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Xa, a’= a mixture of two isomers (cis, trans); where X= compound number and a,a’are two isomers
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1.1.N-Heterocyclic carbenes

1. Introduction

Carbenes are a class of compounds that possess a neutral divalent and dicoordinate carbon atom
with six valence shell electrons. Carbenes have been proposed for over 170 years,™ though not in
isolated form. There are twoelectronic states of carbene species: singlet carbenes and triplet
carbenes (Figure 1.1). Singlet carbenes usually favour low oxidation state metals, with strong 7t-
acceptor ligands (e.g. CO, CN-, NO ligands), while triplet carbenes are typically found in metal
complexes with metals in high oxidation state and with w-donor ligands (e.g. Cp, OR, halide
ligands). Carbene complexes may be used as both electrophilic and nucleophilic reagents in
carbon—carbon bond-forming reactions. The intrinsic electrophilic nature of the carbene carbon
atom allows for the addition of C-nucleophiles and is also evident in Michael reactions in which an
o,B-unsaturated carbene complex acts as an organometallic acceptor. !> N-Heterocyclic carbenes
(NHCs) are those withat least one a-N-center and a carbene atom embedded in a ring, having
effective electronic donation from the lone pair of the n-donating substituents into the empty p-
orbital of the carbene atom.? Therefore,they have been sometimes regarded as subclass of singlet
carbenes. NHC metal interactions can be differentiated from those of singlet and triplet carbene
ligands due to their single c-bond 2! to the metal compared to the double bonds usually present in
singlet and triplet carbene metal complexes. !

Singlet Triplet NHC

Figure 1.1. Simplified frontier orbital demonstration of singlet, triplet and N-heterocyclic carbenes.
1.1  N-Heterocyclic carbenes

N-heterocyclic carbenes (NHCs) were proposed as transient species more than a half century ago™!
but the first N-heterocyclic carbene complex was proposed by Chugaev et al. in 1915, though the
correct structure was not determined until the 1970s.5! Well-defined NHC metal complexes were
synthesized by Wanzlick in 1962, by introducing strong electrondonating groups next to the
carbene in order to increase the stability and form a nucleophilic carbene. Ofele later discovered the
first mono-dentate transition metal NHC complex.["" Wanzlick independently Prepareramercury



1.2 .N-heterocyclic selones

bis(carbene) compound.® However, in each case they were unable to isolate the free carbene.The
first free organic carbene was isolated by Bertrand,™ but the reactivity shed some doubt on its nature
for several years. NHCs and their complexes remained a curiosity until Arduengo et al.X% isolated
the first stable imidazol-2-ylidene, namely 1,3-bis(adamantyl)imidazol-2-ylidene 1 (Scheme 1) in
1991. This discovery initiated wide-ranging research into NHCs and their metal complexes. 1%

Ad Ad
N NaH N
[®>>_H Cat DMSO [ >>:
W c@  THF .
Ad Ad
I

Scheme 1.1.Synthesis of the first isolated free NHC 1.1

Today, there are numerous ways to generate free NHCs from different starting materials (Scheme
1.2). For example, it is possible to desulfurize thioureas with potassium in hot THF; the by-product,
KzS, is insoluble in THF and easy to remove.™*2 \VVacuum pyrolysis can also be used and removes
volatile by-products such as CsFsH.[*¥l NHC-CO, adducts can simply be heated to form the free
NHC in situ, and can be used in systems when the activation of the catalyst needs to be delayed.!*!
Another technique treats imidazolium chloride salts with Hg(TMS). to give the free carbene, TMS-
Cl and elemental mercury.™!

)\ 7 [\
N N Base Hg(TMS),
R/®Y g R/N\\/N\R -— R,N\@//N\R
H © ca P
>/ N
N_ _N N\ @N
/ \R / \R
0©0

Scheme 1.2. Different routes to generate symmetrical free NHC.
1.2. N-heterocyclic selones
Selone is the structural analogue of a ketone where selenium replaces oxygen. Synthesis of the

first N-heterocyclic selone was reported by Warner, in 1963 [® wherein o-phenylene-
diamine 11 was refluxed in CCls solvent with carbon diselenide to form 2-isoselenocyanatoaniline


https://en.wikipedia.org/wiki/Ketone
https://en.wikipedia.org/wiki/Selenium
https://en.wikipedia.org/wiki/Oxygen

1.2 .N-heterocyclic selones

I11. The intermolecular reaction between isoselenocyanate and amino group produced selone 1V in
85% yield (Scheme 1.3).

CSe
NH 2 —C=
©i 2 CCly, reflux ©:N C=Se
—_—T —_—
NH, NH,
11 111

Scheme 1.3. First report by Warner on the synthesis of N-heterocyclic selone 1V.[¢]

There are numerous reports where selones have been synthesized by the reaction of N,N’-alkyl-
imidazolidine based salts with elemental selenium in the presence of a base.r” The precursor
imidazolium salts were prepared by two different routes; a) nucleophilic substitution at the nitrogen
atoms of the imidazole,*® followed by the quaternization at the N'-position,*® or b) multi-
component reactions for the generation of the N,N’-substituted heterocycles.?” On the contrary,
Nolan and coworkers synthesized stable selone compounds by the reaction of base with
imidazolium salt, followed by their reaction with elemental selenium.?*

© S
Se Se Se
R\N N/H —_—_ R\N/ N/H — R\N \N/H
\% VI VII

Figure 1.2. Resonance structures of N-heterocyclic selones.

Selones are considered to be a resonance hybrid of three majorcannonical structures as exemplified
in Figure 1.2.121 According to calculations by Parkin and coworkers, the combined zwitterionic
resonance structures with C—Se single bond VI, VII provided greater contribution than that of the
C=Se resonance structureV. It is further supported by the C-Se bond distance of 1.884,12l which is
significantly longer than that found for an isolated double bond, such as in CSe (1.698 A).

To select a carbene for a specific application, comprehensive assessment of its properties is of
crucial importance. Specifically, a number of methods have been utilized over the past years to tune
the electronic properties of ligands.?*?! The 77Se NMR chemical shifts are very sensitive to the

relative position of a given adduct within the two limiting structures: n-acidic NHCs feature a higher



1.2 .N-heterocyclic selones

degree of C-Se double-bond character leading to NMR signals shifted to lower field in comparison
with less m-acidic NHCs.[?®! Ganter and co-workers incorporated 7’Se NMR spectroscopy as an
efficient method for the assessment of the m-acceptor strengths of selones.””] For instance, in
selone 1V, the aromatic ring is fused with imidazole which causes a decrease in aromaticity making
the lone pair of nitrogen more accessible for back donation to carbene carbon, which in turn reduces
the back-donation from selenium in the C-Se bond. Hence, Se in compound IV (67 ppm) is more
shielded than compound V111 (87 ppm). In compound IX, owing to the wider NCN angle, the
vacant p-orbital of the carbene carbon atom is lowered in energy which consequently nurtures -
back-bonding from the selenium atom.?®! Consequently, the six-membered compound X is shifted
by another 90 ppm to lower field. The increasing m-acidity of the carbenes contained in the
adducts X (472 ppm) and X1 (593 ppm) is due to the presence of an electron-withdrawing carbonyl
group in the former and the acyclic nature of the carbene in the latter, leading to an enhanced
conformational flexibility and reduced interaction of the nitrogen lone pair with the vacant p orbital
on the carbene C atom.!?>*% The diamidocarbene XI1 is known as a very electron poor carbene with
a strong m-acceptor character and it consequently appears at the lowest field (856 ppm).B.32

Table 1.1. Correlation of the 7’Se chemical shifts (ppm) of selones with m-acceptance character.

Se Se Se
R R R R
R\N/[kN/R \N)J\N/ \N)J\N/
= I\/l //‘\)
X=X
o}
X X
X R "Se NMR
Vi - Pr 67 ppm
Vi X=CH R = Dipp 87 ppm
IX - R = Mes 184 ppm
X - R = Mes 472 ppm
XI X =1Pr R="Pr 593 ppm
X1 X=CO R = Mes 856 ppm
X111 X=CH R="'Bu 183 ppm
XV X=CH R = adamantyl 197 ppm

Nolan and co-workers further incorporated computational studies to explore the link between the
shielding of the selenium center and the electronic properties of the NHCs.[*®! It is apparent that



1.3. Backbone functionalized mono(NHCs)

the Se resonance, dse IS Synchronized to the energy gap between a filled lone pair orbital on Se and
the empty ©n* orbital corresponding to the Se-NHC bond.Unsaturated imidazol-2-ylidenes with
secondary alkyl N-substituents exhibit the lowest J&se (KO ppm), while unsaturated N,N'-
diarylimidazol-2-ylidenes and N,N’-dialkyl-4,5-dihydroimidazol-2-ylidene show Se resonance in
the range 30-100 ppm. Saturated N,N’-diaryl species exhibit higher &se (110-190 ppm).
Interestingly, X111 and XIV, with quaternary N-alkyl substituents, exhibit very high chemical shifts
(0se = 183 and 197 ppm, respectively). While saturated NHCs are known to be more m-accepting
than unsaturated NHCs, this difference amongst N,N’-dialkylimidazol-2-ylidenes was very capti-
vating. Remarkably, structurally similar unsaturated bis(aryl) NHCs led to quite different values of
dse (23 and 34).B4

According to Bertrand, 3P NMR chemical shifts of carbene—phenylphosphinidene adducts allow
the determination of the relative m-acceptor properties of carbenes. Such compounds can be
represented by two canonical structures: a typical phosphaalkene featuring a formal P=C double
bond A, whereas B corresponds to a carbene—phosphinidene adduct featuring a P-C dative bond
with two lone pairs of electrons at phosphorus.©®* The main feature of these compounds is the very
high-field *'P{*H}NMR chemical shift of the phosphorus center (5 = —53.5 to —10.4 ppm) in
comparison with the chemical shift usually displayed by typical, non-inversely polarized
phosphaalkenes (6=230-420 ppm) B4 An increase of the m-accepting property of the carbene
favors the back-donation of the lone pair of the phosphorus atom to the vacant p orbital of the
carbene center, therefore increasing the contribution of resonance form A. Consequently, the
$IP'H}INMR chemical shift of carbene—phosphinidene adducts provide a straightforward method
to evaluate the m-acceptor property of the carbene: the more w-accepting the carbene is, the further
downfield the chemical shift of the phosphorus nucleus will be.?!

1.3.  Backbone functionalized mono(NHCs)

More recently, targets in NHC chemistry became more sophisticated, i.e., to build advanced ligands
possessing structural diversities and catalytic functionalities,** applicable in coordination chemis-
try,l homogeneous catalysis,®” and organocatalysis.®®! Therefore, modification of electronic
properties of NHCs, most often imidazole-based, became a primary issue and various concepts were
followed, i.e., N-substituent design or annellation with the imidazole ring,®% but also to exert
electronic influence® via NHC backbone substituents™.In case of the latter, the initial focus was
on mono(NHCs) bearing substituents derived from heteroatoms such as CI,142 N,13%. 441 gj [451 g [46]
and P71 (Figure 1.3).



1.4. Diverse structural designs of NHCs
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Figure 1.3. Backbone-functionalized mono(NHC)s (R = alkyl or aryl groups, X = Cl, Br).

A high yieldsynthetic approach was employed by Streubel and co-workers to develop a series of P-
functional imidazole-2-ylidenemetal complexes via oxidative desulfurization of the P-functional
thiones XX. H20. was used to produce phosphanoyl-imidazolium saltsXXI followed by de-
pronoation to generate NHC in situ which was trapped by treatment with metal precursor (Scheme
1.4).19 Following the same synthetic protocol, bis(phosphanoyl) NHC complex was obtained and
convertedto heterobimetalliccomplex.® Adaptation of this strategy not only prompted to combine
two chemically andelectronically different environments in a single molecule,™ but also lead to
multifunctional ligand systems to create homo- andheterobimetallic complexes.? 5

L >=s _ M0, @} M(CO)sCH3CN J: )}M(co

RyP Hso4
g R

XX XXI XXII
R = alkyl/Aryl M = Cr/W/Mo

R" = Ph/NEt,

Scheme 1.4. Synthesis of the backbone-phosphanoyl substituted NHC metal complexes XX11.14

1.4.  Diverse structural designs of NHCs

The design of poly(NHC) ligands Bhas increased the architecturalvariability and coordination
modes in organometallic chemistry (Figure 1.4).Bis(NHCs)of type XXIII are linked via two N-
centers and a varying carbon chain between the two NHCs . These bidentate bis(NHCs) have been
prepared and their coordination properties aschelating ligands have been studied.*5 Iridium
bis(NHC) complexes were synthesized by Crabtree and co-workers and used as catalyst for the
reduction ofaldehydes.® Similarly, tetrakis(imidazole-2-ylidenes) XXIVwere formed and
theirstructural and spectroscopic properties have been investigated.% 7% Different heteroatom such
as P, O, S, and N atoms in the linker XXVoffers tris-chelating coordination mode of these ligands
that has providedpincerand tripodalbis(NHC) complexes.[’* "I The first example of an anionic N-



1.5. Janus-type bis(NHCs)

heterocyclic dicarbene XXV was reported by Robinson and co-workers, in which one of the sites
of the imidazole-2-ylidene backbone has been deprotonated, giving rise to an NHC capable of
coordinating through the C, and C4 positions simultaneously (Figure 1.4).!

[N§>R N N R R

| : : : N/ \N

L RY ooy
0 0 <7 Oy’ \
% \ /

XXTIT53-641 XXTVI64-701 XXVI71-74l XXvI7s!

Figure 1.4. Bis, tetrakis and hetarene-bridge functionalized NHCs.

1.5.  Janus-type bis(NHCs)

Contrary to mono(NHCs), knowledge about [a,d]benzannulated “ditopic” Janus-type bis(NHCs)
XXVII, first reported by Bielawski et al.,"® remains scarce. The benzobis(imidazolium)salt was
deprotonated to create the bis(NHC) XXVII, while its metalcomplexes XXXI were produced by
reacting it with suitable metal precursors. Similarly, they also studied the influence of the electronic
properties on the NHC ligand by introducing a reducible redox-active functionality, such as a
naphthoquinone XXV 111.B In its neutral form, the NHC was predicted to be a relatively weak
donor (or nucleophile) due to conjugation between the lone pairs of electrons on the nitrogen atoms
of the imidazolylidene and the carbonyl groups of the quinone moiety. The nucleophilic cha-
racteristics may also be enhanced by the formation of negative charge experienced by the carbene
upon reduction.B%In 2012, Peris et.al reported the preparation of a new ditopic bis(carbene) that
shares redox-active characteristics, the pyracene bis(NHC) XXIX. Depending upon the steric bulk
of N-substituents, these benzobis(NHCs) form monomeric,® dimeric” and polymericl™®
units.The reactions of benzo-bis(imidazolium) salts with suitable metal precursors allowed
thesynthesis of organometallic polymers. 7%
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Figure 1.5. Examples of Janus-type ditopic bis(NHCs).

Coordination properties of such and related NHCs were investigated by Bielawski and Peris to build
novel organometallic architectures.®! Homobimetallic bis(NHC) complex XXXI was obtained by
reacting bisimidazolium salt XXX with Ag20.["® Hahn and co-workers quickly realized the huge
potential of derivatives of XXV1I to create molecular squares and quadrilaterals in supramolecular
assemblies.’® Besides the synthesis of homobimetallic Janus-type bis(NHC) complexes, Peris and
his coworkers also synthesized heterobimetallic bis(NHC) complexes.[®! They proposed
monometalation of XXXII by its reaction with a base (NaOAc) followed by the addition of
complexes [MCIy(Cp*)]2 (M = Rh, Ir) and KI; the latter was added to the reaction mixture in order
to support the formation of only one halogen containing species. The metalation of XXXII with
rhodium occurred selectively at the C? position of the deprotonated imidazolium group (Scheme
1.5).

The differences in reactivity observed for Ir'" and Rh"" in this monometalation was due to rather
labile Rh—CNHC bonds as compared to the more inert Ir—CNHC bonds.®! Thus, it was assumed that
any undesirable M-benzimidazolylidene complex can rearrange to the more stable
CNHEAcPrenY! chelate complex for M = Rh, while such a rearrangement is less likely for M = Ir.[&%]
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Scheme 1.5. Synthesis of the homo and heterobimetallic bis(NHC) metal complexes XXXI7€,
XXXIVE® respectively.
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1.5. Janus-type bis(NHCs)

A new design of bis(NHCs) having a PV-center incorporated as linker (Scheme 1.6)was developed
by Streubel and co-workers. The bis(imidazolium) salt XXXV was accessed via oxidative-
desulfurization of the bis(imidazolyl)phosphane. Reacting XXXVI with two equivalents of
potassiumhexamethyldisilazide (KHMDS) gave access to the free bis(NHC) XXXV, while treating
XXXV with two equivalents of KO'Bu and AgOTf(PPhs) lead to the bis(NHC) silvercomplex
XXXVI1.[59

XXXVI

M@T T

AgOTf(PPh;)
R = Alkyl/Aryl /> PhyP— Ag—<< >>—Ag —PPh,

XXXVII

Scheme 1.6. Synthesis of the PV bridged bis(NHC) XXXV and its metal complexes XXX V1.8

There are very few examples of NHC ligands acting as bridging ligands in dinuclear complexes,
where one metal is bound at the carbene carbon atom and another one is bound at the unsubstituted
ring-nitrogen.[®” Such structures are probably promising candidates as catalysts for unique trans-
formations through obliging action of the two metal centers.® It has been shown that N-
deprotonation of platinum or palladium complexes bearing protic NH,NR(NHC) ligands leads to
homodinuclear complexes XXXVIII (Figure 1.6) with a head to-tail (H-T) orientation of the
bridging ligands.% Similar dinuclear complexes of type XXXIX have been obtained by treatment
of an iron(IT)~di-NHC complex with PhLi (Figure 1.6)° The formation of homodinuclear head-
to-head (H-H) complexes XXXX has been proposed for the reaction of [Ir(cod)(u-Cl)]2 with
lithium N-benzylimidazolate.®"
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R R
o~ / / cl
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L:\\ ,\
N N AN N
S N S X N
X—M\—<< L NHC,F:e—<< | C—Ir—<<
PPhgy— .25 H N
M = Pt, Pd / - ¢y
X = Br, Cl R R R = Et
R = Me, CgH,-p-OMe Ph
XXXV XxXxrx!?l xXxxx/°u

Figure 1.6. Literature known dinuclear NHC complexes with C, N-bridging ligands..



1.6. Backbone-functionalized anionic NHCs

1.6. Backbone-functionalized anionic NHCs

It has been reported that the incorporation of an anionic functionality confers higher stability
to resulting NHC complexes compared to related neutral donor substituents.®? Especially
backbone-functionalized NHCs having anionic heteroatom substituents facilitates n-electron
interaction with the heterocyclic ring, which then may also lead to electronic tuning of the
donor properties of the carbene center.’®! Only a small number of anionic NHCs of
possessing low-coordinate moieties such as enolateXL,3 borateX L1, amidoXL 115
have been reported (Figure 1.7). The first anionic NHC-4-olateXL was synthesized by
Lavigne and co-workers where they perposed deprotonation of starting material 4-
hydroxyimidazolium chloride with LiHMDS (2eq.).®®! Later, Tamm and co-workers
introduced a weekly coordi-natinganionic functionality B(CeHs)s at the NHC backbone to
generate XLI. Zwitterionic gold complexes of the obtained NHC were obtained via reacting
with suitable gold complexes and their catalytic studies towards skeletal rearrangement of
enyne were commenced.®¥ Backbone arylimino-substituted NHC ligands XLII was
postulated by Braunstein and coworkers via reacting imidazolium precursors with LIHMDS
and tmeda (N, N,N’,N’-tetramethylethylene-diamine).®!

R R R
/ / /
) Y )
@):N GJ:N @):N
o] \ R3B \ RN \
R R R
XLP3I XLIP4 XL

Figure 1.7.Literature known NHCs (R = alkyl or aryl groups; shown without the counter cations).

A novel zwitterionic compound XLIV was reported by Streubel and co-workers, in 2013
and proposed a reaction of the imidazole-2-thion-4-yl-substituted phenylphosphanes XLI1I
with four equivalents of potassium (Scheme 1.7). Subsequent deprotonation of XLIV
resulted into anionic NHC derivative XL V. Synthesis of the anionic bis(NHC) XLVII
was reported, by reduction of a bis(imidazole-2-thione-4-yl)phosphaneXLVI using a large
excess of potassium metal. But XLVII could neither be isolated nor structurally con-
firmed."]

10
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Scheme 1.7. Synthesis of anionic NHCs XL V8l and XLV 11149,

1.7 Diphosphinines

Concerning diphosphinines, there are three possible regioisomers, i.e. 1,2-diphosphinine, 1,3-
diphosphinine and 1,4-diphosphinine (Figure 1.8). Due to a limited stability and high reactivity,
chemistry of these compounds are still largely unexplored.

sHsRe
P//P P/) P/é
1,2 1,3

Figure 1.8. Regioisomers of diphosphinines.

Here, I will focus on 1,4 diphosphinines as they constitute an important part of this thesis. The first
monocyclic 1A%, 4A3-diphosphinine XLX ©71 was reported by Kobayashi and co-workers using a
stepwise protocol. They proposed to start with a RhCls catalyzed addition of MeOH to the 1,4-
diphosphabarrelene XLVI11 to give XLIX. The latter eliminated the alkene XLXI under thermal
conditions andafforded the 1,4-diphosphinine XLX having four electron withdrawing CFs groups
(Scheme 1.8). Owing to the limited stability, this compound could neither be isolated nor fully
characterized and was only handled as n-hexane solution. Noteworthy, the3!P-NMR resonance of
XLX was reported at a very low field (287.0 ppm).

11



1.7. Diphosphinines

FsC

F3C RhCly FsC Reflux,
F.c— P F, MeOH _ FaC OCH _n-hexan I H / OCH,
FaC CF,4 CF3 Fs
XLVIII XLIX XLX XLXI

Scheme 1.8.Synthesis of the first example of a 1,4 diphosphinine (XLX).F"]

The facile access of imidazole-2-thione-based tricyclic 1,4-diphosphinines XLXV 111 py Streubel
and co-workers, has revived this research area, recently (Scheme 1.9). By treating imidazole-2-
thiones with "BuL.i in situ generates the lithiated salt in the first step, which undergo a reaction with
organochlorophosphane (Et2N)2PCI to get access to compound XLXIV. After extracting it with
pentane, it was scrambled with PCl3 to afford compound XL XV via substitution reaction. Later on,
reaction with a suitable base and subsequent intramolecular nucleophilic substitution lead to the
formation of tricyclic compound XLXVI. Multigram synthetic protocol was used to access 1,4-
diphosphinines XLXVI via reduction of the 1,4-dihydro-1,4-dichloro-1,4-diphosphinines XLXV
with "BusP (Scheme 1.9).[10

/nBU ’i‘Etz nBu NEt2 n
"BuLi
N P N
Et,N)PCI _ EtN PCls

D Fs

N N

\ \

"Bu XLXII "Bu XLXIII Bu

THF

n

LDA

-78°Ctort|-iProNH, - LiCl
NEt,
3
P.

s%II#v—s%II%S II%S

N NEt2

XLXVI XLXV XLXIV

Scheme 1.9. Reported synthetic protocol of first tricyclic imidazole-based 1,4 diphosphinine XLXV {1011,

Initially, the chemistry of XLX was studied by Kobayashi and co-workers, e.g., by heating
compound XL X with carbon tetrachloride at 130°C causes formation of diphosphanorbornadiene
derivative XL XV 118 by a pathway, possibly similar to the reaction between PPhsand CCla;% but
more recent studies suggest that a 1,4-addition of a C-Cl bond occurs first!®®!, Compound XL X was
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1.7. Diphosphinines

also used as a diene in several thermal [4+2]-cycloaddition reactions to afford diphospha-barrelenes
XLXVI1.B8 Similarly, when it was heated with an episulfide, 2,3,5,6-tetrakis-(trifluoro-methyl)-
7-thia-1,4-diphosphanorbornadiene  XLXIX via a formal [4+1]-cycloadditionreaction was
obtained. Photoisomerization was performed to get access to XLXX and provide insight into
valence bond isomerization.['®? Interestingly, derivatives XLXIV retain a high degree of aroma-
ticity (NICS(1) value —9.5) and redox-active functionalities making it a very remarkable starting
point for the formation of multifunctional ligands.™® Early reactivity studies demonstrated that
XLXIV can react with dichalcogenides PhCh-ChPh (Ch =S, Se) in [4n+2c]-cycloaddition
reactions, followed by inversion at the phosphorus center (Scheme 1.10).1292! In another reaction,
compound XL XV could be subjected to oxidative hydrolysis in moist air to get access to tricyclic
bis(phosphinic) acid XLXXI1.[1%1 After the first report on a thiazole-2-thion-based 1,4 diphosphi-
nine XCXIX by the Streubel group had appeared, nucleophilic addition reactions were carried out
using a base KHMDS to synthesize compound XLXXI111. Compound XLXXIII could be isolated
and fully characterized.[*® Similarly, dianionic compound XLXXIV was obtained selectively via
two-fold reduction of compound XCXIX in THF.[1%]

XLXVII8
R
XLXIX 10
R
4§ FsC \é\" y o FaC S\_‘p CFs
e CF; /P }P\Z/
¥ CFs FsC CF,

F3C
)ip/g/CFS
cl ‘ CFs
\P XLXXx!100
F4C FsC \ P
2o N IP CF
CF3 ; P : FsC 3

P / P "Bu H /B
y / \N P
S=< | | >=S ‘ EC= 20F =5 =8 — 5= || | )=s
N S 1 N S
/ p e N e s N p N
o/ I o 1 !
R Bu EPh Bu
XLXXIII!04!
® s » xLxxi
u u
[K(Et,0),] Py \ O O
/ N P N
S P N
s=< | =15
S:< | o | >=S N N
N S R
/ P ”Bu/ HO' \O \”Bu
"Pr
XLXXIVI103] XLXXII!103]

Scheme 1.10. Reactivity studies of three different 1,4-diphosphinines (R = alkyl groups).
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1.7. Diphosphinines

With this background it is particularly interesting to synthesize hitherto unknown bis(NHCs) having
bridging P-functionalities bound to the backbones of two NHCs, thus being able to study their co-
ordination properties and, in the long run, applications in materials chemistry.
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Aims of PhD Thesis

2. Aims of the PhD Thesis

The main aim of this PhD Thesis was to synthesize new classes of P-functional Janus-type
bis(NHCs) such as XLXXVand XC (Figure 2.0) using imidazole-2-selone-derived tricyclic 1,4-
dihydro-1,4-diphosphinines.

"Bu R/R2 /”Bu "Bu o "Bu
\ b \ /
¢ T IN> <NIPIN>
N N N N
P P

1 \ \
”BU/ RIR "Bu ”Bu/ © "Bu
XLXXV XC

Figure 2.0. Examples of targeted P-functional bis(NHCs).

Furthermore, initial studies on synthesis and reactivity in coordination chemistry:
e Of PYV-functional tricyclic bis(NHCs)
e Of P"""_functional tricyclic bis(NHCs)
e Of anionic tricyclic bis(NHCs)
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3.1 Syntheses of P-functional imidazole-2-selones

3. Syntheses of 1,4-dihydro-1,4-diphosphinines

In previous studies by Majhi, a successful synthetic approach was developed to get access to imida-
zolium salts via oxidative desulfurization of imidazole-2-thiones. Later on, they were used as
starting precusors for imidazole-2-ylidenes.!®! Following the same approach, Koner had tried to
synthesize bis(NHCs) using imidazole-2-thione-based tricyclic 1,4-dihyro-1,4-diphosphinines. He
has shown that when compound XCI was treated with 10 molar equivalent of aqueous H>O: in
methylene chloride a clean conversion to compound XCII occurred (Scheme 3.1) but, un-
fortunately, this showed limited stability during the purification process. The latter might be due to
the formation of hydrogen sulphate in the bis(imidazolium) salt.[2%%!

NEtz « NEL t
H,0, (10 eq.)

ﬁiiﬁw%&»%iiwﬂ

HSO, / Hso4

NEt2 el BN’

XCI XCII

Scheme 3.1. Oxidative desulfurization to the bis-imidazolium salt XC11.[103]

Keeping in view to get access to a series of tricyclic P-functional bis(NHCs), having a heteroatom
functionality that could be redox-active and/or possesses further, different donor centers in the same
ligand, we decided to prepare 1,4 dihydro-1,4 diphosphinine diselones.

3.1 Syntheses of P-functional imidazole-2-selones

As imidazole-2-selone 1 had been synthesized before in rather good yields, we decided to use it as
precursor following the literature protocol: preparation of the corresponding imidazolium salt and
its treatment with elemental selenium.['%1%71 To the best of our knowledge, there was no report on
the synthesis of a backbone-phosphanylated imidazole-2-selone so far. Furthermore, we employed
a similar synthetic strategy as reported by Sauerbrey,[“®1%l tg achieve the synthesis of C*-phos-
phanyl-substituted imidazole-2-selones 2 and 3. Imidazole-2-selone 1 was reacted with n-butyl
lithium at - 90 °C with subsequent addition insitu of chlorophosphanes such as (Ph(NEt2)PCI and
(Et2N)2PCI) to get the 4-phosphanylated imidazole-2-selones 2 and 3 (Scheme 3.2). Crude products
were purified via column chromatography and obtained as light yellow oils in excellent yields {92%
(2), 83% (3)}.3'P{*H} NMR spectroscopic analysisof 2 and 3 confirmed that only one
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3.2. Syntheses of amino(chloro)phosphanyl substituted imidazole-2-selones 4, 5

major product was formed in each case, showing resonances at chemical shifts at 72.5 ppm (2) and
32.9ppm (3). In the *H NMR spectrum the C°-H proton appeared at higher field at 6.7 (for 2) and
6.6 ppm (for 3) compared to the precursor backbone protons.

"Bu

/

R
/ ;
2. RP(CI)NEt
§ 90 °((:t) ¢ THE BN "
(e —momabe e
N N
\ By

- LiCl, - "BuH \

"Bu 1. "BuLi

"Bu

1 2)R = NEt, 2,3
3)R = Ph

Scheme 3.2. Synthesis of C*-phosphanylated imidazole-2-selones 2, 3.

The 7"Se NMR spectrum showed a singlet at 36.6 ppm (for 2), but no coupling to the phosphorus,
which was comparatively deshielded to imidazole-2-selone 1 (6 = - 12.2 ppm, Ad = 24:4).
Furthermore, 2 and 3 were characterized via IR spectroscopy and mass spectrometry.

3.2.  Syntheses of amino(chloro)phosphanyl substituted imidazole-2-selones 4, 5

Aiming to employ the chlorophosphanyl substituted imidazole-2-selones in low-coordinate phos-
phorus chemistry containing bis(NHC)units later, the synthesis of such derivatives was required.
Therefore, scrambling reactions were performed using 2 and 3 and PCl; to get access to backbone
chloro(organo)phosphanyl substituted imidazole-2-selones 4 and 5 following the reported protocol
by Streubel and coworkers.!2921%1 Reactions were performed at — 80 °C in diethyl ether (4)/dichloro-
methane (5) (Scheme 3.3) and monitored by *!P NMR spectroscopy. The *'P{*H} NMR spectra of
4 and 5 showed singlet resonance signals at 105.8 ppm (4) and 48.9ppm (5) being significantly
downfield-shifted compared to 2 and 3, respectively. After purification, both compounds (4, 5) were
isolated as light yellow oils in very good to excellent yields {80 % (2), 87% (3)}. Both compounds
were characterized by multinuclear NMR, IR and MS analysis.

'T "Bu T "Bu
b / PCl; b
Et,N” \[N -80°C, Et,0/CH,Cl,  CI7 \[
Se > >:Se
N> - (NEt,),PClI N
\
"Bu "Bu
2s3 4)R=NEt2 4!5

5)R = Ph

Scheme 3.3. Synthesis of the C* chloro(organo)phosphanyl substituted imidazole-2-selones 4, 5.
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3.3. Syntheses of imidazole-2-selone-derived tricyclic 1,4-dihydro-1,4-diphosphinines

The 3P NMR resonances of compounds 4, 5 are very close to the related known P-chloro deriva-
tivesof imidazole-2-thiones.™®™ However, the signals appeared significantly downfield-shifted as
compared to 2, 3.

3.3.  Syntheses of imidazole-2-selone-derived tricyclic 1,4-dihydro-1,4-diphosphinines

Six-membered heterocyclic compounds having two o A3-phosphorus centers are generally known
as 1,4-dihydro-1,4-diphosphinines. The first example XCI11 was reported by Mann in 1964, pro-
posing a stepwise ring closure reaction for its formation (Figure 3.1).111% After simplification of the
synthetic protocol, Markl could successfully synthesize Mono-heterocylic compound XCIV with
different substituents at the P-center.''Y] Later on, different structural motifs were introduced in
place of benzene rings resulting in compounds XCV1!2 XCVI131, The N-heterocyclic tricyclic
framework in XCVII was reported by Kostyuk and co-workers, using a reaction of the corres-
ponding 1,4-dichloro-1,4-diphosphinine with dimethyamine. [

Et R Ph
| | o) | O
P P P
74
E E
SOCEENG (L,
P P P
| l 0 ' ©
Et R = Et,N, Alkyl R E = S/IO Ph
110 [111]
XCIII el XC1V XCV el
F|>h 'ilMeZ R
/
s S P S S /N P N
| R '
Ph NM62
[113] [114]
XCVI XCVII
! R R
R Fli /R I /R |
< <L < T
N N N S ] S
R/ T \R R/ T IT
R' =3 R
[115] [116] [117]
XCVIII XCIX XCX

Figure 3.1. Literature known examples of 1,4-dihydro-1,4-diphosphinines.

Recently, Streubel and co-workers came up with imidazole-2-thione (XCVID™ thiazole-2-
thione- (XCIX)1! and dithia-2-thione- (XCX)"*) derived 1, 4 dihydro-1,4-diphosphinines via
backbone deprotonation of the C*-organo(chloro)phosphanyl-2-thione followed by an in situ use
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3.3. Syntheses of imidazole-2-selone-derived tricyclic 1,4-dihydro-1,4-diphosphinines

for cyclization and lithium chloride elimination. As mentioned beforehand, the initial studies of the
oxidative desulfurization of tricyclic 1, 4-dihydro-1,4-diphosphinine dithiones failed,**! we con-
sidered synthesizing and employing the corresponding diselones instead.

Following the similar synthetic methodology reported by Koner® and Begum[™®l, 1,4 dihydro-
1,4-diphosphinine diselones 6¢isitrans  7cisitrans \yere synthesized by deprotonationofchloro(organo)-
phosphanyl imidazole-2-selones followed by intermolecular nucleophilic substitution reaction with
4 and 5, respectively,in THF at — 80 °C (Scheme 3.4). The resulting crude products were subjected
to column chromatography with diethylether to remove LiCl. After work up, light yellow colored
solids were obtained for gisitrans 7eisiransin good yields (53 % for 6°5'"a"s and 48 % for 7¢is/trans),

T /"BU "By ? /”Bu
) 2 LDA \ P
c” N -78°Ctort, THF N N
2 | >:Se T > Se:< | | >:Se
N - N—"Np~ N
\ / s \
"Bu "Bu R "Bu

4,5 geisfransy R = NEt, gcisitrans gcis/trans
7Cisftransy R = pPh

Scheme 3.4. Synthesis of the1,4-dihydro-1,4-diphosphinine-bis(imidazole-2-selones) geis/trans yeisftrans,

The 3P NMR spectrum showed a clean conversion into the corresponding isomeric mixtures of
tricyclic compounds with resonances of 6% (0.9 and 3.7 ppm) and 7¢sa"s (- 539 and -
54.9ppm), which are comparable with those of the previously reported imidazole-2-thione derived
tricyclic compound LXXIV (R = "Bu, R' = NEt,; §%P = 0.2, 3.6 ppm) Y and (R = "Bu, R' = Ph;
8P = -54.9, -56.2 ppm).[1*% In the”’Se NMR spectrum two resonances were observed corres-
ponding to cis and trans isomers at 35.9, 37.9 ppm (6°"a%), Nevertheless, we tried to separate the
isomeric mixture of compounds 62" ysing low temperature column chromatography (- 20 °C).
Compounds 6°'"ans were subjected to a long silica column (®= 6 cm, h = 12 cm) and a mixture of
n-pentane and diethyl ether (1: 0.3) was used as eluent to get a cis/trans mixture as first fraction.
However, usage of pure diethyl ether led to a separation of only one isomer, that appeared at 0.9
ppm in the *!P{*H} NMR spectrum and which was assigned to 6%, Apparently, the trans isomer is
less soluble in polar solvents due to a smaller dipole moment (compared to the cis isomer). There-
fore and from now onwards, we will describe the signal appearing at 3.7 ppm as6'2". The mixtures
of both diastereomers (6¢is/rans 7cisiransy \were characterized by MS, IR, EA and some of which by

single crystal X-ray diffraction studies. !l

Molecular structures of 6 and 7°* are given in Figure 3.2, and selected structural parameters are
given in Table 3.1. In both cases, the cis isomers crystallized preferentially and were obtained by
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3.3. Syntheses of imidazole-2-selone-derived tricyclic 1,4-dihydro-1,4-diphosphinines

slow evaporation of their methylene chloride/diethyl ether solution at —4 °C. X-ray crystallographic
measurements revealed monoclinic crystal systems for both 6%and 7 with space group P2./n.

C-Se bond lengths of 6%, 7°¢ are intermediate between the values of carbon and selenium atom
single and double bonds {(C-Se) =1.94 and (C=Se) = 1.74}, thus suggesting that selenium possesses
a significant negative charge and, hence, can behave as a nucleophile.**!

Figure 3.2. Displacement ellipsoids plot (50% probability) of molecular structure of 6 (left) 7° (right);
hydrogen atoms have been omitted for clarity.

The N1-C2-N2 bond angle which is slightly more acute than inthe corresponding tricyclic
imidazole-2-thione compounds,*®which is an important feature regarding the C2center chemistry
discussed later. The bond lengths and bond angles of both 6% and 7°¢ are otherwise very close to
those of literature known similar compounds 1% 1¥1and, hence, shall not be discussed further.
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3.3. Syntheses of imidazole-2-selone-derived tricyclic 1,4-dihydro-1,4-diphosphinines

Table 3.1. Selected bond lengths (A) and angles (°) of 6%%and 7¢%.

6(:is 7cis
C2-Sel 1.828(13) 1.857(13)
C1-P1 1.816(14) 1.836(11)
C2-N1 1.405(17)
1.374(17)
P1-N5 1.669(12) -
P1-C12 - 1.820(12)
N1-C2-N2 104.9(11) 107.9(11)
Cl1-P1-C12  95.2(6) -
Cl-P1-C18 - 94.3(5)
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4.1. Oxidative deselenization of 1,4-dihydro-1,4-diphosphinines

4. Synthesis and transition metal complexes of a
{P(O)NEt:}-functional Janus-type bis(NHC)

The access to Janus-type bis(NHC) chemistry seemed within reach after having synthesizedthe
tricyclic 1,4-dihydro-1,4-diphosphinine compounds 6@, Especially, as the two C=Se functions
in compounds 6°%"as offer a promising starting point to investigate the synthesis of annulated
bis(NHCs) XLXX having tunable P-linkers (Figure. 4.1). This would represent a unique variation
of the Bielawski-type bis(NHCs) XXX1.["®781 S0, as an initial studies we decided to introduce P¥"V
moeities on the backbone of two NHCs. It might increase the acidity of the C?-proton, thereby
facilitating a selective deprotonation to get access to corresponding stable and rigid bis(NHCSs).

R R R R R
\ / \ P” /
¢ CT )
N N N p N
d \ [ORN
XxXXx[!76 781 XLXX
Figure 4.1. Examples of tricyclic Janus-type bis(NHCs) XXXI6. 78] (known) and XLXX(unknown).

4.1.  Oxidative deselenization of 1,4-dihydro-1,4-diphosphinines

To achieve oxidative deselenization™, a previously reported approach®was applied here to
compounds 62 Using hydrogen peroxide in methylene chloride followed by anion exchange
with BaCl,.2H;0,the bis(imidazolium) chloride salts 8¢%"a"s (Scheme 4.1) were obtained after
purification as white hygroscopic solid (78 %).

s /B H20; (10eq.) "BU BN, 0
BaCl,, 2H,0 (2eq.) g/

CH2C|2, 0°Ctort
se% #se = %@ @%
-2 BaSeO3
”Bu

'; -2 HCl
NEt,

/)
& NEt, "By

6cis/trans 8cis/trans

Scheme 4.1. Synthesis of tricyclic PV/V-functional bis(imidazolium) salts 8°rans,
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4.1. Oxidative deselenization of 1,4-dihydro-1,4-diphosphinines

The change of the P"" to the PY oxidation state was monitored by 3P NMR spectroscopy, and high-
field shifted resonances were observed at - 6.2 and - 5.9 ppm (cis/trans) with a 1:0.9 isomeric ratio.
The deselenization and, hence, the formation of bis(imidazolium)chloride was firmly established
through the *H NMR spectrum;two characteristic triplets revealed the C?-protonsat § = 11.1and11.8
ppm of the cis and trans isomers.[’s: 50 121 1031 Fyrther confirmation on the formation of
bis(imidazolium) salts 8%¥"scame through the *C{*H} NMR spectrum showing the C?-carbon
resonance at & = 147.3 ppm, while the selone C%carbon resonance had disappeared.’® 1211221

The bis(imidazolium) salts werealso confirmed by positive ESI mass spectrometry showing m/z
689.3351 (theor. 689.3366),which was assigned to [C3oHssCloNgO2P2]*. The 8p values for this
bis(imidazolium) salts were found to be markedly highfield-shifted compared to the acyclic
backbone bis(diphenyl)phosphinoyl-substituted imidazolium salt (5» = 23.7 ppm),*?*¥thus
revealing a more potent and more effective electronic communication between the phosphorus
nuclei and the attached donor centers.

Single crystal X-ray diffraction analysis was performed using crystals obtained from a 1:0.8 mixture
of compounds 8°%"svja slow evaporation of saturated methylene chloride, water and isopropanol
solution (1: 0.4: 0.8) at low temperature (- 20 °C). The compound 8" crystallizes triclinic in the
space group P-1. The selected structural parameters of compound 82" are given in figure 4.2. Bond
lengths and angles were found to be in the common range for imidazolium salts[’612121231 gnd p-
oxide derivatives of imidazoles.™* %IThe large N1-C2-N2 bond angle (109.67°) is typical for
annulated imidazolium compounds as are the endocyclic imidazole bond lengths;*?%1especially, the
widening of the N1-C2-N2 bond angle (vs. 104.9(11)° in 6°) is rather typical for imidazolium
salts.[’8: 1214 |t js interesting to note that each chloride anion show contacts with two C2-H bonds of
the nearest imidazolium ions with a distance of about 3.3 A,
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4.2. C*-Deprotonation toform tricyclic {P(O)NEt2}-functional bis(NHCs)

Figure 4.2. Displacement ellipsoids plot (50% probability) of the molecular structure of 8""; hydrogen
atoms, H,O and isopropanol molecules have been omitted for clarity. Selected bond lengths [A] and angles
[°]: N1-C2 1.326(2), N2-C2 1.328(2), P-C1 1.7991(18), P-C1 1.8121(17), P-N3 1.6318(15), P-O1
1.4704(12), N1-C2-N2 109.67(15), C1-P-C11 99.22(8).

4.2.  C2?-Deprotonation toform tricyclic {P(O)NEt2}-functional bis(NHCs)

Starting from the bis(imidazolium) salts 8@ the synthesis of the related bis(NHCs) was
examined. Treating 8" with 2.2 equivalent of KHMDS in THF at - 78 °C (Scheme 4.2) afforded
the new bis(NHCs)9¢s"a™s a5 an isomeric mixture (ratio 1:0.7). After the removal of potassium
chloride via filtering cannulation followed by drying in vacuo, a light yellow coloured solid was
obtained in excellent yields (78%).The pure bis(NHCs) 9¢s"ans were characterized by NMR
spectroscopy and the 3P{*H} NMR spectrum revealed slightly downfield-shifted resonancesat -
2.3(cis) and -1.2 (trans) ppm — compared to bis(imidazolium) salts 8%sras £§ —=-6.2(cis) and-5.9

(trans) ppm}.

Bu Et,N ”Bu BU Et,N
2 KHMDS(2.2 eq.) 2 //

H{@I I@H - (T I>

“L, -2 KCI //
F NEt, ” Bu NEt, ” Bu

Bcis/trans 9cis/trans

Scheme 4.2. Synthesis of tricyclic {P(O)NEt,}-functional bis(NHCs) 9¢is/trans,
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4.2. C*-Deprotonation toform tricyclic {P(O)NEt2}-functional bis(NHCs)

The *H NMR spectrum of 9°s'rans showed that the C2-protons of bis(imidazolium) salts 8is/rans had
disappeared. In addition, the *C{*H} NMR spectrum(THF-ds) exhibited diagnostic triplet signals
at & = 224.9 and 225.4ppm (t, %Jpc = 2.4 Hz, C?) (cis/trans),which were indicative of the highly
symmetric structure shown in scheme 4.2 and consistent with data of other known annulated and
phosphonyl bis(NHCs) XXXI, XXXVI1, XCI (Figure 4.3).[76.127.1262.128] Bagjdes these NMR studies,
the proposed constitution of 9¢s/"as was also verified by HRMS (EI) as experimental and theoretical
m/z values were in acceptable agreement (exp. 594.3926, theor. 594.3933), which was
independently confirmed by elemental analysis.

e 3

: < ) : : ]/ \I: : @ . H

N N <<N | N>> . ) Q _

R R / \ \ R
XXX|L76] R XXXVIN27] R R XCX|i128]

Figure 4.3. Literature reported bis(NHCs) XXXI,[/SIXXXV 11271 and XCX 112281,

Further confirmation was obtained by X-ray diffraction analysis using a crystal of 9"gbtained
from a 1: 0.2 mixtureby slow evaporation of a saturated n-pentane/Et,O solution (1:1) at room
temperature. An ellipsoidal presentation of the molecular structure is shown in Figure 4.4, together
with selected bond lengths and angles in the figure caption. Markedly, the molecular structure of
gtrans nossesses an N1-C3-N2 bond angle of 102.4(11)° that is slightly more acute than in (mono)
(imidazole-2-ylidenes)(R = Ad or ‘Bu, 104.4° or 104.8°).1?1 This promising result strongly
suggested that each carbene “face” of these Janus-type ligands could possess related reactivities
and, hence, also affinities toward transition metals.
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4.2.1 Theoretical investigations

Figure 4.4. Molecular structure of 9@, Ellipsoids are set at 50 % probability, and hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: N1-C3 1.3686(17), N2-C3 1.3674(17), P-C1
1.7921(13), N1-C3-N2 102.40(11), C1-P-C2 101.11(6).

4.2.1. Theoretical investigations

All calculations were performed by Nyulészi and co-workers using the Gaussian 09 program
package.™% All investigated structures have been fully optimized at the M06-2X/6-31+G* level of
theory (ultrafine integration grid was applied), followed by the subsequent calculation of the
eigenvalues of the Hessian at the same level, to characterize the nature of the stationary point
obtained. For transition states, IRC calculations have been performed to locate the corresponding
minima. The energy of the orbitals was calculated at B3LYP/6-31+G*//M06-2X/6-31+G* and
B3LYP/6-31G*//M06-2X/6-31+G*level of theory.Model compounds 9’ were calculated with N-
methyl substituents of the imidazole units (instead of the n-butyl) to reduce the computational time.
For the visualization of the molecular structures and the molecular orbitals, the MOLDEN program
was used. 31
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4.2.1 Theoretical investigations

g'trans g'cis

LUMO
e=-1.59 eV

HOMO HOMO
£=-6.17 cV £=-6.19 eV

Figure 4.5. Kohn-Sham frontier orbitals of 9’ and their energies at B3LYP/6-31+G*//M06-2X/6-31+G*
level of theory.

M06-2X/6-31+G* DFT calculations on 97cis/rans [132] jndijcate a 0.5 kcal/mol preference for the trans
isomer. For both isomers (9¢5"as)  the n-type LUMO (Figure 4.5) is delocalized over the central
ring and the HOMO (g = -6.17 eV for the trans isomer and € = - 6.19 eV for the cis isomer are
antibonding combinations of the two weakly coupled in-plane carbene lone pairs (Figure 4.5). In
accordance with the acute bond angle, they have strong s-character (51.7% at B3LYP/6-
31+G**/IM06-2X/6-31+G*, comparable to 53.0% in PHs, see Figure 4.5). To assess the stability
of the tricyclic carbenes, we investigated the isodesmic reaction (scheme 4.4) for 9rcisitrans [138\W/jle
for N-methyl-imidazole-2-ylidene 111.5 kcal/mol, for 97 113.3, and for 9" 111.7 kcal/mol
stabilization was obtained.

RRC: + CHs => RRCHs + CHax1), (Scheme4.4)

The NICS(0) values of the imidazole units are -10.5 for the cis and -10.9 for the trans isomer,
indicating slightly reduced aromaticity compared to the parent imidazole-2-ylidene (NICS(0) = -
11.3 middle ring is about non-aromatic as indicated by the small positive NICS(0) values (0.5 for
97cis and 0.1 for 9'a™). Also the 89.9(cis)/ 94.1 ppm (trans) measured ’’Se chemical shift of
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4.2.2. Cyclic voltametric studies

derivative 9°%"as=Se is somewhat more negative than for 1, 3-diisopropyl-imidazole-2-selone (-3
ppm), and comparable to 1, 3-dipp-imidazole-2-selone (87.0 ppm).[*4

4.2.2. Cyclic voltammetric studies

To investigate the electrochemical properties of the bis(carbene)9@ in solution cyclic
voltammetry (CV) in both THF (0.2 M ["BusN][PFe]) and CH2Cl, (0.4 M ["BusN][PF¢]) at gold
ceramic screen printed electrodes (Au CSPE®) was used. Similar results were obtained in both
solvents, but the behaviour in CH,Cl. is better defined. For 9¢"a". an irreversible oxidation process
with E3; = —0.16 V vs. Fc*/°(Fc = ferrocene) in CH.Cl, (Figure 4.6), and —0.45 V in THF was
observed (Figure 4.8). Scanning further positive indicates several closely-spaced subsequent
oxidation processes with peaks with Ej, = +0.18V and Ej; = +0.42V (with which are
associated strongly offset reduction processes E,, = —1.00V and Ej; = —0.58V ) and
continuous anodic current to the solvent limit (Figure. 4.7). In the cathodic region, a process is
observable at the edge of the CH.Cl. solvent limit with Ej, = —2.36 V. In THF, this cathodic
process has a defined return peak (Ej, = —3.10; Eg; = —2.72 V) (Figure 4.6).

CV overlay (@) Cc reference (b) Negative limit
5.00~

-0.1629V, 3.3333 pA ., 0.1825Y, 4.0627 pA
:
:\/
0.00+
<
=
=
o
@
=
S -5.00
<
~-2.3584 V, -4.6044 pA
-10.00 . . ‘ . . .
-2.750 -1.750 -0.750 0.250

Potential (V) vs. Fct°

Figure 4.6. Cyclic voltammogram of a 1.0 mM solution of 9°%"a5(0.4 M ["BusN][PFs] in CH2Cl.) at 50
mVs ! (a) also containing 1.0 mM [Cp.Co][PFs] as internal reference. (b) Before adding the cobaltocenium
salt but including scans to the cathodic limit.
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4.2.2. Cyclic voltametric studies
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Figure 4.7. Cyclic voltammogram of a 1.0 mM solution of 9¢%"a(0.4 M ["BusN][PFs] in CH-Cl.) at
200 mVs ! scanned to the cathodic limit. Offset reduction processes at -1.00 and -0.53 V is connected
to the anodic peaks at +0.03 and +0.42 V and are not observed with slower scan rates.

40.00
(a) Fc added and (b) just the analyte.
| 0.4253 V, 18.2680 pA
"
20.00 1 -0.4497V,4.0143pA [ \ k™
L !‘,' e N
| ~)
< By
3 0.00 e,
= 4 |
S L
= 1 A \
3 L 1.0.1407 V, -1.0977 pA
-20.001 \
\-3.1010 V, -14.3230 pA \
| / -0.5957 V, -0.9340 pA
-40.00 : : : : : .
~4.000 -2.000 0.000 2.000

Potential (V) vs. FcHo

Figure 4.8. Cyclic voltammogram of a 1.0 mM solution of 99"as(0.2 M ["BusN][PFs] in THF) at 200

mVs ! also containing 1.0 mM CpzFe as internal reference.
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4.3.1.. Synthesis of Ag(l) and Cu(l) bis(NHC) complexes 10a,b*""

4.3. Complexation of tricyclic {P(O)NEt2}-functional bis(NHCs)

4.3.1. Synthesis of Ag(l) and Cu(l) bis(NHC) complexes 10a,hcis/trans

New coinage metal(l) P-functional bis(NHC) complexes 10a,b®s""a were formed via deprotonation
using the respective metal(l) oxides, a method described previously in the literature.!*3 %] Thys,
treatment of metal oxides M,O (M = Cu, Ag) with 8°%a"s(1:0.8) in CHCl, solutions at ambient
temperature led to the formation of Ag(l) (1:0.4), Cu(l) (1: 0.3) complexes in moderate to good
yields (Scheme 4.5). These complexes 10a, bs*ans were fully characterized by multinuclear NMR
spectroscopy [*H, 3P, BC{*H}]. The 3P NMR spectrum revealed two signals corresponding to cis
and trans isomers at 6 =-3.9, - 3.3 ppm (Cu) and 6 =- 4.1, - 3.6 ppm (Ag) slightly downfield shifted
compared to the educt.

n
"B EGN, // "Bu By EtN, //
M,O
CH,Cly, .t
_<@I I@)>_ — Cl— M—<<I I%M cl
-2
cl // ,/
By NEt, “Bu nBu NEt, n Bu

cis/trans »
8 1Oacis/trans - M(Cu) 10a,bCIS rans
1 Obcis/trans = M(Ag)

Scheme 4.5. Synthesis of tricyclic bis-NHC Ag(l) and Cu(l) complexes 10a,bcs/rans,

Further confirmation for 10a,besas came from the *C{*H} NMR spectrum as the C2imidazolium
carbon at 6 = 147.3 ppm was not observed. However, new signals at 6 = 186.2 ppm for Cu(l) and
188.9 ppm for Ag(l) complexes were seen, which were assigned to the C2 carbons (Table 4). The
observed chemical shifts were in the typical range for the NHC silver(l) and copper(l) complexes,
reported earlier.'*1 The coordination of the bis(NHC) ligand to the metal ion (M = Cu, Ag) was
confirmed by positive ESI mass spectrometry showing the following values m/z 798.25
[Ca2Hs59Cu2CIN7O2P,]" and 886.19 [C32HseAg2CIN7O2P2]".

4.3.2. Synthesis of a Au(l) bis(NHC)complexes 10ccis/trans

Various reports have shown that direct reaction of NHCs with Au(l) reagents to synthesize Au(l)
NHC complexes should not be attempted as several hurdles and drawbacks could be envisaged,
such as usage of inert conditions as well as (potential) competition of disproportionation and
decomposition processes, thus leading to poor yields.[**! So, it was decided to treat the Ag(l) bis-
NHC complex mixture 10bcs"ans with [AuCI(SMe.)] in methylene chloride to achieve the
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4.3.2. Synthesis of Au(l) bis(NHC) complexes 10ce"a

transmetallation reaction!*® 3% and formation of 10c®sas (Scheme 4.6). After removing the silver
chloride side product, compound 10c®s/"as was isolated as an ivory-coloured solid in moderate yield
(68 %).

”Bu EtN r‘Bu Bu EtoN,, nBu
2 Me,SAuCI
CH,Cl,, r.t
CI—Ag—<< I I >—Ag Cl ﬁ» CI—AUA<< I I >>7Au Cl
-2 Me,S
/ "'7 \ 2 // 'zL
NEt, "Bu nBu NEt, n Bu
10pcis/trans 10c¢cis/trans

Scheme 4.6. Synthesis of the tricyclic bisq]NHC) Au(l) complexes 10cs/trans,

The formation of 10c®s"ans was confirmed by observing slightly downfield shifted C-carbon reso-
nance signals relative to 10b°sans at § = 181.8 (t, %Jpc = 2.3 Hz), 181.4 (t, 3Jpc = 2.3 Hz)
corresponding to two isomers in the C{*H} NMR spectrum. Also, positive ESI mass spectro-
metry showed the m/z value 1064.3221(theor. 1064.3220) which is in good agreement with
[C32Hs9AU2CIN7O2P2]* and, hence, supported the composition of 10¢cis/trans,

The molecular structure for compound 10c'"@™was determined by single-crystal X-ray diffraction.
The C2-N1 and C2-N2 bond distances are in the typical range for the NHC-Au-Cl com-
plexes.[614014lThe angle C2-Aul-Cl1 (176.4(3)°) is close tolinearity and, hence, typical for mono
NHC gold(l) chloride complexes.™? Interestingly, the solid-state structures reveal a coordination
polymer formed via intermolecular aurophilic interactions, which is shown for two molecules in
figure 4.9.

31



4.3.2. Synthesis of Au(l) bis(NHC) complexes 10ce"a

Figure: 4.9. Two next neighbouring molecules in thestructure of 10c'". Ellipsoids are set at 50 %
probability, and hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:C2-N1
1.319(14), C1-P 1.772(13), Au-~Au 3.221(3), N1-C2-N2 107.6(11)°, C1-P-C12 100.2(6)°, C2-Au-CI1
176.4(3)°.
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4.3.3. Syntheses of Rh(1) and Ir(1) bis(NHC) complexes 10d,e®"*""2"

4.3.3. Syntheses of Rh(l) and Ir(l) bisq]NHC) complexes 10d,ecis/trans

After exploring the PV"V bis(NHCs) towards coinage metal(l) coordination, it was of great interest
to study; further, the electronic properties of the tricyclic diphosphanoyl substituted bis(imidazole-
2-ylidene) ligands using rhodium(l) and iridium(l) metal complexes. Therefore, the 1:0.7 mixture
of bis(NHCs) 9¢srans\was treated with 1 eq. of [M(cod)Cl]2 (M = Rh, Ir, cod = 1,5-cyclooctadiene)
in diethyl ether afforded the desired bis(NHC) complexes 10d°"as(1: 0.5) and10ecs'"as (1: 0.6)
(Scheme 4.7). Products precipitated out of the reaction mixture, thus leading to yellow coloured
solids, finally, confirmed by analytical data.

<<I I>> oK el <2/? <I I%

nBu o NEt ” Bu NEtz " Bu
2 10d¢is/trans M = Rh
10e¢is/trans M = |r

9c1$/trans 10d,e cis/trans

Scheme 4.7. Synthesis of tricyclic bis(NHC) Rh(l) and Ir(l) complexes 10d ecs/rans

Mixtures of complexes 10d,e*"a» were fully characterized by NMR spectroscopy. In particular,
informative are the *C{*H} NMR signals easily assigned to the carbene (C?) nuclei (Table 4) as
they appear downfield-shifted with respect to those of Bielawski’s complexes,!”® thus showing the
electron-withdrawing effect of the P(V) centers of theP(O)NEt, groups. In addition, 10dcis/trans
showed chemical shifts of §195.2 and 195.9ppm having “Jrnc = 52.1 Hz and 3Jpc= 2.3 Hz.['4
Further confirmation was achieved by elemental and mass spectrometric analysis.

Table 4. 3'P NMR, 3C NMR (C?-nuclei) resonances and isomer ratio of 10a-e°*/rans,

3P NMR (ppm) BC{H} NMR (ppm) Ratio

10gtans |- 391 (cis), - 3.31  186.1(br) 1:0.40
(trans)

10besrans |- 410 (cis), - 3.62  188.9 (br), 191.3 (br) 1:0.16
(trans)

10Qccishtrans - 438 (cis), - 381 181.8 (t, 3Jpc = 2.3 Hz), 181.4 (t, 3Jpc= 2.3 Hz) 1:0.20
(trans)

10gecisttrans - 460 (cis), - 3.75 195.2 (ddd, 2Jcrn=52.1 Hz, 3Jp c= 1.8 Hz), 195.9 1:0.48
(trans) (ddd, Ycrn =52.1 Hz, 3Jpc= 1.7 Hz)

10gcisttrans - 4.28(cis), - 3.17 191.1 (t, 3Jpc= 2.1 Hz), 191.8 (t, 3Jpc = 1.7 Hz) 1:0.61
(trans)
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5. Synthesis of (P-NEt) functional Janus type bis(NHCs) and its metal complexes

5. Synthesis of (P-NEtz) functional Janus type
bis(NHCs) and its metal complexes

As Gates and co-workers had discovered the unusual reaction between asterically demanding NHC
and a phosphaalkene to givethe first bifunctional 4-phosphanyl-NHC derivatives (XCXII-
XCXV).[M This was later followed by Majhi to get more P"'-functional mono NHC derivatives (see
chapter 8).1%
R
/
P—=C

N\
Mes/ R’

M
/Mes / es
N
N
I
N\ Mes\P N\ .
Mes

CHRR’

XCXIll: R=R"=Ph
XCXII XCXIV: R =Ph, R = C5H4N  XCXIlI-XCXV
XCXV: R = Ph, R" = CgH4F

Scheme 5.1. Formation of first P'"" functional mono(NHC) derivatives by Gates.[14414%]

However, no example was reported concerning bis(NHC) having a phosphanyl bridged function-
nality, so far.Toexamine relative nucleophilicities of P- and S-centers on imidazole-derived 1,4-
dihydro-1,4-diphosphinines, theoretical studies®® were performed to obtainmolecular electrostatic
potential (MEP) values which showed that C=S-centers are more negative (= nucleophilic) than that
of the P-centers. Moreover, the orbital coefficients for the HOMO of the molecules were found to
be more located at the S-centers.

Thus, having access to neutral P""""-functional bis(NHC) and extend our studies towards ditopic
and tetratopic complexes thereof, it was decided to adopt the synthetic strategy established for
tetrathiafulvalene (TTF). The first step is the S-methylation of diathiole-2-thione using the
electrophile methyl iodide (Mel), followed by reduction and deprotonation as shown in scheme 5.2,
(1481 without the dimerization step.

[Dgs, =m [ 2 [Dgr =2 (=]

BF4
XCXVI XCXVII XCXVIII XCXIX

Scheme 5.2: Schematic synthetic protocol for TTF.[146]
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5.1. Methylation of 1,4-dihydro-1,4-diphosphinine diselones 6"

5.1.  Methylation of 1,4-dihydro-1,4-diphosphinine diselones 6e¢is/trans

In order to get access to P"""functional Janus bis(NHCs), firstly, methylation of 6¢is/tans \yas
carried out using methyl trifluoromethanesulfonate (MeOTf) in methylene chloride at room
temperature (Scheme 5.3). The reaction was monitored by 3P NMR spectroscopic analysis,
revealing two signals belonging to cis and trans isomers (1: 0.7) and downfield-shifted resonances
by almost 1 ppm compared to 6¢is/rans,

nBu
se% I I %s L~ ;@I I@ o
nBu

ecis/trans 7cis/trans 1" cls/trans’»] 2cls/trans
’

14 cis/trans (R = NEtz)
12cis/trans (R = Ph)

Scheme 5.3. Synthesis of tricyclic {P-NEt,)-functional double methylated salts 11¢/"a" gngd 12¢is/trans,

13C NMR spectrum of 11°"as showed new highfield-shifted singlets at § = 142.6 ppm and 143.1
ppm belonging to two isomers, characteristic of C?-carbon nuclei of imidazolium salts. Upon
comparison of NMR data with reported similar compounds XCXX1%land XCXX 1% (Figure 5.1),
it became evident that compounds 11°s'"as\were formed. Interestingly, /’Se NMR data also showed
a prominent downfield shift (6 = 115.1 (cis) ppm, 119.1 (trans) ppm) compared to the educt,
indicating the delocalized cationic charge next to the selenium atoms. Further support came from
the ESI-MS experiment, which exhibited an ion peak at m/z 376.1, assigned to the cation
[C32Hs2NgsP2Se2]2in 11°s/ans Compound 12°rans was also synthesized using the same protocol
and fully characterized.

%I I@H /@%@II

OTf S OTf

Xcxx[osl XCXX|[105]

Figure 5.1. Literature known based S-methylated 1,4-dihydro-1,4-diphosphinines.[103.10%]
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5.2. Reductive deselenization of bis(Se-methylated) salts 11¢/ra

Se-methylation in 12¢"ans was confirmed by X-ray crystallographic measurement using single
crystals grown from a saturated methylene chloride solution at —20 °C. Surprisingly, the trans
isomer of the mono-methylated product 12¢s*ans (Figure 5.2) had crystallized; the monoclinic
crystal system with the space group Pc was present. Close inspection of the packing pattern revealed
that the Se-Me group is anti-periplanar oriented with respect to the plane of the tricycle. The C2-
Sel bond length is slightly elongated than reported similar compound XCX (C2-S1 1.7881(2) A)
as well as C14-Se2. All n-butyl and phenyl groups are trans to each other. Upon comparison to
literature known thione dervatives, Se1-C8 bond length is significantly longer than in XCX (C2-S7
1.8114(1) A).

Figure 5.2. Molecular structure of 122", Ellipsoids are set at 50 % probability and hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]:N1-C2 1.345(16), C2-Sel 1.888(18), C14-Se2
1.818(13), Sel-C8 1.953(12), P2-C3 1.823(12), P2-C15 1.832(12);N1-C2-N2 106.2(11)°, N3-C14-N4
104.7(10)°.

5.2.  Reductive deselenization of bis(Se-methylated) salts 11¢is/trans

A variety of methods have been employed for the reductive cleavage of selenides, including the use
of Raney nickel 2 lithium triethylborohydride,*** and lithium in ethylamine.**1 However, these
reagents serve efficiently for a small range of substrates, as they are also capable of reducing many
other functionalities. Later, tin hydride reagents were used for free-radical deselenizations with
excellent selectivity in the presence of many other types of functionalities.™™*5! However, it does
suffer from some limitations such as expensive reagents, elevated and inert conditions, and “hectic”
isolating procedures.[*5? Nevertheless, the first attemptswere made for the reductive deselenization
of ketene diseleno-acetalusing nickel boride. The reaction required only afew minutes without the
need for an inert atmosphere.!*8 158IThe precise mechanism of the nickel boride mediated
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5.2. Reductive deselenization of bis(Se-methylated) salts 11¢/ra

deselenization reaction was speculative with the finding that a transient Ni(0) or nickel hydride
species on the nickel boride surface plays a key role in the process.

By keeping background knowledge of reductive deselenization and synthetic protocol of TTF in
mind, we decided to reduce compound 11¢sransselectively using reducing agent (NaBHa) sodium
borohydride in methanol at 0 °C (Scheme 5.4). Upon addition of NaBH4, a strong odour was
observed due to the formation of volatile compound HMeSe as a side product. The reaction was
monitored by 3P NMR spectroscopy depicting a very slight downfield shift of resonance signals at
6 =5.4(cis) ppm and 5.8 (trans) ppm.

NEt2 n NEt2 n
10 NaBH,
«@I I@He e %@I I@%
OTf N oTf -2 HseCH3
NEt2 NEt2
1 cis/trans 1 3cis/trans

Scheme 5.4. Synthesis of tricyclic {P-NEt,)}-functional bis(imidazoium) salts 13¢srans,

To get further insight in the reaction mixture, it was isolated using column chromatography and
subjected for *H NMR measurements. On comparison of proton NMR spectrums of educt and
product, all the signals belong to n-butyl and bis-diethyl amino group are same in both spectra.
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5.2. Reductive deselenization of bis(Se-methylated) salts 11¢/ra

Compound 11¢is#trans (Se-Me) 6 = 2.6 ppm

Y W A N MJL_J"\K_Jf'IhIt\

Compound 13¢istrans
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Figure 5.3. 2H NMR spectrums of 11672 (hottom, CDCls, 25 °C) and 1367 (top) (CD.Cly, 25 °C).

However, the two singlets belongs to Se-Me protons appeared at 8 = 2.5 and 2.6 chemical shift
values in the bottom spectrum, vanished in the top spectrum, as shown in figure 5.3. Furthermore,
two new characteristic signals showing triplet pattern at § = 9.5, 9.6 ppm (*Jp.n = 1.8 Hz) appeared
in the top spectrum, corresponding to cis and trans imidazolium protons which supporting the
formation of bis(imidazolium) salts 13°"a"s Table 5.1 depicts a relative study of *H NMR chemical
shift of C2-H protons, revealing the effect of heteroatom functionality on its acidic properties >4,
Two phosphanoyl group substitution causes a downfield shift of A3 = 2.5, whereas two phosphanyl
groups causes downfield shift of A = 0.6 compared to C2unsubstituted imidazolium salts XCXX11
reported by Belawski and co-workers.'>%! Similar chemical shift changes are also observed in the
BC{*H} NMR spectrum for imidazole ring C? nuclei between phosphanoyl and phosphanyl
substituted imidazolium salts, probably due tothe electron-withdrawing nature of the phosphanoyl
group(s). The constitution of compound13¢rans was further confirmed by HRMS (pos. ESI) m/z
{theor.(exp.)565.428 (565.429)} and elemental analysis.
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5.3. Deprotonation of bis(imidazolium) salts 13¢/ra

Table 5.1. Comparison of 'H and 3C{*H} NMR chemical shifts (ppm) of (C2-H) between XCXXI1,[76.78]
8cis/transand 13cis/trans

R R
\ /
N
Hg(?l k @H
Br/ \ Br
R i is
R exxil 130 s/trans 80 /trans
SH 9.1(s) 9.5,9.6 (“Jpn=1.8 Hz) 11.1, 11.8(br)
SBC{H} 147.0 () 140.9 (br,C?) 147.3 (br,C?

5.3.  Deprotonation of bis(imidazolium) salts (13¢/rans)

Low-coordinate phosphanyl bridged Janus-type bis(NHCs) 14°s/trans were selectively formed by
deprotonation of bis(imidazolium) salts 13¢%/a"s ysing KHMDS as strong base in THF (Scheme
5.5). Reaction was monitored by *'P NMR spectroscopy showing a slight downfield shift at & = 6.6
(cis) and 6.9 (trans) in 1: 0.3 ratio.The identification of signals at 6 = 220.3(cis), 220.4(trans) ppm
(t,3Jpc = 3.5 Hz) in the *C{*H} NMR spectrum is consistent with the presence of the C? nuclei of
the P"""'_functional bis(NHCs) 14¢is/trans,

NEt2 n NEtz ”Bu
2
THF, - 78 °C << >>
H%II%HZW I
OTf N 2 KOTf I:
NEt2 g ”BU NEt,
1 3cis/trans 1 4cis/trans

Scheme 5.5. Synthesis of tricyclic {P-NEt,)}-functional bis(NHCs)14¢s/rans,

These values are very well in agreement with reported annulated bis(NHCs) 5% %61 and relatively
highfield shifted than PVV-functional bis(NHCs) 9¢'"ans |n addition, the absence of C2-H protons
in the!H NMR spectrum supported the formation of 14°s"as_E| mass spectrometry also confirmed
the composition of 14°sans showing HRMS with m/z 563.4118/563.4116(theor./exp.) for
[CaoHs6NsP2] monocation.

Attempts to confirm the formation of compound 14°s"ashy means of X-ray crystallographic

measurements brought a surprising result. The crystals, obtained by slow evaporation of saturated
solution of diethyl ether and n-pentane mixture (1:1) at - 20 °C, were analysed by X-ray
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5.3.1. Theoretical investigations

crystallography. The results showed an unexpected solid state structure for its cis isomer (Figure
5.4). One KHMDS moleculecoordinated to one carbene center while two hydrogen atoms were
bound to the other carbene center. Furthermore, another KHMDS molecule is coordinated to one
imidazole ring via a n* coordination mode. The selected bond parameters are given in the figure
caption. Despite being monomeric, the C14-K2 distance of 2.905(5) A falls in the typical range of
K-C carbene interactions found in the literature for the polymeric potassium imidazol-2-ylidene
complexes{e.gC(3)-K distance of 3.066(6) A by Majhil*®}."5"1 The N1-C3 and C3-N2 bond
distances are larger than C14-N3 and C14-N4 (Figure 5.4). Similarly, P2-C2 bond length of
1.820(4) A slightly lengthened than the P1-C13 1.804(5) A, which is different from the situation in
gtans. The most evident change in the geometry of imidazole ring was observed from the N3-C14-
N4 bond angle of 102.7(4)° and N1-C3-N2 of bond angle 101.1(3) are comparable to literature
known examples {102.40(11)° (in 9t2") and 102.1(5)°*%81},

Figure 5.4. Molecular structure of 14, Ellipsoids are set at 50 % probability, and hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]:N1-C3 1.450(6), C3-N2 1.460(6), C14-
N31.355(7), C14-N4 1.357(6), C14-K2 2.905(5), P1-C13 1.804(5) P2-C2 1.820(4);N1-C3-N2 101.1(3) °,
N3-C14-N4 102.7(4)°.

5.3.1. Theoretical investigations
The main results of the theoretical investigations of Nyulaszi and co-workers 8 are the following.
As for 9r¢isans the energy difference between the two isomers of 14’¢s'"as js small (0.8 kcal/mol).

However, in the case of 14 the cis isomer is the more stable one. The inversion barrier of the
phosphorus center is high (44.2 kcal/mol); thus, isomerization cannot be expected at room
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5.3.1. Theoretical investigations

temperature. The stabilization energy in reaction (1) of 14’ (111.1 kcal/mol for cis and 109.2
kcal/mol for trans) is also close to those of the parent imidazole-2-ylidene and 9. The aromaticity
of the imidazole ring decreased somewhat according to the NICS(0) values (-9.2 for cis and -9.5 for
trans) compared to 93" On the other hand, the aromatic character of the middle ring increased
slightly, which was indicated by the negative (although small) NICS(0) values (-0.5 for 14 and -
0.9 for 14’2 Oxidation of P'" centers was shown to increase antiaromaticity in phospholes.[
This is due to the increased involvement of 6* orbitals, which are significantly lower in energy for
the PV system. 6]

In accordance, the shape and the localization of HOMO and the LUMO of 7'¢s"a"s gre similar to
3reisirans their energy levels (especially that of the LUMO) are somewhat stabilized (Figure. 5.5).
Interestingly, the stabilization of the LUMO of 9¢is'"ans wjith respect to 14€/"as has not too much
effect on the electron acceptor property of the NHC since the carbene atoms are not involved in the
LUMO.

14'trans 14'cis

LUMO LUMO
£=-0.90 ¢V e=-0.79 cV

\¢

HOMO HOMO
£=-5.78 ¢V e=-5.77 ¢V

Figure 5.5. Kohn-Sham frontier orbitals of 14’ and their energies at B3LYP/6-31+G*//M06-2X/6-31+G*
level of theory.

Indeed, the 35.9 (cis) / 37.9 (trans) "’Se chemical shift of 7¢s/"as js closer to that of 1,3-diisopropyl-
imidazole-2-selone (-3 ppm, than in the case of 9¢¥/"as (89.9/94.1 ppm — see above), showing that
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5.3.2. Cyclic voltammetric studies

the PV substitution increases somewhat the electron acceptor ability of the carbene, however, these
values are still within the known range of imidazole-2-ylidenes.[*5!

5.3.2. Cyclic voltammetric studies

The electrochemical behaviour of the bis(NHCs) 14¢s/tras similarily to 9¢%tas was also investi-
gated by cyclic voltammetry (CV) in both THF (0.2 M ["Bus:N][PFs]) and CH.Cl> (0.4 M
["BusN][PFg]). For 14¢srans, the first oxidation in CH.Cl. displays a return peak (Eg;; = —0.30;

b1 = —0.42V;AE =120 mV; E,,, = —0.36 V; Figure 5.6) but scanning even slightly more
positive wipes the return wave and shows several other anodic peaks with a continuous anodic
current to the limit (Figure 5.7). In THF, there is no evidence of a return peak and E; = —0.61V
(Figure5.8). In the anodic region, 7€' appear irreversible with E;, = —1.93 V in CHCl, but in
THF, there is an observable return peak (Ep, = —2.75; Ep, = —2.592V;AE = 160 mV; E,, =
—2.67V).

10.00
.’-’I—
-0.3027 V, 7.2572 pA 7
5.00- /A ‘
|
/ . —
2 ; o
3 0.00- /f —
= / 4 P
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£ _— / -0.4180 V, ~0.6985 A
o . /3
-5.00 |
‘ f
]
Ju‘
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Potential (V) vs. Fct/0

Figure 5.6. Cyclic voltammogram of a 1.0 mM solution of 14°"a (0.4 M ["BusN][PFe] in CH:Cl.) at 50
mVs™ also containing 1.0 mM [Cp2Co][PFe] as internal reference.
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5.3.2. Cyclic voltammetric studies

(a) First anodic peaks and (b) Full range
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Figure 5.7. Cyclic voltammogram of a 1.0 mM solution of 14°s'tas (0.4 M ["BusN][PFs] in CH2Cl,) at 50

mVs™ also containing 1.0 mM [Cp,Co][PFs] as internal reference (a) through the anodic peaks and (b)
scanned to include the onset of a cathodic process.

(a) central processes and (b) positive limit
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Figure 5.8. Cyclic voltammogram of a 1.0 mM solution of 14°% (0.2 M ["BusN][PFs] in THF) at 200
mVs™ (a) through the first cathodic and first anodic peaks and (b) scanned to the anodic limit.

In none of these experiments are distinct processes from the cis and trans isomers observable.
Moreover, the irreversible nature of the (first) oxidations is evidenced by a scan-rate and strong
solvent dependencies of the potentials, as previously observed for voltammetry of carbenes
[162.183] A5 suggested first by Clyburne, imidazolium-based cations are electroactive. Their cathodic
reduction yields the NHC and dihydrogen. The electrogenerated NHC is electroactive as well, and
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5.4.1. Synthesis of coinage metal(l) bis(NHC) complexes

it is involved in a mono oxidative process.The oxidation of that carbene leads to various products,
of which the dication dimer has been observed in some cases, i.e. a C-centered radical coupling
mechanism. In addition, the carbenes slowly react with solvent/electrolyte over the course of the
experiment, which could complicate the coulometry of these species.[*5? 1631 The unprecedented
results from voltammetry of these dicarbenes — previously only voltammetry of metal complexes
of some dicarbenes were reported %4 — are in broad agreement with the DFT calculations.

Thus, in either solvent, 14°'"a are more easily oxidized than 99¢'"@in accordance with the higher
energy of their HOMO orbitals. Similarly, the numerous, closely spaced anodic processes can be
understood in the light of the existence of numerous filled MOs close in energy to the HOMO that
has either carbene a (C) or ring = character.

5.4. Complexation of tricyclic (P-NEt2)-functional bis(NHCs)

5.4.1. Synthesis of coinage metal (1) bis(NHC) complexes

Low-coordinate P-functional bis(NHCs) were also examined for their coordination properties,
especially the C?vs phosphane-type reactivity of 13¢s"as towards coinage metal oxides, as shown
in Scheme 5.6. The treatment of a methylene chloride solution of 13" with stoichiometric
amounts of Cu,0 and Ag.O led to the formation of bis(NHC)15acsransand 15pcis/rans 31p L1y NMR
data are very similar to the respective bis(imidazolium) salts 13¢%"2s given in Table 5.2.

NEt2 n NEt2 ”
{@I I@>_ ﬂzQzL, TfO— |v|~<< :[ I >>—M oTf
3
NEt2 “ 8] NEt,
1 3cisftrans 15aCis/trans — M(Cu) 15a,pCis’trans
15b¢cis/trans — M(Ag) ’

Scheme 5.6. Synthesis of tricyclic bis(NHC) Ag(l) and Cu(l) complexes 15a,b¢/trans,

However, Au(l) bis(NHC) complexes were synthesized using[AuCI(SMe;)]as reagent and com-
pounds15hcstrans jn methylene chloride (Scheme 5.7). After removal of the solvent and drying,
the®!P NMR spectrum revealed slight highfield-shifted resonances for the isomeric mixture, as
given in Table 5.2. Pos-ESI-MS spectrum of the obtained yellow-brownsolid showed the HRMS
(pos-ESI) for 15¢¢sans ([CasHseAu2F3sN703P2S] m/z = theor. (exp.) 1148.3315 (1148.3311)
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5.4.1. Synthesis of coinage metal (I) bis(NHC) complexes

NEtz ” NEt2 n
AU(CH3)ZCI

_CHClrt
Tio— Ag—< I :[ >—Ag Tt —g — L - TiO— Au—<<:[ j:) Au—OTf
nBu

5
NEt, NEtz

1 5bcis/trans 1 sccis/trans

Scheme 5.7. Synthesis of tricyclic bis(NHC) Au(l) complexes 15c¢is/trans,

The obtained products 15a-c®"as displayed signals at & = 4.2 (cis), 5.0 (trans), § = 3.3 (cis) and
3.7 (trans) and & = 2.4 (cis) and 3.1 (trans), respectively, in the 3P NMR spectrum (Figure. 5.9).
The identification of signals at § = 171.0 ppm (br; 15a°s'as) '§ = 179.1 ppm (br; 15b°s"as) and §
= 172.1 and 172.3 (t, ®Jpc = 2.6 Hz; 15c%sa%) jn the BC{*H} NMR spectrum (Figure. 5.9) is
consistent with the presence of the C2 nuclei of the bis(NHC) derivatives 15a-ccsrans,

It is evident from the 3C{*H}) NMR spectra (Figure. 5.9) that the Ccenters resonate more in the
downfield region compared to bis(imidazolium) C? nuclei in all the three cases. For 15b°s"a™ dye

to the dynamic behaviour as well as the poor relaxation of the quaternary C? carbon resulting quite

broaden C2 signal, thus, could not observe 1Jagc satellites.!®! Besides NMR spectroscopy, 15a-

coisran were characterized via IR spectroscopy and mass spectrometry, as well aselemental analysis.

5. o (31 24) ppmt 5 o clwirans
15a 15a ! 171.0 ppm
St oiwrans (3? 34) ppm St ciwirans
15perem 15b 179.1 ppm
= i 172.1,1723
15ccfzfrmug (Sl 42) Ppm 13(3”:'{”“” = ppm
- " i ind ot s et |

Figure 5.9. 3'P{*H} NMR spectrum (left) and 3C{*H} NMR spectrum (right, C? nuclei) of 15a-ccstrans,
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5.4.2. Synthesis of Rhodium(l) bis(NHC) complex 15¢c*s/rans

5.4.2. Synthesis of Rhodium(l) bis(NHC) complex 15dcistrans

After getting access to coinage metals bis(NHC) complexes, and to enable a better comparison, we
extended our studies to the synthesis of Rh(l) complexes of respective tricyclic phosphanyl sub-
stituted bis(NHC) ligands. In particular, ethereal solution of bis(NHCs)14¢s"aswas treated with
[Rh(cod)CI]2, 1 eq.) at ambient conditions, afforded the desired bis(NHC) complexes 15dcis/trans
(Scheme 5.8). Again, a clean reaction occurred and the products were obtained in moderate yield
(62 %).

<< II>> gt @/Z ¢ II %%

NEt2 NEt2

1 4cis/trans 1 5dcis/trans

Scheme 5.8. Synthesis of tricyclic bist]NHC) Rh(1) complexes 15dcis/trans,

The 3P{*H} and C{*H} NMR spectroscopic data confirmed that 15d“*""®™ coordinate through the
carbene rather than the phosphane-type center. For comparison, C? resonances of tricyclic phosphanoyl
bis(NHC) complexes 10d°®@ are shifted highfield with respect to the analogous Bielawski's
rhodium(l) complex XCXIIT8 (A§ = 3.2). Interestingly, an even larger highfield shift in C? is
observed for the bis(NHC) complexes 15d¢sa™ with respect to the reported complexesXCXII1 (Ad
= 8.2). In addition, the bis(diethylamino)phosphany! derivative 15d°s"a" showed a chemical shift
of § =190.3 ppm having *Jrnc = 50.7 Hz and 3Jp c = 3.6 Hz. Presumably, the trend in highfield shifts
is a consequence of the electron-donating nature of P(NEt), groups in 15d%s"a" compared to the
electron-withdrawing effect imparted by the P(O)NEt, in 10d¢s"ans However, in the *C{*H} NMR
spectrum,the same trend of resonance shifting towards higher field was also reported by Streubel
et.al for the mono-phosphany! substituted NHC complex.?!
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5.4.2. Synthesis of Rhodium(l) bis(NHC) complex 15d°*"""

Table 5.2. Comparison of 3C{*H} NMR chemical shifts (ppm) between XCXXI11,[13110d¢""a" and
15dcis/trans

R R
\ /
N N cis/trans cis/trans
10d 15d
[Rh]—< jij[ >—[Rh]
N N\
R/ R

XCXXIII

198.0 19520 (ddd, Wemn = 521 190.3 (t, Hcmm = 50.7
3 C{IHY/p (d, Yepn = 51.4 Hz) Hz, 3Jpc= 1.8 Hz), 19588  Hz,%Jpc= 3.6 Hz), 1905
om (ddd, YUegn = 52.1 Hz, e (t,"Jcn =50.7 Hz)
=1.7 Hz)
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5.4.3. Synthesis of hetero-dinuclearB/Rh(1)) complex 17¢s/rans

5.4.3. Synthesis of hetero-dinuclear B/Rh(1)) complex 17¢is!trans

To gather more information on coordination properties of these neutraltricyclic phosphanyl
substituted bis(NHCs) 14¢srans and to examine if these compounds can coordinate via C2-centers
as well as at the P-centers. To start this, compounds 15a-c®*"a"s were subjected to reactions with
coinage (I) metal complexes, e.g., [Au(Me.S)CI], [AgOTf(PPh3)] etc., to synthesize tetratopic
bis(NHC) complexes. But none of the metal complexes showed selective reactivity. Instead,
reaction mixtures precipitated out as dark-coloured solids, insoluble in organic solvents (CH2ClI,
THF). Later, these precipitates were dissolved in methanol, and their *'P{*H} NMR spectra
measured, but only showing unselective product formations. It might be due to the weak binding of
coinage metal centers with phosphorus, thus leading to different product mixtures.

Therefore, the strategy to approach hetero-dinuclear bis(NHC) complexes using P-NEt,-bridged
bis(NHC) derivatives was changed. In the first step, compounds13°s¥ans was treated with borane
dimethyl sulfide (DMS) in methylene chloride at room temperature, and the reaction progress
monitored by 3P{*H} NMR spectroscopy (Scheme 5.9).The 3P{*H} NMR spectrum of the reaction
mixture showed complete consumption of the starting material after 3h. Compound 162" could
be isolated from the reaction mixture by washing the residues with n-pentane to obtain an orange
powder in excellent yield (88 %).

NEt2 n BH3 NEt2 ”Bu
2 BH;.DMS
CH,CI, , r.t
ﬁ@I I@% et H@I I@H
=) OTfN N OTf
$
c NEt, ol EN
1 scis/trans 1 Gcis/trans

Scheme 5.9. Synthesis of tricyclic P-borane bis(NHC) complexes 16/rans,
e 3P{*H} NMR spectrum of 16¢9ans showed a considerably downfield-shifted and broad

(FWHM 78.5 Hz) resonance signals at 35.2(cis) ppm and 37.3(trans) ppm with 1: 0.1 isomeric ratio
(Figure 5.10).
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5.4.3. Synthesis of hetero-dinuclearB/Rh(1)) complex 17¢s/rans

L 3cisrans 6 = 5.4 (cis) ppm, 5.8 (trans) ppm

lﬁcis/xmns
o = 35.2(cis) ppm, 37.3(trans)

(1: 0.1)

Figure 5.10. Comparison of 3'P{*H} NMR spectra of compounds 13" (top)and 16°*"a"S(bottom).

This *'P NMR chemical shift is close to the previously reported P-borane complex XCXXIV (5*!P
= 33.3 ppm)1%2 however, downfield-shifted compared to NHC-phosphinidene borane complexes
XCXXV(3%P = 4.0 ppm)I%8l. The appearance of a broad resonance signal and the noticeable
downfield shift could be attributed to the direct connectivity of P-atom to a quadrupolar boron
center, thus confirming the occurrence of P-borylation. Pos ESI-MS spectrum showed a molecular
ion peak at m/z 593.4 assigned to [CsoHs2sNsP2B2H]* (z = 1), which lends further support to the
formation of the diborane adducts 16¢/trans,

BH
"Bu \3 NEt, /B Me BH BH3 NEL 7B

\ : BH3

N /BH3

I >:S [ >— S:< I >:S
BH3
U Et2 u E'(2 BH3
XCXXIV [102] XCXXV [166] XCXXVI103]

Figure. 5.11. Literature is known as borane phosphanido complexes XCXXIV102 XCXX /168
XCXXV103],

After having hands-on P-borane bis(NHC) complexes16°sas it was further explored towards the
synthesis of hetero-tetratopic complexes. An initial study on the coordination abilities of PV/V
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5.4.3. Synthesis of hetero-dinuclearB/Rh(1)) complex 17¢s/rans

systems having two phosphanoyl groups in the NHC backbone, was carried out by Majhi using
titanium tetrachloride in methylene chloride (Scheme 5.10). The 3P NMR spectroscopic data had
revealed two sets of two resonances, which were attributed to two isomers of a mono-dentate
phosphanoyl titanium(1V) adduct XCXXVI11 with a single P-O-Ti interaction.[*%8! In another study,
Koner had obtained some spectroscopic evidence for thebis(S-borane adduct) XCXXV1,1%but due
to reduced basicity of the P-centers, along with the formation of desired product XCXXIV.
However, due to the partial S---B covalent bond, it could not be isolated.

I%% I;'ﬁl“cb CI\C'/ I %%

XCXXVII XCXXVI8l

Scheme 5.10. Literature known PV heterobimetallic (Ti(IV)/M(1)) complex XCXXV 111,115

These previous studies prompted us to further proceed using a deprotonation reaction of P-borane
bis-NHC complexes16°¢a followed by the addition of [Rh(cod)Cl]2 (cod = 1,5-cyclooctadiene, 1
eq.), which afforded the desired tetratopic bis(NHC) complexes 17¢%/ans (Scheme 5.11).

BH3 NEtz nBu

2 KHMDS Bu /

[Rh(cod)Cl] % N N

THF, - 78 °C :[ j:

%I I‘?ZTO e T AL
u Et2 ”Bu/

16 cis/trans 17 cis/trans

Scheme 5.11. Synthesis of tricyclic heterobimetallic B/Rh(I) bis(NHC) complexes 17¢s/trans,

Analysis of a THF solution of the product 17¢sa™ by 3P{1H} NMR spectroscopy showed a broad
signal (& = 36.9ppm). This signal was slightly downfield-shifted with respect to the starting material
16¢s/rans (35 2 37, 3 ppm). The BC{*H} NMR spectrum also supported the formation of compound
17¢smans \with a downfield-shifted signal of theC2nuclei at 187.4 (d, *Jrnc= 52.4 Hz).
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6.1. Synthesis of a tricyclic 1,4 diphosphinine diselone

6. Synthesis and reactivity of first tricyclic anionic
Janus bis(NHC)

6.1. Synthesis of a tricyclic 1,4 diphosphinine diselone

After getting access to PVVand P"""' bis(NHCs), our next objective was to synthesize low-
coordinate P-functional bis(NHCs). Thus, we decided to target first a 1,4 diphosphinine diselone as
a promising starting point. It should be noted that more than half-century of research has been
devoted to the chemistry of phosphinine and related compounds.*”) However, the first example of
a 1,4 diphosphinine, namely LXX, was reported by Kobayashi (Figure 6.1). Then after a long time
in 2017 and 2018, imidazole-2-thione- and thiazole-2-thione-derived tricyclic 1,4-diphosphinines
LXXVIEOU - XCX XXM were reported by Streubel’s group, using scrambling and reduction of
corresponding 1,4-dichloro-1,4-diphosphinines. Since then, several lines of research were followed,
but the C-centered chemistry was less explored than that of the P-center. Especially development
of the former could make them promising novel multidentate ligands in organometallic and
supramolecular chemistry.

R R Pr
P ) P / P /
FsC— CF, N~ N S~ N
T <L L= <L)
FiC™ Xp~ CF, N Xp N N Xp~ s
R R "Pr/
LXX[71 LXXVI[101] XCXXIX[104]

Figure. 6.1. Literature known examples of 1,4-diphosphinine LXXP71 LXXV10H XCXX1X104],

Inorder to synthesize imidazole-derived 1,4-diphosphinine diselone, firstthe related scrambling
reaction was performed with isomeric mixture of 1,4-dihydro-1,4-diphosphinine diselone 6¢is/trans,
Therefore, compounds 6°'"as were treated with PCls (Scheme 6.1) in methylene chloride at - 40
°C. Reaction was monitored by *'P{*H} NMRspectrum revealing three prominent signals finally.
The signal at 216 ppm and 162 ppm assigned to unreacted PCls and Et;N-PCly, respectively,
however, the third signal at 4 ppm was assigned to compound 183" Upon completion of the
reaction, it was tried to isolate it by washing with n-pentane. Unfortunately, 18¢s*a%could not be
isolated by washing as it converted quite rapidlyintocompound 19.

51



6.1. Synthesis of a tricyclic 1,4 diphosphinine diselone

Later it was decided to add "BusP to the above reaction mixture stirring for 5 minutes at room
temperature. The colour of the reaction mixture turned to violet immediately. The *P{*H} NMR
spectrum of the reaction mixture showed a clean conversion to compound 19 with a resonance at
78.2 ppm and another signal at 104.6 ppm that was assigned to the known chloro-phosphonium
chloride [BusPCI|CIM2: The final product 19 was isolated in quite good yields (58 %) by filtration
of the reaction mixture through a silica bed using a mixture of diethyl ether and toluene (1:1).The
chlorophosphonium salt stayed on top of the silica column due to its high polarity and limited

solubility.
n NEt n n n
Bu\N é, 2 N Bu - BU\N EI N/ Bu
so=( I I e I Sse
/N F; N\ - 2 (EtoN)PCI, /N IZ’ N\
"Bu NEt, "Bu "Bu i "Bu
6cis/trans 1 8cis/trans

nBUsP
CH,Cl,, .t | - ['BugPCIICI

"Bu 'Bu
\ b /
N N
Se—j'/ | >:3e
X
N P N
/ \
"Bu "Bu
19

Scheme 6.1. Synthesis of tricyclic 1,4-diphosphinine diselone 19.

Compound 19 was fully characterized using NMR, IR, MS and elemental analysis techniques.
Finally, single-crystal X-ray diffraction analyses were performed using crystalsgrown from a
methylene chloride solution at —20 °C. The solid-state structure shows the trans-oriented n-butyl
groups at the plane of the tricyclic structure. The moleculecrystallizes centro-symmetrically in
P21/n (Figure 6.2). The P—C bond length (P—C1 1.744(2) A) of thecentral ring and N1-C1 1.366(3)
of the imidazole ring are in good agreement with literature values for phosphinines (Figure
6.2).[167168 and 1,4-diphosphinines.[**Y The symmetry-equivalent C1-C3 bond lengths of 1.408(2)
A are comparable with those inbenzene (1.397 A)*% and other derivatives of 1,4-dihosphinine
(imidazole C1-C3 1.409(7)1*%U thiazole C1-C3 1.406(2)1**®1in19. C2-Se bond length of 1.829(2) A
is comparable to C2-Se bond length of 1.828(2) A in 6°sas. However, it is slightly smaller than
C2-Se bond length of 1.857(13) A in 7¢s"ans. which might be due to the electron-withdrawing effect
of phenyl groups, resulting in comparatively longer bonds. Similarly, N1-C2-
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6.1.1. UV/vis spectroscopy

N2 106.2(18)° bond angle is slightly shorter than N1-C2-N2 104.9(11)° in 6%"as and relatively
larger than N1-C2-N2 107.9(11)° in gcis/trans,

Figure 6.2. Molecular structure of 19. Ellipsoids are set at 50 % probability and hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: Se-C2 1.829(2), N1-C2 1.366(3), C1-C3 1.408(3), C1-
P 1.744(2), C1-P-C3 96.92(10), N1-C2-N2 106.2(18).

6.1.1. UV/vis spectroscopy

The deep violet colour of tricyclic 1,4-diphosphinine 20 prompted us to investigate the type and
strengths of transitions responsible for the colour of these compounds using UV/vis spectroscopic
studies. The UV/vis spectrum (Figure 6.3) was measured in methylene chloride solutions at room
temperature by taking dilute solutions (concentration ~ 10 molar) into sealed quartz and air-tight
cells. The spectrum revealed a strong absorption at Amax = 554 nm. 8%

14 g g
1,2 \N /P N/
Se:< :[ I >:Se
N \P N
038 "’Bu/ \"Bu

0,6

Absorbance

0,4
£ =6.5% 10°M1lcm?!

02 Ay =554

260 360 460 560 660 760

Wavelength(nm)

Figure 6.3.The UV/vis spectrum of 19 (2x10”" mM) in CH.Cl..
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6.2. Reaction of tricyclic 1, 4-diphosphinine 19 with MeOTf

6.2.  Reaction of tricyclic 1, 4-diphosphinine 19 with MeOTf

Reactions of an electrophile such as methyl iodide, etc. with imidazole-2-thiones,[*"” thiazole-2-
thione!*"* and dithiole-2-thiones*"? result in the formation of corresponding S-methylated salts are
well known for more than 50 years. Theoretical studies performed by Frontera on imidazole-2-
thione-derived 1,4-diphosphinines!?®Y! showed clearly the nucleophilic character for the C=S unit,
thus suggestingto examine a reaction with an electrophile. When compound 19 was treated with
two equivalents of MeOTTf in methylene chloride (Scheme 6.2), the reaction mixture turned to light
yellow after one-hour stirring, indicating the completion. A 3P NMR spectrum showed a signal at
119.4 ppm, downfield-shiftedand without any proton coupling.

nBu nBu
2 MeOTf
Se:< :/L I >:Se _CHClp, rt Se—<@I I Se
TfO N TfO
nBu

19 20
Scheme 6.2. Synthesis of doublySe-methylated salt 20.

After workup, a light yellow coloured powder was obtained in excellent yield (91 %). *H NMR
spectroscopic measurement showed that Se-Me protons appeared as a singlet at 2.8 ppm. Moreover,
in the 3C{*H} NMR spectrum, a resonance corresponding to the Se-Me carbon was observed at
11.7 ppm. HRMS (pos. ESI) m/z) 757.0750(calc.m/z757.0728) also supported the proposed
chemical composition of the product. Firm evidence for the formation of compound 20was obtained
from the X-ray crystallographic measurement, for which thesingle crystals were grown from a
saturated methylene chloride solution at -20 °C. The X-ray analysis revealed that compound
20crystallizes in the orthorhombic crystal system with the Pca2:space group (Figure 6.4).The
molecular structure of 20 is given in Figure 6.4, and selected bond lengths and angles are given in
the figure caption. Molecular structure shows trans orientation of "Bu and -SeMe groups relative to
eachother. The Se1-C2 bond length of 20 is elongated compared to Se-C2 bond length of compound
19. The change in N1-C2-N2 108.8(3) bond angle of compound 20 relative toN1-C2-N2 106.2(18)
bond angle of compound 19 indicates the formation of a double Se-methylated product.
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6.3. Reductive deselenization of compound 20

Figure 6.4. Molecular structure of 20 (two TfO anions). Ellipsoids are set at 50 % probability, and hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:C2-Sel 1.896(4), Se1-C8 1.952(4),
C2-N2 1.339(5), N2-C3 1.397(5), C3-P2 1.736(4), C1-C3 1.412(6); N1-C2-N2 108.8(3), C3-P2-C15
96.3(2).

6.3.  Reductive deselenization of compound 20

Having compound 20 the reductive deselenization was explored under identical conditions as
described before in chapter 4 for compound 11¢%/ans . A methanolic solution of compound 20 was
treated with small portions of NaBH4 (excess) in either absence of [222]-cryptand or in the presence
of [222]-cryptand at 0 °C (Scheme 6.3). The reaction mixture turned to light yellow (for 21a) and
dark orange-red (for 21b) with the liberation of gaseous HSeMe. The progress of the reaction was
monitored by 3P NMR spectroscopy, showing complete consumption of starting material.

[Na(L) ]
nBu 5 NaBH, "
[222]-Cryptand

/' MeOH,0°C
A AL .
AT Tt II
N T -2 B;Hg 100 N
nBu

TfO N TfO

\CH3
21a, 21b

20 21a) L = solvent
21b) L = [222]-Cryptand

Scheme 6.3. Synthesis of anionic bis(imidazolium) salts21a, 21b.
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6.3. Reductive deselenization of compound 20

However, surprisingly, two new singlets at & = 20.1, - 67.3ppm (for 21a) and 6 = 19.9, - 67.4 ppm
(for 21b) were observed in 1:1 ratio, with a 3Jp p coupling constant magnitude of 1.7 Hz and 2.0 Hz,
respectively, as shown in Figure 6.5.This AB-type spin system in the*P NMR spectrum
undoubtedly indicated the formation of the ionic adducts21aand 21b,having two different P-centers.
It might be formed via a nucleophilic attack of the methoxy anion on the P-center of 20. Upon
comparison with literature is known examples XCXXX[1% and XLXXI1119) jt is also evident that
the resulting product containsa neutral and anionic phosphorus center (Figure 6.5).

(Compound 20)
6=119.4 ppm

(Compound 21a)

\ 6 =20.1ppm
U

— T
20.2 201 20.
&/ ppm

(Compound 21b)
0=19.9 ppm

8=-67.4 ppm

T T T T
80 70 60 50 40 30
o/ ppm

T T T T T T
150 140 130 120 110 100 90

T T T T T T T T T
10 0 -10 -20 -30 -40 -50 -60 -70 -80

Figure 6.5.31P{*H} NMR spectrum of compounds20 (top)and 21a(middle) and 21b (bottom)
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6.3. Reductive deselenization of compound 20
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Figure 6.6. 'H NMR spectrum of compounds 20 (top) and 21a (middle), 21b (bottom).

To get further insight into the reaction, the *H NMR spectrum after the isolated productsand by
comparing the NMR spectrum of compound 21a (middle) and 21b (bottom) with 20 (top) as shown
in Figure 6.6, we could observe a doublet at 6 = 2.4 (Jpu = 7.3 Hz; 21a) and § = 2.4 (3Jpy = 7.9Hz;
21b)that belong to P-OMe protons. Besides, a new characteristic triplet appeared at (3 =8.9; 2a) and
(6 =9.0; 2b) corresponding to imidazolium protons (Figure 6.6). A slight increase was observed in
the coupling constant of magnitude *Jpn= 1.7 Hz (21a) vs. *Jp.n= 2.0 Hz in (21b). A chemical shift
difference of A3!P = 0.1 ppm was observed between 21a and 21b.Spectroscopic data of 21aand 21b
is also comparable with literature known zwitterion XLIV(83'P{*H} / ppm = -73.6 and C?-H proton
resonated at 8'H / ppm = 7.0), XCXXX (&*P{*H} / ppm = 12.1 (d), -76.1 (d) 3Jpp = 5.7 HZ) and
XLXXT (33P{*H} / ppm = 6.7 (br) -28.6 (br)) (Figure 6.7).[1%8 1031161 The formation of both
compounds2laand 21b was confirmed via pos. ESI-MS experiment, which showed the m/z value
of 451.3 (100) [M]* with HRMS [C2sH41N4OP]" calcd (found) 451.2750 (451.2754).
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6.4. Deprotonation of bis(imidazolium) salt 21

o R
PhP.

/
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Figure 6.7. Literature known phosphanido-type functional derivatives XL VI8l X CXX X103 and
XLXXI111.018]

6.4. Deprotonation of bis(imidazolium) salt 21

The convenient availability of mono-phosphanido linked bis(imidazolium) salts 21a and 21b,and
the ease of handling recommended that direct conversion of this salt into corresponding
tricyclicbis(NHCs) 22a, 22b should be explored.Therefore, the deprotonation of both compounds
(21a, 21b) was carried out using potassium hexamethyldisilazide (KHMDS) at room temperature
(Scheme 6.4).

”B [Na(L)n] n [Na(L)
2 KHMDS
@ ) _THR it < >
< T_2HMDS
TfO N TfO -2 KOTf
n
B
O\CH d O\CH
22a, 22b

21 22a) L = Solvent
22b) L = [222]-Cryptand

Scheme 6.4. Synthesis of tricyclic mono-phosphanido substituted bis(NHC)s22a, 22b.

Upon deprotonation of 21a and 21b in THF, 3P NMR resonances appeared at § = 25.1 ppm, -
74.5(s) ppm (22a) and & = -23.9 ppm, -75.8 (21b) corresponding to neutral and anionic phosphorus
centers respectively, in the 3P{*H}NMR spectrum (Figure6.8). In addition, the disappearance of
imidazolium protons in the *H NMR spectrum also supported the formation of a new type of
bis(NHCs) 22aand 22b having a neutral and a phosphanido-type bridging phosphorus center.
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6.4. Deprotonation of bis(imidazolium) salt 21
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Figure 6.8. 3'P{*H} NMR spectrum of compounds; 22b(top)and 22a(bottom).

Upon comparisonof spectroscopic data (*:P{*H} and *C{*H}) NMR spectra (Table 6.1) of 22aand
22b, it is obvious that values are very well in agreementwith literature known example XLV
and downfield-shifted comparison to XLV I2%®(Table 6.1).

Table 6.1. Comparison of 3'P{*H} and *C{*H} NMR chemical shifts (ppm) between XLV,1581 XL\ 1109,
22aand 22b.

e) R Me, © Me
\[ NI j T .
NN N 22a 22b
xLv R Bu XLVII  Bu
3 3P/ppm -734 -116.0 (s) 25.2 (3), - 74.5(s) 23.9(s),-75.8
SBC{*H}pp 210.4(br) Not 208.8(br) (s)
m observed 215.5 (d)

Furthermore, close analysis of the *C{*H} NMR spectrum of both phosphanide derivatives 22a
and 22b revealed that a signal for the C?-H units was missing. The identification of signals at § =
208.8 ppm (br; 22a) and & = 215.5 ppm (d, Jpc = 2.9 Hz; 22b) in the *C{*H} NMR spectrum is
consistent with the presence of the C2 nuclei of the anionic bis(NHC) derivatives 22a, 22b; signals
at 120.5 (d, 2Jp, ¢ = 7.5 Hz; 22a) and 120.2 (d, 2Jp,c = 7.4 Hz; 22b) were assigned to the O-CHs
center.lt is evident from the solution (3*P{*H} and *C{*H}) NMR of 22a and 22bthat the nature of
the counter cation does not influence the chemical shift of the carbene carbon resonance
significantly as well as that of the phosphanido and neutral phosphorus group, thus indicating that
22a and 22b exist as well separated ion pairs in solution. The neg-ESI-MS data gave further support
for the elementary composition of 22a, the m/z value 449.26 was obtained, thus showing a
reasonably good agreement with the anion[C23H39N4OP-]" (theor. 449.2605).
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6.4.1 Theoretical investigations

6.4.1 Theoretical investigations

All calculations were carried out with the Gaussian 09 program package by Nyulaszi and co-
workers.[*% Full geometry optimization calculations were performed, followed by the calculation
of the second derivatives at the optimized structures to establish the nature of the stationary points
obtained. The Gibbs free energies were calculated based on the harmonic vibrational frequencies
(atmospheric pressure, 298.15 K). All of the tricyclic compounds were calculated with methyl
substituents at the nitrogen atoms (instead of n-butyl) to reduce the computational time and they
were labelled by the special character ‘. Kohn-Sahm orbitals were calculated at B3LYP/6-
31+G*//M06-2X/6-31+G* for better comparisons with the former works.

2o S

LUMO+I1

ey HOMO
resiheN £=-0.89 ¢V
LUMO HOMC:S
T g=-2.51 ¢V
£=2.53 eV

Figure 6.9. FMO topologies and energies for the model (R = CHs) calculated structures of 22'at the
B3LYP/6-31+G*//M06-2X/6-31+G*level of theory (PCM solvent model).

To establish the stability of the carbene 22", an isodesmic reaction was applied,!**¥ which revealed
that the stability is 113.3 kcal/mol for 22°, which is very similar to 9ois/trans/j4cisirans (113 3-111.7
kcal/mol). Compared to 21, the aromaticity of the middle ring is slightly increased (NICS(0)=-5.5,
while the outer rings decreased (NICS(0)=9.0), which indicate somewhat higher conjugation within
the ring system.

6.4.2 Cyclic voltammetric studies
The electrochemical behaviour in a solution of the dicarbene 22 was investigated by cyclic

voltammetry (CV) in THF (0.2 M ["BusN][PFe]) at gold ceramic screen printed electrodes (Au
CSPE®) Voltammetric data was
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6.4.2. Cyclic voltammetric studies

measured in an Ar-filled glove box using the Pine WaveNow potentiostat. The voltammetry of the
novel anionic dicarbene 22 was also undertaken using [CoCp2][PFs] as an internal reference. The
key features of the voltammetry of 22 as depicted in Figure6.10 are the very facile first oxidation
with Ef'=-1.16 V, and a large number of cascading waves for subsequent oxidation processes, all
of which are chemically irreversible. Thus, Eg?=-0.99 V, EZ*= -0.74 V, Ef*= -0.36 V and Eg°= -
0.19 V. There are, therefore (at least) four oxidation processes that are more facile for 22, a
remarkable achievement. The purpose of Figure6.11 is to show the relation of the observed peaks
to that of the added [CoCp2][PFs], which is a well-behaved redox process with AEp ~ 90 mV. The
feature identified asEj®at about -2.5 to -2.7 V, however, was present in traces that precede the
cobaltocenium salt addition if they are run sufficiently negative. We are inclined to think that this
is a surface reduction of some by-product of the (chemically) irreversible oxidations, rather than the
actual reduction of 22, which is probably not reached till ca. -3 V with severe sample degradation.

20.00 4

1
-0.1930 V, 15.58 pA
-
-0.3581 V, 13.05 A
-0.7428 V, 9.278 pA
10.00
0.9876 V, 4.182 pA
C1157V, 1818 pA )
) ___/P"'f
- e
2 o000, e -
3 , — —
£ [
o /
T 4
= 1
=] I
3 f
1000 |
i
{
-20.00 . . . . . . .
-4.000 -3.000 ~2.000 -1.000 0.000

Potential (V) vs. Fc*/®

Figure 6.10. CV (red) of a 1.0 mM solution of 22 (0.2 M) ['BusN][PFs] in THF) at 200 mVs %, and (blue)
of the solvent/electrolyte background for the experiment.
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6.5. Reaction of compound 21b with an electrophile (Mel)
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Figure 6.11. CV (red) of a 1.0 mM solution of 22 (0.2 M ["BusN][PFs] in THF) at 100 mVs* also
containing 1.0 mM Cc*/Cc as internal reference, and (blue) background scan for solvent/electrolyte.

This is also obvious from the calculated LUMO energy of 22’, which is some 4 eV higher than for
the neutral species, whilst the solution reduction appears to have a more facile onset (compare
Figures. 6.10 and 6.14). We also considered alternatives, including fortuitous protonation of
reactive 22 under the CV conditions, which would stabilize the HOMO in favour of HOMO™, with
standard dicarbene character. This could be disproven by experimental protonation studies, which
indicate that the sites of protonation are C: lon pairing of the Na* with P~ in the THF solution is also
a likely source of energy damping. However, the combination of facile oxidations and the multiple
closely spaced processes reflect well the FMOs calculated for 22. Moreover, the high reactivity of
the HOMO attested to by the voltammetry is consistent with the coordination of this FMO to
multiple Rh ions in complexes 26 and 27, 27'.

6.5. Reaction of compound 21b with an electrophile (Mel)

The unique feature of a low-lying LUMO, located largely onthe phosphorus atoms,thus leading to
high electrophilic reactivity of 1,4-diphosphinines, was first studied byStreubel and co-workers in
2018. They proposed a nucleophilic addition of KHMDS or "BuLito the imidazole-based 1,4-
diphosphinine(XLXV1) to generate the corresponding mono anions (L a,b).!**1 However, the
above-mentioned mono anions were not isolated and only reacted in situ with the electrophile Mel
to afford 1,4-disubstituted compounds (LI a,b) (Scheme 6.5).
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6.5. Reaction of compound 21b with an electrophile (Mel)

@
[K(Solv n | ”Bu
P
S%II%SQS%II%S S%II%S
”Bu a)M =Li ”Bu
by M=K .
a) R = N(SiMe3),
XLXVI L(a, b) b)R = "Bu LI (a, b)

Scheme 6.5. Sequential nucleophilic and electrophilic reactions of tricyclic 1, 4-diphosphinine
XLXV|.[H50

To examine the reactivity of 21b towards electrophiles, it was reacted with stoichiometric amounts
of a mild electrophilic agent, methyl iodide, in Et,O at -78°C and then slowly warmed to ambient
temperature (Scheme 6.6). A colour change was observed from orange-red to light yellow after
overnight stirring. After purification, a light yellow oil was obtained, which showed two sets of
resonances at & = -71.58 (d, 3Jpp= 5.2 Hz), - 66.23 (d, 3Jpp = 4.9 Hz) and 39.57 (br), 43.7 (br) in the
1P NMR spectrum, which were assigned to the cis and trans isomers (1: 0.3) of 23,23".

®
”B [Na(cryptand] ”B
CHjsl, Et,0

H_@I I) g e, HA(@:[ I%H
0 N - [Na(Cryptand)]l N TfO
O\CH O\CH3
21b 23,23’

Scheme 6.6. Synthesis of mixed substituted P""""'-functional bis(imidazolium) salts 23, 23'.

In the!H NMR spectrum, C2-protons at & = 9.5 and 9.6 belonging to two isomers showing triplet
multiplicity with Jp 1 coupling constant magnitudes of 3.0 Hz. The NMR chemical shifts of selected
examples 101 of literature known related nucleophilic addition products are given in Table 6.2.
Besides NMR measurements, the proposed constitution of 23, 23" was also supported by
HRMS(pos-ESI) in which the experimental and calculated values are in good agreement
(615.2511/615.2505) and even by elemental analysis.
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6.6. Synthesis of mixed-substituted PI1I/111—functional bis NHCs 24,24’

Table 6.2. Comparison of ®P{*H} NMR chemical shifts (ppm) between La, 1% Lbl!5%]and 23,23".

L alt1sh] Lp[115b] 2323
8 3P/ppm -72.4 (dg, *Jpp = 15.7 Hz, -75.8 (dq, *Jpp=9.6 Hz, -71.58 (d, 3Jpp = 5.2
33p4=5.2 Hz, P-Me), -5.1 3Jp= 4.9 Hz, P-Me), - Hz), - 66.23 (d, 3Jpp =
(br. d, 3Jpp = 15.7 Hz, P- 69.4 (qd, *Jps = 5.2 Hz, 4.9 Hz), 39.57 (br), 43.7
N(SiMe3)y). 3Jpn = 4.8 Hz, P-Me); - (br)
65.4 (br, P-"Bu), - 60.1
(br, P-"Bu).

6.6.  Synthesis of mixed-substituted P""""'_functional bis NHCs 24,24’

After the successful synthesis of P"""""-functional bis(imidazolium) salts 23, 23’, deprotonation with
KHMDS under the aforementioned reaction conditions (see Chapter 5) was met with great success
(Scheme 6.7). Analysis of the reaction mixture by 3P NMR spectroscopy suggested that a shift in
the resonance signals of products 24, 24" with isomer ratio (1: 0.2) was minimal compared to pre-
cursors 23, 23'.

n H3 nBu
2 KHMDS
@ > THF, - 78 “Ctort
< > -2 KOTf
10 N TfO -2 HVMDS
nB B n
i O\CH o O\CH
23,23 24,24

Scheme 6.7. Synthesis of mixed substituted P""""'-functional bis(NHCs) 24, 24’

An isomeric mixture of compounds24, 24’ (1: 0.3) was isolated in excellent yield (76 %) as a light
yellow oil. Further characterization was done by *C{*H} NMR spectroscopy, revealing resonances
at & = 223.4 ppm and 224.2ppm assigned to the carbenes carbon C? atom with a 3Jpc coupling
constant magnitude of 2.7 Hz. These C? resonance signals are very close to previously reported
bis(phosphanyl) substituted bis(NHCs) 14¢isransiii8lya1yes but downfield shifted than 22 (A8 = 14,
& =208.8 ppm (br)).

In the'H NMR spectrum, C?-H protons vanished in the downfield region, which also supported the
formation of mixed substituted P""""' —functional bis(NHC)s 24, 24’. The constitution of compound
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6.6.1. Cyclic voltammetric studies supported by theoretical investigations

24, 24' was further supported by mass spectrometry and EA data, e.g., the HRMS spectrum showed
the exact mass value of 24, 24'(calcd (found) 615.2505 (615.2511)).

6.6.1. Cyclic voltammetric studies supported by theoretical investigations

Two CV experiments for compounds 24, 24’ have been undertaken in THF/"BusPFs medium; the
compounds are most stable in this solvent and specifically are not stable to CH2Cly. In the first
instance, a reference compound was not added because of concerns about interference with
observed processes and an attempt was made to refer to an immediately proceeding external
ferrocene (Fc) experiment for referencing to the Fc®* = 0 V scale (IUPAC recommendation). This
attempt was of questionably precision due to a very large AEp > 300 mV for the Fc signal and the
inherent uncertainty of external referencing. In a second, shorter, experiment the major scans were
repeated, and a cobaltocenium salt, [Cc][PFs], was added as an internal reference, which indeed
was found to induce about a 200 mV shift in the process peaks.

The major features of the voltammograms are a series of closely spaced and (chemically)
irreversible oxidation steps at very facile potentials. These processes are shown in Figures. 6.12a,
b, which show almost identical traces when scanned first in the anodic (to +0.25 V) and cathodic
(to -2.0 V) directions.

Curreen [A)
Current (Al

@ 0 e T ) T

Figure 6.12. CVs depicting the primary oxidations of 24, 24'in in THF/"Bu4PFs medium starting at the
OCP scanning (a) first in the anodic and (b) first in the cathodic direction.

Thus, although these are chemically irreversible processes (no return peaks on fast scanning), they
appear quite stable within the limited potential range. Moreover, they are facile oxidations occurring

*1% in keeping with previous results from Streubel’s group and consistent

at negative potentials vs. Fc
with the electron-rich dicarbene nature of 24,24’. The multiple oxidations (see below) are attributed
to subsequent oxidations of the analyte mixture and not to separate processes for 24 and 24’. Figure.

6.13 depicts overlayed scans of the central processes described above with the background and
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6.6.1. Cyclic voltammetric studies supported by theoretical investigations

[Cc][PFs]-containing scans, all from the second experiment undertaken to improve the referencing
accuracy. The results with Ef*=-0.29 V and Ej*= +0.05 V are in broad agreement with the results
of the first experiment where with Eg'= -0.14 V vs external Fc*™®, We consider the internal
[Cc][PFe] results with Cc*’® = -1.35 V be the more accurate data.
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Figure 6.13. CVs depicting the central processes of 24, 24" in in THF/"BusPFs medium showing overlayed
traces as explained in the figure legend.

When carefully conducted to avoid contaminating the ceramic screen-printed metal electrode
surfaces, the CV experiments could be extended towards the solvent limits. The accessible window
for the initial experiment was wider than the second attempt, and further discussion concerns this
experiment, albeit with the voltage range scaled to Fc%* using the outcome of the [Cc][PFe]
experiment (Figure 6.14). Scans taken more positive than +1.0 V result in major contamination of
the working electrode and cannot be analysed, but at least one additional, also irreversible, oxidation
could be measured with Eg3= +0.65. The reductive feature Eg*= -3.00 V is attributed to some
surface-electrode process, likely from products resulting from the chemically irreversible oxidation
processes. The strength of the peak increased strongly with multiple scans and also grow in intensity
the longer that experiments are conducted on the sample. Hence, we doubt that under these con-
ditions the true reduction of 24°s"; 24"as'can be measured but it likely exceeds -3.5 V as indicted
by the limiting curve visible in Figure 6.14.
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6.6.1. Cyclic voltammetric studies supported by theoretical investigations
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Figure 6.14. CVs depicting (in blue) the THF/"BusPFg background scan and (in red) the full range of
processes for 24, 24" accessible in this medium. Beyond Ef'and E5?, at least one further irreversible

oxidation can be measured (Eg3= +0.65 ).

These voltammetry results can be interpreted by B3LYP/6-31+G*//M06-2X/6-31+G* undertaken
a PCM solvent model with respect to the topologies and energies of the frontier molecular orbitals
(FMOs) depicted in Figure 6.15. The two highest occupied molecular orbitals (HOMOs) are
dominated by carbene o(p) character, and thus resemble those of our first report on Janus dicarbenes
bridged by phosphinidines, with either P(NEt)""""" or {P(O)NEt:}""V bridging atoms. The P""!!
analogue to 24%" and 24" have HOMO energies at an identical level of a theory of —5.78 and -
5.77 eV, so just like 24%/24"" virtually identical and likely to be experimentally
indistinguishable. The CV experiments at similar ceramic Au-screen printed electrodes in
THF/"Bu4PFs for these analogue compounds showed E;*=-0.61 V vs Fc*; thus the slightly more
difficult Eg*= -0.29 V for 24¢724""" is fully consistent with the higher energy FMOs in the
dicarbenes substituted by CH3O/CHz compared to the two Et2N substituents.
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6.7. Oxidation of anionic bis(NHC) 22a
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Figure 6.15. FMO topologies and energies for the model (R = CHs) calculated structures of 24%S‘and 24
trans’ at the B3LYP/6-31+G*//M06-2X/6-31+G*level of theory (PCM solvent model).

6.7.  Oxidation of anionic bis(NHC) 22a

In order to explore the oxidation of compound 22a, we decided to react with an excess of selenium

gray in THF for two hours (Scheme 6.8), which should also render the selone moiety (back). The

reaction mixture changed to a yellow solution, and the *!P{*H} NMR spectrum of this solution
showed two major signals at - 43.15 (}Jsep = 681 Hz) and 30.46(*Jsep = 851 Hz),which were
tentatively assigned to the two different phosphorus centers of compound 25 (Figure 6.16). These

two resonances are observed downfield-shifted compared to the starting material 22a.
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6.7. Oxidation of anionic bis(NHC) 22a
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Scheme 6.8. Oxidation of monoanionic P-functional bis(NHC) 22a.

In the BC{*H} NMR spectrum disappearance of the C? signal and appearance of a new signal at
164.3 ppm assigned to a selone (C=Se) moiety was observed. Interestingly, the ""Se NMR spectrum
of compound 25 in THF showed four signals for four different selenium centers. The formation of
25 was also independently confirmed by negative ESI mass spectrometry with HRMS: theor. (exp.)
844.8464 (844.8461).
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Figure 6.16. 3'P{*H} NMR spectrum of compounds; 22a(top)and 25(bottom).
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6.8. Complexation of phosphanido-bridged bis(imidazolium) salt 21b

6.8. Complexation of phosphanido-bridged bis(imidazolium) salt 21b

Having anionic as well as neutral phosphorus centers in tricyclic bis(imidazolium) salts, it was
interesting to study the preferred coordination site(s) of compound 21b towards metal reagents. So,
rhodium(l) complex [Rh(cod).CI] was selected as a metal complex for two reasons: firstly,the Rh
being an NMR active spin ¥ nucleus, and secondly,the P-Rh bond is more robust compared to P-
Iicoinage metals - At first, only a half equivalent of the [Rh(cod)CI] dimerwas treated with a THF
solution of compound 21b at room temperature (Scheme 6.9). The 3P{*H} NMR spectrum of the
reaction mixture showed complete consumption of the starting material, and two new resonances
were observed as a singlet at - 70.6 ppm and a doublet at 47.5 ppm with a Jrnp coupling constant
magnitude of 188.2 Hz.

® ®
ng u [Na(crytand)] ”B "B [Na(crytand)] n
1/2 [Rh(cod)Cl],

%@II%W—»H II

60O \ 60" TH0° N TS
"B u
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\CH3
~c| CH3
AN

21b 26

n

Scheme 6.9. Synthesis of anionic mono-rhodium complex 26.

The singlet resonance signal was assigned to the anionic phosphorus center and the doublet due to
coordination with the rhodium nucleus to the neutral phosphorus center. The outcome of the 3P
NMR measurement indicated the formation of anionic complex 26 (Figure 6.18). The 3P NMR
spectral resonances of compound 26 are comparable with literature known (somehow) related
compound LI 731 {&%p = - 82.1 ppm, )} and LI {§ = 38.1 (dd, Jrnp = 63 Hz, PPhy), 5.06
(dd, Jrnp = 136 Hz, PMe3)} (Figure 6.17). Besides NMR measurements, the proposed composition
of 26 was further confirmed by neg. ESI-MSspectrometry having m/z 995.151 that corresponds to
[Ca3H53CIF3N4O7P2RhS,Fs] .

Further investigation was done to study the reactivity of compound 21b by changing the
stoichiometric ratio relative to the metal reagent. Interestingly, the reaction of [Rh(cod)Cl]. with
21bgave a somewhat different result, when 21b and rhodium(l) dimer [Rh(cod)Cl]. were combined
ina1:1 ratio in THF (Scheme 6.10), and it turned to dark orange after three hours stirring.
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6.8. Complexation of phosphanido-bridged bis(imidazolium) salt 21b

ﬁ [M Ln] [MLn]
(CO)sW O Ph

H
W(CO N=N
A €Ok g :RL—P/\ s=< j w: /L_S
PO N/ \  "Ph
AN 4 N PMe,
Ph

ML, = BH,, W(CO)

L1741 LIl LIvii7l

Figure 6.17. Literature known examples of metal phosphanido complexes LI, L1T1E®Tand L1V E73],

Reaction progress was monitored by 3P NMR spectroscopy that revealed two sets of signals; one
singlet{d = -70.6 (s)} and a doublet {47. 5 (d, *Jrnp = 188.2 Hz)} corresponding to compound 26
and two triplets {5 = -123.4 (t), -120.3 (t) (*Jrnp = 123.2 Hz)}and two doublets {65.0 (d), 64.0 (d)
(YJrnp = 196.4 Hz)} corresponding to two isomers (1: 0.4) of compounds 27, 27’ (Figure 6.18).
However, these two products could not be separated because of the rather small solubility

differences.
®
® ® [Na(Cryptand)]
[Na(Cryptand)] [Na(Cryptand)] [Rh] [Rh]
\ /%
[Rh(cod)Cl],

H‘@I I@%H S THE AL H—<<®I I@>—H + H4<@:[ j:®>>—H
TfO N TfO TfO N N TfO TfO TfO
U
\cHs [Rh] Hs [Rh] H3

Rh] = [Rh(cod)CI
21b 26 (R0l = [Rh(eod)Cl 27,27

Scheme 6.10. Competing formation of mono-rhodium(l) and tri-rhodium(l) complexes 26 and 27,27’
respectively.
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6.8. Complexation of phosphanido-bridged bis(imidazolium) salt 21b

Compound 26

27 27
Compound 26 + Compound 27 26

(1: 1.6)

Compound 27

6 <120 -134
f1 {ppm} f1 (ppm)

20 00 10 10 M3 120 W0 8 6 -1'01 ol I 2 40 60 0 100 120 M0 160 -180
1 {ppm

Figure 6.18. 3'P{*H} NMR spectrum of reaction outcomes using different stoichiometric ratios of
compound 21band [Rh(cod)Cl]2; 1: 0.5(top), 1: 1(middle) and 1: 1.5(bottom).

To check completion of the reaction, 1.5 equivalent of rhodium (I) dimer was treated with com-
pound 21b (Scheme 6.11). The reaction mixture turned cloudy, indicating lower solubility of the
resulting product in THF. In the 3'P{*H} NMR spectrum, complete consumption of the starting
material 21b and no signal for compound 26 was observed afterwards.

©)
o) [Na(Cryptand)]
[Na(Cryptand)] [Rh] [Rh]
3/4[Rh(cod)Cl], /
_THR rt
H@I I@H %@I I@%
TfO N N TfO TfO N N TfO
[Rh] = [Rh(cod)ClI]
21b 27,27

Scheme 6.11. Selective formation of trinuclear Rh(l) complexes 27,27".
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6.8. Complexation of phosphanido-bridged bis(imidazolium) salt 21b

Instead, clean transformation to compounds 27, 27’ was observed as indicated by two triplets {6 =
-123.4 (t), -120.3 (t) ({Jrnp = 123.2 Hz)}and two doublets {65.0 (d), 64.0 (d) (2Jrnp = 192.4 Hz)} in
the 3'P NMR spectrum assigned to two isomers (1:0.4); the latter were isolated in good yields (69
%) (Figure 6.18). Upon complexation, the phosphanido center of 27, 27' appears significantly
upfield-shifted compared to uncomplexed 21b (6 = - 67.3 ppm) and showed similar trend as reported
examples LIVE®l(Figure. 6.17). Finally, the ESI-MS spectrum showed a molecular ion peak at m/z
1153.205 assigned to [Ca7H76Cl2N4sOP2Rhs]" whichprovides further support to the formation of the
anionic trinuclear Rh(l) complexes27, 27’.
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7.1. [4+2] cycloaddition reaction of compound 19

7. “Methoxide”-induced P-C bond cleavagein 1,4-
diphosphabarrelenes

After successful synthesis of PV"V, P""!"' and anionic Janus-type bis(NHCs), it was decided to extend
the studies towards the synthesis of phosphabarrelene-derived bis(NHCs) and related compounds.
The first exampleof al,4-diphosphabarrelenewas reported by Kobayashi and co-workers in the
1980s. They proposed cycloaddition reactions of XLX with alkynes and sulphur to get access to
XLXHI and XLXIV.[% 10 Recently, different dienophiles were treated with tricyclic 1,4-
diphosphinines to form LVand LVI (Figure 7.1) by Streubel and co-workers.*%2 101 As discussed
beforehand (and earlier) reactivity studies of 1,4 diphosphinine, especially of the nucleophilic
nature of C=E(E = S, Se), moieties has been intensively investigated. Keeping this in mind, we
decided to explore the nucleophilic behaviour of the C=Se units of cycloaddition products to afford
corresponding imidazolium salts, which can then act as precursors for hitherto unknown rigid, bent
bis(NHCs).

a)E=NR, b)E=S
R = alkyl

- O
(R = CF;, CH,, CO,Me) COuMe Ph\N
H
R MeO,C_ // o
R R 7 R
/ T\ e P N4 £ P /
Fac ’P CF3 F3C —P CF3 S N
T SR <N, <L
FsC CF, FsC CF,4 S
N 7 S N E
R R
XLXII11%8! XLXIVI1 Ly [102.105] Ly 102, 105]

Figure 7.1: Literature known examples of cycloaddition products of 1,4-diphosphinines.[98. 100, 102, 105]
7.1  [4+2] cycloaddition reaction of compound 19
As a starting point, we performed a cycloaddition reaction of compound 19 with dimethyl acetylene-

dicarboxylate (DMAD) at elevated temperature (60 °C) in THF (Scheme 7.1), following the well-
established protocol by Koner.[1%2]
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7.1. [4+2] cycloaddition reaction of compound 19

CO,Me
MeO,C_//
MeO,C—==—CO,Me  "Bu_
Se_j/ /ESe Toluene, T=60°C Se I\Zi
:[ I i/ /‘ES
19 28

Scheme 7.1. Synthesis of 1,4-diphosphabarrelene diselone 28.

Completion of the reaction was monitored by 3P{*H} NMR spectroscopy, revealing a chemical
shift value of -86.6 ppm, very close to compound LVa (-87.3ppm)% indicating the formation of
compound 28. In the 3C{*H} NMR spectrum, a doublet at 128.7 ppm (*Jp.c = 59 Hz) corresponding
to the sp?-hybridized carbon atoms of the C,-bridging unit, carrying the CO2Me groups {166.1 ppm
(dd, 2Jp.c = 16.4 Hz)}, showed the presence of the 1,4 diphosphabarrelene unit. Further confirmation
for the composition of 28 was obtained from an HRMS spectrum (m/z 720.1010), which was in
agreement with the calculated m/z 720.1012.

Figure 7.2.Displacement ellipsoids plot (50% probability) of the molecular structure of 28 in the crystal.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (°) P1-C1 1.8181(18),
P1-C12 1.8903(18), C1-C3 1.351(2), P1-C18 1.8225(18), C12-C13 1.335(2), C2-Sel 1.8453(18), C1-P1-
C1894.69(8), N1-C2-N2 106.43(15).

Compound 28 was finally confirmed by the results of an X-ray crystallographic measurement using
single crystals grown from a saturated methylene chloride solution at -20 °C. Compound 28

75



7.2. Reaction of compound 28 with MeOTf

crystallized in the triclinic crystal system with the P-1 space group (Figure 7.2). The C13-C14 bond
distance 1.335(4) Ais in the normal range when compared to literature values of LVa(1.329(9)
A, while the distance P1-C1 (1.846(3) A) is within the range of phosphabarrelenes (1.864(2)
A1 or 1,4-diphosphabarrelenes LVa (1.820(6) A).[*% Similarly, P1-C12 1.8903(18) A is also
fell well in the range of P1-C23 1.897(4) A, showing values of “normal” sp>-hybridized carbon
centers.

7.2. Reaction of compound 28 with MeOTf

On route towards the synthesis of 1,4-diphosphabarrelene-containing bis(NHCs), the double Se-
methylation of compound 28 was carried out using two equivalents of MeOTT in methylene chloride
(Scheme 7.2). After 1 hour of stirring, the colour change was observed from orange-red to orange.
The 3P{*H} NMR spectrum showed a slightly highfield-shifted signal compared to 28 at -90.0
ppm, which was also comparable to literature known compounds (-77.1 ppm)™®, so it was
tentatively assigned to the double Se-methylated salt 29.

COzMe COzMe
MeO,C_// ) MeO2C )
n Bu n Bu
BU\N -P N/ 2 MeOTf BU\N -P N/
S
N N7 S8 0~ N N~ se”
"Bu \ By’ \
n Bu n
Bu Bu
28 29

Scheme 7.2. Synthesis of double Se-methylated salt 29 containing a 1,4-diphosphabarrelene unit.

In the BC{*H} NMR spectrum, apart from the signals of other unchanged substituents of compound
28, a new signalwas observed at 11.4 ppm corresponding to the S-Me unit. This was supported by
the presence of a signal at 2.5 ppm (Se-Me) in the *H NMRspectrum, which also paralleled previous
cases. The proposed chemical composition of the product was further supported by HRMS (pos.
ESI) m/z (calc./exp. 720.1012(720.1010))and elemental analysis.

7.3 Reductive deselenization and more
As mentioned above in chapters 5 and 6, NaBH4 was successfully used as a reducing agent for
reductive deselenization of compound 13°s"a" 21a and 21b to synthesize, finally, bis(NHCs). So,

we decided to follow the same strategy to reduce compound 29 using NaBH4 in methanol. The
reaction was carried out under identical conditions, as also shown in Scheme 7.3. The reaction
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7.2. Reaction of compound 28 with MeOTf

mixture was primarily analyzed by *!P{*H} NMR spectroscopy, and the outcome was really

surprising.

"Bu
/

Jx

Bu

fO

29

[Na(soIV)n] [Na(solv)n]

NaBH, (10 eq.)
MeOH, 0 °C > < >_
- 2 HSeMe Se—(@I I@) Se + H 6:[ j:@

BoHg TfO
- DMAD ”Bu

\CH3 \CH3
30 21a

Scheme 7.3: Reaction of double Se-methylated salt 29 with NaBH..

At first glance, we observed clean conversion of starting material into two new products showing
signals at 6 = -67.4 (t) and 19.9(s) ppm with a coupling constant magnitude of 2.1 Hz (Figure 7.3).

(Compound 29)
6=-90.0 ppm

(Compound 21)
6=20.2(1),- 67.2 (t) ppm

A

—_———————
R R T
f1 {ppm}

il

s

(Compound 30)
6=19.9(bs).-67.4 (t) ppm

0.0
11 (ppm)

(Compound21)
6=20.2(t),-67.2 () ppm

]
e e e
02 0.0

2.1
f1 {pom}

B TR TR
T

T

15

200 0 50 -50 -100 -150

100
f1 (ppm)

Figure 7.3.3P{*H} NMR spectrum of compound 29 (top), reaction mixture having compound 30 and 21a
(1:0.35) (middle) and compound 21a(bottom).
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7.2. Reaction of compound 28 with MeOTf

Change in chemical shift values compared to precursor 29 clearly indicated the formation of a new
compound with different P-centers. Such chemical shift values were already detected for
monoanionic compounds La, b.1*%"! However, a closer look revealed that two new triplets at § = -
67.2, 20.2, assignable to the formation of another new compound with the same constitution of the
P-centers, were observed. Unfortunately, this product mixture could not be separated.

To get further insight into this reaction, *H NMR spectrum was measured, as shown in figure
7.3(middle). Upon comparison with the'H NMR data of compound 29 (Figure 7.4 top), two more
new signals were observed at & = 2.5(d, 7.9 Hz) and 6 = 8.8(d, 7.9 Hz) corresponding to MeO and
C2-H protons, respectively. These observations highly suggested the assignments to compounds 30
and 21a.

COzMe
[Na(solv)n]
MeO,C_//
"Bu._ nB“ NaBH, (excess)
N MeOH, 0 °C
—_—

/Se\((Z \27 TfO 2HSeMe H ((@I I@ H
10> TfO N N TfO
nBu/ DMAD

nBu O
CH3
29 21a

Scheme 7.4. NaBH, induced P-C bond cleavage in compound 29.

To achieve the completeness of the reaction, excess of NaBHawas added under the similar condition
as described in scheme 7.4, which led to full conversion of the starting material 29 and two signals
at § = -67.2 and 20.2 showing AB spin pattern with 3Jpp coupling of magnitude 2.1 Hz appeared.
After isolation, *H NMR and 3C NMR spectroscopic measurement confirmed the formation of
compound 21a (Figure 7.4), which was also proven by mass spectrometric analysis.

78



7.2. Reaction of compound 28 with MeOTf

(Compound 29)
(Se-Me) 5= 2.6 ppm

/

No (C*-H)
| J W -

(Compound 21)+ (Compound 30)

(Me0) 6 =2.5(d) ppm

(C*-H)3 = 8.8 ppm JJLL

B.ES a.:
fl {ppm}

A

(Compound 21)

(C°-H)5 = 8.8 ppm

e
13
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Al
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Figure 7.4.*H NMR spectrum of compound 29 (top), reaction mixture having compound 30 and 21a
(middle) and compound 21a (bottom).
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8.1. Studies on the reduction of imidazole-based 1,4-diphosphinine dithione

8. Reductive studies of a tricyclic imidazole-based
1,4-diphosphinine

There are several examples of A3-phosphinines being reduced by alkali metals to produce
paramagnetic anion radicals and diamagnetic dianions.*’”! Dimroth and co-workers reported the
formation of para-magnetic trianion radicals via a reduction of 2,4,6-triphenylphosphinine with
potassium metal in THF; nevertheless, ESR spectrum was not resolved.’3 Later on, Markl ex-
tended the investigations on the stepwise reduction of LVII using CV and ESR studies(Scheme
8.1).1178l

BoNENy Ry Yy -

LVII LVIII LIX LX

Scheme 8.1 Reduction of phosphinineL V11, according to Markl.[178]

Early attempts by Streubel and co-workerswere performed to achieve anantiaromatic dianion via
two-fold reductive cleavage of exo-P-C bonds in 1,4-dihydro-1,4-diphosphinine LXI to form tri-
cyclicbis(phosphanido)-bridged compoundLXIl. However, due to unsuccessful isolation, it was
reacted in situ with 2 eq. of an electrophile ("Bul) to get the final product LXI11 (Scheme8.2).[1%]

e N n
R R R B R
\ © / \ g /
N P N 2 "Bl N P N
S:< I j: >:S S:< I j[ >:S > — S:< :[ j[ >:S
-2 PhK N~ ~p N N~ Np N
R/ o \ R/ 3 \R
g 2[K(thf)n] J "Bu
LXI LXII LXIIT

Scheme 8.2. Generation of tricyclic bis(phosphanido)-bridged LX11 and the in situ trapping reaction.[115]
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8.1. Studies on the reduction of imidazole-based 1,4-diphosphinine dithione

More recently, a two-fold reduction of thiazole-based 1,4-diphosphinine dithioneXCXIX was
successfully achieved by Begum using two equivalents of KCg or Li in Et2O (Scheme 8.3). The
resulting dianionic product XL XIX was stable enough to be isolated and structurally confirmed.%!

®
2M (EtzO)n]

S e T

M = Li or KCg
XCXIX XLXIX

Scheme 8.3. Two-fold reduction of thiazole-derived 1,4-diphosphinineXLX1X.[105]

The successful reduction of these 1,4-diphosphinine systems prompted us to investigate two- or
even six-fold reduction processes to access dianionicand/or dianionic bis(NHCs), respectively. The
formation of such antiaromatic ligands can be a promising starting point for a new field of research.

8.1.  Studies on the reduction of imidazole-based 1,4-diphosphinine dithione

Initially, we tried to reduce 1,4 diphosphinine diselone 19 using the well-established protocol, as
mentioned above.[%! However, we could not get a selective reaction (due to unknown reasons),
which did not change when the reduction was performed at low(er) temperature (-80 °C) using two
equivalents of potassium metal. Therefore, we decided to use the dithione derivative of imidazole-
based 1,4-diphosphinine XLXIV and reacted it with potassium graphite at room temperature in E>O
(Scheme 8.4). The product 30, a dark brown solid, precipitated out from the reaction mixture after
one day of stirring which was then separated by filtration.

C)
2[K(thf),]
2 KCqg
S:<:[I/ES Et,0, rt S:<II>:S
nBu nBu
XLXIV 30

Scheme 8.4. Two-fold reduction of 1,4-diphosphinine dithione XLXIV.

The *P{*H} NMR spectrum of compound 30 solution showed a sharp signal at —114.9 ppm, thus
showing a Ad = — 41. The latter is huge compared to the previously in situ prepared imidazole-
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8.1. Studies on the reduction of imidazole-based 1,4-diphosphinine dithione

derived bis(phosphanido)-bridged tricycle LXI1 (§%P = —73.6)[1%1 (Scheme 8.2). This might be
explained with a different coordination mode ofthe dianion and additional interactions of the
counter cation with the solvent molecules.The MS spectrum (neg. ESI) of 30showed a peak at
m/z483.1937 being in agreement with the calculated m/z value of the mono anion
[C22H3sN4P.S2]H™, formed due to protonation under the conditions of the ESI-MS experiment.

Compound 30 crystallized by slow evaporation of concentrated THF and Et,O (1:0.2) solution at
room temperature. The single crystal X-ray diffraction analysis confirmed the proposed constitution
of compound 30a being part of a coordination polymer possessing a monoclinic crystal system and
P21/c space group. The coordination network has the following interesting structural features: Each
potassium cationis coordinated by two thione sulfur atoms of two molecules, one THF molecule
and to the middle P.Ca-ring via n° co-ordination.In case of XLXIX, K1 coordinated to the thione
sulfur atoms of four molecules and one THF molecule. While the other potassium cation K2 is
coordinated with the thione sulfur atoms of two molecules, together with three THF
molecules.Furthermore, the two potassium cations have a K1-K2 distance of 4.4004(4) A. A
comparison of the bond lengths and bond angles of 30a with the compound XLXIV showed that
the P-C3 and P#1-C1 bond lengths are slightly longer than in XLXIV (P-C1 1.741(3), P—C3
1.741(3)). However, the C1-C3 bond length slightly shorter compared to XL X1X (C1-C3 1.400(4)),
and the C1-P-C3 bond angle reduced to 93.03(3) when compared to its precursor XLXIV (C1-P-
C3 97.14(15)). Likewise, the [K-S 3.190(2) and K-S#2 3.242(3)] distances in 30are also slightly
longer than those in XLXIX[K1-S4 3.191(3), K1-S6 3.194(4), K1-S10 3.164(4), K1-S14 3.113(3)].

Figure 8.1.Cut-out of the coordination polymer of 30in the crystal. Displacement ellipsoids plot (50%
probability) andhydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (°) P#1-
C11.815(8), P-C3 1.836(7), C1-C3 1.376(10), N1-C2 1.345(9), N2-C2 1.358(8), C2-S 1.715(7), C1-P1-C18
93.0(3), N1-C2-N2 106.2(5).
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8.1. Studies on the reduction of imidazole-based 1,4-diphosphinine dithione

In order to test the coordination properties of the dianionic compound 30, complexation was
performed using the same Rhodium(l) dimer as before, and the reaction with two equivalents of
[Rh(cod)Cl]. afforded the tetranuclear diphosphanido-type complex 31(Scheme 8.5).

@
2 [K(thf)n] [Rh] )Rh] 2 [K thf)n]
'Bu
2 KCqg 2 [Rhcod)Cl],

s%IIH“ %IIW“ B II%S

n / CNY
B! [R»h‘] -
XLXIV 30 31

Scheme 8.5. Reaction of dianionic compound 30 with [Rh(cod)Cl]..

The 3P{*H} NMR spectrum of the reaction mixture showed only one resonance signal at —113.6(t)
ppm with a YJgrnp coupling constant magnitude of 125.4 Hz (Figure 8.2). After purificationvia
washing, 31 was completely characterized via various means (NMR, MS and IR).The proposed
chemical composition of the product was further supported by HRMS (pos. ESI)m/z 203.0000
(calc.m/z202.9999).

Compound 31 PP =—-113.6 (1), Ugpp=125.4 Hz

1P =-114.9 ppm
Compound 30a

.

T T T T T T T T T T T T T T T T T T T T T T T T T
80 70 60 50 40 30 20 10 0 -10 -20 fm(P -4)0 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170
1 (ppm

Figure 8.2. 3'P{*H} NMR spectrum of compound 30(bottom) and 31 (top).
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8.2. Reductive desulfurization of compound 30

8.2.  Reductive desulfurization of compound 30

Reductive desulfurization of N-heterocyclic thiones with potassium metal to produce NHCs (LI1V)
has been shown first by Kuhn and co-workers for imidazole-2-thiones (Scheme 8.6).17]

I%s I>>

Scheme 8.6. Reduction of thiones to generate mono(NHCs) (R,R’ = alkyl groups).*!

In a related reaction, Majhi has used XLV 1 and a six-fold excess of potassium metal in THF(Scheme
8.7).11 The outcome was the formation of bis(NHC) XLVI1 having achemical shift at -116.2 ppm
in the 3P{*H} NMR spectrum as well as a missing signal in the®* C{*H} NMR spectrumfor the C=S
carbon, thus suggesting that a C=S bond cleavage process must have been taken place.[*!
Nevertheless, XLV 11 could neither be isolated nor structurally confirmed.

[K(solv)n]®
K(5eq. N/
s%jﬁﬁs s <<jﬁ>>
XLVI ) H2 XLVII R

Scheme 8.7. Synthesis of anionic bis(NHC),according to Majhi.[*%]

Following these observations, we became curious to further reduce compound 30. When compound
30 was treated with an excess of KCg at 65 °C the dianionic bis(NHC) 32 was formed (Scheme 8.8).
The reaction mixture was filtered to remove potassium sulfide, and compound 32 was isolated as a
dark red-brown solid.Product32displayed two major signals at & = -117.7and -120.4 ppm in the
3IP{*H} NMR spectrum (Figure 8.3).The C{*H} NMR spectrum allowed for the identification as
a signal at & = 207.4 ppm (br) was observed (Figure. 8.3), which is consistent with the presence of
the C? nuclei of the dianionic bis(NHC) 32.
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8.3. Synthesis of the bis(imidazolium) diphosphanide zwitterion 33

®
2[K(thf)] 2[K(thf)]®
KCg(excess)
THF, T=65°C
S S —_—
% I I F <<I I >
”Bu
30 32

Scheme 8.8. Six-fold reduction of compound 30 with KCg leading to 32.

Further confirmation for 32 came from the LIFDI-MS spectrum showing m/z 422.2 ([M+3H] ).

6=-117.7 ppm. - 120.4 ppm

&= -114.9 ppm

P-C of N
the middle ring y

d= 2074 ppm (C7) I L

230 210 D00 190 180 1M 160 150 140 130 120 110
f1 [ppm)

Figure 8.3. 3'P{*H} NMR (right) and *3C{*H} NMR (left) spectrum of compound 32.
8.3.  Synthesis of the bis(imidazolium) diphosphanide zwitterion 33

To achieve the synthesis of neutral 1,4-diphosphinine bis(NHC), a different strategy was tested.
Having handson compound 13¢s/trans e performed a substitution reaction using PCls in
methylene chloride (Scheme 8.9). But the *'P{*H}NMR resonance of product 33 showed a
downfield shift signal thatappeared at 6 = - 50.2 ppm together with the resonance of the by-product
EtoNPCI» at 162.2 ppm. Concentrating the reaction mixture in vacuo led to the decomposition of
product 33, leading to unknown products as observed in the :P{*"H} NMR spectrum (Figure 8.3).
Therefore, isolation of the compound, even under inert and low temperature conditions, failed for
unknown reasons.
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8.3. Synthesis of the bis(imidazolium) diphosphanide zwitterion 33

NEt2

2 PCl, n ng
Bu ©)] u
i Y S
ol @% g
@II gt
ot _2 Tl N P N
nBU nBu e nBU
NEt2
1 3cis/trans 33

Scheme 8.9. Synthesis of double zwitterion 33.

Nevertheless, the raw product could be characterized via its *H NMR spectrum as the C?-H
resonance signal appeared at 6 = 9.1 ppm.Interestingly, the ease of protonation of compound 33
was confirmed by pos-ESI-MS showing m/z theor./exp. 210.128/210.128.

0=2199ppm PCl;.

6 =162.2 ppm (Et,N)PCl,

s P ST otr s e

Compound 13¢israns

= 5.4 ppm, 5.8 ppm

400 350 300 250 200 150 100 S0 0 -50 100 150 200
f1 (ppm)

Figure 8.3. 32P{*H} NMR spectrum of compound 13°*"a(phottom), the reaction mixture of compound 33
(middle) and reaction mixture after concentrating under reduced pressure(top).
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9. Synthesis and reactions of {P(O)OH}-functional bis(NHCs)

9. Synthesis and reactions of {P(O)OH}-functional
bis(NHCs)

As mentioned in the introductory section, oxidative desulfurization is a well-established pathway
to get access to NHCs. On the other hand, oxidative hydrolysis of phosphinines using ambient
conditions was proposed to proceed via the transientphosphinine oxide LV1, formed via reaction
with O, that reacts readily due to its electrophilic naturewith 1 eq. of H>O to form the phosphinic
acid LVII (Scheme 9.1).128% A similar pathway was also assumed for the tricyclic diphosphinine
XLXVI thus forming bis(phosphinic) acid XLXVIIL.1% However, the reaction mechanism
remained to be established.

Ph Ph Ph
AN 0O, AN H,O AN
— — > H
= P/ P
P Ph Ph
PH Ph f PH o N\ Ph
o)
LV LVI LVII

Scheme 9.1. Oxidative hydrolysis of a phosphinine.[8

In the course of our aforementioned study, oxidative deselenization was quite promising to get
access to PVV bis(NHCs) by using H20,. Following this, a reaction between compound 19 and
hydrogen peroxide was performed in methylene chlorideat 0 °C. The reaction mixture turned to
colourless after half an hour, and the3'P{*H} NMR spectrum showed complete consumption of the
starting material 19 along with a new signal at -14.3 ppm.

10 H,0,
2 BaCl, 2H,0 N //

nBu u
CHchZ’ 0°Ctort
Se:< >ZSe > _<@ @>_
- 2 BaSeO3
nBu

"B
-2 HCI
nBu O OH ” Bu

19 34,34
Scheme 9.2. Oxidative deselenization of compound 19.

For compound 34, 34, we could not observe two signals as expected for thecis and trans isomers
due to rapid intermolecular exchange of the POH proton with deuterium of solvent (CD3CD) at
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9. Synthesis and reactions of {P(O)OH}-functional bis(NHCs)

room temperature. Furthermore, successful formation of 34, 34’ had to be confirmed by the *H and
BC{*H} NMR spectra of the isolated product. Importantly, the *H NMR spectrum showed a new
resonance at 9.3 ppm (br) assigned to the C?-H of imidazolium derivative 34, 34'. Further evidence
for the formation of 33 was collected from the *C{*H} NMR spectrum as the resonance signal for
the C=Se carbon nucleus was not present (162.4 ppm) and was replaced by a triplet at 139.3 ppm
(t, “Jpn= 6.1 Hz).

Conclusive confirmation for the assignment of the product as to be the imidazolium derivative 34,
34’ came from the (pos)ESI-MS spectrum, which showed an ion peak at m/z 487.2 correspondings
to the cation of C22H42N4O4P-.

Derivative 34, 34’ was then deprotonated to get access to the corresponding PV bis(NHC)s 35, 35’
following the conditions as described in scheme 9.3. A slight colour change was observed from
colourless to light yellow. The 3P NMR spectrum of the reaction mixture revealed only a minor
change in the chemical shift of 35, 35’ (-14.3 ppm) compared to 34,34’ (-15.3 ppm). In addition,
the C2-H proton signal at 9.3 ppm was missingin the *H NMR spectrum, and the C? signal of the
carbene nuclei could not be observed in the’*C{*H} NMR spectrum.

B ”Bu nBu nBu
o, P

O // 2 KOtBu p/

THF, rt
H%@ @H S < o

-2 KClI

S m -2 tBUOH

34, 34" 35, 35°

Scheme 9.3. Synthesis of {P(O)OH}bis(NHC)s 35, 35’.

In order to test a possible complexation of compound 35, 35’ it was decided to use the reaction
using a methanolic solution of 34, 34’ and 2 equivalents of Ag.O (Scheme 9.4). The reaction
mixture was stirred for 3 hours and then subjected to filtration to remove the potassium chloride,
thus finallygetting 36, 36" as isomeric mixture (1: 0.35) in good yields (68 %).

a,ﬂ// /B "By HO, O
Ag20 \
CH30H, r.t
{@I I@% o Ag{(I I%Ag —
Ve wl & on \n Bu

34,34 36, 36

Scheme 9.4. Synthesis of {P(O)OH}bis(NHC) Ag(l) complexes 36,36’.
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Multinuclear NMR experiments were performed to characterize the resulting bis(NHC) complexes
36, 36".The *'P{*H} NMR spectrum of 36, 36" in CDsOD showed two resonances at —12.6 and -
10.2 ppm, which are shifted upfield compared to 34,34'(6P =-14.3 ppm) (Figure 9.1). Nevertheless,
the value is in good agreement with the related complex 10bcs/ans(-3.62 (cis), -4.10 (trans))*8!
(Figure 9.1), reported recently.

Table 9.1. Comparison of 3!P{*H} and 3C{*H} NMR chemical shifts (ppm) of (C?-Ag) between LV111,°!
10bcsransgnd 36, 36"

o "Bu
Phy” ®
Ag—PPh,
L _
\Me TfO A lobms/trans 36, 36'

Lvii

8H 8.5 (s) -4.10 (cis), - 3.62 -12.6 (s), - 10.2(5)
(trans)

SBC{H} 178.2 (d, 3Jpc = 3.6 Hz) 188.9 (br), 191.3 (br) 183.7 (br),185.3(br)

Furthermore, the appearance of two broad signals at 183.7 and 185.3 ppm, assigned to two isomers,
in the ®*C{*H} NMR spectrum provides evidence for the formation of the C?>-Ag bond in 36,
36 (Figure 9.1).The observed chemical shifts were in the typical range for the NHC silver(l)
complexes, reported earlier. The selected C{*H} NMR chemical shifts of 36, 36’, are listed in
Table 9.1 and are compared with the previously discussedmonophosphanoyl substituted derivative
LV I and 10besrans. The introduction of diphenylphosphanoyl groups causes highfield shifts
ofabout Ad = 7 relative to the 36, 36’ with two P(O)OH groups. However, a downfield chemical
shift of about AS = 6 was also observed for 10b®s"a" having the bis(diethylamino)phosphanoxyl
group (Table 9.1).
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§=-14.3 ppm P-Cof

the middle ring

/)

(Compound 33, 33")
(C2-H) 6= 1393 ppm

§=-15.3ppm (Compound 34, 34") /

No 7 signal i
N N H i
6=-12.6,-10.2 ppm (Compound 35, 35") /
(C?-Ag) 6= 183.7 (br), 185.3 (br) ppm
L 1) M
T T T TS T S e T e e M B W W oM oMo W% m o MW mom o
1 (5pe) 11 [ppm)

Figure 9.1.3'P{*H} NMR spectrum (left) and **C{*H} NMR spectrum (right, C? nuclei) of (34, 34", (35, 35’)
and (36, 36")
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10. Summary

This thesis describesthe synthesis of a new series of P-bridged, rigid Janus-type tricyclic bis(NHCs)
using imidazole-2-selone-derived new tricyclic 1, 4-dihydro-1,4-diphosphinines and transition
metal complexes thereof. It further detailsthe problem of reduction of a 1,4-diphosphinine, leading
finally to a novel, isolable tricyclic 1,4-dianionic bis(NHC) containing an8r-antiaromatic middle
ring. Most of the new compounds were fully characterized by spectroscopic means, including X-
ray diffraction and cyclic voltammetric studies.

Chapter 3 contains the synthesis and characterization of C-phosphanylated imidazole-2-selone
derivatives (Scheme 10.1) using the reaction of in-situ generated lithiated imidazole-2-selones with
chloro(organo)phosphane derivatives to synthesize phosphanylated imidazole-2-selones2 and 3.
Reaction with phosphorus trichloride provided chlorophosphanyl substituted imidazole-2-selones4,
5. Using an in-house synthetic protocol, 1,4 dihydro-1,4-diphosphinine diselones 6°s/trans,
7osiransyyere synthesized by deprotonation of 4-chloro(organo)phosphanyl imidazole-2-selones
followed by an intermolecular nucleophilic substitution reaction with 4 and 5. The separation of cis
and trans isomers was successfully achieved in the case of 6°"@Sysing low-temperature column

chromatography.
R "Bu R "Bu
L L
Et,N” N PCl, o N
| >:S —_— 2 | >:S
N N
\ \
2,3 "Bu 4,5 "Bu
"BulLi LDA . .
(Et,N)RPCI -78°Ctor.t|-iPraNH, - LiCl
THF
R = NEt, for (2, 4, 6°//trans)
/nBu R = Ph for (3, 5, 7cis/tranS) "Bu\ |§ /"Bu
N N P N
[ >:S S=< I j[ >:S
N N N
\ / '; \
"Bu "By 5 "Bu

cis/trans Acis/trans
1 6 ,7

Scheme 10.1. Synthesis of tricyclic 1,4-dihydro-1,4-diphosphinines diselones.
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In chapter 4, the synthesis of PVV-functionalized Janus bis(NHCs) and later, the formation of their
metal complexes is discussed. Oxidative deselenization of 6°"awas successfully carried out by
the treatment with ten equivalents of H>O in methylene chloride solution (Scheme 10.2). The
imidazolium salts 8°s'"ans were isolated as solids being hygroscopic and having high melting points.
These salts were deprotonated using KHMDS to get access to the first examples of stable and rigid
PVV-bridged Janus-type bis(NHCs) 9¢s"ans primary studies on their electrochemical behaviour
were performed using cyclic voltammetry, which revealed that com-pounds 92" canundergo
multiple oxidation processes due to the existence of numerous filled MOs close in energy to the
HOMO that has either carbene o (C) or ring m character.”’Se chemical shift of 9¢s/ans(89,9/94.1
ppm) showing that the PV substitution increases somewhat the electron acceptor ability of the
carbene; however, still within the known range of imidazole-2-ylidenes.Moreover, the coordination
properties of newly synthesized bis(NHCs) 9¢s"a"s were explored by treating them with coinage
metals(l) (M = Cu, Ag, Au) and group 9 metals Rh(l) and Ir(l). All the complexes were isolated in
good yields and characterized by various analytical methods including NMR, MS, IR and single-
crystal XRD in the case of Au(l) complex 10c'a"s,

NEtZ /B 10 H,0, NEt, JBu ; \ SNEt /Bu
2 BaCl, H,0 RN o / 2 KHMDS ; :
CH,Cly, r.t. THF 78°C H
Se:< I I >:Se —_— H—<@ @)>— : << >>
2 BaSeO @ 2 HMDS
‘_r -2 KCl ;
NEt2 n ”Bu Et,N O n : nBu Et, N
GCIs/trans BCIs/trans i gus/trans
M20, CH,Cly |- 1,0 [M],
Et,O, rt.
M = Cu, Ag [M] = Rh(cod)ClI
= Ir(cod)Cl
"Bu NEt2 "Bu NEt "Bu
o NEt/ 2 Me,SAuCI / 2/
CH,Cly, .t
I—Au—<( I I >>—Au—CI ———— Cl— M4<< I j: >>7M Cl [M]—(g I j: >>—[M]
-2 Me,S
-2 AgCl o~ \\
"Bu Etz ”Bu Et2 "By EtZ
10c¢cis/trans M = Ag 1Oa,b""5/t’a"s 10d’ecis/trans

Scheme10.2. Synthesis of PVV bridged bis (imidazolium) salt 8" bis (NHC) 9" and their
coinage metal(l) complexes 10a-e°""",

An important part of this thesis was devoted to the reductive deselenization of 1,4 dihydro-1,4-
diphosphinine, results of which are presented in chapter 5. To obtain P""""-functional bis(NHCs),
firstly 6¢is/rans and 7¢s'ans ‘phased on the background knowledge of DFT calculations (performed on
the heterocyclic dithione-derived 1,4 dihydro-1,4-diphosphinine), the nucleophilicity of the Se
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centers was used by reaction with the hard electrophile MeOTf. This led selectivelyto the
corresponding double Se-methylated bis(imidazolium) salts11%srans gand 12¢srans  possessing
neutral tricyclic 1,4-dihydro-1,4-diphosphinine unit (Scheme 10.3). 11¢ans were further treated
with sodium borohydride (NaBH,) in methanol. An abrupt reaction was observed with the liberation
of the strong odour of HMeSe formation resulting in the reductive deselenized product 13¢is/trans
(Scheme 9.3). Later, deprotonation of bis(imidazolium) salts 13¢s"a"s Jed to the synthesis of first
neutral P""""-bridged bis(NHCs) 14°s"ans Trans isomer was characterized by single crystal X-ray
diffract-tion analysis showing surprisingly two different coordination modes of KHMDS with C?-
centers; one was K-C? and the other was n° via CsN; ring. Due to the high inversion barrier (44.2
kcal/mol) of phosphorus centers, the cis isomer is more stable than trans isomer in the case of
14¢isltrans - Cyrelic voltammetric studies on 14°"a"s showed the irreversible nature of the oxidation
processes, which is evidenced by a scan-rate of 200 mV and strong solvent dependencies of the
potentials. 14°'"as are more easily oxidized than 9°"a" in accordance with the higher energy of
their HOMO orbitals.

NEt2 n [M(cod)Cl], ng
B u NEt,
B4 \ NEt 2 KHMDS \
THF, - 78 °C
Se:< >:se % @)}H —>[M]—<< )>—[M]
2 KOTf
n \ WO -2 HMDS
NEtz ”Bu EtzN BH ”Bu EtzN
gCis/trans [M] = Rh(cod)CI
1 scis/lrans 1 7cis/trans
2 MeOTf 2 BHj;.(CH3),S
CH,Cl,, rt. CH,Cl,
NEb n NEQ n i ngy ?EQ By
ziemos, 1 A A
N CH3OH 0°C - : .
se@I@» v @» S (LY
2HSeMe N -2 HMDS P N
ﬂo Ti0° -2 BgHg TfO T0° -2KCl ! s \
NEt " 8 NEt2 Bu NEt, BY
gcis/trans qg3cisftrans N 1 4c'sman s ..........
M0, M]
CH,Cl,, - 30 °C|- H20 Et,0, rt.
M = Cu, Ag [M] = Rh(cod)ClI
nBy NEt,  ng, "By NEt; o, NEQ n
\ : / 2 Me,SAUCI \ § /

NEt,

15cCis/trans

CH,Cly, .t

5
NEt,

"Bu NEt2

15a,bcis/trans
,

[M]4< I I %[M]

n

15d cis/trans

Scheme 10.3. Synthesis of P"""' bridged bis (imidazolium) salt 13°%"a" pjs (NHCs) 14" their
metal(l) complexes 15a-d*s""a", 16" and tetra-coordinated complexes 17",
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To study the donor properties of neutral bis(NHCs) 14°s'"as coinage metals(l) (M =Cu, Ag) com-
plexes (Scheme 10.3) were synthesized by treating imidazolium salts with metal oxides while Au(l)
bis(NHC) complexes were obtained by the trans-metalation reaction. However, Rh(I) complexes
were approached by the addition of [Rh(cod)Cl], to neutral P""""bridged bis(NHCs). In order to get
P as well as C? centered complexes, firstly, P-centers of these tricyclic P"""' pridged
bis(imidazolium) salts could be complexed to borane (16°"a") upon treatment with borane-
dimethyl sulfane complex, which was further reacted with KHMDS and rhodium(l) dimer to get
access to tetra-nuclear complexes 17¢"a"s(Scheme 10.3).

®
[Na(L)
Bu 222]-Cryptand
2 MeOTf [222]-Cryptan
CptaClz > / fANSEHo °C /( >
195 Se4<@3]i I@ SHSeMe ®I ®>
TfO 1S -2BHs N 0
nBu
\CHS
‘21a) L = solvent
20 21b) L = [222]-Cryptand 21a, 21b

Scheme 10.4. Synthesis of doubly Se-methylated salt 20 and bis(imidazolium) salts 21a, 21b.

Chapter 6 describes the synthesis of low-coordinate 1, 4-diphosphinine diselone and its chemistry
towards selective reductive deselenization resulting first monoanionic Janus-type bis(NHCs). The
dark violet colour of the 1,4-diphosphinine changed to light yellow after treatment with the strong
electrophile methyl triflate (Scheme 10.4).
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Scheme 10.5. Reactivity studies of compound 21a, 21b.

Compound 20 reacted selectively with NaBH4 to give a surprising product that under went reductive
deselenization as well as addition reaction at the phosphors centers 21a, b. The deprotonation of
this product resulted in novel tricyclic anionic bis(NHCs), which were isolated and characterized
by various analytical means.The key features of the voltammetry of 22 are the very facile first
oxidation with Eg*=-1.16 V, and a large number of cascading waves for subsequent oxidation
processes, all of which are chemically irreversible. There are, therefore, (at least) four oxidation
processes that are more facile for 22 than neutral bis(NHCs). Mixed substituted P"""-bridged
bis(NHCs) were also targeted using compound 21a,b under the same conditions described in
scheme 10.5. In addition, the reactivity of phosphanido-type compounds 21a, b, was also
investigated towards complexation. So, these compounds 21a,b were treated with [Rh(cod)Cl]2
with different stoichiometric ratios to get access to mono rhodium(l) and tri rhodium(l)
phosphanido-type complexes 26 and 27, 27, respectively (Scheme 10.5). These reactions clearly
showed the preferred coordinating site for Rh(I) metal.
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Chapter 7 is focused on synthesis and reactions of 1,4-diphosphabarrelene diselone 28 towards
electrophiles and, later on, reducing agents. The [4+2]-cycloaddition product 28 was obtained in a
reaction of 19 with DMAD in excellent yield, and it was further reacted with MeOTf at room
temperature to get the double Se-methylated salt 29 (Scheme 10.6). Targeting hitherto unknown
bent rigid bis(NHCs), compound 28 was subjected to reductive deselenization using NaBH4, which
induced the cleavage of the P-C bond of the DMAD-derived bridge. This resulted in a clean
conversion to give phosphanido-bridged bis(imidazolium) salt 21a, which was fully characterized
using different analytical methods.

CO,Me
nBu\ /”Bu s MeOZC / ”Bu
NP N MeO,C—==—CO,Me
e < | > oo _Toluene, T=60°C Se% / P\Z;
x> Se
N N
/ P \
"Bu n
19 28
2 MeOTf
CH,Cly, .t
[Na(solv)n] COMe
Me0,C

NaBH, (excess) n
H_<©:[ I@>_H < MeOH. 0°C "Bus /B
-2 HSeMe Se
TfO N N TfO \((Z Qj\'l’fo

TfO

n
BU "BU

3
21a 29

Scheme 10.6. Methoxide-induced P-C bond cleavage in 1,4-diphosphabarrelene.

The dianionic Janus-type bis(NHC), representing the first example of a bis(NHC) fused to an 8n-
antiaromatic ring system was attempted via re-investigations of the reduction of 1,4-diphosphinine
dithione XCXIX. The latter reacted with two equivalents of potassium graphite to give the
corresponding dianionic compound 30 selectively, which was characterized via NMR spectroscopy
and firmly established via single-crystal X-ray diffraction analysis. Further complexation of 30
using 2 eq. of [Rh(cod)Cl]. yielded 31 (Scheme 10.7).Using a4-fold reduction protocol for com-
pound 30 employing KCg at 65 °C resulted in the very dark brownishdianionic bis(NHC) 32
(Scheme 10.7).
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Scheme 10.7. 2-fold reduction of 1,4-diphosphinine to 30and its subsequent complexation to give

tetranuclear complex 31 and via further reduction to yield the 8r-antiaromatic bis(NHC) 32.

Finally, chapter 9 describes the oxidative deselenization of 1, 4-diphosphinine diselone 19 to afford

PYV-bridged bis(NHCs) and their complexes. Starting from a reaction of compound 19 with 10

equivalents of H2O; to yield airstable bis(phosphinic acid)-bridged bis(imidazolium) salts 34, 34".

This isomeric mixture was deprotonated using KO'Bu to access to the corresponding bis(NHCs),

which was characterized by NMR spectra. Via a typical deprotonation/complexation reaction

compounds 34, 34’ reacted with silver(l) oxide to formthe corresponding Ag(l) bis(NHC) com-

plexes 36,36’ (Scheme 10.8).

10 H,0, ng By "Bu
2 BaCl, 2H,0 R //
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"Bu HO,_L‘ //O /"Bu
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CH3O0H, r.t CI—Ag—<< | | >>_AQ—C|
H,0 N

Scheme 10.8. Oxidative hydrolysis of 19 leading to bis(NHCs) 35,35” and their Ag(l) complexes.
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11. Experimental section

11.1. General Techniques

All reactions were performed under a stream of deoxygenated (using preheated BTS catalyst at 100-
130 °C) and dried (using molecular sieve and phosphorus pentoxide) Argon gas, using standard
Schlenk techniques. All sensitive chemicals were stored in either Schlenk flasks or handled in the
glovebox. All the solvents used in reactions were dried and distilled over sodium wires or calcium
hydride (for methylene dichloride) and stored in brown glass bottles having Schlenk connections.
All glass wares used were pre-heated and dried in the oven prior to use. In case air sensitive reactive
the Schlenk flasks or tubes were prepared by heating under high vacuo and subsequently refilling
with Argon gas. All the glass joints were lubricated with OKS grease type 1112®. The high-
temperature reactions were done with an oil bath whereas the low-temperature ones were performed
using a liquid nitrogen/ethanol bath. For the purpose of removing salts formed in the reaction
mixture, common G3 frits having two Schlenk joints were used, along with either silica gel (Merck
60-200) or Celite. For transferring solvents or filtering, stainless steel double needle or filter cannula
were used, which were preheated and dried in the oven at 75 °C. Whatman filter papers or glass
microfiber filter papers were used for filtration purposes. All the used glass wares were soaked
overnight in a KOH-isopropanol bath having some NaOCI (for oxidizing the metal impurities) and
then dipped into an HCI-water bath for the sake of neutralization prior to washing with soap water.
Then the cleaned glasswares were rinsed with deionized water and acetone simultaneously before
drying at 120 °C in the oven overnight.

11.1.1. Elemental analysis

All the elemental analyses were performed with an Elementar Vario Micro elemental analyzer by
the microanalysis section of the Chemical Institute of the University of Bonn. The mean value of at
least three measurements is given.

11.1.2. NMR spectroscopy

NMR spectra of all the compounds were recorded on Bruker Avance DMX-300, DPX-300, DPX-
400 or DMX-500 spectrometers. Deuterated solvents (CDCls, THF-ds or CsDs) were dried using

literature procedures and used for the multinuclear NMR characterizations and the chemical
resonances are given relative to Tetramethylsilane (*H, 3C, #Si NMR), 1 M LiCl in DO ('Li
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NMR), 15 % BFs-OEtin CDCls (!B NMR), CFCls (**F NMR) or 85% HsPO, (3P NMR),
respectively. The chemical shifts are expressed in parts per million, ppm. Coupling constants are
abbreviated as "Jxy, where X and Y denote the coupling nuclei (ordered by decreasing atomic
number, n is the number of bonds that separate X and Y). The following abbreviations were used
for expression of the multiplicities of the resonance signals: s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet and br = broad signal. All the measurements were recorded at 298K unless
some specific temperature is given.

11.1.3. UV/vis spectroscopy

UV/vis spectra were obtained from a Shimadzu UV-1650PC spectrometer (A = 190-900 nm) using
methylene chloride as the solvent and quartz glass cells (Hellma) of optical path 1cm at room
temperature.

11.1.4. Mass spectrometry

Mass spectrometric data were acquired from a Bruker Daltonik micrOTOF-Q using ESI (+/-), a
Thermo Finnigan MAT 90 sector instrument equipped with a LIFDI ion source (Linden CMS) or
MAT 95 XL Finnigan using EI (70 eV). Only selected data are given for the detected ions (mass to
charge ratio, relative intensity in percent).

11.1.5. Infrared spectroscopy

IR-spectra were recorded from the pure solids on a Thermo IR spectrometer with an attenuated total
reflection (ATR) attachment or on a Bruker Alpha Diamond ATR FTIR spectrometer at room
temperature. The following abbreviations were used for expression of the intensities of the
absorption bands: vs = very strong, s = strong, m = medium, w = weak.

11.1.6. Cyclic voltammetry

The custom-tailored glassware for the electrochemical measurements, equipped with three Pt
electrodes (working, reference and counter electrodes), has been prepared. Electrochemical
experiments were carried out on an ALS 1140A potentiostat/galvanostat. Electrochemical samples
were recorded with scan rates of 10-500 mVsat r.t. under Ar atmosphere. Ferrocene was used as
internal/external reference to determine the potentials. Sample solutions (THF) were 3 mM in
analyte and 0.1 M in n-BusNPFg as the supporting electrolyte.
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11.1.7. Single crystal X-ray diffraction studies

Single crystal were grown by evaporation of saturated solutions of the compounds at -20°C or by
diffusion technique. After crystal growing the single crystals were separated from the supernatant
solution and were covered with Fomblin for the purpose of protection from further decomposition.
A suitable single crystal was selected under the microscope and loaded onto the diffractometer. The
crystallographic data was collected on Brucker Ds-Venture diffractometer, Bruker Xs-
KappaApexIl, Bruker APEX-1I CCD, Nonius KappaCCD or STOE IPDS 2T diffractometer
equipped with a lowtemperature device at 100.0 K using graphite monochromated Cu-Ka radiation
(A= 1.54178 A) or Cu-Koradiation (A = 1.54178). The absorption correction, structure solution and
structure refinement was performed by Patterson methods or by full-matrix least squares on F, using
the SHELXL-97 programs. All non-hydrogen atoms were refined anisotropically, the hydrogen
atoms were included isotropically using the riding model on the bound carbon atoms. Data analyses
and the picture preparation of the molecular structure for all the compounds were done using
Diamond 3.0 program.

Commercially available chemicals

11.1.8. Chemicals used

All the commercially available chemicals used for experiments are listed below along with the
supplier name in the brackets.

11.1.8.1. List of chemicals used (commercially available)
Chemicals Supplier Chemicals Supplier

e n-Butylamine (Acros)

e n-Butyllithium (Acros)

e Chloroform (Fisher Scientific)

e Chloroform-d (Eurisotop)

e Diethylether (VWR)

e Methylene chloride (Biesterfeld)

e Diisopropylamine (Acros)

e Dimethylaminodichlorophosphane (Sigma-Aldrich)

e Dimethylsulfoxide (Acros)

e Ethanol (Hofmann)

e Methanol (Aldrich)
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Potassium metal (Riedel de Haen)

n-Pentane (Grissing)

Petrol ether 40/60 (Biesterfeld)
Phosphorustrichloride (Acros)

Sodium hydroxide(Sigma-Aldrich)

Selenium (Acros)

Sulfuricacid (Fluka)

Tetrahydrofuran (Fisher Scientific)

THF-d8 (Eurisotop)

Tributylphosphane (Acros)

Triethylamine (Sigma-Aldrich)

Toluene (Fisher Scientific)

Hydrogen peroxide (Acros)
Isopropylamine(Sigma-Aldrich)

Isopropanol (Biesterfeld)

Water-d2 (Eurisotop)

Sodium borohydride (Aldrich)
Chloro(dimethylsulfide)gold(l) (Aldrich)
Chloro(1,5-cyclooctadiene)rhodium(l) dimer (Aldrich)
Formaldehyde (Grissing: 37% bzw. 40% in water)
Glyoxal (Acros: 40% in Water)

Silver(l) oxide (Riedel-de Haén)

Copper(l) oxide (Riedel-de Haén)
Chloro(1,5-cyclooctadiene)iridium(l) dimer (Aldrich)
Cryptand-222(Acros)

Methyl triflate(Merck)

Sodiumhydride (Aldrich: 97% and 80% in paraffin oil)
Potassium bis(trimethylsilyl)amide (Aldrich)

The following compounds were synthesized according to published procedures:

Bis(diethylamino)chlorophosphane&!
Lithium diisopropylamidel&4!
1,3-Dibutylimidazole-2-thionel%. 1071

1,3-Dibutylimidazole-2-selonel*® ']
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11.2. Syntheses of 4-phosphanyl-imidazole-2-selones 2, 3

/”Bu 1. "BuLi
. 2. RP(CI)NEt,
[ > S -90°C tort, THF
e

N - LiCl, - "BuH

\

MBu

1 2)R = NEt,
3)R = Ph

1

P
Et,N” \[N
N

2,3

/L—Se
"Bu

To a solution of the 1,3-di-n-butyl-imidazole-2-selone 1 in THF, n-butyllithium was added at - 90

°C and the reaction mixture was stirred for 3 h at the same temperature. Subsequently, the dropwise

addition of EzN(R)PCI was done at — 90 °C. The reaction mixture was stirred overnight by warming

up to ambient temperature. The light yellow coloured solution was concentrated in vacuo (2x1072

mbar) to get the oily residue. Column chromatography was performed to purify the compounds

using silica bed and n-pentane 2/ 1:3(diethyl ether/n-pentane) 3 as eluent. The solvent was removed

from the collected solutions and the resulted products were dried in vacuo (2x1072 mbar). Light

yellow oily compounds (2, 3) were obtained.

11.2.1 1, 3-n-Butyl-4-bis(diethylamino)phosphanyl-imidazole-2-selone (2)

Chemicals Amounts(g or mL) mmol
1 30¢g 116.0
"BuLi(1.6 80.32 mL 128.0
Min
hexane)
(Et2N)2PCI 26.86 mL 128.0
THF 750 mL

Reaction code: NRN-122, NRN-313

Yield: 51.2g (106.0 mmol) 91.4 %; light yellow oil.

Elemental composition: C1osH39N4PSe

Molecular weight: 433.5 g/mol
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MS (EI, 70 eV): m/z(%) 435.213 (100) [M]*, 355 (75) [M-CsH1oN]".

HR-MS: found: 435.2145 calc. 435.2151.

IR (ATR.5{em_'}): §= 2970 (s), 2929 (s), 2759 (M), 2705 (s), 2518 (s), 1656 (Vs), 1558(vs), 1375
(vs), 1335 (vs), 1293 (vs), 1133 (vs), 1013 (s), 987 (vs), 917 (vs), 901 (s), 847 (s), 791 (s), 703(s),
662(s).

IH NMR (300.1 MHz, CDCl3): § = 0.9 (t, 2Jun = 7.5 Hz, 6H, NCH,CH2CH:zMe), 1.1 (t, 33un =
7.2 Hz, 12H, NCH;Me), 1.3-1.4 (m, 4H, NCH.CH,CHzMe), 1.7-1.8 (m, 4H, NCH2CH,CHzMe),
3.0-3.2 (t, 33 = 7.2 Hz, 8H, NCH:Me), 4.1-4.2 (m, 4H, NCH2CH2CHzMe), 6.7 (t, 3Jpr = 2.6
Hz, 1H, C°H)

BC{IH} NMR_(75.5 MHz, CDCly): & = 13.7 (s, 6H, NCH2CH.CH.Me), 13.2 (s, 6H,
NCH:Me),19.8(s, 2+, NCH.CH.CH,Me), 201 (s, 2H , NCH.CH.CH;Me),

30.5(d,"Jp c=4.6Hz,NCH,CH2CH;Me), 31.1(s,NCH2CH,CH;Me), 43.0(d, 8H, Jpc=18.4Hz,
NCHzMe), 47.6 (s,2HNCH.CH2CH,Me), 49.3(s, 2H, NCH2CH,CHzMe), 126.7 (d,’Jp c=8.0Hz,C?),
156.9(d, Jp c=2.4Hz C=Se).

31p{1H}-NMR (121.5 MHz, CDCls): 5= 72.5(s).

7SeNMR (57.28 MHz, CDCls): 36.6 (s)

11.2.2. 1, 3-n-Butyl-4-phenyl(diethylamino)phosphanyl-imidazole-2-selone (3)
Chemicals Amounts(g or mL) mmol
1 6.39 24.0
"BuLi(1.6 M 16.80 mL 26.0
in hexane)
(Et;N)PhPCI 5.6 mL 26.0
THF 150 mL

Reaction code: NRN-153

Yield: 8.7g (19.84 mmol) 82.6 %; yellow oil.
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Elemental composition: C21HzsNsPSe

Molecular weight: 438.5 g/mol

MS (El, 70 eV): m/z(%) 439.1652 (48) [M]*, 367.0837(58) [M-CsH1oN]*, 360.2564 (100) [M-
Se+H]"

HR-MS: theor. 439.1652 exp. 439.1649.

IR (ATR.B{fem™'}): 9= 2760 (s), 2709 (s), 2559 (m), 2528 (s), 1556 (vs), 1512(vs), 1415 (m), 1305
(s), 1093 (vs), 967 (vs), 927 (vs), 889 (s), 831 (s), 764 (s), 701(s), 642(s).

!H NMR (300.1 MHz, C¢De): 6 = 0.8 (t, 33un = 7.2 Hz, 6H, CH2CH2CH2Me), 1.0 (t, 3hn=73

Hz, 6H, NCHzMe), 1.3-1.5 (m, 4H, CH2CH,CHzMe), 1.7-1.9 (m, 4H, CH,CH,CH:zMe), 3.1-3.2 (m,
4H, NCH,Me), 3.9-4.4 (m, 4H, CH,CH,CH:Me), 6.6 (s, 1H, C°H), 7.3-7.5 (m, 5H, Ph ring protons)

BC{IH} NMR__ (755 MHz, Ce¢De): 135 (5, NCH.CH.CH:Me), 142 (s,
NCH,Me),19.5(s,NCH2CH,CH;Me),20.1(s, NCH2CH,CH,Me),31.1(s, NCH.CHoCHzMe),31.4(d,
23p.c=3.5HZNCH2CH,CHzMe),43.7(br, NCH2Me),47.8 (d,’Jp.c=9.5Hz, NCH2CH2CH;Me),48.9(s,
NCH,CH,>CH2CH:Me),123.5 (br,C"),130.3 (s, CsHs), 130.7 (d, Jp.c = 18.3 Hz, CsHs), 138.6 (d, 1Jpc
= 7.2 Hz, ipso-CeHs),160.3(5,C=Se).

31pf1H)-NMR (121.5 MHz, CDCls): 5= 32.9 (s).

11.3. Synthesis of backbone substituted (chloro)phosphanyl imidazole-2-selone (4, 5)

nB“ "Bu
PCly, Et,0/CH,Cl
EtN \[ >:S -70 °C tort. Cl/
e > Se
- (Et,N),PCI >
4)R= NEt,

5)R = Ph

2,3 4,5

C*-Phosphanyl-imidazole-2-selones2, 3 solutions in dry diethyl ether (4) or methylene chloride (5)

was treated with phosphorus trichloride at — 90 °C. The reaction mixture was stirred for 1 hour
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while keeping the temperature constant. The solvent was removed in vacuo (2x1072 mbar). The
residue was extracted with n-pentane and bis(diethylamino)chloro phosphane was distilled out.
Finally, the products 4, 5 were obtained as light yellow oils.

11.3.1. 1,3-Di-n-butyl-4-diethylamino(chloro)phosphanyl-imidazole-2-selone(4)

Chemicals Amounts(g or mL) mmol
2 109 2.3
PCla(p=1.570 0.32mL 2.3
g/cmd)
Et,O 25 mL

Reaction code: NRN-126, NRN-442

Yield: 0.76g (1.9 mmol) 83.3 %; yellow oil.

Elemental composition: C1sH2sCINsPSe

Molecular weight: 396.80 g/mol

MS (ELI, 70 eV): m/z(%) 397.1 (43) [M]"*, 362.1 (21) [M-CI]'*, 175.1 (100)

[CeH20N2P] ™, 72.1 (61) [CaH10N] ™.

HR-MS: theor./exp. for [C1sH20CIN3sPSe]: 397.0953 /397.0958.

IR (ATR.5{em}): 9= 2920(s), 2901 (m), 2856 (m), 2691 (s), 2523 (s), 1514 (s), 1478(s), 1385
(s), 1325 (s), 1267 (s), 1195 (s), 1048 (m), 964 (s), 937 (s), 878 (S)

IH NMR (300.1 MHz, C¢Ds): 8 = 0.8 (t, 3Jnn = 7.1Hz, 6H, NCH2CH,CH2CHz), 0.9 (t, 33y = 7.4
Hz, 6H, NCH,CHz), 1.1-1.2 (m, 4H, NCH2CH,CH2CH), 1.4-1.9 (m, 4H, NCH,CH,CH:CHs), 2.7-
3.2 (m, 4H, NCH.CHs), 3.9 (t, 3Jun = 7.1Hz, 2H, NCH.CH,CH:CHs), 4.5(m, 2H,

NCH2CH;CH2CHa), 7.1 (d, 3Je= 2.1 Hz, 1H, C°H).
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13C NMR__ (755 MHz, CeDg): & = 134 (s, NCH.CH.CH,CH3), 13.6 (s,
NCH,CHs),19.6(s, NCH2CH,CH,CHs),19.9 (s, 4H, NCH;CH,CHCHs),30.6(d, Jpc=4.2Hz, N
CH2CH2CH2CHs),30.9(s, NCH2CH2CH,CHs),43.3(d, Jp c=8.3Hz,NCH2CH3),47.6 (d, Jp c=5.7Hz,N
CH2CH2CHCHs),49.1(s, NCH2CH2CH,CHs), 125.9 (d,%Jp =6.8Hz,C5),162.1(s,C?=Se).

31pf1HY NMR (121.5 MHz, CsDg): 6= 105.8(S).

7"SeNMR (57.28 MHz, C¢De): 49.8 (s)

11.3.2 1,3-Di-n-butyl-4-phenyl(chloro)phosphanyl-imidazole-2-selone(5)

Chemicals Amount(g or mL) mmol
3 4.74 ¢ 1.1
PCla(p = 0.95 mL 1.1
1.570 g/cm?®)
CHCl; 125 mL

Reaction code: NRN-156

Yield: 3.9 g (0.97 mmol) 88 %; yellow oil.

Elemental composition: C17H24CIN2PSe

Molecular weight: 401.7 g/mol

MS (EI, 70 eV): m/z(%) 402.0 (32) [M+H]*

IR (ATR. 5 {em '1): 9= 2720 (s), 2619 (s), 2547 (m), 2498 (s), 1606 (vs), 1542(vs), 1425 (m), 1315
(s), 1193 (vs), 897 (vs), 827 (vs), 819 (s), 797 (S), 754 (S), 721(Ss), 672(S).

'H NMR (300.1 MHz, CDCl3): 6 =0.9 (t, 3JH,H = 7.3 Hz, 6H, CH.CH.CH,Me), 1.2-1.4 (m, 4H,
CH2CH,CH;Me ), 1.7-1.8 (m, 4H, CH,CH,CH:Me), 3.02-3.15 (t, 3Jun = 7.2 Hz, 8H, NCH.Me),
4.1-4.2 (m, 4H, CH,CH,CHzMe), 6.6 (br, 1H, C°H), 7.5-7.8 (m, 5H, Ph ring protons)
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13C NMR (75,5 MHz, CDCl5): 8 = 13.6 (5, NCH2CH,CH2CHs), 19.7(s, NCH2CH2CH,CHs),20.0(s,
NCH,CHzCH2CH3),30.7(d, Jo c=1.9Hz,  NCH2CH,CH,CHs),30.9(s,NCH,CH2CH2CHs),48.60
(d,%3p c=6.3Hz,NCH,CH;CH,CHs),49.9(s NCH,CH2CH,CH3),126.5 (d, Jpc = 16.1 Hz, C5),

129.1(d, Joc = 8.1 Hz, PCsHs); 130.6 (d, Jp,c = 25.1 Hz, PCeHs), 131.6 (s, PCsHs), 133.5 (d, Jpc =
25.7 Hz, ipso-CeHs), 160.2 (s, C*>=Se).

31pf1H1-NMR (121.5 MHz, CDCls): 5= 48.9 (s).

11.4. Synthesis of 1,4-dihydro-1,4-diphosphinines (6¢is/trans 7cisitrans)

Ff et LDA "Bu R 7B
o \
CI/P N -78°Ctort N P N
2 | >:Se - THF - > Se:< | | /ESe

N\ -'ProNH, - LiCl /N b N\

"Bu "Bu é "Bu

R = NEt,N, Ph
4,5 6cis/trans’ 7cis/trans

A solution of LDA in THF was added dropwise to a solution ofmono-chloro phosphanylated
imidazole 2-selone 4, 5 in 30 mL THF with continuous stirring through a double-ended needle over
30 minutes at - 80 °C. The reaction mixture was stirred for one hour. The solvent was then removed
to get a dark brown residue Column chromatography was performed using 150 ml of diethyl ether
and n-pentane mixture (1: 0.6) (4) and diethyl ether(5)and filtered through a silica bed to remove
LiCl,and other dark brown polymeric impurities form during the course of the reaction. The filtrate
was concentrated under reduced pressure (2x1072 mbar) to obtain a light brown solid, which was
then washed again with n-pentane (twice) to get a light yellow powder and, finally, dried under
reduced pressure (2x1072 mbar) for 2 h to get the pure compounds as cis/trans mixtures.

11.4.1. 4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3 d:5,6-
d']bisimidazole-2,6-diselone (6¢ra")

NEt,

"Bu Bu
N A
o= | )=
/N '; N\
"Bu NEt, "Bu
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Chemicals Amounts(g or mL) mmol
4 0.88¢g 2.2
LDA 0.36 g 3.3
THF 33 mL

Reaction code: NRN-142

Yield: 0.42 g (0.6 mmol) 53 %; light yellow solid.

Melting point: 136 °C

Elemental composition: CsgHssNeP2Se;

Molecular weight: 720.70 g/mol

Elemental analysis: for C3gHssNeP2Se;:

Theor. C 5000 H 7.83 11.66
Exp. C 4960 H 781 N 1102

MS (E1, 70 eV): m/iz (%) = 722.2 (76) [M] ™, 577.1 (100) [M-2NEt,+H]*.

HR-MS: m/z = theor./exp. for [CaoHssNsP2Se]: 722.2373/722.2385.

IR (ATR.b{em™'}): 9= 2957 (m), 2917 (m), 2884 (w), 1532 (w), 1435 (m), 1393 (s), 1195 (m),
1164 (m), 1135 (m), 1016 (s), 927 (s).

'H NMR (300.1 MHz, CsDs, 25 °C): & = 0.8 (s, 12H, P-NCH:Me), 0.9 (t, 12H, 3Jun = 7.1 Hz,
NCH.CH.CH:Me), 1.3-1.5 (m, 8H,NCH2CH.CH;Me), 1.9-2.2 (m, 8H, NCH2CH,CH:Me), 2.7- 2.8
(m, 8H, P-NCH:Me), 4.0-4.1 (m, 4H, NCH,CH.CH:Me), 4.7- 4.6 (m, 4H, NCH,CH.CH:Me;
2"%isomer).

BBC{!H} NMR (75.5 MHz, CsDg, 25 °C): & = 13.6 (s, NCH2CH2CHzMe), 14.8 (br, P-NCH2CHs),
20.0 (s, NCH,CH,CH;Me), 20.2 (s, NCH.CH,CH,Me; 2" isomer), 30.5 (br, NCH,CH,CH:Me ),
30.7 (br, NCH,CH,CH:Me; 2" isomer), 44.3 (d, 2Jpc = 18.9 Hz, P-NCH,CH3), 47.3 (br,
NCH,CH>CH:zMe ), 48.6 (t, 2Jpc = 3.1 Hz, NCH,CH,CH:Me; 2" isomer), 126.7 (t, 2Jp.c = 2.0 Hz
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P-C of the middle ring), 130.9 (t, *Jpc = 2.3 Hz, P-C of the middle ring; 2" isomer), 164.5 (t, 3Jpc
= 1.7 Hz, C?=Se).

S1P{*H} NMR (121.5 MHz, CeDg, 25 °C): §=0.9 (s), 3.7 (5)

Isomer ratio: 1: 0.75

7SeNMR (57.28 MHz, CsDs): 35.9 (s), 37.9 (5)

UV-vis (CH>Cly): Amax [nm] (abs.): 230 (0.979), 293 (0.822).

11.42. 4,8-Bis(diphenyl)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3 d:5,6-
d']bis(imidazole-2,6-diselone)(7¢s/trans)

( "Bu Ph "Bu )
\ i
_— I I -
/N P N\

"Bu Eh "Bu

\ J

Chemicals Amounts(g or mL) mmol
5 32¢ 7.9
LDA 0.93¢g 8.7
THF 60 mL

Reaction code: NRN-157

Yield: 1.4 g (1.9 mmol) 48 %; light yellow solid.

Melting point: 154 °C

Elemental composition: CasHasN4P2Se;

Molecular weight: 730.64 g/mol

109



11. Experimental section

MS (EL1, 70 eV): m/z (%) = 732.1 (100) [M]", 655.1 (20) [M-Ph]*.

HR-MS: m/z = theor./exp.: 732.1537/732.1541.

IR (ATR.5{em™1}): 9= 2968 (W), 2912 (w), 2898 (m), 1417 (s), 1370 (s), 1304 (m), 1198 (s),
1158 (m), 1094 (s), 921 (s).

IH NMR (300.1 MHz, C¢Ds, 25 °C): & = 0.8 (t, 3Jun = 7.2 Hz, 12H, CH,CH2CH,Me), 1.2-1.3 (m,
8H, CH.CH2CH;Me ), 1.8-1.9 (m, 8H, CH.CH2CH, Me), 4.1-4.2 (m, 8H, CH,CH2CH, Me), 7.3
7.6 (m, 10H, P-Ph)

BC{IH} NMR (755 MHz, CeDs, 25 °C): & = 12.1 (s, NCH.CH,CH.Me), 19.4 (s,
NCH2CH,CH;Me), 19.8 (s, NCH.CH,CH;Me; 2" isomer), 29.8 (br, NCH.CH,CH,Me ), 30.2(br,
NCH2CH,CH:Me; 2™ isomer), 46.1 (br, NCH,CH.CH;Me ), 47.6 (br, NCH,CH,CH;Me; 2™
isomer), 127.3 (t, 1Jpc = 2.6 HzP-C of the middle ring), 128.4 (t, YJp.c = 2.4 Hz, P-C of the middle
ring; 2" isomer), 162.3 (t, 3Jpc = 2.1 Hz, C?>=Se).

31p NMR (121.5 MHz, C¢Ds, 25 °C): & = - 54.9 () and - 53.9 (s),

Isomer ratio: 1:1

"SeNMR (57.28 MHz, CgDs): 0.0 ()

11.5. Synthesis of tricyclic {P(O)NEt2}-bridged bis(imidazolium) salts 8¢is/trans

"By NEt  ngy H,0, (10eq.) Bu EGN, / ”Bu
/ BaCl,, 2H,0 (2eq.)

N N CH,Cly, 0°C to r:t
: : - %@I I@%
e:<N:[ IN>: ° - 2 BaSeO3

P
\ -2 HCI /,
”Bu/ l%lEtz "Bu NEt, ”Bu
Gcis/trans 8cis/trans

To a solution of 6°%"a jin 2 mL of methylene chloride, H20, (35 % in water) was added at 0 °C.
The reaction mixture was stirred at 0 °C for 30 min, then at ambient temperature for 14 h. After the
reaction was completed (**P NMR control), BaCl,-2H,0 in 2mL water was added into it and stirred
for an additional two hours. The reaction mixture was then filtered over a frit equipped with a layer
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of celite® to remove barium selenite. The filtrate was collected and concentrated in vacuo (2x1072
mbar). The resulting compound was crystallized from mixture of water and isopropanol at - 20 °C
followed by washing with n-pentane (2 x 10mL) and then dried in vacuo.

11.5.1 {4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-
diphosphinine[2,3d:5,6-d']-bis(imidazole-2,6-ium}dichloride (8¢is/trans)

Chemicals Amounts(g or mL) mmol
geisitrans 0.04 g 0.055
H,0O, 0.48 mL 0.55
BaCl,.2H,0 0.0134g 1.1
CHCI; 2mL

Reaction code: NRN-148, NRN-404

Yield: 0.022 g (0.033 mmol) 60 %; white solid.

Melting point: 226 °C

Elemental composition: C3yHsgNCl202P>

Molecular weight:_667.68 g/mol

Elemental analysis: for C3gHsgNgCl202P2:

Theoretical C5397 H 876 N 1259
Experimental 5104 H 89 N 11.63

Pos. ESI-MS: m/z(%) 595.4 (11) [M-2H]*, 298.2 (100) [M-2CI] *2

HR-MS: m/z = theor./exp. for [C3oHssNsP202Cl.Na]*:689.3366. (689.3351)

IR (ATR.b{em'}): 9= 3375 (w), 2960 (m), 2921 (m), 1549 (w), 1462 (w), 1379 (w), 1245 (m),
1160 (m), 1146 (m), 1018 (s), 955 (m).
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'H NMR (300.1 MHz, CDCl3, 25 °C): § = 0.9- 1.1 (br, 12H, NCH;Me), 1.3 (t, 12H, 3Jpn = 7.4
Hz, NCH2CH>CHzMe), 1.3- 1.4 (m, 8H, NCH,CH,CH;Me ), 2.1-2.3 (br, 8H, NCH2CH,CH:Me ),
3.2- 3.5 (m, 8H, NCH,Me ), 4.3 (br, 4H, NCH,CH.CHoMe ), 4.7 (br, 4H, NCH2CH2CH:Me:
2"%isomer), 11.1 (br, 1H, C?H), 11.8 (bs, 1H, C?H; 2"%isomer).

13C{1H} NMR (75.5 MHz, CDCl3, 25 °C): § = 11.1 (5, NCH2CH2CH:Me), 13.5 (br, P-NCH.CHs),
19.7 (s, NCH2CH2CHzMe), 19.7 (s, NCH.CH2CHzMe; 2 isomer), 31.9 (s, NCH2CH,CH:Me ),
324 (s, NCHoCH,CH:Me; 2™ isomer), 38.9 (d, 2Jpc = 26.4 Hz, NCH.CHs), 41.3 (br,
NCH,CH,CHzMe ), 51.2 (br, NCH,CH,CH:Me; 2" isomer), 130.3 (t, 1Jpc = 2.0 Hz_P-C of the
middle ring), 131.6 (t, XJpc = 2.3 Hz, P-C of the middle ring; 2" isomer), 147.2 (br, C=Se).

31p NMR (121.5 MHz, CDCls, 25 °C): § = - 5.9 (s), - 6.2 (5).

Isomer ratio: 1: 0.62

UV-vis (CH>Cl2): Amax [nm] (abs.): 234 (1.006).

11.6.  Synthesis of tricyclic {P(O)NEt,}-bridged bis(NHCs) gcis/trans

s a

"Bu Et,N ”BU Et,N "Bu
2 2.2 KHMDS 2 //
-78°C,1 hr
_—
:@ GD); -2 HMDS << >>
‘17 -2 KCI //

/ NEt, "Bu NEt, " Bu
gcis/trans gcis/trans

A solution of KHMDS inTHF was added dropwise to a solution of bis(imidazolium) salts geis/trans
in THF with continuous stirring through a double-ended needle over 10 minutes at - 78 °C. The
reaction mixture was stirred for 0.5 h while warming up to - 60 °C. THF was removed in
vacuo (2x1072 mbar), and the residue was dissolved ina mixture of diethyl ether and n-pentane (1:
1.5) the solid potassium chloride was removed via filtering cannulation. The solvent was then dried
then in vacuo (2x1072 mbar).
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11.6.1. {4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-
diphosphinine[2,3 d:5,6-d']bis(imidazole-2,6-diylidene}(9cis/trans)

Chemicals Amounts(g or mL) mmol

8cis/trans 0.1 g 0.15

KHMDS 0.07¢ 0.33
THF 4 mL

Reaction code: NRN-202

Yield: 0.07 g (0.12 mmol) 78 %; light yellow solid.

Melting point: 110 °C

Elemental composition: C3yHssNsO2P2

Molecular weight: 594.77 g/mol

Elemental analysis: for C3gHssNeO2P2:

Theor. C 6058 H 949 N 14.13
Exp. C 5888 H 940 N 1319

MS (EI, 70 eV): m/z (%) = 594.4 (52) [M]™.

HR-MS: m/z = theor. /exp. : 594.3933/594.3926.

IR (ATR.b{em™'}): $=2956.7 (m), 2930.4 (M), 2870.7 (W), 1464.3 (w), 1434.3 (w), 1398.3 (s),
1217.7 (m), 1176.8 (m), 1146.9 (m), 1016.5 (S), 926.5 (s).

'H NMR (300.1 MHz, CeDs, 25 °C): & = 0.6 (t, 12H, 3Jup = 6.9 Hz, NCHaMe), 0.9 (t, 12H, 2Jux
= 7.35 Hz, NCH.CH,CH;Me), 1.0- 1.1 (m, 8H, NCH,CH.CH,Me), 2.2- 2.3 (m, 8H,
NCH,CH,CH:Me), 2.8- 2.9(m, 8H, NCH:;Me), 4.3- 4.4 (m, 8H, NCH,CH2CH,Me).
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BC{H} NMR (75.5 MHz, C¢Ds, 25 °C): & = 12.9 (s, NCH2CH.CH:Me), 13.6 (br, NCH,CHa),
19.9 (s, NCH,CH,CH;Me), 19.9 (s, NCH.CH,CH,Me; 2" isomer), 33.7 (s, NCH,CH,CH;Me ),
33.9 (5, NCH2CH>CH,Me; 2™ isomer), 37.4 (t, 2Jp.c = 3.18 Hz, NCH2CH3), 37.6 (t, 2Jpc = 2.7 Hz,
P-NCH,CHs; 2" isomer), 50.4 (br, NCH,CH,CH:Me ), 50.4 (br, NCH,CH,CH,Me; 2" isomer),
130.2 (d, Npc = 27.1 Hz_P-C of the middle ring), 132.1 (d, 1Jpc = 27.1 Hz, P-C of the middle ring;
2" isomer), 225.1 (t,3Jpc = 2.4 Hz, C?), 225.3 (t,3Jpc = 2.4 Hz, C?; 2" isomer).

31p NMR (121.5 MHz, C¢Ds, 25 °C): § = - 1.2 (), -2.3 (5)

Isomer ratio: 1: 0.64

UV-vis (THF): Amax [nm] (abs.): 230 (0.976).

11.7. Synthesis of tricyclic {P(O)NEt2}-bridged bis(NHC) coinage metal(l) complexes 10a-

[pcis/trans
e Bu Et,N / u EtN, // nBu
14 M,0
%@I I@% e o M%I I%
B & Net, gy gl O NEt, “By
8 cis/trans 10a, bcis/trans
. J

To a solution of bis(imidazolium) salts 8°"a"s jn methylene chloride, M(l) = Cu, Ag oxide was
added as solid at room temperature. The reaction mixture was stirred under darkness containing
molecular sieves (to adsorb H.0) for 8 h. The solution was then concentrated in vacuo (2x1072
mbar). It was filtered over silica with methylene chloride to get a clear solution. The solvent was
evaporated in vacuo (2x1072 mbar) followed by washing with n-pentane (2 x 5 mL) to get white
solids.

114



11. Experimental section

11.7.1. {4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-diphos-
phinine[2,3d:5,6d']-bis(imidazol-2,6-diylidene)- «C, xC}di(copperchloride)
( 10 acis/trans)

Bu EtN, // nBu

Cl— CUA<<I I%Cu Cl

Bu O NEtz nBu

Chemicals Amounts(g or mL) mmol

80is/trans 0.1 g 0.15

Cu0 0.02¢g 0.15
CHCl; 5mL

Reaction code: NRN-203

Yield: 0.082 g (0.1 mmol) 68 %; ivory colored solid.

Melting point: 132 °C

Elemental composition: C3HssCloCuz2NgO2P2

Molecular weight: 794.77 g/mol

Elemental analysis: for C3gHssCloCuaNgO2P-:

Theor. C 4534 H 736 N 1056
Exp. C 4493 H 721 N 10.60

Pos. ESI-MS: m/z = theor.(exp.) for [C32Hs9Cu2CIN7O2P,]*: 798.2472 (798.2464).

IR (ATR.5{em'}): § = 2956 (m), 2930 (m), 2870 (W), 1464 (W), 1434 (w), 1398 (s), 1217 (m),
1176 (m), 1146 (m), 1016 (s), 926 ().
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H NMR (300.1 MHz, CD;Cly, 25 °C): § = 0.9 (t, 12H, Jun = 7.3 Hz, P-NCHMe), 1.0 (t, 12H,
3Jun = 7.48 Hz, NCH.CH.CH;Me), 1.4- 1.5 (m, 8H, NCH.CH.CH,Me ), 1.9- 2.2 (m, 8H,
NCH2CH,CH:Me), 3.1- 3.3 (m, 8H, P-NCHzMe), 4.1-4.2 (m, 4H, NCH,CH>CH.Me), 4.5- 4.6 (m,
4H, NCH,CH,CH;Me; 2"isomer).

BC{!H} NMR (75.5 MHz, CD,Cl;, 25 °C): & = 13.1 (5, NCH2CH:CHy:Me), 13.2 (s,
NCH2CH,CH:Me; 2" isomer), 13.6 (s, P-NCH2CHj3), 13.6 (s, P-NCH:Me; 2" isomer), 19.9 (s,
NCH,CH2CH;Me), 20.0 (s, NCH,CH,CH,Me; 2" isomer), 33.7 (s, NCH.CH,CH;Me), 33.9 (s,
NCH,CH2CH;Me; 2" isomer), 37.9 (t, 2Jpc = 2.51 Hz, P-NCH,CHz), 38.1 (t, 2Jpc = 2.51 Hz, P-
NCH>CH3), 51.7 (br, NCH,CH>CH:Me), 130.9 (br, P-Cof the middle ring), 131.78 (br, P-C of the
middle ring; 2"%isomer), 186.1 (br, C?).

31p NMR (121.5 MHz, CD,Cly, 25 °C): § =- 3.3 (s), - 3.9 (5)

Isomer ratio: 1: 0. 4

UV-vis (CHoCly): Amax [NM] (abs.): 229(1.005).

11.7.2 {4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-diphos-
phinine[2,3d:5,6-d']-bis(imidazole-2,6-diylidene)-xC,xC}di(silverchloride) (10bcis/trans)

Bu Et,N, // nBu
Cl— Ag—<< I I >—Ag Cl

nBu // NEt, “ Bu
Chemicals Amounts(g or M
mL) mol
8cis/trans 0.07 g 0.1
Ag,0 0.023 g 0.1

CHzC'z 7 mL

Reaction code: NRN-161

Yield: 0.055 g (0.062 mmol) 62 %; ivory colored solid.
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Melting point: 151 °C

Elemental composition: CzoHssAg2ClaNsO2P2

Molecular weight: 883.41 g/mol

Elemental analysis: for CsoHssAg2CloNeO2P2:

Theor. C 40.79 H 6.62

zZ

9.55
Exp. C 4026 H 6.48

pd

9.51

Pos. ESI-MS: [Cs2HseAg2CIN-O2P2] *Theor.(Exp.) 886.1985 (886.1987).

IR (ATR.B{em™'}): § = 2987.5 (W), 2942.4 (m), 2892.7 (w), 1492.3 (w), 1412.3 (m), 1302.3 (m),
1256.1 (m), 1098.6 (m), 1023.7 (m), 986.7 (s), 963.0 (s).

1H NMR (300.1 MHz, CD>Cly, 25 °C): & = 1.0 (t, 12H, 3Jun = 4.1 Hz, P-NCH:Me), 1.0 (t, 12H,
3Jun = 4.8 Hz, NCH,CH2CHoMe), 1.4- 1.5 (m, 8H, NCH.CH.CH,Me ), 1.9- 2.2 (m, 8H,
NCH2CH,CH:Me ), 3.1- 3.3 (m, 8H, P-NCH;Me ), 4.2-4.3 (m, 4H, NCH.CH;CHzMe ), 4.5- 4.5
(m, 4H, NCH,CH,CH,Me; 2"isomer).

BC{'H} NMR (75,5 MHz, CD,Cl,, 25 °C): § = 12.9 (s, NCH.CH,CH;Me), 13.0 (s,
NCH2CH,CH:Me; 2" isomer), 13.5 (s, P-NCH,CHz), 13.5 (s, P-NCH2CHg; 2" isomer), 19.8 (s,
NCH2CH,CHyMe; 20.04 (s, NCH.CH,CHyMe; 2" isomer), 34.2 (s, NCH,CH,CH,Me), 34.4 (s,
NCH2CH,CH2Me; 2™ isomer), 37.9 (t, 2Jpc = 2.35 Hz, P-NCH,CHj3), 52.0 (br, NCH.CH,CH:Me,
131.1 (br, P-C of the middle ring), 132.2 (br, P-C of the middle ring; 2" isomer), 188.9 (br,C?),
191.3 (br, C?; 2" isomer).

3P NMR (121.5 MHz, CD,Cly, 25 °C): § = - 3.8 (s), - 4.3 (5)

Isomer ratio: 1: 0. 3

UV-vis (CH2Cly): Amax [nm] (abs.): 229(0.996), 288 (0.504).
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11.8. Synthesis of tricyclic {P(O)NEt2}-bridged bis(NHC) coinage Au(l) complexes
1OCcis/trans
u BN // Me,SAuCI Bu BN //
CH,Cl,,
Cl—A Ag—Cl —— > CI—A Au—CI
Q%II%Q W.U%II%U
// //

nBu NEt, ” Bu r‘Bu NEt, ” Bu

L 1 Obcis/trans 10 cc:s/trans )

To a solution of 10b®s"a™s in methylene chloride, dimethyl sulfide gold (1) was added as solid at
room temperature. The reaction mixture was stirred for 2 hours. The solvent was removed in vacuo
(2 x 102 mbar), and the residue was dissolved in 20 mL of methylene chloride and the solid AgCl
was removed via filtration over celite@. The solvent was then dried in vacuo (2 x 10 mbar).

11.8.1. {4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-diphos-
phinine[2,3d:5,6-d"]bis(imidazole-2,6-diylidene)-&«C,xC}di(gold(I)chloride)

(1OCcis/trans)
Chemicals Amounts(g or mL) mmol
1Qceistrans 059 0.60
(CH3)2SAUCI 0.35¢ 1.20
CHCl; 15 mL

Reaction code: NRN-198

Yield: 0.38 g (0.36 mmol) 60 %; ivory colored solid.

Melting point: 184 °C

Elemental composition: C3yHssCloAu2NgO2P-

Molecular weight: 1061.61 g/mol
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Elemental analysis: for C3oHssCloAu2NgO2P2:

Theor.
Exp.

C
C

33.94
34.17

H
H

5.51
5.80

N
N

7.92
7.46

Pos. ESI-MS: m/z =theor.(Exp.) for [C32Hs0AuCIN7O2P2]" : 1064.3220 (1064.3221).

IR (ATR.{cm™}): © = 2956 (m), 2930 (M), 2870 (w), 1464 (w), 1434 (w), 1398 (s), 1217 (m),
1176 (m), 1146 (m), 1016 (s), 926 (s).

1H NMR (300.1 MHz, CDCls, 25 °C): & = 0.9 (t, 12H, 3Ju = 7.3 Hz, P-NCHzMe), 1.0 (t, 12H,
39y = 7.5 Hz, NCH.CH,CHzMe), 1.4- 1.52 (m, 8H, NCH,CH.CH.Me), 1.9- 2.2 (m, 8H,
NCH:CH,CH:zMe), 3.1- 3.3 (m, 8H, P-NCH;Me), 4.1- 4.2 (m, 4H, NCH,CH.CH.Me), 4.3- 4.5 (m,
4H, NCH,CH,CHzMe; 2"isomer).

BBC{IH} NMR_ (755 MHz, CDCls, 25 °C): & = 13.2 (s, NCH.CH.CH:Me), 13.2 (s,
NCH2CH,CH:Me; 2" isomer), 13.6 (s, P-NCH,CH3), 13.7 (s, P-NCH2CHg; 2" isomer), 20.0 (s,
NCH.CHCH;Me), 20.1 (s, NCH.CH>CH.Me: 2™ isomer), 33.5 (s, NCH2CH.CH:zMe), 33.6 (s,
NCH2CH.CHoMe: 2™ isomer), 37.9 (t, 2pc = 2.55 Hz, P-NCH2CHs), 39.0 (t, 2Jp.c = 2.53 Hz, P-
NCH>CHs3), 52.0 (br, NCH,CH,CH;Me), 132.1 (br, P-C of the middle ring), 132.4 (br, P-C of the
middle ring; 2" isomer), 181.8 (t, 2Jpc = 2.3 Hz,C?), 181.5 (t, 2Jpc = 2.3 Hz, C?; 2" isomer).

3P NMR (121.5 MHz, CDCls, 25 °C): § =- 3.8 (S), - 4.4 ().

Isomer ratio: 1: 0.4

UV-vis (CH>Cl2): Amax [nm] (abs.): 234(0.585), 288(0.229).

11.9. Synthesis of tricyclic {P(O)NEtz}-bridged bis(NHC) [M(cod)CI] complexes

10d ecis/trans

'd N\
n
u Et,N // u Et,N // Bu
[M(cod)Cl],

<<II>> S %II%
n // /

Bu NEt, nBu nBu NEt, nBu

(M = [Rh(cod)Cl], [Ir(cod)Cll)
gcis/trans 1 O(d ’e)cis/trans
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To a solution of 9°as in diethyl ether, [M(cod)CI] dimer (M(1) = Rh,

Ir) was added as solid at

room temperature. The reaction mixture was stirred for 2 hours. Precipitates formed, which was

filtered using a filtering cannula. Solid was dried in vacuo (2 x 10 mbar), and the residue was

washed with n-pentane. Finally, the solvent was then dried in vacuo (2 x 102 mbar) to get pure

yellow solid.

11.9.1.  [{4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-

dihydro[1,4]diphosphinine[2,3-d:5,6-d"]bis(imidazole-2,6-diylidene)-
«xC,xC}bis((1,2,5,6-n*)-1,5-cyclooctadiene)chlororhodium(1)](10dcis/trans)

I
c

@//P AN
N N \
Rh4< >—Rh
I QIP%I% ll
“Bu/ 0/ NEt, "Bu

Chemicals Amounts(g or mL) mmol

goisftrans 05¢g 0.84

Rh(cod)Cl 0.42g 0.84
Et.O 10 mL

Reaction code: NRN-511

Yield: 0.62 g (0.57 mmol) 68 %; yellow colored solid.

Melting point: 196 °C

Elemental composition: CssHsg2CloRh2NgO2P2

Molecular weight: 1089.86 g/mol

Elemental analysis: for C4sHs2CloRh2NgO2P-:

Theor. C 5070 H 785 N
Exp. C 4994 H 725 N
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Pos. ESI-MS: CagHgsRh2CIN7O2P2* Theor. (Exp.) 1092.3897 (1092.3894).

IR (ATR.,5{cm™}): © = 2851 (m), 2790 (m), 2670 (w), 1502 (w), 1444 (w), 1320 (s), 1238 (m),
1108 (m), 1048 (m), 984 (s), 881 (5).

'H NMR (300.1 MHz, CD,Cly, 25 °C): § = 0.9 (t, 12H, 3Jun = 7.1 Hz, P-NCH;Me), 1.0 (t, 12H,
3Jun = 7.5 Hz, NCH,CH,CH,Me), 1.4- 1.5 (m, 8H, NCH,CH,CH.Me), 1.8 (m, 4H, cod), 1.8- 2.2
(m, 8H, NCH.CH>CH:Me), 2.3 (m, 4H, cod), 3.1- 3.3 (m, 8H, P-NCH;Me), 3.7 (m, 2H, cod), 4.1-
4.2 (m, 4H, NCH,CH,CH:Me), 4.3- 4.5 (m, 4H, NCH,CH,CH:Me; 2"%isomer), 5.1 (m, 2H, cod).

BC{H} NMR (75.5 MHz, CD,Cl;, 25 °C): & = 12.6 (5, NCH.CH.CHy:Me), 12.8 (s,
NCH,CH,CH:Me; 2" isomer), 13.5 (s, P-NCH,CHg), 13.7 (s, P-NCH,CHjs; 2" isomer), 20.4 (s,
NCH2CH,CHzMe), 20.5 (s, NCH2CH,CH;Me; 2" isomer), 28.7 (s, cod), 32.5 (s, NCH.CH,CH:Me
),32.9 (s, cod), 33.5 (s, NCH,CH,CH,Me; 2" isomer), 37.9 (t, 2Jpc = 2.4 Hz, P-NCH,CHs), 39.1 (t,
2Jpc = 2.5 Hz, P-NCH2CH3), 52.7 (br, NCH,CH,CH:Me),69.3 (d, *Jrnc = 14.1 Hz, cod), 99.4 (d,
YJrnc = 6.7 Hz, cod), 130.5 (br, P-C of the middle ring), 132.2 (br, P-C of the middle ring; 2"
isomer), 195.2 (ddd, Jcrn = 52.1 Hz, 3Jpc = 1.8 Hz, C?), 195.9 (ddd, 3Jcrr = 52.1 Hz, 3Jpc= 1.7
Hz, C% 2" isomer).

31p NMR (121.5 MHz, CD,Cly, 25 °C): & = - 4.0(s), -4.6 (s).

Isomer ratio: 1: 0.3

11.9.2 [{4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-
dihydro[1,4]diphosphinine[2,3-d:5,6-d"]bis(imidazole-2,6-diylidene)-
kC,xC}bis((1,2,5,6-n%)-1,5-cyclooctadiene)chloroiridium(1)](10ec*s/tans)
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Chemicals Amounts(g or mL) mmol

9cis/trans 0.5 g 0.84

Ir(cod)Cl 0.56 g 0.84
Et,O 10 mL

Reaction code: NRN-513

Yield: 0.69 g (0.54 mmol) 65 %; yellow colored solid.

Melting point: 174 °C

Elemental composition: CssHg2Clo1r2NgO2P2

Molecular weight: 1268.48 g/mol

Elemental analysis: for C4sHg2Cl21raNgO2P2:

Theor. C 435 H 652 N 6.63
EXxp. C 4381 H 636 N 6.69

Pos. ESI-MS: m/z = theor. (Exp.) for [CasHsoCl2lr2NsO2P2]*: 1266.453 (1266.443).

IR (ATR.B{em™'}): © = 2821 (m), 2802 (m), 2665 (w), 1510 (w), 1450 (w), 1318 (s), 1208 (m),
1112 (m), 1030 (m), 968 (s), 901 (S).

'H NMR (300.1 MHz, CD,Clp, 25 °C): § = 0.9 (t, 12H, *Jun = 7.1 Hz, P-NCH:Me), 1.0 (t, 12H,
3Jun = 7.5 Hz, NCH,CH,CH,Me), 1.4- 1.5 (m, 8H, NCH,CH,CH:Me), 1.6 (m, 4H, cod), 1.7- 2.1
(m, 8H, NCH.CH>CH>Me), 2.1 (m, 4H, cod), 2.9- 3.2 (m, 8H, P-NCH;Me), 3.4 (m, 2H, cod), 4.0-
4.2 (m, 4H, NCH,CH,CH:Me), 4.3- 4.5 (m, 4H, NCH,CH,CH:Me; 2"isomer), 4.8 (m, 2H, cod).

BC{H} NMR (75,5 MHz, CD,Cl,, 25 °C): & = 12.8 (s, NCH2CH,CH:Me), 12.8 (s,
NCH,CH,CH:Me; 2" isomer), 13.5 (s, P-NCH,CHs), 13.7 (s, P-NCH.CHg; 2" isomer), 20.0 (s,
NCHCH.CH;Me), 20.4 (s, NCH,CH.CH,Me: 2™ isomer), 29.2 (s, cod), 31.8 (s, NCH2CH,CH:Me
),33.1 (s, cod), 33.5 (s, NCH,CH,CH,Me; 2" isomer), 37.5 (t, 2Jpc = 2.2 Hz, P-NCH,CHs), 38.5 (t,
2Jpc = 2.3 Hz, P-NCH,CHs), 52.4 (br, NCH,CH,CH;:Me),86.8 (d, 1Jrnc = 6.5 Hz, cod), 130.4 (br,
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P-C of the middle ring), 131.7 (br, P-C of the middle ring; 2" isomer), 191.1 (t, 3Jpc = 2.1 Hz, C?),
191.8 (t, 3Jpc = 1.7 Hz, C?; 2" isomer).

31p NMR (121.5 MHz, CD3Clp, 25 °C): & = - 3.1(S), - 4.2 (5)

Isomer ratio: 1: 0.6

11.10. Synthesis of double Se-methylated salts of 1,4-dihydro-1,4-diphosphinine diselone

e A

nBu
2 MeOTf
Se=< :[ I >=Se oGt Se{@I @>—Se
22 OTf N N OTf
”Bu ) r‘Bu
" cisfrans (R = NEtZ) cis/trans cis/trans
Gcls/trans’-,ms/trans q2¢is/trans (R=Ph) 1" ,12

To a solution of gcstrans/zeisiransin 10 mL  methylene chloride, 2 equivalent of
trifluoromethanesulfonate was added slowly at room temperature. It was left on stirring for 12
hours. The reaction mixture was concentrated under reduced pressure (2 x 102 mbar). The products
were washed with diethyl ether and dried under reduced pressure to get rid of traces of CH2Cl.

11.10.1. {4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6-d"]bis(imidazole-2,6-methylselanylium)}bis(trifluoromethanesulfonate)
(1 1cis/trans)

Chemicals Amounts(g or mL) mmol
geis/trans 0.20¢g 0.27
MeOTf 0.06mL 0.55
CHCl; 4 mL

Reaction code: NRN-155, NRN-423, NRN-452

Yield: 0.24 g (0.23 mmol) 85 %); yellow sticky compound

Elemental composition: CasHgsFeS2NsOesP2Ses
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Molecular weight: 1050.90 g/mol

Elemental analysis: for CasHgsFsNsOsP2S2Se;:

Theor. C 3893 H 595 N 8.01
Exp. C 3869 H 6.46 N 8.15

Pos. ESI-MS: m/z = theor. (exp.) for [Ca2Hs2NsP2Se2]*2: 376.1419 (376.1418).

IR (ATR.B{cm™}): © = 2955 (m), 2812.5 (M), 2812.2 (W), 1698.2 (w), 1612.4 (m), 1475.8 (m),
1347.4 (s), 1096.6 (s), 1095.4 (s), 1009.5 (s).

1H NMR (300.1 MHz, CDCls, 25 °C):  =0.9 (br, 12H, P-NCH;Me), 1.0 (t, 12H, 3Jun = 7.2 Hz,
NCH,CH.CHzMe), 1.4-1.5 (m, 8H, NCH2CH,CHoMe), 1.7-1.9 (m, 4H, NCH,CH,CH.Me), 1.9 -
2.1 (m, 4H, NCH,CH,CHzMe; 2" isomer), 2.52 (br, Se-Me), 2.5 (br, Se-Me; 2" isomer), 2.8-3.1
(m, 8H, P-NCH:Me), 4.3- 4.4 (m, 4H, NCH,CH,CH2Me), 4.5-4.7 (m, 4H, NCH2CH2CH,Me; 2™
isomer).

BC{*H} NMR (75.5 MHz, CDClj3, 25 °C): & = 11.8 (br, NCH,CH2CH:Me), 13.5 (br, P-NCH;Me),
19.9 (Se-Me), 20.0 (Se-Me), 19.9 (s, NCH2CH,CH.Me), 20.0 (s, NCH.CH,CH,Me; 2" isomer),
32.2 (br, NCH2CH,CHzMe), 32.4 (br, NCH,CH,CH2Me; 2" isomer), 43.5 (br, PNCH;Me), 45.8
(d, 2pc = 1913 Hz, P-NCH,Me; 2" isomer), 49.6 (br, NCH2CH2CH2Me), 50.8 (br,
NCH2CH2CH2Me; 2" isomer), 120.8 (g, *Jpr = 321.7 Hz, CF3S05Y), 136.8 (br , 6.8 Hz, P-C of the
middle ring), 142.6 (br,C?), 143.1 (br, C% 2" isomer).

3P NMR (121.5 MHz, CDCls, 25 °C): $=2.8, 3.7

Isomer ratio: 1: 0.3

"SeNMR (57.28 MHz, C¢De): 115.1, 119.1

UV-vis (CH>Cl): Amax [nm] (abs.): 231(0.866).
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11.10.2  {4,8-Bis(phenyl)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-d:5,6-
d'Jbis(imidazole-2,6-methylselanylium)}bis(trifluoromethane sulfonate) (12¢is/trans)

01:@:[ :[@ Se

"Bu

12¢is/trans

Chemicals Amounts(g or mL) mmol
geisftrans 0.05¢ 0.068
MeOTf 0.02 mL 0.136
CHCl, 2mL

Reaction code: NRN-166

Yield: 0.062 g (0.058 mmol) 86%; very light yellow compound

Elemental composition: CagHs2FeS2N4OgP2Se;

Molecular weight: 1059.89 g/mol

Elemental analysis: for CasHgsFsS2NgOsP2Se::

Theor. C 4311 H 495 N 529
Exp. C 4040 H 472 N 483

Pos. ESI-MS: m/z = theor.(exp.) for[Cs7Hs2N4P2Se»]":911.1518 (911.1492).

IR (ATR.,p{ecm'}): © = 3025 (m), 2982 (m), 2712.2 (m), 1495 (m), 1484 (s), 1246 (m), 1215 (s),
1069 (m), 742 (m).

IH NMR (300.1 MHz, CDCls, 25 °C): 0.8 (t, 12H, 3Ju = 7.2 Hz, NCH.CH2CH2Me), 0.9 (t, 12H,
3Jun = 7.2 Hz, NCH,CH2CH,Me; 2™ isomer), 1.3-1.4 (m, 8H, NCH.CH,CH,Me), 1.6-1.7 (m, 4H,
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NCH,CH,CH;Me), 1.7 -1.9 (m, 4H, NCH,CH,CH:Me; 2" isomer), 2.4 (s, Se-Me), 2.5 (s, Se-Me;
2" isomer), 4.2- 4.6 (m, 8H, NCH,CH,CH:Me), 7.4-4.8 (br, 10H, P-Ph).

BBC{!H} NMR (755 MHz, CDCls, 25 °C): & = 12.9 (br, NCH,CH.CH;Me), 20.1 (s,
NCH,CH,CH,Me),22.3 (Se-Me), 33.4 (br, NCH,CH,CH;Me),52.8 (br, NCH,CH,CH;Me), 121.8
(0, Wpr = 321.7 Hz, CF3S03), 132.1 (br, Ph-C),136.8 (br , 6.8 Hz,P-C of the middle ring), 142.2
(br, C?).

3P NMR (121.5 MHz, CDCls, 25 °C): §=-52.8 (s), - 49.8 (s)

Isomer ratio: 1: 1

7"SeNMR (57.28 MHz, C¢De): 118.2, 121.4

11.11. Synthesis of tricyclic (P-NEt2)-bridged bis(imidazolium) salts 13¢is/trans

NEt2 n NEtz n
CH,4 5 NaBH,
«@I I@H peorlove H@I I@H
3C OTfN -2 HSeCH,4
NEt2 ” NEt2
1 cis/trans 1 3cls/trans

To a solution of 11¢%"ansin methanol, 5equivalent of sodium tetraborohydridewas added as solid at
0 °C. The reaction mixture was stirred for 0.5 h. The solution was then concentrated in vacuo (2 x
102 mbar). Column chromatography was performed to isolate it using silica bed with mixture of
ether and THF as second fraction. Solvent was evaporated in vacuo (2 x 102 mbar) followed by
washing with n-pentane (2 x 5 mL) to get orange liquid.

11.11.1.  {4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6-d']bis(imidazole-2,6-ium)}bis(trifluoromethanesulfonate) (13cs/trans)

Chemicals Amounts(g or mL) mmol
1lcis/trans 1.0 g 0.95
NaBH, 0.184¢ 4.6
MeOH 30 mL
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Reaction code: NRN-163, NRN-289, NRN-411
Yield: 0.498g (0.57 mmol) 61 %; orange oil

Elemental composition: C32HsgFeS2NgOeP2

Molecular weight: 862.910 g/mol

Elemental analysis: for C32HsgFsNgOgP2So:

Theor. C 4454 H 678 N 9.74
Exp. C 4487 H 656 N 9.27

Pos. ESI-MS: [CaoHssNsP2] *2 theor.(exp.)565.428 (565.429)

Neg. ESI-MS: OTf theor.(exp.)148.95(149.0).

IR (ATR.5{em'}): § = 2955 (m), 2941 (m), 2860 (w), 1421 (w), 1420 (m), 1388 (m), 1237 (s),
1196 (m), 1136 (m), 1023 (s), 910 (s).

'H NMR (300.1 MHz, CD,Cly, 25 °C): §=0.9-1.0 (t, 12H, 3J 4 = 7.4 Hz, P-NCH:Me), 1.0-1.1 (t,
12H, 3Jun = 7.14 Hz, NCH,CH,CH,;Me), 1.3- 1.4 (m, 8H, NCH,CH,CH,Me ), 1.5- 1.8 (m, 8H,
NCH,CH,CH:Me ), 3.0- 3.3 (m, 8H, P-NCH,Me ), 4.2- 4.4 (m, 8H, NCH,CH,CH:Me ), 9.5 (t, “Jun
=1.82 Hz, 1H, C?H), 9.5 (t, “Jun = 1.67 Hz, 1H, C?H; 2"isomer).

BC{IH} NMR (75.5 MHz, CD,Cly, 25 °C): § = 13.2 (s, NCH2CH2CH:Me), 13.7 (s, P-NCH,CHj),
19.5 (s, NCH2CH,CHzMe), 20.2 (s, NCH,CH2CH,;Me; 2" isomer), 30.8 (br, NCH,CH,CH,Me ),
31.6 (t, “Jpc = 1.7 Hz, NCH2CH,CH2Me; 2" isomer), 44.1 (br, P-NCH,CHs), 47.8(t, 2Jpc = 3.05
Hz, P-NCH,CHs; 2"isomer). 52.7 (br, NCH,CH,CH,Me), 121.1 (q, Jpr = 322.4 Hz, CF3SOs
),131.8 (br, P-C of the middle ring), 133.3 (br, P-C of the middle ring; 2" isomer), 140.9 (br,C?).

31p NMR (121.5 MHz, CD,Cly, 25 °C): § = 5.4 (s), 5.8 ()

Isomer ratio: 1: 0.35

UV-vis (CH2Cl,): Amax [nm] (abs.): 255(0.471), 314(0.259).
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11.12. Synthesis of tricyclic (P-NEt2)-bridged bis(NHCs) 14¢is/trans

NEtZ n
2K
H@I I@H
OTf N 2 KOTf
NEt2 “
3cls/trans

<<I I>>

NEt, n

n

NEt2

1 4crs/trans

A solution of KHMDS in 5ml THF was added dropwise through a double-ended needle over 5

minutes to a solution of bis(imidazolium) salts 13¢%"as in 10mL THF with continuous stirring at -

78 °C. The reaction mixture was stirred for 1 h while warming up to -40 °C. The tetrahydrofuran

was removed in vacuo (2 x 10 mbar), and the residue was dissolved with 20 mL of diethyl ether

and n-pentane mixture (1:1.5) and the solid potassium triflate was removed via cannulation. The

solvent was then dried in vacuo (2x1072 mbar).

11.12.1. 4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-

d:5,6-d']bis(imidazole-2,6-ylidene) (14¢is/trans)

Chemicals Amounts(g or mL) mmol
13cis/trans 0.2 g 0.23
KHMDS 0.1g 0.51

THF 5mL

Reaction code: NRN-176, NRN-281, NRN-516

Yield: 0.124 g (0.22mmol) 62 %; orange oily compound

Elemental composition: C3yHssNeP2

Molecular weight: 562.77 g/mol
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Elemental analysis: for C3oHssNePx:

Theor. C 6403 H 1003 N 14.93
EXxp. C 63.24 H 930 N 13.83

MS (E1, 70 eV): m/z (%) = 563.4 (28) [M+H]*, 483.1 (100) [M-2NEto+H]*.

HR-MS: m/z = theor./exp. for [CaoHssNsP2]: 563.4118/563.4116.

IR (ATR,5{cm'}): ¥ = 2945 (m), 2889 (m), 2895 (m), 1320 (w), 1312 (w), 1298 (s), 1163 (m),
1123 (m), 1064 (m), 993 (s), 909 (5).

IH NMR (300.1 MHz, THFEdg, 25 °C): & = 0.8 (br, 12H, P-NCH,Me), 0.9 (br, 12H,
NCH,CH,CH;Me), 1.4- 1.5 (m, 8H, NCH,CH,CH;Me ), 1.8- 2.0 (m, 8H, NCH2CH,CH;Me ), 2.8-
3.3 (m, 8H, P-NCH,Me ), 4.0- 4.3 (m, 8H, NCH,CH,CHzMe ).

BC{!H}NMR (75.5 MHz, THF-dg, 25 °C): § = 13.2 (s, NCH2CH2CH:Me), 13.4 (br, P-NCH,CH),
19.7 (s, NCH,CH,CH;Me), 20.2 (s, NCH,CH,CH,Me; 2" isomer), 29.6 (s, NCH,CH,CH:Me),
31.1(s, NCH,CH,CH,Me; 2" isomer), 33.4 (t, 2Jpc = 2.11 Hz, P-NCH,CHs), 33.5 (t, 2Jpc = 2.11
Hz, P-NCH,CHz; 2" isomer), 49.17 (t, %Jpc = 2.69 Hz NCHCH,CH:Me), 50.0 (br,
NCH,CH,CH2Me) (2" isomer), 131.5 (br, P-C of the middle ring), 132.1 (t, *Jp.c = 2.4 Hz, P-C of
the middle ring; 2" isomer), 220.2 (t, %Jpc = 3.5 Hz, C?).

3P NMR (121.5 MHz, THF-ds, 25 °C): § = 6.6 (s) and 6.9 (5)

Isomer ratio: 1: 0.2

UV-vis (CH>Clp): Amax [nm] (abs.): 272(0.911), 348(0.671), 400(0.512).

11.13. Synthesis of tricyclic (P-NEt2)-bridged bis(NHC) coinage metal complexes 15a-heis/trans

1 NEt2 n Bu NEt2 ”Bu )
M,O
H—<@ @>7H _CHLCl. o 10— M—<< >>—|v| —OTf
OTf N "H0
Ye
NEt2 NEtz
1 3cls/trans 15a bc:s/trans
N\ ’ J
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To a solution of bis(imidazolium) salts 13¢/"as in 15 mL CH,Cl,, M2O(M = Cu, Ag) (0.58 mmol))
was added as solid at — 30 °C temperature. The reaction mixture was stirred under darkness
containing molecular sieves (to adsorb H>O) for 8 h. The solution was then concentrated in vacuo
(2 x 102 mbar). It was filtered over silica with methylene chloride to get light yellow solution.
Solvent was evaporated in vacuo (2 x 102 mbar) followed by washing with n-pentane (2 x 5 mL)
to get yellow solid.

10.13.1.  [{4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6-d']bis(imidazole-2,6-diylidene)-
xC,xC}bis(copper(l)trifluoromethanesulfonate](15a cis/rans)

”Bu\ gEtz /”Bu
N N
TfO—Cu< :[ I >>—Cu—OTf
N P N
”Bu/ ﬁlEtg "Bu
Chemicals Amounts(g or mL) mmol
130is/trans 0.5 g 0.58
Cu0 0.08¢ 0.58
THF 15mL
Reaction code: NRN-215
Yield: 0.42 g (0.46 mmol) 71 %; yellow brown solid
Melting point: 84 °C
Elemental composition: Cs2HsgCu2FsOsN6P2S:
Molecular weight: 990.00 g/mol
Elemental analysis: for Cz;HssCu2FsOsNsP2S2:
Theor. C 388 H 591 N 8.49
Exp. C 3821 H 628 N 9.47
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Pos. ESI-MS: m/z =theor. (exp.) for [CasHseCu2F3sN7O3P2S] *: 880.257 (880.257).

IR (ATR.%{cm'}): © = 2845 (m), 2812 (m), 2786.0 (m), 1504 (m), 1469 (s), 1268 (s), 1095 (s),
940 (m).

'H NMR (300.1 MHz, CD,Cly, 25 °C): § = 1.0 (t, 12H, 3Jun = 7.6 Hz, P-NCH2Me), 1.1 (t, 12H,
3Jun = 7.48 Hz, NCH,CH:CH;Me), 1.4- 1.5 (m, 8H, NCH.CH.CH,Me ), 1.9- 2.1 (m, 8H,
NCH,CH,CHzMe), 3.1- 3.2 (m, 8H, P-NCH;Me), 4.2-4.3 (m, 4H, NCH,CH,CH;Me), 4.4- 4.5 (m,
4H, NCH2CH,CH2Me; 2"lisomer)

BC{H} NMR (755 MHz, CD,Cl,, 25 °C): & = 12.9 (s, NCH.CH.CH:Me), 13.0 (s,
NCH,CH,CH:Me; 2" isomer), 13.5 (s, P-NCH,CHs), 13.8 (s, P-NCH.CHs; 2" isomer), 19.9 (s,
NCH2CH,CHzMe), 20.0 (s, NCH,CH.CH,Me; 2" isomer), 29.6 (s, NCH,CH,CH:Me), 29.6 (s,
NCH2CH,CH2Me; 2™ isomer), 34.9 (t, 2Jpc = 2.4 Hz, P-NCH,CHs), 37.9 (t, 2Jpc = 2.5 Hz, P-
NCH,CHs), 51.9 (br, NCH,CH,CH;Me), 119.4 (q,}Jp s = 322.2 Hz, CF3S0*), 132.0 (dt, 1Jpc=15.5
Hz, 2Jpc = 7.2 Hz, P-C of the middle ring; 2" isomer), 170.5 (t, 3Jpc = 2.8 Hz, C?), 170.5 (t, 3Jpc =
2.8 Hz, C?; 2" isomer).

31p NMR (121.5 MHz, CD,Cly, 25 °C): & = 5.1 (s) and 4.2 (s)

Isomer ratio: 1: 0.3

11.13.2  {4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6-d"]bis(imidazole-2,6-diylidene)
kC,kC}bis(silver(trifluoromethanesulfonate) (15h¢is/trans)

"Bu NEt, "Bu
\ 3 /

N N
TfO—Ag—<< :[ ]: >>—Ag—OTf
N P N

e ¢ Y
Bu NEt, Bu
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Chemicals Amounts(g or mL) mmol
130is/trans 0.5 g 0.58
Ag.0 0.13¢g 0.58
CH2C|2 15 mL
Reaction code: NRN-210
Yield: 0.39 g (0.36 mmol) 62 %; yellow brown solid
Melting point: 98 °C
Elemental composition: Cs2HssAg2FsOsNsP2S2
Molecular weight: 1078.64 g/mol
Elemental analysis: for Cs2HssCu2FsOsNsP2S:
Theor. C 363 H 542 N 7.79
Exp. C 339% H 629 N 8.13

Pos. ESI-MS: m/z (%) =Ca3sHseAg2F3sN703P2S theor.(exp.) 968.208 (968.208).

IR (ATR.5{cm™'}): © = 2991 (v), 2982.4 (m), 2876.0 (W), 1584.1 (w), 1532.9 (w), 1422.9 (s),
1384.7 (m), 1305.4 (m), 1299.9 (M), 1187.5 (s), 954.5 (s).

IH NMR (300.1 MHz, CDCls, 25 °C): & = 0.8 (t, 12H, 3Jupn = 7.7 Hz, P-NCH2Me), 1.0 (t, 12H,
3Jun = 7.6 Hz, NCH,CH2CHoMe), 1.3- 1.4 (m, 8H, NCH.CH,CH;Me), 1.9- 2.1 (m, 8H,
NCH,CH,CH:Me), 2.9- 3.1 (m, 8H, P-NCH,Me), 4.1-4.2 (m, 4H, NCH,CH.CH;Me), 4.2- 4.2 (m,

4H, NCH,CH,CH,Me; 2"lisomer)

BC{’H} NMR (75.5 MHz, CDClI;,

25 °C): 6 = 134 (s, NCH2CH.CH:Me), 13.4 (s,

NCH,CH,CH:Me; 2" isomer), 13.9 (s, P-NCH,CHs), 14.0 (s, P-NCH,CHg; 2" isomer), 20.3 (s,
NCH2CHCH,Me), 20.3 (s, NCH,CH,CH,Me: 2™ isomer), 29.7 (s, NCH.CH,CH,Me), 31.9 (s,
NCHCH,CH:Me: 2" isomer), 47.8 (d, 2Jpc = 11.4 Hz, P-NCH,CHs), 48.8 (d, 2Jpc = 13.1 Hz, P-
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NCH,CHs), 51.5 (br, NCH,CH2CH:Me), 122.4 (g, Jp¢ = 324.2 Hz, CF5SO™) 135.0 (dt, 1Jpc = 14.5
Hz, 2Jp.c = 6.8 Hz, P-C of the middle ring), 179.1 (br, C?).

3P NMR (121.5 MHz, CDCls, 25 °C): § = 3.7 (s), 3.3 (5)

Isomer ratio: 1: 0. 15

11.14. Synthesis of tricyclic (P-NEt2)-bridged bis(NHC) Au(l) complexes 15c¢is/trans

e

TfO— Ag—<< I :[>>—Ag —OTf Cizilzc:'t TfO— AuA<( :[ I) Au—OTf
nBu

N
NEt2 n NEt2 n

Me,SAuCI

n

NEt2 NEt2
1 5bc:s/trans 15 cc:s/trans

To a solution of 15b¢"asjn methylene chloride (2 mL), dimethyl sulfide gold (1) was added as
solid at room temperature.The reaction mixture was stirred for 3 hours. Solvent was removed in
vacuo (2 x 10 mbar), and the residue was dissolved in 5mL of diethyl ether and the solid AgClI

was removed via filtering cannulation. The solvent was then dried in vacuoto get pure compound

compound.

11.14.1.

{4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6-d"]bis(imidazole-2,6-diylidene)-
«C,xC}bis(gold(I)trifluoromethanesulfonate)(15¢cis/trans)

Chemicals Amounts(g or mL) mmol

15pcwrans 0.08 ¢ 0.07

Me,SAUCI 0.043 g 0.14
CHCl; 2mL

Reaction code: NRN-207

Yield: 0.061 g (0.05 mmol) 64 %; yellow brown solid

Melting point: 101 °C

133



11. Experimental section

Elemental composition: Cs2HssAu2FsOsNeP2S:

Molecular weight: 1256.64 g/mol

Elemental analysis: for CaoHsgAuaFsOsNgP2Ss:

Theor. C 3058 H 465 N 6.69
EXxp. C 3197 H 59 N 7.47

Pos. ESI-MS: m/z (%) =[CasHseAu2F3N703P,S]" theor. (exp.) 1148.331 (1148.331).

IR (ATR.%{em'}): © = 2992 (m), 2954 (m), 1623.0 (W), 1529.1 (m), 1461.5 (m), 1236.2 (s), 1201.3
(s), 1075.4 (m), 1032.2 (s), 974.0 (5).

'H NMR (300.1 MHz, CD,Cly, 25 °C): § = 0.9 (t, 12H, 3Jun = 7.7 Hz, P-NCH2Me), 1.0 (t, 12H,
8Jyn = 7.6 Hz, NCH2CH,CH;Me), 1.3- 1.5 (m, 8H, NCH,CH.CH;Me), 1.9- 2.0 (m, 8H,
NCH2CH,CH2Me), 2.9- 3.1 (m, 8H, P-NCH;Me), 4.2 (m, 4H, NCH.CH,CH:Me), 4.3 (m, 4H,
NCH,CH,CH2Me; 2"%isomer).

BC{IH} NMR (755 MHz, CD,Clp, 25 °C): & = 13.8 (s, NCH.CH:CH,Me), 13.9 (s,
NCH,CH,CH:Me; 2" isomer), 13.9 (s, P-NCH,CH3), 14.1 (s, P-NCH2CHgs; 2" isomer), 20.6 (s,
NCH2CH,CHyMe), 20.9 (s, NCH,CH.CH,Me; 2" isomer), 29.8 (s, NCH,CH,CH,Me), 30.9 (s,
NCH2CH,CH2Me; 2" isomer), 49.8 (d, 2Jpc = 12 Hz, P-NCH,CHs), 51.2 (d, 2Jpc = 14 Hz, P-
NCH,CHs), 52.3 (br, NCH2CH2CH:Me), 125.4 (q,}Jp = 323.1 Hz, CF3S0%) 133.1 (dt, JJpc = 14.0
Hz, 2Jpc = 6.9 Hz, P-C of the middle ring), 172.1 (t, *Jp.c = 2.6 Hz, C?), 172.3 (t, 3Jpc = 2.6 Hz, C?;
2" isomer).

3P NMR (121.5 MHz, CD,Cly, 25 °C): & = 3.1 (s) and 2.4 (s)

Isomer ratio: 1: 0.35
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10.15. Synthesis of tricyclic {P-NEt2}-bridged bis(NHC) Rh(I) complexes 15dcis/trans

NEt2 NEtz

1 4c:s/trans 15d cis/trans

(I I) o ", ﬁ%_(;f I)

~

BES

To a solution of 14°s*ans in diethyl ether, [Rh(cod)CI] dimer was added as solid at room
temperature. The reaction mixture was stirred overnight. Precipitates formed which were filtered

using filtering cannula. Solid was dried in vacuo (2 x 10 mbar), and the residue was washed with
n-pentane thrice (3 x5mL). Finaly, solvent was then dried in vacuo (2 x 10 mbar) to ge pure solid

10.15.1.  {4,8-Bis(diethylamino)-4,8-dioxo-1,3,5,7-tetra-n-butyl-4,8-

dihydro[1,4]diphosphinine[2,3-d:5,6-d"]-bis(imidazole-2,6-diylidene)-

kC,xC}bis((1,2,5,6-n%-1,5-

cyclooctadiene)trifluoromethanesulfonaterhodium(l)(15dcis/trans)

Chemicals Amounts(g or mL) mmol
14cis/trans 1.0 g 1.8
[Rh(cod)Cl]: 099 1.8
Et.O 10 mL

Reaction code: NRN-517

Yield: 1.2 g (1.1 mmol) 63 %; yellow brown colored solid.

Melting point: 134 °C

Elemental composition: CssHg2CloRhaoNgP2

Molecular weight: 1057.86 g/mol
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Pos. ESI-MS: m/z (%) = [CsHasRh2CIN7P2]* theor. (exp.) 1060.3989 (1060.3975).

IR (ATR.B{em™'}): © = 2816 (m), 2790 (M), 2754 (w), 1504 (w), 1464 (w), 1388 (s), 1226 (m),
1066 (m), 1028 (m), 976 (s).

IH NMR (300.1 MHz, CD,Cly, 25 °C): & = 0.9 (t, 12H, 3Jun = 7.4Hz, P-NCH.Me), 1.1 (t, 12H,
33up = 7.5 Hz, NCH2CH2CHaMe), 1.3- 1.4 (m, 8H, NCH2CH2CHaMe), 1.7 (br, 4H, cod), 2.1 (br,
8H, NCH,CH2CH:Me), 2.4 (br, 4H, cod), 3.4 (m, 8H, P-NCH,Me), 3.5 (m, 2H, cod), 4.4 (m, 8H,
NCH2CH2CHzMe), 5.3 (m, 2H, cod).

BBC{IH} NMR (755 MHz, CD,Clo, 25 °C): & = 13.1 (s, NCH,CH,CH.Me), 133 (s,
NCH2CH.CH:Me; 2™ isomer), 14.8 (s, P-NCH.CHs), 20.1 (s, NCH.CH.CH;Me), 20.6 (s,
NCH2CH,CHzMe; 2™ isomer), 25.7 (s, cod), 31.5 (s, NCH,CH,CH.Me ),32.4 (s, cod), 33.1 (s,
NCH.CH,CH:Me; 2™ isomer), 36.5 (s, P-NCH,CHs), 38.2 (s, P-NCHCHs), 51.9 (br,
NCH,CH2CH:Me),72.3 (d, Jrnc = 14.6 Hz, cod), 98.4 (d, YJrnc = 6.7 Hz, cod), 129.9 (br, P-C of
the middle ring), 130.9 (br, P-C of the middle ring; 2" isomer), 190.3 (ddd, *Jcrn = 50.7 Hz, 3Jpc
= 3.6 Hz, C?), 190.5 (ddd, *Jcrn = 50.7 Hz, 3Jpc = 3.6 Hz, C% 2" isomer).

31p NMR (121.5 MHz, CD,Cly, 25 °C): § = 3.7 (s), 4.6 ()

Isomer ratio: 1: 0.65

11.16. Synthesis of tricyclic (P-NEt2)-bridged bis(NHC) borane complexes 16¢is/trans

NEt2 n BH3 NEt2 nBu
2 BH;.DMS
CH,Cl, , r.t
a@I I@% it H@I I@H
p OTf N N OTf
nBu ElEtz nBu Et2
1 3cis/trans 1 Gcis/trans

To a solution of 13¢s"a"s jn methylene chloride (10 mL), the dimethylsulfane boron-adduct was
added at room temperature. The reaction mixture was stirred for 3 hours at the same temperature.
Solvent was removed in vacuo (2 x 10 mbar), and the residue was washed with n-pentane (3 x 5
mL). Finally, an orange-yellow solid was obtained as pure compound.
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11.16.1.  {4,8-Bis(diethylamino)-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6-d"]bis(imidazole-2,6-ium-4,6-diborane}-bis(trifluoromethanesulfonate)

(160is/trans)
Chemicals Amounts(g or mL) mmol
1 3cis/trans 10g9 1.15
BHs(CHs)S 0.2 mL 2.3
CH2C|2 20 mL

Reaction code: NRN-539

Yield: 0.91 g (1.0 mmol) 88 %; orange solid

Melting point: 78 °C

Elemental composition: Cs2HesB2FsOsNsP2S2

Molecular weight: 890.6 g/mol

Pos. ESI-MS: m/z (%) = 593.494 (100) [M]*
Neg. ESI-MS: m/z (%) = 149.3 (100) [OTf]*

HR-MS: [C30H65N6P282]+calcd (found) 593.4929 (593.4935).

IR (ATR.p{cm'}): ¥ = 2964 (v), 2930 (m), 2894 (m), 1598 (w), 1509 (w), 1423 (m), 1184 (m),
1101 (w), 1051 (m), 1001 (v), 945 (s).

IH NMR (300.1 MHz, CD;Clp, 25 °C): & = 0.9 (t, 12H, 3Jun = 7.7 Hz, P-NCHzMe), 1.0 (t, 12H,
3Jun = 7.6 Hz, NCH2CH2CHzMe), 1.3- 1.4 (m, 8H, NCH.CH.CH,Me ), 1.9- 2.0 (m, 8H,
NCH.CH;CH:Me), 2.9- 3.1 (m, 8H, P-NCH;Me), 4.2-4.3 (m, 4H, NCH,CH2CH.Me), 4.3 (m, 4H,
NCH,CH,CH2Me; 2"%isomer).

13C{!H} NMR (755 MHz, CD,Cl,, 25 °C): & = 13.8 (s, NCH.CH:,CH:Me), 13.9 (s,
NCH,CH,CH:Me; 2" isomer), 13.9 (s, P-NCH,CHs), 14.1 (s, P-NCH,CHs; 2" isomer), 20.6 (s,
NCH.CHCH,Me), 20.9 (s, NCH,CH,CH,Me: 2™ isomer), 29.8 (s, NCH.CH,CH2Me), 30.9 (s,
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NCH,CH,CH:Me; 2™ isomer), 49.8 (d, 2Jpc = 12 Hz, P-NCH.CH3), 51.1 (d, 2Jpc = 14 Hz, P-
NCH,CHjs), 52.3 (br, NCH,CH,CH:Me), 125.4 (q,"Jp = 323.1 Hz, CF3S0*) 133.1 (dt, \Jpc = 14.0
Hz, 2Jp.c = 6.9 Hz, P-C of the middle ring), 172.1 (t, 3Jpc = 2.6 Hz, C?), 172.3 (t, 3Jpc = 2.6 Hz, C;
2" isomer).

31p NMR (121.5 MHz, CDsCly, 25 °C): 6 =3.1 (s), 2.7 (S)

Isomer ratio: 1: 0.1

1B NMR (96.29 MHz, CDCls, 25 °C): - 37.0 (br) ppm

11.17.  Synthesis of tricyclic 1,4-diphosphinine-diselone 19

s a

NEt2 2 PCI3
CH,CI "BusP
Se=< >:Se &»Se:< I I >: C|:20|2 r.t Se
b 2 (Et,N)PCl, ["BugPCl] CI < >
el @Etz e el
Gcis/trans 1 8cis/trans 19

Toa clear solution of6®asinmethylene chloride, PCl; was added and stirred for 4 hours at — 40
°C. Reaction mixture was warmed to room temperature and tris(n-butyl)phosphane was added
dropwise to it After 10 minutes stirring, a changeof the solution from orangetoviolet was
observed.After concentrating the reaction mixture under reduced pressure, residue was filtered via
a silica® bed with diethyl ether and toluene mixture (1:1). It was dried under reduced pressure (2 x
102 mbar and washed with n-pentane (3 x10 mL) to get rid of the aminophosphine Et;NPCI..
Finally, the solution was concentrated in vacuo (2 x 10 mbar) to get the pure compound.

11.17.1. {1,3,5,7-Tetra-n-butyl-[2,3-d:5,6-d"]bis(imidazole-2,6-diselone)-4,8-
[1,4]diphosphinine (19)

Chemicals Amounts(g or mL) mmol
geis/trans 2549 34
PCl; 0.61 mL 6.9
"BusP 0.34 mL 14
CH.Cl, 30 mL
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Reaction code: NRN-174, NRN-443

Yield: 1.2 g (2.1 mmol) 61 %,; violet solid

Melting point: 223 °C

Elemental composition: C22H3sN4P2Se;

Molecular weight: 576.47 g/mol

Elemental analysis: for C22H3sN4P2Se»:

Theor. C 4584 H 630 N 9.72
Exp. C 4505 H 655 N 9.61

MS (E1, 70 eV): m/z (%) = 578.0 (100) [M]*, 498.1 (20) [M-Se]".

IR (ATR.B{cm'}): © = 2998 (v), 2752.8 (m), 2654.0 (), 1487.0 (), 1289.1 (s), 1201.5 (s), 1098.2
(m), 964.0 (s).

'H NMR (300.1 MHz, CsDs, 25 °C): & = 0.8 (t, 12H, 3Jyn = 7.3 Hz, NCH,CH,CH;Me), 1.3- 1.4
(m, 8H, NCH.CH.CH)Me ), 18- 1.9 (m, 8H, NCH.CH,CH;Me), 4.4-45 (m, 8H,
NCH,CH>CH:Me).

BBC{!H} NMR (755 MHz, CeDs, 25 °C): & = 13.5 (s, NCH2CH,CH.Me), 19.9 (s,
NCH2CH.CH,Me), 28.9 (t, 3Jpc = 1.6 Hz, NCH.CH,CH:Me), 48.2 (t, %Jpc = 4.6 Hz,

NCH,CH,CH:Me), 152.3 (t, Jp c=23.1 Hz,P-Cofthemiddle ring), 168.3 (br, C2).

3P NMR (121.5 MHz, CgDg, 25 °C): § = 78.2 (5).

7SeNMR (57.28 MHz, CDCls): 178.6 (t, “Jsep= 12.1 Hz)

UV/Vis Amax [nm] (abs.): 296 (1.375), 383 (0.156), 554(0.139).
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11.18. Double Se-methylation of tricyclicl,4-diphosphinine diselone 19

TfO TfO

nBu nBu )
2 MeOTf
Se:< I \FSe _CHxClp, 1t Se{@:[ I)}Se
N
nBu

L 19 20

Trifluoromethanesulfonate was added toasolution ofl19inmethylene chloride, at room
temperature. Thereactionmixturewasstirredfor 1 hours. Change in color was observed from violetto
light yellow at the end of reaction.After concentrating the reaction mixture under reduced pressure,
residue was washed with n-pentane/diethylether (1:1) (2 x 5 mL) to get pure light yellow colored
solid.

11.18.1 {1,3,5,7-Tetra-n-butyl-[1,4]diphosphinine[2,3-d:5,6-d"]bis(imidazole-2,6-
selanylium)}bis(trifluoromethanesulfonate)(20)

Chemicals Amounts(g or mL) mmol

19 0.1g 0.17

MeOTf 0.04mL 0.34
CHCl, 5mL

Reaction code: NRN-412, NRN-463

Yield: 0.14 g (0.15 mmol) 91 %; light yellow solid

Melting point: 96 °C

Elemental composition: CasHasFsN4O6P2S2Se;

Molecular weight: 904.62 g/mol
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Elemental analysis: for C2sH4sFsN4OsP2S2Se;:

Theor. C 34.52 H 4.68 N 6.19
EXxp. C 34.11 H 4.63 N 5.97

Pos. ESI-MS: m/z = theor. (exp.) for [C2sHa2F3N4O3P2S,Sez]" : 757.0728 (757.0750).

IR (ATR.{em™'}):% = 3009 (v), 2992 (m), 2954 (m), 1623 (w), 1529 (w), 1461 (m), 1236 (m),
1201 (w), 1075 (m), 1032 (v), 974 (s).

IH NMR (300.1 MHz, CDCls, 25 °C): & = 1.04(t, 12H, 3Jup = 7.4 Hz, NCH2CH2CH;Me), 1.52-
1.62 (M, 8H, NCH2CH,CH;zMe ), 2.05- 2.15 (m, 8H, NCH,CH.CH:Me),2.76 (s, 6H, SeMe) 4.89-
4.94 (m, 8H, NCH,CH2CH:Me).

BC{IH} NMR (75.5 MHz, CDCls, 25 °C): §=11.7 (5, SeMe), 13.4 (s, NCH,CH2CH2Me), 20.1 (s,
NCH,CH,CH;Me), 30.7 (s, NCH2CH2CH;Me), 52.2 (s, NCH,CH,CHzMe), 148.8 (t, *Jp.c = 4.6 Hz

Se-C?),154.9 (t,"Jp c=26.1 Hz,P-Cofthemiddle ring).

3P NMR (121.5 MHz, CDCls, 25 °C): & = 119.9(s).

77SeNMR (57.28 MHz, CDCls): 138.8 (s)

11.19 Reductive deselenization of double Se-methylated salt 20

e ® N
”Bu [222]-Cryptand nBu [Na(cryptand)] ”Bu
/ 5 NaBH,4
MeOH 0 °C
T I% H%@I I@w
oTf N OTf - 2B,Hg OTf
n
B
U O\CH
L 20 21b )

To a methanolic solution of 20 an excess of sodium tetraborohydrideand one equivalent of [2.2.2]-
cryptand was added as solid at 0 °C. The reaction mixture turned from light yellow to orange-red
and astrong odour was recognized indicating the liberation of methylselane (HSeMe). The solution
was then concentrated in vacuo (2 x 10 mbar) after 30 minutes stirring.Extraction was done with
methylene chloride followed by washing with diethyl ether (2 x 5 mL) to get a pure orange-red
solid.
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11.19.1.  Sodium([2.2.2]-cryptand){4-methoxy-8-phosphan-1-ide-1,3,5,7-tetra-n-
butyl-[2,3-d:5,6-d"]bis(imidazole-2,6-ium}bis(trifluoromethanesulfonate)

(21b)
Chemicals Amounts(g or mL) mmol
20 1.0g 0.9
NaBHa 0.17¢ 4.7
[2.2.2]-cryptand 0.34¢g 0.9
MeOH 30mL

Reaction code: NRN-533

Yield: 0.65 g (0.56 mmol) 63 %; orange-red solid

Melting point: 142 °C

Elemental composition: [C2sHa1FsN2O7P2S2] [Na(C1sN2H3606)]*

Molecular weight: 1149.26 g/mol

Elemental analysis: for C43sH77FsNaNgO13P2S;:

Theor. C 4494 H 6.75 N 731 S 5.58
Exp. C 4327 H 6.63 N 648 S 5.49

Pos. ESI-MS:m/z (%) = 451.3 (100) [M] ", 399.1 (97) [Na(C1sN2H3506)] *

HRMS:[C23H41N4OP2]" calcd (found) 451.2750 (451.2754).

IR (ATR.b{em'}):% = 2984 (v), 2921 (m), 2894 (m), 1542 (w), 1498 (w), 1423 (m), 1246 (m),
1206 (w), 1012 (m), 968 (s).

'H NMR (300.1 MHz, CD,Cly, 25 °C):5 = 1.0 (t, 12H, 2Jun = 7.3 Hz, NCH,CH2CHoMe), 1.3- 1.5
(m, 8H, NCH,CH,CH,Me ), 1.9- 2.1 (m, 8H, NCH.CH,CHzMe),2.4 (d, 3H, 3Jp = 7.3 Hz, O-
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Me)2.6 (t, 12H, cryptand), 3.6 (t, 12H, cryptand), 3.7 (s, 12H, cryptand), 4.1-4.6 (m, 8H,
NCH,CH2CH:Me), 8.9 (t, 2H, *Jp 1 = 1.7 Hz, C%-H).

BC{H} NMR (755 MHz, CD,Cl,, 25 °C): & = 13.2 (s, NCH,CH,CH;Me), 19.6 (s,
NCH2CH2CH;Me), 30.2 (s, NCH.CH2CH:Me), 47.8 (s, NCH,CH>CH:Me), 67.5 (s, Cryptand),
68.5 (s, Cryptand), 120.9 (d, 2Jpc= 7.3 Hz, O-CH3), 121.7 (g, *Jp = 321.0 Hz, CF3), 137.2 (d, 3Jpc
= 4.5 Hz H-C?), 155.5 (ddd,"2Jp c = 47.0 Hz,C*®).

3P NMR (121.5 MHz, CD,Cly, 25 °C):5 = 19.8(s), - 67.3().

11.20 Synthesis of tricyclic P-functional anionic bis(NHC) 22b
4 @ @ \
"B [Na(Cryptand)] [Na(Cryptand)]
A
H_<<@:[ I>>7H -2 HMDS <:[j:>
N T10° - 2 KOTf
O\CH nBu O\CH
21b 22b

A solution of potassium hexamethyldisilazide (KHMDS) in 5mL of THF was added dropwise to a
solution of 21b in 10 mL of THF at -78 °C. After 1 h, all volatiles were removed in vacuo (2x102
mbar). Residue was washed (twice) with diethyl ether followed by extraction with mixture of THF
and diethyl ether to remove potassium triflate. After concentrating extracted solution, a dark orange

solid was obtained.

11.20.1 Sodium([222]-cryptand)[4-methoxy-8-phosphan-1-ide-1,3,5,7-tetra-n-butyl-[2,3-
d:5,6-d"]bis(imidazole-2,6-ylidene)] (22b)

Chemicals Amounts(g or mL) mmol
21b 24 1.7
KHMDS 0.67 g 3.4
THF 40 mL

Reaction code: NRN-483
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Yield: 1.1 g (1.3 mmol) 76 %; orange brown solid

Melting point: 126°C

Elemental composition: Cs1H7sNeO7P2S,Na

Neqg. ESI-MS: m/z (%) = 449.261 (15) [M]*

HRMS: [CasHasN4OP2] calcd (found) 449.2605 (449.2608).

IR (ATR,B{em™'}): v = 3191.2 (w), 3045.0 (m), 2975.7 (M), 1623.4 (M), 1436.3 (M), 1375.3 (M),
1245.7 (s), 1184.8 (s), 1016.5 (S), 968.5 (s)

'H NMR (300.1 MHz, THF-dg, 25 °C): § = 0.9 (t, 12H, 3Jun = 6.5 Hz, NCH,CH,CH,Me), 1.2-
1.3 (m, 8H, NCH,CH,CH;Me ), 1.8- 1.9 (m, 8H, NCH.CH,CH,Me),2.1 (d, 3H, *Jp s = 6.3 Hz, O-
Me)2.5 (t, 12H, cryptand), 3.5 (t, 12H, cryptand), 3.6 (s, 12H, cryptand), 3.8-4.5 (m, 8H,
NCH,CH>CH:Me).

BC{H} NMR (755 MHz, THF-ds, 25 °C):5 = 13.5 (s, NCH.CH.CH;Me), 20.1 (s,
NCH,CH,CH,Me), 32.3 (s, NCH2CH,CH;Me), 47.5 (s, NCH,CH,CH,Me), 67.6 (s, Cryptand),
70.4 (s, Cryptand),120.2 (d, 2Jpc= 7.5 Hz, O-CHs), 154.2 (d,Y2Jpc = 43.9 Hz,C*"), 215.5(d, Jpc =
2.7,C%.

3P NMR (500.0 MHz, THF-ds, 25 °C): § = 23.9 (s), - 75.8(S).

UV-vis (THF): Ama[nm] (abs.): 407(0.517)

11.21.  Reaction of anionic bis(imidazolium) salt with CHsl

s ® N
”Bu Na(cryptand) ”Bu Hs ”Bu
CHal
H :@ >: EtZO -78°Ctort
N [Na(cryptand ]l /(
TfO N TfO
O\CH O\CH
21b 23,23
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To a suspension solution of 21b (NRN-533) in diethyl ether, methyl iodide was added dropwise at
-78 °C. Reaction mixture was stirred for 18 h and warmed to room temperature. All volatiles were
removed in vacuo (2x102 mbar). Residue was extracted with methylene chloride followed by
washing (twice) with 20 mL of diethyl ether. Solvent was removed under vacuo (2x1072 mbar) and
resulted in a pure white oily product.

11.21.1. 4-Methyl-8-methoxy-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6d'] bis(imidazole-2,6-ium)}bis(trifluoromethane sulfonate) (23, 23")

Chemicals Amounts(g or mL) mmol
21b 25¢ 2.1
CHsl 1.35 mL 2.1
Et.O 50 mL

Reaction code: NRN-534

Yield: 1.2 g (1.6 mmol) 75 %; colorless liquid

Elemental composition: CosHa4FsN4O7P-2S>

Molecular weight: 764.2 g/mol

Elemental analysis: for C2sHa4FsN4O7P2S;:

Theor. C 4084 H 5.80 N 7.33
Exp. C 3995 H 6.00 N 7.41

Pos. ESI-MS: m/z (%) = 615.251 (54) [M-TfO]"

HRMS: [C25H44F3N404P282]+' calcd (found) 615.2505 (615.2511).

IR (ATR.5{em™'}): ¥ = 3204 (m), 3145 (m), 2975 (w), 2768 (m), 1534 (w), 1445 (s), 1317 (m),
1206 (m), 1046 (m), 1009 (s), 921 (s).

IH NMR (300.1 MHz, CD>Cl,, 25 °C): & = 1.1 (t, 12H, 3Jn = 7.4 Hz, NCH.CH,CH.Me), 1.4-1.5
(m, 8H, PCH2CH2CH,Me), 1.7 (d, Xp = 5.2 Hz, P-Me), 1.8 (d, 2Jp1 = 6.8 Hz, O-Me), 1.9-2.1 (m,
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8H, NCH,CH,CH:Me, 4.3-4.6 (m, 8H, NCH,CH,CH:Me), 9.5(t, 2H, 3Jp 1 = 3.03 Hz, C?-H), 9.6
(br, C%-H; 2" isomer).

13C{1H} NMR (75.5 MHz, CD;Cly, 25 °C): 6 = 13.1 (5, NCH2CH2CH:Me), 19.5 (br,P-Me), 19.7
(s, NCH2CH2CH;Me), 29.7 (br, NCH2CH,CH2Me), 31.8 (d, 3Jp ¢ = 2.6 Hz, NCH2CH,CH:Me), 32.2
(d, 3Jpc = 2.4 Hz, NCH,CH,CH,Me; 2" isomer), 49.1(ddd, 3Jp.c = 9.1 Hz, NCH,CH.CH;Me), 49.9
(ddd, 3Jp.c = 8.2Hz, NCH,CH,CH2Me; 2™ isomer), 122.8 (q, *Jp,r = 319.5 Hz, CFs), 131.5 (d, 2Jpc=
9.5 Hz, O-CH3), 135.4 (ddd, ¥2Jpc = 3.7 Hz, P-Cof the middle ring), 135.7 (t, ¥2Jpc = 3.0 Hz, P-
Cof the middle ring; 2"isomer), 142.4 (br, H-C?), 143.4 (br, H-C?; 2" isomer).

3P NMR (500.0 MHz, CD,Cly, 25 °C): § = -71.6(d, Jp4 = 5.2 Hz, P-Me),- 66.2(d, 3Jp 4= 4.9Hz,
P-Me; 2" isomer), 39.7 (br, P-OMe), 43.7 (br, P- OMe;2" isomer).

Isomer ratio: 1: 0.3

11.22 Synthesis of {P-Me}-/{P-OMe}-bridged bis(NHC) 24,24’

Hs nBu
THF 78 °C to rt
H@I I < I I >
OTf N N OTf 2 HMDS
nBU nBu

O\CH O\CH

23,23 24,24

A pre-cooled solution (-78°C) of potassium hexamethyldisilazide (KHMDS) in 5 mL of THF was
added dropwise to a solution of 23, 23%in 10 mL of THF at - 78 °C. After 1 h, all volatiles were
removed in vacuo (2x102 mbar). Residue was extracted with diethyl ether to remove potassium
triflate using filtering cannulation. After extraction with n-pentane, removal of the solvent in
vacuo (2x1072 mbar), a yellow liquid was obtained.

146



11. Experimental section

11.22.1 4-Methyl-8-methoxy-1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-
d:5,6d']bis(imidazole-2,6-ylidene) (24, 24")

Chemicals Amounts(g or mm
mL) ol
23,23 0.078g 0.1
KHMDS 0.043 g 0.2
THF 4 mL

Reaction code: NRN-347, NRN-503, NRN-487

Yield: 0.035 g (0.075 mmol) 75 %; yellow liquid

Elemental composition: C24H42N4OP-

Molecular weight: 464.3 g/mol

Pos. ESI-MS: m/z (%) = 465.290 (12) [M+H]"*

HRMS: [C24H43N4OP,]" calcd (found) 465.2907 (465.29009).

IR (ATR.B{em™}): ¥ = 3204.7 (m), 3145 (m), 2975.5 (w), 2768.8 (m), 1534.3 (w), 1445.3 (),
1317.7 (m), 1206.8 (m), 1046.9 (M), 1009.5 (), 921.5 (s).

!H NMR (500.1 MHz, THF-dg, 25 °C): 6 =0.8, 1.1 (t, 12H, 3Jynu = 7.1 Hz, NCH,CH,CH:Me),1.2
(d, 2o = 5.3 Hz, P-Me), 1.2-1.4 (m, 8H, PCH,CH,CHoMe), 1.9-2.1 (m, 8H, NCH,CH,CHzMe),
27 (d 2oy = 7.2 Hz, O-Me), 3.9-42 (m, 8H, NCH,CH:;CH:Me), 4.3-45 (m, 8H,
NCH,CH,CH2Me; 2™ isomer).

BC{*H} NMR (125.75 MHz, THF-ds, 25 °C): § = 12.9,12.8 (s, NCH>CH,CH,Meof two isomers),
19.9 (s,P-Me), 23.7 (s, NCH.CH.CH;Me), 25.7 (s, NCH2CH,CH:zMe), 32.8 (d, 3Jpc = 2.1 Hz,
NCH,CH,CH:Me), 32.9 (d, 3Jpc = 2.2 Hz, NCH,CH,CH,Me; 2"isomer), 48.5(ddd, 3Jpc = 9.6 Hz,
NCH,CH>CH:Me), 49.6 (ddd, 3Jpc = 8.3 Hz, NCH,CH,CH,Me; 2" isomer), , 118.5 (d, 2Jpc= 9.2
Hz, O-CHs), 131.4 (br, P-Cof the middle ring), 132. 2 (d, ¥2Jpc = 2.5 Hz, P-Cof the middle ring;
2" isomer), 223.4 (t, 3Jp.c = 2.7 Hz,C?), 224.2(t, 3Jpc = 2.7 Hz, C?; 2" isomer).
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31Pp NMR (500.0 MHz, THFE-dg, 25 °C): 8 = 41.3 (d, J = 3.8 Hz, P-OMe), 37.2(d, J = 4.6.Hz, P-
OMe; 2" isomer), -68.6 (d, J = 3.7 Hz, P-Me),-74.0 (d, J = 4.8 Hz, P-Me; 2" isomer)

Ratio of two isomers: 1: 0.3

11.23 Oxidation of tricyclic P-OMe-bridged anionic bis(NHC) 22a with selenium

® ®
[Na(thf)n] [Na(thf),]

n n
Bu Se\@// Bu

(II} e Se:<II/ESe

\
”Bu/ // O "Bu
CHj CH,
22a 25

\

To a THF solution of 22a, seleniumgrey was added as solid inexcess. Reaction mixture was
stirred for 3 hours at room temperature. After completion of reaction, the solutionhad turned
toyellow. It was filtered using double-ended canulla to remove unreacted selenium. All volatiles
were removed in vacuo (6 x 10" mbar). The residue was washed (twice) with 6 mL of n-pentane
resulted in a pure yellow solid.

11.23.1 Sodium(thf)n[1,3,5,7-tetra-n-butyl-4,8-dihydro[1,4]diphosphinine[2,3-d:5,6-
d']bis(imidazole-2,6-selone)-4-methoxy-4-selenide-8-diselenide] (25)

Chemicals Amounts(g or mL) mmol
22a 109 1.2
Se 0519 6.4
THF 20 mL

Reaction code: NRN-541

Yield: yellow solid

Melting point: 186 °C

Elemental composition:[C23H3gN4sNaOP,Ses] [without solvent molecules]
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Neqg. ESI-MS:m/z (%) = 844.846 (100) [M]*

HRMS: [CasHzoN4OP,Ses] calcd (found) 844.8464 (844.8461).

IR (ATR.${cm™}): © = 2895 (v), 2823 (m), 2765 (m), 1564 (W), 1499 (w), 1412 (m), 1206 (m),
1175 (w), 1123 (m), 1075 (v), 952 (s).

IH NMR (300.1 MHz, THF, 25 °C): & = 1.1 (t, 12H, 3Jun = 7.2 Hz, NCH2CH,CH:Me), 1.5 (m,
8H, NCH.CH2CH;Me ), 2.1 (m, 8H, NCH,CH,CH.Me),2.4 (d, 3H, “Jps = 7.1 Hz, O-Me), 4.8 (m,
8H, NCH,CH2CH,Me).

BC{IH} NMR (755 MHz, THF-ds, 25 °C): & = 13.1 (s, NCH2CH,CH;Me), 19.8 (s,
NCH.CH,CH;Me), 29.3 (s, NCH2CH,CH:Me), 48.4 (s, NCH,CH2CHoMe), 112.5 (d, 2Jpc = 7.1 Hz,

O-CHs), 135.6 (d,"“Jpc=20.1 Hz,P-Cofthemiddle ring), 164.4 (br, C?=Se).

3P NMR (121.15 MHz, THE-ds, 25 °C): & = - 43:1 (Msep = 681 Hz), 30.4 (Msep = 851 Hz)

77Se NMR (57.28 MHz, THF-dg): & = - 154.4 (d, 1Jsep = 681 Hz, (MeO)P=Se), 81 (s, C=Se), 105.2
(d, Wsep = 690 Hz, Se-P=Se), 132.7 (d, WJsep = 690 Hz, Se-P=Se)

11.24.  Synthesis of anionic tricyclic rhodium (I) complex 26

® ®
“B [Na(crytand)] “B ng [Na(crytand] ”B

1/2 [Rh(cod)Cl],

1] I% S H@I I%H

THOO N \ 0" THOC N N TfO
nBu nBu

O\
CH
3 \ i CH
~

21b 26

To a solution of 21b, synthesized according to NRN-533, in methylene chloride, a half equivalent
of [Rh(cod)Cl]> was added as solid at ambient temperature. Reaction mixture was stirred for 6
hours, then all volatiles removed in vacuo (2x1072 mbar), and the residue was washed (twice) with
10 mL of diethyl ether. Subsequent drying in vacuo (2x1072 mbar) afforded an orange solid.
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11.24.1.  Sodium([2.2.2]-cryptand)[1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-
diphosphinine[2,3-d:5,6-d"]bis(imidazole-2,6-ium)-8-ide-4-methoxy-4-
[{(1,2,5,6-5%)-1,5-cyclooctadiene)chlororhodium(l)] (26)

Chemicals Amounts(g or mL) mmol
21b 24
[Rh(cod)Cl]. 043¢ 0.87
CHCl; 20 mL

Reaction code: NRN-526

Yield: 2.1 g (1.5 mmol) 88 %; Orange brown solid

Melting point: 82 °C

Elemental composition: Cs1HssCIFsNsNaO13P2RhS;

Elemental analysis: for CsiHgaCIFsNsO13NaP2S,Rh:

Theor. C 43.89 H 6.43 N 6.02
Exp. C 43.70 H 6.71 N 6.10

Neg. ESI MS: m/z (%) = 995.151 (29) [M]*

S
S

HRMS: [C33H53C|F3N407P2RhSzF5]+ calcd (found) 995.1473 (995.1494).

4.59
4.28

IR (ATR.{em™'}): § = 2975.2 (m), 2931.4 (m), 2840.1 (w), 1511.4 (s), 1480.4 (m), 1398.1 (m),

1247.8(s), 1175.5 (m), 1129.8 (m), 1007.1 (s), 910.2 (s)

'H NMR (300.1 MHz, CD,Cly, 25 °C): § = 0.9 (t, 12H, *Jyn = 7.2 Hz, NCH,CH,CH:Me), 1.2- 1.5
(m, 8H, NCH2CH2CH:Me), 1.9 (m, 4H, cod), 1.9- 2.2 (m, 8H, NCH>.CH,CH>Me), 2.6 (br, 12H,
cryptand),2.3 (m, 4H, cod), 2.5 (d, 8H, 3Jpx = 10.2 Hz, O-CH3), 3.6 (br, 24H, cryptand), 3.8 (br,

2H, cod), 4.0- 4.2 (m, 8H, NCH,CH.CH.Me), 5.3 (m, 2H, cod), 8.9(br, C?-H).
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BC{IH} NMR (755 MHz, CD,Cl,, 25 °C): & = 13.4 (s, NCH:CH,CH;Me), 19.9 (s,
NCH,CH,CHzMe), 28.5 (s, cod), 30.1 (br, NCH,CH,CH:Me), 33.2(s, cod), 49.5 ((d, 3Jpc = 7.2 Hz,
NCH,CH,CHzMe), 69.6 (br, cod), 73.2 (d, *Jrnc = 11.2 Hz, cod), 122.1 (g, 1Jpr = 322.8 Hz, CF3),
108.68 (d, 2Jpc= 11.1 Hz, O-CHj3), 155.9 (br, P-Cof the middle ring), 156.3 (d, *2Jpc = 44.2 Hz, P-
Cof the middle ring), 137.9 (br, H-C?).

3P NMR (500.0 MHz, CD>Cl,, 25 °C): § =-70.6 (s), 47. 5(d, *Jrnp= 188.2H2)

11.25 Synthesis of anionic, tricyclic trinuclear rhodium(l) NHC complex 27, 27

[Na(Cryptand ® o By RhC!
3/2[Rh(cod)Cl],

Sy = %II

c:H3

nB @
N [Na cryptand)]
N 0"

CH 3 ~al

21b 27,27

To a solution of 21b, synthesized according to NRN-533, in methylene chloride, 1.5 equivalent of
[Rh(cod)Cl]. was added as solid at ambient temperature. The reaction mixture was stirred at
ambient temperature for 12 h. Then the solvent was removed in vacuo (2x10~2 mbar) and the residue
washed (twice) with 10 mL of diethyl ether.Subsequent drying in vacuo (2x1072 mbar) furnished a
dark orange solid.

11.25.1.  Sodium([2.2.2]cryptand)[1,3,5,7-Tetra-n-butyl--4,8-dihydro-1,4-
diphosphinine [2,3-d:5,6-d"]bis(imidazole-2,6-ium)-8-ide-4-methoxy-4,8-[tri-
(1,2,5,6-i)-1,5-cyclooctadiene]chlororhodium(1)] (27, 27°)

Chemicals Amounts(g or mL) mmol
21b 159 1.3
[Rh(cod)ClI]2 097¢g 1.9
CHxCl, 20 mL

Reaction code: NRN-502
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Yield: 1.7 g (0.9 mmol) 69%; dark orange solid

Melting point: 102 °C

Elemental composition: Ce7H113Cl3FsNgNaO13P2S2Rh3

Elemental analysis: for Cs7H113Cl3FsNaNgO13P2S2Rhs:

Theor. C 4261 H 6.03 N 445 S 340
EXp. C 4118 H 585 N 422 S 374

Pos. ESI-MS: m/z (%) = 1153.205 (36) [M-CI-2TfO]".

HR-MS: [C47H76C|2N4O|32R|’13]+ calcd (found) 1153.2031 (1153.2043).

IR (ATR.3{cm™}): & = 2984 (m), 2971 (m), 2861 (W), 1545 (s), 1491 (m), 1421 (m), 1327 (s),
1265 (m), 1129 (w), 1069 (s), 978 (s).

IH NMR (500.1 MHz, CD,Cly, 25 °C): & = 1.1- 1.2 (t, 12H, 3Jun = 7.0 Hz, NCH2CH2CH:Me),
1.5- 1.7 (m, 8H, NCH,CH.CHoMe), 2.2-2.4 (m, 24H, cod), 2.5- 2.6 (m, 8H, NCH,CH,CHzMe),
2.9,3.0 (d, 3H, 3Jpps = 12.4 Hz, O-CH), 3.9 (M, 6H, cod), 4.2 (br, 8H, NCH,CH.CH:Me), 5.2 (m,
6H, cod), 9.5 (br, C?-H), 9.7 (br , C%-H).

BC{*H} NMR (125.75 MHz, CD,Cl,, 25 °C): & = 13.5, 13.8(s, NCH2CH,CH,Me) two isomers,
19.9, 20.1 (s, NCH,CH2CH>Me) two isomers, 28.4 (s, cod), 31.3 (br, NCH2CH,CH;Me), 32.7 (s,
cod), 49.9 (d, 3Jpc = 6.3 Hz, NCH,CH,CH:Me), 49.9 (br, NCH,CH.CH;Me), 72.0 (d, *Jrnc = 13.0
Hz, cod), 72.6 (d, 3Jrnc = 13.0 Hz, cod), 73.21 (d, YJrnc = 13.1 Hz, cod), 74.2 (d, Jrnc = 13.2 Hz,
cod), 74.6 (d, *Jrnc = 13.0 Hz, cod), 75.4 (d, 3Jrnc = 13.1 Hz, cod), 113.4 (d, 2Jpc = 9.5 Hz, O-CHj),
121.1 (g, Wpr = 332.7 Hz, CF3), 131.9 (br, P-Cof the middle ring), 133.3 (d, ¥2Jpc = 45.2 Hz, P-
Cof the middle ring), 141.9 (br, H-C?), 142.4 (br, H-C?; 2" isomer).

31p NMR (500.0 MHz, CD,Cly, 25 °C): & = -123.4 (t, *Jrnp = 123.2 Hz), -120.3 (t, *Jrnp = 123.2
Hz) (s), 65.0 (d, *Jrnp= 199.2Hz),64.0(d, *Jrnp= 196.4Hz).
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11.26. Synthesis of 1,4-diphosphabarrelenediselone 28
COQMe
"Bu,_ . /Bu gy Me02C /P B
N~ N MeO,C——=—=—CO,Me SN - N
Se:< | >:Se Toluene, T=60°C Sei/ZP\Z/;
N, N N Se
no. N
e P \ Bu \
Bu "Bu "Bu
19 28

In a Schlenk tube asolutionof 19 in toluene was heated at 60 °C with dimethyl acetylene
dicarboxylate for 1 h. The color of the reaction mixture turned into dark reddish-orange. After
removal of the solvent in vacuo (2x1072 mbar), the residue was washed with n-pentane (thrice5 mL)
and then dried invacuo (2x1072 mbar) to get a pure (orange red) solid.

11.26.1. 7,8-Bis(methoxycarbonyl)-[2,3-d:5,6-d"]bis(1,3-n-butyl-imidazole-2-
selone)-1,4-diphospha-bicyclo[2.2.2]octa-2,5,7-triene (28)

Chemicals Amounts(g or mL) mmol

19 0.1g 0.17

DMAD 0.021 mL 0.17
Toluene 5mL

Reaction code: NRN-418

Yield: 0.115 g (0.16 mmol) 94 %; Orange red.

Melting point: 127 °C

Elemental composition: CogHa2N4O4P,>Se;

Molecular weight: 718.53 g/mol

Elemental analysis: for C2gHs2N4O4P2Se:

Theoretical C 4680 H 589 N 7.79
Experimental C 4716 H 580 N 6.24
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Pos. ESI-MS: 720.0(42) [M] **, 578(100) [M-2CO2Me]*

HRMS: CasHaaN4O4P2Se; theor.(exp.) 720.1012(720.1010)

IR (ATR.B{em™'}): $=2978 (w), 2942 (w), 2821 (w), 1745 (m), 1532. (W), 1479 (w), 1252 (vs),
1208 (m), 1067 (m), 698 (M).

IH NMR (300.1 MHz, CDCls, 25 °C): &= 0.9 (t, 12H, 3Jun = 7.1 Hz, NCH,CH,CH;Me), 1.3-
1.4(m, 8H, NCH,CH2CH;Me), 1.6-1.9 (m, 8H, NCH.CH2CH:Me), 3.8 (s,6H, -CO;Me), 4.3 (t, 8H,
3Jun = 7.6 Hz NCH2CH2CH:Me).

BC{IH} NMR (755 MHz, CDCls, 25 °C): & = 13.8 (s, NCH2CH.CH.Me), 20.1 (s,
NCH.CH2CH;Me), 31.9 (s, NCH2CH2CH:Me), 49.7 (bs, NCH,CH.CH>Me ), 53.2 (s, -CO2Me),
128.7 (d, Xp.c = 58.9 Hz, P-CO,Me), 144.7 (dd, ¥2Jpc = 4.1 Hz_P-C of the middle ring), 160.3 (dd,
2Jpc=12.4 Hz, 2JP,C = 12.1 Hz, Me-CO>) 164.3 (s, C>=Se), 166.1 (dd, 2Jp.c = 16.4 Hz, Me-COy)

3P NMR (121.5 MHz, CDCl3, 25 °C): § =- 86.6 (5)

"SeNMR (57.28 MHz, CDCl3): 38.8(s)

10.27. Reaction of compound 28 with MeOTf
CO,Me CO,Me
MeO,C_// MeO,C
/'Bu /'Bu
”Bu\N -P N/ 2 MeOTf “Bu\N P N
Sei/ ZP\Z/; CH,Cly, rt /Se\(@Zp\Z@ i
N N Se TI0° N N Nse
”Bu/ nm, " e
Bu
nBU "Bu
28 29

Trifluoromethane sulfonate was added to a solution of 28 in methylene chloride at room
temperature. The reaction mixture was stirred for 2 hours, a change in color was observed from
reddish-orange to orange at the end of reaction. After removal of the solvent in vacuo (2x1072
mbar), the residue was washed with n-pentane (twice 10 x mL) to get the product as pure orange
solid.
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11.27.1.  [7,8-Bis(methoxycarbonyl)-[2,3-d:5,6-d"]bis(1,3-"butyl-imidazole-2,6-
bis{(methylselanylium}-1,4-diphospha-bicyclo[2.2.2]octa-2,5,7-
triene]bis(trifluoromethane sulfonate) (29)

Chemicals Amounts(g or mL) mmol
28 109 1.4
MeOTf 0.32 mL 2.8
CH:ClI 20 mL

Reaction code: NRN-425

Yield: 1.40 g (1.3 mmol) 96 %; Orange.

Melting point: 52 °C

Elemental composition: Cs2HagFsN4O10P2S2Se;

Molecular weight: 1046.73 g/mol

Elemental analysis: for CaaHagFsN4O10P2S2Se5:

Theor. C3.72 H 462 N 535 S 6.12

Exp. C3735 H 443 N 462 S 5.69

Pos. ESI-MS: m/z (%) = 899.1(72) [M] ™

HRMS: [CaiHasFsN4O-P,SSe;] theor.(exp.) 899.1002 (899.1011)

IR (ATR,5{cm'}): 9= 3102 (w), 2960.4 (m), 2320 (m), 2049 (m), 1692 (m), 1501 (w), 1312 (s),
1223 (s), 1046 (s), 1018.5 (S), 612 (vs).

'H NMR (300.1 MHz, CDCls, 25 °C): 8= 0.9 (t, 12H, 2Jun = 7.3 Hz, NCH2CH.CH;Me), 1.3-1.4
(m, 8H, NCH2CH2CH,;Me), 1.8-1.9 (m, 8H, NCH,CH,CH:zMe), 2.5 (s, 6H, Se-Me), 3.8 (s,6H, -
CO:Me), 4.5 (t, 8H, 334 = 7.7 Hz NCH,CH2CH;Me).
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13C{IH} NMR (75.5 MHz, CDClI3, 25 °C): & = 11.4 (s, Se-Me), 13.5 (s, NCH.CH.CH;Me), 19.9
(s, NCH2CH2CH,Me), 33.5 (t, *Jp.c = 2.1 Hz, NCH,CH,CH;Me), 51.5 (bs, NCH,CH,CH:Me ), 53.5
(s, -CO2Me), 120.6 (q, *Jpr = 318.2 Hz, CF3), 136.3(br, P-CO2Me), 149.2(dd, ¥2Jpc= 6.9 Hz, ¥2Jp ¢
= 6.7 Hz, P-Cof the middle ring), 160.4 (s, C=Se), 166.1 (dd, 2Jp.c = 16.8 Hz, -CO2Me).

3P NMR (500.1 MHz, CDCls, 25 °C): § =-90.0 (s)

"SeNMR (57.28 MHz, CDCl3): 113.1(s)

11.28. Synthesis of dianionic phosphanido type 1,4 diphosphinine 30

@

) ) R 2[K(Et20)q] R
Bu Bu Bu Bu
\ / \ © /

N P. N 2.2 KCg N P. N
=~ Et,0, r.t
S:< | >:S —2= S:< | | >:S
N~ Np~ N "2Cq N~"Np~ N
/ \ / © \
"Bu "Bu "Bu "Bu
XLXIV 30

To an ethereal solution of XLXIV, 2.2 equivelent of KCgswas added as solids and stirred for 24
hours. Dark reddish-brown precipitate was formed which was filtered off using glass filter paper.
Afterwards the precipitate was dissolved in THF and again filtered to get rid of unreacted KCg and
graphite formed. After removal of the solventin vacuo (2x1072 mbar), a dark reddish-brown powder
was obtained.

11.28.1 Dipotassium(thf)n[1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-diphosphinine[2,3-
d:5,6-d"]bis(imidazole-2,6-dithione)-4,8-diide](30)

Chemicals Amounts(g or mL) mmol
XLXIV 059 1.0
KCs 0.28 g 2.1
Et.O 10 mL

Reaction code: NRN-496, NRN-520
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Melting point: 307 °C

Elemental composition: [C22HzsN4P2S2]? (without [K(Et,0)n]* cations)

IH NMR (500 MHz, THF-ds, 25 °C): § = 1.1 (t, 12H, 3Jun = 7.7 Hz, NCH,CH,CH.Me), 1.4-
1.5(m, 8H, NCH.CH2CH:Me), 1.7 (m, 8H, NCH,CH,CH-Me), 3.9 (br, 8H, NCH,CH,CH.Me).

BC{'H} NMR (755 MHz, THF-ds, 25 °C): § = 13.4 (s, NCH,CH,CH;Me), 20.0 (s,
NCH.CH2CH;Me), 31.3 (s, NCH2CH,CH:2Me), 44.9 (br, NCH2CH.CHzMe ), 128.1 (br, P-C of the
middle ring), 159.9 (br, C?=S).

3P NMR (500.1 MHz, THE-ds, 25 °C): § =- 114.9 (s)

IR (ATR.B{em'}): ¥= 2945 (m), 2930 (m), 2878 (m), 1469 (s), 1462 (w), 1426 (w), 1195 (m),
1060 (m), 1042 (m), 765 (w).

Neg. ESI-MS: m/z(%) = 482.1864 (32) [M]", 483.1936(30) [M+H]

HRMS: [C22H3sN4P2S]? theor.(exp.) 482.1862 (482.1864)
[C22H3sN4P2SH] theor. (exp.) 483.1940 (483.1936)

UV-Vis (THF):Amax [nm] (abs.): 565 (0.09).

11.29. Synthesis of dianionic, tricyclic tetranuclear rhodium(l) complex 31

@
2 [K(thf)n] [Rh] /}Rh] 2 [K( thf)n]

2 KCq 2 [Rhcod)Cl],

s%IIﬁsm“ %IIWF” s%II%s

AN
[Rh] = Rh(cod)Cl) "Bu [R’r{] iRh] Bu

XLXIV 30 31

To an ethereal solution of XL X1V, 2 equivalent of KCg was added as solid and stirred for 24 hours.
A dark reddish brown precipitate was formed, which was then filtered using glass filter paper.
Afterwards, the precipitate was dissolved in THF and again filtered to get rid of unreacted graphite.
Removal of all volatiles in vacuo (2x1072 mbar) afforded a dark reddish brown powder. This was
dissolved in THF, and this freshly prepared solution of 19 was then treated with 2 equivalent of
[Rh(cod)Cl]. at room temperature. The reaction mixture was stirred for 2 hours, then all volatiles
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removed invacuo (2x1072 mbar) to get a dark brown powder which was washed twice with 5mL of
diethyl ether, but still contained some minor impurities.

11.29.1. Di(potassium(thf)n)[1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-diphosphinine[2,3-d:5,6-
d']bis(imidazole-2,6-dithione)-4,8-diide-xP-,xP-]tetrakis[{(1,2,5,6-%)-1,5-
cyclooctadiene}-chlororhodium(1)}] (31)

Chemicals Amounts(g or mL) mmol
XLXIV 0.25¢ 0.5
KCs 0.14¢g 1.0
[Rh(cod)Cl] 0.52¢ 1.0
THF 5mL

Reaction code: NRN-492
Yield: Blackish brown.

Elemental composition: [CssHssN4ClsP2Rh4S2]* (without counter cations [K(thf)a]*")

'H NMR (500 MHz, CD,Clp, 25 °C): & = 0.9 (br, 12H, NCH.CH.CH:Me), 1.5 (m, 8H,
NCH2CH2CH;Me), 2.2 (m, 32H, cod), 2.3 (m, 8H, NCH>CH,CH:Me), 3.3 (m, 8H, cod), 4.6 (br,
8H, NCH2CH2CH:Me), 5.7 (m, 8H, cod).

BC{'H} NMR (75,5 MHz, CD,Clo, 25 °C): & = 13.8 (s, NCH.CH,CH:Me), 20.2 (s,
NCH>CH2CH,Me), 28.2 (s, cod), 31.2 (br, NCH,CH2CH:Me), 32.1 (s, cod), 49.3 (d, 3Jpc = 6.1 Hz,
NCH,CH.CH:Me), 71.6 (d, YJrnc = 16.4 Hz, cod), 125.8 (br, P-C of the middle ring), 131.9(s,
Cc?=9).

3P NMR (121.51 MHz, CD,Cly, 25 °C):8 = - 112.3 (t, Wrnp = 128.7 Hz)

IR (ATR.H{em™'}):0= b = 2974 (m), 2921 (m), 2811 (w), 1505 (s), 1461 (m), 1401 (m), 1317 (s),
1295 (m), 1159 (w), 1029 (s), 889 (s).

Neg. ESI-MS: [Cs4H84C|3N4|32Rh452]'2 theor.(exp.) 1433.0888 (1433.0875).
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11.30 Synthesis of dianionic bis(NHC) 32

(€]

2 [K(thf 2 [K(thf) @
KCg (excess)
THF, T=65°C

s% %s Mt < >
I I -6Cg I ;[
-2 K58
nBu nBu
30 32

To a THFsolution of 30, 4 equivalent of KCg was added as solid and stirred at 65 °C for 48 h. All
volatiles were then removed invacuo (2x 102 mbar). The solution was filtered to remove potassium
sulfide and graphite. All volatiles were then removed from the filtrate invacuo (2x 102 mbar) to get
a solid which was washed with 15 mL of diethyl ether and n-pentane mixture (1:1) (twice). This
resulted in a dark brown powder.

11.30.1 dipotassium(thf)n[1,3,5,7-tetra-n-butyl-4,8-dihydro-1,4-diphosphinine[2,3-d:5,6-
d']bis(imidazole-2,6-diylidene)-4,8-diide](32)

2 [K(thf)n]

<II>

Chemicals Amounts(g or mL) mmol
30 05¢ 1.0
KCs Excess
THF 10 mL

Reaction code: NRN-474, NRN-535

Elemental composition: [C22H3sN4P2]™ (without K(thf), cations)

'H NMR (500 MHz, THF-ds, 25 °C): § = 0.8 (t, 12H, ®Jun = 6.8 Hz, NCH,CH,CH.Me), 1.2 (br,
8H, NCH2CH.CH:Me), 1.6 (br, 8H, NCH2CH,CH>Me), 3.9 (br, 8H, NCH.CH.CH:Me).
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BC{'H} NMR (125.78 MHz, THF-ds, 25 °C): & = 13.5 (s, NCH2CH.CH;Me), 19.9 (s,
NCH,CH2CH;Me), 35.2 (s, NCH2CH,CH:Me), 48.0 (br, NCH,CH,CH:Me ), 130.2 (d, Jpc = 39.2
Hz, P-C of the middle ring), 207.5(br, C?).

3P NMR (500.1 MHz, THF-dg, 25 °C): § = - 117.7 (s), -120.6 (5)

LIEDI-MS: m/z(%) = 422.2 (11) [M+3H] "+

11.31. Synthesis of tricyclic {P(O)OH}-bridgedbis(imidazolium) salt 34, 34’

10 H,0, "By 7B

2 BaCl, 2H,0 N //
CH,Cly, 0 °C to r:t

Se:< >:Se > H4<© @>—H
-2 BaSeO;
-2 HCI DA

nBu Bu 0" OH nBu
19 34, 34

To a methylene chloridesolution of 19, H2O (35 % in water) was added at 0 °C using ice bath. The
reaction mixture was stirred at 0 °C for 30 min, then at ambient temperature for 1 h. The reaction
solution turned to colorless showing thus completion (3!P NMR control). An aqueous solution of
BaClz-2H,0 was added and the mixture stirred for an additional hour. The reaction mixture was
then filtered over a frit equipped with a layer of celite® to remove barium selenite. The filtrate was
concentrated in vacuo (6 x 10 mbar) and, hence, resulted in a white coloured solid which was
washed with n-pentane (2 x 5mL) and dried in vacuo.

11.31.1.  {1,3,5,7-Tetra-n-butyl-4,8-dihydro-1,4-diphosphinine[2,3-d:5,6-d"]bis(imidazole-
2,6-ium)-4,8-dioxo-4,8-dihydroxo} dichloride (34, 34")

Chemicals Amounts(g or mL) mmol
19 0.08¢ 0.14
H20> 0.134 mL 14
BaCl,.2H,0 0.79 0.28
CH.CI; 5mL

Reaction code: NRN-428, NRN-469
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Yield: 0.057 g (0.102 mmol) 72 %; white solid.

Melting point: 168 °C

Elemental composition: C22H42Cl2N4O4P2

Molecular weight: 558.48 g/mol

IH NMR (300.1 MHz, CHsOH-ds, 25 °C): § = 0.9 (t, 12H, 3Jin = 7.3 Hz, NCH,CH,CH;Me), 1.3-
1.4 (m, 8H, NCH,CH,CH;Me ), 2.0-2.1 (m, 8H, NCH2CH,CH,Me ), 4.4 (t, 8H, 3Jup = 7.7 Hz,
NCH2CH.CHzMe), 9.3 (br, 1H, C?-H).

LBC{IH} NMR (755 MHz, CHsOH-ds, 25 °C): § = 12.5 (s, NCH.CH.CH:Me), 19.4 (s,
NCHCH.CH,Me), 31.9 (s, NCH2CH,CHzMe ), 41.5 (br, NCH.CH2CH:Me ), 131.8 (d, ¥2pc =
20.3 Hz_P-C of the middle ring), 133.2 (d, 1Jpc = 20.3 Hz, P-C of the middle ring), 139.3 (t,%Jpc =
6.3 Hz,H-C?).

3P NMR (121.5 MHz, CH3OH-dq, 25 °C): § =-14.1 (s)

IR (ATR.d{cm™'}): 9 = 2864 (m), 2821 (m), 2741 (w), 1605 (s), 1531 (s), 1375 (m), 1265 (s), 1225
(m), 1059 (w), 1001 (s), 841 (s).

pos. ESI-MS: [C22H39N404P2]"theor.(exp.) 485.244 (485.247).

11.32. Synthesis of tricyclic bis(phosphinic acid)-bridgedbis(NHC) 35, 35’

”Bu ”Bu nBu nBu
P

O // 2 KO'Bu % g/
@ @ THF, r.t << >>
( > -2KCl

5 ,L' - 2 'BUOH

nBu
34,34 35, 35

A solution of KO'Bu in THF was added dropwise to a solution of bis(imidazolium) salts 33, 33" in
THF through a double-ended needle over 10 minutes at ambient temperaturewith continuous
stirring. The reaction mixture was then stirred for an additional 3 hours. The THF was removed in
vacuo (2x 10 mbar), and the residue was dissolved with 10 mL of diethyl ether and the solid
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potassium chloride was removed via cannulation. The solvent was then was removed in vacuo (2x
10 mbar) and the residue dried in vacuo (2x 10mbar) to get 35, 35 as pure solid.

11.32.1.  {1,3,5,7-Tetra-n-butyl-4,8-dihydro-1,4-diphosphinine[2,3-d:5,6-d"]bis(imidazole-
2,6-diylidene)-4,8-dioxo-4,8-dihydroxo} (35, 35°)

Chemicals Amounts(g or mL) mmol
33 059 0.90
KO'Bu 0.40¢g 1.9
THF 10 mL

Reaction code: NRN-422

Yield: 0.32 g (0.66 mmol) 73 %; light yellow solid.

Elemental composition: Cz2H3zsN4O4P>

Molecular weight: 484.52 g/mol

'H NMR (300.1 MHz, CDClI3, 25 °C): § =0.9 (t, 12H, 3Jun = 7.4 Hz, NCH.CH,CH2Me), 1.3 - 1.4
(m, 8H, NCH2CH,CH;Me), 1.9 - 2.1 (m, 8H, NCH,CH,CH:Me ), 4.5 (t, 8H, 3Jun = 7.3 Hz,
NCH>CH>CH:Me); the OH resonance signal was not observed.

BC{'H} NMR (75,5 MHz, CDCl;, 25 °C): & = 13.5 (s, NCH.CH.CH;Me), 19.6 (s,
NCH2CH,CHyMe), 32.2 (s, NCH,CH,CH;Me ), 49.9 (br, NCH,CH.CH;Me ), 133.5 (d, Y2Jpc =
18.5 Hz_P-C of the middle ring), 135.6 (d, Jpc = 18.5 Hz, P-C of the middle ring); the carbene
atom resonance could not be detected.

3P NMR (121.5 MHz, CH30H-ds, 25 °C): § =-15.3 (s)
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11.33. Synthesis of tricyclic bis(phosphinic acid)-bridged bis(NHC) silver(l) complexes

36,36’
©., // /* ”Bu\ HO,
CH OH r.t
_@I I@>_ 3—> cl— Ag—<<I I)—Ag —Cl
\
Vay ol on ey
34, 34 36, 36°

To a stirred solution of bis(imidazolium) salts 33, 33’ in methanol, containing molecular sieve
(3A)(to adsorb H20),Ag(l) oxide was added as solid at once at room temperature. The reaction
mixture was then stirred in darkness for 12 h, and the solvent removedin vacuo (2x 102 mbar) to
dryness. It was then subjected to filtration over silica using methanol and methylene chloride
mixture (1:1) to get a clear solution. The solvent was then evaporated in vacuo (2 x 10 mbar)
followed by washing with n-pentane (2 x 5 mL) to get a white solid.

11.33.1. {1,3,5,7-Tetra-n-butyl-4,8-dihydro-1,4-diphosphinine[2,3-d:5,6-d']bis(imidazole-
2,6-ylidene-xC-,xC-)-4,8-dioxo-4,8-dihydroxo}di{chlorosilver(l)} (36,36")

Chemicals Amounts(g or mL) mmol
34, 34! 10g¢ 1.8
Ag:0 0.83g 3.6
MeOH 20 mL

Reaction code: NRN-537

Yield: 1.05 g (1.3 mmol) 75 %; white solid.

Elemental composition: C2:HaAg>Cl2N4O4P>

Molecular weight: 773.16 g/mol

IH NMR (500.1 MHz, CHsOH-ds, 25 °C): § = 1.0 (br, NCH,CH.CH,Me), 1.5 (br, 8H,
NCH.CH,CH;Me ), 2.1 (br, 8H, NCH2CH,CH:Me ), 4.5 (br, NCH,CH2CH:Me).
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13C{1H} NMR (125.78 MHz, CH3OH-ds, 25 °C): & = 12.5 (5, NCHCH.CHzMe), 14.8 (s,
NCH2CH,CH:Me; 2" isomer), 19.4 (s, NCH,CH2CH;Me), 20.0 (s, NCH,CH>CH;Me; 2" isomer),
33.2 (s, NCH,CH2CH:Me),34.2 (s, NCH,CH,CH2Me; 2" isomer),45.6 (br, NCH2CH.CH:Me),
51.2 (br, NCH,CH,CH,Me; 2" isomer), 132.5 (d, Y2Jpc = 21.7 Hz_P-C of the middle ring), 134.5
(d, Y2Jpc = 18.5 Hz, P-C of the middle ring; 2" isomer), 183.4 (br,C?), 184.3 (br, C%; 2" isomer).

31p NMR (202.48 MHz, CH3OH-da, 25 °C): § = - 11.5 (s), -9.4 (s)

Isomer ratio: 1: 0.3
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13.  Appendix

13.1 Crystal data and structure refinement for 65 (NRN-142).

Table 13.1. Crystal data and structure refinement for 6°

Identification code GSTR592// GXray5366
Crystal Habitus clear colourless plate
Device Type Bruker D8-Venture

Empirical formula
Moiety formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o/°

p/e

v/°

Volume/A3

z

Pcalcglcm3
wmm*

CsoHssNeP2Se2
C30 H56 N6 P2 Se2
720.66

123

Triclinic

P-1

9.2393(5)
13.1195(7)
16.0254(7)
74.256(4)
75.947(4)
74.656(4)
1772.13(17)

2

1.351

2.205

174



F(000)

Crystal size/mm?

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

752.0

0.12 x 0.1 x 0.03

Integration

0.5308; 0.8344

MoKa (A =0.71073)

5.374 t0 51.992°

0.982
-11<h<11,-15<k<16,-19<1<19
13026

6846 [Rint = 0.0368, Rsigma = 0.0634]
6846/0/369

1.098

R1=0.0493, wR> = 0.1090
R1=0.0742, wR> = 0.1142
1.00/-0.54

Table 13.2. Bond Lengths for 6°<,

Atom Atom Length/A
Sel C2 1.835(5)
Se2 C13 1.845(5)
P1 N5 1.679(4)
P1 Ccl 1.815(4)
P1 C12 1.822(5)
P2 N6 1.677(4)
P2 c3 1.836(5)
P2 Cl4 1.809(4)
N1 Cc1 1.403(6)
N1 C2 1.354(6)
N1 C4 1.471(6)
N2 C2 1.367(6)
N2 c3 1.381(5)
N2 Cc8 1.471(5)
N3 C12 1.391(6)
N3 C13 1.351(6)
N3 C15 1.471(6)
N4 C13 1.359(6)
N4 Cl4 1.397(6)
N4 C19 1.471(6)
N5 c23 1.486(6)

Atom Atom Length/A
N5 C25 1.461(6)
NG c27 1.480(6)
NG C29 1.472(6)
c1 Cc3 1.370(6)
C4 C5 1.523(7)
Cc5 Cc6 1.539(7)
Cc6 c7 1.520(7)
c8 co 1.520(6)
c9 C10 1.531(6)
C10 Cc11 1.519(7)
C12 Cl4 1.375(6)
C15 C16 1.526(7)
C16 C17 1.509(7)
C17 C18 1.482(11)
C19 C20 1.523(6)
C20 C21 1.525(6)
c21 C22 1.520(7)
c23 C24 1.516(7)
C25 C26 1.531(7)
c27 C28 1.509(7)
C29 C30 1.511(7)
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Table 13.3. Bond Angles for 6°<,

Atom  Atom Atom Angle/ Atom Atom  Atom Angle/®

N5 P1 C1 104.3(2) N2 C2 Sel 126.7(3)
N5 P1 C12 106.4(2) N2 C3 P2 120.3(3)
C1 P1 C12 94.5(2) C1 C3 P2 130.7(3)
N6 P2 C3 111.2(2) C1 C3 N2 106.5(4)
N6 P2 Cl4 104.23(19) N1 C4 C5 112.3(4)
Cl4 P2 C3 95.4(2) C4 C5 C6 111.2(4)
C1 N1 C4 125.2(4) c7 C6 C5 113.4(4)
C2 N1 C1 110.3(4) N2 C8 C9 112.2(4)
C2 N1 C4 124.5(4) C8 C9 C10 110.7(4)
C2 N2 C3 111.1(4) Cl1 C10 C9 112.7(4)
C2 N2 C8 123.2(4) N3 C12 P1 120.4(3)
C3 N2 C8 125.7(4) Cl4 C12 P1 132.9(3)
C12 N3 C15 125.0(4) C14 C12 N3 106.2(4)
C13 N3 C12 111.1(4) N3 C13 Se2 127.1(3)
C13 N3 C15 123.7(4) N3 C13 N4 105.9(4)
C13 N4 Cl4 110.2(4) N4 C13 Se2 126.9(4)
C13 N4 C19 122.6(4) N4 Cl4 P2 120.6(3)
Cl4 N4 C19 127.1(4) C12 Cl4 P2 132.1(4)
C23 N5 P1 117.4(3) C12 Cl4 N4 106.7(4)
C25 N5 P1 124.9(3) N3 C15 Cl6 110.5(4)
C25 N5 C23 116.3(4) C17 C16 C15 114.1(5)
C27 N6 P2 117.4(3) C18 C17 Cl6 113.9(6)
C29 N6 P2 125.2(3) N4 C19 C20 113.6(4)
C29 N6 C27 116.5(4) C19 C20 C21 110.1(4)
N1 C1 P1 120.4(3) C22 C21 C20 112.3(4)
C3 C1 P1 133.0(3) N5 C23 C24 113.2(4)
C3 C1 N1 106.7(4) N5 C25 C26 114.6(4)
N1 C2 Sel 127.8(3) N6 C27 C28 114.8(4)
N1 Cc2 N2 105.4(4) N6 C29 C30 114.1(4)
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13.2

Crystal data and structure refinement for 7% (NRN-157).

Identification code
Crystal Habitus
Device Type

Table 13.4. Crystal data and structure refinement for 7¢

GSTR602// GXray5474 0mO0
clear colourless block
Bruker X8-KappaApexI|

Empirical formula CasHasN4P2Se;
Moiety formula C34 H46 N4 P2 Se2
Formula weight 730.61
Temperature/K 100

Crystal system Monoclinic

Space group P2i/c

alA 18.3842(15)

b/A 17.5919(15)

c/A 22.8537(18)

a/° 90

/e 110.672(4)

v/° 90

Volume/A3 6915.3(10)

z 8

peaicg/cm? 1.403

pw/mm™ 2.260

F(000) 3008.0

Crystal size/mm?® 0.18 x 0.1 x 0.09
Absorption correction Empirical

Tmin; Tmax 0.318422; 0.745907
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Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

MoKa (A = 0.71073)

2.368 t0 56°

1.000
224<h<22,0<k<23,0<1<30
58121

16702 [Rint = 0.3241, Rsigma = 0.2110]
16702/478/866

1.067

R1 = 0.1626, WR; = 0.3642

Ry =0.2772, WR; = 0.4240
1.88/-1.39

Table 13.5. Bond Lengths for 7S

Atom Atom Length/A
Sel C2 1.857(13)
Se2 C20 1.857(12)
P1 c1 1.836(11)
P1 C12 1.820(12)
P1 C18 1.814(12)
P2 C3 1.834(12)
P2 C19 1.818(12)
P2 C29 1.827(11)
N1 c1 1.411(15)
N1 c2 1.405(17)
N1 C4 1.501(19)
N2 C2 1.316(16)
N2 C3 1.434(15)
N2 Ccs 1.415(15)
N3 C18 1.420(14)
N3 C20 1.380(15)
N3 c21 1.439(15)
N4 C19 1.417(14)
N4 C20 1.310(14)
N4 C25 1.461(15)
c1 C3 1.291(16)
c2 Se1S 1.902(13)
C4 C5 1.52(2)
C5 Cé 1.490(9)
C5 C6S 1.679(19)
C6 c7 1.495(9)
c8 Cc9 1.519(15)
Cc9 C10 1.557(17)

Atom Atom Length/A
p2! c3 1.802(11)
P2 C19' 1.848(10)
p2" C29 1.832(9)
N1’ cl 1.423(14)
N1 c2 1.356(13)
N1 o 1.506(18)
N2 c2 1.341(14)
N2 Cc3 1.412(13)
N2 cs 1.490(14)
N3' C18 1.433(12)
N3' C20' 1.346(13)
N3 c21' 1.441(12)
N4' C19' 1.413(13)
N4' C20' 1.379(13)
N4' C25' 1.470(15)
c1 c3 1.305(14)
o C5' 1.46(2)
C5' C6' 1.58(3)
C5' C6T 1.58(3)
C6' Cc7 1.53(3)
c7T C6T 1.503(9)
cs o) 1.505(17)
co' c10' 1.552(17)
C10 C11' 1.518(9)
c1o' C11T 1.513(9)
c12 C13 1.409(15)
c12 c17 1.373(13)
c13' c14' 1.384(15)
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C10 Cl1 1.51(3) C14' C15' 1.358(15)
C10 C11S 1.513(9) C15' Cle' 1.390(15)
C12 C13 1.392(16) Cle' cir 1.343(13)
C12 C17 1.436(13) c1s8 Cc19 1.321(13)
C13 Cl4 1.383(17) Cc20' Se2T 1.759(11)
Cl4 C15 1.391(15) c21' Cc22 1.537(13)
C15 C16 1.386(15) c22 c23 1.543(13)
C16 C17 1.365(14) c23 c24 1.487(9)
C18 C19 1.316(16) c23 C24T 1.514(9)
C25 C26 1.540(16) C25' C26' 1.512(17)
C26 c27 1.535(16) C26' car 1.535(19)
c27 C28 1.513(6) car czg8 1.500(9)
c27 C28S 1.515(9) Cc29' C30 1.395(11)
C29 C30 1.432(15) Cc29 c34 1.426(14)
C29 C34 1.375(17) C30' car 1.366(14)
C30 C31 1.350(13) C31' Cc3z2' 1.385(15)
C31 C32 1.377(15) Cc32 C33 1.389(15)
C32 C33 1.415(18) C33 c34 1.373(15)
C33 C34 1.341(17) C7S C6S 1.503(9)
Sel' c2 1.825(11) C21 C22 1.561(18)
Se2' c20' 1.904(10) C22 C23 1.503(9)
P1' Ccr 1.838(11) C23 C24 1.510(9)
P1' c12 1.832(10) C23 C24S 1.520(9)
P1' C1s8 1.792(10)

Table 13.6. Bond Angles for 7°5,
Atom Atom Atom Angle/’ Atom Atom Atom Angle/*
C12 P1 C1 101.8(5) C29' p2' C19 102.3(4)
C18 P1 C1 94.3(5) Ccr N1' c4' 127.6(10)
C18 P1 C12 104.8(5) Cc2' N1' Ccr 109.0(9)
C19 P2 C3 93.6(5) cz2 N1' c4' 123.2(10)
C19 P2 C29 104.2(5) Cc2' N2' C3 112.9(9)
C29 P2 C3 103.9(5) Cc2' N2' c8' 123.5(9)
C1 N1 C4 125.7(11) C3 N2' c8' 123.4(9)
C2 N1 C1 106.4(10) c18 N3' car 125.2(8)
C2 N1 C4 127.9(12) c20' N3’ C18 110.7(8)
C2 N2 C3 108.4(10) c20' N3' ca1 124.1(8)
C2 N2 C8 121.8(11) C19 N4' Cc25' 128.7(9)
C8 N2 C3 129.8(10) c20' N4' C19 108.0(8)
C18 N3 C21 126.0(10) Cc20' N4' C25' 123.2(9)
C20 N3 C18 108.5(9) N1' Cl P1' 118.3(8)
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C20
C19
C20
C20
N1
C3
C3
N1
N1
N2
N2
N2
N2
C1
Cl
N1
C4
C6
C5
N2
C8
Cl1
C11S
C13
C13
C17
C14
C13
Cl6
C17
Cl6
N3
C19
C19
N4
C18
C18
N3
N4
N4
N4

N3
N4
N4
N4
C1
C1
Cl
C2
C2
C2
C2
C2
C3
C3
C3
C4
C5
C5
C6
C8
C9
C10
C10
C12
C12
C12
C13
Cl4
C15
Cle
C17
C18
C18
C18
C19
C19
C19
C20
C20
C20
C25

Cc21
C25
C19
C25
P1
P1
N1
Sel
SelS
Sel
N1
SelS
P2
P2
N2
C5
C6S
C4
C7
C9
C10
C9
C9
P1
C17
P1
C12
C15
Ci14
C15
C12
P1
P1
N3
P2
P2
N4
Se2
Se2
N3
C26

125.5(10)
125.0(9)
110.7(9)
124.2(10)
119.6(8)
130.7(9)
109.0(10)
113.8(9)
131.8(10)
137.9(10)
107.9(11)
120.2(10)
116.6(8)
133.6(9)
108.3(10)
113.0(11)
121.3(11)
94.5(10)
127.7(13)
114.9(10)
113.5(9)
107.0(12)
110.8(13)
118.3(8)
118.3(10)
123.5(9)
120.4(11)
120.4(12)
120.2(11)
120.3(9)
120.5(10)
119.1(8)
133.4(10)
107.0(10)
120.3(8)
130.8(9)
107.3(10)
124.6(8)
128.9(9)
106.4(10)
114.9(9)

C3'
C3'
N1'
N2'
N2'
N2'
Cl
Cl
C5'
C4'
c4'
cr
N2'
C8'
cir
Cl1T
C13
C17
cir
c14
C15
C14
C17
Cle'
N3'
Cc19
C19
N4'
c18
C18'
N3'
N3'
N3'
N4'
N4'
N3'
c21
c24
C24T
N4'
C25'
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Cl'
Cl'
Cc2'
c2'
c2'
C3'
C3'
C3'
c4'
C5'
C5'
Co6'
C8'
Cc9'
C10'
C10
C12'
C12'
C12'
C13
c14'
C1%5'
Cle'
cir
c18'
c18'
C18'
C19'
C19
C19'
ca0
ca0
ca0
ca0
ca0
ca21r
c22'
c23
ca3'
c25'
C26'

P1'
N1'
Sel'
Sel'
N1'
p2'
p2'
N2'
N1'
C6'
CeT
C5'
co
ci10
co
co
Pl
P1'
Cc13
ci1z2
Cc13
C16'
C15'
ci1z2
Pl
Pl
N3'
p2'
p2'
N4'
Se2'
N4'
Se2T
Se2'
Se2T
c22'
c23
c22'
c22'
Cc26'
car

131.8(9)
109.2(9)
127.5(8)
128.2(8)
104.2(9)
121.6(7)
132.8(8)
104.6(9)
114.0(13)
128.4(16)
94.2(13)
107.5(16)
112.9(9)
113.6(10)
102.8(10)
112.0(12)
116.8(7)
125.3(8)
117.8(9)
120.5(10)
119.3(10)
120.6(10)
119.9(10)
121.9(10)
121.0(7)
132.9(8)
105.4(8)
118.5(7)
131.1(8)
109.7(9)
132.4(7)
106.1(8)
120.8(8)
121.4(8)
132.4(8)
113.0(8)
113.7(8)
114.6(10)
110.4(12)
112.5(9)
111.1(9)



c27 C26 C25 113.9(9) c2g8' car C26' 110.9(12)
c28 c27 C26 112.7(10) C30' C29' P2' 124.8(8)
c28s  C27 C26 100.8(10) C30' C29' C34 118.9(8)
C30 C29 P2 123.4(9) C34' C29' P2' 116.3(6)
C34 C29 P2 120.6(9) C31' C30' c29' 120.6(9)
C34 C29 C30 116.0(10) C30' C3t C32' 120.4(9)
C31 C30 C29 121.3(10) C31' C32' C33' 120.3(10)
C30 C31 C32 121.1(10) C34' C33' C32' 120.3(10)
C31 C32 C33 118.1(11) C33' C34' c29' 119.5(8)
C34 C33 C32 120.1(13) C78 C6S C5 109.3(13)
C33 C34 C29 123.3(13) crT CeT C5' 121.5(16)
C12 P1’ Cl 105.3(5) N3 C21 C22 115.4(9)
C18 Pl Cl 94.2(5) C23 C22 c21 111.5(10)
C18 P1 C12 101.8(4) C22 C23 C24 98.9(12)
C3' p2' C19 94.0(5) C22 C23 C24S  125.7(14)
C3' p2' C29 103.8(4)
13.3  Crystal data and structure refinement for 9"

Identification code
Crystal Habitus

Device Type

Empirical formula
Moiety formula
Formula weight

Table 13.7. Crystal data and structure refinement for 9t

GSTR619// GXray5630f
clear light yellow block
Bruker X8-KappaApexl|

C30Hs56N6O2P>

C30 H56 N6 02 P2

594.74
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Temperature/K
Crystal system
Space group
alA

b/A

c/A

a/°

pre

v/°

Volume/A®

Z

pcalcg/ cm?®
wmm

F(000)

Crystal size/mm?®

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/®
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

100
monoclinic
P2i/c
8.6880(5)
20.2501(11)
9.9593(5)
90
104.166(2)
90
1698.89(16)
2

1.163

0.163

648.0
0.22x0.21 x0.16

empirical

0.6810; 0.7462

MoKa (A = 0.71073)

5.238 t0 55.996°

0.998
-11<h<11,-26<k<26,-13<1<13
52094

4102 [Rint = 0.0322, Rsigma = 0.0161]
4102/0/185

1.111

R: = 0.0387, WR, = 0.0943

R1 = 0.0417, wR; = 0.0966
0.34/-0.30

Table 13.8. Bond Lengths for 9trans

Atom Atom

P 0]

P N3
P C1
P c2!
N1 C2
N1 C3
N1 C4
N2 C1
N2 C3

Length/A
1.4769(9)

1.6448(11)
1.7921(13)
1.8000(13)
1.3966(16)
1.3686(17)
1.4695(16)
1.3971(16)
1.3674(17)

Atom

N3
Cl
Cc2
C4
C5
C6
C8
C9
C10
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Atom
Cl4
C2

Pl

C5
C6
C7
C9
C10
C11

Length/A
1.4709(16)
1.3688(17)
1.8000(13)
1.5234(17)
1.5262(18)
1.519(2)

1.5245(19)
1.5220(19)
1.525(2)



N2 C8 1.4715(16) C12 C13 1.511(2)
N3 C12 1.4734(16) Cl4 C15 1.523(2)
Table 13.9. Bond Angles for 9trans
Atom  Atom  Atom  Angle/ Atom  Atom  Atom  Angle/
@] N3 112.46(5) N2 C1 P 125.34(9)
@] P Cl 115.25(6) C2 C1 P 128.57(10)
@] P c2! 112.77(6) C2 C1 N2 106.09(11)
N3 P Cl 105.66(6) N1 c2 p! 124.04(9)
N3 P c2! 108.74(6) Cl C2 p! 130.28(10)
C1 P c2! 101.11(6) Cl c2 N1 105.62(11)
C2 N1 C4 125.52(11) N2 C3 N1 102.40(11)
C3 N1 C2 113.08(10) N1 C4 C5 114.40(11)
C3 N1 C4 121.39(11) C4 C5 C6 110.28(11)
Cl N2 C8 125.53(11) Cc7 Cé6 C5 113.04(13)
C3 N2 Cl 112.80(11) N2 C8 C9 113.60(11)
C3 N2 C8 121.63(11) C10 C9 C8 114.42(11)
C12 N3 P 120.28(9) C9 C10 Cl1 111.59(12)
Cl4 N3 P 120.25(9) N3 C12 C13 112.80(12)
Cl4 N3 C12 117.17(10) N3 Cl4 C15 113.84(12)
13.4  Crystal data and structure refinement for 10cta",

Table 13.10. Crystal data and structure refinement for 10¢'a"s,

Identification code
Crystal Habitus
Device Type
Empirical formula

GSTR670// GXray5974h
clear colourless plank
Bruker APEX-11 CCD
Cs2HeoNsO2P2ClsAuz
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Moiety formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o/°

pr°

v/°

Volume/A?

z

Pcalcg/Cm3
wmm™

F(000)

Crystal size/mm?

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/®
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Table 13.11. Bond Lengths for 10cta,

C30 H56 Au2 CI2 N6 02 P2, 2(C H2 CI2)

1229.43

100

Triclinic

P-1
10.0790(10)
10.7792(11)
34.650(4)
87.642(3)
87.059(3)
64.781(3)
3400.4(6)

3

1.801

6.924

1800.0

0.28 x 0.18 x 0.14
Empirical
0.0057; 0.1854
MoKa (A =0.71073)
1.178 t0 50.5°
0.999

-12<h<12,-12<k<12,-41 <1<4l

72074

12268 [Rint = 01066, Rsigma = 00747]

12268/81/689
1.244

R1=0.0892, wR, = 0.1809
R1=0.1015, wR, = 0.1861

4.79/-7.94

Atom Atom Length/A
Aul Aut 3.2600(9)
Aul il 2.278(4)

Aul C2 1.996(15)
Au2 CI2 2.286(4)

Au2 C13 1.966(17)
P1 01 1.474(12)
P1 N5 1.604(15)

Atom
C17
C19
C20
Cc21
C23
C25
C27
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Atom
C18
C20
C21
C22
C24
C26
C28

Length/A
151(3)
1.52(3)
1.50(2)
1.55(3)
1.52(2)
1.51(2)
1.47(3)



P1 c1 1.801(16) C29 C30 1.55(3)

P1 C12 1.775(14) Au3 Au3? 3.1601(13)
P2 02 1.454(13) Au3 CI3 2.287(4)
P2 N6 1.643(19) Au3 C32 1.984(17)
P2 Cc3 1.789(15) P3 03 1.453(12)
P2 Cl4 1.801(16) P3 N9 1.624(16)
N1 c1 1.389(19) P3 Cc31 1.788(16)
N1 c2 1.345(19) P3 C33° 1.784(16)
N1 C4 1.45(2) N7 Cc31 1.400(19)
N2 C2 1.349(19) N7 C32 1.35(2)
N2 Cc3 1.38(2) N7 C34 1.47(2)
N2 c8 1.45(2) N8 C32 1.35(2)
N3 C12 1.415(19) NS C33 1.39(2)
N3 C13 1.38(2) NS C38 1.48(2)
N3 C15 1.481(19) N9 C42 1.47(2)
N4 C13 1.34(2) N9 C44 1.49(2)
N4 C14 1.367(19) c31 C33 1.39(2)
N4 C19 1.471(19) C34 C35 1.48(3)
N5 c23 1.50(2) C35 C36 1.44(3)
N5 C25 1.45(2) C36 C37 1.52(3)
NG c27 1.49(3) C38 C39 1.51(2)
NG c29 1.45(2) C39 C40 1.50(3)
c1 Cc3 1.36(2) C40 c41 1.51(3)
C4 c5 1.53(3) C42 C43 1.53(2)
c5 Cc6 1.52(2) C44 C45 1.51(3)
Cc6 c7 1.50(3) Cl4 C46 1.745(19)
cs c9 1.56(3) CI5 C46 1.771(18)
c9 C10 1.48(3) Cl6 C47 1.81(2)
C10 c11 1.58(4) CI7 C47 1.76(2)
C12 Cl4 1.38(2) Cl8 C48 1.76(2)
Cc15 C16 1.51(2) Cl9 C48 1.74(3)
C16 C17 1.54(2)

L1+X,1+Y,+Z; 21-X,1-Y,1-Z; 3-X,2-Y,1-Z

Table 13.12. Bond Angles for 10cta",

Atom  Atom  Atom  Angle/’ Atom  Atom  Atom  Angle/

Cl1 Aul Au2? 100.77(11) N3 C13 Au?2 126.7(12)
C2 Aul Au2? 83.6(5) N4 C13 Au2 128.8(12)
C2 Aul Cl1 175.6(5) N4 C13 N3 104.2(14)
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Cl2
C13
C13
01
01
01
N5
N5
Ci12
02
02
02
NG
N6
C3
C1
C2
C2
C2
C2
C3
C12
C13
C13
C13
C13
C14
C23
C25
C25
C27
C29
C29
N1
C3
C3
N1
N1
N2
N2
C1

Au?2
Au?2
Au2
P1
P1
P1
P1
P1
P1
P2
P2
P2
P2
P2
P2
N1
N1
N1
N2
N2
N2
N3
N3
N3
N4
N4
N4
N5
N5
N5
N6
N6
N6
C1
C1
C1
C2
C2
C2
C3
C3

Aul?
Aul?
Cl2
N5
C1
C12
C1
C12
C1
N6
C3
Cl14
C3
Cl4
Cl4
C4
C1
C4
C3
C8
C8
Ci15
C12
Ci15
Cl4
C19
C19
P1
P1
C23
P2
P2
c27
P1
P1
N1
Aul
N2
Aul
P2
P2

101.05(11)
82.0(5)
176.8(5)
113.4(7)
11<2.6(7)
110.1(7)
108.5(7)
112.1(7)
99.3(7)
114.5(8)
116.3(7)
112.8(7)
104.8(8)
106.7(7)
100.3(7)
126.3(13)
110.1(12)
123.2(13)
110.1(13)
122.9(13)
126.9(13)
125.6(12)
111.4(12)
122.6(13)
112.3(14)
122.4(13)
125.2(13)
121.0(12)
121.1(11)
117.5(14)
119.7(12)
120.6(17)
119.1(19)
123.5(11)
129.8(12)
106.6(13)
127.0(11)
106.4(13)
126.6(11)
122.6(11)
129.6(12)

N4
N4
Ci12
N3
C15
C18
N4
C21
C20
NS
N5
C28
N6
CI3
C32
C32
0K
OK
0K
N9
N9
C33*
C3l
C32
C32
C32
C32
C33
C42
C42
C44
N7
C33
C33
N7
N7
N8
N8
C3l
C3l
N7
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Cl4
Cl4
Ci14
C15
Cl16
C17
C19
C20
C21
C23
C25
C27
C29
Au3
Au3
Au3
P3

P3

P3

P3

P3

N7
N7
N7
N8
N8
N8
N9
N9
N9
C31
C31
C31
C32
C32
C32
C33
C33
C33
C34

P2
C12
P2
Cl6
C17
Cl6
C20
C19
C22
C24
C26
N6
C30
Au3?
Au3?
CI3
N9
C31
C33*
C31
C33*
C31
C34
C31
C34
C33
C38
C38
P3
C44
P3
P3
P3
N7
Au3
N8
Au3
p3*
p3*
N8
C35

123.9(12)
108.3(13)
127.8(11)
110.0(13)
111.9(15)
113.8(15)
111.8(15)
110.5(18)
110.2(18)
113.2(14)
114.4(15)
113.1(15)
113(2)
101.22(11)
83.1(5)
175.4(5)
114.7(7)
113.5(7)
114.8(7)
107.5(7)
104.6(7)
100.2(7)
125.9(13)
111.1(13)
122.8(13)
111.5(14)
122.9(13)
125.3(13)
121.9(12)
117.3(16)
119.7(13)
125.1(11)
128.9(12)
106.0(13)
129.2(12)
105.5(14)
125.3(12)
123.3(12)
130.7(13)
105.8(13)
115.2(19)



C1 C3 N2 106.9(13) C36 C35 C34 125(3)
N1 C4 C5 110.0(15) C35 C36 C37 113(3)
C6 C5 C4 112.8(17) N8 C38 C39 111.3(13)
C7 C6 C5 113.1(18) C40 C39 C38 114.4(17)
N2 C8 C9 110.3(15) C39 C40 C41 114.2(17)
C10 C9 C8 114(2) N9 C42 C43 115.2(14)
C9 C10 Cl11 108(2) N9 C44 C45 113.4(18)
N3 C12 P1 124.8(10) Cl4 C46 ClI5 111.4(10)
Cil4 C12 P1 131.4(11) Cl7 C47 Clé 108.9(11)
Cl4 C12 N3 103.7(12) Cl9 C48 CI8 110.7(12)
L1+X,1+Y,+Z; 21+ X,-1+Y +Z; °1-X,1-Y,1-Z; *-X,2-Y 1-Z
13.5 Crystal data and structure refinement for 122" (NRN-166).

Table 13.13. Crystal data and structure refinement for 12tans,

Identification code

Crystal Habitus

Device Type
Empirical formula

Moiety formula
Formula weight
Temperature/K
Crystal system

Space group

alA
b/A
c/A

GSTR606// GXray5510
clear colourless needle

STOE IPDS-2T
CagHs3ClsF3N4O3P2SSes

C35 H49 N4 P2 Se2, 2(CH2 CI2), CF3 03 S
1064.56

123

monoclinic

Pc

8.3944(4)

14.2835(9)

19.7123(9)

187



o

o/
pr°

v/°

Volume/A3

z

Peaicg/cm?®

w/mm

F(000)

Crystal size/mm?

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

90

97.948(3)

90

2340.8(2)

2

1.510

1.972

1084.0

0.4 x0.03 x 0.02
integration

0.3551; 0.8479

MoKa (A =0.71073)

5.67 to 50.5°

0.999
-10<£h<9,-17<k<17,-23<1<23
14955

7812 [Rint = 0.1102, Rsigma = 0.1094]
7812/2/519

0.945

R1 =0.0587, wR, = 0.1312
R1=0.0794, wR2 = 0.1399
0.62/-1.08

0.007(17)

Table 13.14. Bond Lengths for 12trans,

Atom Atom Length/A
Sel C2 1.888(13)
Sel c8 1.953(12)
Se2 Cl4 1.818(13)
P1 Ccl 1.801(13)
P1 C13 1.815(13)
P1 C24 1.819(11)
P2 Cc3 1.823(12)
P2 C15 1.832(12)
P2 C30 1.830(11)
N1 Ccl 1.381(16)
N1 c2 1.345(16)
N1 c4 1.491(14)
N2 c2 1.331(15)
N2 Cc3 1.377(16)
N2 co 1.500(14)

Atom Atom
C16 C17
C17 C18
C18 C19
C20 Cc21
Cc21 C22
C22 C23
C24 C25
C24 C29
C25 C26
C26 c27
c27 C28
C28 C29
C30 C31
C30 C35
C31 C32
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Length/A
1.522(16)
1.511(16)
1.508(19)
1.526(16)
1.500(17)
1.496(18)
1.401(16)
1.409(15)
1.383(18)
1.381(17)
1.374(18)
1.394(17)
1.428(16)
1.385(16)
1.382(17)



N3 Cl4 1.396(15) C32 C33 1.375(19)

N3 C13 1.386(16) C33 C34 1.391(18)

N3 C16 1.459(15) C34 C35 1.381(17)

N4 Cl4 1.344(16) Cl1 C37 1.78(2)

N4 C15 1.366(16) Cl2 C37 1.713(18)

N4 C20 1.491(14) Cl4 C38 1.766(13)

C1 C3 1.373(16) Cl14 C38 1.738(15)

C4 C5 1.497(15) S 01 1.452(8)

C5 C6 1.533(17) S 02 1.421(10)

C6 C7 1.531(19) S 03 1.445(9)

C9 C10 1.525(16) S C36 1.829(14)

C10 Cl1 1.513(16) F1 C36 1.313(17)

Cl1 C12 1.495(18) F2 C36 1.331(17)

C13 C15 1.371(15) F3 C36 1.368(15)
Table 13.15. Bond Angles for 12tans,

Atom Atom Atom Angle/* Atom Atom Atom Angle/*

C2 Sel C8 97.7(5) N4 C15 P2 121.7(8)

C1 P1 C13 95.7(5) N4 C15 C13 107.3(10)

Cl P1 C24 101.6(5) C13 C15 P2 130.7(10)

C13 P1 C24 100.5(5) N3 C16 C17 114.3(9)

C3 P2 C15 96.4(5) C18 C17 C16 112.5(9)

C3 P2 C30 100.9(5) C19 C18 C17 113.8(10)

C30 P2 C15 100.5(5) N4 C20 Cc21 112.5(9)

C1 N1 C4 123.7(10) C22 Cc21 C20 112.5(9)

C2 N1 C1 111.3(10) C23 C22 C21 112.5(10)

C2 N1 C4 124.9(10) C25 C24 P1 118.7(8)

C2 N2 C3 110.2(10) C25 C24 C29 118.5(10)

C2 N2 C9 124.9(10) C29 C24 P1 122.8(8)

C3 N2 C9 124.8(10) C26 C25 C24 120.9(11)

Cl4 N3 C16 123.4(10) C27 C26 C25 120.5(12)

C13 N3 C14 109.8(10) C28 Cc27 C26 119.3(12)

C13 N3 C16 126.5(10) Cc27 C28 C29 121.7(11)

Cl4 N4 C15 111.9(9) C28 C29 C24 119.1(11)

Cl4 N4 C20 122.8(10) C31 C30 P2 121.9(9)

C15 N4 C20 124.2(10) C35 C30 P2 118.5(8)

N1 Cl P1 121.9(8) C35 C30 C31 119.6(10)

C3 C1 P1 132.8(10) C32 C31 C30 118.5(11)

C3 C1 N1 104.8(10) C33 C32 C31 121.1(11)

N1 C2 Sel 124.8(9) C32 C33 C34 120.4(11)

N2 C2 Sel 128.6(9) C35 C34 C33 119.8(11)
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N2 C2 N1 106.2(11) C34 C35 C30 120.5(10)
N3 Cl4 Se2 126.6(9) CI2 C37 Cl1 110.9(9)
N4 Cl4 Se2 128.7(9) Cl14 C38 Cl4 109.9(7)
N4 Cl4 N3 104.7(10) 01 S C36 102.6(6)
N2 C3 P2 121.5(8) 02 S Ol 115.8(6)
Cl C3 P2 131.0(10) 02 S 03 114.3(6)
Cl C3 N2 107.5(10) 02 S C36 104.1(6)
N1 C4 C5 111.8(8) 03 S 01 114.6(5)
C4 C5 C6 112.0(9) 03 S C36 103.0(6)
C7 C6 C5 112.3(10) F1 C36 S 112.5(9)
N2 C9 C10 112.5(9) F1 C36 F2 108.3(12)
Cl1 C10 C9 111.7(9) F1 C36 F3 108.3(12)
C12 Cl1 C10 112.1(10) F2 C36 S 112.1(10)
N3 C13 P1 121.0(8) F2 C36 F3 105.6(11)
C15 C13 P1 132.4(10) F3 C36 S 109.8(9)
C15 C13 N3 106.4(11)
13.6.  Crystal data and structure refinement for 14" (NRN-176).

Table 13.16. Crystal data and structure refinement for 14ans,

Identification code

Crystal Habitus

Device Type
Empirical formula

Moiety formula

GSTR632// GXraycu_5761f
clear colourless plate
Bruker D8-Venture

Ca2HasKoNgP2S4

C42 H94 K2 N8 P2 S4
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Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o

o/
pre

v/°
Volume/A®
Z
Peaicg/cm?®
wmm™

F(000)

Crystal size/mm?

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

979.63

150.0

Triclinic

P-1

12.4708(4)

12.6826(4)

21.2636(7)

92.658(2)

93.180(2)

117.487(2)

2969.01(17)

2

1.096

3.480

1068.0

0.17 x 0.09 x 0.04
Empirical

0.4679; 0.7536

CuKa (A= 1.54178)

7.884 t0 135.492°

0.998
-14<h<14,-15<k<15,-25<1<25
98448

10751 [Rint = 0.0940, Rsigma = 0.0440]
10751/231/642

1.021

R1 = 0.0826, wR2 = 0.2259
R1 =0.1082, wR2 = 0.2489
0.66/-0.94

Table 13.17. Bond Lengths for 14tans,

Atom
K1
K1
K1
K1
K1
K1
K1
K1

Atom

s1t
S1
s2!
N1
N2
N7
N7
C1

Length/A Atom Atom
3.6556(17) sS4 C425
3.6170(17) S4 C41S
3.6580(17) P1 N5
3.032(4) P1 Cc1
3.124(4) P1 C13
2.861(4) P2 NG
2.727(4) P2 c2
3.173(4) P2 C12
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Length/A
1.784(2)
1.782(2)
1.678(4)
1.812(5)
1.804(5)
1.677(4)
1.820(4)
1.805(5)



K1
K1
K1
K1
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
Sl
Sl
Sl
Sl
Sl
S2
S2
S2
S2
S2
S2
S2
S2
S3
S3
S3
S3
S3
S3
S3
S3
S4
S4
S4
S4
S4
S4

C2
C3
c32*
C33
K22
S3?
S3
S4
S4?
N8
NER
C14
C37
C42
C42S
K1t
N7
C31
C32
C33
K1t
N7
C34
C35
C36
C34S
C35S
C36S
K22
N8
C37
C38
C39
C37S
C38S
C39S
K22
N8
C40
C41
C42
C40S

3.244(4)
3.505(5)
3.317(6)
3.386(7)
3.636(2)
3.566(2)
3.658(2)
3.619(2)
3.7808(19)
2.769(4)
2.800(4)
2.905(5)
3.249(13)
3.539(15)
3.174(17)
3.6555(17)
1.665(4)
1.875(7)
1.7926(10)
1.871(7)
3.6579(17)
1.675(4)
1.808(15)
1.912(14)
1.916(16)
1.893(15)
1.815(15)
1.873(16)
3.566(2)
1.656(4)
1.947(12)
1.7904(10)
1.826(17)
1.7901(10)
1.781(2)
1.74(3)
3.7808(19)
1.675(4)
1.932(12)
1.804(9)
1.826(12)
1.87(3)

N1
N1
N1
N2
N2
N2
N3
N3
N3
N3
N4
N4
N4
N5
N5
N6
N6
N7
N8
Cl
C4
C5
C6
C8
C9
C10
C12
C15
Cl6
C17
C18
C19
C20
C21
C23
C25
Cc27
C29
C32
C15S
C16S
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C1
C3
C4
C2
C3
C8
C12
Cl4
C15
C15S
C13
Cl4
C19
C23
C25
C27
C29
K1t
K22
Cc2
C5
C6
C7
C9
C10
Cl1
C13
Cl6
C17
C18
C17S
C20
C21
C22
C24
C26
C28
C30
K1t
C16S
C17S

1.427(5)
1.450(6)
1.474(6)
1.418(5)
1.460(6)
1.453(6)
1.396(6)
1.355(7)
1.416(11)
1.62(3)
1.394(6)
1.357(6)
1.459(7)
1.467(6)
1.464(7)
1.463(7)
1.478(7)
2.861(4)
2.800(4)
1.354(6)
1.512(7)
1.527(8)
1.455(11)
1.528(8)
1.490(9)
1.402(12)
1.366(7)
1.503(8)
1.515(14)
1.432(12)
1.94(3)
1.495(9)
1.484(12)
1.4992(10)
1.507(8)
1.508(8)
1.489(9)
1.521(9)
3.317(6)
1.58(3)
1.53(3)



11-X,1-Y,1-Z; 21-X,-Y ,-Z

Table 13.18. Bond Angles for 14ans,

Atom
S1
S1
S1t
N1
N1
N1
N1
N1
N1
N1
N1
N1
N2
N2
N2
N2
N2
N2
N2
N2
N7t
N7
N7!
N7
N7
N7t
N7t
N7
N7t
N7
N7
N7t
N7
N7
N7!
N7t
N7
N7

Atom
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1

Atom
S1t
S2t
s21
S1t
S1
S2t
N2
C1
C2
C3
c32!
C33
S1t
S1
s2!
C1
C2
C3
c32!
C33
S1t
S1
S1
S1t
S2t
s2t
N1
N1
N2
N2
N7t
C1
C1
C2
C2
C3
C3
c32!

Angle/’
117.51(3)
98.57(4)
48.89(4)
142.97(8)
96.75(7)
143.44(8)
42.78(10)
26.47(10)
42.08(10)
24.28(10)
114.09(8)
81.03(15)
122.22(8)
114.47(8)
100.74(8)
41.65(11)
25.64(10)
24.60(10)
106.81(13)
85.15(14)
26.15(8)
25.90(9)
100.57(8)
102.35(9)
104.86(9)
26.33(8)
161.45(11)
103.38(11)
122.01(11)
135.08(11)
95.12(11)
136.84(12)
123.54(12)
145.37(12)
119.38(11)
145.15(12)
111.89(12)
115.64(15)

Atom
C35S
C35S
C35S
C35S
C36S
C36S
C36S
K22
N8
N8
N8
N8
N8
N8
N8
N8
C37
C37
C38
C38
C38
C38
C39
C39
C39
C37S
C37S
C38S
C38S
C38S
C39S
C39S
C39S
C39S
K2
N8
N8
N8

193

Atom
S2
S2
S2
S2
S2
S2
S2
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3

Atom
K1t
K1
C34S
C36S
K1t
K1
C34S
K2
K22
K2
C37
C38
C39
C37S
C38S
C39S
K22
K2
K22
K2
C37
C39
K2
K22
C37
K22
K2
K2
K22
C37S
K2
K22
C37S
C38S
K22
K22
K2
C40

Angle/’
162.6(6)
101.9(7)
108.7(8)
102.8(8)
79.2(6)
78.5(6)
104.9(8)
60.43(4)
49.84(15)
45.75(16)
107.9(4)
113.8(4)
118.1(6)
117.9(10)
115.4(10)
122.1(10)
94.3(4)
62.3(4)
68.8(4)
122.3(4)
97.9(6)
113.6(7)
123.3(6)
162.2(6)
102.6(7)
71.4(10)
92.0(11)
155.1(10)
124.3(10)
112.8(15)
87.2(11)
140.6(11)
89.4(16)
94.7(15)
58.81(4)
43.02(15)
47.21(15)
114.9(4)



N7!
N7!
N7
C1
C1
C1
C1
C1
C1
C1
C2
C2
C2
C2
C2
C2
C3
C3
C3
Cc32!
Cc32!
Cc32!
Cc32!
Cc32!
C33
C33
C33
C33
K22
K22
S3?
S3?
S3?
S3
S3?
S4
S4
S4
N8
NEE
N8?
N8

K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K1
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2

Cc32!
C33
C33
S1
s1t
st
C2
C3
Cc32*
C33
Sl
S1t
s2!
C3
c32*
C33
s1t
Sl
s2!
s1t
S1
s2!
C3
C33
s1t
Sl
s2!
C3
S3
S4?
K22
S3
S4
S4?
S4?
K22
S3
S4?
K22
K22
S3?
S3

54.76(9)
111.09(16)
56.24(15)
122.59(9)
116.76(8)
131.41(9)
24.32(11)
39.31(11)
88.57(9)
106.63(15)
134.59(8)
107.65(8)
107.76(8)
39.19(11)
85.13(12)
108.54(14)
145.64(9)
95.51(9)
120.78(9)
29.28(2)
138.71(11)
73.05(8)
123.93(12)
164.80(14)
135.83(14)
30.77(12)
95.86(15)
70.52(15)
58.53(4)
58.38(4)
61.04(4)
119.57(4)
101.57(5)
96.89(4)
48.88(4)
62.81(4)
49.48(4)
121.19(4)
49.61(9)
48.87(9)
26.88(8)
25.37(9)

N8
N8
N8
N8
N8
C40
C40
C41
C41
C41
C41
C42
C42
C42
C40S
C40S
C42S
C42S
C42S
C41S
C41S
C41S
C41S
N5
N5
C13
N6
N6
C12
C1
C1
C1
C3
C3
C4
C2
C2
C2
C3
C8
C8
C12
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S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
S4
P1
P1
P1
P2
P2
P2
N1
N1
N1
N1
N1
N1
N2
N2
N2
N2
N2
N2
N3

C41
C42
C40S
C42S
C41S
K2
K22
K2
K22
C40
C42
K2
K22
C40
K2
K22
K22
K2
C40S
K2
K22
C40S
C42S
Cl
C13
Cl
C2
C12
C2
K1
C3
C4
K1
C4
K1
K1
C3
C8
K1
K1
C3
C15

116.5(4)
117.7(5)
116.0(10)
108.4(6)
108.9(11)
127.2(4)
149.6(4)
125.2(4)
77.4(3)
107.3(6)
110.4(6)
72.8(5)
121.4(5)
85.8(7)
158.0(10)
121.8(11)
103.8(6)
61.3(5)
131.3(12)
101.3(13)
65.9(11)
98.1(15)
85.1(14)
107.38(19)
103.11(19)
96.8(2)
107.1(2)
103.3(2)
96.4(2)
82.3(2)
104.0(4)
118.3(3)
96.4(2)
114.7(4)
134.3(3)
81.9(2)
104.6(3)
120.7(4)
92.5(3)
133.0(3)
116.6(4)
127.0(6)



N8?
N8
N8
N8
NEE
N8?
N8
NEE
N8
NEE
N8
N8
NER
N8?
N8
Cl4
Cl4
Cl4
Cl4
Cl4
Cl4
Cl4
Cl4
C37
C37
C37
C37
C37
C37
c42
C42
C42
c42
C42
C42s
C42s
C42s
C42s
C42s
K1
N7

K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
K2
S1
S1

S3
S32
S4
S4?
S4?
S4
NER
Cl4
C14
C37
C37
C42
C42
C42S
C42S
K22
S3
S3?
S4
S4?
C37
C42
C42S
K22
S3?
S3
S4
S4?
C42
K22
S3?
S3
S4?
S4
K22
S3
S3?
S4?
S4
K1t
K1

102.46(10)
105.44(10)
26.35(8)
103.57(9)
24.09(9)
107.03(10)
98.49(12)
139.29(15)
117.26(15)
101.0(3)
57.3(2)
55.1(2)
121.3(3)
114.2(3)
55.85(10)
158.84(12)
102.47(12)
136.84(12)
113.65(12)
120.85(11)
84.1(3)
96.1(3)
102.3(3)
74.7(2)
126.9(2)
32.0(2)
80.9(2)
84.1(2)
102.7(3)
87.9(2)
103.4(2)
74.8(2)
143.0(2)
29.52(19)
83.6(2)
77.54(11)
96.1(3)
136.5(3)
29.53(4)
62.49(3)
45.67(14)

C12
C14
Cil4
C14
C13
C14
C14
C23
C25
C25
C27
C27
C29
K1
Sl
S1
S1
S2
S2
K2
S3
S3
S3
S4
S4
P1
N1
N1
C2
C2
C2
P2
N2
N2
C1
C1
C1
N1
N1
N2
N1

195

N3
N3
N3
N3
N4
N4
N4
N5
N5
N5
N6
N6
N6
N7
N7
N7
N7
N7
N7
N8
N8
N8
N8
N8
N8
C1
C1
C1
C1
C1
C1
Cc2
C2
Cc2
C2
Cc2
Cc2
C3
C3
C3
C4

C15S
C12
C15
C15S
C19
C13
C19
P1
P1
C23
P2
C29
P2
K1t
K1t
K1
S2
K1t
K1
K22
K22
K2
S4
K2
K22
K1
K1
P1
K1
P1
N1
K1
K1
P2
K1
P2
N2
K1
N2
K1
C5

120.2(11)
113.3(4)
119.0(6)
125.5(11)
124.3(4)
112.7(4)
123.0(4)
118.5(4)
122.9(3)
116.0(4)
124.0(3)
117.5(5)
117.8(4)
84.88(11)
104.61(18)
108.43(19)
129.9(3)
104.42(18)
114.05(19)
81.51(12)
103.28(18)
108.9(2)
132.2(3)
106.44(19)
112.9(2)
100.28(17)
71.3(2)
118.2(3)
80.7(2)
130.7(3)
108.8(4)
109.02(17)
72.5(2)
119.0(3)
74.9(2)
132.1(3)
107.8(4)
59.3(2)
101.1(3)
62.9(2)
112.0(4)



N7
N7
N7
N7
C31
C31
C32
C32
C32
C32
C33
C33
C33
K1t
N7
N7
N7
N7
N7
N7
N7
N7
C34
C34
C34
C34
C35
C35
C35
C36
C36
C34S
C34S

S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2
S2

K1t
C31
C32
C33
K1
K1t
K1t
K1
C31
C33
K1
K1t
C31
K1
K1t
K1
C34
C35
C36
C34S
C35S
C36S
K1t
K1
C35
C36
K1
K1t
C36
K1t
K1
K1
K1t

49.24(14)
117.3(3)
112.2(3)
112.3(3)
138.5(2)
143.2(3)
64.8(2)
116.7(2)
104.8(3)
106.4(4)
67.8(2)
113.9(3)
102.9(4)
61.33(3)
49.25(14)
41.79(14)
114.8(5)
118.5(5)
110.1(5)
111.7(5)
115.8(5)
112.1(5)
75.2(6)
134.9(6)
105.1(7)
104.2(8)
120.0(6)
162.6(6)
102.5(8)
94.2(6)
69.4(5)
147.4(5)
87.1(6)

C4
C7
N2
C10
Cl1
N3
C13
C13
N4
C12
Ci12
N3
N3
N4
N3
C15
C18
N4
C21
C20
N5
N5
NG
N6
S1
S1
S3
S4
S4
C16S
C17S
C16S

C5
C6
C8
C9
C10
Ci12
Ci12
Ci12
C13
C13
C13
Cl4
Cl4
Cl4
C15
Cl6
C17
C19
C20
C21
C23
C25
C27
C29
C32
C33
C37
C42
C42S
C15S
C16S
C17S

C6
C5
C9
C8
C9
P2
P2
N3
P1
P1
N4
K2
N4
K2
C16
C17
C16
C20
C19
C22
C24
C26
C28
C30
K1t
K1
K2
K2
K2
N3
C15S
C18

112.3(5)
113.4(7)
111.8(5)
115.2(6)
110.9(8)
123.4(4)
131.0(3)
105.1(4)
121.9(3)
131.9(3)
106.1(4)
128.1(3)
102.7(4)
118.9(3)
114.4(8)
113.1(8)
109.4(8)
111.9(5)
109.3(7)
111.9(10)
114.2(5)
113.7(4)
115.3(5)
113.5(5)
85.9(2)
81.5(2)
85.6(4)
77.7(5)
89.2(5)
118.3(19)
103.9(17)
93.2(14)
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13.7.  Crystal data and structure refinement for 19 (NRN-174).

Table 13.19. Crystal data and structure refinement for 19.

Identification code
Crystal Habitus
Device Type
Empirical formula

Moiety formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o/°

p/°
y/°

Volume/A3
Z

pcalcg/ cm?®
wmm™

F(000)

Crystal size/mm?®
Absorption correction

GSTR687// GXray6186f

clear red needle

Bruker X8-KappaApexI|

C22H3sN4P2Se>

2(C11 H18 N2 P Se)
576.41

100
monoclinic
P21/n
9.5787(5)
24.9549(12)
12.3331(6)
90
96.935(2)
90

2926.5(3)

4
1.308

2.651

1176.0
0.3x0.1x0.06
Empirical
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Tmin; Tmax

Radiation

20 range for data collection/®
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.4726; 0.7460

MoKa (A = 0.71073)

4.662 t0 56°

0.998
-12<h<12,-32<k<32,-16<1<16
53791

7062 [Rint = 0.0582, Rsigma = 0.0358]
7062/0/275

1.014

R: = 0.0314, WR; = 0.0707

R: = 0.0472, wR; = 0.0758
0.54/-0.40

Table 13.20. Bond Lengths for 19.

Atom Atom Length/A
Se c2 1.829(2)
P Cc1 1.744(2)
P cat 1.742(2)
N1 c1 1.397(3)
N1 c2 1.366(3)
N1 C4 1.462(3)
N2 c2 1.362(3)
N2 C3 1.395(3)
N2 c8 1.466(3)
c1 Cc3 1.408(3)
Cc3 p! 1.742(2)
C4 C5 1.527(3)
C5 Cé 1.514(3)
Ccé c7 1.523(4)
c8 o) 1.518(3)
o) C10 1.517(3)
C10 c11 1.519(4)

12-X,1-Y,1-Z; 21-X,1-Y 1-Z

Atom Atom Length/A
Se' c2 1.829(2)
P cl 1.744(2)
P c37? 1.746(2)
N’ cl 1.395(3)
N’ c2 1.364(3)
N c4' 1.470(3)
N2" c2 1.362(3)
N2 c3' 1.394(3)
N2 cg' 1.465(3)
cr c3 1.401(3)
c3 p? 1.746(2)
c4 c5' 1.529(3)
C5' C6' 1.518(4)
C6' c7 1.526(3)
cg' cy 1.524(3)
cy c10' 1.487(4)
C10 c1L 1.526(4)

Table 13.21. Bond Angles for 19.

Atom Atom Atom

c3t P C1
C1 N1 C4
C2 N1 C1
C2 N1 C4

Angle/

96.92(10)

123.96(18)
110.47(18)
125.57(18)

Atom  Atom  Atom Angle/*
Cr P’ C3? 96.93(10)
cr N1' c4' 123.99(18)
cz2 N1' cr 110.97(18)
cz2 N1' c4' 124.88(19)
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Cc2 N2 C3 111.13(18) C2' N2' C3 111.12(18)
Cc2 N2 C8 125.40(18) Cc2' N2' ce8 125.14(19)
C3 N2 C8 123.42(18) C3 N2' ce8 123.43(18)
N1 C1 P 122.26(16) N1' Cl P’ 122.91(16)
N1 C1 C3 106.39(18) N1' Cr C3 106.10(19)
C3 C1 P 131.35(17) C3 Cl P’ 130.99(17)
N1 C2 Se 127.11(17) N1' Cc2' Se' 128.04(17)
N2 Cc2 Se 126.64(17) N2' C2' Se' 126.19(17)
N2 Cc2 N1 106.20(18) N2' C2' N1' 105.75(19)
N2 C3 p! 122.47(16) N2' C3 p2 121.87(16)
N2 C3 C1 105.79(18) N2' C3 Cl' 106.05(18)
C1l C3 p! 131.73(16) Ccl C3 p2 132.08(17)
N1 C4 C5 112.92(18) N1' c4' C5' 112.17(18)
Cé6 C5 Cc4 114.3(2) C6' C5' c4' 114.7(2)

C5 C6 C7 111.6(2) C5' C6' Cc7 112.2(2)

N2 C8 C9 111.94(18) N2' c8' Cc9' 110.75(18)
C10 C9 C8 112.0(2) C10' c9' c8' 114.1(2)

C9 C10 Cl1 112.4(2) Cc9' C10’ C11' 111.8(3)

12-X,1-Y,1-Z; 21-X,1-Y,1-Z
13.8. Crystal data and structure refinement for 20 (NRN-272).
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Table 13.21. Crystal data and structure refinement for 20.

Identification code
Crystal Habitus
Device Type
Empirical formula
Moiety formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

v/°
Volume/A3
z
Pcalcg/Cm3
wmm™

F(000)

Crystal size/mm?

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

GSTR674// GXray6000f
clear light yellow block
Bruker X8-KappaApexI|
Ca6Ha2FsN4O6P2S2Se;
C24 H42 N4 P2 Se2, 2(CF3 03YS)
904.61

100

Orthorhombic

Pca2;

16.4677(7)

9.3211(4)

23.9930(9)

90

90

90

3682.9(3)

4

1.632

2.282

1832.0

0.16 x 0.14 x 0.09
Empirical

0.5453; 0.7461

MoKa (A =0.71073)
1.698 to 56°

0.999

-21<h<21,-12<k<12,-31<1<31

32863

8876 [Rint = 0.0507, Reigma = 0.0464]
8876/1/440

1.028

R1=0.0298, WR, = 0.0611

R1 = 0.0358, WR; = 0.0632
0.59/-0.33

0.003(4)
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Table 13.22. Bond Lengths for 20.

Atom Atom Length/A Atom Atom Length/A
Sel C2 1.896(4) C9 C10 1.504(6)
Sel C8 1.952(4) C10 Cl1 1.518(7)
Se2 Cl4 1.896(4) C11 C12 1.536(7)
Se2 C20 1.965(4) C13 C15 1.407(6)
P1 C1 1.744(4) C16 C17 1.522(6)
P1 C13 1.747(4) C17 C18 1.519(6)
P2 C3 1.736(4) C18 C19 1.529(7)
P2 C15 1.744(4) c21 C22 1.515(6)
N1 C1 1.400(5) C22 C23 1.533(6)
N1 C2 1.343(5) C23 C24 1.522(6)
N1 C4 1.476(5) S1 01 1.441(3)
N2 C2 1.339(5) S1 02 1.448(3)
N2 C3 1.397(5) S1 03 1.443(3)
N2 C9 1.478(5) S1 C25 1.828(5)
N3 C13 1.394(5) F1 C25 1.338(5)
N3 Cl4 1.338(5) F2 C25 1.335(5)
N3 C16 1.476(5) F3 C25 1.336(5)
N4 Cl4 1.341(5) S2 04 1.433(3)
N4 C15 1.397(5) S2 05 1.446(3)
N4 C21 1.478(5) S2 06 1.444(3)
C1 C3 1.412(6) S2 C26 1.829(5)
Cc4 C5 1.520(6) F4 C26 1.321(5)
C5 C6 1.529(6) F5 C26 1.345(5)
C6 C7 1.519(6) F6 C26 1.340(5)
Table 13.23. Bond Angles for 20.
Atom  Atom  Atom  Angle/’ Atom  Atom  Atom  Angle/’
C2 Sel C8 94.78(18) N3 Cl4 N4 108.7(3)
Cl4 Se2 C20 93.70(18) N4 Cl4 Se2 125.1(3)
Cl P1 C13 96.3(2) N4 C15 P2 122.0(3)
C3 P2 C15 96.3(2) N4 C15 C13 105.8(3)
Cl N1 Cc4 125.0(3) C13 C15 P2 132.2(3)
C2 N1 C1 109.5(3) N3 C16 C17 110.8(3)
C2 N1 C4 125.4(3) C18 C17 C16 112.1(4)
C2 N2 C3 109.8(3) C17 C18 C19 114.0(4)
C2 N2 C9 125.7(3) N4 c21 C22 114.0(3)
C3 N2 C9 124.3(3) c21 C22 C23 109.6(4)
C13 N3 C16 124.7(3) C24 C23 C22 112.9(4)
Cl4 N3 C13 109.6(4) 01 S1 02 115.2(2)
Cl4 N3 C16 125.5(3) 01 S1 03 114.66(19)
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Cl14
C14
C15
N1
N1
C3
N1
N2
N2
N2
N2
Cl
N1
C4
C7
N2
C9
C10
N3
N3
C15
N3

N4
N4
N4
C1
C1
C1
C2
C2
C2
C3
C3
C3
C4
C5
C6
C9
C10
Cl1
C13
C13
C13
C14

C15
Cc21
c21
P1
C3
P1
Sel
Sel
N1
P2
C1
P2
C5
C6
C5
C10
Ci11
C12
P1
C15
P1
Se2

109.6(3)
125.2(3)
125.1(3)
122.2(3)
106.0(3)
131.9(3)
125.8(3)
125.3(3)
108.8(3)
122.2(3)
105.9(3)
131.9(3)
111.7(3)
112.6(4)
113.7(4)
111.7(3)
112.8(4)
113.5(4)
122.4(3)
106.3(4)
131.4(3)
126.0(3)

o1
02
03
03
F1
F2
F2
F2
F3
F3
04
04
04
05
06
06
F4
F4
F4
F5
F6
F6

S1
S1
S1
S1
C25
C25
C25
C25
C25
C25
S2
S2
S2
S2
S2
S2
C26
C26
C26
C26
C26
C26

C25
C25
02
C25
Sl
S1
F1
F3
S1
F1
05
06
C26
C26
05
C26
S2
F5
F6
S2
S2
F5

102.9(2)
102.2(2)
115.78(19)
103.5(2)
112.1(3)
111.6(3)
106.9(4)
107.8(4)
110.8(3)
107.4(4)
115.1(2)
115.62(19)
103.9(2)
102.9(2)
114.9(2)
101.8(2)
112.0(3)
108.5(4)
107.5(4)
111.5(3)
111.3(3)
105.6(4)

13.9.

Crystal data and structure refinement for 28
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Table 13.25. Crystal data and structure refinement for 28.

Identification code
Crystal Habitus
Device Type
Empirical formula
Moiety formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

v/°
Volume/A®
z
Pealcg/cm?®
wmm

F(000)

Crystal size/mm?®

Absorption correction

Tmin; Tmax

Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

GSTR685// GXray6160f
clear red plank

Bruker X8-KappaApexl|
C29H14Cl2N4O4P2Se>

C28 H42 N4 O4 P2 Se2, C H2 CI2
803.44

100

Triclinic

P-1

11.8997(7)

13.7366(9)

13.7807(9)

61.210(2)

86.919(2)

66.678(2)

1786.4(2)

2

1.494

2.347

820.0

0.24x0.12x0.1
Empirical

0.5177; 0.7461

MoKa (A =0.71073)
4.426 to 56°

0.998
-15<h<15,-18<k<18,-18<1<18
66903

8617 [Rint = 0.0483, Rsigma = 0.0272]
8617/6/394

1.026

R1 =0.0263, wR> = 0.0608
R1 =0.0355, wR> = 0.0647
0.62/-0.69

Table 13.26. Bond Lengths for 28

Atom Atom Length/A Atom Atom Length/A
Sel C2 1.8453(18) N4 C19 1.366(2)
Se2 C19 1.8453(17) N4 C20 1.383(2)
P1 Ccl 1.8181(18) N4 C25 1.466(2)
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P1 C12 1.8903(18) C1 C3 1.351(2)
P1 C18 1.8225(18) C4 C5 1.526(2)
P2 C3 1.8247(18) C5 C6 1.518(3)
P2 C13 1.8707(18) C6 C7 1.530(3)
P2 C20 1.8356(17) C8 C9 1.521(2)
01 C14 1.332(2) C9 C10 1.522(2)
01 C15 1.454(2) C10 C11 1.522(3)
02 Cl4 1.201(2) C12 C13 1.335(2)
03 C16 1.330(2) C12 Cl4 1.498(2)
O3 C17 1.449(2) C13 C16 1.494(2)
04 C16 1.205(2) C18 C20 1.351(2)
N1 C1 1.384(2) Cc21 C22 1.522(3)
N1 C2 1.366(2) C22 C23 1.521(3)
N1 C4 1.469(2) C23 C24 1.520(3)
N2 C2 1.356(2) C25 C26 1.521(3)
N2 C3 1.384(2) C26 Cc27 1.523(3)
N2 C8 1.461(2) c27 C28 1.520(3)
N3 C18 1.387(2) ci C29 1.757(2)
N3 C19 1.365(2) ClI2 C29 1.764(2)
N3 C21 1.462(2)

Table 13.27. Bond Angles for 28.
Atom  Atom  Atom  Angle/ Atom  Atom  Atom  Angle/
C1 P1 C12 93.14(8) N2 C8 C9 111.03(14)
C1 P1 C18 94.69(8) C8 C9 C10 110.68(14)
C18 P1 C12 93.27(8) C9 C10 C11 112.67(16)
C3 P2 C13 94.00(8) C13 C12 P1 122.14(14)
C3 P2 C20 93.20(8) C13 C12 Cl4 124.48(16)
C20 P2 C13 92.68(8) C14 C12 P1 113.38(12)
Cl4 01 C15 115.15(16) C12 C13 P2 122.26(13)
C16 03 C17 115.27(15) C12 C13 C16 124.22(16)
C1 N1 C4 126.12(14) C16 C13 P2 113.21(12)
C2 N1 C1 109.07(14) 01 Cl4 C12 111.14(15)
C2 N1 C4 124.28(15) 02 C14 01 125.72(17)
C2 N2 C3 109.66(14) 02 Cl4 C12 123.06(17)
C2 N2 c8 125.27(15) 03 C16 C13 112.75(15)
C3 N2 c8 124.47(14) 04 C16 03 124.80(17)
C18 N3 c21 124.70(15) 04 C16 C13 122.42(16)
C19 N3 C18 109.29(14) N3 C18 P1 129.76(13)
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C19
C19
C19
C20
N1
C3
C3
N1
N2
N2
N2
C1
C1
N1
Cé6
C5

N3
N4
N4
N4
C1
Cl
C1
C2
C2
C2
C3
C3
C3
C4
C5
C6

Cc21
C20
C25
C25
P1
P1
N1
Sel
Sel
N1
P2
P2
N2
C5
C4
Cc7

126.01(15)
109.61(14)
125.24(15)
124.55(14)
129.85(13)
122.29(14)
107.64(15)
126.53(13)
126.99(13)
106.43(15)
128.83(13)
123.88(13)
107.19(15)
114.83(14)
114.30(16)
112.93(17)

C20
C20
N3
N3
N4
N4
C18
C18
N3
C23
C24
N4
C25
C28
Cl1

C18
C18
C19
C19
C19
C20
C20
C20
C21
C22
C23
C25
C26
c27
C29

P1
N3
Se2
N4
Se2
P2
P2
N4
C22
c21
C22
C26
Cc27
C26
Cl2

122.67(13)
107.57(15)
127.00(13)
106.15(14)
126.85(13)
129.43(13)
123.19(13)
107.37(15)
111.69(15)
114.14(16)
111.93(19)
110.26(14)
113.43(16)
111.27(17)
111.33(12)

13.10. Crystal data and structure refinement for 30
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Table 3.28. Crystal data and structure refinement for 30.

Identification code
Crystal Habitus
Device Type

Empirical formula
Moiety formula

GSTR690// GXray6218f pl
clear dark red block
Bruker X8-KappaApexl|

C1sH26KN20PS
CI5H26 KN2OPS

Formula weight 352.51
Temperature/K 100
Crystal system monoclinic
Space group P2i/c

alA 14.195(5)
b/A 15.726(6)
c/A 8.514(3)
a/° 90

/e 97.619(10)
v/° 90
Volume/A3 1883.8(12)
z 4
Pcalcg/Cm3 1.243
wmm™? 0.478
F(000) 752.0
Crystal size/mm? 0.25 x 0.24 x 0.22
Absorption correction Empirical

Tmin; Tmax

Radiation

20 range for data collection/°
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.4084; 0.7459
MoKa (A =0.71073)
5.18 t0 55.994°
0.996

-18<h<18,-20<k<20,-11<1<11

23270
4503 [Rint = 0.1778, Reigma = 0.1633]
4503/1/192

1.044

R: = 0.1147, WR, = 0.2952
R1 = 0.2048, WR; = 0.3512
0.63/-1.08

Table 13.29. Bond Lengths for 30.

Atom Atom Length/A Atom Atom Length/A
K s 3.190(2) N1 C4 1.461(8)
K st 3.242(3) N2 C2 1.358(8)
K p2 3.327(3) N2 C3 1.408(8)
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K p3 3.423(3) N2 C8 1.457(9)
K 0 2.751(7) C1 K® 3.160(6)
K c1d 3.160(6) C1 K? 3.103(7)
K C12 3.103(7) C1 C3 1.376(10)
K C3? 3.161(8) C3 K2 3.161(7)
K c3® 3.120(7) C3 K> 3.120(7)
K C12 3.459(14) C3 pe 1.836(7)
S K* 3.242(3) c4 C5 1.518(11)
S C2 1.715(7) C5 C6 1.538(11)
P K> 3.423(3) C6 C7 1.506(15)
P K2 3.327(3) C8 C9 1.508(11)
P C1 1.815(8) C9 C10 1.546(12)
P C36 1.836(7) C10 Ci11 1.455(15)
0 C12 1.401(13) C12 C13 1.474(9)
0 C15 1.421(10) C13 C14 1.467(16)
N1 C1 1.422(8) Cl4 C15 1.534(13)
N1 C2 1.345(9)

L4X,3/2-Y,1/2+Z; 2-X,1-Y 1-Z; 3+ X, +Y 1+ Z; *+X,3/2-Y -1/2+Z; S+ X, +Y -1+ Z; 6-X,1-Y ,-Z

Table 13.30. Bond Angles for 30.

Atom  Atom  Atom  Angle/ Atom  Atom  Atom  Angle/
S K st 89.31(5) C1 P K? 66.9(2)
st K P2 89.29(7) C1 P K® 66.2(2)
S K p3 152.03(7) C1 P c3® 93.0(3)
S K P2 114.31(7) c3® P K® 66.1(2)
st K p3 118.63(7) c3® P K? 67.4(2)
S K C12 70.66(19) C12 @) K 108.4(7)
st K C12 84.5(2) C12 @) C15 109.3(8)
P2 K p3 70.36(6) C15 @) K 130.0(6)
P2 K C12 172.1(2) C1 N1 C4 122.7(6)
p3 K C12 108.4(2) Cc2 N1 Cl 111.6(6)
o) K S 83.06(14) C2 N1 C4 125.7(5)
0] K st 103.72(15) Cc2 N2 C3 110.0(6)
0] K P2 158.72(15) Cc2 N2 C8 125.2(6)
0] K p? 88.54(15) C3 N2 C8 124.8(5)
0] K c1d 108.63(19) K2 Cl K> 123.50(19)
o) K C1? 130.2(2) P Cl K® 82.2(2)
0] K C3? 106.2(2) P Cl K? 80.5(3)
0] K c3? 133.06(19) N1 Cl K> 116.8(4)
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0 K C12 22.6(3) N1 C1 K? 118.3(4)
C12 K st 121.54(15) N1 C1 P 120.6(5)
c1® K S 168.18(14) C3 C1 K> 75.7(4)
C12 K S 114.76(12) C3 C1 K? 79.7(4)
c1® K st 89.56(14) C3 C1 P 134.7(5)
c1® K p3 31.68(14) C3 C1 N1 104.6(6)
C12 K p3 53.35(13) N1 C2 S 127.1(5)
C12 K P2 32.55(14) N1 C2 N2 106.2(5)
c1® K P2 53.90(13) N2 C2 S 126.7(5)
C12 K c1® 56.50(19) K® C3 K? 122.9(2)
C12 K C3? 25.36(18) ps C3 K? 81.9(3)
c1® K C3? 49.51(17) ps C3 K® 79.8(2)
C1? K c3® 50.35(17) N2 C3 K? 119.8(4)
C12 K C12 152.4(3) N2 C3 K> 116.2(4)
c1® K C12 120.9(2) N2 C3 PS 120.1(5)
c3? K S 143.50(15) C1 C3 K> 79.0(4)
C3? K S 126.60(13) C1 C3 K? 75.0(4)
C3? K st 135.19(14) Cc1 C3 pS 132.3(5)
c3? K st 78.10(14) C1 C3 N2 107.6(5)
C32 K P2 54.01(14) N1 C4 C5 110.9(6)
c3? K P2 32.89(13) C4 C5 C6 112.0(7)
C3? K p3 32.06(12) C7 C6 C5 114.4(7)
c3® K p3 53.35(14) N2 C8 C9 112.6(6)
c3? K c1® 25.31(18) C8 C9 C10 110.8(7)
c3® K C3? 57.1(2) Cl1 C10 C9 115.8(10)
C3? K C12 128.8(3) 0 C12 K 49.0(5)
c3? K C12 140.1(2) 0 C12 C13 107.4(10)
K S K* 141.01(7) C13 C12 K 124.2(10)
C2 S K* 104.6(2) Cl4 C13 C12 106.4(10)
C2 S K 114.3(2) C13 Cl4 C15 105.9(8)
K? P K® 109.64(6) 0 C15 Cl4 104.4(8)
L4X,3/2-Y,1/2+Z; 2-X,1-Y 1-Z; 3+ X,+Y ,1+Z; *+X,3/2-Y -1/2+Z; 5+ X,+Y,-1+Z; 8-X,1-Y ,-Z
Table 13.31. Torsion Angles for 30.

A B C D Angle/ A B C D Angle/®
K S C2 N1  -62.4(7) C2 NI cC1 P 177.5(5)
K} S C2 N1  119.5(6) C2 N1 Cl1 C3 -0.6(8)
K! S C2 N2  -588(7) C2 N1 C4 C5 -922(8)
K S C2 N2  119.3(6) C2 N2 C3 K®2 -86.0(6)
K2 P Cl K  126.00(15) C2 N2 C3 K 826(6)
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OO U v v T T

C12
C1
C1
C1
C1
C12
C1
C1
C1
C1
C4
C8
N1
N1
N1
N1
N1

Cl
Cl
C1
C1
C1
C12
C15
C3
C3
C3
C3
C3
C3
C13
C3
C3
C3
C3
C13
C3
C3
C3
C3
C5
C9
C2
C2
C4
C1
Cl

C14
K3
K2
p4
N2
C14

C10
S
N2
C5
K2
K3

-126.00(15)
117.4(6)
-116.6(6)
-65.1(7)
60.9(7)
120.6(11)
-111.6(8)
-128.71(16)
128.71(16)
-63.7(6)
65.0(6)
117.1(5)
-114.2(5)
67.0(16)
65.5(7)
-63.3(7)
1.8(12)
-177.5(6)
15.1(18)
114.5(5)
-116.8(5)
179.5(6)
0.2(7)
-170.5(6)
-172.3(6)
-177.9(5)
0.7(8)
88.5(8)
80.5(6)
-86.6(6)

C2
Cc2
C2
c3!
c3*
c3!
c3!
C3
C3
C3
C4
C4
C4
C4
C4
C4
C4
C8
C8
C8
C8
C8
C8
C8
C12
C12
C13
C15
C15

C13
C14

C3
C3
C8
Cl
C1
C1
Cl
C2
C2
C8
C1
Cl
Cl
Cl
C2
Cc2
C6
Cc2
Cc2
C3
C3
C3
C3
C10
C15
Cl4
C15
C12
C12

Cl1
C14
C15

C13

LX,3/2-Y ,-112+Z; >+ X, +Y ,-1+Z; 3-X,1-Y,1-Z; *-X,1-Y ,-Z

-179.2(5)
0.2(8)
-100.2(8)
63.8(2)
-62.2(3)
-178.8(6)
-1.3(9)
178.0(5)
-0.5(8)
79.5(8)
-100.1(6)
92.7(7)
-3.1(9)
178.7(6)
2.8(11)
-178.6(6)
70.8(10)
-2.2(10)
179.2(6)
94.3(7)
-97.2(7)
1.1(9)
-179.5(6)
170.8(9)
25.3(11)
0.2(17)
-15.1(13)
-146.5(8)
-26.0(15)
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