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1. Introduction

1. Introduction

This section of the thesis gives the background and an overview of the area in two

sections before the present work is put forwared.

1.1. Organobismuth(l11) Compounds

Bismuth was first mentioned in the 1450s as Wismutton or Bisemutun, probably derived
from the old German word Weissmuth or Wismut, meaning white substances. Bismuth, B,
the 83" element of the periodic table is the most metallic and the least abundant of the
elements in the nitrogen family (group 15). The bismuth atom with a ground state electronic
configuration of [Xe] 4f**5d'°6s?6p® usually utilizes the three 6p electrons in bond formation
and retains the two 6s electrons as an inert pair, hence the oxidation state +3 exhibited
bismuth in the vast majority of its compounds. However, a variety of organobismuth
compounds can contain the element in the +5 oxidation state. Coordination numbers are 2, 3,
4, 5 and 6. It is the heaviest member of group 15 and the heaviest stable element in the
periodic table. Although it belongs to the group 15 family, the chemistry of bismuth differs
considerably from that of other lighter members, such as phosphorus, arsenic and antimony.
Elemental bismuth is inert in dry air at room temperature, but oxidizes slowly to become
covered with a thin film of the oxide. Bismuth compounds are attracting increasing attention
due to their application in heterogeneous catalysis,' catalysts for organic synthesis,?
superconducting materials,® and also biological activity.

Bismuth amides, Bi(NRR")3, are a series of compounds that have covalent Bi-N bonds (R
and R can be alkyl, aryl or silyl groups). These compounds can be promising precursors for
bismuth oxide based materials* and have been used as precursors for metal-organic chemical
vapor deposition (MOCVD) of bismuth-containing thin films due to their low M-N bond

strength.® Relatively few bismuth amides with sterically crowded substituents are known. The
1
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reported bismuth amides were synthesized by reaction of the lithium amide salt with a

bismuth halide (Scheme 1).

Scheme 1

LINRR" + R,"BiXz, ——— R"Bi(NRR')3, + LiX
R and R' = alkyl, aryl or silyl R" = alkyl n=0,1o0r2

Depending on the different R and R" groups, bismuth amides Bi(NRR"); have varying
properties. When R and R” are alkyl groups (R = R” = Me, Et, or Pr), bismuth amides are air
sensitive and thermosensitive.” In the preparation of these simple alkyl bismuth amides, the
use of THF as solvent is indispensable; all attempts in hexane, cyclohexane, petroleum ether
and ether failed. These amides gradually turn jet black at room temperature; however, they
can be stored indefinitely at dry ice temperature. All of these bismuth amides are volatile.
The best conditions for sublimation of Bi(NMe,)s are using a pressure of about 10 mbar and
warming the flask to 30 °C. Bi(NMe,)s is light sensitive and with exposure to bright sunlight
it will turn black. For R = aryl, both the compounds with simple phenyl group and substituted
phenyl groups have been reported. When R = R” = Ph, the bismuth amide is soluble in
toluene, THF and CH,CI, and is very sensitive to traces of moisture. When Li(NRH) was
used (R = 2,6-Me,CgHs), a trinuclear complex [Bis(-NR)4(NHR)] was characterized by
single crystal X-ray diffraction.2 A pure sample of this compound could not be obtained due
to contamination by other unidentified complexes. When the steric bulk was increased by
introducing ortho isopropyl substituents on the phenyl groups, a bismuth amide with a cyclic

dimeric structure was obtained (Scheme 2).°
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Scheme 2
Cl Cl
EIS' i
[ : Bi
, _ -2Licl /N RNL N
BiCl; + 2RNHLi ———> R-l}l I}I—R _— R-I}I N-R
H H -RNH, H Li
H
-LiCl R-N—Bi—N—R
> 12 l | R = 2,6-diisopropylphenyl
R—N—Bi—l}l—R
H

When Li(NHR) (R = 2,4,6-tri-tert-butylphenyl) was used, the steric bulk was further
increased and monomeric Bi[N(H)(CsH,tBus)]s was obtained.™® Burford et al. pointed out
that the monomeric compounds Bi[N(H)(CeHtBus)]s and Bi[N(H)(CsHsiPr,)]s should form
first, and then the corresponding dimers will form.*® They suggested a different mechanism
(Scheme 3) to account for the formation of the dimer [RNBi(NHR)],, R = 2,6-
diisopropylphenyl, through the bismazene intermediate A. James et al. also believe that their
trinuclear complex [Bis(U-NR)4(NHR)] is formed from the corresponding tricoordinate

compound by elimination of the amine.®

Scheme 3
\
R N—R
A R H R
N—BI \ . / \
2 H/ \«X\; - 2 ,N—B|=N\ + 2 IN—H

N——H H R H

/

R A

H
R-N—Bi N—R R = 2,6-diisopropylphenyl

R—N—Bi—l}l—R
H

Bismuth silylamides, Bi(NRR"); (R = SiMes), have also been reported. A series of
monosilylated  bismuth amides (Me;Bi[NMe(SiMe3)], MeBi[NMe(SiMes)],, and

Bi[NMe(SiMe3)]s) were first reported by Scherer et al.'* The corresponding disilylated
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.12 All of these bismuth amides

derivative, Bi[N(SiMej3),]s, was later reported by Lappert et a
have been characterized spectroscopically but without X-ray structure determinations.
Me,Bi[NMe(SiMe3)] and MeBi[NMe(SiMej3)], are liquids; Bi[NMe(SiMe3)]s has a melting
point of 27-29 °C; and Bi[NMe(SiMej3)]s has a melting point around 90 °C (decomposition).
Veith et al. obtained Bi,[(NtBu),SiMe;]s (Scheme 4) starting from the lithium salt of the
diamine (tBuN(H)-SiMe,-N(H)tBu)."”® If the ratio of BiCls and the lithium salt is 1:1, the

corresponding bismuth chlorine compound [Me,Si(NtBu),Bi]Cl (Scheme 4) can also be

isolated.
Scheme 4
Me M
Bu o
N/\ M\e Me
tBu \ - N_tBu tBu\ - S| d
N\ _-bl \
N
| \ N-'Bu
Me~S| tBu /BI\
ve \N/ cly Cl
I Bi’
/BI\ N/ \N
tBu/ \tBu
/Si\ Me/ \Me
Me Me
Biz[(NtBU)ZSiMEZ]3 [Mezsl(NtBU)zBl]Cl

Metal-amido complexes have been proposed as key intermediates in important catalytic
processes and especially in the fixation and activation of nitrogen.'® Insertion reactions of
carbonyl and alkene compounds into metal nitrogen bonds have been known for lanthanides
and early and late transition metals complexes. However, the insertion of carbon-carbon,
carbon-oxygen and carbon-nitrogen bonds into the metal-nitrogen bond has not well been
studied with main-group compounds. This may be due the poor reactivity of compounds with

nitrogen bonds. Lappert et al. described the addition of amminostannanes to a variety of
4
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alkines and alkenes." They also reported amminosilylation and aminophosphination reactions
with highly electrophilic substrates."® Recently Hartwig and coworkers reported
transammination of alkenes and vinylarenes by rhodium (1) amides.!” The insertion of alkine
into a molybdenum amid bond has also been described.*®

The design and synthesis of heterobimetallic bismuth complexes with a stoichiometry
appropriate for use as direct precursors for advanced materials is an ambitious challenge. The
coordination chemistry of all of the heavy main group elements, and bismuth in particular, is
complicated by the high latent Lewis acidity of the metal center combined with its ability to
easily expand its coordination sphere. Most work has concentrated on bimetallic systems
which possess bridging ligands coordinated to two contiguous metals.’**  Other
constructions involve tethering two metal complexes by non-coordinating links.% Metals
may be linked by one (1),>"* two (2)*>*® or three (3)***° bridging groups of which the most

prevalent is the two-bridge system 2.

M—e—M Mg =M M—\:7M
1 2 3

In reviewing literature, several general routes to the formation of heterobimetallic
coordination complexes can be surmised.®” Specifically, these are salt metathesis reactions,
volatile elimination reactions, bifunctional ligands, Lewis acid-base adduct formation and
alkali metal reduction. Not all of these synthetic approaches are available for the development
of precursors for advanced oxide materials. Significant efforts have been made to develop
solution-based routes to the formation of oxide based materials, and numerous solution-based
approaches for the formation of bi- or multimetallic oxide systems have been reported
including sol-gel, metal organic decomposition (MOD) routes. These methods have been used

successfully to produce numerous heterobimetallic systems. It has been reported that oxides

5
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synthesized by these approaches have properties that are superior to those produced in solid-
state reactions.®® Further, it has also been observed that the properties of many oxides
produced by wet chemical routes, including the reactivity of material and conditions required
for crystallization of the phase, are sensitive to the manner in which the different metal
precursors are brought together prior to decomposition.* Recently these complexes have
attracted increasing interest due to their potential applications as high T superconductors,*® in
nonlinear optics,* in oxidation reactions, as catalysts,"” and as thermoelectric and
ferroelectric materials. It has been observed that the bismuth germanium oxide system is the
best candidate for electro-optic voltage sensors*® and the mixed oxides of aluminum and
bismuth show high oxide-ion conductivity.*

Bismuth chalcogenides are an interesting class of compounds with amazing structural and
compositional complexity. The stereochemical activity of the 6s? lone pair of electrons of Bi
influences the structures, and thus the properties of the compounds. Diorganobismuth
chalcogenides of the type (R2Bi)2X (X= chalcogen, R = alkyl, aryl) have been under
investigation for a long time but little is known about their structural chemistry. These
compounds are of interest as potential precursors for semiconducting bismuth chalcogenides,
Bi,E3 (E=chalcogen), and therefore they can display interesting molecular and supramolecular
architectures. Several well-defined organobismuth chalcogenides have been synthesized and
their crystal structures were determined such as (R,Bi);E [R = Mes, E = O, S, Se].*

Dibismuthines R;BIBIR; are a type of compound which contain a bismuth-bismuth bond.
R can be an alkyl group (HC(MesSi),,*® Me, Et, Pr, Bu, or 'Pr*"), or an alkene or aromatic
group (CH,=C(CHjs)-,*" (CH3),C=CH-,*" Ph,* 2,4 6-trimethyphenyl,* 2-(Me,NCH,)CsHs,>
2,6-(MesNCH,),CsHs,>! or p-methylphenyl®?). They have characteristic physical and chemical
properties due to the Bi-Bi bond.>® The most interesting is thermochromism: when melted or
dissolved in organic solvents, some dibismuthines show drastic color changes. Recent studies

have revealed that the intermolecular Bi---Bi interaction of dibismuthines in solid state has a
6
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significant influence on this phenomenon.>® The Bi-Bi bond is cleaved easily by the attack of
various reagents. Bismuth atoms may also be included in ring systems R;BiBiR,, where R;
groups are (CMe=CH),” or (CH,CH,),". Oligomeric organylbismuth(l) compounds, (RBi)s
and (RBI),4 are also reported. They form small ring structures with Bi-Bi bonds, and there is
an equilibrium between two compounds in solution.*®

The coordination geometry around bismuth atoms is basically pyramidal (Scheme 5, Y =
R, Bi; M = Bi (I)) for three coordinate compounds, with possibilities for an increase of the
coordination number through intermolecular Bi---Bi interactions leading to a trigonal

bipyramidal environment (Scheme 5, I1).

Scheme 5

1.2. Organoaluminum(l11) Compounds

Aluminum is the most abundant metal in the Earth’s crust and as such its chemistry has
been studied for many years. The metal itself and its alloys are employed for a wide variety of
uses in the building and transportation industries. Because of the diversity displayed by
aluminum compounds, their applications span many disciplines, from material science and
electronics to catalysis. Several applications include the use of alkoxides as precursors in sol-
gel processes,® the halides as Lewis acid catalysts,® the hydrides as reducing agents in

5980 and the nitrate salts for water treatment.%’ The alkyl derivatives of

organic synthesis,
aluminum play very important roles as co-catalysts or precursors to co-catalysts in Ziegler-

Natta polymerization of olefins.
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The importance of organoaluminum compounds is due to their use in a variety of
applications, including organic synthesis and industrial catalytic processes. They have also
been utilized as precursors in chemical vapor deposition (CVD) processes.®> Compounds such
as hexakis(dimethylamido)dialuminum, Al,(NMe,)s,°*® azides of formula (R,AIN3); (R =
Me or Et)*®® and amides of formula (RLAINR?), (R' = Me; R> = H, Me or iPr; n = 2 or
3)* have been used to deposit polycrystalline AIN films, although an atmosphere of
ammonia is required to obtain good-quality material. In polymerization catalysis, main group
compounds play important roles as activators in the generation of cationic transition-metal
alkyl species that polymerize o-olefins.”" It has been observed that stable aluminum
compounds involving nitrogen substituents or neutral nitrogen donors are useful in the
preparation of aluminum nitrides, AIN based semiconductors, and AIN ceramics.”*"* The
chemistry of compounds containing AIN bonds has flourished over the past several years due
mainly to current interest in developing optimum AIN precursors.”® Earlier work on the
structures and properties of the alkyl aluminum amides has focused largely on the alkyl and
arylamine derivatives R,AINR'R" where both R” and R™" are organic groups or where one of
these substituents is hydrogen. These aluminum derivatives show a strong tendency to
oligomerize due to the Lewis acidity of the aluminum center and to the presence of the
electron lone pair of the amido group. The steric bulk of the substituents is the major factor
that determines the degree of association.”” Therefore, these compounds are generally found
in the form of oligomers of the type [R,AINRR""], with either four- (n=2) or six-membered
(N=3) (AIN), rings. Alkylaluminum amides have a very rich and diverse structural chemistry.
When a trialkyalane reacts with primary or secondary amines, the amides A, B, and C are
formed in addition to simple adducts (Schemes 6, 7). Compounds of type A or B are cyclic
and those of type C are polycyclic, as shown by spectroscopic data or X-ray structure

determinations. (Me,-AINMey), forms a planar four-membered cycle’ but (Me,AINHMe)s
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has a six-membered AlsNs ring.”® The polycyclic oligomers (RAINR), (type C compounds)

may adopt an Al,-N, skeleton that resemble either a cube (n = 4) or a hexagonal prism (n = 6)

Scheme 6
R3Al + HoN-R > 1nN(RAFNHR), —— » 1/n(RA-NR),
-RH -RH
A C
Scheme 7

R3AI + HNR2 —_—> 1/n(R2A|-NR2)n
-RH

As in the compounds of type A or B, both the aluminum and nitrogen atoms always have
the coordination number four. When the substituents on the secondary amine in Scheme 7 are
bulky or when trimethylsilyl groups are employed, compounds are isolated that have only one

amide function in the product (Scheme 8, R = Ph, SiMe3).®°

Scheme 8

[Me3zAll, + HNR, > MezAl.Me,AINR,
-CH,

There are, however, only a few examples known of monomeric aluminum amides in
addition to compounds of type A and B, some of which have been claimed to be monomeric
[e.9. Me;AIN(SiEts),, Me,Al-NPhSiMes]. 808!

Particularly, there has been immense research interest in synthesizing aluminum chlorides
and methyl derivatives which can act as precursors for heterobimetallic complexes and
aluminum hydrides which can be useful for preparing aluminum chalcogenides of the formula

(RAIE), (R = organic ligand; E = S, Se, Te; n = 2, 4)¥, and also can be used for preparing
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aluminum containing heteroatom rings® by Hz elimination reactions. Aluminum alkyls can be
converted to aluminum halides or aluminum oxides. Recently a series of aluminum oxides

and aluminum hydroxides were synthesized by the hydrolysis reaction of aluminum alkyls.®*

10
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1.3. Aims and Scope of the Present Work

As discussed above, organobismuth and organoaluminum compounds have been widely
investigated as cocatalysts, reagents as well as precursors for material science and industrial
application. The aim of this thesis is the following by using the appropriate ligand system:

® To synthesize bismuthamide complex and investigate its property and reaction with

compounds containing unsaturated C-O, C-C, and C-N bonds;

® To use this species as a synthon to assemble a variety of heterobimetallic,

chalcogenide and low-valent systems for potential application;

® To use spectral methods such as NMR spectroscopy, IR spectroscopy and X-ray

structural analysis to unambiguously characterize the products obtained;

® To synthesize aluminum compounds stabilised by the iminophosphonamide ligand.

11



2. Results and Discussion

2. Results and Discussion

2.1. Bismuthamidation of Unsaturated Organic Compounds

A bulky organic ligand is usually employed to stabilize the bismuth center electronically
and/ or sterically. 1,8-Diaminonaphthalene ligands have been shown to be a very useful
platform for the preparation of organometallic compounds with both transition and main
group metals because the diamide ligand system generates a unique metallic center in terms of
the geometry and the electronic property. In 1998, a series of new divalent bulky 1,8-
diaminonaphthalene ligands were reported, which are currently exhibiting growing interest
due to their specific steric and electronic properties to control effectively the geometry at the
metal center. The known complexes containing these ligands include main group (Al, Ge, In,
Li, Mg, Si, Sn, TI) and transition metal (Ni, Ti, Zr) derivatives.®®

The insertion of carbon-carbon, carbon-nitrogen and carbon-oxygen bonds into the
bismuth-nitrogen bond has not well been studied. This may be attributed to the poor reactivity
of compounds with nitrogen bonds. The only known compounds to this category are the
reactions of bismuth amide with heterocumulenes by Ando et al.* The work reported herein
was fueled by the design and synthesis of main group complexes with the focus on their
reactivity toward insertion reactions. We have recently reported the synthesis, structural
characterization and reactions of tin(ll) hydride species with compounds containing
unsaturated C-O, C-C, and C-N bonds, which resulted in simultaneous hydrogen and {LSn}
transfer to the organic substrates.® Herein we report the synthesis and structural
characterization of a bismuth amide complex and its reaction with compounds containing

unsaturated C-O, C-C, and C-N bonds.

12



2. Results and Discussion

2.1.1 Preparation of 1,8-C1oHg(NSiMe3),BiNMe, (1)

Compound  1,8-bis[(trimethylsilyl)amino]naphthalene (L'H,) was prepared by a
previously reported method.®® The reaction of 1,8-bis[(trimethylsilyl)amino]naphthalene with
Bi(NMe,)s° in n-hexane at room temperature results in the formation of L'BiNMe, (1)
[L'=1,8-C1oHg(NSiMes),] in good yield (Scheme 9). 1 is an orange solid, soluble in n-hexane,
THF and toluene. Compound 1 is moderately air and moisture sensitive, and is slowly
oxidized and hydrolyzed on exposure to air. It was characterized by multinuclear NMR,
elemental analysis, and X-ray structural analysis. The *H NMR spectrum of 1 exhibits two
singlets for the SiMe; and NMe, groups, respectively. (5 0.25 and 2.48 ppm). The *C NMR
spectrum of 1 reveals two resonances (6 41.98, 3.05 ppm), which can be assigned to the
carbon resonances arising from NMe, and SiMes groups, respectively. The 2°Si NMR
spectrum of 1 exhibits one singlet (6 3.306 ppm) attributed to the silicon resonances arising

from SiMe; groups.

Scheme 9

Bi—N
Oy e O
; g-

at / \'\

The molecular structure of L'BiNMe, (1) has been determined by single crystal X-ray
diffraction. 1 crystallizes in the monoclinic space group P2;/n and the molecular structure
(Figure 1) features a trigonal pyramidal coordinated bismuth atom. The N-Bi—N bond angles

sum to 281.42° hence prove the stereochemically active lone pair in the apical position. The

13



2. Results and Discussion

Bi-N distances for 1 (average 2.168 A) are comparable to those observed in structurally

characterized Bi(NMe,)3.%%*

G ‘ N1
) Bi1

N2

N3

Figure 1. Crystal structure of 1, anisotropic displacement parameters depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Bil-N1 2.150(1), Bil-N2 2.176(1), Bil-N3 2.179(1), N1-Bi1-N2 85.02(7), N1-

Bi1-N3 100.06(7), N2-Bi1-N3 96.34(6).

2.1.2. Reaction of L'BiNMe, (1) with Ketone and Aldehyde: Synthesis of L'BiOCPh(2-

Py)(NMe,) (2) and L'BiOCH(3-Py)(NMe,) (3)

The reaction of 1 with 2-benzoylpyridine proceeds smoothly at 25 °C in n-hexane to give
product 2, which was subsequently isolated in 83% yield (Scheme 10). The *H and **C NMR
spectra indicate the formation of an addition product in which 2-benzoylpyridine inserts into
the Bi-N bond of 1 under formation of 2. The *H NMR spectrum of 2 exhibits two different
resonances (0 0.47 and 0.32 ppm) for the SiMe3 groups and a singlet for the NMe; substituent
at 6 1.59 ppm. The **C NMR spectrum of 2 shows an upfield-shifted carbonyl resonance of

the inserted ketone which appears at 6 94.8 ppm in comparison to the starting material (6
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2. Results and Discussion

193.7 ppm) and three resonances (¢ 38.68, 3.15, 3.06 ppm), which can be assigned to the
carbon resonances arising from NMe, and two SiMes groups, respectively. The *Si NMR
spectrum of 2 exhibits the SiMe3 to resonate at 6 0.034 and — 0.81 ppm with upfield-shifted

signals compared to those of 1.

Scheme 10
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Crystals of 2 suitable for an X-ray diffraction study were grown from n-hexane solution
at —30 °C. 2 is monomeric in the solid state and crystallizes in the triclinic space group P1
(Figure 2). The coordination environment around the bismuth atom is distorted trigonal
pyramidal with the bond angles in the range of 83.46(12) to 97.03(11)° around the bismuth
atom. The Bi—O distance (2.089 (2) A) is in the range of a Bi-O single bond when compared
with other structural characterized bismuth compounds. The Bi-N4 (donor side-arm)
distance of 2.615(4) A is considerably longer than the Bi-N bond lengths of the ligand

(2.194(3) and 2.123(3) A).
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2. Results and Discussion

Figure 2. Crystal structure of 2, anisotropic displacement parameters depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Bi1-O1 2.089(2), Bi1-N1 2.194(3), Bil-N2 2.123(3), Bi1-N4 2.615(4), 01-C17
1.405(4), O1-Bi1-N1 85.44(11), O1-Bi1-N2 97.03(11), N1-Bil-N2 83.46 (12), Bi1-01-C17

125.4(2).

In a similar manner a n-hexane solution of 1 smoothly reacts with 3-
pyridinecarboxaldehyde at room temperature to afford crystalline 3 in 75% vyield (Scheme
10). The characterization of 3 indicates that the insertion of 3-pyridinecarboxaldehyde occurs
selectively into the Bi—N bond of 1. The *H NMR spectrum of 3 exhibits singlet resonances
for the dimethylamine and quaternary CH protons, respectively (6 1.89 and 5.05 ppm). The
three methyl groups of the SiMes ligands appear at & 0.3 and 0.26 ppm. The *C NMR
spectrum of 3 shows a singlet resonance (6 89.23 ppm), which can be assigned to the carbonyl

group of the inserted aldehyde, whereas the carbon atoms of SiMez and NMe; groups resonate
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2. Results and Discussion

at 3.06, 3.05 and 39.35 ppm respectively. 3 shows a resonance at 1.92 and 1.77 ppm in its #Si

NMR spectrum.

3 crystallizes in the triclinic space group P1 with two molecules in the asymmetric unit
and the bismuth atom exhibits a trigonal pyramidal environment with bond angles of 83.96(8)
to 91.85(9)° (Figure 3). The Bi—O distance in 3 (2.10(2) A) is in the range of Bi-O single
bonds when compared to literature examples (2.058 and 2.109 A in [Bi(ONp)s(Py)2]).% In
this structure also the Bi—N4 (donor side-arm) distance of 2.891(4) A is considerably longer

than the Bi—N bond lengths of the ligand (2.170(2) and 2.164(2) A).

Figure 3. Crystal structure of 3, anisotropic displacement parameters depicted at the 50%
probability level. Hydrogen atoms (except for those of C17) and disorder in one SiMes group
are omitted for clarity. Selected bond lengths [A] and angles [°]: Bi1-O1 2.10(2), Bil-N1
2.170(2), Bi1-N2 2.164(2), Bi-N4 2.891(4), 01-C17 1.388(4), O1-Bi1-N1 83.96(11), O1-Bi1-

N2 91.85(9), N1-Bi1-N2 84.02 (9), Bi1l-01-C17 113.70(18)
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2. Results and Discussion

2.1.3. Reaction of L'BiNMe, (1) with Alkene and Alkine: Synthesis of

L'BiC(Me)(CN)CH,NMe; (4) and L'BiC(CO,Et)CNMe,(CONMe,) (5)

The driving force for the formation of compounds 2 and 3 is the Bi—O bond energy. For
monomeric BiO it was determined by mass spectrometric measurement (338.9 £ 5.9 KJmol
1.9 This value may well differ from a single Bi-O bond energy in the solid. Additionally the
intramolecular coordination between bismuth and nitrogen (see Figures 2 and 3) may play an
important role for the stability of these compounds. To extend those findings to bismuth-
carbon bonds, we reacted 1 with an alkene and alkine, respectively, although aware that the
Bi—C bond is considerably weaker (143 KJmol™)® than the Bi-O bond. The reaction of 1 and
2-methyl-2-propenenitrile in n-hexane at 25 °C gives the yellow complex 4 in 74 % vyield
(Scheme 11). Formation of 4 proceeds with good yield and no decomposition products are
observed. The 'H NMR spectrum of 4 contains two none equivalent CH protons of the
methylene residue (6 2.43 and 4.53 ppm) and two singlets for NMe, and Me (6 2.08 and 1.17
ppm). The *C NMR spectrum indicates the presence of a new resonance (J 62.6 ppm), which
can be assigned to the carbon atom that binds to the bismuth atom. 4 shows a resonance at o

5.41 and 3.46 ppm in its 2°Si NMR spectrum.

Scheme 11

gi /Si\
A \
4:R=Me, R"'=CN
1
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2. Results and Discussion

Like the other structures, 4 is monomeric in the solid state and crystallizes in the
monoclinic space group P2;/c and in this structure again the bismuth atom shows the
anticipated trigonal pyramidal coordination geometry with the bond angles in the range of
84.95(12) to 100.15(12)° around the bismuth atom. Moreover, the crystal structure of 4
reveals that the bismuth atom and the NMe;, group are arranged at the same side of the
molecule. This might be caused by the packing of the molecules in the crystal. The C17—C20
bond length of 1.540(5) A is in the range of normal C—C single bonds (Figure 4). The Bil-
C17 bond length (2.341(3) A) in 4 is longer than those in [tBuN(CH,CsH4).BiMe] (2.264(6)
A),® whereas the Bi-N bond lengths (Bi1-N1 2.171(3), Bi1-N2 2.155(3) A) are comparable to
those observed in 1. In this structure also the Bi-N4 (donor side-arm) distance of 2.936(6) A

is considerably longer than the Bi—N bond lengths of 1.

Figure 4. Crystal structure of 4, anisotropic displacement parameters depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and

angles [°]: Bil-N1 2.171(3), Bil-N2 2.155(3), Bil-N4 2.936(6) Bil-C17 2.341(3), N4-C20
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2. Results and Discussion

1.462(5), C17-C20 1.540(5), N1-Bil-C17 100.15(12), N2-Bil-C17 94.37(12), N1-Bil-N2

84.95(12), C20-C17-Bil 100.5(2), N4-C20-C17 112.8(3).

The reaction of 1 with diethyl acetylene dicarboxylate at 25 °C in a molar ratio of 2:1
resulted in the yellow product 5 in 55% yield (Scheme 12). During the formation of 5 the
exchange of one of the OEt groups by a NMe;, substituent occurred. The *H NMR spectrum
of 5 displays three resonances as a singlet (¢ 2.43, 0.52 and 0.53 ppm) which can be attributed
to the Me protons of NMe, and SiMes groups, whereas non equivalent Me protons of the
substituent NMe; resonate as a singlet at 6 2.42 and 1.20 ppm. The **C NMR spectrum of 5
reveals three resonances (¢ 40.95, 3.31 and 3.206 ppm), which can be assigned to the carbon
resonances arising from inserted NMe; and SiMes groups, respectively, whereas the carbon
atoms of the resulting C=C double bond in 5 resonate at ¢ 169.3 and 174.4 ppm. 5 shows a

resonance at § 2.154 and 1.951 ppm in its “°Si NMR spectrum.

Scheme 12
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The crystal structure of 5 is shown in Figure 5. 5 is monomeric in the solid state and
crystallizes in the triclinic space group P1 with a trigonal pyramidal geometry at the bismuth
atom. The structure reveals that the addition resulted in a Z-orientation of bismuth and the

amide relative to the double bond. The Bi—O1 (Ocaronyl donor) distance (2.70(40) A) is
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2. Results and Discussion

comparable with the Bi-Ocamonyi interaction that ranges from 2.56 to 2.86 A in other known
structures.®®  The Bil-C18 bond length (2.29(8) A) in 5 is comparable to those in

[tBUN(CH,CsH,),BiCCPh] (2.289(4) A)* but shorter than in 4 (2.341(3) A).

Figure 5. Crystal structure of 5, anisotropic displacement parameters depicted at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Bil-N1 2.178(3), Bil-N2 2.20(30), Bi1-O1 2.70(40), Bi1-C18 2.29(8), C18-C19

1.381(5), N1-Bi1-C18 92.2(5), N2-Bi1-C18 103(6), N1-Bi1-N2 81.64(16).

2.1.4. Reaction of L'BiNMe, (1) with N,N'-diisopropylcarbodiimide: Synthesis of 1,8-

CloHs(NSIM63)QBI(NIPI’)2CN Me, (6)

Compounds 2-5 show reactivity of bismuth-nitrogen bond toward carbon-carbon and
carbon-oxygen bonds. To extend those findings to carbon-nitrogen bonds, we reacted 1 with
diisopropylcarbodiimide and phenylisocyanate, respectively.

Reaction of diisopropylcarbodiimide with 1 in n-hexane results in the formation of 6,

indicating that one carbodiimide molecule is inserted into the Bi-N bond (Scheme 13).
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2. Results and Discussion

Compounds 6 is an orange crystalline solid, which is soluble in organic solvents such as
n-hexane, THF, and toluene. The *H and *C NMR spectra also confirm the insertion of
diisopropylcarbodiimide into the Bi—N bond of 1 under formation of 6.The *H NMR spectrum
of 6 displays two resonances (o 1.99, 0.34 ppm) which can be attributed to the NMe, and
SiMe; groups, respectively, whereas the two and twelve protons of N-isopropyl groups
resonate at 0 3.93 and 0.94 ppm. The “*C NMR spectrum of 6 shows upfield-shifted
resonances of NMe, (6 39.7 ppm), in comparison to 1 (6 41.9 ppm), whereas the carbon atoms
of the N-isopropyl and SiMes groups resonate at ¢ 39.7, 24.9, and 2.7 ppm, respectively. The
2Si NMR spectrum of 6 exhibits a singlet resonance (6 0.21 ppm) which can be assigned to

SiMe; groups.

Scheme 13
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Single crystals of 6, suitable for X-ray diffraction studies, were obtained from a saturated
solution of n-hexane at —30 °C. In 6 the bismuth atom is tetracoordinate in an irregular
tetragonal-pyramidal geometry. Compound 6 crystallizes in the monoclinic space group P2;/n
with one molecule in the asymmetric unit (Figure 6). The bismuth center in 6 is coordinate to
two nitrogen atoms of the anionic ligand and to two nitrogen atoms of carbodiimide unit. The
C-N bond distances associated with the central sp® carbon of the carbodiimide species are

almost equal and are considerably shorter than a typical C-N single bond, suggesting that the
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2. Results and Discussion

three C-N bonds possess a partial double-bond character with typical C(17)-N(3), C(17)-

N(4), and C(17)-N(5) distances of 1.380(2), 1.309(2), and 1.369(2) A respectively.

Figure 6. Molecular structure of 6. Thermal ellipsoids are set at 50% probability level. H
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Bi(1)-N(1) 2.2356(13),
Bil-N2 2.1418(14), Bil-N3 2.2035(14), Bil-N4 2.5259(14), N1-Sil 1.7316(14), N2-Si2
1.7319(14), C17-N3 1.380(2), C17-N4 1.309(2), C17-N5 1.369(2), N1-Bi1-N2 81.51, N2-
Bi1-N3 96.87(5), N3-Bil-N4 56.83(5), N1-Bil-N3 91.34(5), N1-Bi1-N4 144.97(5), N2-Bil-

N4 87.78(5).

2.15. Reaction of L'BiNMe, (1) with Phenylisocyanate: Synthesis of 1,8-

CloHe(NSIM63)QBINPhCONM92 (7)

In a similar manner to 6, n-hexane solution of 1 smoothly reacts with phenylisocyanate at
room temperature to afford crystalline 7 in 69% yield under isocyanate insertion into the Bi-N
bond of 1 (Scheme 14). The *H NMR spectrum of 7 in CsDs exhibits two singlets (5 2.08,
0.31 ppm) for NMe; and SiMe; groups. The **C NMR spectrum of 7 shows an upfield-shifted

resonance of NMe; (6 37.5 ppm) in comparison to 1 (0 41.9 ppm), confirming the insertion of
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2. Results and Discussion

phenylisocyanate into the Bi—N bond of 1, whereas the carbon atoms of SiMe; resonate as a
singlet at 6 2.71 ppm. The ?°Si NMR spectrum of 6 displays one resonance at 6 2.93 ppm

which can be attributed to the SiMe3 groups.

Scheme 14

O 3 )

\
N PhN=C=0 O N
\ Y O
= BirN_ — B—N—<
O N n-hexane O N  pPh NMe,

Yellow crystals of 7, suitable for single-crystal X-ray diffraction study, were obtained
from a saturated solution of n-hexane at —30 °C. The coordination geometry around the
bismuth atom in 7 is a distorted pyramidal arrangement with a stereochemically active
electron lone pair. Compound 7 crystallizes in the triclinic space group P1 with two
molecules in the asymmetric unit (Figure 6). In 7 the N-C (av 1.384 A) and C-O (av 1.255 A)
bond distances of the ureato fragments are both in the range of single and double bonds,
indicating that the = electrons of the ureato fragments are partially delocalized in the NC(N)O
core. Additionally, the intramolecular coordination between bismuth and oxygen may play an

important role for the stability of this compound.
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2. Results and Discussion

Figure 7. Molecular structure of 7. Thermal ellipsoids are set at 50% probability level. Only
one of the two crystallographically independent molecules is shown. H atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: Bil-N 2.157914, Bi1-N2 2.1183(14), Bi1-
N3 2.2334(15), N1-Sil 1.7371(15), N2-Si2 1.7297(15), Bil-O1 2.6364(13), C17-N3
1.373(2), C17-N4 1.351(2), C17-0O1 1.266(2), N1-Bi1-N2 85.40(6), N1-Bi1-N3 92.88(5), N2-

Bi1-N3 97.08(6), C17-N3-Bil 101.30(11), N1-Bi1-O1 146.87(5), N2-Bi1-O1 93.36(5)

2.2. Heterobimetallic Bismuth Complexes with Main Group and Transition Metals

Since the first isolation and characterization of a bismuth-transition metal hetero-
bimetallic alkoxide in 1996,%" a wide variety of bismuth heterobimetallic complexes have
been synthesized and reviewed.*® Limberg and coworkers reported the first structurally
characterized molecular complexes with Bi-O-Mo linkages. These moieties are thought to be
the active oxo-transfer sites during allylic oxidation of propene.”® The solid state structure of
the first coordination complex containing bismuth and aluminum has also been described.'®

We have recently reported the synthesis and structural characterization of p-oxo bridged Al-

O-M (M= Zr, Ti, Hf), M-O-M* (M= Ti, Zr; M'= Al, Ga), Ge-O-M (M= Zr, Hf), and Al-O-M-
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O-Al (M= Ti, Zr) complexes.'™ Herein we report a general synthetic approach and structural
characterization of five bismuth heterobimetallic complexes with main group and transition

metals.

2.2.1. Reaction of L'BiNMe, (1) with LM(Me)(OH): Synthesis of 1,8 C1Hs(NSiMes),Bi(p-

O)MMeL (M = Al 8; Ga, 9)

Treatment of 1 with stoichiometric amounts of LM(Me)(OH) (M=Al, Ga) in n-hexane at
room temperature results in the formation of 8 and 9 exhibiting the Bi-O-M (M=Al 8, Ga 9)
moiety (Scheme 15). Compounds 8 and 9 are soluble in toluene, THF, and n-hexane and are
characterized by analytical, spectroscopic, and single-crystal X-ray diffraction studies.
Compounds 8 and 9 are yellow crystalline solids that melt at 174 °C and 191 °C. The *H NMR
spectra of the reaction mixture of compounds 8-9 show almost quantitative conversion of the
reactants to products, as revealed by the absence of any M-OH and NMe; resonances. The *H
NMR spectrum of 8 displays two resonances (6 -0.69 and 0.24 ppm) which can be attributed
to the Me protons of AlMe and SiMe3 groups, respectively, whereas the particular GaMe and
SiMe; groups in compound 9 resonate at ¢ -0.56 and 0.28 ppm. In addition, a set of
resonances assignable to the isopropyl and methyl protons associated with the g-diketiminate
ligand is found in the range between ¢ 1.31 and 0.99 ppm, and the absence of the OH proton
resonance features both 8 and 9. The mass spectral data of compounds 8-9 are in agreement
with the assigned structures. Compound 8 is moderately air and moisture sensitive, but
thermally quite stable as indicated by the high melting point and EI mass spectrum in which
the molecular ion (M") was observed with 100% intensity. The next most intense peak at m/z

969.5 was assigned to [M-Me]".
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Scheme 15
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Yellow crystals of 8 suitable for single-crystal X-ray diffraction study were obtained

from a saturated solution of n-hexane at —30 °C and for those of 9 from a mixture of n-

hexane/toluene solution at —30 °C. Compounds 7 and 8 crystallize in the monoclinic space

group P2;/c, with two and one molecules in the asymmetric unit, respectively (Figures 8, 9).

The aluminum and gallium atoms adopt each a distorted tetrahedral environment, whereas the

coordination geometry around the bismuth atom is that of a distorted pyramidal arrangement

with a stereochemically active electron lone pair. The Al-O distance (av 1.834 A) is similar

to that which has been reported for complex [{Bi(Hsal)s}-{Al(acac)s}] (av 1.871 A).*®° The

Al(u-O)Bi angle (av 160.6°) in 2 is considerably bigger than the corresponding Al(u-O)Ga

bond angle in 3 (123.25(7)°).
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Figure 8. Molecular structure of 8. Only one of the two independent molecules in the crystal
is shown. Anisotropic displacement parameters are depicted at the 50% probability level. H
atoms and disordered SiMes-groups are omitted for clarity. Selected bond lengths [A] and
angles [°]: Bil-O1 1.995(4), Bil-N2 2.115(4), Bil-N1 2.157(4), Al1-O1 1.690(3), Al1-N3
1.902(4), Al1-N4 1.931(4), Al1-C46 1.959(5), O1-Bi1-N2 92.55(16), O1-Bil-N1 95.16(16),
N2-Bil-N1 85.5417, O1-Al1-N3 111.13(18), O1-Al1-N4 111.14(18), N3-Al1-N4 95.97(16),

01-Al1-C46 116.2(2), N3-Al1-C46 111.8(2), N4-Al1-C46 108.8(2), Al1-01-Bil 160.7(2)

The Ga-N bond lengths (1.963(16) and 1.973(16) A) and the N-Ga-N angle (95.87(6)°)
are comparable to those observed in [Me,Ga(2-NCsH),CH].*%* The angle for the bent Ga-O-
Bi linkage is 123.25(7)°, which is considerably more acute than that in LGa(Me)(u-
OH)LnCps (Ln=Sm, Nd; av 149.5°). The corresponding Ga-O bond length (1.815(13) A) is
shorter than the Ga-u-OH bond in LGa(Me)(u-OH)LnCps (av 1.856 A).'® Obviously there is

more charge accumulated at the O* in 3 than at the OH™ in the latter complex.
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Figure 9. Molecular structure of 9. Anisotropic displacement parameters are depicted at the
50% probability level. H atoms and one toluene solvent molecule are omitted for clarity.
Selected bond lengths [A] and angles [°]: Bi1-O1 2.0282(13), Gal-O1 1.8159(13), Ga1-C100
1.955(2), Bil-N1 2.1425(17), Bil-N2 2.1443(16), O1-Gal-N4 103.90(6), C100-Gal-N3
111.54(8), C100-Gal-N4 113.33(8), O1-Bil-N1 93.67(6), N1-Bil-N2 85.13(6), N3-Gal-N(4)
95.87(6), Gal-O1-Bil 123.25(7), O1-Bil1-N2 94.02(6), O1-Gal-N3 109.26(6), O1-Gal-C100

120.06(8).

2.2.2. Reaction of L'BiNMe, (1) with LGe(OH): Synthesis of 1,8-CioHg(NSiMes),Bi(-

0)GeL (10)

Similarly the reaction of 1 with LGe(OH) in n-hexane at room temperature affords 1,8-
C10Hs(NSiMes),Bi(p-0)GeL (10) in moderate yield (63%) (Scheme 16). The *H NMR and
2%Si NMR spectra of 10 exhibit singlets at § 0.24 and 0.99 ppm, respectively, corresponding to
the SiMe; groups. Complex 10 is a yellow crystalline solid which is soluble in common
organic solvents such as toluene, THF, and n-hexane and is stable at room temperature for

several months under an inert atmosphere. In the mass spectrum of 10 the peak with the
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highest mass corresponds to the molecular ion M™ and the next most intense peak is observed

at m/z 599 which can be assigned to the fragment [M-CH(DippNCMe),]".

Scheme 16
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Compound 10 crystallizes in the monoclinic space group P2,/n with two molecules and
one disordered n-hexane in the asymmetric unit. As expected, 10 contains the bismuth atom
bonded through an oxygen atom to germanium (Figure 10). The bismuth and germanium
atoms both exhibit a highly distorted pyramidal geometry, involving the chelating 1,8-
Ci10Hs(NSiMes), ligand and f-diketiminato ligand, the (x-O) atom and a stereochemically
active lone pair at each atom. The Ge-N bond lengths (av 2.010 and 2.049 A) and N-Ge-N
angle (av 87.47°) are comparable to those of oxygen-bridged heterobimetallic complexes
reported in reference 104. 10 features a bent Ge-O-Bi (av 118.89°) arrangement with a Ge-O
distance of av 1.825 A and a Bi-O bond length of av 2.052 A. The Ge-O bond length is
longer than those in Ge-O-Yb (1.769 A) and Ge-O-Y (1.762 A) species'® and is comparable

with those in Ge-O-Hf (1.799 A) and Ge-O-Zr (1.797 A) arrangements.104
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Figure 10. Molecular structure of 10. Only one of the two independent molecules in the
crystal is shown. Anisotropic displacement parameters are depicted at the 50% probability
level. H atoms and half a molecule of n-hexane are omitted for clarity. Selected bond lengths
[A] and angles [°]: Gel-O1 1.8231(11), Gel-N3 2.0261(13), Gel-N4 2.0556(13), Bil-O1
2.0493(11), Bil-N1 2.1389(14), Bil-N2 2.1614(14), Gel-O1-Bi(1) 125.20(6), O1-Bil-N1
96.72(5), O1-Bil-N2 93.05(5), N1-Bil-N2 84.77(5), 01-Gel-N3 97.57(5), O1-Gel-N4

92.28(5), N3-Ge1-N4 87.68(5).

2.2.3. Reaction of L'BiNMe; (1) with Cp*;MR(OH): Synthesis of 1,8-C1oHg(NSiMes),Bi(p-

O)MRCp*, (M = Zr 11, R= Me; Hf, 12, R= C)

The synthesis of 1,8-C1oHg(NSiMe3),Bi(u-0O)ZrMeCp*;, (11) and 1,8-C1oHg(NSiMe3),Bi-
(u-O)HFCICp*, (12) are accomplished by reacting 1 with Cp*,ZrMe(OH) and the in situ
reaction with Cp*,HfCI(OH), respectively (Scheme 17). Cp*,HfCI(OH) was prepared from
Cp*,HfCl, and water in the presence of a N-heterocyclic carbene [CN(iPr)C,Me,;N(iPr)]. The

carbene is used for trapping quantitatively the generated HCI from hydrolysis of Cp*,HfCl..
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Compounds 11 and 12 are yellow solids, which are thermally quite stable as evidenced by
their high melting points (206 °C and 210 °C respectively) and the presence of molecular ions
in their El mass spectra. 11 is soluble in toluene, THF, and n-hexane, while compound 12 is
soluble in toluene and THF only. The *H and **C NMR data of 11 and 12 are consistent with
the determined single crystal structures. The *H NMR spectrum of 11 in C¢Dg exhibits three
singlets (6 0.28, 1.63, -0.43 ppm) attributed to the proton resonances arising from SiMes, #°-
CsMes, and Zr-Me groups, whereas the respective SiMe; and #°-CsMes groups in compound
12 resonate at § 0.3 and 1.73 ppm. The *C NMR spectrum of 11 reveals two resonances (6
25.7, 11.3 ppm), which can be assigned to the carbon resonances arising from Zr-Me and Zr-
Cp*, respectively. In compound 12 the carbon atoms of the methyl groups (Hf-Cp*) resonate
at 0 11.5 ppm. The mass spectrometry data for 11 revealing a signal of low intensity for the
molecular ion and the base peak is observed at m/z 494.1 corresponding to [M-Cp*,Zr(Me)-
OMe]". In the mass spectrum of compound 12 the base peak is observed at m/z 875.3

representing [M-Cp*]* and the peak with the highest mass corresponds to the molecular ion

M* (m/z 1010.5).
Scheme 17
Cp*,M(R)(OH)
L1BiNMe, -
- HNMe,

© 11: R=Me;M=2Zr
N 12: R=Cl ;M= Hf
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Yellow crystals of 11 suitable for single-crystal X-ray diffraction study were obtained
from a saturated solution of n-hexane at —30 °C and for those of 12 from a mixture of n-
hexane/toluene solution at —30 °C. Compounds 11 and 12 crystallize in the monoclinic space
group Pn with one molecule in the asymmetric unit. Both absolute structures could be
determined unequivocally. In 11 the bismuth atom is bonded through an oxygen atom to
zirconium and in 12 to hafnium, respectively, and both contain a bent Bi-O-M (M=Zr, Hf)
core as revealed by the corresponding bond angles (138.23(19)° and 134.55(18)°). Like the
other structures, the bismuth atom shows the anticipated trigonal pyramidal coordination
geometry with two nitrogen atoms of the 1,8-C1oHg(NSiMe3), ligand and one (u-O) atom.
The zirconium and hafnium metal atoms show a distorted tetragonal geometry each (Figures

11 and 12).

Figure 11. Molecular structure of 11. Anisotropic displacement parameters are depicted at the
50% probability level. H atoms are omitted for clarity. Selected bond lengths [A] and angles
[°]: Bi1-O1 2.032(3), Zr1-01 1.982(3), Zr1-C37 2.292(5), Bi1-N1 2.169(4), Bi1-N2 2.139(4),
Zr1-01-Bil 138.23(19), N1-Bil-N2 84.09(16), 0O1-Zr1-C37 92.07(18), 01-Bil1-N1

98.42(15), O1-Bi1-N2 93.82(15).
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The coordination sphere around the transition metals is quite similar: the zirconium metal
in 11 accommodates two of the n°-coordinated Cp* ligands, the u-bridging O atom, and one
Me group, whereas at the hafnium atom in 12 the latter is replaced by a chlorine atom. The
Zr-O bond length (1.982(3) A) falls between those found in LMeAl(u-O)ZrRCp; (av 1.92
A)'% and TiyZrs06(OBu)4(OMc);6 (OMc= methacrylate, av Zr-O 2.17 A).'"” In 6 the Hf-O
bond length (1.957(3) A) is longer than that in LAIMe(x-O)HfMeCp, (1.919 A).'*'¢ The Bi-
O bond length in compounds 8-12 (av 2.038 A) is comparable to those observed in
(BiTi;O(OiPr)o (2.090 A)'® and [(Cp*MoOs),BiPhs] (2.201 A)'*” but considerably shorter

than that found in [ {Bi(Hsal);},{Al(acac);}] (2.765 A).'®

Figure 12. Molecular structure of 12. Anisotropic displacement parameters are depicted at the
50% probability level. H atoms are omitted for clarity. Selected bond lengths [A] and angles
[°]: Bi1l-O1 2.045(3), Hf1-O1 1.957(3), Hf1-Cl1 2.4459(12), Bil-N1 2.158(4), Bil-N2
2.139(4), Hf1-O1-Bil 134.55(18), N1-Bi1-N2 86.63(16), O1-Hf1-CI1 92.5410, O1-Bil1-N1
98.68(15), 01-Bil-N2 93.09(14).
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2.2.4 Structural Comparison of compounds 8-12

The Bi—N bond distances span a very narrow range of 2.115(4) in 8 to 2.169(4) A in 11
while the Bi—O distances vary by about 0.08 A from 1.978(3) in 8 to 2.0552(11) A in 10. The
shortest Bi—O bond in the aluminum derivative 8 correlates with the widest Bi—-O-M angle
(160.7(2)° in 8) while the longer distance in 10 tolerates the most acute angle (112.58(6)°).
The angle of the Bi—O bond to the BiN; plane is remarkably invariant and widens only by less
than 4° from 95.2° in 9 t0 98.9° in 11 and 12, demonstrating that the lone-pair character at the
bismuth atom is almost independent from the nature of the second organometallic fragment.
The angle of the M-O bond relative to the ML, plane varies much more (from 99.1° in 10 to
140.3° in 11), reflecting the dependence of the angle on the steric requirements of the

organometallic fragment.

2.3 Synthesis, Structure and Reactivity of Organobismuth(l11), Bismuth Chalcogenide and

Dibismuthine Complexes

Organobismuth compounds have attracted interest because of the Lewis acidity and the
nontoxicity of the bismuth atom. Trivalent organobismuth compounds with electronegative
substituents, such as halogen and oxygen atoms, are well-known to behave as good Lewis
acids and to form tetracoordinate structures easily by the coordination with Lewis bases.™*°
Bismuth halide fragments have been employed as a building block for the formation of two-
dimensional coordination networks with tunable conducting/semiconducting properties.'**
The application of organobismuth reagents in organic synthesis is still very limited.''?
Organobismuth compounds are normally nontoxic and potentially meet the recent
requirement for the reagent, process, and product of little or no risk to humans and
environment, which is a major contemporary concern in the chemistry community. The

unique performance of bismuth salts as Lewis acid catalysts or reagents is becoming
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evident!*®

, and organobismuth(111) has been used in the oxidation of alcohols to aldehydes and
ketones under mild conditions.*** Herein we report the preparation and stabilization of

organobismuth(111) compounds, low-valent bismuthane and organobismuth chalcogenides.

2.3.1 Synthesis, Spectroscopic Characterization and Structure of Complexes [1,8-

C1oHs(NSiMes);]BiR (R= CI(13), CCPh(14), Cp*(15), Me(16), OPh(17), NH,(18)

Metathesis of amide to chloride can be achieved by treatment of n-hexane solution of 1
with CISiMe;. Organic groups can be easily introduced in 1 by elimination of HNMe; using
acidic reagents. Treatment of 1 with stoichiometric amounts of PhnCCH, Cp*H and PhOH in
n-hexane results in the formation of LBiCCPh (14), LBiCp*(15), and LBiOPh (17) [L= 1,8-

C10Hs(NSiMej3),], respectively under elimination of HNMe, as shown in Scheme 18. LBiNH

Scheme 18

_
| LBi-R
s

R= CI(13), CCPh(14), Cp*(15),

Me(16), OPh(17), NH,(18)

(18) was prepared as an oily compound by bubbling dry ammonia gas through the n-hexane
solution of 1, whereas LBiMe (16) can be synthesized by slow addition of AlMe3 in n-hexane
to the n-hexane solution of 1. The *H NMR spectrum of each reaction mixture of compounds
13-18 shows almost quantitative conversion of the precursors to products, as revealed by the
absence of NMe, resonance. The *H NMR spectra of compounds 13-18 in CgDg at room
temperature show singlet resonances for SiMes groups. The *H NMR spectrum of 15 displays

one resonance at ¢ 1.86 ppm which can be attributed to the Me protons of Cp*, whereas the
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particular BiMe group in 16 resonates as a singlet at 6 0.43 ppm. In compound 18 a broad
singlet resonance at § 5.38 ppm can be assigned to the protons of the NH, group. The *C
NMR spectrum of 15 reveals two resonances (¢ 10.4, 3.3 ppm), which can be assigned to the
carbon resonances arising from SiMes and Bi-Cp*, respectively. Compound 13 is a red
crystalline solid which is soluble in common organic solvents such as toluene and THF, and it
is stable in the solid state at room temperature for several months under an inert atmosphere.
Organobismuth compounds 14-17 are orange crystalline solids which are soluble in toluene,
THF, and n-hexane. Compounds 14-18 are air and moisture sensitive and hydrolyze upon

exposure to air.

Figure 13. Molecular structure of 13. Thermal ellipsoids are set at 50% probability level. H
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Bil-N1 2.1569(18),
Bil-N2 2.127(2), Bil—ClI 2.4784(6), Sil-N1 1.735(2), Si2-N2 1.745(2), N1-Bil—N2 83.88,

CI-Bil-N1 92.10(6), CI-Bi1-N2 95.72(6), Si1-N1-Bi1 119.61(10), Si2-N2-Bi1 118.80(10).

2.3.2 Molecular Structure Description of Compounds 13-16

Single crystals suitable for X-ray structures of 14-16 were obtained from saturated
solution of n-hexane at —30 °C and for those of 13 from a mixture of n-hexane/toluene
solution at =30 °C. The coordination geometry around the bismuth atom in compounds 13-16
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is that of a distorted trigonal-pyramidal arrangement with a stereochemically active electron

lone pair. Compound 13 crystallizes in the tetragonal space group 14 with one molecule in
the asymmetric unit (Figure 13). The Bi—Cl distance (2.4784(6) A) is shorter than those that
have been reported for complexes [2,6—(Me;NCH,),CsHs],—BiCl (2.6086(13) A)"*® and
[{HC(Et,NCH,CH,NCMe),}BiCl,] (av 2.7055 A)"® but is comparable to that of
characteristic Bi—chlorine covalent bond (v (Bi-Cl) 2.51 A).*" Compounds 14 and 16
crystallize in the monoclinic space group P2i/n with two molecules in the asymmetric unit

(Figures 14, 16).

Figure 14. Molecular structure of 14. Thermal ellipsoids are set at 50% probability level.
Only one of the two crystallographically independent molecules is shown. H atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: Bi2—N1 2.142(2), Bi2—N2
2.145(2), Bi2—C17 2.212(3), C17-C18 1.202(4), Sil-N1 1.733(2), Si2-N2 1.738(2),
NI1-Bi2—N2 84.88(8), C17-Bi2—N1 89.81(9), C17-Bi2—N2 94.91(9), Sil-N1-Bi2

119.55(12), Si2-N2-Bi2 120.86(11).
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The Bi-C bond length (av 22115 A) in 14 is shorter than that in
[tBUN(CH,CgH,),BiCCPh] (2.289(4) A).*> The Bi-Me distance in 16 (av 2.2485 A) falls
between those found in [2,6-(Me;NCH,),CeHs](Me)Bil  (2.224(10) A)*® and

[tBUN(CH,CgHs):BiMe] (2.264(6) A).” Compound 15 crystallizes in the triclinic space

group P 1 with two molecules in the asymmetric unit (Figure 15). The Bi-C bond length
pattern with one short, two intermediate and two longer distances (av 2.3638, 2.7616, 2.7745,
3.1900, 3.1998 A) between Cp* and bismuth resembles a scenario between an n' or 1°
chelating mode. The Bi-XB1Ag (XB1Ag = centroid of the Cp* ring) distance (2.6059 A) in
15 is longer than those in [(CsHR4)BICl;], (R=CHMe,) (Bi-X1A, av 2.3495 A).*® In
compounds 13-16 the Bi-N bond lengths are in the range of 2.127(2) A (in 13) to 2.1995(16)
A (in 15) and the N-Bi-N angles are ranging from 82.47(7)° (in 16) to 84.88(8)° (in 14), which

are comparable to those observed in 1.

Figure 15. Molecular structure of 15. Thermal ellipsoids are set at 50% probability level.
Only one of the two crystallographically independent molecules is shown. H atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: Bi2—N1 2.1854(16), Bi2—N2

2.1568(15), Bil-X1A 2.62137(10), Sil-N1 1.7373(16), Si2-N2 1.7285(17), N1-Bi2-N2
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83.46(6), X1A-Bi2-N1 123.53(4), X1A-Bi2—-N2 118.55(4), Si1-N1-Bi2 117.64(8), Si2-N2-

Bi2 117.65(8). (X1A = centroid of the Cp* ring)

Figure 16. Molecular structure of 16. Thermal ellipsoids are set at 50% probability level.
Only one of the two crystallographically independent molecules is shown. H atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: Bil-N1 2.1561(19), Bil-N2
2.1733(19), Bil-C17 2.249(3), Si1-N1 1.737(2), Si2-N2 1.745(2), N1-Bi2—N2 83.69(8),
C17-Bil-N1 93.32(9), C17-Bil-N2 94.75(9), Sil1-N1-Bil 121.10(10), Si2-N2-Bil

118.45(8).

2.3.3. Synthesis, Spectroscopic Characterization and Structure of Organobismuth

Chalcogenide Complex: Synthesis of [1,8-C1oHg(NSiMe3), Bi].S (19)

The first bis(diorganobismuth) chalcogenides, (R2Bi).E (E = O, S, Se, Te) were prepared
several years ago by chalcogen insertion into bismuth-bismuth bonds.****?° Later also
reactions between diorganobismuth halides and sodium chalcogenides were accomplished.*

The examples with known crystal structures are the mesityl derivatives (R2Bi);E [E = O, S,

40



2. Results and Discussion

Se; R=2,4,6-MesCeH,],***  [2,6-(MeoNCH,),CeH3BiS],,® (R.Bi),E [E = S, Te;

R=CH(SiMes),]**® and [2,6-(t-BuOCH,),CsH3BiS],.***

The reaction of 1 in the presence of equivalent amounts of elemental sulfur at room
temperature in n-hexane leads after three days to compound 19 in good yield (Scheme 19).
Compound 19 is an orange crystalline solid, which is soluble in organic solvents such as n-
hexane, THF, and toluene. The *H NMR spectrum of 19 exhibits two different resonances (&

0.169 and 0.131 ppm) for the SiMes groups.

Scheme 19

N
S\I

s
2 Bi-N__ -  LBi-S-BiL
L)

L 19

In 19 the bismuth atoms are bound by a bent Bi(u-S)Bi core as revealed by the bond
angle of av 113.18°. The bismuth-sulfur distances in 19 (av 2.5383 A) are similar to those in
[{2-(Me,NCH,)CgH4}-Bil,S (2.5558(17) A)*® and (Mes,Bi),S (av 2.5325 A)'?!, while the
Bi(u-S)Bi angle in 19 is considerably larger when compared with those of the latter

compounds (98.17(8)°), 98.7(2)°).
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Figure 17. Molecular structure of 19. Thermal ellipsoids are set at 50% probability level.
Only one of the two crystallographically independent molecules is shown. H atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: Bil-N1 2.167(2), Bil-N2
2.138(2), Bi2-N3 2.144(2), Bi2-N4 2.170(2), N1-Sil 1.743(2), N2-Si2 1.733(2), N3-Si3
1.725(2), N4-Si4 1.751(2), Bil1-S1 2.5386(7), Bi2-S1 2.5381(7), Bi1-S1-Bi2 113.47(3), N1-
Bi1-N2 84.68(8), N3-Bi2-N4 84.00(9), N1-Bi1-S1 92.10(6), N2-Bi1-S1 95.10(6), N3-Bi2-S1

94.96(6), N4-Bi2-S1 98.22(6), Bil-S1-Bi2 112.89(3).

2.3.4. Synthesis, Spectroscopic Characterization and Structure of Low-valent Dibismuthine

Complex: Synthesis of [1,8-C1oHs(NSiMes),Bi], (20)

There are very few compounds with known crystal structures of compounds containing
bismuth-bismuth bonds. Interesting aspects of the structures of dibismuthines are the
conformation and the possibility of the formation of bismuth chains through alternating Bi-Bi
bonds and intermolecular Bi---Bi contacts. The first crystallographically characterized
tetraorganyl derivative of bismuth(ll) is tetraphenyldibismuthine, Ph,Bi-BiPh,.'*® The

molecule has a staggered trans conformation. The coordination at the bismuth atoms is
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essentially trigonal pyramidal. The bond angles about bismuth are significantly smaller than
the tetrahedral value. The dibismuthine (MesSi),Bi-Bi(SiMes3),, which does not contain a
direct Bi-C bond, has the same molecular structure as tetraphenyldibismuthine with a
staggered trans conformation of the substituents.*?®® However, the crystal structure is different.
There are linear zigzag bismuth chains with alternating Bi-Bi bonds and shortened
intermolecular Bi---Bi contacts in the crystalline state. The shortest Bi-Bi single bond (2.947

127 \which

A) was found in the unusual bismuth-arene adduct, (p-17°-CsMeg)[Biz(-O2CCF3)a]2,
is the first example of a carboxylato derivative containing the bismuth atoms in a formal +2
oxidation state.

Reaction of PhSiH3 with 1 in n-hexane results in a Bi-Bi bond formation (Scheme 20).
Compound 20 is obtained as a red crystalline solid which is air and moisture sensitive but
stable in the solid state under an inert atmosphere at room temperature. In the '"H NMR

spectrum of 20 the 18 protons of SiMe3 resonate as a singlet (6 0.15 ppm) and the aromatic

protons appear in the range of ¢ 7.13 - 7.22 ppm.
Scheme 20
NI %
Si
\
O N 2PhSiH; o _
2 LBi-BiL + 2 MezNPhS|H2+ H2

—— Bi—N >
()N
g

AN 20

Compound LBi-BiL (20) crystallizes in the monoclinic space group P2;/c with one
molecule in the asymmetric unit (Figure 18). The N,N'-disubstituted 1,8-diaminonaphthalene

ligands of 20 are in a trans conformation to each other and the N-Bi-Bi angles lie in the range
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between av 89.88° and av 89.03°. The Bi-Bi bond distance of 3.0197(2) A corresponds to a
normal bismuth-bismuth single bond as found in (MesSi)sBi, (3.035(3) A)'® or R4Bis

(R=(MesSi),CH:; av 3.005 A)*°.

Figure 18. Molecular structure of 20. Thermal ellipsoids are set at 50% probability level. H
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Bi(1)-N(1) 2.1648(11),
Bi(1)-N(2) 2.1660(12), BilA-N1A 2.1621(13), BilA-N2A 2.1646(11), N1-Sil 1.7432(12),
N2-Si2 1.7422(13), N1A -SilA 1.7470(13), N2A -Si2A 1.7475(12), Bil-BilA 3.0197, N1-
Bil-N2 84.51(5), N1A-BilA-N2A 85.02(4), N1-Bil-BilA 89.82(3), N2-Bil-BilA 88.87(3),

N1A-BilA-Bil 89.95(3), N2A-BilA-Bil 89.19(3).
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2.4 Synthesis, Characterization, and X-ray Single Crystal Structures of N,N'-
Bis(trimethylsilyl)diphenyliminophosphonamide Aluminum Halide, Hydride,

Amide and Alkylate.

Monoanionic N,N"-chelating organic ligands such as B-diketiminate, guanidinate and
amidinate have attracted growing interest in organometallic chemistry in the last decade due
to their capability to coordinate very flexible to the metal center as monodentate (1),
chelating (n?) or bridging monodentate (u-n'-n') four-electron donor.*?® One of the most
fruitful systems has been the [R-N-E(R"),N-R]" (E=C, S, n=1; Si, P, n=2) ligand coordinating
with two nitrogen atoms. Moreover, they were found very useful in catalysis, material science
(i.e. precursors for CVD) and organic-inorganic hybrids since their steric and electronic
properties can easily be tuned by modification of the organic substituents R and R".

A number of PN, complexes of the metals have been prepared and characterized;**
many of these compounds were synthesized by the reaction of the [Ph,P(NSiMes).] ligand
with the corresponding metal chloride. Monosubstituted complexes are generally accessible
via this route and are typically dinuclear with halide bridges. Amine elimination is also a
complementary route for the preparation of both mono- and disubstituted PN, complexes.**®

Herein, we report the synthesis and solid-state structures of aluminum complexes with the

Ph,P(NSiMe3s)," ligand.
2.4.1 Synthesis of Ph,P(NSiMes),Li (22)

Compound Ph,P(NSiMes),H (21) was prepared by a previously reported method.***
Treatment of iminophosphonamide with MeLi or nBuLi yielded the lithium salt of
iminophosphonamide L?Li (22) (L?=Ph,P(NSiMes),) in high yield (Scheme 21).'* The 'H

NMR spectrum of 22 exhibits one singlet at 6 0.12 ppm which can be atributed to SiMe3
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groups while the aromatic protons appear between 6 6.98 and 7.80 ppm. 22 shows a

resonance at d 7.4 ppm in its **P NMR spectrum.

Scheme 21
SiMe3 TiMe3
N ©N
V4 nBuLi ®,/
thP\ H #— thP\ Cl;)i
N -BuH @T
SiM63 SiMe3
L2Li
21 22

2.4.2. Reaction of L2Li with RAICI,: Synthesis of Ph,P(NSiMes),AIRCI (R = Cl, 23; Me, 24)

Synthesis of L?AICI, (23) (Scheme 22) was accomplished by reacting the lithiated
precursor 22 with AICl; under elimination of LiCl in moderate yield. The solution of AICl3 in
toluene was added drop by drop to the solution of 22 in a 1:1 stoichiometric ratio in toluene,
and stirred at 25 °C for 14 h which yields the colorless complex 23. In a similar route complex
24 was prepared by slow addition of AIMeCl; (1.0 m in n-hexane) to the toluene solution of
22, and stirring at room temperature for 14 h. Compounds 23 and 24 are soluble in common
organic solvents such as toluene, THF, and n-hexane, and they are stable in the solid state at
room temperature for several months under an inert atmosphere. 23 is easily hydrolyzed on
exposure to air as indicated by a color change from colorless to a light yellow oily solid, and
we were not able to measure elemental analysis of 23 due to its sensitivity. The 3P NMR
spectra of 23 and 24 exhibit downfield shifts when compared with those of complex 22 (6

37.8 ppm for 23, 33.2 ppm for 24, 7.4 ppm for 22). The *H NMR of 24 exhibits a single
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resonance (6 0.04 ppm) which can be assigned to Al-Me. The 18 protons of SiMes resonate as

a singlet at ¢ -0.03 ppm and the aromatic protons of Ph are shown at ¢ 7.46 - 7.79 ppm.

Scheme 22
SiMe3
TiMe3 |
Ph ON Cl
o GN\ RAICI, \C;?< X |/
Ph,P. Li CAN
AN - LiCl o S 0N,
©N |
| SiMe,
SiMe;

R=Cl(23) R=Me(24)

Complexes 23 and 24 were characterized further by X-ray crystallography, and the
molecular structures are presented in Figures 21 and 22. Compound [Ph,P(NSiMes),AICl,]
(23) crystallizes in the triclinic space group P1 with two molecules in the asymmetric unit
whereas [Ph,P(NSiMes3),AIMeCl] (24) is monomeric in the solid state and crystallizes in the
monoclinic space group P2;/c. Colorless crystals of 23 and 24 suitable for X-ray structure
analysis were grown from toluene and n-hexane at -78 °C respectively. In both structures the
aluminum atoms show a distorted tetrahedral environment, and the metrical parameters
associated with the PN, ligand are quite similar.**® All N atoms bearing SiMes groups show a
planar arrangement; the Si-N bonds are slightly shorter than the sum of the covalent radii of
1.87 A™'  and the P-N distances in the range of 1.614(12)-1.629(16) A have been previously
rationalized to range between single and double P-N bonds.**® However, recent experimental
charge density studies proved the shortening mainly to be caused by electrostatic
contributions.**® In addition to the P-N o-bonds, there is Coulomb attraction between the
positively charged phosphorus atoms and the negatively charged nitrogen atoms, and in

return, repulsion between the competing N-atoms across the central P-atom. This ‘seesaw’
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effect is most prominent in the structures from the tetra(amino) phosphonium cation,

[P(NHPh),]", to the tetra(imino) phosphate trianion, [P(NPh)4]*".

Figure 21. Molecular structure of 23. Anisotropic displacement parameters are drawn at the
50 % probability level. Only one of the two crystal independent molecules is shown. H atoms
are omitted for clarity. Selected bond lengths [A] and angles [°]: Al1-N1 1.880(17), Al1-N2
1.885(17), Si1-N1 1.739(16), Si2-N2 1.747(17), P1-N1 1.629(16), P1-N2 1.623(16), Al1-CI1
2.132(8), Al1-CI2 2.130(8), CI1-Al1-CI2 109.51(3), Al1-N1-P1 90.59(8), Al1-N2-P1
90.57(8), N1-P1-N2 97.65(8), N1-Al1-N2 81.11(7), C1-P1-C7 107.16(9), Sil-N1-All
132.34(9), Si1-N1-P1 132.44(10), Si2-N2-Al1 132.11(9), Si2-N2-P1 137.02(10), CI1-Al1-N1

114.04(6), CI2-Al1-N1 116.42(6), CI1-Al1-N2 115.83(6), CI2-Al1-N2 117.67(6).

Despite the diversity of the P-N bond lengths, the average P-N bond length within the
PN, tetrahedra is very similar (Z(dp_n)}4 = 1.62(1)A).2*° On this basis we state that there is
no P=N double bonding, and hence no hypervalent phosphorus present in the

iminophosphonamide ligands presented in this paper.**
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The AI-CI bond lengths in compound 23 are shorter than that of compound 24, while the
ligand bite (N1-Al1-N2) in 23 (av 81.09°) is slightly bigger than that in 24 (80.04(5)°). The
Al-Cl distances in 23 (av 2.129 A) are quite similar to those observed in the mono 1-aza-allyl
complex [N(SiMes)C(Ph)C(SiMe3),]AICI, (av 2.071 A) but the core angle is significantly

different due to non equivalent chelating backbone.'*

C19

Figure 22: Molecular structure of 24. Anisotropic displacement parameters are drawn at the
50 % probability level. H atoms (except for those of C19) and half toluene solvent molecule
are omitted for clarity. Selected bond lengths [A] and angles [°]: Al1-N1 1.899(13), Al1-N2
1.909(13), Si1-N1 1.736(12), Si2-N2 1.733(12), P1-N1 1.614(12), P1-N2 1.617(12), Al1-Cl1
2.155(6), Al1-C19 1.947(15), Cl1-Al1-C19 111.89(6), Al1-N1-P1 90.89(6), Al1-N2-P1
90.41(6), N1-P1-N2 98.56(6), N1-Al1-N2 80.04(5), C1-P1-C7 106.846(7), Sil-N1-All
131.52(7), Si1-N1-P1 136.69(8), Si2-N2-All 128.83(7), Si2-N2-P1 134.17(8), CI1-Al1-N1

110.81(4), C19-Al1-N1 120.92(7), CI1-Al1-N2 109.69(4), C19-Al1-N2 119.69(6).

49
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2.4.3. Reaction of L?H with AlH3:-NMes: Synthesis of [Ph,P(NSiMes),],AIH (25)

Organoaluminum hydrides of low aggregation have proved to be effective reagents for
preparing chalcogenide compounds with elemental chalcogens or organochalcogenides,*®
such as LAI(SeH),, LAI(SeH)Se(SeH)AIL (L = HC(CMeNAr),, Ar = 2,6-iPr,CgHs),**
LAI(SH), (L = HC(CMeNAXr),, Ar = 2,6-iPr,CgHs),** Al,Ses(H)2(NMes).X* As an extension
of this type of reaction, we explored iminophosphonamide 21 to react with AlH3-NMe;s to
afford an aluminum monohydride [Ph,P(NSiMe3),].AlIH (25) under elimination of hydrogen.

Reaction of iminophosphonamide 21 with AlH3-NMes in 2:1 stoichiometric ratio in n-
hexane/THF at -78 °C afforded the iminophosphonamide aluminum complex
[PhoP(NSiMes),]oAIH (25) in moderate yield (Scheme 23). The *H NMR spectrum of 25
exhibits a broad singlet at 6 5.1 ppm assigned to the AIH and two singlets at ¢ -0.22 and -0.13
ppm, which can be assigned to the 36 protons of the SiMes units. The presence of two non
equivalent SiMez groups indicates a restricted fluctionality of these groups at room
temperature. In the IR spectrum one weak absorption for the AIH stretching frequency is
observed at 1853 cm™. 3P NMR spectrum of 25 exhibits two single resonances at § 29.2 and
34.6 ppm. 25 is stable in the solid state under an inert atmosphere and is slowly oxidized and

hydrolyzed on exposure to air.

Scheme 23
TiMe3 SiMeg SiMeg
AlH..NMe Ph ©N H N© Ph
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2. Results and Discussion

Complex 25 was characterrized further by X-ray crystallography and the molecular
structure is presented in Figure 23. The X-ray structure reveals that in 25 the aluminum is
five coordinate and in a distorted trigonal bipyramidal geometry with N1 and N4 in axial
positions and N2, N3, and H in the equatorial plane. The N1-Al1-N4 axis is almost linear
[N1-Al1-N4 175.80(5)°] in which the AI-N bond lengths of 2.08(13) A for AI-N1 and
2.100(13) for Al1-N4 are almost the same. The equatorial AI1-N2 and Al1-N3 having almost
the same bond lengths (Al1-N2 1.94(13) A, Al1-N3 1.93(13) A). The deviation from the ideal
trigonal-bipyramidal geometry can be described by an angle of 73.94(26)° between the least-
squares plane of N1, Al, N4, H and the equatorial plane. Clearly, the deviation from ideal
trigonal-bypyramidal geometry arises from the steric requirements of the two chelating
ligands. The axial Al-N bond lengths are in good agreement with those which are observed in
similar five coordinate aluminum complexes™’ where AI-N bond lengths are found in the

range from 2.051(18) A to 2.179(7) A.

Figure 23. Molecular structure of 25. Anisotropic displacement parameters are drawn at the
50 % probability level. H atoms (except for those of All) and one THF solvent molecule are
omitted for clarity. Selected bond lengths [A] and angles [°]: Al1-N1 2.080(13), Al1-N2

1.947(13), Si1-N1 1.7252(13), Si2-N2 1.7381(13), P1-N1 1.5923(13), P1-N2 1.6162(12),
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2. Results and Discussion

Al1-N3 1.939(13), Al1-N4 2.100(13), N3-Al1-N4 75.66 (5), Al1-N1-P1 89.23(6), Al1-N2-P1
93.90(6), N1-P1-N2 101.10(6), N1-Al1-N2 75.75(5), C1-P1-C7 106.58(7), Sil-N1-All
133.46(7), Si1-N1-P1 133.13(8), Si2-N2-All 135.69(7), Si2-N2-P1 128.08(8), N3-Al1-N1

102.38(5), N4-Al1-N1 175.80(5), N3-Al1-N2 110.34(6), N4-Al1-N2 101.33(5).

2.4.4. Reaction of L?H with AIEt; and [AI(NMe,)s]»: Synthesis of Ph,P(NSiMe;),AlEt, (26)

and thP(NSIMG;;)zA'(N Me_z)z (27)

Compound 26 was prepared as a white crystalline solid from the reaction of
iminophosphonamide 21 with AlEt; in n-hexane at -78 °C. Reaction of 21 with [AI(NMey)s]»
in n-hexane at reflux temperature for 6 h afforded the aluminum amide complex 27 (Scheme
24). Both compounds are soluble in common organic solvents such as n-hexane, toluene, and
tetrahydrofuran. 27 is stable in the solid state under an inert atmosphere and is slowly
hydrolyzed on exposure to air whereas 26 is not stable and very sensitive to air. Therefore we
were not able to determine the elemental analysis. **P NMR spectra of 26 and 27 exhibit
single resonances at ¢ 30.3 and 28.6 ppm, respectively. In both compounds the *H NMR and
2Si NMR spectra exhibit only one singlet for the SiMe; groups. In compound 27 the 12

protons correspond to NMe, and resonate at 0 3.06 ppm while the aromatic protons appear

between ¢ 7.03 and 7.83 ppm.
Scheme 24
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2. Results and Discussion

Colorless compound 27 crystallizes in the monoclinic space group P2;/n, with one
monomer in the asymmetric unit from n-hexane at -78 °C. The coordination polyhedron
around the aluminum atom features a distorted tetrahedral environment and the metrical
parameters associated with the PN, ligand are quite similar to those of 22 and 23. The Al-N3
and Al-N4 bond distances are comparable to those reported in structurally characterized Al-
bound terminal NMe; groups.**® The AI-N1 and Al-N2 bond lengths (1.937(12)-1.950(12) A)
are longer than the AI-N3 and Al-N4 distances (1.790(13)-1.795(12) A), due to the

electronically delocalized PN; ligand.

Figure 24. Molecular structure of 27. Anisotropic displacement parameters are drawn at the
50 % probability level. H atoms are omitted for clarity. Selected bond lengths [A] and angles
[°]: Al1-N1 1.937(12), Al1-N2 1.950(12), Si1-N1 1.727(12), Si2-N2 1.728(12), P1-N1
1.614(11), P1-N2 1.606(12), Al1-N3 1.795(12), Al1-N4 1.790(13), N3-Al1-N4 111.61(6),
Al1-N1-P1 91.38(6), Al1-N2-P1 91.14(6), N1-P1-N2 99.15(6), N1-Al1-N2 78.21(5), C1-P1-
C7 104.23(7), Si1-N1-All 131.04(6), Si1-N1-P1 133.52(7), Si2-N2-All 130.33(6), Si2-N2-
P1 133.57(7), N3-Al1-N1 113.12(6), N4-Al1-N1 118.87(6), N3-Al1-N2 119.33(6), N4-Al1-

N2 112.27(6).

53
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2.4.5 Structural Comparison of LAICI, (23), LAIMeCl (24), L,AIH (25), and LAI(NMe,),

(27)

The superposition of the PN,AI four-membered rings in the four structures in Figure 25
reveals that not only this motif remains widely unchanged but even the phenyl groups adopt
the same orientation. Also the remaining substituents at aluminum stay almost in place.
Remarkably, only one of the two Me3Si groups responds to the various steric requirements of
those two exocyclic substituents. Switching one of the chlorine substituents in 23 to a methyl
group in 24 leaves the angle sum at the nitrogen atom virtually unchanged (359.7 vs 359.1°)
and the silyl atom almost shares the plane with the PN,Al four-membered ring. Only the
second iminophosphonamide ligand in 25 and the two dimethylamino groups in 27 remove
that silyl group from the plane, indicated by an angle sum of only 356.16 and 355.94°,

respectively.

7=355.94°
4 =359.10°
3 =359.70°
5 5 =356.16°

Figure 25. Superposition of 23, 24, 25, and 27, depicting the response of the trimethylsilyl

group at N1 to the bulk of the two other substituents at the aluminum atom.
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3. Summary and Outlook

3.1. Summary

Organometallic molecules with useful functionalities have gained tremendous attention.
Substitution of functionalities leads to the synthesis of a variety of other new derivatives, and
condensation in a controlled manner with suitable metal synthons affords a route to homo—
and heterobimetallic complexes which are mostly useful as catalysts.

The first part of the thesis deals with the synthesis of bismuth amide complex and its
reaction with compounds containing unsaturated C-O, C-C, and C-N bonds. The main
motivation for the research in the field of the bismuth chemistry is, without any doubt, the
role of bismuth compounds in catalysis and due to their non toxicity in pharmacology.
L'BiNMe;, (1) was prepared by the reaction of 1,8-bis[(trimethylsilyl)amino]naphthalene with
Bi(NMe,)s. To investigate the reactivity of bismuth-nitrogen bond toward carbon-oxygen
bond we treated 1 with aldehyde and keton. The reaction of 1 with 2-benzoylpyridine and 3-
pyridinecarboxaldehyde proceeds smoothly at room temperature to give addition products in
which 2-benzoylpyridine and 3-pyridinecarboxaldehyde insert into the Bi—N bond of 1 under

formation of 2 and 3, respectively.

Molecular Structure of 2 Molecular Structure of 3
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3. Summary and Outlook

To extend those findings to carbon-carbon bonds we reacted 1 with alkene and alkine.
Compounds 4 and 5 were obtained by reaction of 1 with 2-methyl-2-propenenitrile and
diethyl acetylene dicarboxylate, respectively. During the formation of 5 the exchange of one

of the OEt groups by a NMe; substituent occurred.

Molecular Structure of 4 Molecular Structure of 5

Compounds 6 and 7 are the products of bismuth-nitrogen bond insertion to carbon-
nitrogen bonds. Reaction of 1 with diisopropylcarbodiimide and phenylisocyanate results in
the formation of 6 and 7, indicating that carbodiimide and isocyanate molecules are inserted

into the Bi-N bond, respectively.

Molecular Structure of 6 Molecular Structure of 7
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3. Summary and Outlook

Due to the basic character of the NMe;, group, compound 1 was utilized to prepare a
series of heterobimetallic oxides. The second part of the thesis describes the efforts to
synthesize oxygen-bridged heterobimetallic complexes of bismuth with main group and
transition metals which are difficult to achieve by other methods. The bismuthamide (1)
complex acts as a building block for the preparation of the first structurally characterized
oxygen bridged heterobimetallic complexes of groups 4, 13 and 14 metals. Thus, the reaction
of L'BiNMe; (1) with LM(Me)(OH) and LGe(OH) (M=Al, Ga, L= CH((CMe)NAr),, Ar =
2,6-iPr,CgHs), provides the complexes L'Bi(u-O)MMeL (M = Al 8; Ga, 9) and L'Bi(p-

0)GeL (10).

Molecular Structure of 10
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3. Summary and Outlook

The study of the half-metallocenes of zirconium and hafnium bearing terminal methyl
and chloride groups is limited because of their thermal and kinetic instability. A series of
heterobimetallic complexes of half-metallocenes bearing terminal methyl and chloride groups
have been prepared. The transition metal hydroxides Cp*,ZrMe(OH) and Cp*,HfCI(OH)
react with 1 to generate the corresponding complexes L'Bi(pu-0)ZrMeCp*, (11) and L'Bi(u-
O)HfCICp*; (12) under elimination of HNMe,. X-ray structural analysis reveals the presence

of bent Bi(«-O)Zr and Bi(u-O)Hf cores.

Molecular Structure of 11 Molecular Structure of 12

From the point of view of the applications in catalysis and organic synthesis the
organobismuth(l11) complexes play a very important role. Under given reaction conditions the
amide group can be selectively substituted or replaced by another similar or different
functional group. Thus, the reaction of L'BiNMe, (1) with CISiMe; smoothly yields the

corresponding chloride L'BiCI (13).

Molecular Structure of 13
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Treatment of 1 with HCCPh, Cp*H, AlMes;, PhOH and NHj5 resulted in the formation of
the organobismuth(I11) complexes L'BiCCPh (14), L'BiCp*(15), L'BiMe (16), L'BiOPh (17)
and L'BiNH, respectively. The molecular structures of 14, 15 and 16 have been determined
by X-ray structure analysis. Compound 15 is an example of a half-sandwich bismuth(lII)
complex with bonding to Cp* in an n' or n° chelating mode. LBiMe (16) can be synthesized

by slow addition of AlMes in n-hexane to the n-hexane solution of 1.

Molecular Structure of 16

Reaction of 1 with elemental sulfur and PhSiH; affords a bimetallic derivative of
composition (L'Bi),S (19) with a bent Bi(u-S)Bi core and a low valent dibismuthine (L'Bi),

(20) complex, respectively.
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3. Summary and Outlook

Molecular Structure of 19 Molecular Structure of 20

The last part of the thesis deals with the synthesis of four-membered aluminum rings
bearing halide, methyl, and hydride substituents. Aluminum hydrides, alkylates, and halides
are involved in most of aluminum containing reactions and they are extraordinary important
for aluminum chemistry

Iminophosphonamide aluminum dichloride and methylchloride LAICI, (23) and
L?AlMeCl (24) (L?*=Ph,P(NSiMes),) were easily obtained from the reactions of L2Li and

selected simple aluminum halide precursors.

Molecular Structure of 23 Molecular Structure of 24

60
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The reaction of the very bulky iminophosphonamide ligand L*H with AlH3-NMe;, AlEt;
and [Al(NMe,)s], afforded a dimeric aluminum monohydride L%AIH (25), an aluminum ethyl
L2AlEt, (26) and an aluminum amide LAINMe; (27) complex, respectively.

In 25 the aluminum is five coordinate and in a distorted trigonal bipyramidal geometry. It

could be a very useful precursor for the preparation of aluminum chalcogenide complexes.

Molecular Structure of 25 Molecular Structure of 27

3.2. Outlook

The thesis presented here has focussed on generating functionalities on bismuth and
aluminum centers such as NMe,, halide, alkyl and NH; and studying their reactivity. This
resulted in the development of new synthetic strategies for generating such species.

Extension of this work may be the application of the carbene method for conversion of
metal halides to the corresponding hydroxides and amides and as possible starting materials
for reduction with the aim of obtaining metals in low oxidation states, and also for studying
their involvement in different metathesis reactions. In summary, generation of such
hydroxides has a huge synthetic potential in the field of well-defined heterobimetallic oxides.
Moreover, other p-, d- or f- block metals are potential candidates for the generation of

heterobimetallic complexes containing Bi-O-M and Al-O-M cores.
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4. Experimental Section

4.1. General Procedures

All experiments were carried out under an atmosphere of dry nitrogen or argon using
Schlenk techniques or inside a glove-box filled with dry nitrogen, where the O, and H,O level
were strictly maintained below 1 ppm. Toluene, benzene, hexane, pentane, tetrahydrofuran,
and diethylether were purified with the M-Braun solvent drying system. Dichloromethane
(CaHy) were dried and distilled prior to use. The samples for analytical measurements were

prepared inside the glove box
4.2. Physical Measurements

The melting points of all compounds described in this thesis were measured on a Buchi
B-540 apparatus in sealed capillaries and are uncorrected.

'H, B¢, #Al, #Si, and *'P NMR spectra were recorded on Bruker-Avance-500, Avance-
300 and Bruker-Avance-200 instruments. Deuterated NMR solvents C¢Dg, C7Hg, and THF—Dg
were dried by stirring for 2 days over Na/K alloy followed by distillation in vacuo and
degassed. The chemical shifts are reported in ppm with reference to external standards,
positive shifts being downfield, SiMe, for *H, *C and “°Si nuclei, and 85% HsPO, for 3P
NMR. The operation temperature was in the range from 293 to 300 K. The single types are
assigned as follows: s = singlet, d = dublet, t = triplet, g = quartet, m = mutiplet.

IR spectra were recorded on a Bio-Rad Digilab FTS-7 spectrometer as Nujol mulls on
KBr plates. Intensities were abbreviated as follows: s (strong), m (medium), w (weak). Only
the characteristic absorptions are listed.

Mass spectra were obtained on a Finnigan MAT 8230 or a varian MAT CH5 instrument

by El-, FI- and FAB-MS techniques. Only the highest peak of an isotope distribution is given.
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Elemental analyses were performed at the Analytical Laboratory of the Institute of Inorganic

Chemistry, University of Gottingen.
4.3 Starting materials

Commercially available chemicals were purchased from Fluka, Acros Organics or
Aldrich and used as received. The other compounds used in this thesis were prepared
according to published procedures: BiCl; (Aldrich), Li(NMe,) (Aldrich), AlEts (Aldrich),
MeAICI; (Aldrich), AICI3 (Aldrich), AlMe3 (2.0 M solution in n-hexane, Acros), MeLi (1.6 M
in Et,O, Acros Organics), sulfur (Aldrich), 1,8-diaminonaphthalene (Aldrich),
hexamethyldisilazane (Fluka), Cp*,ZrMe, (Fluka), Cp*,HfCl, (Fluka), AlH3-NMes,**® N, N'-
bis(trimethylsilyl)diphenyliminophosphonamide™®,  [AI(NMe,)s]»,™*!  Bi(NMey)s,® 18-
C1oHs(NHSiMe3),,281°2 LMeM(OH) (M= Al, Ga),”**™* LGe(OH),**® (L=CH(NAr(CMe)),,

Ar=2,6-iPr,CgHs), Cp*,MeZr(OH).*®
4.4. Synthesis
4.4.1. Synthesis of [1,8-C1oHs(NSiMe3),BiNMe;] (1)

Compound 1,8-C1oHs(NHSiMes), (1.68g, 5.55 mmol) in n-hexane (30 mL) was added to
Bi(NMey)s (1.68g, 5.55 mmol) in n-hexane (30 mL) at —30 °C The reaction mixture was
warmed to room temperature and stirred for additionally 12 h. Then the mixture was
concentrated and stored at —30 °C in a freezer to obtain orange crystals. Yield: 2.39g (78%);
Mp 105 °C. *H NMR (500.13 MHz, C¢Ds, 25 °C, TMS): & 7.42 (d, 2H), 7.26 (t, 2H), 7.21 (d,
2H), 2.84(s, 6H), 0.25(s, 18H). *C NMR (125.8 MHz, C¢Ds, TMS): & 147.8, 130.7, 138.3,
126.5, 120.8, 116.8, 41.9, 3.0. *Si NMR (99.3 MHz, C¢Dg, 298 K): § 3.3. Anal. Calcd for

C18H30BiN3Si; (553.18): C 39.05, H 5.46, N 7.59. Found: C 38.51, H 5.51, N 7.16.
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4.4.2. Synthesis of L'BiOCPh(2-Py)(NMey) (2)

A stirred solution of 2-benzoylpyridine (0.19g, 1.04 mmol) in n-hexane (20 mL) was
added to a solution of L'BiNMe, (1) [L'=1,8-C1oHs(NSiMes),] (0.57g, 1.04 mmol) in n-
hexane (20 mL). The reaction was allowed to stir at room temperature for 1 h. Then the
mixture was concentrated and stored at —30 °C in a freezer to obtain yellow crystals. Yield:
0.63g (83%). H NMR (500.13 MHz, CsDg, 25 °C, TMS): J 8.06 ( m, 1H), 7.42-7.53 (m,
5H), 7.30-7.33 (m, 2H), 7.09-7.16 (m, 3H), 6.91-6.97 (m, 3H), 6.50-6.53 (m, 1H), 1.59 (s,
6H), 0.47(s, 9H), 0.32 (s, 9H). 3C NMR (125.8 MHz, CsDg, TMS): &166.9, 149.5, 148.21,
1455, 138.7, 137.1, 130.5, 126.9, 126.6, 124.3, 122.1, 119.8, 118.9, 116.1, 94.8, 38.68, 3.15,
3.06. °Si NMR (99.3 MHz, CgDs, 298 K): ¢ 0.034, -0.81. Anal. Calcd for C3oH3oBiN4OSi,

(736.81): C 48.9,H 5.34, N 7.60. Found: C 48.18, H 5.39, N 7.35.
4.4.3. Synthesis of L'BiOCH(3-Py)(NMe,) (3)

A stirred solution of 3-pyridinecarboxaldehyde (0.214g, 2 mmol) in n-hexane (20 mL)
was added to a solution of 1 (1.1g, 2 mmol) in n-hexane (20 mL). The reaction mixture was
allowed to stir at room temperature for 1 h. Then the mixture was concentrated and stored at
—30 °C in a freezer to obtain yellow crystals. Yield: 0.97g (75%); Mp 152 °C. 'H NMR
(500.13 MHz, Cg¢Dg, 25 °C, TMS): 6 8.2-8.29 (m, 2H), 7.16-7.43 (m, 6H), 6.48-6.69 (m, 2H),
5.05(s, 1H), 1.89 (s, 6H), 0.30(s, 9H), 0.26 (s, 9H). **C NMR (125.8 MHz, C¢Dg, TMS): &
149.1, 1485, 148.4, 148.1, 138.2, 137.9, 134.5, 130.5, 126.7, 122.7, 120.6, 116.7,116.2,
89.23, 39.35, 3.06, 3.05. *Si NMR (99.3 MHz, C¢Dg, 298 K): 6 1.92, 1.77. Anal. Calcd for

C24H35BiN4OSi; (660.71): C 43.63, H 5.34, N 8.48. Found: C 43.79, H 5.53, N 8.27.
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4.4.4. Synthesis of L'BiC(Me)(CN)CH,NMe, (4)

A stirred solution of 2-methyl-2- propenenitrile (0.09g, 1.34 mmol) in n-hexane (20 mL)
was added to a solution of 1 (0.74g, 1.34 mmol) in n-hexane (20 mL). The reaction was
allowed to stir at room temperature for 12 h. Then the mixture was concentrated and stored at
—30 °C in a freezer to obtain yellow crystals of 4. Yield: 0.61g (74%); Mp 108 °C. *H NMR
(500.13 MHz, CgDs, 25 °C, TMS): 6 7.19-7.4 (m, 5H), 7.01-7.06 (m, 1H), 4.53 (d, 1H), 2.43
(d, 1H), 2.08 (s, 6H), 1.17 (s, 3H), 0.43 (s, 9H), 0.16 (s, 9H). *C NMR (125.8 MHz, C¢Ds,
TMS): 6149.4, 147.2, 138.5, 130.5, 126.7, 125.8, 124.2, 122.5, 119.2, 116.8, 62.6, 46.7, 18.4,
3.1, 2.8. #Si NMR (99.3 MHz, CgDs, 298 K): & 5.41, 3.46. Anal. Calcd for C,HzsBiN,Si,

(620.69): C 42.57, H 5.68, N 9.03. Found: C 41.61, H5.71, N 9.03.

4.4.5. Synthesis of L'BiC(CO,Et)CNMe,(CONMe,) (5)

A stirred solution of diethyl acetylenedicarboxylate (0.104g, 0.614 mmol) in n-hexane
(20 mL) was added to a solution of 1 (0.68g, 1.23 mmol) in n-hexane (20 mL). The reaction
was allowed to stir at room temperature for 12 h. Then the mixture was concentrated and
stored at —30 °C in a freezer to obtain yellow crystals of 5. Yield: 0.24g (55%); Mp 138 °C.
'H NMR (300.13 MHz, C¢De): 6 7.07-7.28 (m, 5H), 6.84-76.89 (m, 1H), 3.81-4.11 (m, 2H),
2.43 (s, 6H), 2.42 (s, 3H), 1.29 (s, 3H), 0.91 (t, 3H), 0.52 (s, 9H), 0.22 (s, 9H). *C NMR
(75.47 MHz, CgDg): 6 174.4, 169.3, 159.6, 151.3, 150.5, 138.6, 133.0, 126.6, 125.9, 119.7,
118.2, 115.7, 114.7, 60.2, 40.9, 36.2, 33.4, 14.9, 3.3, 3.2. #Si NMR (59.62 MHz, CgDg): 0
2.154, 1.951. IR (Nujol, Cm'l): v = 1638, 1554, 1475, 1375, 1327, 1280, 1245, 1068, 1041,
892, 862, 832, 755. Anal. Calcd for CyH41BiN4O3Si, (722.79): C 43.21, H 5.72, N 7.75.

Found: C 43.41, H 5.46, N 7.46.
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4.4.6. Synthesis of 1,8-C;oHg(NSiMe3),Bi(NiPr),CNMe, (6)

To a stirred solution of N,N'-diisopropylcarbodiimide (0.1g, 0.79 mmol) in n-hexane (20
mL) was added a solution of 1 (0.42g, 0.76 mmol) in n-hexane (20 mL). The reaction was
allowed to stir at room temperature for 12 h. Then the mixture was concentrated and stored at
—30 °C in a freezer to obtain yellow crystals of 6. Yield: 0.4g (78%); Mp 116 °C. ‘H NMR
(500.13 MHz, CgDs): 6 7.11-7.43 (m, 6H), 3.93 (sept, 2H), 1.99 (s. 6H), 0.94 (d, 12H), 0.34
(s, 18H). BC NMR (125.8 MHz, CgDg): ¢ 166.5, 150.2, 138.2, 132.4, 126.2, 119.8, 117.3,

47.3,39.7,24.9, 2.7. *Si NMR (59.6 MHz, CsDe): 6 0.21.

4.4.7. Synthesis of 1,8-C1oHg(NSiMe3),BiINPhCONMe; (7).

To a stirred solution of phenylisocyanate (0.19g, 1.6 mmol) in n-hexane (20 mL) was
added a solution of 1 (0.88g, 1.6 mmol) in n-hexane (20 mL). The reaction was allowed to stir
at room temperature for 12 h. Then the mixture was concentrated and stored at —30 °C in a
freezer to obtain yellow crystals of 7. Yield: 0.73g (69%); Mp 151 °C. 'H NMR (500.13
MHz, C¢Dg): & 7.31-7.36 (m, 2H), 7.16-7.22 (m, 2H), 6.97-7.03 (m, 2H), 6.84-6.91 (m, 2H),
6.59-6.66 (M, 1H), 6.18-6.23 (m, 2H), 2.08 (s, 6H), 0.31 (s, 18H). *C NMR (125.8 MHz,
CsDs): 0 148.2, 144.3, 138.4, 130.6, 126.5, 126, 123.8, 119.5, 115.5, 37.5, 2.71. 2%5i NMR
(59.6 MHz, C¢Dg): 0 2.93. Anal. Calcd for CysH3sBiN4OSIy: C, 44.63; H, 5.24; N, 8.33.

Found: C, 44.99; H, 5.51; N, 8.26.

4.4.8. Synthesis of 1,8-C1oHg(NSiMe3),Bi(u-O)AlMeL (8)

n-Hexane (40 mL) was added to a mixture of LMeAIlI(OH) (0.33 g, 0.69 mmol)
(L=CH(NAr(CMe)),, Ar=2,6-iPr,CgHs) and 1 (0.38 g, 0.69 mmol). The resulting solution
was stirred for 12 h at room temperature. After concentration and keeping the solution at —30
°C in a freezer yellow crystals of 8 were isolated. Yield 0.47 g, (69 %); Mp 174 °C. *H NMR
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(300.13 MHz, CgD¢): & 6.95- 7.24 (m, 12H), 4.68 (s, 1H), 3.06- 3.18 (m, 4H), 1.47 (s, 6H),
1.31 (d, 6H), 1.14 (d, 6H), 1.08 (d, 6H), 0.99 (d, 6H), 0.24 (s, 18H), -0.69 (s, 3H) ppm. **C
NMR (75.47 MHz, CsDe): 5169, 146.6, 144.4, 139.9, 137.8, 129.6, 127, 126.2, 124.4, 124.3,
120.2, 116.6, 96.1, 28.6, 27.6, 26.2, 25.1, 24.9, 24.7, 23.2, 3.15, -8.4 ppm. 2°Si NMR (59.6
MHz, C¢De): 6 0.26 ppm. EI-MS [m/z (%)]: 984.5 (100) [M], 969 (36) [M-Me]". Anal.
Calcd for C4sHesAIBIN,OSI, (985.2): C, 56.08; H, 6.96; N, 5.69. Found: C, 55.88; H, 7.11;

N, 5.78.

4.4.9. Synthesis of 1,8-C1oHg(NSiMe3),Bi(u-O)GaMeL (9)

n-Hexane (40 mL) was added to a mixture of LMeGa(OH) (0.37 g, 0.71 mmol) and 1
(0.4 g, 0.71 mmol). The resulting solution was stirred for 12 h at room temperature. Yellow
crystals of 9 were isolated from the mixture of n-hexane/toluene solution (3:1 v/v) at =30 °C
in a freezer. Yield 0.39 g, (54 %); Mp 191 °C. *H NMR (300.13 MHz, C¢Ds): 6 6.96- 7.23
(m, 12H), 4.57 (s, 1H), 3.15- 3.23 (m, 4H), 1.57 (s, 6H), 1.28 (d, 6H), 1.14 (d, 6H), 1.09 (d,
6H), 1.02 (d, 6H), 0.28 (s, 18H), -0.56 (s, 3H) ppm. *C NMR (125.7 MHz, C¢Dg): 5 167.7,
146.7, 144.7, 140.4, 137.8, 129.7, 127, 126.2, 124.4, 124.3, 120.2, 116.6, 96, 28.8, 27.8, 26.3,
25.2,24.7, 24.6, 23.3, 3.17, -6.5 ppm. *°Si NMR (99.3 MHz, C¢Ds): 6 0.52 ppm. Anal. Calcd
for C4sHesBiGaN,40Si, (1027.9): C, 53.75; H, 6.67; N, 5.45. Found: C, 53.26; H, 6.71; N,

5.61.

4.4.10. Synthesis of 1,8-C1oHg(NSiMe3),Bi(u-O)GeL (10)

n-Hexane (30 mL) was added to a mixture of LGe(OH) (0.32 g, 0.63 mmol) and 1 (0.35
g, 0.63 mmol). The resulting solution was stirred for 12 h at room temperature. After
concentration and keeping the solution at =30 °C in a freezer yellow crystals of 10 were
isolated. Yield 0.41 g, (63 %); Mp 251 °C. *H NMR (300.13 MHz, C¢Dg): J 6.91-7.19 (m,

12H), 4.56 (s, 1H), 3.37 (sept, 2H), 3.14 (sept, 2H), 1.47 (s, 6H), 1.28 (d, 6H), 1.20 (d, 6H),
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1.04 (d, 6H), 1.07 (d, 6H), 0.24 (s, 18H) ppm. *C NMR (75.47 MHz, C¢D¢): 5162.6, 146.7,
145.2, 144, 139, 137.7, 130.1, 126.8, 126.4, 124.4, 120.5, 116.7, 95, 31.9, 28.7, 28.3, 26.8,
25.1, 24.8, 22.9, 22.6, 14.2, 3.0 ppm. 2’Si NMR (59.6 MHz, C¢De): 6 0.99 ppm. EI-MS [m/z
(%)]: 1016.4 (100) [M]", 599 (62) [M-CH(DippNCMe),]*. Anal. Calcd for
CusH72BiGeN,0Si, (1058.85, 10 - C/Hg): C, 54.39; H, 6.79; N, 5.28. Found: C, 53.64; H,

6.79; N, 5.28.
4.4.11. Synthesis of 1,8-C19Hs(NSiMes),Bi(u-O)ZrMeCp*, (11)

n-Hexane (40 mL) was added to Cp*;MeZr(OH) (0.43 g, 1.1 mmol) and 1 (0.6 g, 1.1
mmol). The resulting solution was stirred for 12 h at room temperature, and then the solvent
was partly removed and the solution kept at =30 °C in a freezer. Yellow crystals of 11 were
isolated after 2 days. Yield 0.72 g, (73 %); Mp 206 °C. 'H NMR (300.13 MHz, C¢D¢): &
7.44-7.47 (m, 2H), 7.17-7.31 (m, 4H), 1.63 (s, 30H), 0.28 (s, 18H), -043 (s, 3H) ppm. *C
NMR (75.47 MHz, C¢D¢): 6147.2, 138.5, 130.4, 126.8, 120.4, 118.7, 117.2, 25.7, 11.3, 3.07
ppm.  #Si NMR (59.6 MHz, Ce¢Dg): 6 1.1 ppm. EI-MS [m/z (%)]: 524.2 (78) [M-
Cp*2Zr(Me)-H]", 494.1 (100) [M- Cp*,Zr(Me)-OMe]*. Anal. Calcd for Cz;Hs7;BiN,OSiyZr

(902.23): C, 49.25; H, 6.37; N, 3.10. Found: C, 48.78; H, 6.39; N, 3.19.
4.4.12. Synthesis of 1,8-C1oHg(NSiMes),Bi(u-O)HfCICp*; (12)

To a solution of Cp*,;HfCI, (0.445 g, 0.846 mmol) and [CN(iPr)C,;Me,;N(iPr)] (:C, 0.15
g, 0.846 mmol) in toluene (60 mL) degassed and distilled water (15uL, 0.846 mmol) was
slowly added under vigorous stirring over a period of 30 min. The mixture was stirred for
another 30 min and the formation of a white precipitate was observed. The resulting solid
was filtered off and the filtrate was added to a flask containing 1 (0.47 g, 0846 mmol) at —30
°C. The mixture was stirred for 1 h at this temperature and then was allowed to attain room

temperature and stirring was continued for 12 h. All volatiles were removed in vacuo and the
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resulting solid was washed with n-hexane (20 mL) to give yellow crystalline 12. The product
was recrystallized from a toluene/n-hexane (2:1 v/v) mixture to yield yellow crystals at —30
°C. Yield 0.29 g (34 %); Mp 210 °C. *H NMR (300.13 MHz, C¢Dg): & 7.44-7.47 (m, 2H),
7.22-7.34 (m, 4H), 1.73 (s, 30H), 0.3 (s, 18H) ppm. **C NMR (75.47 MHz, C¢Ds): &5 147.8,
138.5, 126.8, 120.3, 119.6, 116.8, 11.5, 2.9 ppm. 2Si NMR (59.62 MHz, CsD¢): 6 1.12 ppm.
EI-MS [m/z (%)]: 1010.5 (43) [M]", 875 (100) [M-Cp*]*.  Anal. Calcd for
CssHs4BiCIHfN,OSI, (1009.91): C, 42.77; H, 5.34; N, 2.77. Found: C, 42.40; H, 5.35; N,

2.80.
4.4.13.Synthesis of 1,8-C1oHs(NSiMes),BiCl (13)

To a stirred solution of 1 (0.7g, 1.26 mmol) in n-hexane (30 mL) was added 0.16 mL
(1.26 mmol) of CISiMez at —10 °C. The reaction mixture was warmed to room temperature
and stirred over night. All volatiles were removed in vacuo and the resulting solid was
washed with cold n-hexane (20 mL) to give red crystalline solid. The product was
recrystallized from a toluene/n-hexane mixture (2:1) to yield red crystals of 13 at —30 °C.
Yield: 0.47g (69%); Mp 163 °C. *H NMR (500.13 MHz, C¢De): & 7.41 (d 2H), 7.28 (t, 2H),
7.16 (d 2H), 0.17(s, 18H). **C NMR (125.8 MHz, C¢Dg): & 146.53, 138, 131.7, 126.8, 121.1,
116.3, 2.65. **Si NMR (59.6 MHz, CD¢): d 4.6. Anal. Calcd for C15H24BiCIN,Si,: C, 35.26;

H, 4.44; N, 5.14. Found: C, 34.92; H, 4.21; N 5.09.

4.4.14.Synthesis of 1,8-C1Hg(NSiMes),BiC=CPh (14)

To a stirred solution of 1 (0.7g, 1.26 mmol) in n-hexane (30 mL) was added 0.14 mL
(1.26 mmol) of phenyl acetylene at —10 °C. The reaction mixture was warmed to room
temperature and stirred over night. Then the mixture was concentrated and stored at —30 °C

in a freezer. Orange crystals of 14 were obtained after two days. Yield: 0.41g (54%); Mp 98
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°C. 'H NMR (500.13 MHz, C¢Ds): J 7.48-7.51 (m, 2H), 7.24-7.31 (m, 3H), 6.85-6.89 (m,
2H), 6.74-6.77 (m, 3H), 0.23 (s, 18H). *C NMR (125.8 MHz, Cg¢Ds): & 150.1, 138, 134,
131.9, 126.4, 123.7, 120.6, 116.2, 111.9, 3.1. **Si NMR (59.6 MHz, C¢Dg): 6 4.1. Anal.

Calcd for Co4H9BiN,Si,: C, 47.2; H, 4.79; N, 4.59. Found: C, 46.66; H, 4.80; N, 4.42.

4.4.15.Synthesis of 1,8-C1oHs(NSiMes),BiCp*(15)

The n-hexane solution (30 mL) of 1 (0.28 g, 0.5 mmol) was added to a n-hexane solution
(20 mL) of Cp*H (0.07 g, 0.5 mmol) at room temperature. The reaction mixture was stirred
over night, then concentrated and stored at —30 °C in a freezer to obtain orange crystals of 15.
Yield: 0.22g (68%); Mp 148 °C. *H NMR (500.13 MHz, C¢Dg): & 7.23-7.41 (m, 6H), 1.86 (s,
315H), 0.27 (s, 18H). *C NMR (125.8 MHz, C¢Ds): & 148.8, 138.9, 130.3, 127.8, 126.6,
124.5, 120.3, 117.7, 104, 3.3. *°Si NMR (59.6 MHz, C¢Ds): 6 1.14. Anal. Calcd for

CasH39BiN,Siy: C, 48.43; H, 6.10; N, 4.34. Found: C, 47.94; H, 5.98; N, 4.45.

4.4.16.Synthesis of 1,8-C1oHs(NSiMe3),BiMe (16)

AlMe; (0.8 mL, 1.6 mmol, 2.0 M in n-hexane) was added to a n-hexane (50 mL) solution
of 1 (0.88 g, 1.6 mmol) at -78 °C. The mixture was stirred for 1 h at this temperature and then
was allowed to attain room temperature and stirring was continued for 12 h. The mixture was
concentrated and stored at -30 °C in a freezer to give yellow microcrystalline solid of 17.
Yield: 0.31 g (37 %); Mp 109 °C. *H NMR (500.13 MHz, C¢Ds): 6 7.23-7.31 (m, 4H), 7.44-
7.48 (m, 2H), 0.43 (s, 3H), 0.28 (s, 18H). *C NMR (125.8 MHz, C¢Ds): 5149.2, 138.4, 131.2,
126.2, 120.7, 117.9, 3.3, - 9.6. °Si NMR (59.6 MHz, Cg¢Dg): 0 3.7. Anal. Calcd for

C17H27BiN,SI: C, 38.92; H, 5.19; N, 5.34. Found: C, 38.75; H, 5.11; N, 5.46.
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4.4.17. Synthesis of 1,8-C1oHg(NSiMe3),BiOPh (17)

n-Hexane (40 mL) was added to the mixture of 1 (0.7g, 1.26 mmol) and phenol (0.12g,
1.26 mmol) at room temperature and stirred over night. After filtration the resulting solution
concentrated and stored at —30 °C in a freezer to obtain a yellow crystals of 17. Yield: 0.48g
(64%); Mp 149 °C. *H NMR (500.13 MHz, C¢Dg): & 7.41 (d, 2H), 7.24 (t, 2H), 6.94-7.02 (m,
4H), 6.65 (t, 1H), 6.29 (d, 2H), 0.11 (s, 18H). *C NMR (125.8 MHz, CsDe): & 159.2, 146.5,
138.2, 130.5, 126.7, 122.1, 120.8, 120.5, 117.1, 2.4. **Si NMR (59.6 MHz, C¢Ds): 6 3.11.
Anal. Calcd for C;,H29BIN2OSI,: C, 43.85; H, 4.85; N, 4.65. Found: C, 43.65; H, 4.91; N,

4.65.
4.4.18. Synthesis of 1,8-C1oHg(NSiMes),BiNH, (18)

Dry ammonia gas was bubbled through the solution of 1 (0.6g, 1.1 mmol) in n-hexane
(40 mL) for 15 min at room temperature. After that the solvent was removed in vacuum and
the residue was extracted with cold n-pentane (30 mL). The solvent was removed under
reduced pressure to yield 0.41g (71%) of compound 18 as a colorless oil. *H NMR (500.13
MHz, C¢De): & 7.28-7.33 (m, 2H), 7.17-7.20 (m, 2H), 6.68-6.72 (m, 2H), 5.38 (s, 2H), 0.16 (s,
18H). 1*C NMR (125.8 MHz, C¢Ds): & 144.5, 138.1, 125.9, 121.1, 116.1, -0.05. #°Si NMR

(59.6 MHz, CsDg): 0 3.38.
4.4.19. Synthesis of [1,8-C1oHg(NSiMe3), Bi]2S (19)

n-Hexane (50 mL) was added to the mixture of 1 (0.41g, 0.75 mmol) and sulfur (0.024q,
0.75 mmol) at room temperature and stirred for 2 days. After filtration, the resulting solution
concentrated and stored at —30 °C in a freezer to obtain yellow crystals. Yield: 0.48g (61%);

Mp 130 °C. 'H NMR (500.13 MHz, C¢De): J 7.11-7.44 (m, 10H), 6.68-6.72 (m, 2H), 0.18 (s,
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36H). *C NMR (125.8 MHz, C¢Ds): & 149.3, 144.5, 138.2, 132.8, 125.9, 121.2, 120, 116.6,

116.1, 3.06. *°Si NMR (59.6 MHz, C¢Ds): J 2.86.

4.4.20. Synthesis of [1,8-C10H6(NSiM93)zBi]2 (20)

The n-hexane solution (30 mL) of 1 (1.0 g, 1.8 mmol) was added to a n-hexane solution
(20 mL) of PhSiH3 (0.2 g, 1.85 mmol) at —30 °C. The reaction mixture was warmed to room
temperature and stirred for additionally 12 h. Then the mixture was concentrated and stored at
—30 °C in a freezer to obtain red crystals of 20. Yield (1.1g 60%); Mp 245 °C; 'H NMR
(500.13 MHz, C¢Dg): & 7.13-7.22 (m, 12H), 0.15 (s, 36H). 3C NMR (125.8 MHz, CsDg): &
155.7, 138.4, 137.1, 124.9, 120.4, 115.3, 3.7. %*Si NMR (59.6 MHz, CsDe): J 6.69. Anal.

Calcd for C3oHagBi2N4Sis: C, 37.72; H, 4.75; N, 5.50. Found: C, 37.66; H, 4.48; N, 5.58.

4.4.21. Synthesis of LiPh,P(NSiMes), (22)

To a solution of 21 (3.0 g, 8.33 mmol) in toluene (80 mL) at -78 °C was added nBuLli
(2.5 m, 3.4 mL, 8.5 mmol). The mixture was warmed to room temperature and stirred over
night. Toluene was removed under reduced pressure and the product was recrystallized from a
mixture of toluene and n-hexane. [LiPh,P(NSiMes),] formed colorless crystals. Yield (0.84 g,
83%), whose spectral data agreed with those reported in literature.’ *H NMR (200 MHz, CgDs,
298 K): 6 0.12 (s, 18H, Si-Me), 7.61-7.80 (m, 4H, 0-Ar), 6.98-7.07 (m, 6H, p-/m-Ar). 3P

NMR (121.50 MHz, C¢Dg, 298 K): 6 7.4.

4.4.22. Synthesis of Ph,P(NSiMes),AICl, (23)

A toluene solution of freshly prepared 22 (1.0 g, 2.73 mmol) was added drop by drop to a
cold suspension of freshly sublimed AICI; (0.36 g, 2.73 mmol) in toluene at -78 °C. The
temperature was raised to 0 °C and stirred for 1 h and stirring was continued for 3 h. The

solution was allowed to attain room temperature and stirring was continued for 12 h. Then the
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mixture was filtered, and the concentrated solution was stored in a freezer at -30 °C to obtain
colorless crystals. Yield (0.76g 61%); Mp 135 °C (dec); *H NMR (200 MHz, CgDg, 298 K): &
-0.2 (s, 18H, SiCHs), 7.65-7.81 (m, 4H, 0-Ar), 6.95-7.07 (m, 6H, p-/m-Ar). *C NMR (125.76

MHz, C¢Ds, 298 K): 6 1.91, 1.93, 132.3-127.4. *'P NMR (121.50 MHz, C¢Ds): 6 37.8.

4.4.23. Synthesis of Ph,P(NSiMe3),AlCIMe (24)

AlMeCl, (1.0 m in n-hexane, 1.4 mL, 1.4 mmol) was added drop by drop to the solution
of freshly prepared 22 (0.5 g, 1.36 mmol) in toluene (70 mL) at -78 °C. The mixture was
stirred at -78 °C for 1 h and then the temperature was slowly raised to 0 °C and stirring was
continued for 3 h. After that the solution was allowed to attain room temperature and stirring
was continued for 12 h. Then the mixture was extracted with n-hexane (70 mL), and the
concentrated solution was stored in a freezer at -30 °C to obtain colorless crystals. Yield
(0.41g 68%); Mp 135 °C; *H NMR (200 MHz, C¢Dg, 298 K): & -0.03 (s, 18H, Si-Me), 0.04 (s,
3H, Al-Me), 7.65-7.85 (m, 4H, 0-Ar), 6.92-7.07 (m, 6H, p-/m-Ar). 3C NMR (125.76 MHz,
CeDs, 298 K): 6 -0.69, 1.71, 1.66, 131.6-129.2. P NMR (121.50 MHz, C¢Ds, 298 K): 6 33.2.
2Si NMR (59.6 MHz, CgDs, 298 K): 0 -0.31, -0.34. Anal. Calcd for C19H3AICIN,PSI,: C,

52.22; H, 7.15; N, 6.41. Found C, 52.54; H, 7.15; N, 6.21.

4.4.24. Synthesis of [Ph,P(NSiMes),],AIH (25)

The n-hexane solution (30 mL) of 21 (1.0 g, 2.7 mmol) was added drop by drop to a cold
suspension of freshly sublimed AlIH3-NMes in THF (30 mL), (0.12 g, 1.39 mmol) at -78 °C.
The mixture was stirred at -30 °C for 1 h and then the temperature was slowly raised to 0 °C
and the stirring was continued for 3 h. Then the solution was allowed to attain room
temperature under stirring for 12 h. Then the mixture was concentrated and stored in a freezer

at -30 °C to obtain colorless crystals. Yield: (0.64g 61%); Mp 107 °C (dec); *H NMR (200
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MHz, CDCls3, 298 K): ¢ -0.22 (s, 18H, Si-Me), -0.13 (s, 18H, Si-Me), 5.1 (very br, 1H, Al-H),
7.78-7.92 (m, 4H, 0-Ar), 7.45-7.59 (m, 6H, p-/m-Ar). *C NMR (125.76 MHz, C¢Ds, 298 K):
5 1.52, 1.56, 3.75, 3.80, 133.1-131.2. P NMR (121.50 MHz, CgDg, 298 K): 6 29.2, 34.6. °Si
NMR (59.6 MHz, Cg¢Dg, 298 K): 6 -4.15, -4.22. IR (cm™): + (AlH) 1853. Anal. Calcd for

Cs7HeoAIN4P,SI4: C, 58.31; H, 7.93; N, 7.35. Found C, 57.94; H, 7.83; N, 7.21.

4.4.25. Synthesis of Ph,P(NSiMejs),AlEt; (26)

AlEt; (2.2 mL, 2.2 mmol) was added to a n-hexane (50 mL) solution of 21 (0.8 g, 2.2
mmol) at -78 °C. The mixture was stirred for 1 h at this temperature and then was allowed to
attain room temperature and stirring was continued for 12 h. The mixture was concentrated
and stored in a freezer at -30 °C to give white microcrystalline solid. Yield: (0.86 g, 88 %); 'H
NMR (500 MHz, Cg¢Dg, 298 K): 6 -0.05 (s, 18H, Si-Me), 0.45 (q, 4H, CH,), 1.52 (t, 6H, CH3),
7.71-7.81 (m, 4H, 0-Ar), 6.97-7.11 (m, 6H, p-/m-Ar). °C NMR (125.8 MHz, C4¢D, 298 K): &
1.99, 2.04, 10.4, 134.5-131.9. *'P NMR (121.50 MHz, C¢Ds, 298 K): 6 30.3. °Si NMR (59.6

MHz, CgDs, 298 K): 6 -2.61, -2.54.

4.4.26. Synthesis of Ph,P(NSiMe3),Al(NMey), (27)

n-Hexane (30 mL) solution of 21 (0.9 g, 2.5 mmol) was added to [Al(NMe,)3], (0.4 g,
1.25 mmol) in n-hexane (20 mL), and then heated under reflux for 6 h. The mixture was
cooled to room temperature, concentrated and stored in a freezer at -30 °C to obtain a
colorless microcrystalline solid. Yield: (0.69 g, 58 %); Mp 156 °C; *H NMR (500 MHz, C¢Ds,
298 K): 6 0.024 (s, 18H, Si-Me), 3.06 (s, 12H, CHs), 7.73-7.83 (m, 4H, 0-Ar), 7.03-7.08 (m,
6H, p-/m-Ar). *C NMR (125.8 MHz, C¢Ds, 298 K): 51.86, 1.92, 41.8, 134.3-132.0. 3P NMR

(121.50 MHz, CgDs, 298 K): 6 28.6. *°Si NMR (59.6 MHz, CgDs, 298 K): 6 -2.67, -2.72.
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Anal. Calcd for CoHaoAIN4PSI»: C, 55.66; H, 8.49; N, 11.80. Found C, 55.11; H, 8.63; N,

11.94.

75



5. Handling and Disposal of Solvents and Residual Waste

5. Handling and Disposal of Solvents and Residual Waste

1 The recovered solvents were distilled or condensed into a cold-trap under vacuum and
collected in halogen-free or halogen-containing solvent containers, and stored for
disposal.

2 Used NMR solvents were classified into halogen-free and halogen-containing solvents
and were disposed as halogen containing wastes, respectively.

3 Drying agents such as KOH, CaClz and P4O10 were hydrolyzed and disposed as acid or
base wastes.

4 Whenever possible, sodium metal used for drying solvents was collected for recycling.'>’
The non-reusable sodium metal was carefully hydrolyzed in cold ethanol and poured into
the base-bath used for cleaning glassware.

5 Ethanol and acetone used for cold-baths (with solid COz or liquid N2) were subsequently
used for cleaning glassware.

6 The acid-bath used for cleaning glassware was neutralized with Na2CQOs and the resulting
NaCl solution was washed-off in the communal water drainage.

7  The residue of the base-bath used for glassware cleaning was poured into container for
base wastes.

Amounts of various types of disposable wastes generated during the work:

Heavy elements containing wastes 3 L
Halogen-containing solvent wastes 8 L
Halogen-free solvent wastes 40 L
Acid wastes 20 L

Base wastes 30 L
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