
1.186 g/cm3
TXS rotating anode

24110 25.69°

—12<=h<=12, —28<=k<=23,
—14<=I<=12

11176
5493
0.943
Multi-Scan
0.7453 and 0.6409
Full-matrix least-squares on F2
3 W(Fo2- F)?
5493/0/361
1.036
R1=0.0647, wR2 = 0.1502
R1=0.0965, wR2 =0.1667

0.270 and-0.347 eA3

[bisPh-NHIMes H][BF4]
Cag Hss Ne, B F, 2(CH Cls)
1039.51 g/mol
100K
0.71073A
0.315x0.141 x0.106 mm
clear colorless fragment
monoclinic
P21/c
a=15.229(9) A; a=90°
b =14.764(8) A; B = 95.654(17)°
c=23.635(13) A; y=90°
5288(5) A3
4
1.306 g/cm3
TXS rotating anode

1.9261t025.349°

—18<=h<=18, -17<=k<=17,
—28<=|<=28

229228
9737
0.968
Multi-Scan
0.7452 and 0.6874
Full-matrix least-squares on F2
T W(F2 - F2)?2
9737/0/623
2.073
R1=0.1148, wR2 = 0.4029
R1=0.1242, wR2 = 0.4202

1.42 and-1.24 eA3

XVl
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) I

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary [nterpreting this report

Datablock: P1

Bond precision: C-C = 0.0036 A Wavelength=0.71073
Cell: a=14.0779(12) b=14.3401(12) c=14.7770(12)

alpha=76.724 (4) beta=71.447(4) gamma=67.418 (4)
Temperature: 100 K

Calculated Reported
Volume 2591.5(4) 2591.5(4)
Space group P -1 P -1
Hall group -P 1 -p 1
, C44 H52 Cl N6 Si, 2(Ce H4 (C44 H52 Cl Ne Si, 2(Ce H4
Moiety formula
F2), Cl1 F2), Cl
Sum formula C56 H60 Cl2 F4 N6 Si C56 H60 Cl2 F4 N6 Si

Mr 892.09 992.08%
Dx,g cm-3 1.271 1.271

Z 2 2

Mu (mm-1) 0.206 0.206

FOO0O 1044.0 1044.0
FOO0OQ’ 1045.17

h,k,1lmax 1l6,17,17 16,17,17
Nref 8519 9486

Tmin, Tmax 0.929,0.974 0.546,0.745
Tmin’ 0.925

Correction method= # Reported T Limits: Tmin=0.546 Tmax=0.745

AbsCorr = MULTI-SCAN

Data completeness= 0.997

R(reflections)= 0.0457( 6937)

S = 1.028

Npar=

Theta (max)= 25.390

wR2 (reflections)= 0.1092(

9486)

XIX
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The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.
Click on the hyperlinks for more details of the test.

¥ Alert level C

PLAT334 ALERT 2 C Small Average Benzene C-C Dist. C45 -C50 1.37 Ang.
PLAT334 ALERT 2 C Small Average Benzene C-C Dist. C51 -C56 1.37 Ang.
PLAT906_ ALERT 3 C Large K value in the Analysis of Variance ...... 2.526 Check
PLAT910_ALERT 3_C Missing # of FCF Reflection(s) Below Theta (Min) 7 Note
PLAT911 ALERT 3 C Missing # FCF Refl Between THmin & STh/L= 0.600 7 Report

¥ Alert level G

PLAT154 ALERT 1 G The s.u.’s on the Cell Angles are Equal .. (Note) 0.004 Degree
PLAT300_ALERT 4_G Atom Site Occupancy of *H16A is Constrained at 0.5 Check
PLAT300_ ALERT 4 G Atom Site Occupancy of *H16B is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H16C is Constrained at 0.5 Check
PLAT300_ALERT 4_G Atom Site Occupancy of *H16D is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H16E is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H16F is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H24A is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H24B is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H24C is Constrained at 0.5 Check
PLAT300_ ALERT 4 G Atom Site Occupancy of *H24D is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H24E is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H24F is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H34A is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H34B is Constrained at 0.5 Check
PLAT300 ALERT 4 G Atom Site Occupancy of *H34C is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H34D is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H34E is Constrained at 0.5 Check
PLAT300_ALERT 4 G Atom Site Occupancy of *H34F is Constrained at 0.5 Check
PLAT790 ALERT 4 G Centre of Gravity not Within Unit Cell: Resd. # 3 Note
Cé6 H4 F2
PLAT912 ALERT 4 G Missing # of FCF Reflections Above STh/L= 0.600 25 Note
PLAT978 ALERT 2 G Number C-C Bonds with Positive Residual Density 3 Note

0 ALERT level A = Most likely a serious problem - resolve or explain

0 ALERT level B = A potentially serious problem, consider carefully

5 ALERT level C = Check. Ensure it is not caused by an omission or oversight
22 ALERT level @ = General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
3 ALERT type 2 Indicator that the structure model may be wrong or deficient
3 ALERT type 3 Indicator that the structure guality may be low

20 ALERT type 4 Improvement, methodclogy, query or suggestion
0 ALERT type 5 Informative message, check

XX



8 APPENDIX

Publication of your CIF

You should attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious
problems it may be necessary to carry out additional measurements or structure refinements.
However, the nature of your study may justify the reported deviations from journal submission
requirements and the more serious of these should be commented upon in the discussion or
experimental section of a paper or in the "special details" fields of the CIF. checkCIF was
carefully designed to identify outliers and unusual parameters, but every test has its limitations and
alerts that are not important in a particular case may appear. Conversely, the absence of alerts does
not guarantee there are no aspects of the results needing attention. It is up to the individual to
critically assess their own results and, if necessary, seek expert advice.

If you wish to submit your CIF for publication in Acta Crystallographica Section C or E, you
should upload your CIF via the web. If you wish to submit your CIF for publication in IUCrData
you should upload your CIF via the web. If your CIF is to form part of a submission to another
IUCr journal, you will be asked, either during electronic submission or by the Co-editor handling
your paper, to upload your CIF via our web site.

PLATON version of 07/03/2016; check.def file version of 02/03/2016

Datablock I - ellipsoid plot

. Prob = 50
o Temp = 100
&N
&
©
o
o
=
I
©
o
~
o Q
= -0
™
o))
&
C
o
=
=
O
—
a
_
o
Z -155 1 P -1 R = 0.05 RES= 0 -140 X

XXI
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr8_fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: P4

Bond precision: C-C = 0.0085 A Wavelength=0.71073
Cell: a=19.649(2) b=27.963(3) c=21.220(3)
alpha=90 beta=90.277(4) gamma=90

Temperature: 100 K

Calculated Reported
Volume 11659(2) 11659(2)
Space group P 21/n P 21/n
Hall group -P 2yn -P 2yn

2(C44 H52 Cl13 Ne Si), 2(C42(C44 H52 C13 N6 Si), 2(C4

Moiety f 1
orety TOTMULE pi10 0), 7(C2 H3 N), 2(Cl) H10 O), 7(C2 H3 N), 2(Cl)

Sum formula C110 H145 Cl18 N19 02 Si2 C110 H145 Cl8 N19 02 Si2
Mr 2105.23 2105.23
Dx,g cm-3 1.199 1.199

Z 4 4

Mu (mm-1) 0.269 0.269

FO0O0 4472.0 4472.0
FO0O0’ 4478.61

h,k,1lmax 23,33,25 23,33,25
Nref 21392 21321

Tmin, Tmax 0.964,0.973 0.689,0.745
Tmin’ 0.934

Correction method= # Reported T Limits: Tmin=0.689 Tmax=0.745
RbsCorr = MULTI-SCAN

Data completeness= 0.997 Theta (max)= 25.360
R(reflections)= 0.0645( 15311) wR2 (reflections)= 0.1783( 21321)
S = 1.031 Npar= 1524

XXII
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The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.

Click on the hyper

links for more details of the test.

¥ Alert level C

PLAT230 ALERT 2 C Hirshfeld Test Diff for N11 --C45 . 5.7 s.u.
PLAT244 ALERT 4 _C Low 'Solvent’ Ueqg as Compared to Neighbors of C385 Check
PLAT244 ALERT 4 C Low 'Solvent’ Ueqg as Compared to Neighbors of C397 Check
PLAT244 ALERT 4 C Low 'Solvent’ Ueqg as Compared to Neighbors of C101 Check
PLAT244 ALERT 4 C Low 'Solvent’ Ueqg as Compared to Neighbors of C103 Check
PLAT250 ALERT 2 C Large U3/Ul Ratio for Average U(i,j) Tensor .... 2.2 Note
PLAT260 ALERT 2 C Large Average Ueqg of Residue Including N18 0.101 Check
PLAT340_ ALERT 3_C Low Bond Precision on C-C Bonds ............... 0.00854 Ang.
PLAT910_ ALERT 3 _C Missing # of FCF Reflection(s) Below Theta (Min). 10 Note
PLAT911 ALERT 3 C Missing FCF Refl Between Thmin & STh/L= 0.600 22 Report
¥ alert level @

PLAT002 ALERT 2 G Number of Distance or Angle Restraints on AtSite 46 Note
PLAT003_ALERT 2 G Number of Uiso or Uij Restrained non-H Atoms 46 Report
PLAT013 ALERT 1 G N.O.K. _shelx hkl checksum Found in CIF ...... Please Check
PLAT083 ALERT 2 G SHELXL Second Parameter in WGHT Unusually Large 10.06 Why ?
PLAT175_ALERT_4_G The CIF-Embedded .res File Contains SAME Records 3 Report
PLAT177_ALERT 4 G The CIF-Embedded .res File Contains DELU Records 3 Report
PLAT178 ALERT 4 G The CIF-Embedded .res File Contains SIMU Records 3 Report
PLAT301 ALERT_3 G Main Residue Disorder .............. (Resd 1 ) 17% Note
PLAT301 ALERT 3 G Main Residue Disorder .............. (Resd 2 ) 17% Note
PLAT302 ALERT 4 G Anion/Solvent/Minor-Residue Disorder (Resd 4 ) 100% Note
PLAT302 ALERT 4 G Anion/Solvent/Minor-Residue Disorder (Resd 5 ) 100% Note
PLAT304 ALERT 4 G Non-Integer Number of Atoms in ..... (Resd 4 ) 9.63 Check
PLAT304 ALERT 4 G Non-Integer Number of Atoms in ..... (Resd 5 ) 5.37 Check
PLAT411 ALERT 2 G Short Inter H...H Contact H64 . .H20 2.12 Ang.

1-%x,-y,1-z2 = 3_656 Check
PLAT412_ALERT_2_G Short Intra XH3 XHn H8A ..H26D 2.10 Ang.
X,y,2 = 1 555 Check

PLAT860 ALERT 3 G Number of Least-Squares Restraints ............. 813 Note
PLAT870_ALERT 4 G ALERTS Related to Twinning Effects Suppressed ! Info
PLAT883 ALERT 1 G No Info/Value for atom sites solution primary Please Do !
PLAT912_ ALERT 4_G Missing # of FCF Reflections Above STh/L= 0.600 48 Note
PLAT913 ALERT 3 G Missing # of Very Strong Reflecticns in FCF 1 Note
PLAT931 ALERT 5 G CIFcalcFCF Twin Law [ 00 1] Est.d BASF 0.39 Check
PLAT941 ALERT 3 G Average HKL Measurement Multiplicity ........... 3.9 Low

0 ALERT level A = Most likely a serious problem - resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
10 ALERT level C = Check. Ensure it is not caused by an omission or oversight
22 ALERT level G = General information/check it is not something unexpected
2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
8 ALERT type 2 Indicator that the structure model may be wrong or deficient
8 ALERT type 3 Indicator that the structure gquality may be low
13 ALERT type 4 Improvement, methodology, gquery or suggestion
1 ALERT type 5 Informative message, check
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8 APPENDIX

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special _details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or I[UCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 03/06/2021; check.def file version of 02/06/2021

Datablock HanFr8_fine - ellipsoid plot

Prob

S0
Temp = 100

73 Y

(30621)

PLATON-Jun 28 11:58:08 2021

Z -132 HanFr8_fine P 21/n R = 0.06 RES= 0 -98 X
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check CIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr34_sq_fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: P7

Bond precision: C-C = 0.0076 A Wavelength=0.71073

Cell: a=11.7048(9) b=16.0873(14) c=16.8481(15)
alpha=82.688(3) beta=69.690(3) gamma=68.662 (3)

Temperature: 100 K
Calculated Reported

Volume 2771.3(4) 2771.3(4)

Space group P -1 P -1

Hall group -P 1 -P 1

C44 H54 N6 Si, 2(I) [+
solvent]
C44 H54 I2 N6 Si [+

Moiety formula C44 H54 N6 Si, 2(I)

Sum formula C44 H54 I2 N6 Si

solvent]
Mr 948.82 948.82
Dx,g cm-3 1.137 1.137
Z 2 2
Mu (mm-1) 1.186 1.186
FOO0O0 960.0 960.0
FO0O” 958.52
h,k, lmax 14,19,20 14,19,20
Nref 10156 10122
Tmin, Tmax 0.823,0.869 0.656,0.745
Tmin”’ 0.656

Correction method= # Reported T Limits: Tmin=0.656 Tmax=0.745
AbsCorr = MULTI-SCAN

Data completeness= 0.997 Theta (max)= 25.350

XXV
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wR2 (reflections)=

R(reflections)= 0.0355( 8273) 0.0923( 10122)

S = 1.025 Npar= 539

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

@ Alert level B
PLAT112_ALERT_2_B ADDSYM Detects New (Pseudo) Symm. Elem n 100 $Fit

Author Response: The data was carefully checked for higher symmetry.
Orthorhombic and monoclinic spacegroups were tested, but resulted in unstable
and/or unfavorable refinements. This alerts may be caused by twinning and/or
disorder of the crystal.

PLAT112_ALERT_2_B ADDSYM Detects New (Pseudo) Symm. Elem (o 100 %Fit

Author Response: The data was carefully checked for higher symmetry.
Orthorhombic and monoclinic spacegroups were tested, but resulted in unstable
and/or unfavorable refinements. This alerts may be caused by twinning and/or
disorder of the crystal.

PLAT112_ALERT_2_B ADDSYM Detects New (Pseudo) Symm. Elem n 100 %Fit

Author Response: The data was carefully checked for higher symmetry.
Orthorhombic and monoclinic spacegroups were tested, but resulted in unstable
and/or unfavorable refinements. This alerts may be caused by twinning and/or
disorder of the crystal.

PLAT113_ALERT_2_B ADDSYM Suggests Possible Pseudo/New Space Group Fddd Check

Author Response: The data was carefully checked for higher symmetry.
Orthorhombic and monoclinic spacegroups were tested, but resulted in unstable
and/or unfavorable refinements. This alerts may be caused by twinning and/or
disorder of the crystal.

¥ Alert level C

PLAT155_ALERT_4_C The Triclinic Unitcell is NOT Reduced .......... Please Do !
PLAT250_ALERT_2_C Large U3/Ul Ratio for Average U(i, j) Tensor .... 2.7 Note
PLAT420_ALERT_2_C D-H Bond Without Acceptor SilD ——HO1D . Please Check
PLAT420_ALERT_2_C D-H Bond Without Acceptor SilD -—H02D & Please Check
PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 4.972 Check
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 30 Report

XXVI



8 APPENDIX

¥ Alert level G

PLATO03_ALERT 2_G
PLATO083_ALERT _2_G
PLAT154_ALERT_1_G
PLAT178_ALERT_4_G
PLAT187_ALERT 4_G
PLAT301_ALERT 3_G
PLAT380_ALERT 4 G
PLAT380_ALERT_4_G
PLAT606_ALERT _4_G
PLAT720_ALERT_4_G
PLAT790_ALERT_4_G
I
PLAT790_ALERT 4_G
I
PLAT860_ALERT 3_G
PLAT869_ALERT 4_G
PLAT883_ALERT 1 _G
PLAT910_ALERT 3 G
PLAT912_ALERT 4_G
PLAT933_ALERT _2_G
PLAT941_ALERT 3_G
PLAT978_ALERT_2_G

Number of Uiso or Uij Restrained non-H Atoms

SHELXL Second Parameter in WGHT Unusually Large
The s.u.’s on the Cell Angles are Equal .. (Note)
The CIF-Embedded .res File Contains SIMU Records
The CIF-Embedded .res File Contains RIGU Records
Main Residue Disorder .............. (Resd 1 )
Incorrectly? Oriented X(sp2)-Methyl Moiety
Incorrectly? Oriented X(sp2)-Methyl Moiety
Solvent Accessible VOID(S) in Structure
Number of Unusual/Non-Standard Labels
Centre of Gravity not Within Unit Cell:

Resd. #

Centre of Gravity not Within Unit Cell: Resd. #
Number of Least-Sgquares Restraints
ALERTS Related to the Use of SQUEEZE Suppressed
No Info/Value for _atom _sites_ solution primary
Missing # of FCF Reflection(s) Below Theta (Min).
Missing # of FCF Reflections Above STh/L= 0.600
Number of OMIT Records in Embedded .res File
Average HKL Measurement Multiplicity
Number C-C Bonds with Positive Residual Density.

10
5.85
0.003

10%
C25
Cc34

Report
Why ?
Degree
Report
Report
Note
Check
Check
Info
Note
Note

Note

Note
Info
Do !
Note
Note
Note
Low
Info

0 ALERT level A

Most likely a serious problem - resolve or explain

4 ALERT level B = A potentially serious problem, consider carefully

6 ALERT level C = Check. Ensure it is not caused by an omission or oversight

20 ALERT level G = General information/check it is not something unexpected
2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
11 ALERT type 2 Indicator that the structure model may be wrong or deficient
6 ALERT type 3 Indicator that the structure gquality may be low

11 ALERT type 4 Improvement, methodology, query or suggestion
0 ALERT type 5 Informative message, check
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It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious problems
it may be necessary to carry out additional measurements or structure refinements. However, the
purpose of your study may justify the reported deviations and the more serious of these should

normally be commented upon in the discussion or experimental section of a paper or in the

"special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and unusual
parameters, but every test has its limitations and alerts that are not important in a particular case may
appear. Conversely, the absence of alerts does not guarantee there are no aspects of the results needing
attention. It is up to the individual to critically assess their own results and, if necessary, seek expert

advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs

submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied

Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks are
run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to CIF

submission.

PLATON version of 13/07/2021; check.def file version of 13/07/2021

Datablock HanFr34_sq_fine - ellipsoid plot

oy

:31 2021 - (130721)

32

PLATON-Sep 6 18

z

-179 HanFr34_sg_fine

P -1

Prob = 50
Temp = 100
RES= 0 -94 X
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) I

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: P8

Bond precision: C-C = 0.0023 A Wavelength=0.71073
Cell: a=12.2139(11) b=14.4858(13) c=15.2925(13)
alpha=70.258(3) beta=84.626(3) gamma=80.130(3)
Temperature: 100 K
Calculated Reported
Volume 2507.1(4) 2507.1(4)
Space group P -1 P -1
Hall group -P 1 -P 1
Moiety formula C44 H52 Cl1 N6 S Si, 3(C2 (C44 H52 Cl Ne S Si, 3(C2
H3 N), C1 H3 N), C1
Sum formula C50 H61l Cl2 N9 S Si C50 H6l Cl2 N9 S Si
Mr 919.13 919.13
Dx,g cm-3 1.218 1.218
Z 2 2
Mu (mm-1) 0.238 0.238
FOO0O 976.0 8976.0
FO0O' 977.26
h,k, lmax 14,17,18 14,17,18
Nref 9250 9241
Tmin, Tmax 0.942,0.958 0.714,0.745
Tmin’ 0.937

Correction method= # Reported T Limits: Tmin=0.714 Tmax=0.745
AbsCorr = MULTI-SCAN

Data completeness= 0.999 Theta (max)= 25.420
R(reflections)= 0.0346( 8416) wR2 (reflections)= 0.0961( 9241)
S = 1.038 Npar= 583
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The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.
Click on the hyperlinks for more details of the test.

¥ alert level C
PLAT910_ALERT_ 2 C Missing # of FCF Reflection(s) Below Theta (Min) . 8 Note

¥ Alert level G

PLAT154 ALERT 1 G The s.u.’s on the Cell Angles are Equal .. (Note) 0.003 Degree
PLAT720_ ALERT 4 G Number of Unusual/Non-Standard Labels .......... 2 Note
PLAT790_ALERT 4 G Centre of Gravity not Within Unit Cell: Resd. # 4 Note
C2 H3 N
PLAT790_ ALERT 4 G Centre of Gravity not Within Unit Cell: Resd. # 5 Note
Cl
PLAT883 ALERT 1 G No Info/Value for _atom sites_solution primary . Please Do !
PLAT912 ALERT_4 G Missing # of FCF Reflections Above STh/L= 0.600 7 Note
PLAT933 ALERT 2 G Number of OMIT Records in Embedded .res File ... 5 Note
PLAT978 ALERT 2 G Number C-C Bonds with Positive Residual Density. 10 Info
0 ALERT level A = Most likely a serious problem - resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
1 ALERT level C = Check. Ensure it is not caused by an omission or oversight
8 ALERT level G = General information/check it is not something unexpected
2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
2 ALERT type 2 Indicator that the structure model may be wrong or deficient
1 ALERT type 3 Indicator that the structure quality may be low
4 ALERT type 4 Improvement, methodology, query or suggestion
0 ALERT type 5 Informative message, check

Publication of your CIF

You should attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious
problems it may be necessary to carry out additional measurements or structure refinements.
However, the nature of your study may justify the reported deviations from journal submission
requirements and the more serious of these should be commented upon in the discussion or
experimental section of a paper or in the "special_details" fields of the CIF. checkCIF was
carefully designed to identify outliers and unusual parameters, but every test has its limitations and
alerts that are not important in a particular case may appear. Conversely, the absence of alerts does
not guarantee there are no aspects of the results needing attention. It is up to the individual to
critically assess their own results and, if necessary, seek expert advice.

If you wish to submit your CIF for publication in Acta Crystallographica Section C or E, you
should upload your CIF via the web. If you wish to submit your CIF for publication in [UCrData
you should upload your CIF via the web. If your CIF is to form part of a submission to another
IUCr journal, you will be asked, either during electronic submission or by the Co-editor handling
your paper, to upload your CIF via our web site.

XXX
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PLATON version of 22/12/2019; check.def file version of 13/12/2019

Datablock I - ellipsoid plot
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr13 fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: P17

Bond precision: C-C = 0.0049 A Wavelength=0.71073

Cell: a=30.060(2) b=16.7584 (11) c=23.3357(16)
alpha=90 beta=121.366(2) gamma=90

Temperature: 100 K
Calculated Reported

Volume 10037.6(12) 10037.6(12)

Space group C 2/c C 2/c

Hall group -C 2yc -C 2yc

Moiety formula C48 H52 Au Cl Fe N6 04 Si C48 H52 Au Cl Fe N6 04 Si
[+ solvent]

Sum formula C48 H52 Au Cl Fe N6 O4 Si C48 H52 Au Cl Fe N6 04 Si1l
[+ solvent]

Mr 1093.32 1093.32

Dx,g cm-3 1.447 1.447

Z 8 8

Mu (mm-1) 3.332 3.332

FOOO 4400.0 4400.0

FOOO' 4390.09

h,k,1lmax 36,20,28 36,20,28

Nref 9210 9204

Tmin, Tmax 0.562,0.738 0.661,0.745

Tmin'’ 0.551

Correction method= # Reported T Limits: Tmin=0.661 Tmax=0.745
AbsCorr = MULTI-SCAN

Data completeness= 0.999 Theta (max)= 25.350
R(reflections)= 0.0213( 8071) wR2 (reflections)= 0.0533( 5204)
S = 1.139 Npar= 571

XXXII
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The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.

Click on the hyper

links for more details of the test.

¥ Alert level C

PLAT220_ ALERT 2 C NonSolvent Resd 1 C Ueqg(max) / Ueg(min) Range 3.7 Ratio
PLAT222 ALERT 3 C NonSolvent Resd 1 H  Uiso(max)/Uisc(min) Range 4.2 Ratio
PLAT905 ALERT 3 C Negative K value in the Analysis of Variance -0.198 Report
¥ Alert level G

PLAT013_ALERT 1 G N.O.K. _shelx_hkl checksum Found in CIF ...... Please Check
PLAT083 ALERT 2 G SHELXL Second Parameter in WGHT Unusually Large 35.84 Why 7
PLAT128 ALERT 4 G Alternate Setting for Input Space Group cz2/c I2/a Note
PLAT230_ALERT 2 G Hirshfeld Test Diff for o1 --C45 8.0 s.u.
PLAT232 ALERT 2 G Hirshfeld Test Diff (M-X) Fel --C45 7.3 s.u.
PLAT605 ALERT 4 G Largest Solvent Accessible VOID in the Structure 352 A**3
PLAT720_ALERT 4_G Number of Unusual/Necn-Standard Labels .......... 2 Note
PLAT869 ALERT 4 G ALERTS Related to the Use of SQUEEZE Suppressed ! Info
PLAT883 ALERT 1 G No Info/Value for atom sites solution primary Please Do !
PLAT910_ ALERT 3 G Missing # of FCF Reflection(s) Below Theta(Min). 4 Note
PLAT978 ALERT 2 G Number C-C Bonds with Positive Residual Density. 1 Info

0 ALERT level A = Most likely a serious prcblem - resolve or explain

0 ALERT level B = A potentially serious problem, consider carefully

3 ALERT level C = Check. Ensure it is not caused by an omission or oversight
11 ALERT level G = General information/check it is not something unexpected

2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data

5 ALERT type 2 Indicator that the structure model may be wrong or deficient

3 ALERT type 3 Indicator that the structure quality may be low

4 ALERT type 4 Improvement, methodology, query or suggestion

0 ALERT type 5 Informative message, check

XXXII
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It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 22/12/2019; check.def file version of 13/12/2019

Datablock HanFr13_fine - ellipsoid plot
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr23 fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found.

Datablock: P18

CIF dictionary

Interpreting this report

Bond precision:

Cell:

Temperature:

Volume
Space group
Hall group

Moiety formula

Sum formula

Mr

Dx,g cm-3
Z

Mu (mm-1)
F0OO0O
FOOO”
h,k,1lmax
Nref
Tmin, Tmax
Tmin’

C-C = 0.016l1 A
a=14.4735(12)
alpha=90

100 K

Calculated

6673.0(9)

P 21/c

-P 2ybc

Cl06 H114 Au2 Fe2 N14 08
Si2 [+ solvent]

Cl06 H114 AuZ2 Fe2 N14 08
Si2 [+ solvent]

2273.94

1.132

2

2.470

2300.0

2294 .48

17,22,29

12244

0.592,0.682

0.578

b=18.7683(13)
beta=93.953(3)

Wavelength=0.71073

c=24.6240(18)
gamma=90

Reported

6673.0(9)

P 21/c

-P 2ybc

Cl06 H114 Au2 Fe2 N14 08
Si2

Cl06 H114 Au2 Fe2 N14 08
Si2

2273.94

1.132

2

2.470

2300.0

17,22,29
12205
0.562,0.745

Correction method= # Reported T Limits: Tmin=0.562 Tmax=0.745

AbsCorr = MULTI-SCAN

Data completeness= 0.997 Theta (max)= 25.350

R(reflections)= 0.0705( 9208) wR2 (reflections)= 0.1859( 12205)

S = 1.059 Npar= 690

XXXV
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The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.
Click on the hyperlinks for more details of the test.

¥ Alert level C
DIFMX02_ ALERT 1 C The maximum difference density is > 0.1*ZMAX*0.75
The relevant atom site should be identified.

PLAT094 ALERT 2 C Ratio of Maximum / Minimum Residual Density 2.98 Report
PLAT097 ALERT 2 C Large Reported Max. (Positive) Residual Density 6.60 eA-3
PLAT234 ALERT 4 C Large Hirshfeld Difference Fel --C45 0.16 Ang.
PLAT234 ALERT 4 C Large Hirshfeld Difference C37 --C38 0.20 Ang.
PLAT234 ALERT 4 C Large Hirshfeld Difference C38 --C39 0.17 Ang.
PLAT234 ALERT 4 C Large Hirshfeld Difference C39 --C43 0.16 Ang.
PLAT241 ALERT 2 C High ‘MainMol’ Ueqg as Compared to Neighbors of C2 Check
PLAT242 ALERT 2 C Low ‘MainMol’ Ueg as Compared to Neighbors of Fel Check
PLAT334 ALERT 2 C Small Aver. Benzene C-C Dist C9 -Cl14 1.37 Ang.
PLAT342 ALERT 3_C Low Bond Precision on C-C Bonds ............... 0.01605 Ang.
PLAT911 ALERT 3 C Missing FCF Refl Between Thmin & STh/L= 0.600 33 Report
PLAT973_ALERT 2 C Check Calcd Positive Resid. Density on Aul 1.17 ekA-3
¥ Alert level G

PLAT002 ALERT 2 G Number of Distance or Angle Restraints on AtSite 16 Note
PLAT003_ ALERT 2 G Number of Uiso or Uij Restrained non-H Atoms ... 16 Report
PLAT083 ALERT 2 G SHELXL Second Parameter in WGHT Unusually Large 68.03 Why ?
PLAT175 ALERT 4 G The CIF-Embedded .res File Contains SAME Records 2 Report
PLAT178 ALERT 4 G The CIF-Embedded .res File Contains SIMU Records 2 Report
PLAT186 ARLERT 4 G The CIF-Embedded .res File Contains ISOR Records 1 Report
PLAT232 ALERT 2 G Hirshfeld Test Diff (M-X) Fel --C45D . 5.6 s.u.
PLAT301_ALERT 3 G Main Residue Disorder .............. (Resd 1 ) 12% Note
PLAT410 ALERT 2 G Short Intra H...H Contact H8B . .H53D . 1.97 Ang.

X,¥,2 = 1 555 Check
PLAT410_ALERT 2 G Short Intra H...H Contact H40 . .H51D . 2.10 Ang.
X, ¥,2 = 1 555 Check

PLAT606_ ALERT 4 G Solvent Accessible VOID(S) in Structure ........ ! Info
PLAT860_ALERT 3_G Number of Least-Squares Restraints ............. 253 Note
PLAT869 ALERT 4 G ALERTS Related to the Use of SQUEEZE Suppressed ! Info
PLAT883 ALERT 1 G No Info/Value for _atom sites_solution primary . Please Do !
PLAT910_ ALERT 3_G Missing # of FCF Reflection(s) Below Theta (Min). 4 Note
PLAT912 ALERT 4 G Missing # of FCF Reflections Above STh/L= 0.600 2 Note
PLAT913 ALERT 3 G Missing # of Very Strong Reflections in FCF 1 Note
PLAT933 ALERT 2 G Number of OMIT Records in Embedded .res File 3 Note
PLAT978_ ALERT 2 G Number C-C Bonds with Positive Residual Density. 1 Info

0 ALERT level A
0 ALERT level B
13 ALERT level C
19 ALERT level G

Most likely a serious problem - resolve or explain

A potentially sericus problem, consider carefully

Check. Ensure it is not caused by an omission or oversight
General information/check it is not something unexpected

2 ALERT type
14 ALERT type
6 ALERT type
10 ALERT type
0 ALERT type

CIF construction/syntax error, inconsistent or missing data
Indicator that the structure model may be wrong or deficient
Indicator that the structure guality may be low

Improvement, methodology, query or suggestion

Informative message, check

U W e
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8 APPENDIX

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 10/08/2020; check.def file version of 06/08/2020

Datablock HanFr23_fine - ellipsoid plot

Prob
Temp

S0
100

A

71

(100820)

PLATON-Aug 27 08:02:37 2020

Z -134 HanFr23_fine P 21/c R = 0.07 RES= 0-176 X
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8 APPENDIX

check CIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr35_fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report
Datablock: P21
Bond precision: C-C = 0.0031 A Wavelength=0.71073
Cell: a=12.1472(6) b=18.4259(9) c=22.6851(11)
alpha=90 beta=99.409 (2) gamma=90
Temperature: 100 K
Calculated Reported
Volume 5009.1(4) 5009.1(4)
Space group P 21/n P 21/n
Hall group -P 2yn -P 2yn

Moiety formula

C48 H52 Fe N6 04 S5i,

C4 H10C48 H52 Fe N6 04 Si, C4 HI10

o} 0
Sum formula C52 H62 Fe N6 05 Si C52 H62 Fe N6 05 Si
Mr 935.02 935.02
Dx,g cm-3 1.240 1.240
Z 4 4
Mu (mm-1) 0.377 0.377
F00O0 1984.0 1984.0
FO0O0" 1986.39
h,k, lmax 14,22,27 14,22,27
Nref 9173 9167
Tmin, Tmax 0.902,0.936 0.714,0.745
Tmin’ 0.902

Correction method= # Reported T Limits:

AbsCorr = MULTI-SCAN

Data completeness= 0.999

R(reflections)= 0.0426( 8396)

] 1.021

Npar= 651

Tmin=0.714 Tmax=0.745

Theta (max)= 25.350

wR2 (reflections)=
0.1222( 9167)

XXXVII



8 APPENDIX

The following ALERTS were generated. Each ALERT has the format
test—name_ALERT_alert-type_alert-level.

Click on the hyper

links for more details of the test.

¥ Alert level C

PLAT420_ALERT_2_C D-H Bond Without Acceptor Sil —-—H1 Please Check
PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 2.197 Check
PLAT911 ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 4 Report
< Alert level G
PLATO02_ALERT_2_G Number of Distance or Angle Restraints on AtSite 10 Note
PLATOO03_ALERT_2_G Number of Uisc or Uij Restrained non-H Atoms 10 Report
PLATO13_ALERT_1_G N.O.K. _shelx_hkl_checksum Found in CIF ...... Please Check
PLATO083_ALERT_2_G SHELXL Second Parameter in WGHT Unusually Large 6.32 Why ?
PLAT175_ALERT_4_G The CIF-Embedded .res File Contains SAME Records 1 Report
PLAT178_ALERT_4_G The CIF-Embedded .res File Contains SIMU Records 1 Report
PLAT230_ALERT_2_G Hirshfeld Test Diff for 02 --C46 6.9 s.u.
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel -—C45 7.2 s.u.
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel --C46 10.7 s.u
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel -—C47 6.5 s.u.
PLAT232 _ALERT_2_ G Hirshfeld Test Diff (M-X) Fel -—-C48 7.5 s.u.
PLAT302_ALERT_4_G Anion/Solvent/Minor-Residue Disorder (Resd 2 ) 100% Note
PLAT302_ALERT_4_G Anion/Solvent/Minor-Residue Disorder (Resd 3 ) 100% Note
PLAT304_ALERT_4 G Non-Integer Number of Atoms in ..... (Resd 2 ) 11.58 Check
PLAT304_ALERT_4 G Non-Integer Number of Atoms in ..... (Resd 3 ) 3.42 Check
PLAT380_ALERT_4 G Incorrectly? Oriented X (sp2)-Methyl Moiety ..... C43 Check
PLAT411 ALERT_2_ G Short Inter H...H Contact H2 . .H50C 1.46 Ang.
X, ¥,z = 1_555 Check
PLAT413 _ALERT_2 G Short Inter XH3 XHn H2 . .H52D 1.40 Ang.
X, ¥,z = 1_555 Check
PLAT432 ALERT_2_ G Short Inter X...Y Contact C2 ..C52D 3.19 Ang.
X, Y, Z 1_555 Check
PLAT720_ALERT_4_G Number of Unusual/Non-Standard Labels .......... 2 Note
PLAT793_ALERT_4 G Model has Chirality at Sil (Centro SPGR) R Verify
PLAT860_ALERT_3_G Number of Least-Squares Restraints ............. 133 Note
PLAT883_ALERT_1_G No Info/Value for _atom sites_solution primary Please Do !
PLAT910_ALERT_3_G Missing # of FCF Reflection(s) Below Theta (Min). 3 Note
PLAT933_ALERT_2_G Number of OMIT Records in Embedded .res File 2 Note
PLAT978 ALERT_2 G Number C-C Bonds with Positiwve Residual Density. 5 Info

0 ALERT level A = Most likely a serious problem - resolve or explain

0 ALERT level B = A potentially serious problem, consider carefully

3 ALERT level C = Check. Ensure it is not caused by an omission or oversight
26 ALERT level G = General information/check it is not something unexpected

2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
14 ALERT type 2 Indicator that the structure model may be wrong or deficient

4 ALERT type 3 Indicator that the structure quality may be low

9 ALERT type 4 Improvement, methodology, query or suggestion

0 ALERT type 5 Informative message, check

XXXIX



8 APPENDIX

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious problems
it may be necessary to carry out additional measurements or structure refinements. However, the
purpose of your study may justify the reported deviations and the more serious of these should
normally be commented upon in the discussion or experimental section of a paper or in the
"special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and unusual
parameters, but every test has its limitations and alerts that are not important in a particular case may
appear. Conversely, the absence of alerts does not guarantee there are no aspects of the results needing
attention. It is up to the individual to critically assess their own results and, if necessary, seek expert
advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks are
run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to CIF
submission.

PLATON version of 13/07/2021; check.def file version of 13/07/2021

Datablock HanFr35_fine - ellipsoid plot
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8 APPENDIX

checkCIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr27 sq_fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: P22

Bond precision: C-C = 0.0054 A Wavelength=0.71073

Cell: a=11.2653(5) b=26.7561(11) c=17.0043(6)
alpha=90 beta=95.477(1) gamma=90

Temperature: 100 K
Calculated Reported

Volume 5102.0(4) 5102.0(4)

Space group P 21/c P 21/c

Hall group -P 2ybc -P 2ybc

Moiety formula C48 H53 Fe N6 04 Si, C4 H (C48 H53 Fe N6 04 Si, C4 H
Fe 04 [+ solvent] Fe 04

Sum formula €52 H54 Fe2 N6 08 Si [+ C52 H54 Fe2 N6 08 Si
solvent]

Mr 1030.80 1030.80

Dx,g cm-3 1.342 1.342

Z 4 4

Mu (mm-1) 0.651 0.651

F00O0 2152.0 2152.0

FO00O0" 2155.87

h,k,1lmax 13,32,20 13,32,20

Nref 9350 9349

Tmin, Tmax 0.910,0.932 0.710,0.745

Tmin’ 0.910

Correction method= # Reported T Limits: Tmin=0.710 Tmax=0.745
AbsCorr = MULTI-SCAN

Data completeness= 1.000 Theta (max)= 25.350
R(reflections)= 0.0633( 7897) wR2 (reflections)= 0.1539( 9349)
S =1.089 Npar= 662

XL




8 APPENDIX

The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.
Click on the hyperlinks for more details of the test.

¥ plert level C

PLAT220 ALERT 2 C NonSolvent Resd 1 C Ueq (max) /Ueqg (min) Range 3.9 Ratio
PLAT222 ALERT 3 _C NonSolvent Resd 1 H  Uiso(max)/Uiso(min) Range 5.2 Ratio
PLAT234 ALERT 4 C Large Hirshfeld Difference 08 --C52 . 0.16 Ang.

PLAT420 ALERT 2 C D-H Without Acceptor Sil --H1 . Please Check
PLAT906 ALERT 3 C Large K Value in the Analysis of Variance ...... 5.810 Check

¥ Alert level G

PLAT083 ALERT 2 G SHELXL Second Parameter in WGHT Unusually Large 14.48 Why ?
PLAT232 ALERT 2 G Hirshfeld Test Diff (M-X) Fel --C45 . 5.4 s.u.
PLAT233 ALERT 4 G Hirshfeld (M-X Solvent) Fe2 --C52 . 5.5 s.u.
PLAT301_ALERT 3_G Main Residue Disorder .............. (Resd 1 ) 3% Note
PLAT412 ALERT 2 G Short Intra XH3 .. XHn HE8D . .H42B . 1.92 Ang.
X,¥,Z2 = 1 555 Check
PLAT412 ALERT 2 G Short Intra XH3 .. XHn H24A ..H7A . 2.00 Ang.
X,¥,2 = 1 555 Check
PLAT432 ALERT 2 G Short Inter X...Y Contact 04 ..C7D 3.00 Ang.
x,1/2-y,-1/2+z = 4 554 Check
PLAT605 ALERT 4 G Largest Solvent Accessible VOID in the Structure 84 A**3
PLAT794 ALERT 5 G Tentative Bond Valency for Fe2 (I1) . 1.95 Info
PLAT869 ALERT 4 G ALERTS Related to the Use of SQUEEZE Suppressed ! Info
PLAT883_ ALERT 1 G No Info/Value for _atom sites_solution_primary . Please Do !
PLAT910 ALERT 3 G Missing # of FCF Reflection(s) Below Theta (Min) . 3 Note
PLAT978 ALERT 2 G Number C-C Bonds with Positive Residual Density. 5 Info
0 ALERT level A = Most likely a serious problem - resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
5 ALERT level C = Check. Ensure it is not caused by an omission or oversight
13 ALERT level G = General information/check it is not something unexpected
1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
8 ALERT type 2 Indicator that the structure model may be wrong or deficient
4 ALERT type 3 Indicator that the structure quality may be low
4 ALERT type 4 Improvement, methodology, query or suggestion
1 ALERT type 5 Informative message, check

XLII



8 APPENDIX

[t is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or I[UCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 18/09/2020; check.def file version of 20/08/2020

Datablock HanFr27_sq_fine - ellipsoid plot
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check CIF/PLATON report

Structure factors have been supplied for datablock(s) HanFr16_fine

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report
Datablock: P23
Bond precision: C-C = 0.0041 A Wavelength=0.71073

Cell:

Temperature:

Volume
Space group
Hall group

Moiety formula

Sum formula

Mr

Dx,g cm-3
Z

Mu (mm-1)
F000
F00O0’
h,k, lmax
Nref
Tmin, Tmax
Tmin’

a=13.6114(10)
alpha=107.339(3)
100 K

Calculated

3090.4(4)

P -1

-P 1

C48 H52 Cl Fe N6 04 Si,
H Fe 04, C4 H10 O [+
solvent]

C56 H63 Cl Fe2 N6 09 Si
solvent]

1139.36

1.224

2

0.586

1192.0

1194.27

16,17,19

11324

0.867,0.923

0.867

Correction method= # Reported T Limits:

AbsCorr =

Data completeness= 0.999

MULTI-SCAN

b=14.9329(13)
beta=96.927 (3)

Cc4

[+

c=16.0582(14)

Reported
3090.4 (4)
P -1
-P 1

C48 H52 Cl Fe N6 04 5i,
H Fe 04, C4 H10 O

C56 H63 Cl Fe2 N6 09 Si

1139.36
1.224

2

0.586
11582.0

16,17,19
11312
0.688,0.745

Tmin=0.688 Tmax=0.745

Theta (max)= 25.360

gamma=90.121 (3)

c4

XLIV
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R(reflections)= 0.0442( 9922)

S =1.008

Npar= 750

wR2 (reflections)=
0.1228( 11312)

The following ALERTS were generated. Each ALERT has the format
test—name_ALERT_alert—-type_alert-level.

Click on the hyper

links for more details of the test.

¥ Alert level C

PLAT220_ALERT_2_C NonSolvent Resd 1 C Ueq (max) /Ueqg (min) Range 3.8 Ratio
PLAT222_ALERT_3_C NonSolvent Resd 1 H Uiso (max) /Uiso (min) Range 4.7 Ratio
PLAT244_ALERT_4_C Low ’Solvent’ Ueq as Compared to Neighbors of Fe2 Check
PLAT250_ALERT_2_C Large U3/Ul Ratio for Average U(i,j) Tensor 2.1 Note
PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 2.057 Check
PLAT910_ALERT_3_C Missing # of FCF Reflection(s) Below Theta(Min) . 5 Note
¥ Alert level G
PLATO02_ALERT_2_G Number of Distance or Angle Restraints on AtSite 4 Note
PLATOO03_ALERT_2_G Number of Uiso or Uij Restrained non-H Atoms 12 Report
PLATO013_ALERT_1_G N.O.K. _shelx_hkl_checksum Found in CIF ...... Please Check
PLAT154_ALERT_1_G The s.u.’s on the Cell Angles are Equal .. (Note) 0.003 Degree
PLAT175_ALERT_4_G The CIF-Embedded .res File Contains SAME Records 1 Report
PLAT177_ALERT_4_G The CIF-Embedded .res File Contains DELU Records 1 Report
PLAT178_ALERT_4_G The CIF-Embedded .res File Contains SIMU Records 2 Report
PLAT230_ALERT_2_G Hirshfeld Test Diff for 02 --C46 T3 8l
PLAT230_ALERT_2_G Hirshfeld Test Diff for 03 -—-C47 55 8l
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel --C45 T:2 80
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel --C46 9.9 s.u
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel ——C47 8.2 s.u
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Fel -—-C48 6.5 s.u
PLAT233_ALERT_4_G Hirshfeld (M-X Solvent) Fe2 --C49 5l (Sl
PLAT233_ALERT_4_G Hirshfeld (M-X Solvent) Fe2 -=C52 . 6.0 s.u.
PLAT301_ALERT_3_G Main Residue Disorder .............. (Resd 1 ) 7% Note
PLAT302_ALERT_4_G Anion/Solvent/Minor-Residue Disorder (Resd 2 ) 22% Note
PLAT412_ALERT_2_G Short Intra XH3 XHn H7DB ..H26C 2.00 Ang.
X, ¥,z = 1_555 Check
PLAT412_ALERT_2_G Short Intra XH3 XHn H8A . .H42A 2.00 Ang.
X,¥,2 = 1_555 Check
PLAT606_ALERT_4_G Solvent Accessible VOID(S) in Structure ........ ! Info
PLAT720_ALERT_4_G Number of Unusual/Non-Standard Labels .......... 6 Note
PLAT790_ALERT_4_G Centre of Gravity not Within Unit Cell: Resd. # 3 Note
C4 H10 O
PLAT860_ALERT_3_G Number of Least-Squares Restraints ............. 143 Note
PLAT869_ALERT_4_G ALERTS Related to the Use of SQUEEZE Suppressed ! Info
PLAT883_ALERT_1_G No Info/Value for _atom_sites_solution_primary Please Do !
PLAT912_ALERT_4_G Missing # of FCF Reflections Above STh/L= 0.600 7 Note
PLAT978_ALERT_2_G Number C-C Bonds with Positive Residual Density. 2 Info

0 ALERT level A

0 ALERT level B
6 ALERT level C

27 ALERT level G =

= A potentially serious problem,
Check.

Most likely a serious problem - resolve or explain
consider carefully
Ensure it is not caused by an omission or oversight
General information/check it is not something unexpected

XLV



8 APPENDIX

3 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
13 ALERT type 2 Indicator that the structure model may be wrong or deficient
5 ALERT type 3 Indicator that the structure quality may be low
12 ALERT type 4 Improvement, methodology, query or suggestion
0 ALERT type 5 Informative message, check

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious problems
it may be necessary to carry out additional measurements or structure refinements. However, the
purpose of your study may justify the reported deviations and the more serious of these should
normally be commented upon in the discussion or experimental section of a paper or in the
"special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and unusual
parameters, but every test has its limitations and alerts that are not important in a particular case may
appear. Conversely, the absence of alerts does not guarantee there are no aspects of the results needing
attention. It is up to the individual to critically assess their own results and, if necessary, seek expert
advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks are
run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to CIF
submission.

PLATON version of 13/07/2021; check.def file version of 13/07/2021

Datablock HanFr16_fine - ellipsoid plot

NOMOVE FORCED Prob
Temp
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check CIF/PLATON report

Structure factors have been supplied for datablock(s) deifr12_Om

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: DiPyynBu

Bond precision: C-C = 0.0041 A Wavelength=0.71073
Cell: a=10.738(6) b=23.104(16) c=12.364(7)
alpha=90 beta=91.21(2) gamma=90

Temperature: 100 K

Calculated Reported
Volume 3067 (3) 3067 (3)
Space group P 21/n P 21/n
Hall group -P 2yn -P 2yn

Moiety formula
Sum formula

C31 H46 N3, B F4
C31 H46 B F4 N3

C31 H46 N3, B F4
C31 H46 B F4 N3

Mr 547.52 547.52

Dx,g cm-3 1.186 1.186

7z 4 4

Mu (mm-1) 0.086 0.086

F00O0 1176.0 1176.0
FOOQO’ 1176.57

h, k, lmax 13,28,15 12,28,14
Nref 5825 5493

Tmin, Tmax 0.978,0.985 0.641,0.745
Tmin’ 0.949

Correction method= # Reported T Limits:

AbsCorr = MULTI-SCAN

Data completeness= 0.943

R(reflections)= 0.0647( 3981)

S =1.036

Npar= 361

Tmin=0.641 Tmax=0.745

Theta (max)= 25.690

wR2 (reflections)=
0.1667( 5493)

XLV



8 APPENDIX

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_alert-type_alert-level.

Click on the hyper

links for more details of the test.

@ Alert level B

PLAT029_ALERT_3_B _diffrn_measured_fraction_theta_full wvalue Low 0.954 Why?
¥ Alert level C

PLAT220_ALERT 2 C NonSolwvent Resd 1 C Ueqg(max) /Ueg(min) Range 3.9 Ratio
PLAT340_ALERT 3 C Low Bond Precision on C-C Bonds .........cccco.. .00407 Ang.
PLAT906_ALERT 3 C Large K Value in the Analysis of Variance ...... 8.891 Check
PLAT906_ALERT 3 C Large K Value in the Analysis of Variance ...... 2.072 Check
PLATS11 _ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 250 Report
< Alert level G

PLATO007_ALERT 5 G Number of Unrefined Donor-H Atoms .........ccc0.. 1 Report
PLATO013 ALERT 1 G N.O.K. _shelx hkl checksum Found in CIF ...... Please Check
PLATO063_ALERT 4 G Crystal Size Possibly too Large for Beam Size 0.61 mm
PLAT244_ ALERT_4_G Low 'Solvent’ Ueq as Compared to Neighbors of Bl Check
PLAT883_ALERT 1 G No Info/Value for _atom sites_solution_primary Please Do !
PLAT910_ALERT 3 G Missing # of FCF Reflection(s) Below Theta(Min). 3 Note
PLAT912 ALERT 4 G Missing # of FCF Reflections Above STh/L= 0.600 63 Note
PLAT933 ALERT 2 G Number of HKL-OMIT Records in Embedded .res File 3 Note
PLAT941 ALERT 3 G Average HKL Measurement Multiplicity ........... 2.0 Low
PLAT978_ALERT 2 G Number C-C Bonds with Positive Residual Density. 2 Info

0 ALERT level A = Most likely a serious problem - resolve or explain

1 ALERT level B = A potentially serious problem, consider carefully

5 ALERT level C = Check. Ensure it is not caused by an omission or oversight
10 ALERT level G = General information/check it is not something unexpected

2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data

3 ALERT type 2 Indicator that the structure model may be wrong or deficient

7 ALERT type 3 Indicator that the structure quality may be low

3 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

XLVl



8 APPENDIX

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious problems
it may be necessary to carry out additional measurements or structure refinements. However, the
purpose of your study may justify the reported deviations and the more serious of these should
normally be commented upon in the discussion or experimental section of a paper or in the
"special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and unusual
parameters, but every test has its limitations and alerts that are not important in a particular case may
appear. Conversely, the absence of alerts does not guarantee there are no aspects of the results needing
attention. It is up to the individual to critically assess their own results and, if necessary, seek expert
advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks are
run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to CIF
submission.

PLATON version of 18/12/2021; check.def file version of 18/12/2021

Datablock deifr12_0m - ellipsoid plot
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check CIF/PLATON report

Structure factors have been supplied for datablock(s) deifrl4_a

THIS REPORT 1S FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary

Datablock: bisPh-NHIM"}S

Interpreting this report

Bond precision: C-C = 0.0089 A Wavelength=0.71073
Cell: a=15.229(9) b=14.764(8) c=23.635(13)
alpha=90 beta=95.654(17) gamma=90

Temperature: 103 K

Calculated Reported
Volume 5288 (5) 5288 (5)
Space group P 21/c P 21/c
Hall group -P 2ybc -P 2vybc

Moiety formula

Sum formula

C48 H53 N6, B F4, 2(C H
Cl1l3)
C50 H55 B Cl6 F4 N6

Cc48 H53 N6, B F4, 2(C H
C13)
C50 H55 B Cle F4 N6

Mr 1039.51 1039.51
Dx,g cm-3 1.306 1.306

Z 4 4

Mu (mm-1) 0.379 0.379

F00O0 2160.0 2160.0
FO0O0’ 2164.35

h,k, lmax 18,17,28 18,17,28
Nref 9694 9737

Tmin, Tmax 0.938,0.961 0.687,0.745
Tmin’ 0.887

Correction method= # Reported T Limits:
AbsCorr = MULTI-SCAN

Data completeness= 1.004

R(reflections)= 0.1148( 8663)

S =2.073

Npar= 623

Tmin=0.687 Tmax=0.745

Theta (max)= 25.350

wRZ2 (reflections) =
0.4202( 9737)
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The following ALER

TS were generated. Each ALERT has the format

test—name_ALERT_ alert-type_alert-level.

Click on the hyper

links for more details of the test.

9 Alert level B

PLATO84_ALERT_3_B

High wR2 Value (i.e. 0.42 Report

¥ Alert level C

DIFMX02_ALERT_1_C

The maximum difference density is > 0.1*ZMAX*0.75

The relevant atom site should be identified.
GOODFO01 _ALERT 2 C The least squares goodness of fit parameter lies
ocoutside the range 0.80 <> 2.00
Goodness of fit given = 2.073
PLATO08Z2_ALERT_Z2_C High Rl Value ... ssrrnennnnneeeannnnnnseesss 0.11 Report
PLATO87_ALERT_2_C Unsatisfactory S wvalue (Too High) .............. 2.07 Check
PLATO97_ALERT_2_C Large Reported Max. (Positive) Residual Density 1.42 eA-3
PLAT220_ALERT_Z2_C NonSolvent Resd 1 C Ueq (max) /Ueq(min) Range 4.0 Ratio
PLAT244 ALERT_4_C Low "Solvent’ Ueq as Compared to Neighbors of Bl Check
PLAT244 ALERT 4 C Low "Solvent’ Ueq as Compared to Neighbors of C49 Check
PLATZ244_ALERT_4_C Low "Solvent’ Ueq as Compared to Neighbors of C50 Check
PLAT340_ALFERT_3_C Low Bond Precision on C-C BONdS ...eeeeveesnens 0.00891 Ang.
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 11 Report
PLAT918 ALERT_3_C Reflection(s) with I (obs) much Smaller I (calc) 23 Check
PLAT939 ALERT 3 _C Large Value of Not (SHELXL) Weight Optimized S 22.83 Check
¥ Alert level G
PLATO13_ALERT_1_G N.O.K. _shelx_hkl_checksum Found in CIF ...... Please Check
PLATO72_ALERT_2_G SHELXL First Parameter in WGHT Unusually Large 0.20 Report
PLAT380_ALERT_4_G Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C37 Check
PLAT870_ALERT 4 G ALERTS Related to Twinning Effects Suppressed ! Info
PLAT883_ALERT_1_G No Info/Value for _atom_sites_solution_primary Please Do !
PLAT910_ALERT_3_G Missing # of FCF Reflection(s) Below Theta(Min). 3 Note
PLAT912_ALFRT_4_G Missing # of FCF Reflections Above STh/L= 0.600 8 Note
PLAT930_ALERT_2_G FCF-based Twin Law ( 0 0 1) Est.d BASF 0.20 Check
PLAT931_ALERT_5_G CIFcalcFCF Twin Law ( 0 0 1) Est.d BASF 0.24 Check
0 ALERT level A = Most likely a serious problem - resolve or explain
1 ALERT level B = A potentially serious problem, consider carefully
13 ALERT level C = Check. Ensure it is not caused by an omission or oversight
9 ALERT level G = General information/check it is not something unexpected
3 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
7 ALERT type 2 Indicator that the structure model may be wrong or deficient
6 ALERT type 3 Indicator that the structure quality may be low
6 ALERT type 4 Improvement, methodology, query or suggestion
1 ALERT type 5 Informative message, check
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It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious problems
it may be necessary to carry out additional measurements or structure refinements. However, the
purpose of your study may justify the reported deviations and the more serious of these should
normally be commented upon in the discussion or experimental section of a paper or in the
"special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and unusual
parameters, but every test has its limitations and alerts that are not important in a particular case may
appear. Conversely, the absence of alerts does not guarantee there are no aspects of the results needing
attention. It is up to the individual to critically assess their own results and, if necessary, seek expert
advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks are
run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to CIF
submission.

PLATON version of 18/12/2021; check.def file version of 18/12/2021

Datablock deifr14_a - ellipsoid plot

NOMOVE FORCED Prob
Temp
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Z -154 delfrl4_ o P 21/c R =0.11 RES= 0 -58 X
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Computational Details to P17

All calculations were performed with ORCA v.4.0.10%¢ by Prof. Dr. Dominik Munz, as a
collaborating scientist. Two computational strategies were applied, which both gave
consistent results:

1) The geometric parameters were optimized using the PBEO functional,!'®”! with dispersion
correction D3(BJ)!"*® and the def2-SVP basis set.['* For Si, Au, and Fe, the def2-TZVP basis
set and the def2-ECP (for Au) were used.l'® Tighter than default scf (“tightscf”) and
optimization criteria (“tightopt”) were chosen in conjunction with finer than default grid values
(“grid7”; “nofinalgrid”) and WITHOUT the RIJCOSX approximation. The optimized geometric
parameters were verified as true minima by the absence of negative eigenvalues in the
harmonic vibrational frequency analysis. For the analysis of the electronic structure, single-
point calculations were performed (PBEO-D3BJ/def2-TZVPP//PBEO-D3BJ/def2-SVP). The
population analysis was performed using Knizia’s Intrinsic Bond Orbitals.['®" Other localization
methods (Foster-Boys, Pipek-Mezey) led to similar results. The calculations for the MéBbauer
parameters followed a procedure developed by F. Neese and coworkers.["621¢% The calculation
of the *"Fe MoBbauer parameters was performed with the TPSSh functional and without the
RIJCOSX approximation, the core properties basis set CP(PPP)'®4 for iron and the DKH-def2-
TZVPP basis set for all other atoms, the second order Douglas-Kroll-Hess method,!"® and
even tighter scf (“verytightscf’) and grid setting for iron, gold and silicon (“SpecialGridintAcc
7”) and the other atoms (“grid6”, “nofinalgrid”). The %Fe MoBbauer isomer shifts were
calibrated using the extended (“whole”) calibration parameters according to F. Neese.!"®? This
calibration set includes previously reported calibration sets.!'®3%1 Modeling of the MoBbauer
spectrum with the BP86 and B3LYP functionals led to comparable spectroscopic parameters.
Accordingly, similar spectroscopic parameters were obtained for the solid-state structure with
optimized positions of hydrogen atoms as coordinates.

2) Scalar relativistic calculations with the Zeroth Order Regular Approximation (ZORA)!'®"! and
the BP86 functional were performed (ZORA-BP86-D3BJ/def2-TZVPP//ZORA-BP86-
D3BJ/def2-SVP). For Au, and Fe, the SARC all-electron basis set were used, for Si the ZORA-
def2-TZVP basis set. A comparable fit as obtained with strategy 1 was obtained for the
structural parameters in the solid state (Table S 5), whereas the vibrational spectra
(frequencies were scaled by 0.981 according to refl'®®) were in better agreement with the
experiment and are thus shown in the thesis. The IBOs (Figure S 1), which could not be
obtained at the ZORA level, were calculated at the BP86/def2-TZVPP(def2-ECP)//ZORA-
BP86-D3BJ/def2-SCP level of theory and are essentially equivalent to the ones obtained with
PBEO.

LI
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Table S 5. Benchmark of structural parameters of P17. Bond lengths are given in [A], angles in [°].

Solid State PBEO BP86
Si-Cl 2.1076 2.13 2.145
Si-Au 2.2676 2.27 2.261
Au-Fe 2.5305 2.5 2.504
CO-HCH;Mes 2.579 2.896 2.51
Si-Au-Fe 173.65 168.6 169.2

Figure S 1. IBOs for P17 as obtained with BP86.

LIV
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Mes Mes

1.31
124 [1 29] 1.31 1.30 [1.291/4 54
[1.21] [1 32] [1 26] [1.27]

1. 20 T 135
1. 32] [1.32]

112 143
132 1.2
[1.27] 409\ 25]

[1.09]
[1.28]

Mes

Fe(CO),

Figure S 2. Bond orders in P17. Mayer bond orders in red (PBEO [ZORA-PB86]) and Léwdin bond orders in blue (PBEO [ZORA-
0.35

PB86]).
0.35
[0. 35] [0.36]

N
-0. 01 025 48 0.17 -0.26 -0.01
[-0.01] \[-0-25] [019] 1o 10 [:0-267 [.0.01]
0.34 ozo 20 015 0.26 [g:g] +oz\ 0.36
-0.14 -
[0. 33] [+o 18] [-0.14] (0,071 [+0.18] \_ [0.35]
-0.02 -o 01
[-0. 02]\ [-0.01]
[+o 14]

Mes 0.12
[0.41]
Au
+0.05
[+0.06] 1.2
[-1.0]
Fe(CO),
-0.24
[0.17]

Figure S 3. Calculated partial charges in P17. Hirshfeld partial charges in red (PBEO [ZORA-PB86]) and Léwdin partial charges
in blue (PBEO [ZORA-PB86]).
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Table S 6. Energies of calculated compounds.

BP
Compound E [Eh] H [Eh] G [Eh] NIimag
Fe(CO)s* -1731.583664 | -1731.541484 |  -1731.585866 0
97 22334.061991 | -22333.602426 | -223337.039014 0
NHCMesFe(CO)s 2655.992479 | -2655.533689 |  -2655.628490 0
82 -3138.766511 | -3138.152546 |  -3138.263869 0
P17 24199.554221 | -24198.599820| -24198.757207 0
PBEO
Fe(CO)s* -1715.978536 | -1715.935089 |  -1715.979077
NHCMesFe(CO)s -2638.600065 | -2638.128933 | -2638.222504
P17 -4634.120518 | -4633.139796 |  -4,633.204931

XYZ coordinates C -0.30202 5.83927 -3.83167

NHCYe* Fe(CO)s BP8S H 178247 525517  -3.66505

C  -113671 089300  -2.88598 Ho 245147 610572 -3.80895

C  -120232 -0.16370  -2.02235 C 109981 046404 042972

N -1.20844 037334  -0.73444 C 225546 -088823  1.11506

C  -1.15006  1.75225  -0.75487 C 020062 -0.86655 081648

N -1.10469  2.04727  -2.10260 C 207488 71387 2.24216

H  -1.11105 094207  -3.97396 C 032415 169621 1.94021

H 124641 123899  -2.19132 c 080104  -212087  2.67522

Fe  -1.35505  3.00339  0.75967 H 296260  -2.04748  2.79643

C  -3.00381 285119  0.43966 H o 132769 -2.00170  2.26468

O  -424747  2.76999  0.25085 C 337314 378844 -2.79005

C  -051660  1.96259  1.95013 H o -401342 411381  -3.62831

O 001807 142154  2.83674 Ho 349298 270127 -2.60057

C  -1.72395  4.11458  2.09189 Ho 375995 4.26345  -1.87124

O 197714 484293  2.96362 C 000466 720613 -4.39657

C  -0.37188 431064  0.03240 H 085326  7.17310  -5.10250

O 025266 524492  -0.28647 H 086581 763485 -4.92183

C  -086210 334162  -2.68064 H 028145 7.90656  -3.58539

C 048632 370119  -2.91582 C 160915 279245 -2.48216

C  -1.93817 418168  -3.02903 Holer 2esdzr -1.38113

C 074076 495311  -3.49385 Ho 1.50918 177551 -2.90827

C  -162704 543183  -3.59925 H 258082 319896  -2.78725

C  -363929 -0.46980  0.68981

LVI
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-3.66862
-4.35294
-4.00313
1.41325
2.33647
1.36207
1.49527
-0.63364
-1.56048
0.17940
-0.37526

I T T O T T T O T T =T

97_BP86
-0.96231
-1.03563
-0.77523
-0.54048
-0.65792
-1.09857
-1.24845
-1.42533
-2.97753
-4.02981
-0.43906
0.19668
-1.90246
-2.22377
-0.64474
-0.14531
-0.60839
0.65405
-1.80406
0.70110
-1.70250
-0.46314
1.67863
-2.61482
-0.83278
-2.04859

I T 2 O 2 O O

Ly
(0]

O O I T OO OO OO oOoOOoOOonOOoTao oo

-0.12270
-1.30449
0.36563
-0.34917
-0.80509
-0.54803
0.74750
-2.96304
-3.50582
-3.70129
-2.32544

0.00376
-1.05274
-0.53378

0.82313

1.12916

0.05347
-2.10928

4.03591

3.37061

2.92882

3.01104
2.36395

5.28114

6.11543

5.03400

5.75493

2.50198
3.09066

3.25304
4.47412

4.63404

5.26499
4.95675

5.24341
-1.25160
-1.27249

-0.35509
0.80147
1.31361
0.08403
0.47645

-1.00189
0.20484
3.91786
4.17054
3.80208
4.78503

-3.86231
-2.98751
-1.71674
-1.75989
-3.10047
-4.94253
-3.15005
1.16713
0.67985
0.34072
2.22561
2.98766
2.31022
3.08061
-0.06609
-0.86416
-3.52524
-3.74724
-3.51912
-3.98126
-3.76047
-3.96679
-4.11630
-3.71331
-0.47606
0.24222

0.34810
-2.05931
0.28538
-0.90813
-2.99148
1.19862
-3.12276
-3.96717
-3.22492
-3.21479
-0.37131
0.50792
-1.27743
-0.26964
1.91047
2.05183
1.86005
2.79668
-3.26284
-3.39071
-4.17898
-3.16531
1.64254
2.46101
1.55619
1.92211
-0.93861
-1.91505
-0.15201
-0.77076
-0.64273

I r T O TrrT r OGITr r G T TTOII T T OIT T T O I T OoO0oOo0

>
c

Fe(CO).>_BP86

0] 2.40120
Fe 3.51635
0] 1.80767
0] 6.20225
C 2.83629
C 2.50041

-1.84492
-1.94879
-2.50802
-2.56710
-1.96583
-2.96632
2.62923
3.22726
1.59529
2.59540
6.76874
7.10219
7.21726
7.15423
2.26662
1.97699
1.33078
2.83784
-0.53405
-0.63524
-0.89130
0.54982
-1.69599
-2.24496
-2.05857
-0.62677
-3.22461
-3.70093
-3.99350
-2.47437
2.19625

417319
3.73951
1.99028
2.66357
3.99746
2.69275

0.01610
1.47618
1.25398
1.99912
2.05713
1.65818

-3.13857

-3.52108

-3.51145

-2.03486

-4.04045

-4.62006

-4.48486

-3.00790

-3.61452

-2.55498

-4.20056

-3.93854

-0.25728
-1.34916
0.24188

-0.04586

-0.74424

-0.24920

-1.78510

-0.80143
3.36037
3.56023
3.45916
4.15706
-0.31186

-1.41987
1.25200
2.87049
0.82925

-0.32728
2.20649

LviI
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C 5.10384
C 3.70589
0 3.85431

P17_BP86

Cl 3.17654

Si 3.95346

Au 3.63797
0] 2.46083
3.27458
7.07532
6.83230
8.05047
6.03283
8.43222
8.82366
1.24379
1.19441

9.04312
5.84374
8.84594
4.31673
7.09395
6.94254
7.71703
6.10633
4.03877
4.78510
4.01966
3.03968
8.45702
8.93071

9.02585
7.43859
6.48962
6.71942
7.44367
5.86843
5.49302

n
@

O r r T O T r T OIT T T OITT T T OOOTTOOZT O OZ o2

3.08082
5.24208
6.26844

9.33918
7.38073
5.35049
4.22220
2.94628
7.53591
7.65862
7.48035
2.79939
7.27672
7.14426
6.48730
3.01412
7.25097
2.50086
8.15934
3.92309
4.96148
3.99593
4.77611
5.28463
3.32446
2.56652
4.07815
2.85381
6.41551
7.24534
5.49326
6.26889
5.10784
4.94503
5.07450
4.25562
8.84356

1.01019
2.09971
2.68067

2.11010
2.51336
1.56913
-1.56479
0.96937
1.12279
2.47161
3.09619
2.00579
0.91328
-0.09354
4.23207
3.05006
2.13204
6.66652
5.32099
6.12274
4.05750
4.56022
3.16540
3.67571
4.77821
4.49798
3.96681
4.74410
8.72425
9.27481
8.94237
9.12812
-0.36824
0.69748
-0.93041
-0.68677
-0.21513

O O O o T T T O

9.37006
9.65766
8.61652
10.25968
2.81464
4.93155
2.03206
3.12220

9.45366
10.15338
9.95004

9.28855
3.73722
2.88635
3.00009
1.27086

NHCMes-Fe(CO)._PBEO

C
C
N
C
N
H
H

Fe

C
@)
C
@)
C
0
C
0
C
C
C
C
C
C
H
H
C
C
C
C
C

-1.07527
-1.16910
-1.15091
-1.05484
-1.00556
-1.05113
-1.24764
-1.20591
-2.93378
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Additional NMR spectra
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Figure S 4. TH-NMR spectrum of MesNHI"BY recorded at 25°C in benzene-ds.
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Figure S 5. 1H-NMR spectrum of PPNHI"BY recorded at 25°C in benzene-de.
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Figure S 6. 1H-NMR spectrum of bisEt-NHIMes (PQ) recorded at 25°C in benzene-ds.
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Figure S 7. IH-NMR spectrum of bisPh-NHIMes (POA) recorded at 25°C in MeCN-ds.
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Figure S 8.13C-NMR spectrum of P1 recorded at 25°C in MeCN-ds.
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Figure S 9. 13C-NMR spectrum of P2 recorded at 25°C in MeCN-ds.
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Figure S 10. 33C-NMR spectrum of P3 recorded at 25°C in MeCN-ds.
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Figure S 11. 13C-NMR spectrum of P4 recorded at 25°C in MeCN-ds.
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Figure S 12. IH-NMR (big) and 2°Si (small) spectrum of P5 recorded at 25°C in MeCN-ds.
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Figure S 13. 13C-NMR spectrum of P5 recorded at 25°C in MeCN-d3,
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Figure S 14. 13C-NMR spectrum of P6 recorded at 25°C in MeCN-ds.
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Figure S 15. 33C-NMR spectrum of P6B recorded at 25°C in MeCN-ds.
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Figure S 16. 33C-NMR spectrum of P7A recorded at 25°C in MeCN-ds.
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Figure S 17. 13C-NMR spectrum of P8 recorded at 25°C in MeCN-ds.
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Figure S 18. 13C-NMR spectrum of P9 recorded at 25°C in MeCN-ds.
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Figure S 19. 13C-NMR spectrum of P10 recorded at 25°C in MeCN-ds.
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Figure S 20. 13C-NMR spectrum of P11 recorded at 25°C in THF-ds.
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Figure S 21. 13C-NMR spectrum of P12 recorded at 25°C in THF-ds.
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Figure S 22. 3C-NMR spectrum of P13 recorded at 25°C in MeCN-ds.
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Figure S 23. 13C-NMR spectrum of P14 recorded at 25°C in MeCN-ds.
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Figure S 24. 3C-NMR spectrum of P15 recorded at 25°C in MeCN-ds.
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Figure S 25. 13C-NMR spectrum of P16 recorded at 25°C in MeCN-ds.
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Figure S 26. 13C-NMR spectrum of P17 recorded at 25°C in pyridine-ds.
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Figure S 27. 13C-NMR spectrum of P17A recorded at 25°C in MeCN-ds.
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Figure S 28. 33C-NMR spectrum of P19 recorded at 25°C in MeCN-ds.
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Figure S 29. 13C-NMR spectrum of P20 recorded at 25°C in pyridine-ds.
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Figure S 31. 13C-NMR spectrum of P22 recorded at 25°C in MeCN-ds.
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Figure S 32. 33C-NMR spectrum of P23 recorded at 25°C in benzene-de.
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Additional Mass Spectra
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Figure S 33. ESI-MS spectrum (detail view) of P8 (positive mode, 300 °C, —3500 V; line: measured spectrum; bars: simulated
spectrum).
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Figure S 34. ESI-MS spectrum (detail view) of P9 (positive mode, 300 °C, —3500 V; line: measured spectrum; bars: simulated
spectrum).

P10

8574

.

I T T T
835 840 845 850 855 860 865 870 875 880
m/z

Figure S 35. ESI-MS spectrum (detail view) of P10 (positive mode, 300 °C, —3500 V; line: measured spectrum; bars:
simulated spectrum).
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Figure S 36. ESI-MS spectrum (detail view) of P13 (positive mode, 300 °C, —2500 V; line: measured spectrum; bars:
simulated spectrum).
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Figure S 37. ESI-MS spectrum (detail view) of P14 (positive mode, 300 °C, —2500 V; line: measured spectrum; bars:
simulated spectrum).
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Figure S 38. ESI-MS spectrum (detail view) of P15 (positive mode, 300 °C, —2500 V; line: measured spectrum; bars:
simulated spectrum).
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Figure S 39. LIFDI-MS spectrum (detail view with isotope pattern) of P21 (left: measured spectrum; right: simulated
spectrum).
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Figure S 40. ESI-MS spectrum (detail view) of P23 (positive mode, 300 °C, —2500 V; left: measured spectrum; right:
simulated spectrum).
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Figure S 41. LIFDI-MS spectrum (detail view with isotope pattern) of P7A (left: measured spectrum; right: simulated
spectrum).
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