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Dehydrogenative dimerization of 'Bu,SnH,, catalyzed by iron and
molybdenum complexes

Abstract

A new catalytic system involving iron and molybdenum complexes of the type:
(n°-CsHs)M(CO)Me, and (n°-CsHs)M(CO),.1(PPhs)Me, M = Fe, n =2 (1); M = Mo, n = 3
(2), were used to catalyze the dehydrogenative dimerization of di-t-butyltin dihydride to
1,2-dihydro-1,1,2,2-tetra-t-butyl-distannane, ‘Bu,HSn-SnH'Bu, both photochemically
and thermally. The thermal catalytic process is much more efficient than the
photochemical process and the Mo catalysts are relatively more active than the
corresponding Fe catalysts. A mechanism involving oxidative addition and reductive
elimination steps has been suggested involving the intermediacy of (n°-
CsHs)M(CO),Sn'Bu,H. This complex was observed during the reaction and was
independently synthesized and completely characterized by single crystal X-ray structural
analysis and **C, °Sn and *H NMR spectroscopy. It was also shown to be catalytically

active for dehydrogenative dimerization, Scheme 1.1.
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Scheme 1.1 : The proposed mechanism for dimerization of 'Bu,SnH, using catalysts 1 and 2




Statement of problem

The general area of this investigation involves the formation of Sn-Sn bonds,
specifically distannanes.’ A large number of hexaorgano substituted distannanes are known?
since they are widely used in different types of organic reaction, such as cross coupling
agents,® radical sources,* and industrial catalysis.> However, only a limited number of
functional distannane compounds of the type XR,Sn-SnR;X, X = halogen, alkali metal or
hydrogen, are described in the literature. Many of these compounds are only known as minor
products from various reactions and only a small number could be isolated as pure substances
XSnR-Sn(X)R, (X = CI, Br, 1),° and HSnR>-Sn(H)R,," (R = 'butyl). A recent report by
Uhlig et al. described the synthesis of 1,2-dihydro-tetra-t-butyldistannane in a two step

process with a yield of 2.5%, eq. 1.1,1.2.3

‘BuMgCl + SnCl, W ‘Bu,SnCl, + (‘Bu,Sn), + CI'Bu,SnSn'Bu,C1 (1.1)
-vghl

LiAlH,

CI'Bu,SnSn'Bu,Cl
BB ThcrAICy

» H'Bu,SnSn'Bu,H  (1.2)

Thus, the question posed relates to the possibility of obtaining better yields via use of
new chemistry, specifically using transition metal complexes as catalysts to promote the
coupling of secondary tin hydrides R,SnH,. This suggestion stems from previous research

that reported coupling of tertiary stannanes, R3SnH, to produce R3Sn-SnRs.



Justification of importance

Polysilanes are well-studied due to their interesting electronic, optical and chemical
properties,® and this has stimulated interest in the heavier element congeners, such as Ge and
Sn.!° Polymeric materials containing Sn-Sn bonds,*® might be expected to give greater -
delocalization, lower band gaps, and more metallic character due to more diffuse bonding
orbitals.'® Furthermore, such properties could be used for applications in charge-transport,
photoresists in microlithography, nonlinear optical materials, semiconductors in doping, and
electronic devices.'* However, the synthetic methodologies reported until now make use
extensively of transition metals and the yields and size distributions depend enormously on
the type of catalyst and the conditions performed.'* Secondary tin hydrides, R,SnH,, have
been used successfully to promote the dehydrogenative coupling into polystannanes, (R,Sn),,
but unfortunately mixtures of products containing small oligomers, cyclooligomers and
polymers of low molecular weight are obtained.™*

It has been suggested that distannanes and other small oligomers, (H-(R2Sn-R,Sn),-
H could be better monomers for dehydrocoupling allowing the formation of higher
molecular weight polymers.*** However, until the Uhlig report there were no well-defined
synthetic methodologies for the synthesis of 1,2-dihydrodistannanes.® Given the overall 2.5%

yield the need for alternative approaches is self-evident.

Research objectives

X To develop a catalytic process for the high yield synthesis of functional distannanes,

XSnR,2SnNR2X, preferably using transition metal catalysis.

<> To determine a plausible mechanism for the newly discovered chemistry.



1.1 Introduction

1.1.1 Applications of organotins (OTs)

Tin has been known as a metal since time immemorial and the discovery, in about
3500 BC, that it formed a strong, hard alloy with copper, started the Bronze Age, which
lasted until 1200BC. The abundance of tin in the Earth’s crust is about 2 ppm, significatively
less than zinc (94 ppm), copper (63 ppm), or lead (12 ppm) and the most important ore is

cassiterite, Sn0O,. 12
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Figure 1.1 Tin production worldwide™?

About 75% of the world’s production comes from China and South East Asia, and
about 18% from South America, Fig. 1.1, but the annual Figures are sensitive to political,
social and economic factors.™ Organotins (OTs) are a class of chemicals that contain at least
one tin-carbon bond and the important classes can be generalized as R,SnXs.,, R = organic
group, X = H, halogen, alkoxy, carboxylato, etc.

The most common uses of OTs involve the following:



PVC stabilizers: Organotins have been used to capture the chlorinated compounds, produced

in the synthesis of PVC.***

18,19

Catalytic agents: Catalytic reactions have been used for silicone vulcanization, and

polyurethanes formation.® Dibutyltin dioctanoate, dibutyltin dilaurate, stannous octanoate,
and recently the use of stannoxanes are particularly effective for both systems.”* Other
catalytic applications involve the use of Bu,SnO, BuSnO,H and Bu,Sn(Ac), in the

transesterification process.”*

Biocidal compounds: Organotins containing at least one good leaving group, e.g. halogen,

carboxylato, etc., have found a wide range of uses in agriculture, wood preservatives and
antifouling paints. The chain length (n) of the R group is a crucial feature in determining
biocidal activity. The most toxic organotin compounds towards mammals are those with n-
alkyl chains containing 1-2 carbons, whereas n = 3, 4 are useful antibacterial species. Forn =
6, 7, 8 the biocidal activity drops off rapidly, presumably due to the very hydrophobic nature
of the resulting materials that make transport through membranes difficult.”* Aryl groups

have been used for antifungal applications, e.g. ArsSnCl.?°

1.1.2 Polystannanes

It is well known that group 14 elements have the ability to form polymeric chains.*?
The chemistry of polysilanes is well known and has been explored in detail, because of their
important applications related to their use as sensors, coating materials, etc.”*” However, as
one goes down in the group the tendency to catenate decreases from carbon to lead.** Special
interest has been focused on the formation of polystannanes due to the fact that it is believed
that they will present interesting electronic properties associated with lower band gaps due to

the presence of more diffuse bonding orbitals.®® In general the most interesting techniques



reported until now for the formation of oligostannanes and polystannanes can be summarized
as:

- Salt-elimination reactions to build up to six tin atom chains, eq. 1.3. These reactions
are not clean and mixture of products are produced because of Sn-Sn bond cleavage by the

lithium reagents.?

2 PhySnLi + I(BuySn)l ———> Ph;Sn(‘Bu,Sn),SnPh; (1.3)
(n=1,2)

- Amine elimination reactions between tin amines and organotin hydrides, eq.1.4.%

-2 Me,NH
2 R;SnNMe, + H(R,Sn),H > R;Sn(R,Sn),SnR; (1.4

(R=Ph, 'Bu,n=1, 2)

- The use of protecting groups to facilitate the formation of longer tin chains using the

p-alkoxy group has been reported.?® This process requires many steps and the purification

process is time-consuming, even though there have been attempts to improve the process to
up to 15 tin atoms in the chain.*

Electrochemical reduction of diorganotin dihalides has been used for the formation of
moderate molecular weight polystannanes.®**? However, the method is high cost because the

electrodes have to be replaced every time.

- Wurtz coupling reactions are known to make Si-Si bonds, however, it is highly
sensitive to the substituents on the substrate, solvents, concentrations, alkali metals, reaction
periods, and temperature.®® Consequently it is often difficult to optimize and reproduce the
conditions for the synthesis of high molecular weight polymers. Polysilanes and
polygermanes have been synthesized by high temperature reductive coupling of the R,ECI, E

= Si, Ge with alkali metals in hydrocarbon or ethereal solvents and this has been applied for



polystannanes, eq. 1.5.* However, due to the relative weakness of the Sn-Sn bond,** the
relatively harsh conditions generally produce low molecular weight polystannanes or cyclic
oligomers, in relatively poor yield.*

alkali metal
RzEclz A > [-RZE-]I] (1‘5)
High Temp

(E = Si, Ge, Sn)

Dehydropolymerization is another important concept that uses transition metals, e.g.
Ti, Zr, Hf, Cr, Mo, W, Rh, Pt, and heretobimetallic Fe-Pd complexes,**3 for the formation of
polystannnaes, eq. 1.6. Even though the process has been improved, the necessity to get more
selectivity, and a more generalized methodology to obtain polymers of high molecular weight
with narrowed polydispersities and mild conditions persist.

Metal Catalyst

stnHz I > H[stn]nH + Cyclo—[—stn-]m (1-6)
2

An important observation in this chemistry, reported by Tilley and Imori, using (n°-

CsHs),Zr(H)Me as catalyst under the conditions described in Table. 1.1, was the detection of

monomers by GPC, indicating that in this polymerization distannanes and small oligomers

Fig. 1.2, are much more reactive than monomer toward dehydrocoupling.®” This observation

suggests that distannanes of the type HR,SnSnR,H could be useful starting materials for

polymerization.

Oligomers HR,Sn-SnR,H  H(R,Sn),H (n=1,2..m)
Monomer R,SnH,

Figure 1.2 Potential dehydrocoupling oligostannanes for polymerizations



Table 1.1 Molecular weight data for dehydropolymerization of "Bu,SnHj, as function of catalyst (reactions were
run with neat monomer and 2-4mol% catalyst)

Cyclic + Linears | Linear Fraction
Catalyst React. Time | % Cyclic | Mn Mw Mn Mw
[(0°-CsHs),Zr(H)Me] 0.5h 7(58) 2900 13200 5400 13400
35h 43(18)* 2300 11100 6600 17100
6h 45(27)* 1100 7600 6100 14300
18 h 57(17)* 1000 5700 8700 18800
2d 98 900 1000

The number in parentheses represents the approximate percentage of material remaining as monomer.
Taken from Reference ¥

1.1.3 Polystannane properties

The properties associated with polystannanes are of technological interest. For
example in Fig. 1.3, irradiation of a polystannane into the region of 380 nm causes a
“photobleaching” effect and effectively a depolymerization that can expose an underlying
surface. Such properties can be used, in addition to photoresists, for applications in charge
transport, microlithography, nonlinear optical materials, semiconductors and electronic

devices.!!

i) 280 300 350 w00 485 LT
Wawvalangth (nm)

Figure 1.3 Depolymerization of H(SnnBu,),H (Mn=7800) upon irradiation (380 nm)

Taken from Reference



Polystannanes also exhibit interesting thermochromic effects where the low energy band in

the UV/VIS changes with temperature, Fig. 1.4.

=80 - 452 nm
s7o¢ 22°C

1.8

0Tl J

b1 +30 &80
wavelangth

Figure 1.4 Thermochromic behavior of polystannanes under different temperatures. Taken from reference **

In this particular example the changes in absorption as a function of temperature are

reversible.’®% Thermochromism has several entertaining applications as noted in Fig. 1.5.

Figure 1.5 Thermochromic materials applications

A further notable use of polystannanes is their ability to be transformed to thin films
of SnO; in the presence of O, under relatively mild conditions. This is illustrated in Fig. 1.6,

where the film obtained depends upon the atmosphere used for the degradation.**?
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Figure 1. 6 Tin oxide and metallic tin formation in different environments -SnO, (O,), --Sn (N,). Taken from
reference

Tin films containing either SnO, or Sn are potential candidates to produce
semiconductor materials. For example, the conductivity of tin films associated with the
dehydropolymerization of H(Sn"Oct,),H and H(Sn"Bu,),H with a value of 0.30 Scm™ and
0.10 Scm-1 respectively, are comparable with polysilanes with a value of 1 Scm™. 112
1.1.4 Transition metal carbonyl complexes

Transition metal carbonyls are among the best known classes of organometallic
compounds. They are common starting materials in the synthesis of other low valent metal
complexes. Not only can the carbonyl ligand be substituted for a large number of other
ligands (Lewis bases, olefins, arenes),>* but the remaining CO stabilizes the molecule against

oxidation or thermal degradation.>*

Cyclopentadienyl complexes

The cyclopentadienyl ligand, Cp = (n°-CsHs), is the most important of the polyenyls
because they are firmly bound and general inertness to nucleophilic or electrophilic reagents.
This makes it reliable spectator ligand for a series of complexes (n°-CsHs)ML, (n = 2-4; L =
CO, PPhs, alkyl radical etc.). Whether we want chemistry to occur at the ML, group/ (n°-
CsHs)MLn are often referred to as “two-, three-, or four legged piano stools,” with the (n5-

CsHs) regarded as the seat, and the other ligands as a legs.™

10



Dicyclopentadiene must first be “cracked” to give monomeric CsHg>® eq. 1.7.
Cyclopentadiene is a weak acid (Pka = 15) and can be deprotonated by strong bases or alkali
metals. Cyclopentadienylsodium (Na(n’-CsHs)) is the most common reagent for the

introduction of cyclopentadienyl ligands.>

180°C_

§
S
N
H

The cyclopentadienyl salt has been used to prepare metal carbonyl complexes, in
which 3 carbonyls are displaced, as for example,>***® eq. 1.8. Cp = (n°-CsHs) CpM(CO)3 Na"

High Temp.

ethereal solvent
M(CO)s + CpNa » CpM(CO);Na+3CO (1.8)

Cp = CsHs
M =Cr, Mo, W

The preparation of (n°-CsHs)Mo(CO)s'Na* has an advantage from the reaction of [(n°-
CsHs)Mo(CO)s], and sodium/amalgam, eq. 1.9.>*** in that the Mo(CO)s is more readily
available and less expensive than [(n>-CsHs)Mo(CO)s]..

[CpMo(CO)5]+ Na — » 2 CpMo(CO);Na  (1.9)

Other examples involve the use of Fe or Ru complexes,>*** eq. 1.10.

[CPM(CO),]; + Na TIIF » 2 CpM(CO),Na  (1.10)

M =Fe,Ru
1.1.5 Transition metal alkyl complexes
Transition metal alkyl complexes have attracted considerable attention because they
are catalytic precursors or key intermediates in many homogeneous and heterogeneous

catalytic reactions, Table. 1.2. %0

11



Table 1.2 Some examples of metal alkyl intermediates in catalytic reactions

Metal-alkyl species Catalytic reaction
Ti-R Alkene polymerization
Zr-R Alkene polymerization
W-R Alkene metathesis
Fe-R Fischer-Tropsch process
Ru-R Fischer-Tropsch process
Co-R Hydroformylation and Fischer-Tropsch
Rh-R Alkane activation
Rh-R Hydroformylation and acetic acid synthesis
Pd-R Co-polymerisation of CO and C,H,
Pt-R Alkene hydrogenation

Those metal complexes could be used as potential model compounds to study the
reactivity and catalytic activity in these important catalytic cycles, by NMR and IR
spectroscopies.®* More recently, interest has been focused on the use of inexpensive transition
metal complexes containing iron, such as (n°-CsHs)Fe(CO)(L)Me, (L = CO, Phs, etc) and
related molybdenum systems such as (n°-CsHs)Mo(CO)z(L)Me; L = CO, PhsP, Etc).®* A
variety of catalytic and interesting reactions have been reported in the literature including:

- C-C bond cleavage of RCN.®

hv
Et;SiH + R-CN > Et;Si-CN + RH (1.11)
5 mol %FpMe

R = alkyl, aryl
- Si-S coupling reactions using, Cp = (1°-CsHs), (n°-CsHs)Fe(CO),Me, and (n°-
CsHs)Mo(CO)sMe, as catalyst.®®

hv
Et;SiH + R-SH —> E;Si-SR + H, (1.12)
CpFeMe
CpMoMe

R = Et, Cyclohexyl, ‘Bu, PhCH, 2-furyl

- Precursor materials for aminoacids labeling using (nS-C5H5)M(CO)nLMe M=Fe, n=

2, Mo, n =3, eq. 1.13,1.14.%

12
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- Model compounds for studies of potential surface transformations.® Fig. 1.7.
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Figure 1.7 Metal surface interaction on dihydroxylated or hydrosilated y alumina

(n°-CsHs)Fe(CO),Me was used because of the multiplicity of metal surface
transformations, including surface induced migratory insertion. Fig. 1.7. shows a surface

induced migratory CO insertion to yield a carbene-like acyl complex as the major pathway.

- Catalytic materials for CVD (chemical vapor deposition) multiwalled carbon
nanotubes, Scheme. 1.2.%

Chemical Vapor Deposition

o
Carbon Source 800-1000°C

5wt% Multiwalled carbon nanotubes

Scheme 1.2 Chemical vapor deposition of multiwalled carbon nanotubes using (n°-CsHs)Fe(CO),Me
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- Photoinduced DNA cleavage (n°-CsHs)MR R = Me.Ph M = Cr,Mo,W,Fe.®” Scheme.

1.3.

-
' hv

DNA Plasmid + M/R Single and double DNA Strannd
L(0C) Water/DMSO/30min

1.64 to 360uM
M=Fe,n=2; Mo,W:n=2; R=Me, Ph

Scheme 1.3 DNA cleavage by (1°-CsHs)M(CO),R complexes (M = Fe, W, Mo, Cr; R = Me,Ph)

Whereas Fe and W complexes work efficiently, specially the phenyl derivatives, Mo
and Cr do not produce any cleavage. It is believed that carbon-centered radicals are

implicated as the active species leading to DNA strand scission.

- Photodegradation of phenols using H;O, and (n°-CsHs)M(CO)R, (n°-

CsMes)M(CO)3R; M = Mo,W (R = CI, Me). and Mo(CO)s % eq. 1.15.

Aqueous sol 30%/RT to 80 °C/48h HO
OH + H,0, ) OH "+ (1.15)
excess R" OH
R" RH OH . .
Phenol R Catechol Oxalic acid

M\R M=Mo, W. R=Cl, Me,R"=H
OC/ I\ M =Mo, W. R=CI, Me, R''=Me

(n°-CsHs)Mo(CO)3R R = Cl, Me, were the most active catalyst using H,O as solvent
at 55°C and only trace of p-benzoquinone were detected.

- (n°-CsHs)Mo(CO)sMe is a catalyst precursor for epoxidation of olefins, eq. 1.16.%°

14
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t-butylhydroperoxide (TBHP)
1.1.6 Oxidative addition and reductive elimination
As the name implies, oxidative addition is the addition of a substrate molecule to a
transition metal complex whereby the metal center is oxidized. In the generic mononuclear
examples below, Fig. 1.8. the metal goes from the xto the x+2 oxidation states and is

therefore limited to the middle and late transition metals.”

L MX
A=B AB
AB
B A
LnMX+2< A LnMx+KB
[L,MX"2A]"+ B
2L M~ AB L M*1A
(17 ¢) +
or LnM*"'B
L .MX ML,

Figure 1.8 Oxidative addition concept

Oxidative addition and the reverse process, reductive elimination, are fundamental
reaction steps in many homogenous catalysis,”* and have been extensively investigated both
experimentally and theorically.”*"® Using Wilkinson’s catalyst,’® a variety of industrially
important catalytic cycles, for example (The Monsanto process’®, alkene hydrogenation”

have been reported, Scheme. 1.4.
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Scheme 1.4 Catalytic hydrogenation of propylene™

Oxidative addition reactions cannot occur on metal centers that are already in their

highest oxidation state, so a sigma bond metathesis reaction is a likely alternative, Scheme.

1577
“CH I 13CH, |
13CH // ,’/ \\\
Cp*Lu-CHj, —— 4y Cp*Lluyu H — Cp*Lu_ /H
CH, '’
Sigma complex L Hj .

Cp*Lu—"13CH; +CH,

Scheme 1.5 Sigma bond metathesis mechanism
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This kind of concerted process is believed to occur through a four-centered transition

state, that maintains the central atom in the normal oxidation state.”

At this point | have mentioned the most important concepts that are related the use of
transition metals and the main properties associated with their reactivity. Such reactivity
could be influenced by a variety of factors, including their position in the periodic table,
electronic conFiguration, and metal ligand interactions. The metal carbonyl complexes | have
chosen for this project are of the type: (1°-CsHs)M(CO)n(L)Me, (1a), M = Fe, n=1, L = CO;
(1b), M =Fe,n=1, L = (Phy)P; (2a), M =Mo,n=2,L =CO; (2b), M=Mo,n=2, L =

(Ph)P.

1.2 Experimental

All manipulations were performed using standard Schlenk techniques under argon
atmosphere. Tetrahydrofuran (THF) was dried and distilled from sodium-benzophenone.
Diethyl ether, benzene, toluene and hexanes were dried and distilled over sodium wire. The
following reagents were purchased from Aldrich and used as received: t-dibutyltin dichloride,
dibutyltin dichloride and lithium aluminum hydride. The iron and molybdenum dimers [((n°-
CsHs)Fe(CO),lz, [((n°-CsHs)Mo(CO)s], were purchased from Strem Chemicals. NMR
spectra were recorded on Bruker 300 MHz spectrometer using CDCI3; or CgDg as solvent;
infrared spectra were recorded on an ATI Mattson Infinity Series FTIR; elemental analyses
were performed by Galbraith Laboratories. Tin dihydrides, ‘Bu,SnH, and Bu,SnH,"® were
synthesized by the reduction of corresponding tin dichlorides with lithium aluminum hydride
in ether. The iron and molybdenum complexes (n>-CsHs)M(CO)n-CH5®®® and (n°-
CsHs)M(CO)n.1(PPhg)-CH3 #(M = Fe, n = 2; M = Mo, n = 3) were synthesized by the

reported method.
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1.2.1 Synthesis of (n°-CsHs)Fe(CO),Sn'Bu,Cl: To 80 mL of a hexanes solution of (1’
CsHs)Mo(CO)s'Na* (prepared from 2.0 g (5.65 mmol) of [(n°-CsHs)Fe(CO),]) in a 250 mL
Schlenk flask, was added slowly via a syringe 3.44 g (11.3 mmol) of t-butyltindichloride in
20 mL of hexane at room temperature. The heterogeneous solution was stirred at room
temperature for 2 d. The solution was filtered over Celite and the remaining residue was
extracted with 20 mL of benzene and filtered over Celite again. The two filtrates were
combined and the solvents were removed under vacuum. The vyellow residue was
recrystallized from 1:1 hexane benzene mixture. Yield: 4.65 g ( 92 %). *H NMR (300 MHz)
(CeDe): & 1.39 (s, 18H, 'Bu, 33*%,. 1 =78 Hz; 31ty =72 Hz), 4.16 (s, 5 H, (n°-CsHs)). *C
NMR (75.4 MHz) (CeDg): & 30.80 (‘Bu), 40.57 C(CHs)s, 81.87 ((n°-CsHs)), 214.04 (CO).
1950 NMR (111.93 MHz) (CeDs): & 384.4. IR (v CO, cm™) (Hexane): 2012.8, 1999.3,
1969.4, 1953.1. Anal. Calcd. for Ci5sH,3CIFeO,Sn: C, 40.45; H, 5.21. Found: C, 40.92; H,

5.20.

1.2.2  Synthesis of (11°-CsHs)Fe(CO),Sn'Bu,H: A flame dried three-necked 100 mL round-
bottom flask equipped with reflux condenser and a dropping funnel was charged with 0.0064
g (0.016 mmol) of LiAlH4 in 15 mL of dry ether. The temperature was maintained at -15 °C
and at this temperature was added slowly via a dropping funnel 20 mL solution of 0.15 g
(0.33 mmol) of (1°-CsHs)Fe(C0O),Sn'Bu,Cl in ether. The mixture was stirred for 30 minutes
maintaining the temperature of the bath between -15 to -10 °C. After 30 mints the mixture
was filtered through Celite. The ether was removed under vacuum and the residue was
extracted with 20 mL of hexane and again filtered through Celite. The hexanes were removed
under vacuum and the yellow residue was recrystallized from hexanes. Yield: 0.11g (81 %).
'H NMR (300 MHz) (CeDg): & 1.37 (s, 18 H, 'Bu, 31", =66 Hz;), 4.19 (s, 5 H, (n°-
CsHs)), 5.28 (1.H, Sn-H, 13*%, 1 =1212 Hz; 1)"'s, 4 =1158 Hz). *C NMR (75.4 MHz)
(CsDe): & 33.11 ('Bu), 31.70 C(CHs)s, 80. 74 ((n°-CsHs)), 215.59 (CO). ***Sn NMR (111.93
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MHz) (C¢Ds): & 155.5. IR (v CO, cm™) (Hexane): 1995.5, 1947.7, 1748(w, Sn-H). Anal.

Calcd. for C15H24FeO,Sn: C, 43.84; H, 5.89. Found: C, 43.45; H, 5.96.

1.2.3 Synthesis of (n°-CsHs)Fe(CO)(PPhs)Sn'Bu,Cl: To a solution of (-
CsHs)Fe(C0),Sn'Bu,Cl (1.00 g) (2.2 mmol) in 40 mL of THF, in a quartz tube, was added
0.59 g (2.2 mmol) of PhsP and solution was degassed twice. The solution was irradiated by
Hanovia 450-W medium pressure mercury lamp at a distance of 4 cm. The progress of the
photochemical reaction monitored by *° Sn NMR and *'P NMR spectroscopy indicated that
after 10 h the ™° Sn resonance of the starting material (n°-CsHs)Fe(CO),Sn'Bu,Cl at 384.4
ppm had been replaced by a doublet at 366 ppm and new resonance appeared in the P NMR
at 74.25 ppm and solution became dark red. The red solution was concentrated to 10 mL and
30 mL hexane was added and stirred for 30 mints. Red compound precipitated and washed
with cold hexane twice; hexanes decanted and the red compound was dried under vacuum. It
was finally recrystallized from 1:1 mixture of hexanes/benzene. Yield 1.1 g (73 %). 'H NMR
(300 MHz) (CgDg): & 1.40 (s, 9 H, 'Bu), 1.45 (s, 9 H, 'Bu), 4.36 (s, 5 H, (n°-CsHs)), 6.97, 7.48
(m, 15 H, Ph). *C NMR (75.4 MHz) (Ce¢Ds): & 31.95 (‘Bu), 32.16 (‘Bu), 40.74 d, Jp.c = 6
Hz, C(CHa)s, 40.78 d, Jp.c = 5 Hz, C(CH3)s, 81. 49 ((n°>-CsHs)), 128.31, 129.95(d) Jp.c = 2.3
Hz, 133.74(d) Jpc = 9.8 Hz, 137.58(d) Jp.c = 42.2 Hz, (Ph); 221.17 (d, 2Jpc = 32 Hz) (CO).
119570 NMR (111.93 MHz) (CsDs): & 363.4 (d, % ™%, %1 = 290 Hz), *'P NMR (121.49 MHz)
(CeDe): 74.3. IR (v CO, cm™) (Hexane): 1925.9 Anal. Calcd. for C3,H3gCIFeOPSN: C, 56.55;

H, 5.64. Found: C, 55.83; H, 5.70.

1.2.4 Synthesis of (n°-CsHs)Fe(CO)(PPh3)Sn'Bu,H: A flame dried three-necked 100 mL
round-bottom flask equipped with reflux condenser and a dropping funnel was charged with
0.045 g (1.18 mmol) of LiAlIH, in 20 mL ether. The temperature was maintained at 0 °C and

at this temperature was added slowly via a dropping funnel 20 mL solution of 0.82 g (1.8
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mmol) of (nS-C5H5)FE(CO)(PPhg)SntBU2C| in THF. The mixture was stirred for 30 minutes
maintaining the temperature about 0°C. After 30 min the mixture was filtered through Celite.
The solvents were removed under vacuum and the residue was extracted with 10 mL of
benzene and again filtered through Celite. The benzene was removed under vacuum and the
red residue was recrystallized from hexanes/benzene mixtures. Yield: 0.42 g (36 %). ‘H
NMR (300 MHz) (C¢Ds): & 1.29 (s, 9 H, 'Bu), 1.53 (s, 9 H, 'Bu),4.34 (s, 5 H, (°>-CsHs)), 4.79
(d, 23 snp = 6 Hz), 6.98, 7.55 (m, 15 H, Ph). *C NMR (75.4 MHz) (C¢De): & 30.60, C(CHs)s,
30.76 d,, C(CHs)s, 34.10 (‘Bu), 34.30 (‘Bu), 79. 62 (((n°-CsHs))), 128.16, 129.55(d) Jp.c = 2.3
Hz, 133.63(d) Jp.c = 9.6 Hz, 138.04(d) Jp.c = 41.5 Hz, (Ph); 220.75 (d, 2Jp.c = 32 Hz) (CO).
119570 NMR (111.93 MHz) (CeDg): & 150.3 (d, % %, %' = 181 Hz). *'P NMR (121.49 MHz)
(CeDe): 77.4. IR (Hexane, cm™) (v CO), 1915.2; (v Sn-H) 1717.4 (w br).. Anal. Calcd. for

Cs2H3oFeOPSN: C, 59.57; H, 6.09. Found: C, 59.68; H, 6.14.

1.2.5 Synthesis of (1°-CsHs)Mo(CO)3Sn'Bu,Cl: To 80 mL of THF solution of Mp'Na*
(Mp = (n°-CsHs)Mo(CO)s) (prepared from 4.0 g (8.16 mmol) of [(n>-CsHs)Mo(CO)s],) in a
250 mL Schlenk flask, was added slowly via a syringe 4.95 g (16.32 mmol) of t-butyltin
dichloride in 20 mL of THF at room temperature. The reaction mixture was stirred at room
temperature overnight. The solvent was removed under vacuum and 80 mL hexanes were
added and the solution was filtered over Celite. The filtrate was collected and the solvent was
removed under vacuum. The yellow solid residue was recrystallized from hexane at -5°C.
Yield: 6.69 g (80 %). M.pt: 136 °C. *H NMR (300 MHz) (CsDs): & 1.43 (s, 18H, 'Bu, 1'%,
i = 81 Hz), 471 (s, 5 H, (n°-CsHs)). °C NMR (75.4 MHz) (CgDe): & 31.5 (‘Bu), 42.6
C(CHs)s, 89.7 ((n°-CsHs)), 226.0 (CO), 230.5 (CO). *°Sn NMR (111.93 MHz) (CgD¢): &
328.6. IR (v CO, Cm'l) (THF): 2003.4, 1935.7, 1905.7, Anal. Calcd. for C1sH23CIM00O3Sn: C,

37.42; H, 4.52. Found: C, 37.26; H, 4.53.
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1.2.6 Synthesis of (1°>-CsHs)Mo(CO);Sn'Bu,H: A flame dried three-necked 100 mL
round-bottom flask equipped with reflux condenser and a dropping funnel was charged with
0.038 g (0.99 mmol) of LiAIH4 in 20 mL of dry ether. The temperature was maintained at -20
°C and at this temperature was added slowly via a dropping funnel 20 mL solution of 0.5 g
(0.97 mmol) of MpSn'Bu,Cl in ether. The mixture was stirred for 1h maintaining the
temperature of the bath between -20 to -10 °C. After 1h the mixture was filtered through
Celite. The ether was removed under vacuum and the residue was extracted with 20 mL of
hexane and again filtered through nylon acrodisc filter. The hexanes were removed under
vacuum and the red residue was recrystallized from diethyl ether at -10 °C. Yield: 0.46g (92
%). M.pt: 84 °C. *H NMR (300 MHz) (C¢Ds): 6 1.39 (s, 18 H, 'Bu, *Jsn.r = 42 Hz;), 4.66 (5, 5
H, (n°-CsHs)), 5.51 (1.H, Sn-H, **%, 1 = 1298 Hz; 135, 4 = 1240 Hz). *C NMR (75.4
MHz) (CeDs): & 33.4 ('Bu), 33.1 C(CHs)s, 88.8 ((n°-CsHs)), 202.5 (CO), 234.0 (CO). **Sn
NMR (111.93 MHz) (C¢Ds): 6 90.6 . IR (v CO, cm™) (Hexane): 1991.7, 1895.9, 1750 (w, Sn-

H). Anal. Calcd. for C1H24M003Sn: C, 40.12; H, 5.05. Found: C, 39.55; H, 5.02.

1.2.7 Synthesis of H'Bu,Sn-Sn'Bu;H using 1a,1b,2a,2b as catalyst: In a typical
experiment 0.2gr of ‘Bu,SnH, (0.9 mmol) and 5 mol% of catalyst in a CsDs solution were
photochemically irradiated with a medium-pressure mercury lamp or heated in an oil bath at
70°C in a sealed Pyrex NMR tube, which resulted in the progressive formation of
H'Bu,SnSn'Bu,H. The reaction was monitored by °Sn NMR Spectroscopy and stopped when
all of the starting material 'Bu,SnH, was consumed. Further purification was performed in a silica

gel column through hexanes to give 70-90% vyield of the product.
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1.3 Results and discussion

1.3.1 Photochemical and thermal transformation of ‘Bu,SnH, into
H'Bu,Sn-Sn'Bu,H

We have prepared those catalytic materials using the known salt-elimination reactions
reported above. *° eq. 1.17.

MO(_:____MZ)(l)NaHg(Sodium amalgam)/THF/RT/2hr N O/MeJr INa (1.17)
OC/ \C 5 é (2) IMe/ THF / 0°C/overnight /
0 60

AN

Safepe

< 5 0
0.0 |

The product obtained is a yellow solid material (yield 85%) that has been properly

characterized in the literature.®® In a similar manner the iron analogues was prepared in very good

yield from the reduction of [(n°>-CsHs)Fe(CO),],, in very good yields (80%), as an orange solid
eq. 1.18.%

A (1) NaHg(Sodium amalgam)/THF/RT/2hr v e/Me+ INa (1.18)
C™ X, (2) IMe/ THF /0 °C/overnight
C 5 C
0) O o)

£
=0 0

Fe Na

OC
o)

By looking into their electronic configurations, we can see that those systems obey the 18

electron rule. In the following discussions description we will assume the metal in their neutral

oxidation state M°, using the covalent method of counting
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Figure 1.9 Covalent and ionic electron-counting
systems

These 18e” systems are diamagnetic and can be readily monitored by NMR spectroscopy,
Table. 1.3. and readily exhibit CO bond dissociation under photochemical or thermal
81,82

conditions.

Table 1.3 **C NMR spectroscopy of iron and molybdenum complexes

B3¢ICeDs (n°>-CsHs) co Me
(n°-CsHs)Fe(CO),Me 85 217 | -23
(n°-CsHs)Mo(CO);Me 92 227,240 | -22

Irradiation of a CsDs solution of 'Bu,SnH, (*) in the presence of 5 mol % of (1>-
CsHs)Mo(CO)sMe (2a) in a sealed Pyrex NMR tube with a medium-pressure mercury lamp
resulted in the progressive formation of H'Bu,SnSn'BusH (A), eq. 1.19. The reaction was
monitored by °Sn NMR spectroscopy, Fig. 1.10., showing a clean transformation of ‘Bu,SnH,
(*, °Sn = -118.2 ppm) to H'BU,SNSN'Bu,H (A, '°Sn = -83.4 ppm). At the end of the reaction
there is still catalyst remaining in the solution based in the **C NMR for the signal associated with
the Cp = (n°-CsHs) of the catalyst at 92 ppm, illustrating the stability of the catalyst for further

reactions.
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Figure 1.10 Catalytic synthesis of H'Bu,Sn-Sn'Bu,H using (1°>-CsHs)Mo(CO);Me as catalyst in CsDs

In the case of the iron catalyst 1a, after 30h of irradiation the process stops suggesting

decomposition of the catalyst, a distinction to the chemistry using the molybdenum species 2a.

We assume the key step in the catalytic process is the initial formation of a 16e-
species via photochemical ligand dissociation. We expected that a similar process could occur
thermally if the corresponding phosphine-substituted derivatives of la and 2a were used.
Complex (1°-CsHs)Mo(CO),(PhsP)Me (2b), was readily synthesized by the carbonyl

substitution of the (7°-CsHs)Mo(CO)sMe under photochemical conditions. eq. 1.20.8

PN ci
Mo-Mey php hv/CeDg/8hr —— n o Me (1.20)

C THF ‘\ “PPh
o -CO OCOA: 3

The solid material can be purified using column chromatography in toluene or
hexanes in high yields, 70-80%, as can the iron analog, (n°-CsHs)Fe(CO)(PhsP)Me(1b) using

the same synthetic approach.®® Full synthetic details and spectroscopic data are reported in
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the literature.®°

Treatment of a C¢Dg solution of 'Bu,SnH; in the presence of 5 mol % of 2b, in a
sealed pyrex NMR tube at 60-70°C, resulted in the 100% transformation of ‘Bu,SnHa(*) to
'Bu,SnSn'Bu,H (A), as noted by monitoring the reaction by '°Sn NMR spectroscopy, Fig.
1.11. It was clear that catalytic complex (n°-CsHs)Mo(CO),(PhsP)Me (2b), present the same
ability to thermally transform ‘Bu,SnH, to 'Bu,SnSn'Bu,H presumably via the same 16e”
species [(n°-CsHs)Mo(CO),Me]. No product decomposition was observed (the reaction
solution remained clear as opposed to the photochemical reaction using catalyst 2a). In
addition the reaction times show a slight improvement compared to the photochemical
process. As opposed to iron analogue (n°-CsHs)Fe(CO),Me (1a) using (-
CsHs)Fe(CO)(PhsP)Me (1b), the reaction goes to completion, indicating the superiority of the

phosphine derivative 1b, over the carbonyl complex 1a, as we can see in the Table. 1.4.

Table 1.4 Photochemical and thermal transformation of ‘Bu,SnH, to H'Bu,SnSn'Bu,H using the iron and
molybdenum complexes

Catalyst hv/A Time Yield%

5 mol % Day NMR?
la hv 4 (70)
1b A 2 80(100)
2a hv 2 90(100)
2b A 1 90(100)

"1a: (n°-CsHs)Fe(CO),Me; 1b: (n>-CsHs)Fe(CO)PhsPMe; 2a: (11°-CsHs)Mo(CO)sMe; 2b: (1°-
CsHs)Mo(CO),PhsPMe

%Yield based on the *H NMR.
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Figure 1.11 Catalytic synthesis of H'Bu,Sn-Sn'Bu,H using (n°>-CsHs)Mo(CO),(Ph;P)Me as catalyst in benzene

1.3.2 Proposed mechanism for stannane dimerization

We suggest that the mechanism of the process follows that outlined in Scheme 1.1.

(00), 1’\/[—Me /}’VI—Me /1\:,[\]-[
/ 00y, =/ (0C), i
L L Sn'Bu,H
()] ax
CH,
Q ‘Bu,SnH, I Q . Q
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Scheme 1.1: Proposed mechanism for stannane dimerization, n =1, M = Fe, L = CO(1a), PhsP(1b); n =2,

M = Mo, L = CO (2a), PhP (2b)




Thus, a series of oxidative additions and reductive eliminations can account for the
overall reaction culminating in reductive-elimination from a bis-stannyl metal complex. We
observed no evidence for this intermediate. However, since the reactions occur in a sealed
system where escape of the CO, the dissociated ligand, is not possible, the ability to observe the
mono-stannyl metal transients should be possible if the reaction conditions can be suitably
varied. In order to study our catalytic cycle, we decided to perform the stoichiometric reaction

between 2a and ‘Bu,SnH,.

A 3:1 mixture of 'Bu,SnH, and (n°-CsHs)Mo(CO),Me in C¢Dg was sealed in Pyrex
NMR tube and irradiated for about 4 h times after which a series of signals were identified in the
%Sn NMR Spectroscopy, after almost complete consumption of the 'Bu,SnH, was observed,

Fig.1.12.

132 90 13 -42 -83 -118

T L T D R T e A =
100 50 0 -50 -100 -150 =200 p

Figure 1.12 : Photochemical irradiation of 'Bu,SnH, with (n°-CsHs)Mo(CO);Me 3:1 ratio

After 4 hours of irradiation we could see new transient species via °Sn NMR
spectroscopy including a signal at 90 ppm, which was characterized properly and determined to

be (1°-CsHs)Mo(CO)s'Bu,SnH (B), Fig. 1.12.
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We independently synthesized this material via the chemistry illustrated in egs 1.21 and

1.22.
/8\ (1) NaHg(Sodium amalgam)/THF/RT/2 h |tBu
Moz------- Mo > —Sn— @,21)
C/ \ ~c— | \C (2) C1'Bu,SnCl/ THF /25 °C/overnight /MO S‘n cl
§ KL & 5
S}
e
/
Bu o
I (1) LiAlH,/diethylether/0 C/ lh
/MO/S|T1_C1 MO/Sn—H 1.22)
C / \ t C/ \ t
(0) ¢ C Bu O Bu
c C
0) (o) 0) 0

This independent synthesis and characterization proves the intermediacy of the mono-
stannane complex in the catalytic cycle. Thus, it should also be a catalyst for the reaction since
upon photochemistry, or thermal treatment, it could readily lose CO to form the 16e” species 111
noted in the catalytic cycle above. A separate experiment using an independently synthesized
sample of (n°-CsHs)Mo(CO)s'Bu,SnH (B) corroborated this prediction as can be noted in Figure
1.13. The efficient catalytic transformation of ‘Bu,SnH, (*) to H'Bu,SnSn'Bu;H (A), yielding

only one single organotin product with insignificant loss of the catalyst, is clearly demonstrated.
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Figure 1.13 Catalytic synthesis of H'Bu,Sn-Sn'Bu,H using (n°-CsHs)Mo(CO);'Bu,SnH as catalyst in C4Dg

The same results were observed using the iron analog (n°-CsHs)Fe(CO)Phs'Bu,SnH as a

catalyst to transform the '‘Bu,SnH, to H'Bu,SnSn'Bu,H under thermal conditions.

Overall the mechanism suggested for the formation of distannane catalyzed by 1 and 2
seems in accord with all our experimental data. The first step should involve the photochemical
or thermal ligand bond dissociation of the CO or PhsP to produce the unsaturated metal center
[(®-CsHs)M(CO),CH3] (1) 16e-" Then the first oxidative addition of ‘Bu,SnH, (A) to the
unsaturated metal complex [(n°>-CsHs)M(CO),CHs],(11) followed by the reductive elimination of
CH; to generate a new coordinatively unsaturated 16-electron species (II1), [(n’-
CsHs)M(CO)n(Sn'BuzH)]. A second oxidative addition of 'Bu,SnH.(A) to this intermediate leads
to the formation of [(n°-CsHs)M(CO)a(H)-(Sn'BuzH);] (1V), a type of reaction that is well
established  for reactions involving RsSnH to form, for example, [(1’-
CsHs)Fe(CO)(H)(SnR3),].2%% For M= Fe, the hydridobis(stannyl)metal complex then reacts
with either CO or PhsP to reductively eliminate the distannane and form [(n°>-CsHs)M(CO),H],
(V) or [(n>-CsHs)M(CO),PhsPH], respectively, a reaction similar to the reported elimination of
disilanes from [(n°-CsHs)Fe(CO)(H)(SiRs), complexes.®®  The  metal complex (n°-

CsHs)M(CO),H could undergoes another oxidative addition of ‘Bu,SnH, (V1) and reductively
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eliminate H, as the final step (VII) to regenerate the important transient (n°-

CsHs)M(CO),'BuzSnH (111) to continue the cycle, (M = Fe, n = 2; M = Mo, n = 3).

It is clear from Figure 1.12, that the stoichiometric reaction between ‘Bu,SnH, and 2a
that there are many products in addition to (1°-CsHs)Mo(CO)s'Bu,SnH. The exact nature of
these other materials, and the generality of their formation, will be discussed in Part 2 of this

chapter.

1.3.3  Structural analysis of (n°-CsHs)M(CO)a(L)'Bu,SnH complex, (M = Fe, n = 1; Mo,

n=2)

We were able to obtain crystal structures for both 1b and 2b and these are illustrated in
Figure 1.14., The iron complex, (n°-CsHs)Fe(CO)(PhsP)'Bu,SnH, adopts a normal three-legged
piano stool geometry in which the hydrogen at Sn is oriented anti with respect to the (n°-CsHs)
to minimize steric interactions of the 'Bu groups with PhsP, and the P-Fe-Sn angle becomes
slightly wider to accommodate the PhsP group. The Fe-SnH and SnH bond length, outlined in
Table. 1.5, are intermediate between those of related transition metal tin complexes.®® The
structure of Mo complex (n°-CsHs)Mo(CO)s'Bu,SnH illustrates the Sn is trans to the (n°-CsHs)

ring, with the Sn-H distance being slightly longer, than in the Fe analog.

Table 1.5 M-Sn and Sn-H bond length for (1°-CsHs)Fe(CO)Ph;P'Bu,SnH and (n°-CsHs)Mo(CO)z'Bu,SnH

Bond | (n°-CsHs)Fe(CO)PhsPBUSHH | (1-CsHe)Mo(CO)sBu,SHH
Bond distance A

M-Sn 2617 2856

Sn-H 1.870 2.140
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1b 2b

Figure 1.14 Crystal structure of (1°-CsHs)Fe(CO)PhsP'Bu,SnH(1b) and (n°-CsHs)Mo(CO)s'Bu,SnH (2b)

The M-Sn bond distances for both metal complexes Fe and Mo could play important role
in this chemistry, since we have seen better reactivity of the Mo catalyst system compared to
iron and that could be associated with the energy required to promote the reductive elimination
favorably in the Mo system since the bond are longer compared to iron, and can be easily

activated.

1.3.4 Observations related to (n°-CsHs)M(CO),H transients suggested in the proposed

mechanism, (M = Fe, n = 2; Mo, n = 3)

Metal hydrides play an important role in transition metal chemistry, being involved in
the mechanism of many catalytic (hydrogenation and hydroformylation of alkenes, etc) and

stoichiometric processes (reduction, activation of C-H bonds, etc).3**

It was observed that the reaction catalyzed by the iron complex (1°-CsHs)Fe(CO),Me

(la) did not go to completion photochemically but thermally using the (n°-
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CsHs)Fe(CO)(PhsP)Me it went nicely to completion. We attribute that difference to two main

factors:

The phosphine hydride complex (n°-CsHs)Fe(CO)(PhsP)H is stable enough to persist
and can regenerate the catalytically active species or produce changes in the M-H reactivity, cf.
(n°-CsHs)Fe(CO);H. The simple replacement of a CO by a phosphine increases the Pka by 7
units for H[Co(CO),] pka; 8.4 in acetonitrile and H[Co(CO)3(PhsP)] pka: 15.4. This control of
the properties of a hydride through variation of the coordinating groups is useful in a catalyst.
For example the hydroformylation of olefins have been promoted by adding PhsP to the catalyst
enhancing not only the steric hindrance of the complex but also increasing the hydridic character

of M-H )%

Alternatively (n°>-CsHs)Fe(CO),H being less kinetically stable than its phosphine analog
could react more rapidly to form the dimeric metal complex [((1°-CsHs)Fe(CO)2):].%% It has
been suggested that metal hydride complexes with a bond dissociation energy (BDE) less than
56 kcal/mol are likely to lose H, at room temperature,” eq. 1.23. Indeed, many hydrides (e.g.
(n°-CsHs)Cr(CO)sH and HV(CO)4(dppm)) that have stronger M-H bonds (61.5 and 57
kcal/mol, respectively)® are isolable at room temperature, unlike (1°-CsHs)Fe(CO),H, which
evolves H, at room temperature in an open system despite its relatively strong M-H bond (68

kcal/mol in Table 1.6).%%%

M-M + H, (1.23)
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Table 1.6 : Bond dissociation energy (BDE) and bond dissociation free energies(BDEg) for M-H bonds in
group 8 and group 6.

Compound Pka M-H(BDE) | M-H(BDEQ)
(n°-CsHs)Fe(CO),H 27.1 68 63
(n°-CsHs)Ru(CO),H 28.3 77 72
(n°-CsHs)0s(CO),H 32.7 83 78
(n°-CsMes)Fe(CO),H 29.7
(n°-CsHs)Cr(CO);H 13.3 62 57
(n°-CsHs)Mo(CO)zH 13.9 70 65
(n°-CsHs)W(CO)4H 16.1 73 68

(n°-CsMes)Mo(CO);H 17.1 69 64

BDEg: bond dissociation free energies
(substantial entropy change associated) **

It is important to note from eq. 1.23, that the M-M bond should be considered in
determining the position of the equilibrium and the strong Fe-Fe bond could be responsible for
the loss of catalytic activity and kill the active species (n°-CsHs)M(CO),H, Scheme. 1.1., Steps

I11 to VI. The Mo analogues could exhibit the same behavior, but clearly do not.

1.3.5 Attempts to isolate the intermediate (n°-CsHs)M(CO),H(‘BuSnH), (M = Fe, n =

1; Mo, n=2)

The formation of bis-stannyl Fe step (IV) intermediates was an important step in the

proposed mechanism, eq. 1.24; however, we have no evidence for the formation of this species.

< <
M-SntBquA—>

/
OOy am ©0o”
An equimolar solution of [(1°-CsHs)Fe(CO),(‘Bu,SnH)] and 'Bu,SnH, in C¢Dg in a
sealed Pyrex NMR tube, was irradiatiated and examined spectroscopically. This reaction is
complex; however, we could identify a transient tin species with a **Sn chemical shift of 126

ppm, in the similar range as the previously reported (1°-CsHs)Fe(CO)H(BusSn),. Taking into
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account the variation of chemical shift expected upon replacement of a Sn-butyl bond by a Sn-

'butyl bond; however, this is the only evidence for such a species, Table. 1.7.

Table 1.7 *°Sn Spectroscopy for (>-CsHs)Fe(CO)(H)(BusSn), and (n°-CsHs)Fe(CO)(H)(‘Bu,SnH),

Metal Complex 195n/CDs
(n°-CsHs)Fe(CO)H(Bu,Sn), 136%¢
(n°-CsHs)Fe(CO)H(‘Bu,SnH), 126°
(n°-CsHs)Fe(CO)H(‘Bu,SnMe), 166°

2[(n°-CsHs)Fe(CO)(H)-(Sn'BuzH),]: 'H NMR: d = -12.85 (Fe-H), 1.38 (‘Bu), 4.41 ((n>-CsHs)), 5.22 ppm (Sn-H);
IR (hexane): ¥(CO)=1928 cm_1. IR: 1924 cm-1 (CO), 1843br,w (Fe-H)

b[(1°-CsHs)Fe(COYH('Bu,SnMe),]:*H-NMR: -13.2(Fe-H); 0.24(Me); 1.27, 1.37 (‘Bu); 4.54 (n°>-CsHs)) C-NMR:
-7.3(Me); 32.4,32.7 (‘Bu); 31.3,32.2 (C(CH3)3);76.6((n>-CsHs)) 221.1(CO)

Unfortunately a similar reaction with Mo complex 2a did not yield informative data.

1.3.6 Extension to tin systems with less bulky groups.

A similar photochemical reaction of 6h duration using the isomeric stannane, "Bu,SnH,
resulted in a transformation to the corresponding distannane, (H"BuSnh-Sn"Bu,H)® *°Sn/CgDs ; -
208.2 and a complex mixture of cyclic and linear oligostannanes, H-(nBu,Sn)n-H (5% vyield)
with tin resonances at -202.5, -202.9, -208.1, -208.4, -209.9, and -220.5 ppm. Thus, this reaction
is not productive for the formation of tetra-n-butyldistannane. It is clear that the catalytic
reaction described in the previous pages is dominated by the nature of the groups on Sn.
Likewise, the catalyst (n°-CsHs)Fe(CO),Me was consumed in this short period of time, at a rate
much greater than with the terbutyltin analogue, and this poses a problem for the utility of the

process.

However, we extended the chemistry to the use of Mn(CO)sMe as a catalytic species,” Fig.

1.15.
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Figure 1.15 Catalytic synthesis of H'Bu,Sn-Sn'Bu,H(A) using Mn(CO)sMe as catalyst in C¢Dg."”

In a sealed NMR tube was placed 'Bu,SnH, and 5 mol% of Mn(CO)sMe.® The reaction
was monitored by °Sn NMR spectroscopy. After 5 h of irradiation, 'Bu,SnH,(*) had
completely disappeared and the clean formation of 'Bu,SnSn'Bu,H (A) could be noted. It is
clear from this result the Mn catalyst is superior to both the Mo and Fe alkyl catalysts since the

reaction is complete in a few hours compared to many hours.

14 Conclusions

1 For the first time, we report a new catalytic system involving molybdenum and iron

complexes, for the dehydrogenative coupling of '‘Bu,SnH,, both thermally and photochemically,

to produce the functional distannane H'Bu,SnSn'Bu,H, in very good yields, 70-90%.

2 We have identified an intermediate in the above process (1°-CsHs)M(CO),(L)Sn'BuzH

and demonstrated, its utility as a catalyst.

3 The thermal catalytic process is much more efficient than the photochemical process

for the Fe and Mo catalysts, and the Mo catalysts are superior to those of Fe.
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Methyl transfer from Fe (and Mo) to Sn: Formation of (n°-
CsHs)M(CO),Sn'Bu,Me (M = Fe, n = 2; M = Mo, n = 3) complexes from the
photochemical irradiation of (n’-CsHs)M(CO),Me and 'Bu,SnH, in the
molar ratio 2:1

Abstract

In the first part of this project we reported the use of (°>-CsHs)M(CO).Me, [M = Fe,
n=2(1a); M = Mo, n = 3 (2a), as catalysts for the dehydrocoupling dimerization of
'‘Bu,SnH, to H'Bu,SnSn'Bu,H, eq. 1.19.% However, when we increase the concentration of
the metal catalyst (1a or 2a) to a stoichiometric ratio 2:1, Fig. 1.12, photochemistry of such a
mixture results in a different type of chemistry. The isolated product involves the formation
of transition metal tin complexes of the type (n°-CsHs)M(CO),Sn'Bu;Me, (M = Fe, 3a ; M =
Mo, 4a) involving the concomitant formation of an Sn-CH3 and a Sn-M (M = Fe, Mo) bond,
Scheme. 1.6.
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Scheme 1.6 Proposed mechanism to explain the results on Sn-CH; bond formation. M =Fe,n=1, (1a) M =
Mo,n=2, L=CO (2a)
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Statement of problem

In part 1 of this chapter we noted that if the relative amounts of (n°
CsHs)M(CO),Me and 'Bu,SnH, were changed a much more complex chemistry occurred
along with the formation of H'Bu,Sn-Sn'Bu,H, as noted by ***Sn NMR monitoring, Figure.
1.12. The general area of this portion of my investigation is an extension of the chemistry
associated with the formation of distannanes, Sn-Sn bonds.® In this particular case we want
to understand how changing the relative amounts of (n°-CsHs)M(CO),Me and 'Bu,SnH,

we can photochemically form (1°-CsHs)M(CO),Sn'‘Bu,Me?

Justification of importance
To our knowledge the concurrent formation of both a metal-tin and tin-carbon bond is
extremely rare. In the present report the transition metal alkyl complex (n°-CsHs)Fe(CO),Me
was reacted with 'Bu,SnH, to form the new product’ eq.1.25.
o o

h
Fe—CH; + H—S|n—H v /F\e—SntBuz-CH3 (1.25)
g

/\ -CO
& :
8 Bu

Thus our surprising result may lead to a new route for such chemistry, hence the need

for a more detailed study into the new reaction. The finding of new synthetic methodologies
that involve the formation of Sn-C bond is an important aspect to be considered, since Sn-C
bonds are important precursor materials in organometallic chemistry, and most of the Sn-C

derivatives require special considerations and conditions for their synthesis.*%
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Research objectives

% To determine the generality and mechanism of the methyl transfer from Fe (and Mo) to Sn
during the photochemical irradiation of di-'butyltin dihydride, ‘Bu,SnH,, with stoichiometric

amounts of (n°-CsHs)M(CO),Me, [M = Fe, n = 2 (1a) ; M = Mo, n = 3 (2a).

1.5 Introduction
1.5.1 Synthesis of carbon-tin bonds
The principal methods for forming a tin-carbon bond involve the reaction of

106-118 the reaction of

organometallic reagents with tin halides and related copounds,
stannylmetallic compounds with organic halides, the reaction of tin or tin(I1l) compounds with
alkyl halides, the hydrostannation of alkenes or alkynes, and the reaction of acidic

hydrocarbons with Sn-O and Sn-N bonded compounds. These methods will be briefly

discussed.

1.5.2 Reaction of organometallic reagents with tin halides:

The nucleophilic alkylation of a tin compound with an organometallic reagent, e.g. a
Grignard reagent, is the most common route to organotin compounds, eqg. 1.26. Selective
partial alkylation of the tin is usually difficult to achieve, and the reactions often go to

completion to give R,Sn.”

Ether
4 RMgX + SnX, ——> R,Sn + 4 MgX, (1.26)

M = Mg, Li, or Al; X: commonly a halide

Important examples reported in the literature include the formation of tetraethyltin,
tetrapropyltin and tetrabutyltin obtained in 85-95% yields from the reactions of

alkylmagnesium bromide and tin tetrachloride in refluxing ether.®® On the industrial scale,
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such reactions are performed in toluene containing minimum amount of ether which is

needed to allow the Grignard reagent to be formed, (Schlenk equilibrium) **®eq. 1.27.

2 RMgX MgX, + MgR,  (1.27)

Any subsequent dealkylation, if required, can be achieved by the Kocheshkov

reaction,'® eq. 1.28.

n R,Sn + 4-n SnX, L» 4 R, SnX, , (1.28)

In the absence of a solvent, but sometimes in the presence of catalyst such as
aluminium chloride, tetraorganostannanes and tin tetrahalides, or any organotin R,SnX,., and
tin halide RmSnXsm, undergo a redistribution of the alkyl and halogen groups.'®® The
reactivity follows the sequence R = phenyl > benzyl > vinyl > methyl > higher alkyl, and X =
Cl > Br > I. For example R = alkyl and X = halide, the first stage takes place rapidly at room

temperature,*® eq. 1.29.
4 Sn+SnCl; ———» SnCl; + R;SnCl (1.29)
When R > Me, heating usually at 200 °C is needed to induce the next step,'% eq. 1.30.

R;SnCl + RSnCl; ——» 2R,SnCl, (1.30)

Waurtz coupling

There are a number of reports for the preparation of organotins in which a mixture of

organic halide (RX) and tin halide is treated with metallic sodium,'% eq. 1.31.

4RX + SnX, + 8Na » R,Sn + 8NaX (1.31)
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However, the formation of the R-Sn bond is accompanied by reduction of RX to form
R-R.1* Such problems can be reduced by working at high dilutions and with diorganotin

halides rather than tetrahalides, or a using a two step reaction, eq. 1.32, 1.33.1®

4RX + 8Na — » 4RNa + 4NaX (1.32)

4RNa +SnX,— » R,Sn + 4NaX (1.33)

1.5.3 Reaction of stannylmetallic compounds with organic electrophiles
The reaction of a stannylmetallic compound ( commonly a lithium salt) with an

organic halide or other organic electrophile, is a versatile process.’*®* 1% eq. 1.34.

R;SnM + R'X —» R;SnR' + MX (1.34)

These stannylmetallic reagents can be easily prepared, e.g. from tin halides and
lithium, eq. 1.35, from distannanes and an alkyllithium, eq. 1.36, or tin hydrides and LDA,***

107 oq. 1.37.

THF
RiSnX + 2Li —» R;SnLi + LiX (1.35)

R,SnSnR; + R'Li — R3SnLi + R3SnR' (1.36)
R;SnH + LiNPr2 —> R;SnLi + HNPr', (1.37)

1.5.4 Reaction of tin or tin (1) compound with alkyl halides.

Frankland, in 1849, prepared the first organotin compound by heating ethyl iodide and

metallic tin, eq. 1.38. '

2Et + Sn » Et,Snl, (1.38)

Despite the obvious attractions of this method (a “Direct Process”), particularly for

industrial purposes, it is not widely used. However, a superior industrial process showed the
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ability of metallic copper to catalyze the formation of Me,SnX; X = ClI, Br, by passing the

vapour of the halide through molten tin. Eq. 1.39. %%

2 Me Cl + Sn — Me,SnCl, (1.39)

However the method does not work for butylchloride, butylbromide and
bromobenzene. On the other hand an interesting industrial application has been reported for
the extraction of tin from ores and slag, and 44% of tin can be recovered as the halides

Me,SnCla., (n = 1-3), and this is raised to 60-75% if copper is added.**
In general, the reactivity usually follows the sequence:

RI > RBr > RCl and MeX > EtX > PrX > higher RX. The principal classes of catalyst are: (a)
A metal or metal halide in the presence of ligand or polar solvent; (b) RsM or R;M™ X', M =

N,P.Sh; (c) K1 and crown ether in polar solvent.*®

1.5.5 Hydrostannation of alkenes and alkynes
This methodology provides a versatile way to prepare alkyl and vinyl-tin compounds.

Variations on this general theme are illustrated in Scheme. 1.7.1
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Scheme 1.7 Hydrostannation of alkenes and alkynes™*

Several mechanisms are recognized for hydrostannations. Firstly, the tin hydride acting as a

source of a tin centered radical, (RsSn)™® eq. 1.40; the tin acting as either an electrophile

114

(alkenes carry an electron strongly attracting group), eq. 1.41. (RsSn*)™* or acting as a

nucleophile (R3Sn"),™ eq. 1.42. In this latter case the tin always is introduced at the -

position.*'®
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AIBN :
s R;Sn-CH,-CHCN

N~

R,;Sn-CH,-CHCN + RySnH———— R;Sn-CH,-CH,CN + R3Sn (1.40)

SnR;

/\ ) o _
“C 075 7°C R;Sn" + CH;-C-CN——> CH3~C|H-CEN (1.41)

R;Sn'H + CH,=CHCN ———>
Polar solvent

SnCl, + HCI220 o

l CH2=CHC02MC

’HSnCl3 > Cl;Sn-CH,CH,-CO,Me (1.42)

Table 1. 8 Important synthetic methodologies to form Sn-C bonds

Entry | sn derivative | Carbon Source Catalyst Sn-Chond | Ref
1 R3Sn-X R-MgX - RsSn-R 98
2 RsSn-X R-Na - 103
3 R-X - 106-110
RsSn-Li R=0 -

4 Sn R-X Cu 111

5 R=C, AIBN 114
R3Sn-H R=CR

6 R=C, Pd 118
R3Sn-H R=CR

7 RsSn-H R-Metal (Fe, Mo) - RsSn-R

8 RsSn-H RsSn-H R-Metal (Fe, Mo) | RsSn-SnR3 83

1.6 Experimental

All manipulations were performed using standard Schlenk techniques under argon
atmosphere. Tetrahydrofuran (THF) was dried and distilled from sodium-benzophenone.
Diethyl ether, benzene, toluene and hexane were dried and distilled over sodium wire. The
following reagents were purchased from Aldrich and used as received: t-dibutyltin dichloride
and lithium aluminum hydride. The iron and molybdenum dimer [(n>-CsHs)Fe(CO),], and

[(n>-CsHs)Mo(CO)s], were purchased from Strem Chemicals. NMR spectra were
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recorded on Bruker 300 MHz spectrometer using CDCI3 or CgDg as solvent; infrared
spectra were recorded on an ATI Mattson Infinity Series FTIR; elemental analyses were
performed by Galbraith Laboratories. Di-t-butyltinhydride, '‘Bu,SnH," was synthesized by
the reduction of corresponding tin dichlorides with lithium aluminum hydride in ether.
The iron complexes (1°-CsHs)M(CO),CHz and (n°-CsHs)M(CO)y.1(PPhs)CH3 3(M = Fe, n = 2;

M = Mo, n = 3) were synthesized by the reported method.®

1.6.1 Synthesis of (1°-CsHs)Fe(CO),Sn'Bu,Cl: To 80 mL of a hexanes solution of (n°-
CsHs)Fe(CO),’Na* (prepared from 2.0 g (5.65 mmol) of [(’-CsHs)Fe(CO)]; in a 250 mL
Schlenk flask, was added slowly via a syringe 3.44 g (11.3 mmol) of di-t-butyltindichloride
in 20 mL of hexane at room temperature. The heterogeneous solution was stirred at
room temperature for 2 d. The solution was filtered over Celite and the remaining residue
was extracted with 20 mL of benzene and filtered over Celite again. The two filtrates were
combined and the solvents were removed under vacuum. The yellow residue was
recrystallized from 1:1 hexane benzene mixture. Yield: 4.65 g (92 %). *"H NMR (300 MHz)
(CeDg): & 1.39 (s, 18H, 'Bu, 3195 =78 Hz; 3j175MH =72 Hz), 4.16 (s, 5 H, (°-CsHs)). **C
NMR (75.4 MHz) (C¢Ds): 4 30.80 (‘Bu), 40.57 C(CHs)s, 81.87 ((n°-CsHs)), 214.04 (CO). **°Sn
NMR (111.93 MHz) (CeDe): 4 384.4. IR (i CO, cm™) (Hexane): 2012.8, 1999.3, 1969.4,

1953.1. Anal. Calcd. for C15H,3CIFeO,Sn: C, 40.45; H, 5.21. Found: C, 40.92; H, 5.20.

1.6.2 Synthesis of (3°-CsHs)Fe(CO),Sn'Bu,H: A flame dried three-necked 100 mL round-
bottom flask equipped with reflux condenser and a dropping funnel was charged with 0.0064 g
(0.016 mmol) of LiAlH, in 15 mL ether. The temperature was maintained at -15 °C and at
this temperature was added slowly via a dropping funnel 20 mL solution of 0.15 g (0.33

mmol) of (n°-CsHs)Fe(CO),Sn'Bu,Cl in ether. The mixture was stirred for 30 minutes
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maintaining the temperature of the bath between -15 to -10 OC. After 30 min the mixture
was filtered through Celite. The ether was removed under vacuum and the residue Was
extracted with 20 mL of hexane and again filtered through Celite. The hexanes were
removed under vacuum and the yellow residue was recrystallized from hexanes. Yield: 0.11g
(81 %). *H NMR (300 MHz) (C¢De): & 1.37 (s, 18 H, 'Bu, 3*%"H =66 Hz;), 4.19 (s, 5 H,
(n°-CsHs)), 5.28 (1.H, Sn-H, J"9"H =1212 Hz; }M7™H 21158 Hz). *C NMR (75.4
MHz) (CeDe): & 33.11 ('Bu), 31.70 C(CHa3)s, 80.74 ((n°-CsHs)), 215.59 (CO). **Sn NMR
(111.93 MHz) (CsDs): & 155.5. IR (i CO, cm™) (Hexane): 1995.5, 1947.7, 1748(w, Sn-H).

Anal. Calcd. for C15H24Fe02Sn: C, 43.84; H, 5.89. Found: C, 43.45; H, 5.96.

1.6.3 Synthesis of (11°-CsHs)Fe(CO),Sn'Bu;Me : A 5 mm Pyrex NMR tube was charged
with a mixture of 0.38 g (1.98 mmol) of (n°-CsHs)Fe(CO),Me, 1a and 0.23 g (0.98 mmol) of
'‘Bu,SnH, in 1.0 mL of degassed C¢Ds, and the tube was sealed under vacuum. The sealed
NMR tube was irradiated with 450 W medium-pressure mercury lamp, and the reaction was
monitored by 1H, 13C, and 119Sn NMR spectroscopy. After 24h of irradiation, the photolysis
was stopped and the solution was placed in 2.5 x 10 cm silica gel column, and yellow band was
eluted with hexane. Upon removal of solvent in vacuum, 0.17 g (20 % yield) of (n’-
CsHs)Fe(CO),Sn'Bu,Me was obtained. *H NMR (300 MHz) (C¢Ds): 4 0.38 (s, 3H, Me, 239"
M =34 Hz) 1.27 (s, 18 H, 'Bu, 21*%" ™ =63 Hz;), 4.24 (s, 5 H, (°-CsHs)); *C NMR (75.4
MHz) (CeDg): & -9.01 (Me); 31.25 C(CH3)3, 32.22 (‘Bu), 80.35 ((n°-CsHs)), 216.08 (CO);
11951 NMR (111.93 MHz) (CeDs): & 192.4. IR (i CO, cm™) (Hexane): 1990.1, 1942.4; Anal.

Calcd. for C1gH26Fe0,Sn: C, 45.22; H, 6.17. Found: C, 45.12; H, 6.08.

1.6.4 Synthesis of (n°-CsHs)Fe(CO),Sn'Buy(n’-CsHs)Mo(CO)s: To 60 mL of a THF
solution of (n°-CsHs)Fe(CO),'Na* (prepared from 2.0 g (5.65 mmol) of [(n°-CsHs)Fe(CO)a),
in a 250 mL Schlenk flask, was added slowly via a syringe 1.72 g (5.65 mmol) of di-t-

56



butyltin dichloride in 20 mL of THF at 0 °C. The reaction mixture was stirred at room
temperature overnight. THF was evaporated and the orange residue was extracted with 100
mL of 80:20 hexane / CH,Cl, mixtures and the solution was filtered over Celite. The solution
was concentrated and chromatographed on silica gel column. The orange band was eluted
with 80:20 hexanes / CH,Cl, solvents were removed under vacuum. The orange residue was
recrystallized from 4:1 hexanes/CH,Cl, mixture. Yield: 3.1 g (93%).It was finally
recrystallized from 1:1 mixture of hexanes/benzene. Yield 1.1 g (73 %). *H NMR (300
MHz) (CeDg): & 1.54 (s, 18 H, 'Bu, 3J*"H =60 Hz;), 4.40 (s, 10 H, (n°-CsHs)). *3C
NMR (75.4 MHz) (C¢Ds): & 34.08 (‘Bu), 38.44 C(CHs3)s, 82. 60 ((n°>-CsHs)), 218.20 (CO).
11950 NMR (111.93 MHz) (C¢Ds): & 470.7. IR (i CO, cm™) (Hexane): 1986.8, 1974.7,
1939.6, 1931.4. Anal. Calcd. for C22H28Fe204Sn: C, 45.02; H, 4.80. Found: C, 45.16; H,

4.88.

1.6.5 Synthesis of [{(n°-CsHs)Fe(CO)}, (U-Sn'Buy)(u-CO)] (5): A solution of compound 7
(0.2 g, 0.34 mmol) in 1.0 mL of degassed CgDg was sealed in a Pyrex NMR tube. The
tube was placed at a distance of 5 cm from a 450-W medium-pressure mercury lamp and
irradiated. The progress of the photoreaction was followed by *H, **C, and '*Sn NMR
spectroscopy. The starting material was completely disappeared in 18 h of irradiation with
formation of trans/cis isomers in 2:1 ratio of stannylene-carbonyl bridged diiron complex 8
and no other tin compound was observed in the NMR spectra. The dark maroon complex 8
was recrystallized from hexane in 90 % vyield. *H NMR (300 MHz) (C¢Ds): & 1.39, 1.63 (cis),
1.50 (trans), (s, 18 H, 'Bu), 4.29 (cis) (s, 5 H, (n°-CsHs)), 4.39 (trans) (s, 5 H, (n°-CsHs)). **C
NMR (75.4 MHz) (C¢Dg): @ 33.00 (trans), 33.35, 33.71 (cis), (tBu); 45.40 (trans), 45.77,
45.82 (cis), (C(CHs)s); 81.38 (trans), 81.58 (cis) ((n°-CsHs)), 213.35, 213.50 (ter-CO),
278.50, 279.90 (bdg-CO). '°Sn NMR (111.93 MHz) (C¢Ds): & 1067.2 (cis), 1073.8 (trans). IR

(i CO, cm™) (Hexane): 1994, 1975, 1947, 1930, (ter-CO), 1794, 1769 (bdg-CO) cm™. HR
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MS (CI): exact mass found 560.982533, calculated for [M+1] C21H29Fe203Sn

560.983748.

1.6.6 Synthesis of MpSn'Bu,Cl: To 80 mL of THF solution of Mp'Na* [Mp = (n°-
CsHs)Mo(CO)s] (prepared from 4.0 g (8.16 mmol) of [(n°-CsHs)Mo(CO)s],) in a 250 mL
Schlenk flask, was added slowly via a syringe 4.95 g (16.32 mmol) of di-tert-butyltin
dichloride in 20 mL of THF at room temperature. The reaction mixture was stirred at room
temperature overnight. The solvent was removed under vacuum and 80 mL hexanes were
added and the solution was filtered over Celite. The filtrate was collected and the solvent was
removed under vacuum. The yellow solid residue was recrystallized from hexane at -5°C.
Yield: 6.69 g ( 80 %). m.p.: 136 °C. *H NMR (300 MHz) (CsDe): & 1.43 (s, 18H, 'Bu,
$j119snIH = 81 Hz), 4.71 (s, 5 H, (n°-CsHs)). °C NMR (75.4 MHz) (CgDs): & 31.5 (‘Bu),
42.6 C(CHa3)s, 89.7 ((n°-CsHs)), 226.0 (CO), 230.5 (CO). **Sn NMR (111.93 MHz)
(CéDg): & 3286. IR (i CO, cm™) (THF): 2003.4, 1935.7, 1905.7, Anal. Calcd. for

C16H23CIMo03sn: C, 37.42; H, 4.52. Found: C, 37.26; H, 4.53.

1.6.7 Synthesis of MpSn'Bu,Me: A flame dried three-necked 250 mL round-bottom
flask equipped with reflux condenser and a dropping funnel was charged with 1.0 g (1.94
mmol) of (n°-CsHs)Mo(CO)sSn'Bu,Cl in 40 mL ether. The temperature was maintained at -
10 °C, and at this temperature was added slowly via a dropping funnel 0.217 g (2.0 mmol) of
MeLi (1.5 M) in ether. The mixture was stirred for 2 hours and temperature was raised
from -10 °C to room temperature. At this time ether was removed and the residue was
extracted with 30 mL of hexane and filtered through Celite. The hexanes were removed under
vacuum and the yellow solid was recrystallized from hexane at -10 °C. Yield: 0.46g (92
%). m.p. 86 °C. *H NMR (300 MHz) (CsD): & 0.44 (s,3H, Me, 23" = 40 Hz ), 1.30 (s,

18 H, 'Bu, 319" M = 66 Hz; 3375 = 40 Hz), 4.7 (s, 5 H, (n°-CsHs)). *C NMR (75.4 MHz)
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(CeDe): & -6.48 (Me), 32.6 (Bu), 32.91 C(CHs)s, 88.50 ((n°-CsHs)), 226.8, 230.1 (CO).

11957 NMR (111.93 MHz) (CeDe): & 132.3. IR (i CO, cm™) (THF): 1985.99, 1910.50,
1890.80. Anal. Calcd. for C17H26M003Sn: C, 41.41; H, 5.32. Found: C, 39.50; H, 5.02.

1.6.8 Synthesis of MpSn'Bu,H : A flame dried three-necked 100 mL round-bottom
flask equipped with reflux condenser and a dropping funnel was charged with 0.038 g (0.99
mmol) of LiAlIH, in 20 mL of dry ether. The temperature was maintained at -20 °C and at this
temperature was added slowly via a dropping funnel 20 mL solution of 0.5 g (0.97 mmol) of
MpSn'BuCl in ether. The mixture was stirred for 1h maintaining the temperature of the bath
between -20 to -10 °C. After 1h the mixture was filtered through Celite. The ether was
removed under vacuum and the residue was extracted with 20 ml of hexane and again filtered
through nylon acrodisc filter. The hexanes were removed under vacuum and the red residue
was recrystallized from diethyl ether at -10 °C. Yield: 0.46g (92 %). m.p.: 84 °C. *H NMR
(300 MHz) (CDg): 4 1.39 (s, 18 H, 'Bu, *Jsn. = 42 Hz;), 4.66(s, 5H, (n°-CsHs)), 5.51(1H, Sn-
H, 1J119Sn-1H = 1298 Hz: 1J117Sn-1H = 1240 Hz). 3C NMR (75.4 MHz) (C¢Ds): & 33.4
(‘Bu), 33.1 C(CHs)s, 88.8 ((n°-CsHs)), 202.5 (CO), 234.0 (CO). °Sn NMR (111.93 MHz)
(CsDg): 490.6 . IR (i CO, cm™) (Hexane): 1991.7, 1895.9, 1750 (w, Sn-H). Anal. Calcd. for

C16H24M003Sn: C, 40.12; H, 5.05. Found: C, 39.55; H, 5.02.

1.6.9 Photochemical reaction of (n°-CsHs)Mo(CO)sMe, 2a with 'Bu,SnH; : A solution of
compound 2a (0.25 g, 0.96 mmol) and ‘Bu,SnH, 3 (0.11 g, 0.47 mmol) in 1.0 mL of
degassed CgDg was sealed in a Pyrex NMR tube. The tube was placed at a distance of 5 cm
from a 450 W medium-pressure mercury lamp and irradiated. The progress of the
photoreaction was followed by 'H, °C, and °Sn NMR spectroscopy. The starting
material was completely disappeared after 80 min of irradiation with the formation of
MpSn'Bu2Me, 4a, MpSn'Bu,H, along with trace amounts of distannane, 'Bu,HSn-SnH'Buj,

‘Bu,MeSnH and ‘Bu,SnMe,. The photolysis was stopped and the solution was placed in 2.5 x
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10 cm silica gel column, and yellow band was eluted with hexane. Upon removal of solvent in

vacuum, 0.12 g (55 % yield) of MpSn'Bu,Me was obtained.

1.7 Results and discussion

1.7.1 Synthesis of (11°-CsHs)Mo(CO)s'Bu,Sn-Me using  (11°-CsHs)Mo(CO)sMe  with

'Bu,SnH, in benzene 3:1 ratio

Irradiation of a CgDs solution of 3 mol excess of 'Bu,SnHa(*) in the presence of 1 mol
of (1n°-CsHs)Mo(CO)sMe (2a), Cp = 1°-CsHs, in a sealed Pyrex NMR tube with a medium-
pressure mercury lamp resulted in the progressive formation of a different set of products,
including the expected H'Bu,SnSn'Bu,H (A). The photochemical reaction was monitored by °Sn
NMR spectroscopy, Fig. 1.16. showing the disappearance of ‘Bu,SnH, (*) **°Sn resonance at -
118.2 ppm but only traces of the expected H'Bu,SnSn'Bu,H at -83.4 ppm was observed. Thus,
surprisingly a new set of signals were observed just by changing the concentration of the metal
catalyst. After 4 hours of irradiation we decided to stop the reaction and try to analyze the
products that were formed apart from the those we already knew such as -118 ppm (‘Bu,SnH,), -

83 ppm (H'Bu2SnSn'Bu,H) and 90 ppm ((1°-CsHs)Mo(CO)sSn'Bus-H).
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Figure 1.16 Photochemical irradiation of '‘Bu,SnH, with (1°-CsHs)Mo(CO);Me 3:1 ratio

We could isolate and identify the other signals present in the spectrum and these are

presented Table. 1.9.

Table 1.9 ***Sn NMR spectroscopy from the photochemical reaction 3:1 between '‘Bu,SnH, and (n°-

CsHs)Mo(CO);sMe.

19Sn/CDs
Observed Materials pom
'‘Bu,SnH, -118
H-'Bu,Sn-Sn'Bu,-H -83
'‘Bu,SnMeH -42
'‘Bu,SnMe, 13
(1°-CsHs)Mo(C0);Sn'Bu,-H 90
(1°-CsHs)Mo(CO),SntBu,-Me 132

All these compounds were isolated but they can be synthetically prepared using the

methodologies reported in the literature, eq. 1.43, 1.4, and 1.45.1%1%
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Mel.i

‘Bu,SnCl, T ‘Bu,SnMe, + LiCl (1.43)
32%
BClI
‘Bu;SnMe, —— 3 > Bu,SnMeCl + MeBCl, (1.44)
€xanes
79%
LiALH,
tBuZSnMeCl —— > 'Bu,SnMeH (1.45)
Ether/0 °C 15%

From these results we realized that a different type of chemistry was taking place that
was in competition with the formation of distannanes (A), since only low traces of this product
was formed, but the chemical shift at 132 ppm and 90 ppm for (1°-CsHs)Mo(CO)sSn'Bu,-Me
and (n°-CsHs)Mo(CO)sSn'Bu,-H were present in higher concentrations.

The reaction between (n°-CsHs)M(CO),Me, and 'Bu,SnH, (*),® in a stoichiometric
ratio of 2 : 1 readily results in the formation of (n°-CsHs)M(C0),Sn'Bu,Me (M = Fe, 1a; M =

Mo, 2a), Figure.1.17. for M = Mo.

Oh
i
1h
M
SN G TN VTR ORIy S L o | T o ~ T 0 T e
250 200 150 100 50 0 -50 -100 -150 P

Figure 1.17 *°Sn NMR spectroscopy showing the disappearance of '‘Bu,SnH,(*) into (n°-
CsHs)Mo(CO);Sn'Bu,Me(¢) under photochemical conditions.
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As noted in Figure 1.17, ***Sn monitoring illustrated that after 1 h of photolysis the
formation of (1°-CsHs)Mo(CO)sSn'Bu,Me(¢) (132 ppm), and (n°-CsHs)Mo(CO)sSn'Bu,-H
(A), (90 ppm) at the expense of 'Bu,SnHx(*) (-118ppm) can be observed. Continued
irradiation (Fig. 1.17) resulted in the complete disappearance of (1°-CsHs)Mo(CO)sSn'Bu,-H
(A, °Sn NMR, 90 ppm) and 'Bu,SnH,(*) into (n°-CsHs)M(CO)sSn'Bu,Me (0) **Sn NMR
(132 ppm). The reaction was stopped at this stage and the product was obtained as a yellow

solid in 55% recovered yield.
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Figure 1.18 *%Sn NMR spectroscopy showing the disappearance of ‘Bu,SnH,(*) into (n°-
CsHs)Fe(C0),Sn'Bu,Me(¢) under photochemical conditions.

In a similar manner, the photolysis of a mixture of 1a and '‘Bu,SnH, (in a 2 : 1 molar
ratio in C¢Dg) produced (n°-CsHs)Fe(CO),Sn'Bu,Me(0) in 20% isolated yield, with a **°Sn
NMR at 192.4 ppm, Fig. 1.18. In this particular case the reaction was more complex and a
series of other species could be observed by *°Sn NMR spectroscopic analysis. Thus, in
additon  to  (n°-CsHs)Fe(CO),Sn'BuH (A, 1555  ppm) and (-

CsHs)Fe(CO)(H)(Sn'BusH),, (o, 126.4 ppm) we have tentatively assigned H'Bu,Sn-
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Sn'BuH(**, -83.3 ppm). Additionally we could observe the formation of (n’-

CsHs)Fe(CO),H," by 'H and *C NMR spectroscopy.

Both complexes (n°-CsHs)M(CO),Sn'Bu;Me M = Fe, n = 2 (S1); Mo, n = 3 (S2) were
independently synthesized from the reaction of MeLi with (n°-CsHs)Fe(C0O),Sn'Bu,Cl and

MpSn'Bu,Cl, respectively, eq. 1.46."° Full characterization data are in the experimental

section.
‘Bu ‘Bu
/Sn/C1 (1) MeLi/diethylether /Sn/Me (1.46)
/MO ‘ - > /MO \
-10°C
o / \c Bu ot c/ \C Bu
OC (@] O (@]

92%
The starting M-Sn'Bu,Cl derivatives were prepared by the well-established salt-

elimination reaction illustrated in eq. 1.47.% Full characterization data are in the experimental

section.
\ /8\ (1) NaHg(Sodium amalgam)/THF/RT/2hr \M __Sn'Bu,Cl
Mo=------x Mo > (6] (1.47)
C/ \ \C/ /\ (2) CI'Bu,SnCl/ THF /25°C/overnight C/ \\CO
oc 9 ¢G ° ¢
(0] (0] o)
0. ©®
MO\Na
1%
O

1.7.2 Crystal structure characterization of (qS-Cng,)M(CO)nSntBuzCI, (M=Fe,n=2;
Mo, n = 3)
Based on the structural geometry of (n°-CsHs)M(CO),Sn'Bu,Cl, Fig. 1.19, we can see

the Mo atom adopts a four-legged piano-stool geometry and the Mo-Sn bond distance of
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2.8841(4) A is one of the longest such distances reported.** Presumably, this elongation is

due to steric influence of two bulky 'Bu substituents at the Sn atom.

Figure 1.19 Molecular structure of (n°-CsHs)Mo(CO)sSn'Bu,Cl

(thermal ellipsoids are set at 50%).

Selected bond distances [A° ] and angles [1]: Mo1-Snl = 2.8841(4),
Co—Sn;—Mo; = 115.57(10), C13-Sn;—Mo; = 108.81(9),
C14-Sn;—Mo; = 11262(8), Cg—Snl—Clg = 10529(14),

C14—Sn1—Cg = 11086(13), C14—Sn1—C13 = 10257(13)

1.7.3 Proposed mechanism for the methyl transfer from metal to tin center

Analysis of the spectral changes (Fig. 1.17 and Fig. 1.18) during the formation of (n°-
CsHs)M(CO),'Bu,SnMe, indicates that build up of (n°-CsHs)M(CO),'Bu,SnH and H'Bu,Sn-
Sn'Bu,H are necessary for the formation of the product. The first step in the mechanism, as
for the catalytic cycles associated with the chemistry in eq. 1.21.% involves the loss of CO
from 1a(2a) to form the 16e- transient (n°-CsHs)M(CO)n.1Me (M = Fe, n = 2; M = Mo, n = 3)
(I). Oxidative addition of 'Bu,SnH, to this species produces (n°>-CsHs)MMe(H)(CO)s.

124

1(Sn'BuyH) (I1) which can undergo the reductive elimination of CH4* to form another

65



coordinatively unsaturated complex, (1°-CsHs)M(CO)n.1(Sn'BuoH) (111) that is the key

intermediate in the initial segment of the process, Scheme. 1.8.%
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M-Sn'Bu,H
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L

/.

A
B
g
o
i
o
'

w
5
7
S
!

H M-Sn'Bu,H
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Scheme 1.8 Proposed mechanism for the formation of (n°-CsHs)M(CO),Sn'Bu,H

Transient (I11) can undergo oxidative addition of another molecule of 'Bu,SnH, to
form  bis(hydrostannyl)iron(IV) complex, (n°-CsHs)M(CO),1(H)(Sn'BuzH),, (a well-
established reaction involving RsEH, E=Si,'"® Sn'® to form (n°-CsHs)M(CO)n.1(H)(ERs),)
that results in the formation of the distannane H'Bu,Sn-Sn'Bu,H and (n°-CsHs)M(CO)n.1(H).®
Alternatively, recoordination of CO in the sealed system will lead to the formation of (n’-
CsHs)M(C0),Sn'BuzH (B) in the same manner as Malisch et al. observed the formation of
(n°-CsHs)Fe(CO),Si'Bu,H.*?" This overall process is similar to the catalytic formation of
distannanes,® with the exception there is still an excess of (n°-CsHs)M(CO),.1Me 1a, (2a)
present in the system for further reactions with (n°-CsHs)M(CO),Sn'Bu,H (111) and H'Bu,Sn-
Sn'Bu,H.

In separate reactions we have reacted both (M = Fe) and (M = Mo) (n’-
CsHs)M(CO),Sn'BusH with an excess of 1a and 2a and the progress of these reactions was
monitored by **°Sn NMR spectroscopy.'?® In both cases fast, high yield, reactions resulted in

the formation of S1(S2) via a process suggested in Scheme. 1.6.
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Scheme 1.6 : Proposed mechanism to explain Sn-CHsbond formation. M =Fe, n=1, (1a) M=Mo,n=2, L=CO
(28)

The key feature in this chemistry is the capacity of complex (n°-
CsHs)M(CO),Sn'BuzH, (B) to react with the 16e- species (n°-CsHs)M(CO).Me (A) to
produce a tin-bridged dimetal intermediate (n°-CsHs)MMe(H)(CO),-(Sn'Buz)(CO),LM(n’-
CsHs), (C). This intermediate can reductively eliminate the (n°-CsHs)M(C0),Sn'Bu,Me (D)
resulting in the formation of the metal species (n’-CsHs)M(CO),H (E) which upon
recoordination of CO forms (n°-CsHs)M(CO),LH (which we observe spectroscopically for

the iron analogues).'?%

However, intermediate C can also eliminate methane to yield a (stannylene)(carbonyl)
bridged diiron complex for example, (5), a type of product reported by Tobita et al. in the
case of the reaction of la with R,SnH, (R = Mes, Tip), Scheme. 1.9 with *°Sn NMR

resonances for each species.'*
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Scheme 1.9 Proposed mechanism for the formation of bridging compounds of the type M-Sn-M bond

Using *°Sn NMR spectroscopy we have been able to observe initial formation of (5)
and its subsequent transformation to the cis- and trans-isomers 5a, 5b from our reaction
mixture. It is clear that the competition between elimination of CH, or (n’-
CsHs)M(CO),Sn'Bu,Me is regulated by the combination of the steric and electronic impact of
the substituents on tin: the electron-withdrawing mesityl groups drive MeH elimination
whereas the strongly electron-donating 'Bu group more readily facilitates elimination of

Me'Bu,Sn(CO),M(1’-CsHs).

The molecular structure of (5) was determined by X-ray analysis and is depicted in
Fig. 1.20. Only three crystal structures have been reported for [(n°>-CsHs)Fe(CO).].SnR;
complexes (R = n'-cyclopentadienyl,®® Ph,**® Me™1)?**3 The Fe-Sn and Sn—-C bond
distances in (5) 2.6601(4) A and 2.264(4) A, respectively, are relatively longer than the bond
distances in other [(n>-CsHs)Fe(CO),].SnR; complexes and Fe-Sn is the longest such bond

reported.'3
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Figure 1.20 Molecular structure of (stannylene)(carbonyl) bridged diiron complex (5)

Thermal ellipsoids are set at 30% probability; hydrogen atoms are omitted for
clarity). Selected bond distances [A ] and angles [1]: Snl-Fel = 2.6601(8), Sn—C8 =
2.264(4), Fel-Sn—FelA = 110.31(4), C8-Sn—C8A = 104.3(2), Fel-Sn—C8 = 110.55, Fel-
Sn—C8A = 110.51. The symmetry operation for generation of equivalent atoms is _x + 2, y,

_z+1/2.

i 5bh = 1074 ppm
I (Trans Isomer)

5a = 1067 ppm
/ (Cis Isomer)

|

- I

T i | |
1000 90 800 700 600 500

Figure 1.21 *Sn NMR spectroscopy showing the isomerization of (stannylene)(carbonyl) bridged diiron
complex (5) into (cis) 5a and (trans) 5b
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An independent experiment involving solution photolysis of (5) by itself produced,
cleanly and quantitatively, two geometrical isomers of 5a, 5b, cis and trans in 1 : 2 ratio, Fig.
1.21. The preliminary structure of the trans isomer 5b was obtained by X-ray diffraction
studies™® in which the basic structural features are reliable and exhibit the trans arrangement
of two Cp rings coordinated to two iron atoms and a planar four-membered ring comprising

of Fe,CSn atoms.

1.7.4 Observations related to the formation of ‘Bu,(H)Sn-Me

Small amounts of this side products have been observed in the process of the
chemistry presented above. Interestingly the formation of such species are related to the
chemistry associated with M-E bond activations, E = Si, Ge and Sn reported recently by the

our own group,™* Scheme. 1.10.

KR

hv 0]
Fe—Me T’ /Fe—Me ole) \‘ > R;E-Me
C/ / C E=Si,Ge and Sn
0 C O KR
© Fe-Fe
C C
C C
05 0°

Scheme 1.10 Photochemical activation of Fe-E bond in the presence of (1°-CsHs)Fe(CO),Me , E = Si, Ge, Sn

By analogy we can suggest the formation of ‘Buy(H)Sn-Me through the following

proposed mechanism, Scheme 1.11.
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Scheme 1.11 Proposed mechanism for the M-E activation, E = Si,Ge,Sn

The low yields observed in this chemistry perhaps relate to the short reaction times (4
h) (n°-CsHs)Mo(CO)sMe + (n°-CsHs)M(CO)Sn'Bux-H 1:3 Ratio), Fig. 1.16, compared to that
reported by Fortier, where only 20% react with longer periods of time >270 h. (n°-
CsHs)Fe(CO),Me + (n°-CsHs)Fe(CO),SnR; 1:1 Ratio.**

Clearly the activation of the Sn-H bond in (r’-CsHs)M(CO)n('Bu,)Sn-H complex is
favored over the M-Sn activation working in higher concentration of the of unsaturated metal
complex (n°-CsHs)Mo(CO),Me (16e-), but at lower concentrations there an interesting

competition between Sn-H and M-Sn activation (Fig. 1.16).

1.8 Conclusions

1 For the first time we established a new method for the photochemical formation of a Sn-C

bond by the direct transfer of a methyl group from a transition metal to a tin center with

concomitant formation of a Sn-transition metal bond.
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Ci h Gi
M—Me + ‘Bu,SnH, ————> M —Sn'Bu,-Me

\ \
\
\.

0C) L (0C) L
M=Fe,n=1,Mo,n=2

2 A 2:1 ratio of (n°-CsHs)M(CO),Me and '‘Bu,SnH, has been proposed as the optimum to the

formation of methyl transfer product, (n°-CsHs)M(CO),Sn ‘Bu,Me.

2 The formation of the metal complex (n’-CsHs)M(CO),Sn'Bu,H has been reported as the key

intermediate in the proposed mechanism.
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Scheme 1.10 : Proposed mechanism to explain the results on Sn-CH3z bond formation. M = Fe, n =1, (1a) M = Mo,

n=2, L=CO (2a)
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Figure (s): Molecular structure of (stannylene)(carbonyl) bridged diiron complex (5). The structure is not

refined satisfactorily. The R parameters are very high.

134) Fortier. S., Zhang. Y.; Sharma. H. K.; Pannell. K. H., Organometallics, 2010, 29,
1041.
135) Mohamed. B. A. S.; Kikuchi. M.; Hashimoto. H.; Ueno. K.; Tobita. H.; Ogino. H.,

Chem. Lett., 2004, 33, 112.
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Metal-catalyzed reduction of HCONR,, R = Me (DMF); Et (DEF), by silanes

to produce R,NMe and disiloxanes: A mechanism unraveled

Abstract

The reduction of amides by silanes (R3SiH) to form amines and disiloxanes catalyzed
by a variety of transition metal catalysts is a well-established and important process.
However, the mechanism of the process is unclear. In this work we demonstrate that using
Mo(CO)s, Mo(CO)sNMes, and (1°-CsHs)Mn(CO); as catalysts for the reduction of N,N-
dimethylformamide (DMF), and N,N-diethylformamide (DEF), we can observe, intercept,
and isolate, the important intermediates R3SIOCH;NR;,, R = Me, Et, for the first time. In the
presence of excess amide such intermediates further react with a variety of silanes to form the
disiloxanes while germanes and stannanes also react to form the appropriate R3SiOER3
oxides, E = Ge, Sn. We also show that the germanium hydrides, Et;GeH and Bu3GeH, can
reduce DMF to form trimethylamine and the corresponding digermoxane; BusSnH also
reduces DMF, but along with the low yields of BusSnOSnBus. significant side products are
obtained including (BusSn), and Bu,Sn. The proposed mechanism of the process is presented

in Scheme. 2.1.
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Mo(CO),

Co
NMe
R,Si (CO)sMo o=c
H
\\
_NMe,
(CO)sMo (CO)sMo—0=C__
H----SiR;
CO
NM
o=¢c’ © _NMe,
g CO),Mo—0=CZ.
/I/ \\\ H \‘\
H----SiR;
C
(CO)sMo._ (CO)sMo
/O_CHzNMez
R;Si

R;Si-O-SiR; | + Me3N<—D$ R,Si-O-CH,NMe,

R,SiH

Scheme 2. 1 Proposed mechanism for the reduction of amides to amines in the presence of M(CO)g as catalyst,
M = Mo,Cr,and W.
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Statement of the problem

The general area of investigation involves the study of the chemistry associated with
the silane reduction of amides to amines using transition metal catalysts.*® Even though the
process has been widely studied, and hydrosilylation of aldehydes, ketones,* and esters;*" is
well-reported, the mechanism associated with the amide reductions is not understood. Since
there is still a pressing need for better and more general methods based on simple and

1214 mechanistic studies are needed.

inexpensive starting materials such as hydrosilanes,
Several important questions can be addressed to understand this chemistry: Is it true the
transition metal activates Si-H bond, and does the metal also activate the amide? Or, maybe
the basicity of the amide is enough to activate the Si-H bond? Will other reducing agents such

as Ge-H or Sn-H exhibit the same reactivity or not?

Justification of importance

Amides are among the most stable carboxylic acid derivatives,™ and it is not a trivial
task to perform simple reduction transformations with these molecules, unless harsh
conditions of high temperature and pressure, or strong reducing agents are used, e.g. Al-H,*
B-H.'®*" In spite of the utility of these reducing reagents, clear drawbacks associated with air
and moisture sensitivity as well as costly purification of the products is not desired. Due to
these problems, the development of catalytic reductions of amides is of high current interest.
'8 Amines are produced at almost 100,000 tons per year, and constitute an important class of
compounds in bulk chemistry, but they are also high-value intermediates in organic synthesis,
and used in the manufacture of plastics, surfactants, textiles, dyes, drugs, agrochemicals and
in the paper industry.'® Though there have been important synthetic approaches in the metal

catalytic reduction of amides to amines using silanes, RsSiH,® it is still necessary to find
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X/
°

mild and more environmentally friendly and inexpensive. Furthermore the mechanistic
aspects related to this chemistry is still unclear. The development of new catalytic systems
will provide not only new mild methodologies but also will allow us to understand the correct

pathway to extend the selectivity of the systems.

Research objectives

Determine the ability of different metal carbonyl complexes to catalyze the reduction of
amides in the presence of tertiary silanes, germanes and stannanes, photochemically or

thermally.

O

n

/C\ Rl
H N

R,

hv//\

2 R;E-H » R;E-O-ER; + NMe;
[5 mol % Catalyst] C¢Dg

[Catalyst] : (1°-CsHs)M(CO),Me, Fe: n = 2, (1a), Mo, n =3 (2a);
(n°-CsHs)M(CO),.1PhsPMe, Fe: n = 2, (1b); Mo, n =3 (2b)
M(CO)s M = Mo (3a), Cr,(5), W(7) and (n°-CsHs)Mn(CO); (6)

X To determine the most important synthetic aspects of the mechanism associated with this
chemistry.

X To extend the chemistry to the catalytic reduction of thioformamides.
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2.1 Introduction

2.1.1 Hydrosilylation

Hydrosilylation is the process of addition of one or more Si-H bonds to a range of

unsaturated groups.’>?* The most commonly utilized reagents are SiRsH, (R = halogen, H,

OR, alkyl and aryl groups) and the unsaturated substrates are olefins, acetylenes, ketones, etc.

eq. 2.1

N — . \ s
C—C< /Sl_/C—CH\
\
—C=—=C— —Si—C=C—
\ pd I
—— Si—H + >C_O Metal catalyst= >Si—O—CH\/ 2.1)
/
SC=—N- N
~ '

This addition reaction is important not only as a method of reduction, but also as a

major route to complex organosilanes.?* The first important approach was derived by Barry in

1947,% who showed that ClsSiH would add to olefin under pressure above 350 °C, eq. 2.2. At

the same time Sommer showed that the addition was accelerated by free radical initiators,

with improved yields, eq. 2.3, and Burkhard published many examples of free radical

additions.?%*
) High Pressure )
CL3SiH + H,C=CH-C¢H ;3 3s0oc > CLSi—CH,-CHy-CeHys (2.2)
[CH;COO0],

99%

At that time Speier made an exhaustive study of these reactions and found that the
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efficiency was highly dependent upon the structures of the reagents, establishing an important
trend on reactivity for silanes: Cl3SiH ~ BrsSiH ~ PhSiH; >> CH3ClI,SiH > O[SiMe;H], >
RsSiH, (R = alkyl).®

A related order for the unsaturated substrate was CH,=CHR ~ hexene ~pentene >>
CH,=CHPh; and use of initiators such as peroxides (R-O-O-R) and azo compounds ( R-
N=NR), R = alkyls; was found to be more useful than photolysis by itself.

However, in 1953 a patent reported by Wagner,?® established the use of Pt on carbon
as an efficient catalyst above 130°C for addition of CIsSiH to ethylene, acetylene, butadiene,
vinyl chloride or vinyl fluoride. Later, in 1957, Speier reported for the first time the use of
hexachloroplatinic acid (H2PtCle) as a efficient soluble catalyst for the addition of Si-H bonds

to alkenes and alkynes, eq. 2.4.%'

R R
CL,SiH —
— > C—C (2.4)
RE=CR 4 pecy, / \
H SiCl,

This was the starting point for the synthesis of the most effective and elegant method
to form organosilicon and related compounds.?® In the chemistry associated with the platinum
catalyst, it was reported that terminal alkenes undergo hydrosilylation in preference to
internal alkenes and such hydrosilylations proceed in an anti-Markovnikov fashion, where the
R3Si group is connected to the more electronegative bonding partner. On the other hand
Lewis®® suggested that the reactions needed a long induction period due to the reduction of
the pre-catalyst H,PtCls to form a catalytically active Pt® species. The mechanistic studies

suggest a Pt-induced Si-H activation, Fig. 2.1.
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Figure 2. 1 Hydrosilylation of alkenes

2.1.2 Silicon hydrogen bond activation by transition metals

Several complexes of organosilanes, R,SiH4.,, with laterally bound 1,-Si-H have been
reported by Schubert®® and a more recent example of L,M-( n-SiH,) by Kubas®! lends some
credibility to our mechanistic proposal. In addition to the Speier catalyst, (PhsP)sRhCl,
(R3P)2(CO)RhX, and other Rh' and Rh """ complexes have also been used for hydrosilylation
reactions.®? In fact a considerable range of hydrosilylation catalysts are available using a
range of metals, Co, Ti, Pt, Pd, Ni, and Fe.*

Different hydrosilylation mechanisms have been shown to operate, dependent on the
nature of the catalyst. For example, late transition metal catalysts typically proceed through a
“Chalk-Harrod” pathway, in which the key step involves the activation of Si-H bond through

the oxidative addition of the silane to a low-valent metal center, Fig. 2.2.%
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CH, H,

S|
(:/14>M/+ R;SiH —————> Cfbl\’/f/

\ 71N

CH, SiR4
N
CH,-f

Figure 2. 2 Chalk- Harrod mechanism

Further studies on the Si-H bond activation have proposed two different types of
mechanism, Fig. 2.3,® which involve the oxidative addition of an Si-H bond or the

incomplete oxidative addition forming 3 center 2 electron bonds.

Complete oxidative addition

H
- Ln-1M<
SiRs
LnM + HSiR,
H
2 Ln_lM—|
SiR,

Incomplete Oxidative addition

Figure 2. 3 Mechanism for the Si-H bond activation

In line with those studies, NMR and X-ray photoelectron spectral analysis showed
that the interaction between the Si-H bond and the metal could be affected by the changes in

the substituent on silicon or the composition of the metal complex.®* For example,
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® using photoelectron spectroscopy of (°-CsHs)Mn(CO)2(H)SiRs;

Lichtenberger’s group,3
suggested a nearly complete oxidative addition to manganese for R = Cl (A), and incomplete
oxidative addition (B) for the phenyl derivatives, indicating a three-center two-electron

bonding for less electron-withdrawing R such as phenyl groups, Fig. 2.4.

L R
Mn Ml’l_‘
7 <L
o€ C \SiC13 o€ C  siph,
O o
Complete oxidative addition Incomplete oxidative addition

Figure 2. 4 Si-H Bond activation by oxidative addition and three center two electron bonding

Likewise Burkey has determined the activation of SiH bond by group 6 metal
carbonyl complexes (Cr, W, Mo).*” By making use of photoacoustic calorimetry, they were
able to calculate the enthalpy of CO substitution with HSiEts, outlined in Table 2.1.,

confirming the studies performed by Lichtenberger.

Table 2. 1 Enthalpies of reaction of metal carbonyls with triethylsilane (AH)

: A
ML, CO + HSiEt; I ML, (HSiEt;) + CO

Metal complex AH= Kcal/Mol
Cr(CO)s 157 +-1.1
Mo(CO)s 185 +/-05
W(CO)e 18.2 +/- 0.5

(n>-CeH¢)Cr(CO)3 17.1+/- 2.5
(1°-CsHs)Mn(CO)s 30.9 +/- 1.0

Clearly the process of CO substitution is an endothermic process requiring energy to

remove the CO and activate the Si-H bond. The most fundamental explanation to these
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changes are related to the presence of d-orbitals and the ability of the transition metal to
undergo sigma bonding or = back donation to the ligand, Fig. 2.5.

x back donation

; /_\ O Antibonding

H
LM «—— O Sigma  bonding
X

\j@ Antibonding

m back donation

X=H, C, Si

Figure 2. 5 Sigma bond and = backbonding for the Si-H activation

The M-CO bond strengths depend greatly on the ability of the metal to backbond, and
the low oxidation states of these complexes favor backbonding.®” For metal-alkane sigma (o)
complexes, backbonding is believed to be of secondary importance and sigma (o) donation to
the metal dominates.*” For silane adducts, both sigma(s) donation to the metal and
backbonding to the silane can be important.*” A recent report by Buzar. S. et al.*®® showed
strong evidence for the activation of the Si-H bond through a two electron three center bond:

'H NMR: W(CO)s/EtsSiH/hv *H/Pentane (-8.58 ppm) : (CO)sW(n*-H-SiRs).

2.1.3 Hydrosilylation of carbonyl derivatives by transition metals
Nagai and Ojima discovered that Rh(PPhs)sCl (Wilkinson’s catalyst) catalyzes the
hydrosilylation of ketones, eq. 2.5.,* and a year later, Kagan et al. reported the first example

of an asymmetric version of this reaction.*
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SiR",

I o
Rh Catalyst
C +  R"Si-H - @.5)
N
R OR R/ R

Few investigations of the mechanism involved have been reported.** Of note are those
differing mechanisms of Chan® and Ojima,*, Fig. 2.6. Even though the first step involves
the Si-H bond activation as suggested by Burkey, Ojima suggested that the metal ketone
complex (c) is favored in the second step, followed by the insertion of ketone carbonyl into
the Rh-Si bond to form the silyloxyalkyl-rhodium (d). Finally, reductive elimination liberates

the silyl ether and recovers the Rh' species (a).

Contrarily, the Chan mechanism suggests that the ketone interacts with the silicon
atom and form complex (c¢’), followed by insertion into the Si-H bond to give the
alkoxysilylrhodium species (d’). After reductive elimination, the product is obtained and the

active species (a’) is recovered.

o—SiRH o—SiRH

stle | LoRH stle

Ln- Rhl C )
Pt
O/ SIRZH

| (d) R,Si—0— C/H

@ . //C\R (b) S1R2H is H
Ln- Rhm hIll Ln- RhHI hHI
\ S1R2H / \ HR281 0=C %
Ln- RhHI u Ln- Rh“I u
()
u
7 C ~
R R
Ojima Zheng and Chan

Figure 2. 6 Mechanism of the Rh-catalyzed hydrosilylation of ketones
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Evidence concerning ketone-metal interactions have been reviewed by Brookhart and
coworkers, ** who reported that an iridium acetone complex (a), acts as a precatalyst and
exists in rapid equilibrium with the silane complex (b), Fig. 2.7. Further Kinetic studies
revealed that the ketone complex (a) is strongly favored and can be viewed as the resting
state,*? which disagrees with the previous mechanism of Ojima and Chan, where the Si-H

bond is primarily formed in the first step of the reaction.

© M HSiEt o MH
[Ir] ~ 5 [r]<,  _.SiBt
@ O I .
P - [
/ — C\
O=C / HSiEt,
\
/SiEt3
®
® H A 0]
[Ir] N |
H C
solvent \é’ ~—
o)
7( \SiEt3
H

Figure 2. 7 Iridium catalyzed hydrosilylation of ketones

88



Recently Nikonov, ** has reported the use of PhSiHz and (ArN)Mo(Cl)-(H)(PMes)s as
a catalyst, for the hydrosilylation of benzaldehyde, PhHC=0, and ethanol, CH3;CH,OH to

form PhH,COSiPhH, and CH3CH,OSiPhH; in a very good yields, Fig. 2.8.

NAr
H/// \\\\\\PM63
W 'PlMe3 (a)
“ | W
Me,P (ljl PMe, \P\ﬁ\ NAr et
H,, I a\PMes PhHC=0
H,SiPh Mo
Me;p” |
Cl NAr
H
Ph / NAr N H / I, \\\\\\PMI;f)
H—C “/_o Mo
O/// ‘\\\\\\PMC3 C” \SIPhH2 MesP | \ \ -
Mo‘ Cl /
I PMe, H PMe; O
Cl ‘\Ph / NAr 1 (b)
H—C slow rearrangement
—PMe3 O//,,‘ ‘\\\\\\\PMC3
Mo
Me,P l \PMe3
() Cl

Figure 2. 8 Molybdenum catalyzed hydrosilylation of aldehydes

In this case the hydrosilylation of aldehydes mediated by (ArN)Mo(Cl)-(H)(PMes)s is
different from the previously established Ojima, Chan, and Chalk-Harrod mechanisms, as we
have seen (Fig. 2.2. and Fig. 2.6), but in agreement with the Brookhart studies observed

above (Fig. 2.77).%

Consequently the catalyst (a) does not react in the presence of H3SiPh, on the contrary
the catalyst (a) easily reacts with PhHC=O affording the benzoxy derivative
(ArN)Mo(CI)(OCH,Ph)(PMe3); (c) in a very good yields. Complex (b) has been determined

as an important intermediate that has been characterized by proton NMR spectroscopy. A fast
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reaction of (c) with HsSiPh regenerates the hydride (a) and closes the cycle. Further

calculations have also been reported.**

2.1.4 Use of Si-H bonds for M-Si bond formation
Silicon transition-metal chemistry is now a mature area of study and many complexes
have been prepared, often due to their applications in industry,* such as hydrosilylation,

454148 One of the most effective

dehydrogenative silylation, and polysilane production.
methods for the synthesis of these complexes is the reaction of transition-metal complexes

with hydrosilanes via Si-H activation, Fig. 2.9.*>%

?iRg
-RH' L—IYI_H
Cl
R
R H I N
| 22 5 L—lYl—SlR3
Cl —> Further Rx

L—lY[—H + R4SiH'

Cl 0
-H'Cl [L— ]Y[ —H
SiR';
R
-L | .
— Cl_/M_SlR'3
H' H

Figure 2. 9 Formation of metal-silicon bonds using SiH compounds

An important example of metal activation of Si-H bonds is the dehydrogenative-

coupling formation of polysilanes, eq. 2.6.49>*
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H

Metal catalyst> H/ | g + @DH, (2.6)

PhSiH;
Inert solvent \

Si
| /n
Ph

Recently Masumi and Nakazawa reported that the photochemical irradiation of R3SiH

in the presence of a catalytic amount of [(1°-CsHs)Fe(CO),CHs] led to the efficient synthesis

of the disilanes, R3Si-SiRs; however, the reaction only proceeded in DMF as solvent, eq.

2.7
hv/ E:? /
Vv
2 RySiH H'NS | R +H, @7
@ i-
oCFeMe SiR
oé ’

This seemed a strange result and upon repetition our group showed that these
conditions led to the sole formation of disiloxanes, eq. 2.8.%°

O
hV/H.("j. /
> > R;Si0S  + NMe; (2.8)
KX iR;
__FeMe
ot ¢
O

2 R;SiH

This important finding was the beginning of this specific area of research. The current
study will be concerned primarily with investigating the generality and mechanism of the
chemistry. Further extension of the chemistry to other potential metal catalysts, M(CO)g, M =
Mo, Cr, W and (1°-CsHs)Mn(CO)s, will allow us to look for potential intermediates in this
catalytic cycle. Important trends associated with the reactivity of the E-H bonds, E= Si, Ge

and Sn will be studied as well as extension to thioamides, HC(S)NR..
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2.1.5 Synthesis of siloxanes
Symmetrical disiloxanes are an important class of compounds and some are known to
have important applications as liquid crystals,”® and pharmacologically active compounds,

Fig. 2.10.%"

CHa CHg

o-:}o{ S [‘I'ECH~|-°.L—{‘II-§|-lCI—]} 0{ }ceoh F
>" \__/ P Y, /l[;{
CHa CHs
Liquid crystal

Y
24
AN

/
/\Q\h‘\/\ N,/‘"'“' Slli_
ﬂ/ | é
# sil

F
!
4

Muscle relaxant

Figure 2. 10 Important symmetrical siloxanes

The general methods available in the literature for the preparation of symmetrical
disiloxanes involve intermolecular condensation of silanols, eq. 2.9, and the recently

reported non-aqueous method by Lewis acid-catalyzed air oxidation, eq. 2.10.%

H,O RT
2Me;SiCl— 2 » 2Me;SiOH ——— Me;SiOSiMe; 2.9
-HCl -H,0
) InBry o
R, SiH, » R, H, SiOSiH, R,, (2.10)

Air, THF, RT

Supported silver-nanoparticles have also been used as important catalytic materials
for the oxidation of tertiary silanes, giving mostly silanols in very good yields; however,

small amounts of siloxanes have also been reported, eq. 2.11.%

A talyst . . .
RySiH + H,0 gCatalyst | R.SIOH + R;SiOSiR; (2.11)
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2.2 Experimental

All manipulations were carried out under Argon atmosphere using Schlenk or vacuum
line techniques. THF was distilled under nitrogen from benzophenone ketyl prior to use.
Other solvents, hexanes, benzene and toluene were dried over sodium metal and distilled
before use. DMF was distilled over BaO. Iron dimer [(n°-CsHs)Fe(CO),],, Mo dimer, [(1’°-
CsHs)Mo(CO)s], and Mo(CO)s were purchased from Strem Chemicals. Group 14 hydrides,
RsEH were purchased either from Aldrich or Gelest. The metal complexes (n>-
CsHs)M(CO),CH; and (1°-CsHs)M(CO),.1(PPhs)-CHs (M = Fe, n =2; M = Mo, n = 3)
were synthesized by the reported method. NMR spectra were recorded on 300 MHz Bruker
spectrometer in CgDs. GC/MS were recorded on Thermo Fisher Scientific GC/mass
spectrometer. All column chromatography was performed on small columns (5 x 60 mm) of

Silica Gel (Aldrich), 700-230 mesh, 60A°® Pore Volume 0.75 cma/g.
2.2.1 Isolation of siloxymethylamines (4a-d) R3SiOCH;NMe, from the catalytic cycle:

In a typical experiment, a Pyrex NMR tube was charged with 1 mmol of R3SiH (R3= PhMe;,
Ph,Me, Phs), 2 mmol of DMF, 5 mol % of Mo(CO)s and 0.5 mL of C¢Ds. The tube was
sealed under vacuum and heated at 90 °C in an oil bath under which conditions the catalyst
completely dissolved. The reaction was monitored by *°Si and *C NMR spectroscopy and
after 2-5 h of heating, the concentration of siloxymethylamines reached a maximum with
only a trace of the disiloxane present. The reaction was stopped at this stage and the NMR
tube was opened and the solution was filtered through an acrodisc filter to remove the catalyst
that had precipitated upon cooling. The volatiles and DMF were removed by flash distillation
(into liquid nitrogen cooled receptacles) at ambient temperature (0.5mm of Hg) to leave the
siloxymethylamines as colorless liquids which were further purified by distillation under

vacuum.
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Et;SiOCH,NMe;,: b.pt. 70-72 °C at 20mm of Hg. Yield: 90%. 'H NMR: & 0.55 (g, 6 H,
CHa), 0.97(t, 9H, CH3), 2.31, (s, 6 H, Me-N), 4.28 (s, 2 H, CH,). *C NMR: 5 5.03, 7.15 (Et),
41.1 ((CH3)2N) 82.3 (CH,). 2°Si NMR: & 15.3. HRMS(ESI): Calcd. for CgH»,SiNO: (M*-1):
188.1470, Found 188.1445. Anal. Calcd. for C11H1gNOSi: C, 63.11; H, 9.15. Found: C, 63.6;

H, 9.42.

PhMe,SiOCH,NMe,: b.pt. 60-62 °C at 0.07 mm of Hg. Yield: 30%. '*H NMR: & 0.7 (s, 6
H, Me), 2.6, (s, 6 H, Me-N), 4.6 (s, 2 H, CH,), 7.6, 7.9 (m, 5H, Ph). 3C NMR: & -1.4 (SiMe),
41.1 ((CH3):N) 82.4 (CH,), 128.1, 129.7, 133.7, 138.5 (Ph). *Si NMR: & 5.4. HRMS(ESI):
Calcd. for C11HoNOSi: (M*+1): 210.1314, Found 210.1314. Anal. Calcd. for C1;H1gNOSI:

C, 63.11; H, 9.15. Found: C, 63.6; H, 9.42.

Ph,MeSiOCH,NMe,: b.pt. 110-112 °C at 0.07 mm of Hg. Yield: 20%. *H NMR & 0.5 (s, 3
H, MeSi), 2.2 (s, 6 H, Me-N), 4.3 (s, 2 H, CH,), 7.1, 7.5 (m, 10 H, Ph). **C NMR: § -3.0
(SiMe), 40.8 (N(CHs),) 82.5 (CH.), 128.1, 129.9, 134.6, 136.9 (Ph). ®Si NMR & -5.1;

HRMS(ESI): Calcd. for C1gH2,NOSi: (M*+1): 272.1470, Found 272.1417.

PhsSiOCH;NMe,. Yield: 10%. *H NMR: & 2.28 (s, 6H, Me-N), 4.38 (s, 2 H, CHy), 7.41,
7.46, 7.65 (m, 15 H, Ph). *C NMR: § 40.87 (N(CHjs),) 81.8 (CH,), 128.0, 130.2, 135.5,
135.6(Ph). °Si NMR: & -14.8. HRMS(ESI): Calcd. for C,iHosNOSi: 334.1627:(M*+1):

Found: 334.1479.

2.2.2 lIsolation of siloxyethylamine, PhMe,SIOCH,NEt, using DEF from the catalytic

cycle:

In a typical experiment, a Pyrex NMR tube was charged with 1 mmol of R3SiH (R3=
PhMe,) and 1.5 mmol of DEF and 5 mol % of (1°>-CsHs)Mn(CO)3 in 0.5 mL of C¢Ds and
was sealed under vacuum. Sealed tube was irradiated 4 cm from a 400 W medium-pressure
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mercury lamp and the reaction was monitored by *Si and **C NMR spectroscopy. After 16 h
of irradiation, the concentration of siloxymethylamine was reached to maximum and only
small traces of siloxane was observed. The reaction was stopped at this stage and NMR tube
was opened and the solvents were removed under reduced pressure and PhMe,SiIOCH,NEt,
was obtained in 95% yield.

PhMe,SiIOCH,NEt,: Yield: 95%. 'H NMR : & 0.39(s, 6 H, (Me)), 1.10(t, 6 H, (Me)CH;N),
2.74(q, 4 H, (CH2)NMe), 4.55(s, 2 H, (CH2)NEL,); 7.31, 7.66(m, 5 H, Ph). *C NMR : & -1.64
(Me). 13.30, 44.80 (Et);N, 76.56 (CH,)N. 2Si NMR : &. 3.64. HRMS(ESI): Calcd. for
C13H23NOSi: (M*): 237.1540, Found 237.1463.

2.2.3 The reaction of PhMe,SiOCH;NMe; with PhMe,SiH using Mo(CO)s as a catalyst:
In a typical experiment, a Pyrex NMR tube was charged with 1 mmol of R;EH (E = Si, R3 =
PhMe,), 1.5 mmol of PhMe,SiOCH,;NMe,, 5 mol % of Mo(CO)s and 0.5 mL of C¢Ds. The
tube  was sealed under vacuum and heated at 90 °C in an oil bath. The reaction was
monitored by #Si and *C NMR spectroscopy and shown to be complete in 1 day to yield
(PhMe,Si),0 and NMe; (*3C 47 ppm) and Mo(CO)sNMe; (**C 58 ppm). The disiloxane,
(PhMe,Si),0 was purified by column chromatography eluting with hexanes and was isolated

in 80% yield.

2.2.4 Synthesis of symmetrical disiloxanes: Reaction of siloxymethylamines
R3SiOCH,NR’; and R3SiH in the presence of either Mo(CO)s, or (11°-CsHs)Mn(CO); or
(n°-CsHs)Mo(CO);Me as a catalyst: In a typical experiment, a Pyrex NMR tube was
charged with 1 mmol of R3SiH (R3=Et3 PhMe,), 1.5 mmol of R3SIOCH,NR’; (R’; =Me, Et)
and 5 mol % of catalyst in 0.5 mL of C¢Dg and sealed under vacuum. Sealed NMR tube was
either heated at 90 °C in an oil bath or photo chemically irradiated with a medium pressure

mercury lamp. The reaction was monitored by #*Si and **C NMR spectroscopy. The reaction
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was stopped (Table.2.2)when all the R3SIOCH;NR’, was consumed to yield symmetrical

siloxanes, (R3Si),0 and R’3N.

Table 2. 2 Synthesis of R3SiOSiR; in the presence of R;SiOCH,NR’, and R;SiH using (n°-CsHs)Mn(CO); , (n°-
CsHs)Mo(CO)3, Mo(CO) as catalyst.

R, R’, Cat hv/A Time Yield
(NMR)°
Et, Me, 2a hv 12h (100)
Et, Me, 2a A 12 h (100)
Et, Me, 3a A 2d TR
Et, Me, 3a A 2d (80)°
Ets Me, 3a hv 4d (20)
PhMe, Et, 4a A 5h (100)¢

®Yields based upon 'H NMR; ¢ reaction performed at 120 °C.

(n*-CsHs)Mo(CO);Me (2a); Mo(CO)s (3a); (n°-CsHs)Mn(CO)s (4a).

2.2.5 Synthesis of digermoxanes using Mo(CO); as a catalyst: In a typical experiment a
Pyrex NMR tube was charged with 1 mmol of R3GeH ( R = Et, Bu, Ph), 3 mmol of DMF, 5
mol % of Mo(CO)s and 0.5 mL of CgDg. The tube was sealed under vacuum and heated at 90
°C in an oil bath. The reaction was monitored by *H and *3C NMR spectroscopy. The reaction
was complete in 3-7 days to vyield the corresponding digermoxanes. No
germoxymethylamines, R;GeOCH,NMe, were observed in the reaction. The *C NMR
spectra of the reaction mixture showed a small resonance at 58 ppm which is assigned to the
Mo(CO)sNMez complex. The digermoxanes were purified by column chromatography

eluting with hexanes.

2.2.6 Synthesis of digermoxanes using (n°-CsHs)Mo(CO),(PPhs)Me, 2b, as a catalyst: In
a typical experiment, a Pyrex NMR tube was charged with 1 mmol of R3GeH ( R = Et, Bu),
3 mmol of DMF, 5 mol % of (n°-CsHs)Mo(CO),PhsPMe and 0.5 mL of C¢Dg. The tube was

sealed under vacuum and heated at 90 °C in an oil bath. The reaction was monitored by ‘H
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and *C NMR spectroscopy. The reaction was 90% complete in 5-8 days to yield
digermoxanes which were purified by column chromatography eluting with hexanes. The

yields of digermoxanes were relatively lower than Mo(CO)g catalytic reaction.

2.2.7 Synthesis of unsymmetrical disiloxanes, and mixed siloxy-germanes, siloxy-
stannanes using (n°-CsHs)Mo(CO)sMe as a catalyst: In a typical experiment, a Pyrex
NMR tube was charged with 1 mmol of RzEH (E = Si, Rz = Ph, Ph,Me, PhMe,; E = Ge, R3 =
Ph, Et; E = Sn, R = Bu), 1.2 mmol of Me;SiOCH,NMe,, 5 mol % of (n°-CsHs)Mo(CO)sMe
and 0.5 mL of CgDs and sealed under vacuum. The tube was irradiated with a 450 W
medium pressure mercury lamp. The progress of the reactions were monitored by *3C, #Si or
19570 NMR spectroscopy. After 2-18 h of irradiation, the siloxyproducts were maximized and
the reaction was stopped. The volatiles were removed by flash distillation, ambient
temperature 0.5 mm Hg, and the disiloxanes, siloxygermanes or siloxystannanes were

purified by column chromatography eluting with hexanes and isolated in 60-83 % yield.

2.2.8 Reactions of Me3SiIOCH,;NMe; with R3ECI to form unsymmetrical disiloxanes, and
mixed siloxy-germanes, siloxy-stannanes: In a typical experiment, a Pyrex NMR tube was
charged with 1 mmol of RsECI (E = Si, R; = Ph, Ph,Me, PhMe,; E = Ge, R3 = Ph, Me; E =
Sn, Rs = Bu, Ph), 1.2 mmol of Me3SiIOCH;NMe, and 0.5 mL of C¢Dg and the tube was
sealed under vacuum. The tube was heated from 20 to 80 °C depending upon the RsECI in an
oil bath. The progress of the reaction was monitored by *3C, #Si or 1**Sn NMR spectroscopy.
After 1-12 h of heating, the reaction was stopped and the volatiles were removed by flash
distillation and the disiloxanes, siloxygermanes, siloxystannanes were purified by column

chromatography eluting with hexanes and were isolated in 58-90 % yield.

PhsSiOSiMes: Yield: 83%. *H NMR: & 0.20 (s, 9 H, Me), 7.26, 7.44, 782 (m, 15 H, Ph). *C
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NMR: & 2.08 Me, 128.1, 130.1, 135.4, 136.6 Ph. ®Si NMR & -20.2 Si(Ph), 11.1 Si(Me).
GC/Mass: m/z: 348 (M*, 10%); 333(M*-Me, 54%); 255(M*-1-PhMe,100%);193(M"*-1-

Ph,,45%) 179(M*-Ph,Me, 45%).

Ph,MeSiOSiMes: Yield: 60%. 'H NMR : 8 0.2 (s, 9 H, Me), 0.7 (s, 3H, Me), 7.2, 7.3, 7.8
(m, 12 H, Ph). ®C NMR : § -0.3 Me, 2.0 Me, 128.1, 129.9, 134.4, 138.4 Ph). *°Si NMR : & -
11.2 Si(Ph), 10.2 Si(Me). GC/Mass: m/z: 286(M", 1%); 271(M*-Me, 63%); 193 (M*-1-PhMe,

100%); 179(M*-PhMe,, 1%).

PhMe,SiOSiMes: Yield: 70%. *H NMR : & 0.2 (s, 9 H, Me), 0.4 (5,6 H, Me), 7.2, 7.3, 7.6
(m, 5 H, Ph). *C NMR : 8 0.9 Me, 2.0 Me, 128.0, 129.6, 133.3, 140.1 (Ph). %°Si NMR : & -
1.6 Si(Ph), 9.2 Si(Me). GC/Mass: m/z: 224 (M*, 1%); 209 (M*-Me, 100%); 193(M*-1-Me,,

50%), 179 (M*-Mes, 4%); 135(PhMe,Si*, 4%); 107(M*-SiOSiMes, 2%).

PhsGeOSiMes: Yield: 91%. *H NMR : & 0.3 (s, 9 H, Me), 7.2, 7.3, 7.8 (m, 15 H, Ph). °C
NMR : 8 2.9 (Me), 128.6, 130.1, 134.5, 137.1 Ge(Ph). *°Si NMR : & 8.3 . GC/Mass: m/z: 394
(M*); 379.0(M*-Me, 100%); 318(M*+1-Ph, 33%); 301(M*-1-PhMe, 75%); 241(M*+1-Phy,

7%).

Et;GeOSiMes. Yield: %. *H NMR : & 0.1 (s, 9H, (Me)sSi), 0.7 (g, 6H, CH,), 0.9 (t, 9 H,

(Me)Ge). 1*C NMR : § 2.9 (Me)sSi, 7.9, 8.6 (Et)sGe. *°Si NMR : 5 6.8,

Me;GeOSiMes. Yield: 50%. *H NMR : & 0.2 (s, 9 H, Si(Me)s), 0.3 (s, 9 H, Me). *C NMR :
d 2.8 Si(Me) 2.9 Ge(Me). 2Si NMR : & 7.9, GC/Mass: m/z: 207 (M*-1, 4%); 193(M*-Me,

25%), 119 (MesGe*, 100%); 89(MeGe*, 20%); 74(Ge" 1%).

PhMe,GeOSiMe;. Yield: 90%. *H NMR : & 0.2 (s, 9 H, SiMe), 0.6 (s, 6 H, GeMe), 7.2, 7.3,

7.7 (m, 5H, Ph). *C NMR : § 1.1 SiMe 2.88 GeMe, 128.4, 129.6, 132.8, 141.5 (Ph). #Si
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NMR : & 5.9 GC/Mass: m/z: 272(M*+2, 5%); 255(M*-Me,100%); 239(M*-1-Me,,30%);

181(PhMe,Ge", 66%): 151(PhGe*,8%): 73(SiMes*1,3%).

BusSnOSiMes: Yield: 80%. *H NMR: & 0.3 (s, 9 H, Me), 0.9, 1.1, 1.4, 1.7 (m,27H, "Bu). *C
NMR: & 3.7 Me, 13.8, 16.2, 27.4, 28.2 Bu. 2Si NMR: & 5.6_(33*9*sn-0-2Sj = 37.0 Hz).

1951 NMR 76.44. HRMS(ESI): Calcd. for C1sH3s0SiSn: 381.1635 (M*+1), Found: 381.1550.

PhsSnOSiMes: Yield: 84%. *H NMR : & 0.30 (s, 9 H, Me), 7.24, 7.25, 7.75 (m,15H, Ph).
3C NMR: & 3.62 Si(CHs)s, 129.15, 130.19, 136.65, 139.32 Sn(Ph)s. 2°Si NMR: & 11.04,
(3H9MY5n.0-2sj = 32 Hz). °Sn NMR : -107.5. HRMS(ESI): Calcd. for C,;H50SiSn:

441.06996 (M*+1), Found: 441.2524.

BusGeOGeBuUs: Yield: 70%. *H NMR : § 0.8, 0.9, 1.3, 1.5 (m, 54H, "Bu). *C NMR : & 14.1,
18.2, 26.8, 27.0, Ge("Bu). GC/Mass: m/z: 506(M*, 1%); 447(M*-2-Bu, 15%); 391 (M*-1-
2Bu, 83%); 335.0(M*-3Bu,100%): 277(M*-1-4Bu,42%); 221(M*-5Bu,15%); 163(M*-1-

6Bu,4%); 75(Ge",1%).

Et;GeOGeEts: Yield: 70%. 'H NMR: & 0.8, 1.0 (m, 30H, Et). *C NMR: & 8.3, 9.3, Et.
GC/Mass: m/z: 338(M", 1%); 309(M*-Et,100%): 280(M"*,-2Et,49%); 252(M*-1-3Et, 57%);

222(M*-4Et, 53%); 195(M*+2-5Et, 50%): 75(Ge", 9 %).

PhsGeOGePhs: Yield: 60%. Found: *C NMR: & 128.5, 129.9, 134.4, 137.6 (Ph). Reported
in CDCls: °C NMR: & 128.0, 129.3, 134.3, 137.4 (Ph). M. pt found: 184-185°C. Mp:

Reported: 184°C

PhMe,SiOSiMes: Yield: 30%. *H NMR : § 0.2 (s, 9 H, Me), 0.4 (5,6 H, Me), 7.2, 7.3, 7.6
(m, 5 H, Ph). **C NMR : § 0.9 Me, 2.0 Me, 128.0, 129.6, 133.3, 140.1 (Ph). #Si NMR : & -

1.6 Si(Ph), 9.2 Si(Me)
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2.2.9 The Reaction of Me3SiIOCH;NMe, with PhMe,SiH and Mo(CO)sTHF complex: In
a typical experiment, a solution of Mo(CO)g (0.6 g) (2.3 mmol) in 50 mL of dry THF, in a
quartz tube, was degassed twice. The solution was irradiated by Hanovia 450-W medium
pressure mercury lamp at a distance of 4 cm for 12h under nitrogen atmosphere as has been
reported.® To the yellow solution formed, was added 0.4 g (2.3 mmol) of Me3;SiOCH,NMe,
and stirred at room temperature for 1 h. To this solution was added 0.36 g (2.6 mmol) of
PhMe,SiH for 2 h. The solvent was removed under vacuum and passes through a column in
hexanes to give isolated yields of 30% for the disiloxane, PhMe,SiOSiMe; and 35% of

Mo(CO)sNMez complex.

Mo(CO)sNMes(3b): Yield: 35%. 'H NMR : & 1.9(s,9H,Me3) . °C NMR : & 58.8(Me)s,

204.3(CO)eq, 213.8(CO)ax.

2.2.10 Reaction of Mo(CO)g with Et;SiH and DMF: A Pyrex NMR tube was charged with
0.15 g (1.3 mmol) of Et3SiH, 0.06 g (0.22 mmol) of Mo(CO)s and 0.4 mL of C¢Ds and
sealed under vacuum. The tube was irradiated with a 450 W medium pressure mercury lamp.
After 20 minutes of photolysis, the color of solution turned yellow and in the HNMR
spectrum a resonance appeared at -8.4 ppm due to the formation of (CO)sMo(n?-H-SiEts)
complex. At this time 0.4 mL DMF was added and the NMR tube was resealed after two
freeze-pump-thaw cycles and "HNMR spectrum was recorded immediately which exhibited
that the resonance at -8.9 ppm is decreasing and a new resonance at 4.28 ppm is appearing
which is assigned to the CH; group of the Et3SIOCH;NMe,. The NMR tube was left at room
temperature for 48 h, the *H, °C and *Si NMR spectra showed that all the Et;SiH is

completely consumed and reacted with DMF to form Et;SiIOCH;NMe;.

2.2.11 Synthesis of unsymmetrical disiloxanes using excess DMF without a catalyst: In a
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typical experiment, a Pyrex NMR tube was charged with 1.5 mmol of PhMe,SiH, 1 mmol of
Et;SIOCH,NMe, and 5 mmol of DMF in C¢Dg and sealed under vacuum. The tube was
heated at 90°C . The progress of the reaction was monitored by **C, ?°Si NMR spectroscopy.
After 3 h of heating, the resonance at 47 ppm due to the formation of MesN in the *C NMR
was reached to maximum, the reaction was stopped and the volatiles removed.
Unsymmetrical disiloxane Et;SiOSiPhMe, was formed in 90 % yield along with trace amount

of symmetrical disiloxane, PhMe,SiOSiMe,Ph.

Et;SiOSiPhMe;: Yield: 90%. 'H NMR : & 0.35 (s, 3 H, (Me)PhSi), 0.55 (g, 6 H, (CH,)Si),
0.98 (t, 9 H, (Me)Si), 7.24, 7.62 (m, 5 H, Ph). **C NMR : § 1.00 (Me). 6.66, 7.03 (Et), 128.33,
129.56, 133.27, 140.30 (Ph). **Si NMR : & 10.90 (Si)Ets, -3.21 (Si)PhMe, HRMS(ESI):

Calcd. for C14H6Si,0: (M*+1): 267.1600, Found 267.1573.

Table 2. 3 Synthesis of R3SiOSiR;: Reaction of R3SIOCH,NR’, and R;SiH using excess of DMF/DEF without

a catalyst
R, R’, hv/A Time Yield
(NMR)°
Ets Me, A 3h (100)
Ets Me, Hv 1d (100)
PhMe, Et, A 5h (100)¢

®Yields based upon *H NMR; © reaction performed at 120 °C.

2.2.12 Synthesis of PhMe,SiOSiPhMe;, from a catalytic cycle using M(CO)s, (M =

Cr,W) Catalysts.

In a typical experiment, a Pyrex NMR tube was charged with 1 mmol of PhMe,SiH and 8
mmol of DMF and 5 mol % of M (CO)g in 0.5 mL of C¢Dg and was sealed under vacuum.
Sealed tube was either heated at 90 °C in an oil bath or phtochemically irradiated. The

reaction was monitored by 2°Si and *C NMR spectroscopy. After 1-7 h of heating or
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irradiation , the formation of products disiloxanes, PhMe,SiOSiPhMe; and NMe; were
reached to maximum. The reaction was stopped at this stage and NMR tube was opened and
the solution was filtered with acrodisc filter to remove the traces of the catalyst, M(CO)s. The
volatiles were removed under high vacuum and the disiloxane obtained was passed through a
small silica gel column (0.4cm x 2 cm) eluting with hexanes to yield 70-90% of disiloxane,

PhMe,SiOSiPhMex.

2.2.13 Synthesis of R3ESER3;, E = Si,Ge,Sn with Mo(CO)s as catalyst: In a typical
experiment, a Pyrex NMR tube was charged with 1 mmol(150mg) of RsEH, E = Si, R3 =
Me,Ph, MePh; Ets; E = Ge, R3 = Et3 Bus, Phs; E = Sn, R3 = Bus, Phz and 3 mmol excess of
HC(S)NMe,, 5 mol % of Mo(CO)s and 0.5 mL of C¢Dg and sealed under vacuum. The tube
was heated to 120 °C in an oil bath. The progress of the reaction was monitored by *3C, #°Si
or 1°Sn NMR spectroscopy. After 1-3 days of heating, the reaction was stopped and the
volatiles were removed by pumping nitrogen to the solution and the respective derivatives
R3ESER3 were purified by column chromatography eluting with hexanes and were isolated in

53-90 % vyield.

PhMe,SiSSiMe,Ph: Yield: 87%. *H NMR : & 0.42(s,12H,Me), 7.3, 7.5, 7.6(m,10H,Ph). *C
NMR : & 2.6 (Me), 128.1, 129.8, 133.8, 138.6(Ph). 2°Si NMR : § 7.1, GC/Mass: m/z: 301(M"*-
1,1%), 287(M*-Me,42%), 209((M*-1-PhMe,100%), 135(M*-PhMe2SiS,10%),

105(SiPh*,7%).

Ph,MeSiSSiMePh,: Yield: 63%. *H NMR : & 0.4(s,6H,Me), 7.1, 7.2, 7.3(m,20H,Ph). **C
NMR : & 0.5 (Me), 127.8, 129.8, 134.2, 136.4 (Ph). #Si NMR : § 1.5, GC/Mass: m/z:
427(M*+1,1%), 411(M*-Me,37%), 333(M*-1-PhMe,100%), 271(M*-1-Ph2,9%), 181(M*-1-

Ph,MeSiS-Me,12%).

Et;SiSSiEts: Yield: 62%. 'H NMR : 8. 0.6(g,12H,CH,), 0.9(t,18H,CHs). *C NMR : & 7.3,
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8.0(Et)s. *°Si NMR : & 22.5. GC/Mass: m/z: 261(M*-1,1%), 233(M*-Et,58%), 205(M*+1-
2Et,100%), 177(M*+2-3Et,75%), 149(EtsSiH,",26%), 87(M*-1-6Et,10%), 115(Et3Si*8%),

59(SiS*,24%).

Et;GeSGeEts: Yield: 63%. '*H NMR : § 0.9(q,12H,CH,), 1.0(t,18H,CHs). *C NMR : § 8.7,
10.1(Et)s. GC/Mass: m/z: 354(M*,15%), 325(M*-3-Et,90%), 295(M*-1-2Et,100%), 267(M"*-
3Et,55%),  239(M*-1-4Et,6%),  161(M*-Et;GeS,70%),  133(M*+1-Et;GeS-Et, 70%),

103(EtGe* 45%), 75(GeH*,33%).

Bus;GeSGeBus: Yield: 67%. *H NMR : § 0.8, 1.0, 1.3, 1.5(m,54H,Bu). **C NMR : § 13.6,
18.7, 26.4, 27.3(Bu);. GC/Mass: miz: 521(M*-1,1%), 407(M*-1-2Bu,61%), 351(M"*-
3Bu,100%),  295(M*+1-4Bu,70%),  189(M'+1-BusGeS-Bu,25%),  105(M*-1-BusGe-

3Bu,12%), 89(GeMe*,25%).

Ph;GeSGePhjs: Yield: 53%. 'H NMR : § 7.1, 7.2, 7.3. ®°C NMR : & 128.1, 129.4, 134.7,
136.8. MP: 121-123°C. Reported MP: 130°C. Found HRMS(DART): Calcd. for CzsH31Ge,S:

(M*
+1): 641.05791, Found 641.0670

BusSnSSnBus: Yield: 80%. *H NMR : § 0.7, 0.9, 1.2, 1.4(m,54H,Bu). *C NMR : § 13.9,
15.9, 27.4, 28.9(Bu)s. ***Sn NMR : & 80.6. Found HRMS(DART): Calcd. for Ca4Hs3Sn,S:

(M*-1): 611.19061, Found 611.2218.

PhsSnSSnPh;s: Yield: 60%. CDCls. *H NMR : & 7.1, 7.2, 7.3. ®*C NMR : & 128.5, 129.3,
136.5, 138.9. °Sn NMR : § -53.7. MP: 141-143°C. Reported MP: 141-143°C. Found

HRMS(DART): Calcd. for C3sH3:Sn,S: (M*+1): 733.01846, Found 733.0561.
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2.2.14 Synthesis of R3SiSSiR3 with Mo(CO)s(S=CHNMe,) as catalyst: In a typical
experiment, a Pyrex NMR tube was charged with 1 mmol(150mg) of PhMe,SiH, and 3
mmol excess of HC(S)NMe;, 7 mol % of Mo(CO)s(S=CHNMe,) and 0.3 mL of C¢Dg¢ and
sealed under vacuum. The tube was heated to 120 °C in an oil bath. The progress of the
reaction was monitored by *3C, °Si NMR spectroscopy. After 3 h of heating, the reaction was
stopped, and the respective derivative PhMe,SiSSiPhMe, were purified by column

chromatography eluting with hexanes and were isolated.

2.2.15 Synthesis of R3SiSSiR; with Mo(CO)sNMe; as Catalyst: In a typical experiment, a
Pyrex NMR tube was charged with 1 mmol(150mg) of PhMe,SiH, and 3 mmol excess of
HC(S)NMe;, 5 mol % of Mo(CO)s(S=CHNMe;) and 0.3 mL of C¢Ds and sealed under
vacuum. The tube was heated to 120 °C in an oil bath. The progress of the reaction was
monitored by *3C, #Si NMR spectroscopy. After 1 d of heating, the reaction was stopped, and
the respective derivative PhMe,SiSSiPhMe; were purified by column chromatography eluting

with hexanes and were isolated.

2.2.16 Synthesis of Mo(CO)5(S=CHNMe;) (3c) with Mo(CO)sNMe; (3b) and
thioformamide: In a typical experiment, a Pyrex NMR tube was charged with 1
mmol(100mg) of 3b, and 3 mmol excess of HC(S)NMe,, and 0.3 mL of CsDs and sealed
under vacuum. The tube was heated to room temperature. The progress of the reaction was
monitored by *C, °Si NMR spectroscopy. After 14 h of heating, the reaction was stopped,
and the respective derivative Mo(CO)s(S=CHNMe;) (3c) was observed together with
thioformamide still present, but non 3b. (Clearly thioformamide displayed the NMej really

fast in comparison to the DMF).

2.2.17 Synthesis of R3SiSSiR3; with Mo(CO)s(S=CHNMe;) (3c) and PhMe,SiH: In a

typical experiment, a Pyrex NMR tube was charged with 4 mmol(100 mg) of PhMe,SiH,
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and 1 mmol of HC(S)NMe,, and 0.5 mL of CgDs and sealed under vacuum. The tube was
heated to 120 °C in an oil bath. The progress of the reaction was monitored by **C, *H, and
°Si NMR spectroscopy. After 2 d of heating, the reaction was stopped, and the respective
derivative PhMe,SiSSiPhMe, were purified by column chromatography eluting with hexanes

and were isolated in 40% vyield.

2.3 Results and discussion

2.3.1 Reduction of amides by R3EH in the presence of iron and molybdenum
complexes

The initial studies concerning the photochemical formation of disiloxanes,” were
associated with the use of the Fe catalyst [(n°-CsHs)Fe(CO),CH3], (n°-CsHs)Fe(CO),Me,
(1a). We have extended these studies to related Mo complexes: [(n°-CsHs)Mo(CO)sCHs],
(2a) and [(n°-CsHs)Mo(CO), (PPhs)CHs], (2b) and shown them also to be active. In the case
of the Mo phosphine complex, the reaction occurs thermally at 70 °C. The reactions are
monitored by °Si NMR as noted in Fig. 2.11, and the Mo catalysts are far superior than the

Fe analogs, eq. 2.12.

HON
2 Ph,MeSiH Me MV pp MeSiOSiMePh, + NMe; (2.12)
CpMo(CO);Me/ 6hr

Me
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Figure 2. 11 *Si NMR spectroscopic monitoring showing the disappearance of Ph,MeSiH in the presence a 5
mol% 2a catalyst in DMF-CgDg, photochemically irradiated

We have also extended the study to include the use of [(1°-CsHs)Mo(CO)sCHs] (2a)
and [(1°-CsHs)Mo(CO),(PPhs)CHs] (2b) for the hydrogermylation and hydrostannylation of
dimethylformamide. These reactions were successful and the results of this work are

presented in Table. 2.4.
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Table 2. 4 Catalytic reduction of DMF with R;E-H, (E = Si, Ge, Sn) in the presence of 5 mol% Mo catalyst 2a
or 2b* in C¢Dg

Q hvi A
2 RsEH + C_ » R3;EOER; + NMe;
NMe, 5mol % [Catalyst]
2a,2b
Tertiary hydrides Reaction Reaction Yield
Time Product

RsE-H hr/day %
PhMe,SiH 3h PhMe,SiOSiMe,Ph 80(100)
Ph,MeSiH 6h Ph,MeSiOSiMePh, 70(100)

Ph,;SiH 48h Ph;SiOSiPh; <5
Et;GeH 5d Et;GeOGeEt; 80(100)
BusGeH 5d Bus;GeOGeBu3 70(100)

Ph;GeH 7d Ph;GeOGePh; <5
BusSnH 12h Bu;SnOSnBu, <5(15)
PhsSnH 12h PhsSnOSnPh; <15

* Both catalysts 2a and 2b were used for the photochemical and thermal reactions (70 °C), respectively. The

reaction does not take place in the absence of the catalyst. Yields based on proton NMR in parentheses.

A few examples to illustrate these findings are reported in the Figures 2.12, and 2.13.

e -16.9 t=0h -16.9

g At P Mt A i, I AW AATR P8 S, e A st i e NN YAt A, AW L7 S i A st e

t=1h t=4h
AN 5 A e g et AR IS AV S AN i s

t=2 day 91
t=6h -9.1 P % Aolshy " 0 e
SR A VR K A AN AN Ao j_mw WAL s e '"'_)" Vi
' Y. ' 3/ppm
Phothochemistry(A) Thermally(B)

Figure 2.12 *°Si NMR spectroscopic monitoring showing the disappearance of Ph,MeSiH in the
presence a 5 mol% Mo-catalyst (2a) UV-light and (2b) Thermally 70°C in DMF-C¢Ds.

Here we can see how both catalysts 2a and 2b can be used successfully for the

catalytic reduction of DMF into Ph,MeSi-O-SiMePh, and NMejs,
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Figure 2.13 **C NMR spectroscopic monitoring showing the disappearance of Et;GeH(*) and the appearance of
Et;Ge-O-GeEt;(0) in the presence of 2b at 70 °C.

In the case of the germanium transformations, followed by **C NMR spectroscopy, we
can see the disappearance of Et;GeH(*) and the appearance of 2 new signals associated with
the formation of the Et;GeOGeEt;(¢) but a longer period of time was required. Interestingly
the reaction is not quite effective under photochemical conditions, and only 30% is

transformed (entry 12 and 15) from Table. 2.5.
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Table 2. 5 Synthesis of disiloxanes, digermoxanes and distannoxanes using Fe, Mo catalysts with excess DMF

O

i
2 RsEH + _C_

H

2 -8 fold.

hv/ A\
NMe, 5mol % [Catalyst]

» R;EOER; + NMe;

Entry

R; E Cat hv/A  Time Yield*/%

(NMR)P

10

11

12

13

14

15

16

17

18

19

20

PhMe, Si 1la Hv 14h (100
PhMe, Si  1b A 2d TR
PhMe, Si  2a Hv  3h  65(100)
PhMe, Si  2b A 6h  75(100)

Ph,Me Si la hv  18h (100)

Ph,Me Si  1b hv  2d TR

Ph,Me  Si 22 hv. 3h  60(100)

Ph,Me Si  2b A 2d  65(100)
Ph; Si lalb2a hvA 2d NR
Ph; Si 2b A 1d TR
Et, Ge 1lalb hvA 5d TR

Ets Ge 2a hv 1d (30)
Et; Ge 2b A 5d 55(80)
Bu; Ge 1alb hv/A 7d TR

Bu; Ge 2a hv 1d (30)

Bu; Ge 2b A 7d 45(55)
Ph; Ge la,1b hv/A 7d NR
Ph; Ge 2a2b hv/A 7d TR

Bu; Sn 1a,2a hv 12 h TR

Bu;, Sn  1b A 2d 5(15)

#1solated yields; "Yields based upon 'H NMR; ©reaction performed at 120 °C. TR: traces; NR: no reaction.

(n°-CsHs)Fe(CO),Me (1a); (n>-CsHs)Fe(CO),PhsPMe(1b); (n*-CsHs)Mo(CO):Me (2a); (n°-

C5H5)M0(CO)2Ph3PMe (Zb)
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On the other hand, we found that BusSn-H also reduces DMF, but along with low
yields of BuzSnOSnBus, significant side products are obtained including (BusSn), and Bu,Sn,

Fig. 2.14.

(8]
2 "Bu;SnH + DMF ANTRS » "Bu;Sn-O-Sn"Bus,
2b

vmw«mw,wmwwwmmwwwwwww.ww«w‘vw»mm«‘wwM.WMW

WW%\WWW*‘m\kW«W&"WMMWWMw”m‘Mﬂ“éWTMW\"‘M’Wﬁ‘"‘M“‘«"v‘fu'.‘hﬂ'w.MWWw\\ﬂllWWW«WA
S

O S

‘ | |
mmwnwmmwww«ww««wwwwwmWWMMWMMWMMWW
T

300 250 200 150 100 50 0 -50 -100

Figure 2. 14 **Sn NMR spectroscopy showing the disappearance of BusSnH (*) and the
formation of BusSnOSnBuj; (¢) in the presence of (2b) catalyst.
$ Along with the reaction we can see the formation of Bu,Sn (-13ppm) and BusSnSnBu; (-83ppm)

From the above results, we found an interesting trend in reactivity associated with the

metal carbonyl catalyst and the respective reducing agent used, egs. 2.13, 2.14 and 2.15.
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n
/
. A HE N .
2 R;Si-H » R;SiOSiR; + NMe; (2.13)
[Catalyst] C¢Dg 60-80%
R: Et3’PhMez, thMe, Ph3
<5%
o)
&
hviAA H ™ No
2 Ry;Ge-H > R;GeOGeR; + NMe; (2.14)
[Catalyst] C¢Dg 60-80%
R - Et3, nBu:},, Ph3
<5%
o)
g /
AN \ I
2 R;Sn-H H > R;SnOSnR; + NMe; (2:15)
[Catalyst] C¢Dyg 15%

R= nBU3

Based upon the results obtained, we observe that germanium hydrides, Et;GeH and
BusGeH, also reduce DMF to form trimethylamine and the corresponding digermoxane; but
with longer periods of time compared to the silicon hydrides, RsSiH. (See Table. 2.5, entry 11-
18). In this series of experiments we were able to determine the higher reactivity associated
with silicon hydrides compared to the hydrogermanes and hydrostannanes based in reaction
times and yields obtained.

R3Si-H > R3Ge-H > R3Sn-H

In terms of the catalytically active species, we found a higher reactivity on the
molybdenum  analogues associated with  (n°-CsHs)Mo(CO)sMe  (2a) and  (n°-

CsHs)Mo(CO),PhsPMe (2b) compared to the iron analogues, (n°-CsHs)Fe(CO),Me (1a) and
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(n°-CsHs)Fe(CO)PhsPMe (1b), in terms of shorter reactions times and more stability, meaning
the presence of the catalyst at the end of the reaction:
(n°-CsHs)Mo(CO),PhsPMe (2b) ~ (n°>-CsHs)Mo(CO)sMe (2a) > (n> CsHs)Fe(CO)PhsPMe (1b)
~ (n°-CsHs)Fe(CO),Me (1a).

Additionally we found that reactions associated with bulky substituents such as
triphenyl silanes (R3SiH) produce low yields for all cases (entry 9, 10, 17 and 18, Table. 2.5).
This signifies a reduced utility of these particular catalysts for bulky substituents at the silicon

atom.

Initial proposed mechanism

Initially we proposed that the mechanism for the formation of reduction of amides
from the reaction of SiH compounds and DMF in the presence of transition metal catalysts

proceeds as outlined in Scheme 2.2, via multiple steps | — VII
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\ LM
H
VII

II

Me;N-ML N
A LM _O_C\
R;SiH \/m H
) R,SiOSIR
RsSi=0-CH,"N_—ML

A I | "R;SiH
./
A/ Y /N
N CH,-O-SiR; + ML LM——0—C_
/ fH
R,SiH VIII R5Si
R;SiOSiR;
+

Me;N

Scheme 2. 2 Initial proposed mechanism for siloxane formation

The initial formation of DMF complexes, step 11, has precedent in the literature.**

One of the key steps has to be the formation of R3SIOCH;NMe, for the first hydrosilylation,
step Ill. There are also several reports concerning the activation of ketones to form

19384144 yia molybdenum catalysts which is similar to our proposed

alkoxysilanes,
step.*#*%1%4 \We suggested that the O-bound siloxymethylamine rearranges to the more
energetically favorable N-bond isomer, steps 1V-V. The metal-nitrogen bond can activate the

C-O bond to allow the second Si-H bond addition to form the respective siloxanes and

trimethyl amine complex, step V1. eq. 2.16
i Z 'S {OSiR' (2.16)
R3Si—0=CHy"NT—ML + R3SiH ——— > R;SiOSiR'; + Me;N-ML .
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The trimethylamine complex can undergo a ligand dissociation, and release the

trimethyl amine to reform the metal catalyst into the cycle, step VII, eq. 2.17.

Me;N-ML————— Me;N + LM (2.17)

However, it is also possible that the hydrosilylated product R3SIOCH,NMe, could be
eliminated and itself react with R3SiH to form the disiloxane and MesN, step V111, eq. 2.18.

R;SiOCH,NMe, + R';SiH —— R;SiOSiR'3 + NMe; (2.18)

This suggestion comes from a related precedent from Mironov and coworkers
involving disiloxane elimination reactions of the only representative molecule of this kind

with chlorosilanes and related species, eq. 2.19, X = Cl, NR; etc.®

Me;SiOCH,NMe, + Me;SiX —— Me;SiOSiMe; + NMe,CH,X (2.19)

Unfortunately in the presence of catalyst 1a, 1b, 2a and 2b there was no evidence for
the formation of the proposed intermediate, “ the hydrosilylation product”, Fig. 2.15, even
with low concentration of the amide and low temperatures we were not able to see any
intermediate.

SiR;
o

l
C
) num
H )

Figure 2. 15 Proposed hydrosilylation product in the first step of the catalytic reduction of amide

Credibility of the initial proposed mechanism

Using a literature procedure we were able to synthesize Me3;SiOCH,NMe,, the only

reported compound of this kind through the insertion of formaldehyde into Si-N bond from
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MesSi-NMe,, eq. 2.20.

O
l :
_C + Me;SiNMe, _100°C _ Me;SiOCH,NMe, (2.20)
H T H 1.5h 60%
Paraformaldehyde

This material was properly characterized by NMR Spectroscopy outlined in Fig. 2.16.

ZQSi/CGDGnW‘ ..‘,,,..':g...":zﬁ{:q—.....un 13CICGDG ey — ‘ 40;4 _Q.S

]

82.4

14 \

SRR TASMEr T TG TR TM TRt e “Matn e

Figure 2.16 Characterization by 2°Si and *C NMR spectroscopy of Me;Si-O-CH,NMe,

We reacted Me3Si-O-CH,NMe, with a variety of silanes and observed no reaction
even increasing the temperature to 120°C, eq. 2.21. However, upon addition of the Mo

catalysts (2a) the desired chemistry occurred, eq. 2.22.

hv/ A\ .
R;Si-H + Me;Si-O-CH,NMe, Al >  No reaction @.21)
. . hv ) )
R;Si-H +Me;Si-0-CH,NMe, > Me;Si-O-SiR; . NMe; (2.22)
Smol % [Catalyst]
2a

At this point we concluded that the catalyst was necessary for the whole cycle and the
formation of R3EOCH,NMe; in the first stage of the process was important at least for the
silane case.

We extended the chemistry to generalize these findings with germanium and tin
hydrides to see if the same proposed intermediate Me3SIOCH,;NMe;, can react with
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germanium and tin hydrides R3E-H, E = Ge, Sn, and the results are outlined in Table 2.6.

Table 2. 6 Photochemical reaction of Me;SiOCH,NMe, with R;E-H, (E = Si, Ge, Sn) in the presence of 5mol%
Mo (2a) catalyst in C¢De.

CeDs
Smol % [Catalyst]

R3Si-H+ Me;Si-0-CH,NMe, > Me;Si-O-SiR; | NMe;

Time Yield%/% NMR data for
(NMR)® i 195n
Ph; Si 6  83(100) 11.07 -20
Ph,Me Si 4  60(100) 10.18 -11
PhMe, Si 4  70(100) 9.18  -1.6
PhMe, Si 24  80(100)° 0.5
Ph, Ge 12  40(80) 825
Et, Ge 18 (100) 6.8
Bu;, Sn 2  80(100) 5.6 76.44
#solated yield; ® Yield based upon "H NMR. ¢ 5 mol% Mo(CO)s as catalyst and PhMe,SiOCH,NMe, at 90 °C

R E

The reaction of Me3SiOCH,;NMe;, with all group 14 hydrides occurs smoothly, but for
E = Si and Ge it needs the presence of the catalyst. The reactions with tributyltinhydride
without catalyst, occur thermally but with a low yield of BusSnOSiMe; (30%) together with

BusSn-SnBus, See Fig. 2.17.
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A\ 70°C

[no catalyst]

Y

Bu;SnH + Me;SiOCH,NMe, Me3Si(;SnBu3+ MesN
1

198n/C4D,
-89
Oh |
e Lk,
i 1
76
-84,-89
18 h ’ ‘
| L
2 o~
76 -84
36 h ,
| )
) 3

Figure 2. 17 ***Sn NMR spectroscopic monitoring the disappearance of BusSnH(1) and Me;SiOCH,NMe; into
BusSnOSiMe3(2) in CgDe.

Note: The signal (3), Fig. 2.17, correspond to the formation of BuzSn-SnBus, and the reaction was stopped since
further heating does not create new, or continued chemistry. It seems that the weakness of the Sn-H bond is
higher and it can easily undergo activation and form other series of products.

An important finding in this chemistry was the ability of Me3SiOCH;NMe, to react
with PhsE-H, E = Si, Ge, Figure 2.18, 2.19. Since this intermediate, does not participate in the
original metal catalyzed reduction of DMF, It seems that the energy required to activate the
Si-H bond for the initial hydrosilylation is higher for bulky substituents such as Ph3Si-H or
PhsGe-H compared with less bulky substituents, whereas for the second step, eq. 2.23 this is

not a problem.

hv
% [Catalyst]
2a
E=Si,Ge

Ph;E-H+ Me,;Si-O-CH,NMe > Me;Si-O-ER; . NMe; (2.23)
3 2 2 Smol 3 3 3

PhsSi-H < Ph,MeSi-H < PhMe,Si-H < Et3Si-H

Ph;Ge-H< BuszGe-H < Et;Ge-H
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A clear example to illustrate how the presence of the proposed intermediate helps to

overcome the initial state is presented here, Figures 2.18, 2.19, and 2.20.

. . h .
Ph;SiH + Me;SiOCH,NMe, A > Me;SiOSiPhy + Me;N
1 2 [Catalyst] C¢Dg 3

298i/C¢D,

15 -17
\

Mov‘wb-mrmm-m"-\-«’w\-’u A N P 0 o oS o D g PP i A A AN i)

1
11 -20
1h i |
It e A i g | i N g bl gt it LN S
|
|
6h - o
"."“‘-.-v“\‘”"' WA ,\.A'.L,;,\-.‘k‘q,{_ o -.‘I"““,A1"'""l‘"‘~‘f\(i3 o ."x\"'r\r.."m”' n‘;"-."l‘"\ ,h‘k._‘w-‘_“l‘_; ‘.3-‘:_‘“- "f." V‘\l,' "“M._‘, ™ _...
- : 4

Figure 2.18 ?°Si NMR Spectroscopic monitoring the disappearance of Ph;SiH(1) and Me;SiOCH,NMe,(2) into
Ph3SiOSiMes(3) in the presence a 5 mol % Mo-Catalyst (2a) in CgDs.
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hv

Et3GeH+ Me3SiOCH2NMe2 Me3SiOGeEt3+ MC}N
1 2 [Catalyst] C6D6 3 a
13c/ceD6 4 1
13¢c/ceD6
Oh 2 | 10338 1
| 2
‘ 86 7.9 2.8 3

” " J\ " ) I J.-M
; 3

16 h

Figure 2.19 *C NMR spectroscopic monitoring the disappearance of Et;GeH(1) and Me;SiOCH,NMe,(2) into
Et;GeOSiMes(3) in the presence a 5 mol % Mo-catalyst (2a) in C¢De.

. hv
BU3SHH + MC3SIOCH2NM62 Me3SiOSnBU3+ MC;N
1 2 [Catalyst] C¢Dg 3 "

2j 119/117§0OSij = 36.7 Hz

119
n/C,D
1 Sn/C¢Dg F
! H
15 -89
' Oh
I \ Oh
Il PN NN A 0 g, S P ASA g Y
2 = S
5.6 75
A
"x J 2 h
. WMl A iMoot 3
""" i3 O 3 Y YRR ks Tl e A g THEC Y
1

Figure 2.20 **C NMR spectroscopic monitoring the disappearance of BusSnH(1) and Me;SiOCH,NMe,(2) into
Bu3SnOSiMe3(3) in the presence a 5 mol % Mo-catalyst (2a) in C¢Ds.
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The last illustration (Fig. 2.20) is another example that clarifies the viability of the
proposed intermediate R3SIOCH,;NMe, shown in Scheme 2.2.

The synthesis of the unsymmetrical siloxanes, siloxy-germanes and siloxy-stannanes
noted above was confirmed by their independent synthesis using the Mironov reaction

between Me3SiOCH;NMe; and the appropriate group 14 chloride, R3sECI, Table 2.7.

Table 2. 7 Thermal reaction of MesSiIOCH,NMe, with R;ECI, (E = Si, Ge, Sn) in C¢Ds.

Reactant | Reaction Reaction Temperature | Yield
Time Product

R;E-H hr/day °c %
PhMe,SiCl 0.5 PhMe,SiOSiMe; 25 70
Ph,MeSiCl 1 Ph,MeSiOSiMe; 25 70
PhsSiCl 6 Ph;SiOSiMe; 25 60
Me;GeCl 1 Me;GeOSiMe3 25 50
PhMe,GeCl 1 PhMe,GeOSiMe; 25 90
Ph,GeCl 12 Ph;GeOSiMe; 90 90
Bu,SnCl 2 Bu;SnOSiMe; 90 90
Ph;SNCI 12 Ph,SnOSiMe; 90 84

2.3.2 Isolation of the intermediates R3SIOCH;NMe, in the presence of M(CO)s M =
Mo, Cr, W

Our initial usage of Mo(CO)s (3a) as catalyst for the silane reduction of DMF
involved using 8 to 10 time excess fold of the amide and, as noted we did not observe the
formation of any intermediate. The same applied to our study on the utility of the Cr and W

analogs, M(CQO)g, M = Cr (4), W (5). The results are noted in Table 2.8.
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Table 2.8 Synthesis of disiloxanes, and digermoxanes using M(CO)6, M = Mo (3a), Cr(4), W(5) catalysts with
excess 2 -8 fold of DMF.

(”) hv/ A\
2 RyEH + C_ » R;EOER; + NMe;
H NMe, S5mol % [Catalyst]

R; E Cat hv/A Time  Yield%/%
(NMR)P
Ets Si 3a hv 1h 85(100)
Et, Si 3a A 3h 85(100)
PhMe, Si 3a hv 2h 80(100)
PhMe, Si 3a A 6h 80(100)
PhMe, Si 4 hv 4h 93(100)
PhMe, Si 4 A 1h 93(100)
PhMe, Si 5 hv 7h 81(100)
PhMe, Si 5 A 7h 81(100)
Ph,Me Si 3a A 12h 65(100)
Ph, Si 3a A 2d 50(100)°
Et, Ge 3a A 3d 70(100)
Bu, Ge 3a A 5d 70(100)

Bus Ge 3a hv 5d TR
Ph, Ge 3a A 7d 60(100)°

% Isolated yields; Yields based upon 'H NMR; © reaction performed at 120 °C. “DEF. TR: traces; NR: no
reaction. Mo(CO); (3a), Cr(CO)s (4); W(CO)s (5).

Metal hexacarbonyl systems are as good as the previous catalyst (1, 2), however they

offer some advantages:

Higher selectivity: Ph3SiH and Ph3GeH could be used as effective reducing agents.
Easy to recycle from the reaction mixture.

Commercially available

Changing the ratio of silane:DMF to 1:2 ratio resulted in a new discovery. Monitoring
the reaction between PhMe,SiH and DMF ([SiH] : [DMF] = 1:2) catalyzed by 3a in CgDg
using »°Si NMR, clearly illustrated the efficient transformation of the silane to the

corresponding disiloxane (PhMe,Si),O; however, it is clear that a transient silicon-containing
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compound is formed with a *Si NMR resonance at 5.4 ppm, Figure 2.21a. Similar
monitoring of the same reaction by **C NMR also indicates the formation of a transient
species with three *C NMR resonances at 82.4 (CH,), 41.1 (Me,N) and -1.41 (Me,Si) ppm,
Figure 2.21b. Isolation of this transient by stopping the overall reaction prior to completion
permitted us to identify it as PhMe,SIOCH,;NMe, (4a) and for the first time, observe the
initial hydrosilylation product of DMF, and illustrate it as a key intermediate in the overall

DMF reduction process, eq. 2.24.

RySiH + HCONMe, —>2 » R,Si-OCH,NMe, (2.24)

R3 = Ph3, thMe, PhMez, Et3

a b
; *
ik
i L il [
4a da
%
da da iy
| o
Ih I [ il
[ o
MeyN
o]
I-I|
] . 1
121 -I.IJ 12l ; h 1 I
- e | e e e
C O R R A e A
ppm ppn

Figure 2.21 Left, *Si NMR showing the disappearance of PhMe,SiH (-17.3 ppm) and transient formation of 4a
(5.4 ppm) en route to (PhMe,Si),0 (0.6ppm): Right, *C spectra illustrating formation of PhMe,SiOCH,NMe,
(4a), in the presence of Mo(CO)s.
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Full experimental details for the isolation of 4a are provided in the experimental part
and we also isolated and characterized Ph,MeSiOCH;NMe, (4b), Ph3SiOCH,NMe, (4c) and
Et;SiOCH,NMe; (4d) (Table 2.2). The **C NMR data for 4a-d are almost equivalent to that

of Me;SiOCH,NMe;, (4f) the only previously reported member of this family.®®

Table 2.9 Synthesis of R;SiIOCH,NMe, using 3a.

Entry | Ry | Time/h Yield/%(NMR)® N S_pectral data for R;SIOCH,NMe,
Si  C (CH,) (Me),N (Me)Si
1 Me; 13.87 81.49 40.42 -0.86
2 Et; 2 90(100) 15.30 82.34 41.11
3 PhMe, 2 30(60) 5.35 82.43 41.1 -1.42
4 Ph,Me 5 10(25) -5.08 82.54 40.84 -3.04
5 PhsSi 5 (10) -15.2 82.92 40.94

% |solated yield; ° Yields based upon *H NMR.

Extension to the use of Cr(CO)s (4) and W(CO)s (5) resulted in the same type of
chemistry in similar time periods, Table 2.8. We observed that for all the group 6 catalysts the
ratio [R3SiH]:[DMF] was important in determining the relative yields of siloxymethylamine
vs disiloxane. The lower the amount of DMF the less disiloxane was obtained, and in the
reactions with a large excess of DMF, we could not usually observe the intermediate 4, an

initially puzzling observation.

We have examined the thermal reactivity of 4 in the presence of various silanes and
observed no apparent chemical reaction when the reaction was performed in deuterobenzene,
the solvent of choice for monitoring the reaction progress using NMR spectroscopy.
However, upon addition of excess DMF to these same Cg¢Dg solutions, under the thermal

conditions similar to those used for the chemistry observed in Figure 2.21, but without the

metal catalyst, the appropriate disiloxane and Me3sN were formed in high yield, eq. 2.25 and

Fig. 2.22.
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. . DMF . .
R'3SIH + R3SI-O—CH2NM62 —_— R3SI—OSIR'3 + NMe3 (2.25)

R3 = Ph3, thMe, PhMez, Et3

DMF
*k %k
DMF ¥
Oh J I
0
% %
DMF
Me;N
\ ‘ \
1h J | X L
L J*lm
DMF E——
3h ]

Figure 2.22 **C NMR spectroscopy showing the disappearance of Et;SiOCH,NMe,(A) and Et;SiH(*) into
(Et3Si),0 (0) with concomitant formation of Me;N at 90°C in the presence excess DMF.

This new reaction is reminiscent of similar reactions of silanes with hydroxylic
reagents and related systems where activation of the Si-H bond via DMF coordination to
form 5- and 6-coordinated transients has been proposed and in some cases observed.®” So in
this particular case we are proposing that the amide (DMF) is helping to activate the Si-H,
trough the coordination with the R3Si-H. It is well known that silicon compound can extend
their coordination number to 5 or even 6.°” That increase in coordination number could

increase the Lewis acidity of the silicon,?® and consequently a good nucleophile can interact
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and release the hydrogen, as | have proposed in the Fig. 2.23.

R .
1\S|i@ 2 R3Si-O-CH,NMe,
2 DMF

Figure 2.23 Proposed activation of the Si-H bond by DMF coordination.

2.3.3 Final proposed mechanism

From the above results we can now propose that the thermal reduction of amides to
amines occurs via the cycle noted in Scheme 2.1. Initially the ligand bond dissociation to
generate the unsaturated metal center (i) The dynamics of the hexacarbonyls of Cr, Mo, and
W after photolysis have been extensively studied in low-temperature matrices. Upon
photolysis, a CO is ejected, and an excited metal pentacarbonyl is formed that rearranges to a
trigonal-bipyramidal geometry. The trigonal bipyramid relaxes to a ground-state square-
pyramidal geometry, each involving two equatorial COs opening to nearly 180° but only in
one direction is the vacant site facing the ejected CO.>” Then the hydrosilylation reaction can
proceed either via initial amide coordination to molybdenum as has been reported,® followed
by n’-silane coordination after further loss of CO, or vice versa, initial coordination of the n*

SiH, followed by the amide (ii), Fig. 2.24.
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Mo(CO)g

co
(i)
MNMes
RiSiH (CO)sMo o=c_
H
MMer
(CO)sMo (ii) (CO)sMo—O=C f_:
# ) I.I

H----SiR;

Figure 2.24 Metal carbonyl dissociation and metal coordination or Si-H activation.

Molybdenum n?silane o-complexes, (CO)sMo(n?-H-SiRs) have been detected by ‘H

NMR spectroscopy in the photochemical reaction of group 6 metal carbonyls and R3SiH."™

Further substitution on the metal carbonyl complex can generate another di-susbtituted

complex (X), Fig. 2.25 (iii).

. ' . _NMez
(CO)sMo (ii) (CO)Mo—0=C__
.ll' \'. H
H----5iR3
cO CO
MMes r .
[__I:C; - {-h] fN.‘!"lIE'E_ RjSIH
. . — =
H [{.U].-t[\'!u ll—C\
‘Ir '-l‘ H
H----8iR;
(iii)
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The ability of metal carbonyl complexes to undergoes 1, 2 or even 3 carbonyl
substitutions is known and has been reported by Szymanska,” as for example illustrated in

Fig. 2.26

¢ o

T )\(]/t‘[
b PhSiH, ——— M l] o
B s T = [ Vi
St
o

0§

Figure 2.26 Molybdenum carbonyl tri-substituted complex

Migration of the the R3Si group to oxygen can thus lead to the reductive elimination
of the siloxymethyl amines R3SIOCH;NMe, 4, and the generation of the unsaturated metal

center back to the cycle (iv).

(X) _NMe;
(COMMo—0=C_
P H
H----SiR3
(iii)
co

[{TU]SMUH (COHsMo
(—CH:NMe;
R 35i

R35i=0=-CH»NMes

(iv)

Figure 2.27 Reductive elimination of intermediate R;SiOCH,NMe; (iii,iv)
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The final step as we have found is the reaction of the siloxymethylamines
R3SIOCH,;NMe,(4) with the R3SiH but in the presence of DMF (amide) to complete the cycle

and form the trimethylamine and the corresponding disiloxanes. (V), Scheme 2.1.

Mo(CO),
CO
(i)
_NMe
R3 Si / (CO)SMO \& 2
_NMe
(CO)sMo (i) (CO)sMo—0=C__ 2
H -=-- SIR
NMeZ X 29 NMezf RySIH
(CO)4M0 o= C
H ---- SIR
(iii)
CO~
(CO)SMO\ (CO)sMo
/O - CHzNMez
R,Si

e DMF .
R;Si-O-SiR; + <ﬁ\_ R;Si-O-CH,NMe,

v) (iv)
R;SiH

Scheme 2.1 Proposed mechanism for the reduction of amides to amines in the presence of M(CO)s as catalyst,

M = Mo, Cr, and W.

Our observation that the reaction between 4f and R3EH yields Me3;SiOER; in the

absence of DMF signifies that the metal catalysts are useful in this latter reaction in “inert”
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solvent, e.g. C¢Dg and thus a separate mechanism is operating. We have attempted to form
molybdenum complexes of 4f from reactions with 3a but these attempts have, to date, proven
unsuccessful and led to unrelated chemistry. We suggest that the thermal and photochemical
metal-catalyzed reactions outlined in eq. 2.23. involve the metal-silane transient (CO)sMo(1’-

R3SiH) we have noted above and studies on this aspect of the work continue.

Careful examination of the *C NMR spectra from monitoring the reactions between
R3SiH and DMF catalyzed by 3a illustrated trace amount of (CO)sMoNMes, 3b. Clearly it is
part of the metal-catalyzed cycle. We have independently synthesized 3b’* and in a separate
experiments shown that, as expected in light of the chemistry noted above, it acts as a catalyst
for the overall reaction of the transformation of R3SiH to R3SiOSiRj3 in the presence of DMF,

Table 2.10.

Table 2.10 Catalytic reduction of DMF with R;E-H, (E = Si, Ge) in the presence of 5mol% Mo Catalyst* in

CBDG
R, E Cat hv/A Time  Yield%/%
(NMR)®
Ets Si 3b hv 1h (100)
Ets Si 3b A 3h (100)
Ets Si 6 hv 28h (90)
PhMe, Si 3b hv 2h 80(100)
PhMe, Si 3b A 8h 80(100)
PhMe, Si 6 hv 18 h (80)
PhMe, Si 6 A 24 h (100)°
PhMe, si¢ 6 hv 12h (85)
PhMe, si¢ 6 A 24h (90)°
Ets Ge 3b A 2d (100)
Bus; Ge 3b hv 5d TR

2 Isolated yields; Yields based upon *H NMR; © reaction performed at 120 °C. “DEF. TR: traces; NR: no
reaction. Mo(CO)sNMe; (3b); (1°-CsHs)Mn(CO); (6)

Another metal system that has been reported to activate R3SiH and where DMF
coordination can play a réle is (n°-CsHs)Mn(CO)s, 6. ™ Use of this material as a catalyst for
the above thermal chemistry was also successful and the intermediacy of organosilicon

compounds 4 was observed, (Experimental section). In the case of the germane and stannane
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chemistry we have, to date, been unable to observe any RsEOCH;NMe, (E = Ge, Sn)
intermediates when using either 2a, 3a, 3b, 4, 5 or 6 as catalysts. It is possible that these
group 14 substituted amines react more rapidly under the reaction conditions than their

silicon analogs, preventing their observation.

2.3.4 Extension to the catalytic reduction of thioformamide

| extended our studies to the attempted reduction of N,N-dimethylthioformamides,
DMTF, by group 14 hydrides. Thus, using a range of group 14 hydrides R3EH, E = Si, R3 =
Me,Ph, MePh,, Et; ; E = Ge, Rz = Ets, Bus, Phs; E = Sn, Rz = Bus, coupled to a range of
catalysts 3a and 3b, we obtain good to excellent yields of the appropriate group 14 sulfides,
eq. 2.26, Table 2.11, together with Me3sN. A typical monitoring of the reaction between
PhMe,SiH and HC(S)NMe; is presented in Figure 2.28.

Catalyst
2 R;EH + HC(S)NMe, ——— R;E-S-ER; + NMe; (2.26)

Table 2.11 Synthesis of disila-, digerma-, and distanna-thianes.

R E Cat Ahv  Time Yield %° (NMR)®
1 PhMe, Si 3b A 18h (100)
2 PhMe, Si 3a A 18h 87(100)
3 PhMe, Si 3a Hv 2d TR
4  Ph,Me Si 3a A 3d 63(100)
5 Et, Si 3a A 2d 62(100)
6 PhMe, Si 3c A 3h (80)
7 Et;, Ge 3a A 2d 63(100)
8 Bu; Ge 3a A 2d 67(100)
9 Ph;  Ge 3a A 2d 53(90)
10 Bus Sn 3a A 3h 80(100)
11 Phgy Sn 3a A 3h 60(100)
12 PhMe, Si A 2d NR
13 Etz Ge A 2d NR
14  Bus Sn A 3h (100)
15 Phgy Sn - A 3h (100)
16 PhMe, Si benzoyl peroxide A 4d NR
17 Et; Ge benzoyl peroxide A 4d NR
18 PhMe, Si AIBN A 2d NR

[a] Isolated yields; [b]Yields based upon 1H NMR; NR: no reaction; TR: traces
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Figure 2.28 NMR monitoring of the reaction between PhMe,SiH and HC(=S)NMe, catalyzed by Mo(CO); (3a)
showing the formation of  Mo(CO)s(S=CHNMe,) (3c) and disappearance of PhMe,SiH to form
PhMe,SiSSiMe,Ph and MesN: (A) Si spectra; (B) *C.

During the course of the reductions of N,N-dimethylthioformamide noted in eq. 2.26,
we have not, to date, observed any hydrosilylated intermediates. However, in this chemistry
we were able to detect both the presence of Mo(CO)s(S=CHNMe,), 3c, (*C NMR, 212.6
(CO), 205.2 (CO), 189.3 C=9S), 46.0 (Me), 38.0 (Me) ppm) and, as expected from our results
with the reduction of DMF by silanes, trace amounts of Mo(CO)s(NMes), 3b, (*3C, 58.0 ppm)
during the monitoring of the reactions. In separate experiments we have shown that 3b reacts
rapidly at room temperature with HC(=S)NMe, to form 3c as expected, Fig. 2.29, suggesting
that the presence of excess thioformamide is essential to liberate the NMes and regenerate the

Mo(CO)s(S=CHNMe;) 3c.
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Figure 2.29 NMR monitoring of the reaction between Mo(CO)sNMej; (3b) and HC(=S)NMe, (0) showing the
complete disappearance of (3b) to form Mo(CO)s(S=CHNMe,) (3c) and Me3N at room temperature(14h) : *C
spectra

We have independently synthesized complex 3c using a literature procedure by Ishaq
et al.”* and confirmed that the spectral data noted in the catalytic process was indeed that of
the proposed intermediate. Complex 3c, is also an efficient catalyst as we expected for the
reduction process, (Table 2.11 entry 6).

In this chemistry we have also studied the direct reaction of 3c with silanes, R3SiH,

eq. 2.27, Fig. 2.30.

MO(CO)S
. : A
2 PhMe,SiH + § R;E-S-ER; + NMe; (2.27)
n C¢Dg
HEN
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Figure 2.30 *C spectra NMR monitoring of the reaction between Mo(CO)s(S=CHNMe,) (3c) and PhMe,SiH
(*) showing the complete disappearance of 3¢ to form PhMe,SiSSiPhMe, (¢) and Me;N at 120°C.

From this experiment we could observe the formation of the sulfur compound
PhMe,Si-S-SiPhMe; but also the formation of complex Mo(CO)sNMe; 3b that has been
pointed out as potential intermediate in this catalytic cycle and some side products associated

with the formation of PhMe,Si-NMe, (*C NMR 38.2 ppm (Me) and -2.3 ppm (Me)N.

With all these approaches the overall mechanism is similar to that we have proposed
for the reduction of DMF,” but still further investigations are required to determine the

complete difference between amides and thioamides, Scheme 2.3.
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Scheme 2.3 Proposed catalytic cycle for the formation of Mes;N and R3SiSSiR; from the reaction between
R;EH and thioformamide.

The thermal reaction between BusSnH and dimethylthioformamide, Table 2.11,
suggests a possible radical process is important, since it works without the presence of any
catalyst; however, attempts to induce the silane and germane reductions in a radical manner
by introduction of benzoyl peroxide, or AIBN, were totally unsuccessful (Table 2.11, entry

16, 17 and 18).

134



2.4 Conclusions

1 | have determined the ability of different metal carbonyl complexes to catalyze the
reduction of amides in the presence of tertiary silanes, germanes and stannanes,

photochemically or thermally.

2 For the first time we have been able to isolate the hydrosilylation product R3SiOCH,NMe;

as the main intermediate in this catalytic cycle using M(CO)g systems.

3 We have found that the DMF (amide) is required in the second step to undergo the

complete thermal reduction to trimethylamine and the corresponding disiloxanes.

4 Extension to the treatment of N,N-dimethylthioformamide with a variety of silanes,
germanes, and stannanes, RsEH, E = Si, Ge, Sn, in the presence of transition metal complexes
leads to facile reduction to trimethylamine and the corresponding group 14 thioethers,

(R4E),S.
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Appendix 1.1 : ®C/C¢Ds NMR spectrsocopy for (n°-CsHs)Mo(CO);Me (2a)
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Appendix 1.2 : *C/C4Ds NMR spectrsocopy for (1°-CsHs)Mo(CO)sMe (2a)

'H NMR(C¢Dg, 300MHz) 4.39(s,5H,CsHs), 0.38(Me); *C NMR(C¢Dg,300MHz) 240.32, (CO), 227.18(2CO),
92.41((n°-CsHs)), -21.98(Me); IR(THF) 2016.11, 1926.81( 3CO)
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Appendix 1.3 : 3C/C4Dg and *'P NMR spectrsocopy for (n°-CsHs)Mo(CO),(PhsP)Me (2b)

3C NMR (75.4 MHz) (C¢Ds): & -18.0, 18.13 (d,Me), 92.54 ((n°>-CsHs)), **P NMR ( MHZ): § 75.9.
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Appendix 1.4: Crystal structure of (n°-CsHs)Mo(CO)3Sn'Bu,Cl

Sn-H 2.14(3)
Sn-Mo  2.8565(11)

Appendix 1.5: Crystal structure of (n’-CsHs)Mo(CO);Sn'Bu,H
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Appendix 1.6: *C/CsDs NMR spectroscopy for (n°-CsHs)Mo(CO)3Sn'Bu,Cl
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Appendix 1.7: *H/CsDs NMR spectroscopy for (°-CsHs)Mo(CO)3Sn'Bu,Cl
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Appendix 1.8: 1°Sn/C4Dg NMR spectroscopy for (1°-CsHs)Mo(CO);Sn'Bu,Cl
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Appendix 1.9:*C/C¢Ds NMR spectroscopy for (1°-CsHs)Mo(CO);Sn'Bu,H
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Appendix 1.10: *H/C¢sDs NMR spectroscopy for (n°>-CsHs)Mo(CO);Sn'Bu,H
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Appendix 1.11: *9Sn/C4Dg NMR spectroscopy for (n°-CsHs)Mo(CO)sSn'Bu,H
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Appendix 1.12: *Sn NMR spectroscopy monitoring the disappearance of 'Bu,SnH,(*) into H'Bu,Sn-Sn'Bu,H(0)
in the presence of (n°-CsHs)Fe(CO)(PPhs)Me (1b) in C¢Ds, 60°C

Sn-Mo 2.8841(4) 5

Appendix 1.13: Crystal structure of (n°-CsHs)Mo(CO);Sn'Bu,.Me
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Appendix 1.14: *C/C¢Ds NMR spectroscopy for (n°-CsHs)Mo(CO);Sn'Bu,Me
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Appendix 1.15: 19Sn/C¢Ds NMR spectroscopy for (n°-CsHs)Mo(CO)sSn'Bu,Me
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Appendix 1.16: *H/C4Ds NMR spectroscopy for (n5-C5H5)Mo(CO);Sn'Bu,Me
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Synthesis and characterization of R;SIOCH,NMe,
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Appendix 2.1: 2Si NMR spectroscopy monitoring the disappearance of 1 mol of PhMe,SiH (1) into
PhMe,SiOCH,;NMe; (2) and then the reaction continues to form PhMe,SiOSiMe,Ph (3) in the presence a 5
mol% catalyst Mo(CO)s and 2 mol of DMF in CgDg at 90°C.
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Appendix 2.2: *C NMR spectroscopy monitoring the disappearance of 1 mol of PhMe,SiH (1) into
PhMe,SiOCH,NMe; (2) and then the reaction continues to form PhMe,SiOSiMe,Ph (3) in the presence a 5
mol% catalyst Mo(CO)g and 2 mol of DMF in C¢Dg at 90°C.
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Appendix 2.3: °C 135 DEPT NMR spectroscopy to identify the CH, from PhMe,SiOCH,NMe,
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Appendix 2.4: Mass spectrum (ESI) m/s: data for PhMe,SiOCH,NMe; in hexanes.
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Appendix 2.5: *C NMR spectroscopic of PhMe,SiOCH,NMe, in CDs
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Appendix 2.6: 2Si NMR spectroscopic of PhMe,SiOCH,NMe, in CsDg
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Appendix 2.7: 'H NMR spectroscopic of PhMe,SiOCH,NMe; in C¢Dg
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Appendix 2.8: 2Si NMR spectroscopy monitoring the disappearance of 1 mol of Ph,MeSiH (1) into
Ph,MeSiOCH,NMe; (2) and then the reaction continues to form Ph,MeSiOSiMePh, (3) in the presence a 5
mol% catalyst Mo(CO)s and 2 mol of DMF in CgDgat 90°C.
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Appendix 2.9: *C NMR spectroscopy monitoring the disappearance of 1 mol of Ph,MeSiH (1) into
Ph,MeSiOCH,NMe; (2) and then the reaction continues to form Ph,MeSiOSiMePh, (3) in the presence a 5
mol% catalyst Mo(CO)s and 2 mol of DMF in CgDgat 90°C.
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Appendix 2.10: *C 135 DEPT NMR spectroscopy to identify the CH, from Ph,MeSiOCH,NMe;
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Appendix 2.11: Mass spectrum (ESI) m/s: data for Ph,MeSiOCH,;NMe; in hexanes.
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Appendix 2.12: *Si NMR spectroscopic of Ph,Me,SiOCH,NMe,(1) in C¢Ds
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Appendix 2.13: 'H NMR spectroscopic of Ph,Me,SiOCH,NMe, in CgDg
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Appendix 2.14: ¥C NMR spectroscopic of Ph,Me,SIOCH,NMe; in CgDg
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Appendix 2.15: Si NMR spectroscopy monitoring the disappearance of 1 mol of Ph;SiH (1) into
Ph;SIOCH,NMe, (2) and then the reaction continues to form Ph;SiOSiPh; (3) in the presence a 5 mol% catalyst
Mo(CO)g and 2 mol of DMF in C¢Dg at 90°C.

Note: The siloxane formed precipitated in the course of the reaction but in the 2*Si/CDClIj the signal is observed

at-21ppm.
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Appendix 2.16: *C NMR spectroscopy monitoring the disappearance of 1 mol of PhsSiH (1) into
Ph;SiOCH,NMe, (2) and then the reaction continues to form Ph3;SiOSiPh; (3) in the presence a 5 mol% catalyst

Mo(CO)s and 2 mol of DMF in C¢Dg at 90°C.Note: The siloxane formed precipitated in the course of the
reaction but in the **Si/CDCl, the signal is observed at -21ppm.
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Appendix 2.17: *C 135 DEPT NMR spectroscopy to identify the CH, from Ph;SiOCH,NMe,

Synthesis and characterization of R3Ge-O-GeR3 using 2b, 3a
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Appendix 2.18: *C NMR spectroscopy monitoring the disappearance of 1 mol of Et;GeH (1) into Et;GeOGeEt,
(2) in the presence a 5 mol% catalyst (°-CsHs)Mo(CO),PhsPMe and 3 mol of DMF in CsDg at 90°C.
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Appendix 2.19: ®C NMR spectroscopy monitoring the disappearance of 1 mol of BusGeH (1) into
BusGeOGeBu; (2) in the presence a 5 mol% catalyst (n°-CsHs)Mo(CO),Ph;PMe and 3 mol of DMF in C¢Ds at
90°C.
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Appendix 2.20: *C NMR spectroscopy monitoring the disappearance of 1 mol of Et;GeH (1) into Et;GeOGeEt,
(2) and NMe; at 47ppm in the presence a 5 mol% catalyst Mo(CO)s and 3 mol of DMF in CgDs. At 90°C
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Appendix 2.21: **C NMR spectroscopy monitoring the disappearance of 1 mol of BusGeH (1) into
Bus;GeOGeBuU3 (2) and NMesat 47ppm in the presence a 5 mol% catalyst Mo(CO)g and 3 mol of DMF in C¢Ds.
At 90°C
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Appendix 2.22: *C NMR spectroscopy monitoring the disappearance of 1 mol of Ph;GeH (1) into
Ph;GeOGePh; (2) in the presence a 5 mol% catalyst Mo(CO)g and 3 mol of DMF in CgDgat 120°C.
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Appendix 2.23: °C NMR spectroscopy monitoring the disappearance of 1 mol of PhsGeH (1) into
Ph;GeOGePh; (2) in the presence a 5 mol% catalyst Mo(CO)s and 3 mol of DMF in CgDg at 120°C.
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Appendix 2.24: Mass spectra of (a) Et;GeOGeEt; (b) Buz;GeOGeBu;

The use of GC to distinguish the germanoxane products resulted in retention times of 8.58 min for Et;GeOGeEt;
(@), and 7.11 min for Bu;GeOGeBuj; (b), in Hexanes solution.

The molecular ion (IP) and base peak (B) at 338 and 309 belong to the Et;GeOGeEt; (3), and the 506 and 335 for
the Bu;GeOGeBu; (4), respectively
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Appendix 2.25: *H NMR spectroscopy for Et;GeOGeEt,
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Appendix 2.26: *C NMR spectroscopy for Et;GeOGeEt;
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Appendix 2.27: *C NMR spectroscopy for Bu;GeOGeBus
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Appendix 2.28: *H NMR spectroscopy for Bu;GeOGeBus
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Synthesis of mixed siloxanes Me;SIOER;
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Appendix 2.29: 'H NMR spectroscopy for Ph;Si-O-SiMe;
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Appendix 2.30: **C NMR spectroscopy for Ph3Si-O-SiMe,
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Appendix 2.31: **C NMR spectroscopy for Ph;Si-O-SiMe;
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Appendix 2.32 2Si NMR spectroscopy for Ph3Si-O-SiMe,
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Appendix 2.33: *H NMR spectroscopy for Ph,MeSi-O-SiMe;
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Appendix 2.34: *C NMR spectroscopy for Ph,MeSi-O-SiMe,
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Appendix 2.35: 2Si NMR spectroscopy for Ph,MeSi-O-SiMe;
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Appendix 2.36: *H NMR spectroscopy for PhMe,Si-O-SiMe,
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Appendix 2.37: *C NMR spectroscopy for PhMe,Si-O-SiMe;
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Appendix 2.38: **C NMR spectroscopy for PhMe,Si-O-SiMe;,
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Appendix 2.39: Si NMR spectroscopy for PhMe,Si-O-SiMe,
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Appendix 2.40: Si NMR spectroscopy for Ph,Ge-O-SiMe;
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Appendix 2.41: **C NMR spectroscopy for Ph;Ge-O-SiMes,
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Appendix 2.42: **C NMR spectroscopy for Ph;Ge-O-SiMe,
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Appendix 2.43:?°Si NMR spectroscopy for PhyGe-O-SiMe;
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Appendix 2.44:"H NMR spectroscopy for Me;Ge-O-SiMe,
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Appendix 2.45:'"H NMR spectroscopy for Me;Ge-O-SiMe,
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Appendix 2.46:°Si NMR spectroscopy for Me;Ge-O-SiMe,
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Appendix 2.48:*C NMR spectroscopy for PhMe,Ge-O-SiMe,
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Appendix 2.52:'°Sn NMR spectroscopy for BusSn-O-SiMe;
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Appendix 2.55:**Sn NMR spectroscopy for PhsSn-O-SiMe;
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Appendix 2.56:*°Si NMR spectroscopy for PhySn-O-SiMe;
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Appendix 2.57:*H NMR spectroscopy for PhsSn-O-SiMe;
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Appendix 2.58: GC-Mass spectra of Ph;SiOSiMe; MW/(348)
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Appendix 2.59: GC-Mass spectra of Ph,MeSiOSiMe; MW(286)
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Appendix 2.60: GC-Mass spectra of PhMe,SiOSiMe;
MW(224)
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Appendix 2.61: GC-Mass spectra of Ph;GeOSiMe; MW(394)
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Appendix 2.62:
MW /(269)

GC-Mass

spectra of PhMe,GeOSiMe;
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Appendix 2.63: GC-Mass spectra of Me3GeOSiMe; MW(207)

IXFS Hions=327 AT=183

R
37915%
|un
3801631
377155
3821602
378.1668
38651524
3841458
385
1 - lotiisn :nitzn mxt 81541
i | | n | [l ul
B B )
Mass 37|

Appendix 2.64: ESI mass spectra of BusSnOSiMe;

MW/(381)
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Appendix 2.65: ESI mass spectra of PhzSnOSiMe; MW(440)
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Synthesis of R;SiOSiR; using 3b at different concentrations
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Appendix 2.66: *C NMR spectroscopy monitoring the disappearance of PhMe,SiH(1) into
PhMe,SiOCH,;NMe,(2) and (PhMe,Si),0(3) at RT. Ratio : (1:3) SiH-DMF with 3b
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Appendix 2.67: *C NMR spectroscopy monitoring the disappearance of PhMe,SiH(1) into
PhMe,SiOCH,;NMe,(2) and (PhMe,Si),0(3) at RT. Ratio : (1:2) SiH-DMF with 3b
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Appendix 2.68: *C NMR spectroscopy monitoring the disappearance of PhMe,SiH(1) into
PhMe,SiOCH,;NMe,(2) and (PhMe,Si),0(3) at RT. Ratio : (1:1) SiH-DMF with 3b
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Appendix 2.69: *C NMR spectroscopy monitoring the disappearance of PhMe,SiH(1) into
PhMe,SiOCH,NMe,(2) and (PhMe,Si),0(3) at RT. Ratio : (2:1) SiH-DMF with 3b
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Here we illustrate the gas chromatograph of PhMe,SiOSiMe,Ph and Ph,MeSiOSiMePh,, where the mass
spectral portion of the GC-MS analysis of the two siloxanes materials formed in our studies are illustrated. No
remaining R3SiH, nor any disilane R3SiSiRs;, was detected. In our hands, the use of GC to dlstlngwsh the
disiloxane products resulted in retention times of 12.08 min for
Ph,MeSiOSiMePh, (a), and 7.08 min for PhMe,SiOSiMe,Ph (b), in Hexanes solution.
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Appendix 2.70: Mass spectra of (a) Ph,MeSiOSiMePh, , (b) PhMe,SiOSiMe,Ph
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Synthesis of RsESER; using 3a,3b and 3c
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Appendix 2.71: ®Si NMR spectroscopy showing the disappearance of PhMe,SiH (1) into PhMe,Si-S-
SiPhMe,(2) with 3a at 120°C
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Appendix 2.72: Si NMR spectroscopy showing the disappearance of PhMe,SiH (1) into PhMe,Si-S-
SiPhMe,(2) with 3c at 120°C
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Appendix 2.73: *C NMR spectroscopy showing the disappearance of Et;SiH (1) into Et;Si-S-SiEts(2) with 3a
at 120°C. DMTF (HC(S)NMe2)
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Appendix 2.74: *C NMR spectroscopy showing the disappearance of Et;SiH (1) into Et;Si-S-SiEts(2) with 3a
at 120°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.75: *C NMR spectroscopy showing the disappearance of Ph,MeSiH (1) into Ph,MeSi-S-
SiPh,Me(2) with 3a at 120°C. in the presence of DMTF (HC(S)NMe,)

194



18 h \ F

PN i A N AP Ut i 1 Nl A P A A s b AP | gt oo o o At sttt I B on A s rtt o 000t

2d 1.5

L e LR v e Aot M M i Mt s gt

on 50 40 30 20 10 0 -10 -20 -30

Appendix 2.76: Si NMR spectroscopy showing the disappearance of Ph,MeSiH (1) into Ph,MeSi-S-
SiPh,Me(2) with 3a at 120°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.77: °Sn NMR spectroscopy showing the disappearance of BusSnH (1) into BusSn-S-SnBus(2)
with 3a at 90°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.78: *C NMR spectroscopy showing the disappearance of BusSnH (1) into BusSn-S-SnBus(2) with

3a at 90°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.79: Mass spectrum (ESI) for BusSn-S-SnBuj
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Appendix 2.80: *C NMR spectroscopy for BusSn-S-SnBus

13CICGD6 130/¢606 Bu3SnSSnBu3
V Y
3 1
N, VAN 2.3 4
4 2 Sn\s/
1
i
R e e e e e e I i e e e L Pl
s 200 18 160 140 120 100 80 60 40 20

Appendix 2.81: *C NMR spectroscopy for BusSn-S-SnBus
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Appendix 2.82:'°Sn NMR spectroscopy for BusSn-S-SnBus
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Appendix 2.83: *C NMR spectroscopy showing the disappearance of PhsSnH (1) into Ph;Sn-S-SnPhs(2) with
3a at 90°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.84: *°Sn NMR spectroscopy showing the disappearance of Ph;SnH (1) into PhsSn-S-SnPh(2) with
3a at 90°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.85: *H NMR spectroscopy for into Ph3Sn-S-SnPh;
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Appendix 2.86: *C NMR spectroscopy for PhySn-S-SnPh,
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Appendix 2.87:**Sn NMR spectroscopy for PhySn-S-SnPhs
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Appendix 2.88: Mass spectrum (ESI) for PhsSn-S-SnPhs

201




DMTF DMTF
: DMTF
\
|
|
11
|
‘ |
Oh
. o
2
%i
NMe, |
12h | |
200 180 160 140 120 100 80 60 40 20 0

Appendix 2.89: *C NMR spectroscopy showing the disappearance of Et;GeH (1) into Et;Ge-S-GeEts(2) with
3a at 120°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.90: *C NMR Spectroscopy showing the disappearance of Bu;GeH (1) into Bu;Ge-S-GeBus(2) with
3aat 120°C. in the presence of DMTF (HC(S)NMe,)
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Appendix 2.91: *C NMR spectroscopy showing the disappearance of PhyGeH (1) into PhyGe-S-GePhy(2) with
3aat 120°C. in the presence of DMTF(HC(S)NMe,)
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Appendix 2.92: *C NMR spectroscopy showing the disappearance of PhyGeH (1) into Ph;Ge-S-GePhy(2) with
3a at 120°C. in the presence of DMTF(HC(S)NMe,)
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