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ABSTRACT 

The electronic structure factors that control Si-H and Ge-H bond 

activation by transition metals are investigated by means of 

photoelectron spectroscopy. Molecular orbital calculations are also 

used to gain additional insight into the orbital interactions involved 

in bond activation. The complexes studied have the general molecular 

formula (~5_C5R'5)Mn(CO)(L)HERa, where R' is H or CHa, L is CO or PMea, E 

is Si or Ge and R is Ph or Cl. These compounds are interesting models 

for catalysts in industrial processes like hydrosilation. The compounds 

display different stages of interaction and "activation" of the E-H 

bonds with the metal. One purpose is to measure the degree of Mn, Si, H 

3-center-2-electron bonding in these complexes. The three-center 

interaction can be tuned by changing the substituents on Si, methylating 

the cyclopentadienyl ring, changing the ligand environment around the 

metal and substituting Si with Ge. The degree of activation is measured 

by observing the shifts in the metal and ligand ionizations relative to 

starting materials and free ligand in the photoelectron spectrum. 

Changing the substituent on Si extensively changes the degree of 

activation. Photoelectron spectral studies on (~s-C5H5)Mn(CO)2HSiCla 

reveal this compound to be a Mn(III) system while studies on (~5_ 

CHaC5H4)Mn(CO)2HSiPh3 show this to be a Mn(I) system. Progressive 

methylation of the cyclopentadienyl ring increases the electron richness 
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at the metal center with no substantial effect on the degree of 

activation. Substitution on the metal (PMe3 for CO) is less able to 

control the electronic structure factors of activation than the 

substitution on the Si atom. The magnitude of Ge-H bond activation is 

found to be of the same order as the Si-H bond activation for analogous 

compounds as found by studying (qS-CsHs)Mn(CO)2HGePh3' (qS_ 

CH3CsH4)Mn(CO)2HGePh3 and (qS-Cs(CH3)s)Mn(CO)2HGePh3 complexes by 

photoelectron spectroscopy. The photoelectron spectra of CpFe(CO)2SiC13 

and CpFe(CO)2SiMe3 were measured to study the electron charge shift from 

the metal to the ligand in these complexes as compared to CpMn(CO)2HSiR3 

complexes. The photoelectron spectroscopic studies include numerous 

perturbations of the ligand and metal center to observe the extent of 

bond interaction and remain one of the best techniques to detect 

activation products. 



CHAPTER 1 

INTRODUCTION 

Transition metals have displayed remarkable abilities to assist 

many specific chemical reactions by activating the bonds of small 

molecules. The C-H bond is clearly one of the most desirable bonds to 

activate, and the interaction of the C-H bond with transition metal 

centers has received much attention. 1- 6 One of the greatest challenges 

to organometallic chemists has been the activation of C-H bonds of 

aliphatic and aromatic molecules that are not otherwise coordinated to 

the metal center. 7- 11 Significant progress in this chemistry has 

occurred only in recent years. 12,13 

17 

The electronic structure factors of C-H bond activation have been 

discussed in detail in the 1iterature. 14 In the early stages of the 

bond activation process, there is donation of electron density from the 

C-H u bonding orbital into the empty metal LUMO's (see Figure 1.lA). 

This is termed the u interaction of the C-H bond with the transition 

metal. This interaction may be accompanied by competing filled-filled 

orbital interactions (i.e. steric repulsions) which will also play an 

important role in determining whether activation of the C-H bond will 

actually take place. For the C-H bond to be actually broken, the second 

stage of interaction will take place in which electron density from the 



C-H C-H 

A B 
-0* \__ 0* 

METAL 
METAL 

• 
/ --

: 11 *-= "'---

(7 Activation 0* Activation 

Figure 1.1 (A) Sigma activation (donation of electron density 
from C-H u bond into empty metal levels). 

(B) Sigma· activation (donation of electron density 
from filled metal levels into empty C-H a* 
orbital) . 

18 
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highest occupied metal orbitals is donating into the empty C-H u· 

orbital (see Figure 1.lB). This interaction is termed the u· 

interaction. When this interaction reaches its limit, the net result is 

the collapse of the C-H u and u· levels and there is full oxidative 

addition resulting in the formation of the alkyl-metal-hydride. 

Thus the ability of a particular metal complex to activate these 

bonds is dependent on its ability to accept electron density from the C

H bond, its ability to donate electron density to the C-H u· orbital, 

the strength of the C-H bond that is broken, and the strengths of the 

metal-carbon, metal-hydrogen, and other bonds that are formed or altered 

in the process. These electronic structure factors have been the 

subject of numerous theoretical investigations. 15- 19 The challenge 

remains to obtain experimental information relating to the relative 

energy contributions of each of these different interactions at 

different stages of the activation process. Photoelectron spectroscopy 

is directly sensitive to these electronic structure and bonding factors, 

and is able to provide direct experimental information on the relative 

significance of each. For example, if u interaction is the predominant 

electronic structure mechanism of bond activation in a complex, the 

metal orbitals (HOMO's) remain nearly degenerate (see Figure 1.lA). In 

the photoelectron spectrum of the compound, therefore, one would observe 

a metal band which is not split to a large extent. If u· interaction is 

the predominant electronic structure mechanism, one of the filled metal 

orbitals will be stabilized as a result of interaction with the C-H u· 
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orbital (see Figure 1.lB). In the photoelectron spectrum of the 

compound, one would therefore observe a heavily split metal band. The 

ionization energies are dependent on the electron richness and charge 

potential at the metal center, and the strengths of individual bonds 

with the metal center. 20-22 

Photoelectron spectral studies on complexes exhibiting C-H bond 

activation gave good results and since studies on the activation of Si-H 

bonds can have a significant impact on several fronts, photoelectron 

spectral studies on metal-silane complexes are done in this 

dissertation. Transition metal assisted silane chemistry has important 

practical consequences on its own, the most notable being hydrosilation 

reactions (shown below). A thorough knowledge of reactions of silanes 

with metals is an important step toward further improvement of these 

Met'll 
) 

I I 
-C-c-

I I 
+ 

H SiR! 

catalytic reactions. There is controversy about the actual mechanism of 

hydrosilation reactions catalysed by transition metals. Chalk and 

Harrod predicted that the olefin inserts into the metal-hydride bond in 

hydrosilation. 23 But in recent years, research groups are predicting 

that the olefin inserts into the metal-silicon bond. 24 Wrighton has 

used CpFe(CO)2SiR3 complexes (R - Me, Cl) as model catalysts to 

demonstrate the olefin insertion into the metal-silicon bond. 25 The 



CpMn(CO)2H5iRa complexes have potential use as model catalysts for 

studying the mechanism of hydrosilation reactions. 
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These 5i-H studies are important in relation to C-H activation 

because the qualitative features of Si-H activation are largely the same 

but the specific quantitative contributions are much different. 26 One 

key factor that is different is the strength of the E-H bond that is 

broken. Table 1.1 shows some representative E-H bond strengths of the 

carbon group. Other key factors that are quantitatively different 

include the strengths of the bonds with the metals that are formed, the 

electronegativity of silicon in comparison to carbon, and the ability of 

the Si-H system to donate and accept electrons. 

A remarkable class of complexes which show an interaction of the 

Si-H, Ge-H or Sn-H bond with a transition metal center has been 

discovered and well studied. 27-29 The molecular formula of the complexes 

are CpMn(CO)2HERa where E is Si, Ge or Sn and R is Ph or Cl. The 

compounds were thought to be "activated" and as such are very important 

as models for catalysts in industrial processes. 

The Si-H, Ge-H and Sn-H bonds were postulated to interact with the 

transition metal in an ~2 fashion and thus act as neutral 2e- donors to 

the Mn center. aD The compounds fall under a larger class of complexes 

where a single bond (in this case the Si-H bond) is ~2-coordinated to 

the metal center. 31,32 TI:tis dissertation presents photoelectron 

spectroscopic studies on a series of molecules that display the complete 

range of E-H bond activation. Molecules in this study are of the form 

CpMn(CO)(L)(H-ERa), where E can be Si, Ge, or Sn, R can be CI or Ph, L 
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E-H Keal/mole 

C-H 98 

Si-H 76 

Ge-H 69 

Sn-H 60 

Pb-H 42 

Table 1.1 E-H Bond Energies 
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can be CO, CNR, or PMe3' and Cp can be cyclopentadienyl and methylated 

cyclopentadienyl rings. The different ligands and substitutions provide 

for a wide range of electron donating and accepting abilities of the 

metal complex and the E-H bond. Depending on these substitutions, these 

molecules display stages of activation ranging from very weak 

coordination of the E-H bond to the metal to essentially complete 

oxidative addition, as shown in I through IV below. 

Structures I and IV are limiting descriptions of the bonding prevalent 

in these complexes. Structure I can be described as a Mn(I), d6 center 

where the silane is acting as a neutral two-electron donor. The 

electronic structure mechanism of interaction in this complex is u 

interaction of the Si-H bond with the transition metal with no u* 

interaction present. Structures II and III represent intermediates 

which differ in the degree of 3-center-2-electron bonding. Structure II 

shows a complex where u interaction of the Si-H bond with the transition 
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metal is the predominant electronic structure mechanism of interaction 

but a* interaction also has some contribution. Structure III represents 

a compound where a* interaction of the Si-H bond with the transition 

metal dominates over the a interaction. Structure II can be said to 

represent a Mn(I) , d6 complex with no direct Mn-Si and Mn-H bonds. 

Structure III represents a compound which is very near to full oxidative 

addition but still retains some amount of Si-H interaction. Structure 

IV represents a complex which can be described as a full oxidative 

addition product, a Mn(III), d4 complex with direct Mn-Si and Mn-H 

bonds. Complexes represented by structure II can be called metal-silane 

complexes whereas complexes represented by structure IV can be called 

metal hydrido-silyl complexes. The series of compounds studied in this 

dissertation belong to the series of CpMn(CO)2L complexes that have been 

well studied by our photoelectron spectroscopic techniques (L is CO, CS, 

NO, olefins, acetylenes, etc.). In the present case, L is simply R3E-H. 

These complexes were discovered by Graham et al. in the early 

seventies and are obtained by the following reaction: 33 

hI! 
CpMn(COh + ----------> 

The compounds are considered "frozen intermediates" in the oxidative 

addition of the Si-H bond to the transition metal center. Complete 

oxidative addition would totally break the Si-H bond to form a direct 

Mn-Si and a Mn-H bond. Although structural and other methods indicate 

that the compounds are "activated" in some cases, there is still 

controversy about the extent of Si-H bond interaction. The primary 
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question is which of the structures shown below represents the ground 

state of the complexes. 

vs 9 
.• c··-Mn/ 

o· I 'SiR3 

C 

I 
a b 

Structure "a" is a Mn+1
, d6 center where the Si-H bond is acting as a 

neutral 2e- donor whereas structure "b" is a Mn+3 , d4 center and a 

complete oxidative addition product. 

Some evidence of bonding represented by types I through IV is 

provided by X-ray and neutron diffraction studies, 29Si NMR and reaction 

chemistry.34,35 Schubert et al. pioneered the X-ray and neutron 

diffraction studies on these complexes and the results are shown in 

Table 1.2. 27 The complexes· were of the molecular formula 

MeCpMn(CO)2HSiR3 (where R - Cl, Ph, Np, Me, H). The prominent 

structural feature evident in all these complexes is the Si-H bond 

length of 1.B A. This is longer than the Si-H covalent bond length of 
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5 iRa Mn-Si(pm) Mn-H(pm) Si-H(pm) 

SiCI3 225.4(1) 147(3) 179(4) 

SiCI2Ph 231.0(2) 149(6) 179(6) 

SiFPh2 235.2(4) 156.9( 4) 180.2(5) 

SiHPh2 236.4(2) 

SiPh3 242.4(2) 155(4) 176(4) 

SiMePhNp 246.1(7) 

Table 1.2 Relevant Bond Lengths of MeCpMn(CO)2HSiR3 Complexes 
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1.48 A but is shorter than the sum of the van der Waa1's radii of the 

two elements (3.1 A).27 However, if there was a Mn-H-Si 3c-2e bond, the 

Mn-H and Mn-Si bonds should lengthen from their values in direct Mn-Si 

and Mn-H bonds. The Mn-H bond length in all the complexes is 1.5 A 

which is nearly the same as for a direct Mn-H bond if not shorter 

«CO)sMnH has a Mn-H bond length of 1.6 A). The Mn-Si bond lengths in 

the complexes vary, depending on the substituents on the Si. The Mn-Si 

bond length in MeCpMn(CO)2HSiCla is only 0.02 A longer than the Fe-Si 

bond length in CpFe(CO)2SiC1a.36 Since the Fe-Si bond is a direct one, 

the Mn-Si bond in MeCpMn(CO)2HSiCla appears to be a direct one. 

MeCpMn(CO)2HSiPh3 has a long Mn-Si bond, indicating that Mn, Si, H 3c-2e 

interaction may be present in this compound. In (CO) 4FeHSiPh3 , where 

~h- ~ydride and si1y1 are independent ligands in a cis configuration, 

the Si-H bond distance is 2.73 A.27 It is pertinent to mention here 

that the bond distances are influenced to some degree by the nature of 

the substituent at the Si atom and the extent of Si-H interaction 

measured by this technique is not quantitative. 

Schubert et al. performed 29Si NMR experiments on MeCpMn(CO)2HSiRa 

complexes and measured J Si-H, the Si-H coupling constant. 27 The values 

of the coupling constants are given in Table 1.3. The J Si -H coupling is 

in the region of 50-60 Hz for these complexes. These values are 

intermediate between that expected for a Si-H covalent bond (200 Hz) and 

a Si-H non-bond. (20 Hz in CpFe(H)(CO)(SiC1a)2).37 The Si-H coupling 

constants have been interpreted by others as measures of 3c-2e bonding 
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CsR' • L SIR, ~SIl J(HMnSIl 

(a) V.ri.,ion, on SiR. 
~eCsH. CO SI H Ph Np [OJ 1.5 110 

SIPh, [OJ 18.5 114.7 
SIHPb2 13.5 113.S±Q.II 
SICI, 54.0 54.8:0.11 

~eCsH. P(OPh). SIHP~ :0.0 45:1:3 

SIRE" :0.9 45:1:3 

(6) Variation, on L 
MeCsH. CO SIHP~ 13.5 113.5:0.11 

CNBu· ::.0 57.5:0.11 
CNPpi 22.8 58:1:: 
P(OPh), :0.9 45:1:3 

PC, -C1CoIIi). ::.0 411.5:1:1.5 

PPh. ::.8 43:1:: 

PC, -MeCoH-Ja :3.8 ... 5:1:1.5 

PMe~h :4.0 30.7:0.0 

PBul :4.8 37:1:: 

PMe. 28.0 38:1:2 

~eC,". CO SICl, 54.9 54.8:0.8 

PMe. 50.5 to:!:: 

(c) Vari.,ion, on C ,R' , 
MeC6H. CO SIHP~ 13.1 113.5:0.8 

!\.fe6C6 18.! 115.4:O.G 

Table 1.3 29Si NMR Data of Cp'Mn(CO) (L)HSiR3 Complexes 
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in these complexes. However, J Si -H is affected by the nature of the 

substituents at the Si as well as at the metal center and it cannot 

therefore be considered as a quantitative measure of the Si-H 

interaction. This point will be further raised in the following 

chapters. The CpMn(CO)2HSiR3 complexes are not fluxional on the NMR 

time scale although prototropy between the Mn-H and Si-H is observed in 

MeCpMn(CO)2HSiDPh2 (on treatment with base and addition of HC1). 

The reaction chemistry of CpMn(CO)2HSiR3 complexes also reflects 

the extent of addition of the silanes to the Mn center. 36,39 The 

following reactions provide good examples: 

+ ----------> 

----------> CpMn(CO}zPPh3 + HSiPh3 

In the Mn compound, the phosphine displaces a silane whereas in the Fe 

compound (where there is no evidence of a 3-center-2-electron 

interaction), the phosphine displaces a carbonyl. In the literature, 

this has been attributed to the presence of Si-H interaction in the Mn 

complex which results in the displacement of silane and therefore 

formation of different reaction products. 

Abstraction of a proton from CpMn(CO)2HSiC13 is easier than from 

CpMn(CO}zHSiPh3 : 

CpMn(CO)2HSiC13 + Et3N ---------> CpMn(CO)2SiC13- + Et3NH+ 

CpMn(CO)2HSiPh3 + NaH ---------> CpMn(CO)2SiPh3- + Na+ + H2 

This is an indication that the hydrogen can be extracted as a proton 

more easily in the Cl complex and so the Mn-H bond is a direct bond in 



this compound. The Ph compound, on the other hand, probably has a Mn, 

Si, H 3c-2e interaction. Reprotonation of the CpMn(CO)2SiRa- anion 

occurs at the cis position to the silyl to give back the same complex. 

This substitution of the proton cis to the silyl has been proposed as 

evidence for Mn, Si, H 3c-2e bonding. 

Kinetic studies on CpMn(CO)2HSiRa complexes4o show that the 

coordinated silane undergoes substitution by PPha according to the 

following reaction: 

CpMn (CO) 2HS iRa + PPha ------> CpMn(CO)2PPha + HSiRa 

30 

The rate of substitution depends on the substituents on Si. The rate of 

reaction of CpMn(CO)2HSiPh3 is 106 times faster than that of 

CpMn(CO)2HSiCla. The Ph complex is postulated to have a Si-H 

interaction in the ground state which results in the faster replacement 

of the silane by the phosphine because a two-electron donor is replacing 

another two-electron donor. The Cl complex has advanced to a greater 

degree of oxidative addition and there is less Si-H interaction in this 

molecule in the ground state. That is why it is more difficult to 

replace the silane by the phosphine. The rate of reaction of 

CpRe(CO)2HSiPh3 with PPha is of the same order of magnitude as 

CpMn(CO)2HSiC13' The Re compound is considered to be formally ReIII 

because the distance between the Si and H atoms is 2.2 A which is too 

long for Si-H interaction and the complex represents a hydrido-silyl 

compound. 41 The silyl and hydride are independent ligands in the Re 

compound and phosphine substitution requires the breaking of two bonds. 
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Since CpMn(CO)2HSiC13 has the same rate of reaction as the Re compound, 

it is reasonable to assume that the compound may be viewed as formally 

MnIII. Activation entha1pies have been used as a measure of the degree 

of 3-center-2-e1ectron bonding in these complexes and provide 

significant information. 

It can be seen from the NMR data, structural and reaction 

chemistry evidence that a clear picture of the bonding in the 

CpMn(CO)2HSiR3 complexes has not yet emerged. CpMn(CO)2HSiC13 has a 

close Si-H contact (from X-ray studies and 29Si NMR) but kinetic studies 

and reaction chemistry show that the molecule has progressed to an 

advanced stage of oxidative addition. CpMn(CO)2HSiPh3' on the other 

hand, displays evidence of Mn, Si, H 3c-2e bonding from structural 

studies, NMR and reaction chemistry. The nature of the electronic 

structure mechanism of interaction of the Si-H bond with the transition 

metal (a or a*) is not known and there is no quantitative measure of the 

extent of interaction. The questions that were unanswered before the 

silane studies were undertaken were numerous. Are all of the complexes 

"activated" showing 3c-2e bonding? What is the formal oxidation state 

of Mn in these complexes (+1 or +3)? What factors control structure and 

reactivity? Photoelectron spectroscopy is a valuable technique for 

obtaining information regarding the electron distribution in complexes. 

Previously, the electronic structure of a large number of CpMn(CO)2L 

complexes (where L - PMe3, C2H4 , S02) had been reported. In this case, L 

is HSiR3 (where R - Cl, Ph). Also, more importantly, an electronic 
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structure study of a compound exhibiting an interaction of the C-H bond 

with the transition metal had been reported. 14 Thus, it was interesting 

to compare the electronic structure factors of C-H bond activation and 

Si-H bond activation. Before going further, it will be fruitful to 

review the results of photoelectron studies on cyclohexenyl manganese 

tricarbonyl (which exhibits an activated C-H bond) and CpMn(CO)zL 

complexes (where L - PMe3, SOz, C2H4). 

Brookhart and Green42 have contributed much to the understanding 

of the activation of carbon-hydrogen bonds by transition metals. They 

have proposed the term "agostic" to describe molecules where the C-H 

bond is activated by its interaction with the metal resulting in the 

formation of a Mn, C, H 3 center-2 electron bond. An example of this 

kind of agostic interaction is found in cyc1ohexeny1 manganese 

tricarbony1, ('13_C6Hg)Mn(CO)343: 

This compound was prepared and characterized by Brookhart. This complex 

shows a C-H bond length of 1.19 A and a Mn-H bond length Of 1.84 A, both 

bonds being lengthened from direct bonds. The study of the electronic 
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structure of this molecule reveals interesting information. 14 Figure 

1.1 shows the electronic structure mechanisms of activation of bonds in 

terms of the a and 0* interactions. The photoelectron spectrum of 

cyc1ohexeny1 manganese tricarbony1 shows a metal band which is not 

split. If 0* is the predominant mode of interaction, one of the metal 

orbitals would be stabilized as a result of interaction with the C-H 0* 

orbital. This would break the degeneracy of the metal HOMO's giving 

rise to a split metal band in the PES. Therefore, it was concluded that 

a is the predominant mode of interaction since the metal orbitals remain 

degenerate. The C-H bond should be stabilized as a result of a 

interaction but unfortunately the C-H ionizations are buried under other 

ionizations in the photoelectron spectrum and are not observed. 

Nevertheless, the position and splitting pattern of the metal 

ionizations designate the a mode of C-H interaction as the predominant 

electronic structure mechanism of interaction. The C-H bond is acting 

as a neutral two-electron donor to give the 18 electron count in the 

complex. Fenske-Hall calculations on this molecule support the 

experimental evidence. Thus, from the photoelectron spectra of 

molecules, information can be gained regarding the flow of electrons and 

a clear picture of the prevalent bonding can be obtained. Also, it is 

interesting to compare the PES studies on the C-H activated complex to 

the PES studies on the Si-H activated complexes. The fact that the Si-H 

a* orbital is lower in energy than the C-H 0* orbital opens up 

interesting possibilities in that a* interaction may be the predominant 



mode in the silyl complexes. A class of silyl complexes described 

before were there to be studied by photoelectron techniques and 

moreover, the results of PES studies on C-H activation were there as a 

reference. Comparisons of the electronic structure factors of C-H and 

S1-H bond activation are made throughout this work. 

The silyl complexes that appeared interesting to study has the 

molecular formula CpMn(CO)2HER3 (where E - Si, Ge, Sn; R - Cl, Ph). 

34 

These compounds belong to a larger class of CpMn(CO)2L complexes, where 

L is PMe3, C2H4 , S02. In this case, L is HER3. The electronic structure 

of several CpMn(CO)2L complexes by photoelectron spectroscopy has been 

studied. A clear idea has been given regarding the electron 

distribution in these complexes and a good indication of the a donor and 

~ acceptor abilities of the L ligands have been provided. Therefore 

being familiar with the ionizations of the CpMn(CO)2 fragment made it 

worthwhile studying the CpMn(CO)2(silane) complexes. Also, it is useful 

to measure the a donor and ~ acceptor properties of the silane against 

the donor and acceptor properties of other L ligands and this study is 

done in Chapter 4. 

This dissertation probes the electronic structure factors of E-H 

bond activation by transition metals in CsR'sMn(CO) (L)HER3 complexes (E 

- Si, Ge; L - PMe3, CO; R - Ph, Cl; R' - H, CH3). E, L, Rand R' will 

be varied and the extent of bond activation will be measured by 

photoelectron spectroscopy. It is pertinent to mention here that there 

are two very good review articles that are to be published very soon on 
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metal-silane chemistry. 30,44 

Chapter 3 is a He(I)/He(II) PES study of CpMn(CO)2HSiCla' The 

structural studies do not agree with the reaction chemistry. PES on 

this compound has been undertaken to better understand the electron 

distribution in this complex. The shifts of the ligand and metal 

ionizations in the PES and the He(I)/He(II) intensity trends clearly 

reveal the formal oxidation state of Mn in this compound. This evidence 

could not be clearly obtained by other methods. The results arrived at 

by PES studies show this technique to be one of the best methods to 

study activation products. 

Chapter 4 measures the He(I) photoelectron spectra of 

MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2' There are significant 

differences in the results of this study from the results obtained in 

Chapter 3. The extent of Si-H bond interaction with the transition 

metal in these complexes is very sensitive to the nature of the 

substituent on the Si. The PES studies on the Ph substituted complexes 

give a formal oxidation state of Mn which is different from that 

obtained in the CI substituted complex. 

Ring methylation and its use in understanding the Si-H bond 

interaction with the Mn center are the focus of Chapter 5. It is 

observed whether progressive methylation of the Cp ring has any effect 

on the extent of Si-H bond interaction with the transition metal. 

Perturbation of the ligand environment and measurement of the 

extent of Si-H bond interaction with the metal center are done in 
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Chapter 6. Phosphine ligands are substituted for a carbonyl and the PES 

is obtained. Since a phosphine is a better u donor and a poorer ~ 

acceptor than CO, one would expect a substantial electron charge shift 

from the metal to the silane as observed in the case of CpMn(CO)2HSiC13' 

The shift in metal and ligand ionizations and the splitting of the metal 

band are again used to determine the electronic structures of these 

complexes. 

Chapter 7 deals with the extent of interaction of the Ge-H bond 

with the metal center as obtained from photoelectron spectroscopy. The 

electronic structure mechanisms of interaction in these complexes are 

revealed and provide a comparison to the corresponding silyl analogs. 

The electronic effects of ring methylation are also used to come to the 

conclusions in this chapter. 

A study of weakly activated complexes is always aided by a study 

of isoelectronic compounds which have no activation. CpFe(CO)2SiR3 

complexes (R - Cl, Me) are one such class of compounds. The shifts of 

electron charge from the metal to the ligand are compared to the charge 

shifts in the Mn complexes. The electronic structures of CpFe(CO)2SiR3 

complexes are explained in detail in Chapter 8. 

Chapter 9 draws together all the conclusions from the other 

chapters. This chapter also illustrates future research to be carried 

on in this area since the photoelectron spectral studies described in 

this dissertation open up a whole new area of exploration in metal

silane chemistry. 
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EXPERIMENTAL 
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Some of the compounds described in this dissertation are 

"activated" compounds exhibiting Mn, Si, H 3-center-2-electron bonding. 

These compounds are fairly unstable when subliming in the instrument and 

special precautions have to be taken which are outlined in this chapter. 

A few of the compounds are reported for the first time in this work. 

The syntheses of the new compounds as well as compounds where the 

literature procedure has been modified are reported in this chapter. 

The compounds have been prepared using Schlenk techniques and are 

moderately air-sensitive. 

Preparation and Handling of Compounds 

Syntheses were conducted under a scrubbed nitrogen (Catalyst R3-

11, Chemical Dynamics Corporation) atmosphere using routine Schlenk 

techniques. The compounds after preparation were handled in a Vacuum 

Atmospheres drybox. Solvents were dried and distilled from alkali 

metals under nitrogen prior to use. Nearly all syntheses in this work 

utilize photochemistry and the photochemical apparatus used will be 

discussed in detail. 

The heart of the photochemical reaction system is the quartz 

mercury arc incorporated in the immersion lamp. The mercury arc is 

enclosed in an evacuated envelope of quartz which can transmit the 
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ultraviolet radiations. The photochemical source is a medium pressure, 

quartz, mercury-vapor lamp with silicone lead wires, fitted with pin 

jacks for connecting to the power supply (shown below). The lamp is a 

Canrad-Hanovia 450 Watt lamp of total length 24 cm. Of the total energy 

radiated, 40-48% is in the ultraviolet ~ortion of the spectrum, 40-43% 

in the visible, and the balance is in the infrared region. 

l 

The photochemical reaction vessel (shown below) is constructed of 

borosilicate glass to accomodate the immersion well. There is one 14/20 

angled joint for a sparger tube, a 24/40 vertical joint for a vacuum 

adaptor and one threaded side arm to accomodate a thermometer. The 

center joint is 60/40 and the bottom of the flask is flat to allow a 

stirrer to be used. The reaction vessel has 500 ml capacity. The 

immersion well that holds the lamp is made of quartz and is double

walled. It has inlet and outlet tubes for cooling (shown below). A 

small diameter inlet tube extends down the annular space to ensure flow 

""~_""_4-"" _< ___ --....-_______ ._. __ ~ __ ._ •••• '_. o_,u,, __ "'_" 



of coolant from the bottom of the well upwards to the outlet, and the 

well has a 60/40 inner joint. 

39 

During a photochemical reaction, the lamp is cooled at all times. 

A constant flow of N2 at all times is not necessary. The lamp is cooled 

by a refrigerated circulator bath which is maintained at ~O°C for most 

of the reactions. However for a reaction that proceeds at -25°C, even 

with a cooling system, it is difficult to prevent the solution in the 

reaction vessel from warming up due to the high wattage of the lamp. 

For such reactions, a 100 Watt mercury-vapor lamp is recommended. 

Before reporting each individual synthesis, it is worthwhile 

outlining the general method of preparation of the CpMn(CO)2HSiR3 

complexes. The starting metal tricarbonyl (20 mmol) , the silane (20 

mmol) and a neutral solvent like pentane or hexane (150 ml) are put into 

the reaction vessel. The reaction mixture is irradiated for -4 hours 
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and monitored by IR. The CO stretches due to the tricarbony1 decrease 

in intensity and the CO stretches due to the product grow in intensity 

over time. When there is no change in the intensities of the IR bands, 

the reaction is stopped. There may be some decomposition and this is 

observed by the appearance of brown flux. The reaction mixture is 

filtered (removing the brown flux) and the filtrate is a clear yellow 

solution. The work-up usually involves cooling the solution down to 

-78°C (dry ice/acetone), giving crystals of the product. Usually, at 

least two recrysta11isations are done from pentane. The product is 

characterized by IR (in pentane) and by 1H NMR. 

Preparation of CpMn(CO)2HSiCl~ 

according to literature methods. 33 

Preparation of MeCpMn(CO)2HSiPh3 

This compound was prepared 

This compound was prepared by 

literature methods. 33 The compound crystallizes slowly out of a pale 

yellow solution. This slow crystallization was done by placing the 

solution flask in a Dewar filled with styrofoam and keeping it in the 

refrigerator for a few days. This cools the solution down slowly and a 

very good yield of high-purity crystals was obtained. IR bands due to 

CO stretches appear at 1980 cm-1 and 1923 cm-1. 

Preparation of MeCpMn(CO)2HSiHPh2 This compound was prepared according 

to literature procedures. 27 It is difficult to isolate the crystals of 

MeCpMn(CO)2HSiHPh2 at -78°C because if the solution begins warming up, 
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the crystals redissolve. The procedure adopted was to cool the solution 

to -78·C. let the crystals appear. take off the solvent and dry the 

crystals under vacuum. Then dry pentane was syringed in and the 

crystals dissolve in pentane. The solution flask was placed in the 

refrigerator giving crystals of MeCpMn(CO)2HSiHPh2 at -20·C. IR bands 

appear at 1983 cm-1 and 1926 cm-1 • 

Preparation of CpMn(CO)2HSiHPh2 This compound is being reported for 

the first time. It was prepared in the same manner as 

MeCpMn(CO)2HSiHPh2. 2.04g of CpMn(CO)3 and 1.9 ml of HSiHPh2 were 

dissolved in 150 m1 of pentane and irradiated for 4 hrs in a 

photochemical reactor. 

refrigerator at -20·C. 

The solution was filtered and kept in the 

CP2Mn2(CO)3 dimer appeared as an oil. The 

solution was separated from the oil and cooled down to -78·C. A 

precipitate appeared which was a mixture of CpMn(CO)3 and 

CpMn(CO)2HSiHPh2. Solvent was removed and the solid mixture was dried. 

Pentane was syringed in until the precipitate dissolved. The solution 

was kept at -20·C until CpMn(CO)3 precipitated out. The solution was 

filtered and the filtrate was kept at -20·C until crystals of 

CpMn(CO)2HSiHPh2 appeared. It was recrystallized twice from pentane. 

IR stretches for CO appear at 1985 cm-1 and 1928 cm-1 . 

Preparation of C~sMn(CO)2HSiHPh2 The literature procedure27 was 

followed with some modifications. 0.7g of CsMesMn(CO)3 and 1.2 ml of 
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HSiHPh2 were taken in 159 m1 of pentane and photolyzed for 4 hours. The 

solution was filtered and kept at -20·C for several hours. 

(CSMeS)2Mn2(CO)3 appeared as a brown oil and was separated from the clear 

yellow solution. The solution was cooled to -78°C to give yellow 

crystals of CsMesMn(CO)2HSiHPh2. Two recrystal1izations from pentane 

were done. The IR stretches for CO appear at 1970 cm-1 and 1914 cm-1 . 

The mass spectrum was taken and the molecular ion peak was obtained. 

MeCpMn(CO) (PMe3)HSiC13 This compound was prepared and provided by 

Professor Ulrich Schubert (West Germany). The compound is a pale-yellow 

powder and no characterizations were conducted prior to PES analysis. 

MeCpMn(CO)(PMe3)HS1HPh2 This compound was prepared and provided by 

Professor Ulrich Schubert (West Germany). The compound is a bright-

yellow crystalline solid. No characterizations were conducted prior to 

PES analysis. 

Preparation of MeCpMn(CO)2HGePh3 The method of preparation used by 

Corriu et a1. 28 was followed with no modification. This method uses a 

different technique from the ones above. The other si1yl complexes were 

prepared according to the following equation: 

hv 
CpMn(COh + -----> 

The Ge complex was prepared by the following route: 
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hv 
CpMn(CO)3 + THF ----> 

The THF adduct of CpMn(CO)3 was prepared first and then reacted with the 

germane. When the THF was removed under vacuum, the residue was an oil. 

Dry hexane was syringed in. The oil was separated from the yellow 

solution and the latter was kept at -20°C. Yellow crystals of 

MeCpMn(CO)2HGePh3 appeared after some time. The CO stretches in the IR 

appear at 1965 cm-1 and 1910 cm-1 • 

Preparation of CpMn(CO)2HGePh3 This compound is being reported for 

the first time. 850 mg of CpMn(CO)3 and 900 mg of Ph3GeH in 100 ml of 

THF were photolyzed for 9 hours. The THF was removed under vacuum and 

to the oil that formed, dry hexane was added. A yellow solution was 

formed which was separated from the oil. The yellow solution was cooled 

to -20°C, giving yellow crystals. The solution was filtered and the 

very air-sensitive yellow crystals turned greenish-yellow on the filter 

frit. IR stretches of CO appeared at 1976 cm-1 and 1917 cm-1 which 

showed that the required compound was still present with some decomposed 

product. PES analysis was immediately performed. 

Preparation of C~sMn(CO)2HGePh3 The synthesis of this compound is 

reported here for the first time. The preparation of this compound was 

done in an analogous way to the preparation of MeCpMn(CO)2HGePh3' This 

compound is also extremely air-sensitive as well as moisture-sensitive. 
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The compound was obtained as a mixture of the complex and starting 

material, C5Me5Mn(CO) 3 , as seen from the IR spectrum. The mixture was 

immediately PES analyzed, with a spectrum of C5Me5Mn(CO)3 first 

measured, followed by the spectrum of the product. The product mixture 

obtained was a sticky solid which could not be purified. Purification 

by sublimation was not attempted since the product was thought to be an 

"activated" compound and so would not be stable for long. 

Good isolation and characterization of the Ge complexes could not 

be done in this work. Some of the silyl complexes appear as oils and 

crystal structure measurements have been hampered because of this. 

C5Me5Mn(CO)zHGePh3 appears as a semi-solid and since it is mixed with 

C5Me5Mn(CO) 3 , it is reasonable to assume that the product is an oil 

mixed with solid starting material. The oil could be purified by 

removing the starting material by sublimation. This was not done 

because the starting material and the product sublime at different 

temperatures in the photoelectron spectrometer and individual spectra 

can be measured with no trouble. Researchers around the world have been 

unable to obtain any kind of data on the germyl compounds. Even 

MeCpMn(CO)zHGePh3 which can be isolated as a solid has no crystal 

structure data available. The preparation of CpMn(CO)zHGePh3 could be 

tried in a well-equipped dry box with proper precautions. 

Preparation of CpFe(CO)2SiC13 and CpFe(CO)2SiMe~ The iron complexes 

were prepared by literature methods. 46 The preparations involved 

reacting [CpFe(CO)2)Z with Na/Hg to prepare CpFe(CO)2Na which was then 
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Compound Reference 

CpMn( COhHSiC1a 33 

MeCpMn(CO)2HSiPha 33 

MeCpMn(CO)2HSiHPh2 27 

CpMn (CO) 2HS iHPh2 this work 

CsMesMn(CO)2HSiHPh2 27 

MeCpMn(CO) (PMea)HSiC1a 45 

MeCpMn(CO) (PMea)HSiHPh2 45 

CpMn(CO)2HGePha this work 

MeCpMn(CO)2HGePha 28 

CsMesMn(CO)2HGePha this work 

CpFe(CO)2SiC1a 46 

CpFe(COhSiMea 46 

MeCpMn(CO)2HSiFPh2 27 

Table 2.1 References to the Syntheses of the Compounds 
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reacted with the appropriate silane (SiC14 or Me3SiCl). NaCl is formed 

along with the CpFe(CO)2SiR3 complex (R is Me, Cl). All the references 

to the syntheses of the compounds in this work are shown in Table 2.1. 

Photoelectron Spectroscopy 

Photoelectron spectra were recorded on an instrument which 

features a 36 cm radius hemispherical analyzer .(10 em gap), customized 

sample cells, excitation sources, detection and control electronics, and 

data collection methods that have been described elsewhere. 47-51 All 

spectra were internally calibrated to the Argon 2P3/2 ionization at 15.76 

eV, which was energy locked by frequently adjusting this ionization to 

the correct ionization energy during data collection to ensure that 

spectral drift was less than ±0.01 eV during time-averaging of 

repetitive scans. The resolution of the argon reference line was 

maintained generally to less than 0.03 eV FWHM with typical resolution 

0.018-0.023 eV. The kinetic energy scale was calibrated with a CH3I/Ar 

gas mixture (9.55 eV/15.759 eV respectively) prior to data collections. 

The amount of compound (for solid samples) placed in the sample cell 

reservoir was usually 30±20 mg which gave several useful hours of data 

collection. The liquid samples (usually ligands) were run from the 

outside and admitted into the sample cell via a fine metering valve. 

The sublimation temperatures for the compounds studied in this 

dissertation are listed in Table 2.2. Each compound has different 

conditions under which it should be run in the instrument and so will be 
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discussed individually. For He(II) studies, the He+ ionization at 24.6 

eV (from helium gas admitted into the sample cell via a precision leak 

valve) was used as an internal lock. 

Conditions For Sample Sublimation In The Instrument 

"Freezer-Bag Technique" Sometimes it was necessary to run starting 

materials and ligands which are sufficiently volatile that when these 

samples were introduced into the instrument at room temperature, the 

base pressure was too high to run the sample. That is, the compound 

began to sublime as soon as it was introduced into the instrument. A 

technique was developed where the sample was loaded into the sample cell 

in the drybox and the cell was then placed in a ziplock bag. The bag 

was sealed, taken out of the drybox and placed in the refrigerator at 

-20°C. It was cooled for about 20 minutes. The cold cell was 

introduced into the sample chamber of the instrument and pumped down. 

At this temperature, the volatile compound did not sublime and the cell 

was allowed to warm up slowly. The compound gradually sublimed and a 

big pressure build-up was thus avoided. The cell took about an hour to 

reach 2Soe, if it was cooled to ~9°e. 

This compound sublimes cleanly, which is not 

surprising since it is purified by sublimation when preparing it. The 

best temperature for sublimation is sooe for He(I) spectral data 
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collection and S2°C for He(II) data collection. There was no observable 

decomposition either before or after the compound sublimed. 

The spectrum of this compound was measured with 

a sample cell temperature of 8SoC. Care was taken to see that the 

temperature of sublimation did not exceed 87°C, because at this 

temperature the compound decomposed. This was evidenced in the 

photoelectron spectrum by the observation of free ligand, HSiPh3 • 

Before the compound sublimed, there was no evidence of free ligand 

coming off. 

The compound was sublimed at a sample cell 

temperature of 67°C. At 69°C, the compound decomposed so appropriate 

care was taken. Again, the spectrum of the free ligand, HSiHPh2 , 

indicated the decomposition of the compound. No free ligand came off 

before the compound sublimed. 

This compound sublimed in the sample cell at a 

temperature of 74°C. Before the compound sublimed, a spectrum of the 

free ligand was observed. There was free ligand coming off from the 

compound as it sublimed. Therefore the intensity of the phenyl 11" 

ionization in the photoelectron spectrum of the compound is more than 

would be expected only from the compound subliming. For the studies 

described in this dissertation this is not a problem (the shifts of the 



ionizations is the major concern), so free ligand coming off is not 

significant. 

This compound is extremely tricky to handle in 
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the instrument. At 83°C, the sublimation is fast enough to give a fair 

count rate. At 84°C, the compound decomposes into another whose 

identity has not yet been ascertained. If one keeps the temperature at 

83°C for a great deal of time, decomposition occurs. It is recommended 

to take about 40 mg of compound and collect data at 83°C for 2 hours. 

Then the cell should be reloaded with a fresh batch of compound and run 

for another 2 hours. He(II) data collection of this compound is 

definitely not recommended. 

HeCpHn(CO)2HGePh3' CpHn(CO)2HGePh3 and C5HesHn(CO)2HGePh3 These 

compounds also give off free ligand before subliming. The sublimation 

temperatures are 88°C for MeCpMn(CO)2HGePh3' 102°C for CpMn(CO)2HGePh3 

and 96°C for CsMesMn(CO)2HGePha. 

HeCpHn(CO) (PMe3)HSIC13 The compound sublimes cleanly in the instrument 

at 108°C. For He(II) data collection, 114°C was the best temperature. 

HeCpHn(CO)(PHe3)HSIHPh2 A small amount of free ligand comes off before 

the compound sublimes at 99°C. 

CpFe(COhSlC13 This compound sublimes cleanly at 55°C. 
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The "freezer bag" technique is applied here. The cell 

is cooled down to BOC and slowly allowed to warm up in the instrument. 

A good spectrum can be obtained with the compound subliming at IBoC. 

MeCpMn(CO)2HSiFPh2 This compound sublimes at 113-114°C. At 90°C, 

the spectrum of the free ligand is observed. 

PES of starting materials and free ligands. CpMn(CO)3 and 

CsMesMn(CO)3 were sublimed in the instrument following the "freezer bag" 

technique. MeCpMn(CO)3 is a liquid and was fed into the instrument 

through a fine metering valve from the outside of the instrument. No 

heating was required to sublime the compound. HSiCl3 is a liquid and 

was sublimed in the same way as MeCpMn(CO)3' HSiPh3 and HGePh3 are 

solids and sublime from the sample cell at ~70°C. HSiHPh2 is a liquid 

but sublimes at 70°C. The procedure adopted was to take a few drops of 

the liquid onto a cotton swab, break off the swab head and introduce 

this inside the sample cell. The ligand sublimes giving only a fair 

count rate. 

Ionization Band Analysis 

The analyzer transmission function causes artificial enhancement 

of the intensity of high kinetic energy photoelectron bands. It was 

necessary to correct both the He(I) and He(II) data for the analyzer 
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transmission function by computer techniques based on the experimentally 

determined ESCA 36 transmission function. In addition, all of the 

He(II) spectra have an He(II) p satellite excitation line with 12 % the 

intensity of the He(II) Q line. This beta excitation produces a smaller 

spectrum at 7.55 eV higher kinetic energy than the He(II) alpha spectrum 

and is subsequently computer subtracted. In He(I) spectra, the data 

file was edited in many cases to reduce the peak heights of the Ar 

calibrant peaks relative to the remaining peaks of the spectrum. 

The data are represented analytically with the best fit of 

asymmetric Gaussian peaks (program GFIT).52 The asymmetric Gaussian 

peaks are defined with the position, the amplitude, the half-width 

indicated by the high binding side of the peak (Wh ) , and the half-width 

indicated by the low binding energy side of the peak (W1 ). The standard 

techniques of ionization band fitting have been discussed in the 

literature53 and Dr. Glen Kellogg's dissertation. 47 The asymmetric 

Gaussian curve-fit has the functional form: 

Ae -k [(E-P)/W1 2 
C(E) 

where C(E) electron counts at binding energy E; A - peak amplitude; P 

- peak position (vertical I.P.); W - Wh , the half-width for E>P, or W1 , 

the half-width for E<P; k 4 ln 2. 

In this work, fitting in some cases was difficult because of 

extensive overlap of ionization features. If the peaks are overlapping 

such that the half-widths of individual peaks cannot be ascertained, 

these peaks are constrained to have the same shape (i.e. the same high-
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Compound Temperature 

CpMn(CO)zHSiC13 50°C 

MeCpMn(CO)zHSiPh3 85°C 

MeCpMn(CO) 2HS iHPhz 67°C 

CpMn (CO) zHS iHPhz 74°C 

CsMesMn(CO)zHSiHPhz B3°C 

MeCpMn(CO) (PMe3)HSiC13 lOBoC 

MeCpMn(CO) (PMe3)HSiHPhz 99°C 

CpMn(CO)zHGePh3 lO2°C 

MeCpMn(CO)zHGePh3 ggoC 

CsMesMn(CO)zHGePh3 96°C 

CpFe(COhSiC13 55°C 

CpFe (CO) ZSiMe3 18°C 

MeCpMn(CO)zSiFPhz 113°C 

Table 2.2 Sublimation Temperatures of CpMn(CO)zHSiR3 Complexes 
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energy and low-energy half-widths). The analytical representation for 

each overlapping region was obtained with the minimum number of 

asymmetric Gaussians that would account for the peak area. The He(II) 

data have been represented with peaks at the same positions and with the 

same high-energy and low-energy half-widths as in the He(I) data. Only 

the peak amplitudes are allowed to vary between the representations of 

the He(I) and He(II) data. This procedure is appropriate because the 

positions and widths are determined best in the higher signal-to-noise 

He(I) data, and only the amplitudes are different in the He(II) spectrum 

because of the energy dependence of the cross-sections. The error bars 

in the fit analysis are ±0.02 eV for position, 0.05-0.2 eV in half

widths, 5-10 % in He(I) relative intensities, and 10-20 % in He(II) 

relative intensities. There are uncertainties introduced in the 

baseline subtraction and fitting in the tails of the peaks. The 

individual areas of overlapping peaks are not independent and therefore 

are more uncertain. 

§pectral Subtraction 

Ionization band fitting in some cases was not very helpful 

especially in the case of the Ph-substituted silyl compounds. The Cp 

ring e l " ionization band was buried under the broad phenyl 11" ionization 

band. Since the phenyl 11" ionizations do not shift very much on 

coordination with the metal, the spectrum of the free ligand was 

subtracted from the spectrum of the complex by use of the program 

SATSUB. The spectrum of the free silane ligand was fit with asymmetric 
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Gaussians and the fit sum was subtracted from the complex spectrum. A 

very low baseline was selected for the fitting of the free ligand in 

order to get a good spectral subtraction. The subtracted spectrum was 

devoid of any ligand (silane) ionizations and the Cp and metal 

ionizations were clearly seen. In the analytical representations, the 

relative peak intensities are not very accurate but the band profile and 

the peak positions (±O.OS eV) have high confidence. Since in this 

dissertation, no conclusion is based directly on the relative 

intensities of peaks, the inaccuracy in peak areas become insignificant. 

The spectral subtraction technique is used very well in Chapter 4 and is 

good to use in case of overlapping ionization features in the 

photoelectron spectrum. 

Molecular Orbital Calculations 

Orbital eigenvalues and characters were calculated by the Fenske

Hal154 method for CpMn(CO)2HSiC13. The atomic orbital functions and the 

geometry of the CpMn(CO)2 portion of the molecule were not changed from 

previous work.55 The silicon functions were generated from Clementi's 

double-r functions for the neutral atom. 56 The 3s functions were fit to 

single-r form and the 3p functions were fit to double-r form while 

maintaining Gram-Schmidt orthogonality to z:J.rnn'~'-l~· c.onstructed single-r 

core functions. A calculation was performed including the Si 3d 

orbitals but very small changes in the basic orbital interactions were 

observed. The chlorine functions were Clementi's double-r core and 

triple-r valence functions without change. 57 The Si-H bond distances 
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and related angles were taken from the neutron diffraction structure of 

MeCpMn(CO)2HSiFPh2.35 The Mn-Si and Si-Cl bond distances and related 

angles were taken from the X-ray structure of MeCpMn(CO)2HSiC13.34 The 

neutron diffraction structure of the molecule shows that the center of 

the coordinated Si-H bond is approximately on the binding site of the 

metal as defined by 90° angles with the two carbonyls. The three-fold 

axis of the SiC13 group points within 2° of the metal according to the 

results of the crystal structure and is pointed directly at the metal in 

the calculations. The results of the calculation are transformed to the 

basis of the CpMn(CO)2 fragment and the HSiC13 molecule in the 

coordinated geometry for clear representation of the orbital 

interactions. The calculations are also transformed to the basis of the 

CpMn(CO)2 fragment and the SiC13- molecule in the coordinated geometry 

for a picture of the effects of protonation and deprotonation. The 

results of the calculations and their significance are discussed in 

detail in Chapter 3. Contour map plots were drawn with the help of the 

program MOPLOT. All calculations were performed on a Silicon Graphics 

IRIS 2400 computer. 
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CHAPTER 3 

ELECTRONIC STRUCTURE FACTORS OF Si-H 

BOND ACTIVATION BY TRANSITION 

METALS IN CpHn(CO)2HSIC13 

Introduction 

The class of complexes of the molecular formula CpMn(CO)2HSiR3 

(where R is Ph or Cl) exhibit Si-H bond interaction with the transition 

metal center. These compounds are prepared by the following reaction: 33 

hv 
CpMn(CO)3 + HSiR3 ----------> CpMn(CO)2HSiR3 + CO 

The products are "frozen intermediates" in the oxidative addition of the 

Si-H bond to the metal center. Complete oxidative addition would 

totally break the Si-H bond to form a Mn-Si and a Mn-H bond. There is 

controversy about the extent of Si-H bond interaction with the 

transition metal as characterized by structural studies, 29Si NMR and 

reaction chemistry.27.3s-39 Photoelectron spectroscopy is used to solve 

the electronic structure of molecules and was thought to be a good tool 

to measure the extent of Si-H bond interaction in this class of 

complexes. 

In CpMn(CO)2HSiC13' the extent of Si-H bond interaction with the 

transition metal as found by structural and other methods is very 

controversial. Graham et al. studied the kinetics of the following 

reaction: 40 
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CpMn(CO}zHSiR3 - - - - - -> CpMn(CO}zPPh3 + HSiR3 

The rate of substitution of the silane by the phosphine varied with 

different substituents on the Si. The rate of reaction of 

CpMn(CO)2HSiC13 was 106 times slower than that of CpMn(CO)2HSiPh3. The 

other interesting observation was that the rate of reaction of 

CpMn(CO)2HSiC13 is of the same order as CpRe(CO)2HSiPh3. This latter 

compound has been proved by structural and other methods to display no 

Si-H interaction. The Re compound has a Re+3, d4 center. Since the 

rate of reaction of this compound is similar to the rate of reaction of 

CpMn(CO)2HSiC13, it can be inferred that the latter compound is also a 

Mn+3, d4 center displaying no Si-H interaction with the metal center. 

Schubert et al. did the X-ray crystal structure of 

MeCpMn(CO)2HSiC13.34 The Si-H bond distance in this compound was found 

to be 1.74 A which is longer than the Si-H covalent bond length of 1.48 

A but is shorter than the sum of the van der Waa1's radii of the two 

elements (3.1 A). The rather short Si-H bond length is indicative of 

Si-H bond interaction with the transition metal center. This is in 

contrast to the results from kinetic studies. However, if there is a 

Mn, Si, H 3c-2e interaction, both the Mn-H and Mn-Si bonds should 

lengthen. This is not found to be the case. The Mn-Si bond length is 

rather short at 2.25 A which is only 0.02 A longer than the Fe-Si bond 

in CpFe(CO}zSiCl3. 36 Since in CpFe(CO)2SiCl3, the Fe-Si bond is a 

direct bond, the inference is that in CpMn(CO)2HSiC13, also, the Mn-Si 

bond is a direct one. The lengthening that is observed on going from 

,'--"-- ~.-"'-~----..-.--.~~.~ .. ~-- .... ,,- . 
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the Fe complex to the Mn complex is due to changing bonding radii. The 

Mn-H bond length in CpMn(CO)2HSiCl3 is similar to a direct Mn-H bond at 

1.5 A (Mn(CO)sH has a Mn-H bond length of 1.6 A). The absence of 

lengthening of the Mn-Si and Mn-H bonds rules out 3c-2e Mn, Si, H 

interaction, the only puzzling factor being the Si-H bond length. 

Schubert has proposed27 that MeCpMn(CO)2HSiC13 is a compound which has 

nearly proceeded to full oxidative addition. 

29Si NMR has been done on these complexes by Schubert et al. 27 and 

Corriu et al. 39 and J Si-H' the Si-H coupling constant, has been measured. 

The J Si -H of CpMn(CO)2HSiCl3 is 55 Hz as compared to 20 Hz in 

CpFe(CO)(H)(SiCls)2. s7 This indicates some Si-H interaction in 

CpMn(CO)2HSiC13' Proton abstraction from CpMn(CO)2HSiCl3 to give 

CpMn(CO)2SiCl3- can be done with a weak base like EtsN.sa This indicates 

a very acidic proton in CpMn(CO)2HSiCls' The si1yl and hydrogen are cis 

to one another in CpMn(CO)2HSiCl3 as opposed to the trans geometry in 

the Re ana10g. 28 ,38 This observation is considered to be further proof 

of a 3c-2e interaction. 

Reaction chemistry indicates CpMn(CO)2HSiCl3 to have no Si-H 

interaction while the X-ray crystal structure and the 29Si NMR studies 

indicate 3c-2e interaction. A clear bonding picture in this molecule 

does not emerge as a result of these controversial findings. The formal 

oxidation state of Mn (+1 or +3) and factors controlling the structure 

and reactivity are not known and pose important questions. Also, if the 

compound is "activated", what is the electronic structure mechanism of 
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activation? The general electronic factors of the bond activation 

process have been conveniently discussed in terms of a simple model in 

which there are two limiting descriptions of the electron distribution 

in the interaction. 14 In the early stages of the process u activation 

is taking place, in which electron density from the Si-H u bond is 

donating into available empty metal levels. For the Si-H bond to be 

completely broken, the second stage of activation must take place in 

which electron density from filled metal levels donates into the empty 

Si-H u· orbital, thereby completing the oxidative addition to form the 

silyl-metal hydride. The u and u· processes are depicted in Figure 1.1. 

Photoelectron spectroscopy is able to detect which process is taking 

place by observing the metal ionization band. In u activation, the 

metal orbitals are nearly degenerate so in the photoelectron spectrum we 

would observe a metal ionization band which is not split to a large 

extent. In contrast, the u· activation process stabilizes one metal 

orbital relative to the other two as a result of interaction with the 

Si-H u· orbital. In the photoelectron spectrum of a compound where u· 

activation is prevalent, one would observe a metal ionization band which 

is split in a 2:1 pattern. 

Photoelectron spectroscopy is a unique tool for characterizing the 

bonding and electron distribution in transition metal complexes. The 

information provided by the valence ionizations of CpMn(CO)2HSiC13 is 

reported in this chapter. This molecule is particularly interesting 

because the chlorine lone pair ionizations provide a probe of the 
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electron charge potential in the vicinity of the ligand, while the metal 

and Cp ionizations give a measure of the electron distribution and 

bonding of the ligand with the CpMn(CO)2 fragment. The observations for 

the stage of activation demonstrated by the present Si-H bond 

interaction with the metal contrast significantly with the results of 

the early stages of C-H bond interaction studied by photoelectron 

spectroscopy,14 and with the interpretations derived from other physical 

and theoretical studies of these metal-silyl systems. 

Results 

Valence Ionization Bands and Assignments The He(I) valence 

photoelectron spectrum of CpMn(CO)2HSiC13 from 6 to 16 eV ionization 

energy is shown in Figure 3.1. The assignment of the valence 

ionizations of this complex is aided by comparision to the ionizations 

of the free HSiC13 molecule and CpMn(CO) 3 , which are also shown in 

Figure 3.1. 

The spectra of both CpMn(CO)2HSiC13 and CpMn(CO)3 show a broad 

band of overlapping ionizations from about 12-16 eV ionization energy. 

The ionizations expected to occur in this region are associated with the 

carbonyl 5a and 111" orbitals and the Cp a2" (symmetric 11") and valence a 

orbitals. Individual assignments in this forest of ionizations will not 

be attempted. 

Before focusing on the detailed features of the ionizations in the 

low ionization energy region, it is helpful to examine the ionizations 
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Figure 3.1 Comparison of the He(I) photoelectron spectra of 
(A) CpMn(CO)3' (B) CpMn(CO)2HSiC13 and (C) HSiC13 
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of the free HSiC13 molecule. An assignment of HSiC13 molecule valence 

ionizations has been done e1sewhere,sa but some of the ionizations were 

conjectured to be accidentally degenerate and were not separately 

observed. The close-up photoelectron spectrum of HSiC13 is shown in 

Figure 3.2. The ionizations in the region of 12-13 eV are due primarily 

to the ionizations of the C1 lone pairs, as is similarly observed in the 

photoelectron spectrum of SiC14 . s9 The six chlorine (Pn) lone pairs form 

symmetry combinations which consist of the a2' al' and the two e sets. 

The a2 combination (band A) appears at 11.9 eV, the e (band 8) and al 

(band C) ionizations appear nearly coincident at 12.4 eV and 12.6 eV, 

and the second e combination (band D) appears at 13.1 eV. In the 

previous study of the HSiC13 photoelectron spectrum by other workers, 

the ionizations assigned Band C could not be observed as separate 

ionizations, but were conjectured to be under a broad ionization band. 

In my PES studies, all four C1 lone pair ionizations are distinctly 

observed and the analytical representation of these ionizations are 

given in Table 3.1. The ionizations in the range of 14-15 eV correspond 

to the Si-Cl 0 bonds. The previous investigators assigned the Si-H 

ionization to the high binding energy side of the Si-C1 0 ionizations at 

14.8 eV and this position is consistent with Fenske-Hall studies on 

HSiC13 that I did. 

The valence ionization features of CpMn(CO)2HSiC13 from 8-13 eV 

are shown in greater detail in Figure 3.3. The relative intensity 

pattern and splitting of the chlorine lone pair ionizations of 
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Ionization Energy (eV) 

1 12 

Figure 3.2 Close-up He(I) photoelectron spectrum of HSiC13 
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Position Re1. Area 

CpMn(CO)2HSiC13 

H 8.69 0.55 0.51 1.00 

HL 9.32 0.55 0.51 0.59 

Cp 10.27 0.59 O. 3L~ 1.33 

10.66 0.59 0.34 0.79 

A 10.95 0.33 0.41 2.40 

B 11.23 0.33 0.41 2.01 

C 11.59 0.33 0.41 2.30 

D 12.04 0.46 0.37 4.39 

HSiC13 

A 11.95 0.37 0.21 0.73 

B 12.39 0.32 0.33 0.72 

C 12.62 0.32 0.33 0.37 

D 13.07 0.28 0.18 1.00 

Table 3.1 Valence Ionization Features 'of CpMn(CO)2HSiC13 and 
HSiC13 
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CpMn(CO)2HSiC13 are very similar to those of the free HSiC13 molecule, 

but are shifted to lower binding energies. The analytical 

representation of these ionizations is summarized in Table 3.1. The a2 

combination is shifted by 1.0 eV, the e and a1 combinations are shifted 

by 1.2 and 1.0 eV respectively and the second e combination is shifted 

by 1.1 eV. The change in appearance of the Band C ionizations of 

CpMn(CO)2HSiC13 compared to the more nearly degenerate Band C 

ionizations of free HSiC13 is additional proof that at least two 

different ion states occur in this region. 

The band at =::10.4 eV (Cp) correlates with the Cp e1" predominantly 

ring ionizations. In the spectrum of CpMn(CO)3' the ionization band at 

9-10.5 eV has been examined in detail and assigned to the predominantly 

ring e1" ionization. In the spectrum of CpMn(CO)2HSiC13' this band 

appears as a shoulder on the low binding energy side of the ionization 

bands due to the C1 lone pairs (10.4 eV). This Cp ionization has a 

characteristic bandshape in the spectrum of CpMn(CO)3 and in the spectra 

of a large number of other CpMn(CO)2L complexes. 4B In fact, it is 

necessary to analytically represent this ionization in the spectrum of 

CpMn(CO)2HSiC13 with the same shoulder as was used in the analytical 

representation of the Cp band in CpMn(CO)3,60 or else the chlorine lone 

pair ionization A is uncharacteristically skewed to low binding energy. 

The Cp ionization in CpMn(CO)2HSiC13 is shifted to higher binding energy 

compared to its position in CpMn(CO)3. The Cp e1" is donating to empty 

metal levels, and the shift to higher binding energy is indicative of a 
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more positive metal center in the complex. 

The close examination of the low energy ionizations in the region 

of 8-10 eV is shown in Figure 3.4. The broad unresolved peak at about 

8.0 eV in the spectrum of CpMn(CO)3 becomes a pair of partially resolved 

peaks with an intensity pattern of approximately 2:1 (M:ML) in the 

spectrum of CpMn(CO)2HSiCI3' The leading ionization band in 

CpMn(CO)2HSiCI3 occurs at 0.7 eV higher binding energy than the metal 

band in CpMn(CO)3' 

Figure 3.3 shows the He(I)/He(II) comparision of the 8-13 eV 

region of CpMn(CO)2HSiC13' The He(I)/He(II) intensity trends help in 

the identification of all the ionizations. The bands due to the Si-C1 

and C1 lone pair electrons (12.5-10.6 eV) show negligible intensity in 

the He(II) spectrum. This is expected because of the relatively low He 

(II) photon cross-sections of the Cl orbitals. 51 Theoretical 

calculations of the relative cross-sections illustrate the basic 

trends. 52 The C1 3p photo ionization cross-section falls by a factor of 

20, while carbon falls by a factor of 3 on going from He(I) to He(II). 

Consequently, the Cp ionization band gains intensity relative to the Cl 

lone pair ionizations in the He(II) spectrum. The Mn 3d photoelectron 

cross-section is calculated to increase from He(I) to He(II) 

excitation, and the first ionization band (band M) grows substantially 

in intensity in He(II) relative to any other ionizations. The intensity 

of this band indicates that it represents four of the metal-based 3d 

electrons. The absolute intensity correlation (comparing with the Cp 
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and metal band relative areas in CpMn(CO)3) works out to be Cp:M -

4:3.39. The second ionization band (ML) shows relatively little growth 

from He(I) to He(II) excitation, and must be ligand-based. The 

significance of these observations will be explained in detail in the 

Discussion Section. 

Molecular Orbital Calculations 

Orbital Interactions of HSiCl3 with the CpHn(CO)2 Fragment. It is useful 

to clarify the symmetry interactions that take place between HSiCl3 and 

the CpMn(CO)2 fragment and review the results of the Fenske-Hall 

calculations. The CpMn(CO)2 fragment is able to coordinate many 

different kinds of ligand molecules partly because it possesses both 

donor and acceptor orbitals that are spatially and energetically 

favorable for bonding interactions. The bonding capabilities of the 

CpMn(CO)2 fragment have been described previously and applied to a large 

number of CpMn(CO)2L compounds. 63-65 In this case the ligand L is 

HSiCl3. These compounds may be called pseudo-octahedral if the 

cyclopentadienyl ring is viewed as occupying three coordination sites. 

The convenient coordinate system for describing orbital interactions of 

CpMn(CO)2 places the coordinate site for ligand L along the z-axis, with 

the x-axis bisecting the two carbonyls. Figure 3.5 is a true projection 

of the geometry of the molecule with the coordinate system for this 

discussion. Saillard et al. have extensively discussed the interactions 

of SiH4 with the CpMn(CO)2 fragment in terms of the results of extended 

Huckel calculations. 66 Fenske-Hall calculations were carried out to 
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compare and contrast the results of the two methods with regard to the 

fragments and their interactions in the molecule. A molecular orbital 

diagram based on the results of the Fenske-Hall calculations is shown in 

Figure 3.6. 

The extended Huckel and Fenske-Hall calculations agree on the 

qualitative orbital interactions. The LUMO of the CpMn(CO)2 fragment is 

high in dZ2 character and directed along the bonding coordinate site, 

while the three highest occupied orbitals are high in ~z' 1ix2-y2 and dyz 

metal character respectively (see Table 3.2). As shown in Figure 3.6, 

the HOMO of the CpMn(CO)2 fragment is high in dyz character and has a 

strong interaction with the Si-H u· orbital. The calculations show a 

net transfer of 0.52 electrons from the dyz into the Si-H LUMO (see 

Table 3.3), which is higher than a calculated donation into carbonyl ~. 

orbitals. This orbital is labeled "Mn-Si" because of the extensive Si 

character in this orbita1. The ~z and ~2-Y2 orbitals are unperturbed 

by any interactions. It is interesting to note that, as shown in the 

neutron diffraction measurements, the Si-H bond aligns itself for 

interaction with the dyz, which is the best ~-donor orbital of the 

CpMn(CO)2 fragment. 

The Si-H u bonding orbital is interacting with the LUMO of the 

CpMn(CO)2 fragment and the calculations indicate a net stabilization of 

I eV in the resulting orbital in the complex. This molecular orbital is 

labeled "Mn-H" because of its predominant hydrogen character (see Table 

3.2). A stabilization of I eV has been found for two-electron donor 
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Orbital Energy Character 

Metal HSiCIJ Basis Atomic BII8is 

Mndll 10.08 89% dll 

Mn dl2-,!1 10.61 54% dl2-,!1 

Mn-Si 11.21 88% d,. 11% HOMO, 17% LUMO 8% SI, 0.4% H, 23% Cl 

Mn-H 14.75 8% d,., 4% dd 42% HOMO, 25% SiCIs 2% Si, 9% H, 59% 01 

t in geometry ~r coordination: 

Table 3.2 Molecular Orbital Characters 
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Atomic Charge!! Orbital PopulatioDll 

Free HSiCI, Metal Complex Metal HSi01, COl 

Si 1.14 Si 0.93 du 1.58 CO(I)211'.I. 0.38 

01-0.29 01-0.29 dd-12 1•37 CO{l)211'1 0.31 

H -0.26 H-O.29 cJ,.. 1.28 LUMOO.52 CO(I)5c1 1.46 

Mn 0.116 d:a 0.03 HOMO 1.78 CO(2)2I1',L 0.28 

dq O.89 C0(2)211'1 0.29 

C0(2)5c1 1.46 

I 211' populatiOll8 perpendicular and parallel to the Mo(COh plane 

Table 3.3 Population Analysis 



bonds to the meta1. 67 •66 The population analysis (see Table 3.3) 

indicates that the donation from the Si-H a bond to the metal LUMO is 

less than the donation from a carbonyl Sa orbital. The Si-H overlap 

population in CpMn(CO)2HSiC13 is 0.3 e- compared to 0.8 e- for free 

HSiC13 (Si-H distance - 1.48 A). 
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The contours of the "Mn-Si" and "Mn-H" orbitals are shown in 

Figure 3.7. The "Mn-Si" orbital is formed from a hybrid of the metal 

dZ2 and dyz (mostly dyz) orbitals such that the metal orbital is directed 

at the Si atom. The H atom is at the node and offers little 

contribution. The "Mn-H" orbital is formed from the hybrid of the metal 

dZ2 and dyz (predominantly dz2) orbitals with the metal orbital pointed 

directly at the H atom and with little contribution from the Si atom. 

From the Fenske-Hall calculations, there seems to be a direct Mn-Si and 

a direct Mn-H bond and there is no evidence of a 3c-2e Mn, Si, H 

interaction. This contrasts to the extended Hucke1 calculations which 

predict a Mn, Si, H 3c-2e bond. The ionization information from PES 

also predict direct Mn-Si and Mn-H bonds as will be discussed below. 

Discussion 

Several studies by different techniques have addressed the 

question and electron distribution in CpMn(CO)2HSiC13' Some 

observations are interpreted as evidence of Si-H interaction in this 

molecule, while others suggest the molecule behaves like a full 

oxidative addition product. PES results have shown CpMn(CO)2HSiC13 to 
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be an oxidative addition product, and that the observations obtained 

previously from other studies are not necessarily consistent. A focus 

will be done on a more complete picture of the interactions that are 

taking place in this molecule to clarify these points. 
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There are several indications from the experimental observations 

of substantial electron charge shift from the metal to silicon and 

formation of a formally d4 MnIII center. In this case, the shift of the 

chlorine lone pair ionizations gives a good indication of the charge 

redistribution. The Cl lone pair ionizations are shifted in 

CpMn(CO)2HSiC13 1 eV to lower binding energy compared to the 

corresponding ionizations of the free trichlorosilane molecule. This 

destabilization of the ligand-based levels follows from extensive 

negative charge de localization to Si, as would be expected with 

oxidative addition. In fact, the Cl lone pair ionization in 

CpMn(CO)2HSiC13 appear in the same energy vicinity as the Cl lone pair 

ionizations in the spectrum of CpFe(CO)2SiC13, where a direct Fe-Si bond 

exists (see Chapter 8). From the position of the Cl lone pair 

ionizations in the spectrum of CpMn(CO)2HSiC13' it appears that SiC13- is 

present. 

A simple point charge-potential mode169 analysis shows that a 1 eV 

shift of the Cl lone pair ionizations implies a transfer of at least 0.3 

electron charge from the Mn center to the Si center. If it is assumed 

that the SiC13 fragment binds to a neutral metal center and 0 charge is 

transferred from the metal to silicon, the shift in chlorine lone pair 
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ionization that occurs as a result of the increased charge on silicon is 

given by the equation: 

t.IPC1 6'/Rt-m-Cl 

The negative sign for the 6' charge on the silicon center means that the 

IP shifts to lower binding energy. The Rt-m-cl and RSi-C1 distances were 

obtained from the crystal structure data of MeCpMn(CO)2HSiCl3' Of 

course, this model is very approximate, as is any evaluation and 

discussion of atomic charge in a molecule. The point of this example is 

to emphasize that the chlorine lone pair ionizations are sensitive to 

electron charge shifts toward silicon, and will shift even if the charge 

on the chlorines themselves does not change. The most questionable 

assumption is that the Mn center is neutral before interaction with 

SiCl3. If the Mn center is more realistically assumed to have a partial 

positive charge, the shift of charge from the metal toward silicon must 

be even greater. 

The peak at ~lO.3 eV is attributed to the Cp ionizations. This 

ionization is shifted to higher binding energy compared to the Cp 

ionizations in CpMn(CO)3' The ionization is associated with bonding 

between the ring and the metal (donation from fi.lled Cp el" levels to 

empty metal levels), and the shift of this ionization to higher binding 

energy also denotes a more positively charged metal center in 

CpMn(CO)2HSiCl3' 

The leading ionization is predominantly metal in character and is 

shifted 0.7 eV to higher binding energy compared to the metal band in 
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CpMn(CO)a. This shift also indicates a stabilization of the metal 

orbitals as would be expected with a higher positive charge at the metal 

center. Thus there is the interesting situation of destabilization of 

the SiCla based ionizations and stabilization of metal based 

ionizations. This is further support of an electron distribution 

tending toward oxidative addition to give a MnIII species. 

The peak at 9.3 eV is a ligand-based ionization as obtained from 

the He (I)/He (II) intensity trends. Because this ionization is ligand

based, this leaves the formal electron count at the metal at d4 (from 

band H), consistent with the MnIII oxidation state. 

A stepwi5~ correlation diagram of ionization energies in the metal 

region helps in understanding the splitting pattern of the metal-based 

levels in CpMn(CO)2HSiCla, particularly the degeneracy of two orbitals 

observed in the leading ionization band (see Figure 3.4). Figure 3.8 is 

a schematic diagram showing the stabilization/destabilization of the 

metal based ionizations on going from CpMn(CO)3 to CpMn(CO)2HSiC13. The 

first column shows the measured position of the ionizations of 

CpMn(CO)a. These form the e and the a symmetry combinations of the 

Mn(CO)3+ fragment as discussed previously.7o The second column shows the 

loss of ~ stabilization from a carbonyl along the z axis. The primary 

metal orbital contributions in this coordinate system are indicated. 

This results in destabilization of the rlxz and rlyz orbitals by about 0.3 

eV47 while the rlx2-y2 orbital, which does not overlap with carbonyl 

orbitals on the z axis, remains at the same energy. This corresponds to 
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a 1:2 splitting pattern of the d levels. The third column shows the 

HSiC13 ligand in the correct geometry and charge distribution with the 

CpMn(CO)2 fragment, but does not include the effects of orbital overlap. 

There is a difference in the charge potential at the metal when the 

ligand is silane in comparision to carbonyl. All three d orbitals are 

stabilized indicating a higher positive charge at the metal center. The 

shift of the degenerate pair of ionizations is a measure of this change 

in charge potential. The final stage in the stepwise approach completes 

the actual orbital overlap interaction of HSiCl3 with the CpMn(CO)2 

fragment orbitals. The rlyz orbital does not remain a simple back

bonding orbital but forms the Mn-Si ionization as discussed below. The 

~2-Y2 and ~z orbitals do not interact with the silane and remain close 

together in energy. 

Saillard et al. have performed Fenske-Hall calculations on 

CpMn(CO)2HSiH3 to study the orbital interactions taking place. 66 The 

weakening of the Si-H bond is attributed to two interactions: 

(i) The symmetric interaction corresponding to the delocalization of 

the 0Sl-H bonding pair on the Mn atom (net transfer of 0.37 electrons by 

the extended Huckel calculations). (ii) The antisymmetric interaction 

corresponding to the delocalization of a metal ~ symmetry orbital into 

the antibonding 0*S1-H orbital (a charge transfer of 0.39 electrons by 

the extended Huckel calculations). This group of workers postulate SiH3 

to be present as SiH3+ denoting the 0 interaction to be the predominant 

electronic structure mechanism taking place. This rules out oxidative 
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addition taking place because for that to happen, the presence of SiH3-

is essential. 

Qualitatively, the Fenske-Hall calculations agree with the 

extended Huckel calculations as to the major interactions taking place 

in this molecule. The significant difference between the calculations 

is the greater extent of charge delocalization from the metal to silicon 

predicted in the Fenske-Hall calculations. The Fenske-Hall calculations 

indicate a stronger backbonding to the Si-H a* orbital. A direct Mn-Si 

bond is formed from a metal hybrid comprised of the dyz and dZ2 

(predominantly dyz) pointing at the Si atom with little contribution 

from the H atom. A direct Mn-H bond is formed from a metal hybrid 

comprised of the dyz and dZ2 orbitals (predominantly dz2) pointing 

directly at the H atom with little contribution from the Si atom. There 

is evidence of a little negative charge on the SiC13 fragment but the 

charge on the C1 lone pairs is less in the calculations than is observed 

experimentally. The calculations show a shift of 0.7 eV for the Cl lone 

pairs, compared to the 1 eV shift that is observed experimentally. The 

inclusion of silicon d orbitals in the calculations was done and 

although they were involved in ~ backhonding from the ch10rines to the 

Si, they had little effect on the interactions with the metal. 

Thus all of the results above point to formation of a d4 MnIII 

center from oxidative addition of a Si-H bond. Mn-Si bond ionization 

energies have been reported at 9-10 eV in the photoelectron spectra of 

R3SiMn(CO)s complexes. 71 The Mn-H bond ionization energy in Mn(CO)sH is 
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10.5 eV.71 Therefore the ionization at 9.3 eV can be attributed to the 

Mn-Si ionization since the He (I)/He (II) trends show this to be a Mn-Si 

rather than a Mn-H ionization from photoionization cross-sections. 

Schubert et al. studied many of this class of compounds by 29Si NMR and 

measured the J Si- B coupling constants. 27 The J Si- B of MeCpMn(CO)2HSiC13 

was found to be 54.8 Hz while that of MeCpMn(CO)2HSiPh3 was found to be 

64 Hz. The coupling constants of these compounds were found to be 

intermediate between that of a Si-H covalent bond (200 Hz) and that of a 

Si-H non-bond (20 Hz).27 The NMR studies indicate MeCpMn(CO)2HSiC13 to 

have substantial Si-H interaction. The hybrid bonds obtained from the 

Fenske-Hall calculations weigh the contribution of the dyz orbital more 

than the dZ2 orbital and yield an angle between the directed hybrids of 

about 65°. The Mn-Si and Mn-H bonds are constrained to the narrow angle 

between the dyz and dZ2 hybrids and so the Si and H atoms are in close 

proximity. Calculations of NMR coupling constants show that if the 

distance between two atoms is less than the sum of the van der Waal's 

radii, a non-bonding contact will affect the value of the NMR coupling 

constant. Coupling constants larger than expected can be obtained in 

CpMn(CO)2HSiC13 because of the non-bonding contact of the Si and H 

atoms, and this high value of the coupling constant does not necessarily 

mean a high degree of Si-H interaction in CpMn(CO)2HSiC13. Also, as 

mentioned in Chapter 1, the Si-H coupling constant is not a totally 

quantitative measure of the Si-H interaction since this value is 

affected by the nature of Si substituents. 
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Proton abstraction can be done on CpMn(CO)2HSiC13 with a weak base 

like Et3N while with CpMn(CO)2HSiPh3, a strong base like NaH is needed. 38 

Reprotonation of CpMn(CO)2SiC13- anion occurs at the cis position to 

silyl to yield the same complex. 38 ,39 This is attributed to Si-H 

interaction present in the complex. In CpRe(CO)2HSiPh3, where there is 

no evidence of Si-H interaction, bulky ligands substitute trans to the 

silyl. Fenske-Hall calculations were done on CpMn(CO)2SiC13- to 

investigate the reprotonation reaction. The proton will seek out the 

HOMO of the anion which is the dyz orbital. This orbital is strongly 

hybridized toward the silyl ligand and therefore the protonation will be 

favored cis to the SiC13 ligand. Therefore according to calculations, 

protonation cis to the silyl is not an evidence of 3c-2e bonding. 

Graham et al. studied the kinetics of silane substitution by 

phosphine. 4o 

CpMn (CO) 2HS iR3 + -----> CpMn(CO)2PPh3 + HSiR3 

The rate of this reaction depends on the substituents on Si. 

CpMn(CO)2HSiC13 reacts 106 times slower than CpMn(CO)2HSiPh3' This is 

believed to be so because there is more Si-H interaction in 

CpMn(CO)2HSiPh3' The silane is present in this compound as a two

electron donor and so can be easily displaced by another two-electron 

donor. In contrast, there is less Si-H interaction in CpMn(CO)2HSiC13' 

so it is harder to displace the silane ligand. Also, CpRe(CO)2HSiPh3, 

which has no Si-H interaction,41 has the same rate of reaction as 

CpMn(CO)2HSiC13 which is a further proof of CpMn(CO)2HSiC13 having a 
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MnIII, d4 center. 

Conclusions 

As the Fenske-Hall calculations indicated and the photoelectron 

experiment showed, the u and u· activation processes in CpMn(CO)2HSiC13 

compete to such an extent that both the u and u· levels collapse to give 

direct Mn-H and Mn-Si bonds. The dominance of the u· interaction in 

this compound may be due to the electronegativity of the Cl substituents 

on the Si. 

There has been controversy about the oxidation state of Mn in 

CpMn(CO)2HSiC13' The destabilization of the Cl lone pair ionizations 

and stabilization of the metal ionization indicate a substantial 

electron charge shift from the metal to the ligand which usually happens 

if the Si-H bond oxidatively added to the Mn center. He (I)/He (II) 

studies further confirmed CpMn(CO)2HSiC13 to be a d4 center when the 

leading ionization band gained intensity relative to the other 

ionizations. Mn is present in the +3 oxidation state in CpMn(CO)2HSiC13 

and the Fenske-Hall calculations further indicate this. 

The reaction chemistry of CpMn(CO)2HSiC13 supported our results 

for the compound to be a full oxidative addition product. The high 

value of the Si-H coupling constant can also be explained (non-bonded 

coupling and the electronegative Si substituents). The only anomaly 

which cannot be explained is the Si-H bond distance of 1.74 A from the 

X-ray crystal structural measurements. Again, this bond distance is 

also affected by the nature of substituents at the Si atom to some 
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degree. The short Mn-Si and Mn-H bond distances agree with our results. 

Reaction chemistry as well as structural studies show 

CpMn(CO)2HSiPha to have a Si-H interaction in its ground state. The Mn

Si and Mn-H bond distances are longer than direct bonds in this complex. 

The presence of 3c-2e interaction in this compound can be investigated 

by photoelectron spectroscopic studies and this is done in the next 

chapter. 



CHAPTER 4 

ELECTRONIC STRUCTURE CONTROL OF Si-H BOND 

ACTIVATION BY TRANSITION METALS. THE VALENCE PHOTOELECTRON 

SPECTRA OF HeCpMn(CO)2HSiPh3AND HeCpMn(CO)2HSiHPh2 

Introduction 
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In the pr~vious chapter, it was demonstrated how photoelectron 

spectroscopy measured the extent of Si-H bond activation in 

CpMn(CO)2HSiC13' From He(I)/He(II) intensity studies, this compound was 

observed to be a Mn(III), d4 center. It would be interesting to study a 

complex which showed a weak interaction of the Si-H bond with the metal 

center. Such "activated" compounds are important as models for 

catalysts in studying the mechanism of hydrosilation reactions. 24 ,25 The 

extent of activation will again be determined by observing the shift of 

the metal-and ligand-based ionizations in the complex from the same 

ionizations in the starting materials and free ligand. The extent of 

Si-H bond addition can be measured by observing the split in the metal 

band. 

Two compounds which are appropriate for our study of "activated" 

compounds are MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2' Structural data 

on these compounds reveal a 0.2 A longer Mn-Si bond compared to 

MeCpMn(CO)2HSiC13.27 This indicates a greater degree of 3-center-2-

electron bonding in the Ph complexes. Kinetic studies also indicate the 
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Ph complexes to have greater Si-H interaction in the ground state 

relative to CpMn(CO)2HSiC13.4o This is shown to be the case by observing 

the rate of the following reaction: 

CpMn(CO)2HSiR3 + PPh3 -----> CpMn(CO)2PPh3 + HSiR3 

The rate of substitution in the case of CpMn(CO)2HSiPh3 is 106 times 

faster than CpMn(CO)2HSiC13' This has been attributed to the fact that 

Si-H interaction is present in the ground state of CpMn(CO)2HSiPh3 and 

therefore the silane displaces easily to substitute a phosphine. There 

are other physical methods, like 29Si NMR, that give evidence of 

extensive Si-H interaction in MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2' 

Therefore, structural methods, NMR studies and reaction chemistry show 

the Ph complexes to have Si-H interaction, or in other words, a weak 

interaction of the Si-H bond with the metal center. 

In this chapter, the photoelectron spectra of MeCpMn(CO)2HSiPh3 

and MeCpMn(CO)2HSiHPh2 are reported to determine the extent of Si-H bond 

interaction. The comparison of the spectra of the compounds to the 

spectra of starting materials and free ligand is done to give a clear 

idea of the electron charge shift from the metal to the ligand and the 

charge on the metal. The results of this PES study are contrasted to 

those from the study on CpMn(CO)2HSiCl3 to illustrate how the extent of 

Si-H bond activation in the complexes can be tuned by the substituents 

on Si. 
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Results 

PES of HeCpHn(CO)zHSiPh~ The He(I) photoelectron spectrum of 

MeCpMn(CO)2HSiPh3 from 5 to 15 eV is shown in Figure 4.1. The 

assignment of the valence ionizations of this complex is aided by 

comparison to the free HSiPh3 ligand and MeCpMn(CO)3 which are also 

shown in Figure 4.1. The broad band of overlapping ionizations from 12-

15 eV in both MeCpMn(CO)zHSiPh3 and MeCpMn(CO)3 is due to the carbonyl 

50 and 111" orbitals and the Cp az" (symmetric 11") and valence 0 

orbitals. 48 Some of the ionizations in MeCpMn(CO)2HSiPh3 in the 12-15 eV 

region are due to the ligand (HSiPh3) 0 ionizations, as can be seen from 

the spectrum of the free ligand. Individual assignments in this forest 

of ionizations will not be attempted. 

It is helpful to focus on the ionizations of the free ligand, 

HSiPh3, before assigning the ionizations in the low energy region of 

MeCpMn(CO)zHSiPh3. The photoelectron spectrum of HSiPh3 has been 

reported previously72 and the assignments of the valence ionizations are 

straightforward. The band at 9.1 eV is assigned to the phenyl 11" 

electrons while the band at 10.4 eV is assigned to the Si-C 0 electrons. 

These same ionizations reported for the free ligand are present in the 

spectrum of MeCpMn(CO)zHSiPh3. The shift of these ionizations on 

complexation gives specific information about the electron distribution. 

The valence ionization features of MeCpMn(CO)2HSiPh3 from 7 to 

10.5 eV region are shown in Figure 4.2(B). The leading ionization 
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Figure 4.1 Comparison of the He(I) photoelectron spectra of 
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(A) MeCpMn(CO)3' (B) MeCpMn(CO)2HSiPh3 and (C) HSiPh3 
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Position ReI. Area 

MeCpMn(CO) 3 7.90 0.71 0.41 l.00 

8.23 0.71 0.41 0.33 

9.59 0.65 0.42 l.15 

9.99 0.70 0.28 0.61 

7.86 0.34 0.35 l.00 

8.11 0.34 0.35 0.94 

8.36 0.34 0.35 l.12 

9.56 0.47 0.42 l. 76 

9.91 0.70 0.28 0.77 

7.86 0.41 0.53 l.00 

8.06 0.41 0.53 l.00 

8.36 0.59 0.53 l.19 

9.53 0.42 0.25 3.11 

9.88 0.42 0.25 0.84 

Table 4.1 Valence Ionization Features of MeCpMn(CO)3. 
MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2 

•. ____________ .. _-_. _~ __ .. ·h_ . __ .".,,'_ .~_ ... -" .. 
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band i.s broad and flattened at the top. This ionization contains the 

metal electrons. The second leading ionization band is broad and 

comprises the phenyl 11" electrons and the Cp el" predominantly ring 11" 

ionizations. The third ionization band is probably due to the Si-C u 

ionizations. In order to illustrate the relationships of these 

ionizations more clearly, the free ligand spectrum (Figure 4.2(A» is 

subtracted from the spectrum of the complex (Figure 4.2(B».73 The 

result of the subtraction is shown in Figure 4.2(C). The phenyl 11" 

ionization band is only shifted 0.03 eV from its location in the free 

ligand to match the same band in the complex. This is the magnitude 

that the ligand ionizations shift on complexation. The third ionization 

band is definitely due to the Si-C u electrons as seen from the spectral 

comparison. From ligand subtraction it was seen that the shift of the 

ligand ionizations in the complex from its position in the free ligand 

is very small. 

The positions of the ionizations due to the Cp e 1 " predominantly 

ring 11" ionizations are very clearly seen in Figure 4.2(C) after ligand 

subtraction. To obtain the shifts of the Cp ionizations in this complex 

relative to MeCpMn(CO)3' an analytical representation of the spectrum 

was obtained. The Cp ionization in the spectrum of MeCpMn(CO)3 and in 

the spectra of a large number of MeCpMn(CO)2L complexes48 has a 

characteristic shoulder on the high binding energy side. It is 

necessary to include the shoulder on the Cp ionization in the analytical 

representation of MeCpMn(CO)2HSiPh3 and this shoulder is constrained to 
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Figure 4.2 He(I) spectral comparison of 7 to 10.5 eV region of 
(A) HSiPh3• (B) MeCpMn(CO)2HSiPh3' (C) subtracted spectra 
and (D) MeCpMn(CO)3 



94 

have the same splitting as was observed in MeCpMn(CO)3' The positions 

of the ionizations of both MeCpMn(CO)3 and MeCpMn(CO)2HSiPh3 are given 

in Table 4.1. The Cp ionizations in MeCpMn(CO)2HSiPh3 do not shift 

significantly compared to their position in MeCpMn(CO)3' 

The low energy predominantly metal ionizations are closely 

examined and shown in Figure 4.2(C). The broad flat top of the metal 

band (cf. MeCpMn(CO)3 in Figure 4.2(D» indicates the presence of more 

than two peaks in this region. Representation of the broad band by two 

asymmetric Gaussian peaks was attempted but this analytical 

representation did not produce good results. Therefore, the broad band 

is represented by three asymmetric Gaussian peaks as shown in the 

Figure. The peaks were constrained to have the same shapes to minimize 

the number of parameters. The peak positions are given in Table 4.1. 

The leading edge of the ionization is shifted 0.05 eV to lower binding 

energy (cf. MeCpMn(CO)3) while the higher binding energy edge is shifted 

0.13 eV to higher ionization energy (cf. MeCpMn(CO)3)' Therefore there 

is a small stabilization of one of the metal orbitals in 

MeCpMn(CO)2HSiPh3 by backbonding into the Si-H o· orbital. The metal 

ionization band as a whole does not shift very far from its position in 

MeCpMn(CO) 3 , which is an indication of a balance between Si-H 0 donation 

and Si-H o· ~-acceptance. 

PES of HeCpHn{CO)2HSiHPh~ The valence ionization features of 

MeCpMn(CO)2HSiHPh2 from 7 to 11 eV are shown in Figure 4.3. The valence 

photoelectron spectrum of MeCpMn(CO)2HSiPh3 is also shown in Figure 4.3 
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to demonstrate the similarity in the ionization features of the two 

compounds. The broadness of the metal ionization band in 

MeCpMn(CO)2HSiHPh2 indicates that it can be represented analytically by 

three asymmetric Gaussian peaks as was done for MeCpMn(CO)3HSiPh3' The 

peak positions are given in Table 4.1. The two ionization edges of the 

metal band are in the same position in both compounds. The second 

leading ionization band represents the phenyl 11" electrons and the Cp el" 

predominantly ring ionizations. The third ionization band is due to the 

Si-C 0 electrons. The Cp el" ionization shoulder in MeCpMn(CO)2HSiHPh2 

is shifted 0.06 eV to lower ionization energy (cf. MeCpMn(CO)2HSiPh3)' 

The similarity in ionization features suggest that the electronic 

structure factors of the Si-H bond interaction with the metal is similar 

in both compounds. 

Discussion 

The information from X-ray crystallography, 29Si NMR, and neutron 

diffraction has been interpreted in terms of a Mn, H, Si 3c-2e bond in 

MeCpMn(CO)2HSiHPh2 and MeCpMn(CO)2HSiPh3.27 The same techniques have 

also suggested to previous workers the presence of a 3c-2e bond in 

MeCpMn(CO)2HSiC13, but photoelectron studies on this compound74 revealed 

it to have direct Mn-Si and Mn-H bonds. This result prompted the study 

of the Ph-substituted complexes by photoelectron spectroscopy. 

The bonding picture and electron distribution in the Ph

substituted compounds are totally different from those of the Cl

substituted complexes and this contrast forms a very interesting study. 
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He(I) spectral comparison of 7 to 11 eV region of 
(A) MeCpMn(CO)2HSiPh3 and, (B) MeCpMn(CO)2HSiHPh2 
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A 3c-2e interaction is found in the Ph complexes. 

The ionization information from MeCpMn(CO)2HSiPh3 does not 

indicate any net electron charge shift from the metal to the ligand. 

The Si-C u and phenyl ~ ionizations are shifted no more than 0.03 eV 

from their positions in the free ligand, HSiPh3. This is in contrast to 

the photoelectron spectrum of CpMn(CO)2HSiC13,74 which indicates a 

substantial electron charge shift from the metal to the ligand. The Cl 

lone pair ionizations in CpMn(CO)2HSiC13 are shifted 1 eV to lower 

binding energy compared to the corresponding ionizations in the free 

HSiC13 ligand. The destabilization of the ligand-based ionizations 

indicates extensive negative charge on the ligand as would be expected 

with oxidative addition. The absence of this destabilization of the 

ligand ionizations in the Ph complex indicates that the complex has not 

advanced to full oxidative addition. The non-shift of the ligand 

ionizations also suggest that the donation of electron density from the 

silane to the metal center is balanced by the acceptance of electron 

density from the metal center to the silane. 

The ionizations due to the Cp e1" electrons in MeCpMn(COhHSiPh3 

are not shifted from their position in MeCpMn(CO)3' The filled Cp 

levels are involved in donation to empty metal levels to form the 

e ,. 
1 

primary bonding between the ring and the metal. 46 The absence of shift 

in the ionizations of the Cp electrons compared to their position in 

MeCpMn(CO)3 indicates that the net u donor and ~-acceptor properties of 

the silane are of similar magnitude to those of CO. In comparison, the 
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ionization due to the Cp e 1 " orbitals in CpMn(COhHSiC13 is shifted 0.4 

eV to higher binding energy compared to its position in CpMn(CO)3. 74 

This is an indication of a more positively charged metal center in 

CpMn(CO)2HSiC13' In MeCpMn(CO)2HSiHPh2, the shift of the Cp ionizations 

is more than in MeCpMn(CO)2HSiPh3' The higher ionization energy edge of 

the Cp el" ionizations in MeCpMn(CO)2HSiHPh2 is shifted 0.11 eV to lower 

ionization energy (cf. MeCpMn(CO)3)' This indicates that there is a 

more negatively charged metal center in MeCpMn(CO)2HSiHPh2 (cf. 

MeCpMn(CO)2HSiPh3) or in other words, the degree of three center-two 

electron bonding is more in the former compound. 

The leading ionization band in MeCpMn(CO)2HSiPh3' which is 

predominantly metal in character, can be analytically represented by the 

fit of three asymmetric Gaussian peaks denoting the six electrons of 

Mn(I). From the integrated peak areas of the Cp and metal ionization 

bands shown in Table 4.1, the ratio of Cp:metal electrons is the same as 

in MeCpMn(CO)3 within the uncertainty introduced by the overlap of the 

silane ionizations with the Cp ionizations. This is illustrated in the 

ratio of peak areas of metal:Cp in MeCpMn(CO)2HSiHPh2 which is 1:1.24. 

This spectrum was not ligand subtracted and showed a closer metal:Cp 

ratio (cf. 1:1.32 in MeCpMn(CO)3) than MeCpMn(CO)2HSiPh3 (where the 

metal:Cp ratio is 1:0.82). Thus the metal band in both 

MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2 represents six electrons. The 

metal band is well separated from the phenyl band as is well shown by 

the ligand subtracted spectrum. The leading edge of the metal 
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ionization band is destabilized by 0.04 eV (cf. MeCpMn(CO)3) while the 

higher ionization energy edge of the metal band is stabilized by 0.13 

eV. The fact that the metal band as a whole does not shift from its 

position in MeCpMn(CO)3 signifies that the u-donor/~-accepting 

properties of the silane balance out in comparison to CO. The metal 

orbital that is stabilized to higher binding energy (cf. MeCpMn(CO)3) is 

interacting with the empty Si-H u· orbital (~ back acceptance) while the 

Si-H u orbital is donating to the empty metal LUMO's. The extent of ~ 

back acceptance, in MeCpMn(CO)2HSiPh3 is not as large as was observed in 

CpMn(CO)2HSiC13. In the latter compound, the metal dyz orbital interacts 

with the Si-H u· orbital to such an extent that both the Si-H u and u· 

levels collapse giving direct Mn-H and Mn-Si bonds. 74 The Mn-Si 

ionization is observed at 9.3 eV in CpMn(CO)2HSiC1374 which is 0.6 eV 

separated from the metal electrons. The metal orbitals (d4) of 

CpMn(CO)2HSiC13 is shifted 0.7 eV to higher binding energy compared to 

the metal band in CpMn(CO)3. This shift indicates stabilization of the 

metal orbitals as would be expected with a more positively charged metal 

center. The metal band in MeCpMn(CO)2HSiPh3 is not stabilized to a 

great extent which indicates it not to be a full oxidative addition 

product. 

The electronic structure factors of bond activation have been 

discussed in the literature in terms of u and u· interactions of the Si

H bond with the metal center. 14 The donation of electron density from 

the Si-H u bonding orbital into the empty metal LUMO's is the u 
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interaction and results in the formation of a 3-center-2-electron bond. 

a* interaction involves the donation of electron density from the filled 

metal orbitals into the Si-H a* orbital and finally results in the Si-H 

bond being broken and a silyl-metal-hydride being formed. From the 

Fenske-Hall calculations on CpMn(CO)2HSiCla,74 it is apparent that there 

is extensive a* interaction in addition to the a interaction already 

present. In CpMn(CO)2HSiCla, there is formation of a d4, Mnlll center. 

In MeCpMn(CO)2HSiPha, the silane is acting as a neutral two-electron 

donor ligand through the Si-H a bond and donating electron density into 

the empty metal levels. For this to happen, Mn must be present in +1 

oxidation state and MeCpMn(CO)2HSiPh3 thus has a d6 metal center. The 

extent of a* interaction that is present in MeCpMn(CO)2HSiPha (as 

evidenced by the stabilization of one of the metal orbitals by 0.13 eV) 

is smaller than that in CpMn(CO)2HSiCla but still significant. The fact 

that there is very little negative charge on the ligand is enough to 

designate a interaction as the predominant electronic structure 

mechanism in MeCpMn(CO)2HSiPha. The photoelectron spectrum of 

MeCpMn(CO)2HSiHPh2 supports band assignments made for MeCpMn(CO)2HSiPha. 

The two spectra are very similar and MeCpMn(CO)2HSiHPh2 has a Mnl, d6 

center and a interaction as the predominant electronic structure 

mechanism of interaction. The substitution of Ph for CIon the Si in 

these complexes drastically changes the extent of Si-H interaction with 

the metal center, going from a full oxidative addition product (for Cl) 

to a weak interaction of the Si-H bond with the metal (for Ph). The 
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presence of two or three Ph rings on the Si atom is of little 

consequence to the extent of a interaction although it appears from the 

Cp el" ring ionizations in the two compounds that oxidative addition in 

MeCpMn(CO)2HSiPh3 has proceeded to a slightly greater degree than in 

MeCpMn(CO)2HSiHPh2' 

Conclusions 

It is interesting to compare the electron donating and back 

accepting powers of the silane ligand to other neutral two-electron 

donor ligands. The electron distribution in MeCpMn(CO)2L complexes 

(where L - NH3, PMe3, C2H4, S02) has been thoroughly studied by 

photoelectron spectroscopy.47,75-n Figure 4.4 shows the observed 

ionization energies of the three predominantly metal orbitals for 

different MeCpMn(CO)2L complexes. The reference compound is MeCpMn(CO)3 

where the metal ionizations are split by 0.3 eV in a 2:1 pattern. 48 A 

ligand L is substituted along the z-axis and the stability and splitting 

pattern of the metal orbitals reveal the a-donor and ~-accepting 

properties of L. The x and y axes bisect the two carbonyl ligands and 

the full coordinate system is shown in Figure 4.4. The effect of 

removing a CO ligand along the z-axis from MeCpMn(CO)3 is to shift the 

predominantly ~z and dyz orbitals up in energy because the stabilization 

of this orbital by backbonding into the carbonyl is removed. If L is a 

very good a-donor it would donate its electrons into the metal LUMO's 

and although a direct observation of this orbital ionization is not 

possible by photoelectron spectroscopy, observation of the corresponding 
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ligand ionizations and the total shift of the metal orbitals give some 

indication of the net donor/acceptor properties of the ligand. The rlxz

yz orbital measures the relative charge at the metal center. NH3 is a 

good a donor through its nitrogen lone pair and the strength of donation 

is such that the metal orbital is destabilized by 0.7 eV.7S There is no 

~ acceptance by the ligand to stabilize the metal orbitals, and the 

metal-based ionizations are split over a wide range. The next best a 

donor is PMe3 which displaces the metal orbital by 0.6 eV. 

The P lone pair in MeCpMn(CO)ZPMe3 which is responsible for a donation 

is stabilized by 1.2 eV from its position in free PMe347 which is a 

measure of the a donation. Both NH3 and PMe3 have little or no ~

acceptance. 

MeCpMn(CO)zCzH4 has both a donating and ~ accepting properties. 

The rlxz orbital is destabilized by 0.8 eV76 which is a measure of the 

loss in ~-backbonding when a CO ligand is removed. The destabilization 

of the metal orbitals is smaller than observed for MeCpMn(CO)zNH3 and 

MeCpMn(CO)2PMe3 and the a donation is obviously not as good as for the 

former ligands. The empty ~* orbital of the olefin has ~-backbonding 

capabilities and this orbital interacts with the dyz orbital of the 

metal. The ~-accepting capabilities of the olefin are similar to those 

of CO or the dyz orbital would not be degenerate with the rlxz-yz orbital. 

The dyz orbital is stabilized by interaction with the olefin ~* orbital. 

The a donor and ~ acceptor abilities of ethylene are similar in 
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Figure 4.4 Correlation diagram of experimental ionization energies of 
MeCpMn(CO)2L complexes where L is PMe3, NH3, C2H4 , Si-H (Ph), 
S02 and Si-H (Cl) 



magnitude resulting in a slight destabilization of the olefin ~ 

ionization in the complex as compared to its position in the free 

ligand. 
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The Si-H bond (with Ph as substituents on the Si) is a weak a 

donor in MeCpMn(CO)2HSiPh3 with a 0.05 eV destabilization of the metal 

orbitals. The charge on the ligand ionizations in this complex is 

nearly the same as in the free ligand signifying its ~-accepting 

properties as not very large. The dyz orbital is stabilized by 0.1 eV 

since it has some interaction with the Si-H a* orbital. In comparison 

to MeCpMn(CO)2C2H4, the metal orbital involved in backbonding to silane 

is slightly more stabilized than this same orbital which was backbonding 

to the ethylene ~* orbital. Therefore, the ~-accepting power of the 

silane is more than that of ethylene and one CO ~*. The a-donor 

properties of silane and CO are similar. In MeCpMn(CO)2HSiPh3' one 

metal orbital (lowest ionization energy) is backbonding to one carbonyl, 

one metal orbital is backbonding to two carbonyls and the third metal 

orbital (highest ionization energy) is backbonding to one carbonyl and 

silane. This explains the splitting pattern of the metal band in the 

PES of MeCpMn(CO)2HSiPh3' In MeCpMn(CO)2S02' all the three predominantly 

metal' orbitals appear degenerate at 8.4 eV.77 The large positively 

charged sulfur atom has a stabilizing influence on the metal levels. 

This charge effect is seen by the stabilization of the ~2-Y2 orbital by 

0.5 eV from its position in MeCpMn(CO)3' Some of this stabilization, 

however, is due to backbonding into the sulfur 3d orbitals. S02 is a 
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better ~-acceptor than CO as seen from the stabilization of the dyz 

orbital by 0.5 eV. The backbonding orbital on S02 that interact with 

this metal orbital is lower in energy than the CO ~* orbitals. The 

backbonding orbital on S02 that interact with the dxz orbital is higher 

in energy than the CO ~* orbitals so the stabilization of this orbital 

is only 0.2 eV. S02 is a better a donor than CO because it balances the 

~ accepting ability to keep the metal in this complex similar in charge 

to the metal center in MeCpMn(CO)3' Finally, the Si-H bond (with C1 as 

substituent on the Si) in MeCpMn(CO)2HSiC13 has ~-acceptance by the Si-H 

a* orbital to such an extent that it results in the breaking of the Si-H 

bond and the formation of an oxidative addition product. 74 The metal 

orbitals in this case are stabilized by as much as 0.7 eV. 

From the comparative study of the MeCpMn(CO)2L complexes, the Si-H 

bond in the si1anes are weak a donors while its ~ accepting properties 

depend on the substituent on the Si. Thus, one can control the 

electronic structure in these complexes by varying the substituents on 

Si. Changing from C1 substituents to Ph substituents, the electronic 

structure change is so drastic that one has a Mn+3 species in one case 

and a Mn+1 species in the other. The C-H bond is also a weak a donor as 

illustrated in the case of cyc10hexeny1 manganese tricarbonyl.14 There 

is no destabilization of the metal orbitals in this case because the 

negative charge on the metal due to donation of electron density from 

the C-H bond is compensated by the positive pro tic charge of the 

hydrogen. In the case of the Si-H bond, it is a better a donor than the 
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C-H bond since a slight destabilization of the metal orbitals is 

observed in this case. The Si-H u* orbital is a better ~ acceptor than 

the C-H u* orbital because it is lower in energy. 

CpMn(CO)2HSiC13 represents a complex which has advanced to full 

oxidative addition while MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2 

represent complexes which show a very weak interaction of the Si-H bond 

with the metal. It would be interesting to study complexes with mixed 

substituents on the Si (eg. CpMn(CO)2HSiC12Ph) which may show stronger 

interaction of the Si-H bond with the metal center but do not achieve 

full oxidative addition. 



CHAPTER 5 

CYCLOPENTADIENYL RING METHYLATION AND ITS EFFECT ON 

Si-H BOND ACTIVATION IN Cp'Hn(CO)2HSiHPh2 COHPLEXES 

(Cp' - Cp, HeCp, C5Mes) 

Introduction 
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Methylation of cyc1opentadieny1 rings in CpMn(CO)2L complexes 

(where L - PMea, S02' etc.) has helped considerably in understanding the 

electronic structure of organometallic comp1exes. 48 •76 The electronic 

effects of Cp ring methylation in CpMn(CO)a systems have been discussed 

extensively. 48 Ring methylation involves direct orbital overlap 

interactions in the valence shell of the compounds as well as charge 

redistribution throughout the complex. In the photoelectron spectrum, 

the Cp el" ring ionizations are destabilized twice as much as the metal 

ionizations on progressive methylation. According to Lichtenberger et 

al. 48 the shifts in the valence ionizations are primarily caused by 

overlap interaction of the el" orbital with the methyl group orbitals. 

For metal ionizations, however, the shift of the ionizations is chiefly 

due to charge redistribution toward the metal center. The metal senses 

the increased charge on the Cp ring through increased donation of 

electrons from the Cp el" orbitals into the empty metal levels. 

Interest in studying Cp ring methylation by photoelectron 

spectroscopy in meta1-si1y1 systems stems from different reasons. The 



results from Chapter 3 and Chapter 4 show that CpMn(CO)2HSiC13 is a 

Mn+3, d4 system whereas MeCpMn(CO)2HSiHPh2 and MeCpMn(CO)2HSiPh3 are 
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Mn+1 , d6 systems. CpMn(CO)2HSiC13 is a hydrido-silyl complex 

representing a full oxidative addition product. The Ph-substituted 

complexes are metal-silane complexes exhibiting Mn, Si, H 3 center-2-

electron bonding. The present aim is to find out how the degree of 3-

center-2-electron bonding is affected on progressive methylation of the 

Cp ring. CsMesMn(CO)3 destabilizes the metal ionization 0.6 eV from its 

position in CpMn(CO)3' This factor is very important to the 

investigations. The Ph substituted complexes have the Ph ~ ionization 

as the second leading ionization band after the metal band which is the 

first leading ionization band. In certain cases (especially in 

CpMn(CO)2HSiHPh2), the higher ionization edge of the metal band is 

buried under the phenyl band. Ring methylation has its use in 

destabilizing the metal band so that it becomes well separated from the 

phenyl band. The metal ionization can then be observed clearly and can 

be suitably analyzed to determine the extent of Si-H bond interaction 

with the transition metal. 

Ring methylation is also a perturbation on the electronic 

environment in these "activated" complexes which might lead to 

interesting results. Methylation of the Cp ring increases the electron 

density at the metal center. This might facilitate the donation of 

metal electron density to the Si-H o· orbital and favor more complete 

oxidative addition. The photoelectron spectrum should give a measure of 



109 

this through the splitting of the metal ionization bands. 

The electronic structure factors of Si-H bond interaction with the 

Mn center in MeCpMn(CO)2HSiHPh2 were discussed in Chapter 4. In this 

chapter, these electronic structure factors are compared to those 

presen~ in CpMn(CO)2HSiHPh2 and C5Me5Mn(CO)2HSiHPh2' There are no 

previous data of any kind on CpMn(CO)2HSiHPh2 since this compound is 

being reported here for the first time. Structural data27 and J Si- H 

from 29Si NMR27 on MeCpMn(CO)2HSiHPh2 and C5Me5Mn(CO)2HSiHPh2 predict 3-

center-2-electron Mn, Si, H bonding in these compounds. The Mn-Si bond 

length in MeCpMn(CO)2HSiHPh2 from X-ray studies was found to be 2.36 A. 

Since this is 0.1 A longer than the Mn-Si bond length in 

MeCpMn(CO)2HSiC13 (d4 system), 3-center-2-electron bonding is indicated 

in this compound. An X-ray structural study was done on 

CsMe5Mn(COhHSi.HPh2 and the Mn-Si and Mn-H bond lengths were found to be 

2.39 A and 1.52 A. The Si-H bond length was reported as 1.77 A. This 

is not only longer than the Si-H covalent bond length of 1.48 A but is 

also shorter than the sum of the van der Waal's radii of the two 

elements (3.1 A). The structural studies suggest 3-center-2-electron 

bonding. From 29Si NMR studies, J Si- H of MeCpMn(CO)2HSiHPh2 and 

CsMesMn(CO)2HSiHPh2 were found to be 63.5 Hz and 65.4 Hz respectively. 

Both these values suggest Si-H interaction in the complexes. 

In this chapter, the photoelectron spectra of CpMn(CO)2HSiHPh2, 

MeCpMn(CO)2HSiHPh2 and CsMesMn(CO)2HSiHPh2 are reported to measure the 

change in the extent of Si-H bond activation on methylating the Cp ring. 
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The spectra of the compounds are compared to the spectra of the starting 

materials and free ligand to measure the shift in the metal and ligand

based ionizations. The shift of the ionizations a~d the splitting 

pattern of the metal band in the spectra of the compounds give specific 

information about the extent of Si-H bond activation. 

RESULTS 

PES of CpHn(CO)2HSiHPh2' The He(I) valence photoelectron spectrum 

of CpMn(CO)2HSiHPhz is shown in Figure 5.1. This spectrum is compared 

to the spectra of CpMn(CO)3 and HSiHPhz . This comparison helps in 

assigning the spectral ionizations and also in measuring the shift in 

the metal and ligand-based ionizations in the complex compared to the 

same ionizations in the starting material and free ligand. The broad 

band of overlapping ionizations from 12.5-15 eV in CpMn(CO)2HSiHPh2 is 

due to the carbonyl Sa and 11r orbitals. the Cp a2" (71") and a orbitals as 

well as the ligand (HSiHPh2) a orbitals. 48 Individual assignments in 

this forest of ionizations will not be attempted. 

The 7-11 eV region of the complex is more interesting and gives 

specific information on the electron distribution. The ionization at 

10.3 eV is due to the Si-C a electrons and does not shift from its 

position in the free ligand. The ionizations due to the phenyl 71" 

electrons have their most intense ionization peak at 9.0 eV which is 

also unshifted from its position in the free ligand. The silane ligand 

based ionizations in CpMn(CO)2HSiHPh2 do not shift from their positions 
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Figure 5.1 The He(!) valence photoelectron spectral comparison of 
(A) CpMn(CO)3 (B) CpMn(CO)2HSiHPh2 and (C) HSiHPh2 
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in the free ligand. This indicates no substantial electron charge shift 

from the metal to the ligand in this complex. The 7-11 eVregion of 

CpMn(CO)2HSiHPh2 is shown in Figure 5.3. 

The position of the Cp ell! ionizations in the Ph-substituted 

complexes have been determined by spectral subtraction in Chapter 4. 

These ionizations occur on the higher binding energy side of the second 

leading ionization band. In CpMn(COhHSiHPh2, the Cp e l " ionizations 

occur at 9.6 eV and 9.9 eV (see Table 5.1). Since the Cp ell! ring 

ionizations are buried under the phenyl band, the shifts in these 

ionizations will be dealt with only on a semi-quantitative basis. The 

ionizations are shifted a little to lower ionization energy compared to 

the same ionizations in CpMn(CO)3. This denotes more negative charge on 

the ring due to poorer donation of electron density to the metal. In 

other words, it indicates a more negative metal center than is present 

in CpMn(CO)3. 

The leading edge of the metal ionization band in CpMn(CO)2HSiHPh2 

is destabilized from its position in CpMn(CO)3. This is apparent in 

Figure 5.1. The analytical representation of the metal bands in both 

compounds, however, shows two peaks in a 1:2 ratio and the positions of 

the metal bands occur in the same energy vicinity in both compounds. 

This destabilization of the metal orbitals in CpMn(CO)2HSiHPh2 denotes a 

more negative metal center (cf. CpMn(CO)3) which may be due to extensive 

donation of electron density from the Si-H u orbital or to the fact that 

the silane is a poorer ~ acceptor compared to CO. The metal ionization 
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Position Re1. Area 

CpMn(CO)3 7.99 0.65 0.36 1.00 

8.34 0.65 0.36 0.57 

9.85 0.70 0.33 1.31 

10.25 0.80 0.29 0.56 

CpMn (CO) zHS iHPh2 7.99 0.52 0.55 1.00 

8.34 0.52 0.33 0.40 

9.59 0.59 0.34 1.25 

9.95 0.59 0.34 0.62 

Table 5.1 Valence Ionization Features of CpMn(CO)3 and 
CpMn (CO )zHS iHPh2 
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band is not split to any great extent. The metal close-up is shown in 

Figure 5.2. The vertical ionization energies. shapes and relative 

intensities of the metal and Cp e1" ionizations in CpMn(CO)3 and 

CpMn(CO)2HSiHPh2 are compiled in Table 5.1. 

PES of MeCpMn(CO)zHSiHPh2 • The He(I) photoelectron spectrum of 

MeCpMn(CO)2HSiHPh2 was shown in Chapter 4. In this chapter. the 7-11 eV 

region of MeCpMn(CO)2HSiHPh2 is shown in Figure 5.3. This Figure 

compares the 7-11 eV region of CpMn(CO)2HSiHPh2 as well to better 

illustrate the effects of Cp ring methylation. The Si-C 0 ionizations 

in the two com~~unds occur at the same position (10.3 eV). The most 

intense peak of the phenyl ~ ionization occurs also at the same position 

in the two compounds (9.0 eV). In MeCpMn(CO)2HSiHPh2. the Cp e1" 

ionizations are shifted only slightly to lower binding energy. This 

small shift is the effect of placing a methyl group on the 

cyc10pentadieny1 ring in this complex. The leading peak of the metal 

ionization band in MeCpMn(CO)2HSiHPh2 is shifted 0.13 eV to lower 

ionization energy compared to that in CpMn(CO)2HSiHPh2' The higher 

ionization peak of the metal band is stabilized 0.03 eV to higher 

binding energy compared to that in CpMn(CO)2HSiHPh2' It is fruitful to 

compare the widths of the metal bands in CpMn(CO)2HSiHPh2 and 

MeCpMn(CO)2HSiHPh2' The metal band in CpMn(CO)2HSiHPh2 is 0.65±0.05 eV 

wide whereas the metal band in MeCpMn(CO)2HSiHPh2 is 0.8±0.05 eV wide. 

The significance of this observation will be explained in the next 

section. The metal ionization band in MeCpMn(CO)2HSiHPh2 can be 
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Figure 5.3 He(l) 7-11 eV comparison of (A) CpMn(CO)2HSiHPh2 
(B) MeCpMn(CO)2HSiHPh2 and (C) CsMesMn(CO)2HSiHPh2 
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Position ReI Area 

CpMn (CO) 2HS iHPh2 

7.99 0.52 0.55 1.00 

8.34 0.52 0.33 0.40 

9.59 0.59 0.34 1. 25 

9.95 0.59 0.34 0.62 

9.04 0.46 0.42 3.46 

10.33 0.44 0.38 1. 28 

MeCpMn(CO)2HSiHPh2 

7.86 0.41 0.53 1.00 

8.06 0.41 0.53 1.00 

8.36 0.59 0.53 1.19 

9.53 0.42 0.25 3.11 

9.88 0.42 0.25 0.84 

9.01 0.40 0.34 4.77 

10.32 0.96 0.50 4.33 

HSiHPh2 

9.03 

10.35 

Table 5.2 Valence Ionization Features of CpMn(CO)2HSiHPh2 
and MeCpMn(CO)2HSiHPh2 
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analytically represented by the fit of three asymmetric Gaussian peaks. 

The peak positions of the two compounds are compiled in Table 5.2. 

It is essential also to compare the Cp el" and metal ionizations 

to their positions in MeCpMn(CO)3' The Cp el" ionizations are shifted 

very slightly to lower ionization energy in MeCpMn(CO)2HSiHPh2 compared 

to their position in MeCpMn(CO)3' The metal center is not gaining as 

much negative charge when HSiHPh2 replaces CO in this case as in 

CpMn(CO)3 to CpMn(CO)2HSiHPh2' The leading peak of the metal ionization 

band in MeCpMn(CO)2HSiHPhz is destabilized only 0.04 eV from that in 

MeCpMn(CO)3' The higher ionization energy peak of the metal band in 

MeCpMn(CO)2HSiHPh2, however, is 0.13 eV stabilized from its position in 

MeCpMn(COh· 

PES of C~5Mn(CO)2HSiHPhz' The He(I) valence photoelectron spectrum 

of CsMesMn(CO)zHSiHPh2 is shown in Figure 5.4. It is compared to the 

spectra of CsMesMn(CO)3 and HSiHPh2 for indication of the shifts in the 

metal and ligand-based ionizations in the complex. The assignment of 

the individual ionizations in the forest of ionizations in the 11-15 eV 

region will not be attempted. The region of interest is the 7-11 eV 

region which shows the shifts of the Cp el" ionizations, the Ph 1r 

ionizations and the metal ionizations. 

Due to the nature of the complex and its tendency to decompose in 

the instrument (described in Chapter 2), data with only a moderate 

signal to noise ratio could be obtained. The curve-fit analysis of the 

7-11 eV region was performed with the results shown in Table 5.4. The 
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Figure 5.4 He(l) valence photoelectron comparison of 
(A) CsMesMn(CO)3 (B) CsMesMn(CO)2HSiHPh2 and 
(C) HSiHPh2 
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Position Re1. Area 

MeCpMn (CO) 3 

7.90 0.71 0.41 1.00 

8.23 0.71 0.41 0.33 

9.59 0.65 0.42 1.15 

9.99 0.70 0.28 0.61 

MeCpMn(CO) 2HS iHPh2 

7.86 0.41 0.53 1.00 

8.06 0.41 0.53 1.00 

8.36 0.59 0.53 1.19 

9.53 0.42 0.25 3.11 

9.88 0.42 0.25 0.84 

Table 5.3 Valence Ionization Features of MeCpMn(CO)3 and 
MeCpMn(CO) 2HS iHPh2 
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positions of the Cp el" and metal ionizations in CsMesMn(CO>a are also 

shown in the Table. The Si-C u ionization in the complex is shifted a 

little to higher binding energy compared to its position in the free 

ligand. The phenyl ~ ionization band is shifted also a little to higher 

binding energy compared to its position in the free ligand. Therefore, 

the silane ligand-based ionizations in the complex are slightly 

stabilized from their position in the free ligand. 

The Cp el" ionizations in CsMesMn(COhHSiHPhz are assigned to the 

lower ionization edge of the phenyl ~ band. The assignment is based on 

previous studies which show that these ionizations are destabilized 1.2 

eV with permethylation. 48 These ionizations are shifted slightly to 

lower ionization energy from their position in CsMesMn(CO)3' This is 

indicative of a more negative metal center in the complex compared to 

the starting material. This may be due to the donation of electron 

density from the Si-H u orbital to the metal center or poorer ~

backbonding in comparison to CO. 

The metal ionization in the complex is not split and can be 

represented analytically by the fit of two asymmetric Gaussian peaks in 

a 1:2 ratio. The lower ionization energy peak of the metal band is 

unshifted from its position in CsMesMn(CO)3 and the higher ionization 

energy peak of the metal band is only a little stabilized (0.03 eV) from 

its position in CsMesMn(CO)3' 
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Figure 5.5 He(I) 5.5-15.5 eV region spectral comparison of 
(A) CpMn(CO)2HSiHPh2 (B) MeCpMn(CO)2HSiHPh2.and 
(C) C~e5Mn(CO)2HSiHPh2 
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The width of the metal band is smaller than the widths of the metal band 

in the Cp and MeCp derivatives (O.6l±O.05 eV) and this gives 

interesting conclusions as discussed in the next section. Figures 5.3 

and 5.5 show the 7-11 and 5.5-15.5 eV regions of CsMesMn(CO)zHSiHPhz , 

MeCpMn(CO)2HSiHPh2 and CpMn(CO)2HSiHPh2. The spectral features of all 

three compounds are similar. The shifts in ionizations are very subtle 

and Tables 5.1-5.4 compare these shifts in the Cp e1", phenyl 11" and 

metal ionizations. The metal bands in all three compounds are broad and 

not split by a large amount. 

DISCUSSION 

Progressive methylation of the Cp ring in the complexes studied in 

this chapter gives an indication of the change in the extent of a 

interaction of the Si-H bond with the metal center. As seen in Figures 

5.3 and 5.5, the spectra of the three complexes are very similar. In 

spite of this, there are subtle shifts in the ligand-based and metal 

ionizations as apparent from the curve-fit analysis of the ionization 

bands. These shifts give a wealth of information regarding the movement 

of electrons from the metal to the ligand and vice versa. Methylation 

of the Cp ring not only gives information about the results of 

electronic structure perturbation on a particular system but also sheds 

light on the mechanism of interaction of the Si-H bond with the metal 

center in these complexes. Since information is gained from shifts in 

ionizations of ligand-based and metal levels, these will be discussed 
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individually below. 

Shift of silane ligand ionizations. The free ligand, HSiHPh2, has 

its Si-C 0 ionization at 10.3±O.05 eV and its phenyl ~ ionization at 

9.0±O.05 eV. CpMn(CO)2HSiHPh2 and MeCpMn(CO)2HSiHPh2 have their Si-C 0 

and phenyl ~ ionizations unshifted from the ionizations of the free 

ligand. CsMesMn(CO)2HSiHPh2 has these same ionizations only a little 

stabilized (O.1±O.05 eV) from their position in the free ligand. In 

Chapter 3, it was shown how the C1 lone palr ionizations in 

CpMn(CO)2HSiC13 shifted as much as 1 eV to lower ionization energy from 

their position in HSiC1 3 • This large electron charge shift from the 

metal to the ligand was evidence of the positively charged metal center 

and one of the evidences of full oxidative addition. Here, the apparent 

non-shift of the silane ligand-based ionizations in the complexes 

indicate no substantial electron charge shift from the metal to the 

ligand. In Chapter 1, the two electronic structure mechanisms of 

interaction (0 and 0*) of the Si-H bond with the transition metal center 

were described. 0* interaction is the transfer of electron density from 

the metal HOMO's to the empty Si-H u* orbital. If such a transfer took 

place, the ligand substituents on the Si atom would feel the negative 

charge and their ionizations would be destabilized. In the case of the 

complexes in this chapter, the phenyl-based ionizations do not shift at 

all from their positions in the free ligand. The absence of this shift 

indicat;;:; that u* is not the predominant mode of interaction in these 

compounds. A slight stabilization of the Ph-based ionizations in 
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CsMesMn(CO)zHSiHPhz is an indication of significant u donation of 

electron density from the Si-H u orbital to the metal center. The non

shift of ligand ionizations also indicate that stab-ilization of ligand 

ion5,zations from donation of electrons from the Si-H u orbital to the 

metal and net positive charge at the metal is balanced by 

destabilization from electrons accepted by the S1-H u· orbital. 

Shift of the Cp el" Ring Ionizations. Lichtenberger et al. 48 showed 

that progressive methylation of the Cp ring in CpMn(CO)3 systems has the 

greatest effect on the Cp ring ionizations in the photoelectron spectra 

of the compounds. One methyl group destabilizes the Cp ring ionization 

by 0.3 eV while five methyl groups on the Cp ring destabilizes the said 

ionization by as much as 1.2 eV. In CsMesMn(CO)zHSiHPh2 , the 

destabilization of the Cp e1" ring orbitals is as much as was observed 

in CpMn(CO)3 systems while in MeCpMn(CO)zHSiHPhz , this ionization is 

destabilized a little less than what was observed on going from 

CpMn(CO)3 to MeCpMn(CO)3' In MeCpMn(CO)zHSiHPh2 , a methylation effect is 

occurring with some other simultaneous process which is counterbalancing 

it. 

The Cp e 1 " ring ionizations are destabilized in the silane systems 

in comparison to the CpMn(CO)3 system. This indicates a more negative 

metal center in the silyl complexes. Therefore if u donation from CO to 

the metal is assumed to be similar in magnitude to that of the silane, 

then the Si-H u· orbital is not removing as much electron density as the 

two CO ~. orbitals. 
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The shifts in the metal-based ionizations 

shed light on the electronic structure of these complexes. The 

conclusions drawn from the Cp ring ionization shifts are corroborated on 

observing the shift in the metal bands. The metal ionizations in 

CpMn(CO)2HSiHPh2' MeCpMn(CO)2HSiHPh2 and CsMesMn(CO)2HSiHPh2 are not split 

and are not very stabilized from their positions in the starting 

materials. In Chapter 3, it was shown that the metal ionization in 

CpMn(CO)2HSiC13 was stabilized 0.6 eV from its position in CpMn(CO)3' 

the starting material. This was evidence of a more positive metal 

center in the complex and a full oxidative addition product. In 

CpMn(CO)2HSiHPh2, the lower ionization edge of the metal band is shifted 

to lower binding energy. This is in direct contrast to the 

CpMn(CO)2HSiC13 case and proves a more negative metal center (than in 

CpMn(CO)3)' There is u interaction of the Si-H bond with the transition 

metal center which leads to donation of electron density to the metal 

center. Since u· interaction is not very predominant, this negative 

charge cannot be dissipated. The predominant electronic structure 

mechanism of interaction in this compound is u interaction. However, 

the metal peak positions in CpMn(CO)3 and CpMn(CO)2HSiHPh2 being at the 

same position indicates that u interaction is counterbalanced by a 

nearly similar amount of u· interaction. 

The metal ionizations in MeCpMn(CO)2HSiHPh2 remain nearly 

unshifted from their position in MeCpMn(CO)3' Only the higher 

ionization peak of the metal band is stabilized 0.2 eV from its position 
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in MeCpMn(CO)3' This is evidence of some u· interaction coming into 

play. The predominant electronic structure mechanism of interaction is 

electron donation from the Si-H u bond into the empty metal orbitals. 

But due to more electron donation from the Cp el" orbitals (because of 

the methyl group on the Cp ring) there is considerable negative charge 

on the metal center. Some of the negative charge is transferred to the 

Si-H u· orbital through the u· interaction. This appears in the 

photoelectron spectrum in the form of a metal orbital stabilized by 0.2 

eV as a result of u· interaction. There is a balance between the u 

donation from the Si-H u orbital and u· back acceptance to the Si-H u· 

orbital that makes the lower ionization energy peak of the metal band 

stay unshifted from its position in MeCpMn(CO)3' But the higher binding 

energy peak of the metal band is stabilized to show this balance nicely. 

The broader metal region observed for the si1y1 complexes as compared to 

the metal carbonyl complexes indicate that the one Si-H u· orbital 

accepts electron density better than one CO ~. orbital. This is 

evidenced by the slight stabilization of one of the metal orbitals as a 

result of interaction with the Si-H u· orbital. 

The metal ionizations in C5Me5Mn(CO)2HSiHPh2 remain unshifted from 

their position in C5Me5Mn(CO)3' There is extensive negative charge at 

the metal center due to the effect of five methyl groups on the Cp ring. 

In these complexes. u interaction is the predominant electronic 

structure interaction with little u· interaction. In 

C5Me5Mn(CO)2HSiHPh2' the Si-H u interaction is probably the largest (cf. 
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CpMn(CO)2HS.i.HPh2 and MeCpMn(CO)2HSiHPh2) since there is a slight 

stabilization of the ligand ionizations in this complex. Also, the 

width of the metal bands in the three si1y1 complexes illustrate this. 

On going from CpMn(CO)2HSiHPh2 to MeCpMn(CO)2HSiHPh2' the width of the 

metal band increases by ~O.15 eV. This is attributed to the slightly 

greater a* interaction prevalent in the MeCp derivative due to more 

negative charge on the metal. One of the metal orbitals is slightly 

more stabilized due to interaction with the Si-H a* orbital and this 

widens the metal band in MeCpMn(CO)2HSiHPh2. In CsMesMn(CO)2HSiHPh2, the 

widest metal band was expected as one of the metal orbitals was expected 

to dissipate the negative charge on the metal (from donation of electron 

density from the five methyl groups) through a* interaction. Instead, 

CsMesMn(CO)2HSiHPh2 has the narrowest metal band (0.61 eV). This is 

because a interaction dominates over a* interaction in this complex. 

This phenomenon can be attributed to steric effects. The bulky CsMes 

ligand obstructs the addition of the silane to the metal center and 

minimizes a* interaction. 

Conclusions 

The most prominent ionization feature in the three complexes 

reported in this chapter is the non-shift of the metal ionization bands 

(cf. starting materials). The metal band is also not split to a great 

extent. This effectively classifies the complexes as Mn(I), d6 

compounds. The silane ligand ionizations in the complexes are unshifted 
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from their positions in the free ligand which denotes that a* 

interaction is not the predominant interaction of the Si-H bond with the 

metal. These compounds are in fact "frozen intermediates" in the 

oxidative addition of the Si-H bond to the metal center. The 

predominant mechanism of interaction of the Si-H bond with the metal is 

a interaction with the silane behaving as a neutral two-electron donor. 

This is evidenced in the PES of CpMn(CO)2HSiHPh2 where the metal 

ionization band is destabilized as a result of donation of electron 

density from the Si-H a bond to the metal. The small amount of a* 

interaction in these compounds is evidenced in the PES of 

MeCpMn(CO)2HSiHPh2 where one of the metal orbitals is stabilized as a 

result of interaction with the Si-H a* orbital. Finally, the PES of 

C~e5Mn(CO)2HSiHPh2 shows that progressive methylation does not change 

the electronic structure mechanism of interaction which stays the same 

in all three compounds. Substitution of five methyl groups on the Cp 

ring was thought to invoke full oxidative addition. It was thought that 

too much electron density on the metal center would accelerate a* 

interaction to such an extent that oxidative addition occurs. This was 

not seen to be the case. a* interaction increases enough to balance the 

a interaction resulting in a metal band which remains unshifted from its 

position in the starting material. CsMe5Mn(CO)2HSiHPh2 has more a 

interaction relative to a* interaction of the Si-H bond with the 

transition metal center than the MeCp derivative as shown by the slight 

stabilization of the silane ligand-based ionizations. Schubert 
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attributes this to the fact that the addition of H2SiPh2 to CsMesMn(CO)3 

is somewhat obstructed by the CsMes ligand, probably for steric 

reasons. 30 Therefore a* interaction in this complex is minimized. Some 

of the negative charge on the metal center is dissipated by greater 

back-donation from the metal to the carbonyl ligands (the vco of 

CsMesMn(CO)2HSiHPh2 is lower than that in MeCpMn(CO)2HSiHPh2 by 20 cm-1). 

Still the metal is fairly negatively charged as seen from the 

destabilization of the Cp e1" ring and metal ionizations. 

The Cp and the metal ionizations in the compounds are shifted in a 

similar manner to the CpMn(CO)3 system on methylation. The methyl group 

orbitals interact with the Cp orbitals on methylation and there is 

extensive charge redistribution at the metal center. PES results relate 

well to other experimental data. Structural and NMR data predicted 3-

center-2-electron bonding in MeCpMn(CO)2HSiHPh2 and CsMesMn(CO)2HSiHPh2 

and I find this to be the case too. In addition I have been able to 

synthesize CpMn(CO)2HSiHPh2 and therefore am able to show the 

progressive methylation throughout the series. 



CHAPTER 6 

ELECTRONIC STRUCTURE FACTORS OF Si-H BOND 

ACTIVATION IN HeCpHn(CO) (PHe3)HSiR3 

COHPLEXES ( R - Cl, Ph) 

Introduction 
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The electronic structure of MeCpMn(CO)2HSiR3 (R - Ph, C1) can be 

perturbed by changing the ligand environment around the metal which in 

turn affect the Si-H bond interaction with the metal. This can be 

achieved by changing substituents on the Si (Chapter 4) and changing 

substituents on the Cp ring (Chapter 5). It can also be achieved by 

substituting a CO ligand with a PMe3 ligand, the results of which are 

dealt with in this chapter. The next chapter deals with the 

substitution of Si with Ge and provides interesting results. 

It has been observed that for CpMn(CO)2HSiR3 complexes where R is 

Ph, a interaction of the Si-H bond with the transition metal is the 

predominant electronic structure mechanism of interaction. For 

CpMn(CO)2HSiR3 complexes where R is CI, there is nearly complete 

oxidative addition to give a Mn(III) complex. Phosphine substitution 

for a carbonyl in these systems poses exciting possibilities. The 

phosphine is a poorer ~-acceptor compared with CO so it would be 

interesting to see whether ~-acceptance by the silane increases in these 

complexes to give full oxidative addition products. Mono- and 
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disubstitution of phosphines in the CpMn(CO)a system has been studied by 

Ke11ogg47 in great detail by means of photoelectron spectroscopy. The 

metal ionization band in the CpMn(CO)a system is split in an a + e 

pattern. In CpMn(CO)2PMea, these bands are split more and also shifted 

to lower ionization energy (cf. CpMn(CO)a). The destabilization of the 

metal levels is due to the charge effect of placing a phosphine in place 

of a carbonyl. The metal orbitals are destabilized as much as 1 eV. 

The phosphine is a good a donor with very little ~-backbonding 

capabilities so ~-backbonding competition is lessened on removing a 

carbonyl. This is observed in the photoelectron spectrum in the 0.1 eV 

larger separation of the metal orbitals in MeCpMn(CO)2PMea compared to 

the metal orbitals in MeCpMn(CO)3. The higher binding energy metal 

orbital backbonds into two carbony1s while the lower binding energy 

metal orbitals bond to a carbonyl and a phosphine. Due to the larger 

negative charge on the metal because of the phosphine, the backbonding 

to the carbony1s increases so that the higher binding energy metal 

orbital is more stabilized to dissipate the negative charge. 

The MeCpMn(CO) (PMea)HSiRa system was chosen for study to see how 

the more negatively charged metal center (cf. MeCpMn(CO)2HSiRa systems) 

behaves regarding Si-H bond interaction with the metal center. One way 

for the metal to get rid of the negative charge is to undergo oxidative 

addition of the Si-H bond to give a Mn(III) system. Since in the 

CpMn(CO)2HSiR3 systems, the substituent R controlled the extent of Si-H 

bond interaction, both C1- and Ph-substituted compounds are studied in 
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this chapter. 

Schubert et al. have studied MeCpMn(CO) (PMe3)HSiR3 systems (R is 

Ph, Cl) by structural and other methods. 27,45 Kinetic investigations of 

MeCpMn(CO)(PMe3)HSiHPh2 systems reveal that H2SiPh2 is substituted 

readily by a phosphine as in MeCpMn(CO)2HSiHPh2 systems. 40,45 The rate 

of reaction depends on the basicity of the phosphines and the bulkiness 

of the phosphine ligand. Substitution in MeCpMn(CO) (PMe3)HSiHPh2 is 103 

times slower than in MeCpMn(CO)2HSiHPh2.45 This points to the fact that 

the Si-H interaction in the phosphine complex is less or, in other 

words, it has proceeded more to oxidative addition. 

29Si NMR spectra were obtained for all the metal-silyl compounds 

and the Si-H coupling constant was observed. These coupling constants 

provide a measure of the Si-H interaction in the complexes. The J Si- H of 

MeCpMn(CO)(PMe3)HSiCI3 is 20 Hz while that of MeCpMn(CO) (PMe3)HSiHPh2 is 

38 Hz.27 These values are much less than 63.5 Hz (MeCpMn(CO)2HSiHPh2) 

and 54.9 Hz (MeCpMn(CO)2HSiC13) and indicate that the Si-H bond may be 

broken in MeCpMn(CO) (PMe3)HSiR3 (R - Ph, Cl) complexes. These small 

values of J Si- H for the PMe3-substituted complexes corresponds to the 

general experience that oxidative addition reactions are favored by 

small groups having high electron density at the metal. But Schubert 

argues that since there is an 18 Hz difference between the JSi-H of 

MeCpMn(CO)(PMe3)HSiCI3 and MeCpMn(CO) (PMe3)HSiHPh2, some Si-H interaction 

may be retained in both, their magnitudes being different. 3D 
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Unfortunately, no structural data are available for 

MeCpMn(CO)(PMe3)HSiC13 to test the degree of Si-H interaction by 

structural methods. The X-ray crystal structure of 

MeCpMn(CO)(PMe3)HSiHPh2 has been done by Schubert et a1.27 The Si-H 

distance is estimated at 1.78 A while the Mn-Si bond length is 2.33 A 

and the Mn-H bond length is 1.49 A. The Mn-Si bond length is only 0.03 

A shorter than that in MeCpMn(CO)2HSiHPh2' These data reveal that Si-H 

interaction is probably present in this complex since Chapter 4 revealed 

such an interaction in MeCpMn(CO)2HSiHPh2' 

The conclusions from structural data, NMR and kinetic 

investigations are as follows: Kinetic and NMR data show that the 

degree of oxidative addition is advanced in the MeCpMn(CO) (PMe3)HSiR3 

systems. Structural data, however, reveal considerable Si-H interaction 

in MeCpMn(CO) (PMe3)HSiHPh2. Since a conclusive picture of the bonding 

interactions was not obtained, photoelectron studies on these systems 

were undertaken. The He(I) and He(II) valence photoelectron spectra of 

MeCpMn(CO)(PMe3)HSiC13 and the He(I) valence photoelectron spectrum of 

MeCpMn(CO) (PMe3)HSiHPh2 are reported in this chapter. The metal and 

ligand ionizations in the complexes will be compared to those in 

CpMn(CO)2HSiC13 and MeCpMn(CO)2HSiHPh2 to better elucidate the effect of 

the phosphine ligand on the Si-H bond interaction with the transition 

metal. 
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Results 

PES of MeCpMn(CO) (PMe 3)HSiC13 • The He(I) valence photoelectron spectrum 

of MeCpMn(CO) (PMe3)HSiC13 is shown in Figure 6.1. It is compared to the 

photoelectron spectra of MeCpMn(CO)2PMe3 and HSiC13, the free ligand, 

for observing the shifts in the metal and ligand ionizations. The 

ionizations from 12-15.5 eV are due to the carbonyl 5u and 1~ orbitals 

and the Cp a2" (symmetric ~) and valence u orbitals. Individual 

assignments in this forest of ionizations will not be attempted. 

An assignment of the HSiC13 molecule valence ionizations has 

already been done in Chapter 3. The ionizations in the 12-13 eV region 

are due primarily to the Cl lone pairs. The valence ionization features 

of MeCpMn(CO) (PMe3 )HSiC13 from 7-12 eVare shown in greater detail in 

Figure 6.2. The relative intensity pattern and splitting of the 

chlorine lone pair ionizations of MeCpMn(CO) (PMe3)HSiC13 are very 

similar to those of CpMn(CO)2HSiC13 and free HSiC13 but are shifted to 

lower binding energies (Figure 6.3). The analytical representation of 

these ionizations is shown in Table 6.1. The a2 combination becomes 

degenerate with the e combination at 10.54 eV and is therefore shifted 

~0.6 eV from CpMn(CO)2HSiC13 and ~1.4 eV from free HSiC13. The a 1 and 

the second e combinations (at 11.04 and 11.44 eV) are shifted ~0.6 eV 

from CpMn(CO)2HSiC13 and ~1.6 eV from their positions in free HSiC13. 

The ionizations of the Cl lone pairs in MeCpMn(CO) (PMe3)HSiC13 occur 

about 1.4-1.6 eV to lower binding energy from their positions in HSiC13. 

The lower ionization energy Cl lone pair is shifted 0.4 eV to lower 
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Ionization Energy (eV) 

15 13 11 9 7 

B 

c 

Figure 6.1 He(I) valence spectral comparison of 
(A) MeCpMn(CO)2PMea. (B) MeCpMn(CO)( PMea)HSiC1 3 

and (C) HSiCla 
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Figure 6.2 He(I)/He(II) spectral comparison of 
MeCpMn(CO) (PMe3)HSiC13 
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Position Wh Wl ReI. Area 

CpMn(CO)zHSiC13 H 8.69 0.55 0.51 1.00 

HL 9.32 0.55 0.51 0.59 

Cp 10.27 0.59 0.34 1. 33 

10.66 0.59 0.34 0.79 

A 10.95 0.33 0.41 2.40 

B 11.23 0.33 0.41 2.01 

C 11.59 0.33 0.41 2.30 

D 12.04 0.46 0.37 4.39 

MeCpMn(CO) (PMe3)HSiC13 H 7.64 0.41 0.46 1.00 

HL 8.57 0.39 0.54 0.62 

Cp 9.34 0.50 0.41 1.12 

9.74 0.50 0.41 0.83 

A 10.54 0.55 0.43 4.14 

B,C 11.04 0.28 0.31 1.17 

D 11.44 0.43 0.42 4.86 

HSiC13 

A 11.95 0.37 0.21 0.73 

B 12.39 0.32 0.33 0.72 

C 12.62 0.32 0.33 0.37 

D 13.07 0.28 0.18 1.00 

Table 6.1 Valence Ionization Features of HSiC13, 
CpMn(CO)2HSiC13 and MeCpMn(CO) (PMe3)HSiC13 
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binding energy from its position in CpMn(CO)2HSiC13' The 7-12 eV region 

of CpMn(CO)2HSiC13 and MeCpMn(CO) (PMe3)HSiC13 are compared better in 

Table 6.1. 

The band at 9.3 eV correlates with the Cp el" predominantly ring 

ionizations. The Cp ring ionizations in MeCpMn(CO)2PMe3 occur at 8.9 

and 9.3 eV. Therefore the Cp ionizations in MeCpMn(CO) (PMe3)HSiC13 are 

shifted 0.4 eV to higher binding energy compared to their position in 

MeCpMn(CO)2PMe3' This shift to higher binding energy is indicative of a 

more positive metal center in the complex (cf. MeCpMn(CO)2PMe3)' The Cp 

ionizations in MeCpMn(CO) (PMe3)HSiC13 are shifted 1 eV to lower binding 

energy compared to their position in CpMn(CO)2HSiC13' The ionization at 

10.2 eV is probably due to the metal-phosphorus u electrons. The 

position of the Mn-H ionization cannot be exactly ascertained. It 

probably occurs in the 9.5-10.5 eV region. 

Close examination of the metal-based ionizations reveal that the 

lower binding energy metal band is well separated from the higher 

binding energy metal band in MeCpMn(CO) (PMe3)HSiC13. The two meta1-

based ionizations have a 1:2 intensity pattern (ML:M). The leading 

ionization band in MeCpMn(CO) (PMe3)HSiC13 occurs at 1.1 eV lower binding 

energy from its position in CpMn(CO)2HSiC13 and 0.7 eV higher binding 

energy compared to its position in MeCpMn(CO)2PMe3' The second leading 

ionization band is 0.8 eV destabilized from its position in 

CpMn(CO)2HSiC13 and 1.25 eV stabilized from its position in 

MeCpMn(CO)2PMe3' The metal ionization shifts indicate that in 

. --_._-- - --'--'~------- _ .. _.-._-
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Ionization Energy (eV) 
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Figure 6.3 He(I) 6-12.5 eV region comparison of 
(A) CpMn(CO)2HSiC13 and (B) MeCpMn(CO)(PMe3)HSiC13 
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MeCpMn(CO)(PMe3)HSiC13 a more negative metal center is present than in 

CpMn(CO)2HSiC13 and a more positive metal center is present than in 

MeCpMn(CO)2PMe3' The Cp e1" and metal ionizations are compared to the 

same ionizations in MeCpMn(CO)2PMe3 in Table 6.2. 

Figure 6.2 shows the He(I)/He(II) comparison of the 7-12 eV region 

of MeCpMn(CO) (PMe3)HSiC13. The He(I)/He(II) intensity trends help in 

the identification of all the ionizations. The bands due to the Si-C1 

and C1 lone pair electrons (10-12 eV) show negligible intensity in the 

He(II) spectrum. This is because of the relatively low He(II) photon 

cross-sections of the Cl orbitals. The Cl 3p photo ionization cross

section falls by a factor of 20, while carbon falls by a factor of 3 on 

going from He(I) to He(II). 61,62 The Cp ionization band therefore gains 

intensity relative to the Cl lone pair ionizations in the He(II) 

spectrum. The Mn 3d photoelectron cross-section is calculated to 

increase from He(I) to He(II) excitation62 and the first ionization band 

grows substantially in intensity in He(II), relative to any other 

ionizations. The intensity of this band indicates that it represents 3d 

electrons. The absolute intensity correlation works out to be Cp:M -

1.2:1 (as compared to Cp:M - 1.3:1 in CpMn(CO)2HSiC13)' 

The second ionization band (ML) shows relatively little growth 

from He(I) to He(II) excitation compared with the leading metal band and 

is therefore ligand-based. The He(I)/He(II) comparison in 

MeCpMn(CO)(PMe3)HSiC13 is very similar to that in CpMn(CO)2HSiC13 (see 

Figure 6.3). The only difference is an extra band at 10.2 eV in 



Position Re1. Area 

6.94 0.67 0.49 1.00 

7.32 0.67 0.24 0.44 

8.87 0.54 0.37 1.02 

9.30 0.54 0.37 0.71 

MeCpMn(CO) (PMe3)HSiC13 

7.64 0.41 0.46 1.00 

8.57 0.39 0.54 0.62 

9.34 0.50 0.41 1.12 

9.74 0.50 0.41 0.83 

Table 6.2 Valence Ionization Features of MeCpl-h,(CO)2PMe3 
and MeCpMn(CO) (PMe3)HS1C13 
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MeCpMn(CO) (PMe3)HSiC13 which may be due to electrons in the metal

phosphorus 0 bond. 

PES of HeCpHn(CO)(PMe3)HSiHPh~ The He(I) valence photoelectron 
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spectrum of MeCpMn(CO) (PMe3)HSiHPh2 is shown in Figure 6.4. The 

spectrum is compared with the spectra of MeCpMn(CO)2PMe3 and HSiHPh2. 

This comparison helps in assigning the spectral ionizations and 

measuring the shifts in metal- and ligand-based ionizations in the 

complex compared to the same ionizations in the starting material and 

the free ligand. The broad band of overlapping ionizations from 11-15 

eV in MeCpMn(CO) (PMe3)HSiHPh2 is due to the carbonyl 50 and l~ orbitals, 

the Cp a2" (~) and a orbitals as well as the ligand (HSiHPh2) a 

orbitals. As before, individual assignments of ionizations in this 

region will not be attempted. 

The Si-C a ionizations are buried under a broad band of 

overlapping ionizations from 9.5-11 eV. The most intense peak of the 

phenyl ~ ionizations occurs at 8.8±0.05 eV. This is ~0.2 eV 

destabilized from its position in the free ligand. This indicates some 

electron charge shift from the metal to the ligand but not as much as 

was observed in CpMn(CO)2HSiC13' The phenyl ~ ionizations in 

MeCpMn(CO) (PMe3)HSiHPh2 are also 0.2 eV destabilized from their position 

in MeCpMn(CO)2HSiHPh2' suggesting more extensive oxidative addition and 

less retention of Si-H interaction in the former compound. The 

ionizations due to the Cp e1 " ring electrons are also in the region of 

overlapping ionizations from 9-11 eV and have not been analyzed. 
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Figure 6.4 He(I) spectral comparison of (A) MeCpMn(CO)2PMe3 
(B) MeCpMn(CO)(PMe3)HSiHPh2 and (C) HSiHPh2 
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Position Wh W1 ReI. Area 

MeCpMn(CO)2HSiHPh2 

7.86 0.41 0.53 1.00 

8.06 0.41 0.53 1.00 

8.36 0.59 0.53 1.19 

9.53 0.42 0.25 3.11 

9.88 0.42 0.25 0.84 

9.01 0.40 0.34 4.77 

MeCpMn(CO) (PMe3)HSiHPh2 

6.90 0.49 0.55 1.00 

7.38 0.49 0.55 0.50 

8.8 

HSiHPh2 9.03 

Table 6.3 Valence Ionization Features of MeCpMn(CO)2HSiHPh2 
MeCpMn(CO) (PMe3)HSiHPh2 and HSiHPh2 
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An analytical representation of the metal ionization region is 

shown in Figure 6.5. The metal band can be analytically represented by 

the fit of two asymmetric Gaussian peaks which have a 1:2 ratio. This 

band is consistent with ionizations of six metal-based electrons and is 

well separated from the ligand ionization bands. The residual intensity 

at the lower ionization energy side of the metal band that is left 

unaccounted for by the fit is probably due to ionizations from 

decomposed product. But only a little decomposition occurs and 

therefore is of little concern. The leading metal band is shifted 1 eV 

to lower ionization energy from its position in MeCpMn(CO)2HSiHPh2' The 

second leading metal ionization band is shifted 0.7 eV to lower 

ionization energy compared to its position in MeCpMn(CO)2HSiHPh2' 

Figure 6.6 shows the 6-10.5 eV region spectral comparison of the two 

compounds. Table 6.3 illustrates the peak positions. The lower 

ionization energy metal band is 0.04 eV shifted from its position in 

MeCpMn(CO)2PMe3 whilst the higher ionization energy metal band is 0.1 eV 

stabilized from its position in MeCpMn(CO)2PMe3' These values are given 

in Table 6.4. 

Figure 6.7 compares the 6-15 eV spectral region of 

MeCpMn(CO)2HSiHPh2 and MeCpMn(CO) (PMea)HSiHPh2 in order to illuminate the 

effect of CO/PMe3 substitution on bond activation. Figure 6.8 compares 

the 6-15 eV spectral region of MeCpMn(CO) (PMea)HSiC13 and 

MeCpMn(CO)(PMe3)HSiHPh2 to examine the effect of Si substituents on bond 

activation in this system. The shift of the metal and ligand 
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Figure 6.5 Metal close-up region of MeCpMn(CO) (PMe3)HSiHPh2 
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Ionization Energy (eV) 

10.5 9.5 

B 

Figure 6.6 He(l) 6-10.5 eV spectral comparison of 
(A) MeCpMn(CO) (PMe3)HSiHPh2 and (B) MeCpMn(CO)2HSiHPh2 



Position ReI. Area 

6.94 0.67 0.49 1.00 

7.32 0.67 0.24 0.44 

MeCpMn(CO) (PMe3)HSiHPh2 

6.90 0.49 0.55 1.00 

7.38 0.49 0.55 0.50 

Table 6.4 Valence Ionization Features of MeCpMn(CO)2PMe3 
and MeCpMn(CO) (PMe3)HSiHPh2 
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Ionization Energy (eV) 

15 13 11 9 7 

8 

Figure 6.7 He(I) full spectral comparison of 
(A) MeCpMn(CO)(PMe3)HSiHPh2 and (B) MeCpMn(CO)2HSiHPh2 
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He(l) full spectral comparison of 
(A) MeCpMn(CO)(PMe3)HSiHPh2 and 
(B) MeCpMn(CO)( PMe3)HSiC13 
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ionizations in the complexes compared to MeCpMn(CO)2PMe3 is indicative 

of the Si-H bond interaction with the transition metal in these 

compounds. 

Discussion 

The ionization energy shifts provide specific information about 

the electronic structure interactions that are altered by changing the 

ligand at the metal center. There are three specific effects to be 

studied in the MeCpMn(CO) (PMe3)HSiR3 systems (R is Ph or Cl). First, 

comparison of these systems with MeCpMn(CO)2PMe3 and the free ligand 

gives information about the interaction of the Si-H bond with the 

transition metal. The shifts in the ligand ionizations in the complex 

compared to these same ionizations in the free ligand give a measure of 

the electron charge shift from the metal to the ligand. The stability 

of the metal band in the complexes compared to that in MeCpMn(CO)2PMe3 

gives an indication of the relative positive charge at the metal center. 

Secondly, comparing MeCpMn(CO) (PMe3)HSiR3 with MeCpMn(CO)2HSiR3 (R is Ph 

or Cl) demonstrates the effect carbonyl substitution by a phosphine has 

on the electronic structure. This ionization comparison also shows 

whether the bond activation process is affected or not. Competition for 

~-backbonding electrons from the metal is diminished when a phosphine is 

substituted for a carbonyl while u donation is increased. Thirdly, the 

ionization features of MeCpMn(CO) (PMe3)HSiC13 and MeCpMn(CO) (PMe3)HSiHPh2 

compare the effects of Si substituents on bond interaction in 
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MeCpMn(CO)(PMe3)HSiR3 and MeCpMn(CO)2HSiR3 (R is Ph or C1). These three 

effects will be discussed separately and each section will treat shifts 

in metal and ligand ionizations individually. 

Silane Substitution in MeCpMn(CO)zPMe~ 

In Chapters 3 and 4. the ionization features of CpMn(CO)2HSiC13 

and MeCpMn(CO)2HSiPh3 were compared to CpMn(CO)3' MeCpMn(CO)3. HSiC13 and 

HSiPh3. Here the ionization features of MeCpMn(CO) (PMe3)HSiC13 and 

MeCpMn(CO)(PMe3)HSiHPh2 are compared to MeCpMn(CO)2PMe3' HSiC13 and 

HSiHPh2. In MeCpMn(CO)2PMe3' the higher binding energy metal orbital at 

7.32 eV is bonding to two carbony1s while the two lower binding energy 

metal orbitals at 6.94 eV are bonding to one carbonyl and one phosphine. 

A. Shift of Silane Ligand Ionizations. The Cl lone pair electrons in 

MeCpMn(CO)(PMe3)HSIC13 ionize at ~1.6 eV lower ionization energy 

compared to free HSiC13. This destabilization of the ligand-based 

levels follow from extensive negative charge de1oca1ization to Si. as 

would be expected with oxidative addition. There is extensive electron 

charge shift from the metal to the ligand indicating SiC13- to be the 

most appropriate limiting description. The Ph ~ electrons in 

MeCpMn(CO)(PMe3)HSiHPh2 are destabilized 0.2 eV from their position in 

free HSiHPh2. This destabilization. though not large. is still 

significant and denotes some negative charge redistribution to Si. 

B. Shift of the Cp el" Ring Ionizations. The ionizations due to 

the Cp ring in MeCpMn(CO) (PMe3)HSiC13 are shifted 0.4 eV to higher 
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binding energy compared to the Cp ionizations in MeCpMn(CO)2PMe3. These 

ionizations are due to the donation from filled Cp el" levels to empty 

metal levels, and the shift of this ionization to higher binding energy 

denotes a more positively charged metal center in 

MeCpMn(CO) (PMe3)HSiC13. In MeCpMn(CO) (PMe3)HSiHPh2, the Cp el" ring 

ionizations are buried under a broad band of overlapping ionizations and 

cannot be analytically represented so information from other ionizations 

in this molecule is used to indicate the electronic structure factors of 

bond activation. 

c. Hetal Ionization Shifts. In MeCpMn(CO) (PMe3)HSiCl3, the 

leading ionization is predominantly metal based on the He(I)/He(II) 

intensities, and is shifted 0.7 eV to higher binding energy compared 

with the corresponding metal band in MeCpMn(CO)2PMe3. This increased 

ionization energy indicates a stabilization of the metal orbitals as 

expected for a higher positive charge on the metal. Thus there is a 

destabilization of the SiCl3-based ionizations and stabilization of the 

metal based ionizations. This observation supports an electron 

distribution tending toward oxidative addition to give a Mn(III) 

species. The peak at 8.6 eV is a ligand-based ionization based on 

relative He(I)/He(II) intensities. Since the ionization is ligand

based, the formal electron count at the metal is d4 (from band H), 

consistent with Mn(III). The ionization at 8.6 eV can be attributed to 

Mn-Si since the He(I)/He(II) intensity trends show this to be a Mn-Si 

rather than a Mn-H ionization from photoionization cross-sections. 
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The leading ionization band in MeCpMn(CO) (PMe3)HSiHPh2 occurs at 

6.9 eV and the second leading metal ionization occurs at 7.4 eV. He(II) 

studies on this compound were not attempted because of the moderate 

signal-to-noise ratio in the He(I) spectrum of this compound and also 

because of the tendency of the compound to decompose after some time. 

The leading metal ionization is 0.04 eV destabilized from the leading 

metal ionization in MeCpMn(CO)2PMe3' This indicates that the charge at 

the metal center is similar to that in MeCpMn(CO)2PMe3' The second 

metal ionization band is 0.1 eV stabilized from its position in 

MeCpMn(CO)2PMe3' These factors indicate that MeCpMn(CO) (PMe3)HSiHPh2 has 

a Mn(I), d6 center. There is Si-H u interaction with the Mn center. 

Some u· interaction (as evidenced by the stabilization of the second 

metal orbital by 0.1 eV) is present. The shift of the phenyl ~ 

ionizations to lower binding energy also corroborate the presence of 

some u· interaction. The magnitude of the Si-H interaction in 

MeCpMn(CO)(PMe3)HSiHPh2 as compared to other "activated" compounds will 

be discussed in the next section. 

Effect of CO/PMea Substitution on Bond Activation. 

It has been established in the previous section that 

MeCpMn(CO)(PMe3)HSiCl3 is formally a Mn(III) system while 

MeCpMn(CO)(PMe3)HSiHPh2 is best described as a Mn(I) system. Carbonyl 

substitution by phosphine puts extensive negative charge on the metal 

and increases ~-backbonding capabilities from the metal to the silane 

ligand. The electronic structure control of bond activation is done 
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predominantly by the substituents on Si. There is however an effect of 

the ligand substitution on the metal on bond interaction which will be 

discussed by comparing MeCpMn(CO) (PMe3)HSiC13 to CpMn(CO)2HSiC13 and 

MeCpMn(CO)(PMe3)HSiHPh2 to MeCpMn(CO)2HSiHPh2. 

A. Shift of Silane Ligand Ionizations. The Cl lone pair ionizations 

in MeCpMn(CO) (PMe3)HSiC13 are ~0.6 eV shifted to lower ionization energy 

from their positions in CpMn(CO)2HSiC13. This indicates greater 

negative charge de localization onto the Si atom in the phosphine

substituted compounds. This is expected because there is higher 

electron charge density at the metal center due to the phosphine ~ back

acceptance being very much poorer compared to that of CO and dissipation 

of negative charge occurs. The leading C1 lone pair ionization in 

MeCpMn(CO)(PMe3)HSiCl3 is 0.5 eV destabilized (cf. CpMn(CO)2HSiC13). The 

metal-hydride ionization may be buried under this band. The meta1-

phosphorus electrons in MeCpMn(CO)2PMe3 ionize at 9.8 eV. In 

MeCpMn(CO) (PMe3)HSiC13. the ionization at 10.2 eV may be due to the 

metal-phosphorus 0 bond electrons. This makes this ionization about 0.5 

eV stabilized compared to in MeCpMn(CO)2PMe3. This is indicative of a 

more positive metal center in MeCpMn(CO) (PMe3)HSiC13 (cf. 

MeCpMn(CO)2PMe3) since the metal-phosphorus bond is formed by donation 

of electron density from the phosphine lone pair to empty metal levels. 

The phenyl ~ ionizations in MeCpMn(CO) (PMe3) HSiHPh2 are 0.2±0.05 

eV destabilized from their positions in MeCpMn(CO)2HSiHPh2. This 

destabilization indicates that there is more negative charge on the 



silane ligand and MeCpMn(CO) (PMe3)HSiHPh2 has advanced to a greater 

degree of oxidative addition than MeCpMn(CO)2HSiHPh2' The greater 

electron density at the metal center due to the 0 donation of a 

phosphine can now be dissipated by backbonding to only one carbonyl. 
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The silane ligand is in a position to act as a ~-acceptor since there is 

Si-H o· interaction present in MeCpMn(CO)2HSiHPh2 as seen in Chapter 4. 

Due to the removal of a carbonyl, backbonding to the silane increases 

and MeCpMn(CO) (PMe3)HSiHPh2 has a greater degree of Si-H q* interaction 

than does MeCpMn(CO)2HSiHPh2' 

B. Shift of the Cp e1" Ring Ionizations. The Cp ring ionizations in 

MeCpMn(CO)(PMe3)HSiC13 are 1 eV destabilized from their position in 

CpMn(CO)2HSiC13' The effect of methylating the Cp ring destabilizes 

these ionizations by 0.3 eV.48 So in effect, the Cp ring ionizations 

are 0.7 eV destabilized from MeCpMn(CO)2HSiC13' This is the exact 

amount by which the Cp e1" ring ionizations in MeCpMn(COhPMe3 get 

shifted to lower ionization energy from their position in MeCpMn(CO)3' 

The destabilization in both cases is the effect of removing a carbonyl 

and substituting a phosphine. There is less backhonding from the metal 

to the ligands and extensive 0 donation from the phosphine to the metal 

all goes to make the metal highly negatively charged. 

C. Metal Ionization Shifts. The leading metal band in 

MeCpMn(CO)(PMe3)HSiC13 is 1 eV shifted to lower ionization energy from 

its position in CpMn(CO)2HSiC13' This is the same amount by which the 

leading metal band in MeCpMn(CO)2PMe3 shifts from its position in 
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MeCpMn(CO)a. This destabilization is the effect of a more negatively 

charged metal center created by substituting carbonyl with a phosphine. 

The second leading metal band in MeCpMn(CO) (PMea)HSiCla is the Mn-Si 

ionization and is 0.7 eV destabilized from its position in 

CpMn(CO)2HSiCla' This destabilization occurs because of the greater 

negative charge at the metal center due to the COjPMea substitution but 

its magnitude is less than the destabilization of the pure metal levels 

because these ionizations are ligand-based. 

The leading metal band in MeCpMn(CO) (PMea)HSiHPh2 is ~1 eV 

destabilized from its position in MeCpMn(CO)2HSiHPh2' As seen 

previously, this is the COjPMea substitution effect. The second leading 

metal ionization band in MeCpMn(CO) (PMea)HSiHPh2 is also ~l eV 

destabilized from the higher binding energy metal band in 

MeCpMn(CO)2HSiHPh2' This shows that the second leading metal band in 

MeCpMn(CO)(PMea)HSiHPh2 is predominantly metal-based and not 1igand

based as in MeCpMn(CO) (PMe3 )HSiCla although some backbonding to the 

silane is still present. From the metal ionization shifts alone, the 

degree of Si-H interaction in MeCpMn(CO) (PMea)HSiHPh2 and 

MeCpMn(CO)2HSiHPh2 appears comparable since the separation between the 

higher and lower binding energy peaks of the metal band in both cases is 

0.5 eV. 

Conclusions 

The most important information obtained from the phosphine 

substitution reveals that the effect of Si substituents on M-Si bond 
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formation is greater than ligand substitutions on the metal. This 

effect was observed by comparing the electronic structure in 

MeCpMn(CO)(PMea)HSiRa (R is Ph or Cl) with their dicarbonyl derivatives. 

Both MeCpMn(CO) (PMea)HSiCla and its dicarbonyl derivative are Mn(III), 

d4 species while MeCpMn(CO) (PMea)HSiHPh2 and its dicarbonyl derivative 

are Mn(I) , d6 systems. The ligand ionizations in CpMn(CO)2HSiCla and 

MeCpMn(CO) (PMea)HSiCla are destabilized -1 eV compared with HSiCla. The 

Cp ring ionizations in CpMn(CO)2HSiCla and MeCpMn(CO) (PMea)HSiCla are 

stabilized by the same amount (0.4 eV) compared with CpMn(CO)a and 

MeCpMn(CO)2PMea. The metal band (d4) in both compounds is also 

stabilized 0.7 eV compared with the starting material. The leading edge 

of the metal band is 0.04 eV destabilized from starting materials in 

both MeCpMn(CO)2HSiHPh2 and MeCpMn(CO) (PMea)HSiHPh2. The higher binding 

energy metal peak in MeCpMn(CO)2HSiHPh2 is 0.2 eV stabilized from 

MeCpMn(CO)3 and 0.1 eV stabilized in MeCpMn(CO) (PMe3)HSiHPh2 (cf. 

MeCpMn(CO)2PMe3)' It is apparent that in both compounds, the u 

interaction of the Si-H bond with the transition metal is balanced by 

Si-H u· interaction resulting in not moving the metal band very much 

from its position in starting materials. In CpMn(CO)2HSiC13 and 

MeCpMn(CO)2HSiHPh2' the shift of the ligand-based and metal ionizations 

from starting material and free ligand are due to the nature of the 

substituents on the Si atom. The electronegative CIon Si pushes 

CpMn(CO)2HSiC13 to full oxidative addition while Ph substituents on the 

Si result in a weak interaction of the Si-H bond with the metal. These 
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same effects occur in the phosphine-substituted complexes. CI 

substituents on Si in CpMn(CO)zHSiR3 provide a Mn(III) species while Ph 

substituents on Si give a Mn(I) species with the metal band in the 

former compound 0.8 eV larger than the latter. In the phosphine

substituted compounds, the metal band in MeCpMn(CO) (PMe3)HSiCI3 is 0.7 

eV stabilized from its position in MeCpMn(CO) (PMe3)HSiHPhz showing that 

substituents on Si control the Mn-Si interaction. 

There are subtle effects on bond interaction in these compounds 

due to the CO/PMe3 substitution. The nature of the bond interaction in 

the compounds does not change but the substitution of PMe3 instead of CO 

results in a more negative metal center in the compounds. This is seen 

in the photoelectron spectra in the shifts of the ligand and metal 

ionizations. The electron charge shift from the metal to the ligand is 

more in both MeCpMn(CO) (PMe3)HSiCI3 and MeCpMn(CO) (PMe3)HSiHPhz compared 

with their dicarbony1 derivatives. Although both are Mn(I) species, 

MeCpMn(CO) (PMe3)HSiHPhz has advanced to a greater stage in oxidative 

addition than MeCpMn(CO)zHSiHPhz. This is evidenced by the greater 

destabilization of the Ph ~ ionizations in the phosphine compound. 

The 0.03 A shorter Mn-Si bond length in MeCpMn(CO) (PMe3)HSiHPhz 

(cf. MeCpMn(CO)zHSiHPhz) can thus be explained by stating that the 

former compound has advanced further in oxidative addition. But both 

compounds still have substantial Si-H interaction and the J Si-H of 38 Hz 

for MeCpMn(CO) (PMe3)HSiHPhz appears a little too low as compared to the 

results obtained from photoelectron studies. But it must be remembered 
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that the Si-H coupling constant is affected by the nature of the ligands 

attached to the metal. A lower value of J Si- H is expected in the 

phosphine-substituted compounds because of the basic nature of the 

phosphines. Therefore the lowering of J Si- H does not necessarily mean 

that Si-H interaction is less. In order to see how much the J Si- H is 

lowered on substituting a carbonyl with a phosphine, lJSi_H (the terminal 

Si-H) are observed in MeCpMn(CO)2HSiHPh2 and MeCpMn(CO) (PMe3)HSiHPh2. 

The lJSi_H falls by ",,20 Hz on phosphine substitution. If the phosphine 

effect on J Si- H is taken into account, the Si-H coupling constant in 

MeCpMn(CO)(PMe3)HSiHPh2 is 58 Hz as compared to 65 Hz in 

MeCpMn(CO)2HSiHPh2' Therefore the Si-H interaction is more in 

MeCpMn(CO)2HSiHPh2 by the increase in the coupling constant by 7 Hz. 

This amount of increase in Si-H interaction is also seen by PES studies. 

MeCpMn(CO)(PMe3)HSiC13 shows the least amount of Si-H interaction among 

all the compounds studied so far. It has a J Si-H of 20 Hz which is the 

same value as in (CO)4FeHSiPh3' a compound known to have literally no 

Si-H interaction. This value agrees with our photoelectron results. 

Taking into account the phosphine effect, the J Si- B should be ",,40 Hz. If 

the J Si- H of MeCpMn(CO) (PMe3)HSiC13 and CpMn(CO)2HSiC13 (55 Hz) are to be 

compared, the Si-H interaction in reality is a little more in 

CpMn(CO)2HSiC13 as seen from the increase in J Si-H by ",,15 Hz. 

CpMn(CO)2HSiC13 from PES results should have a J Si-B which is close to 

that in MeCpMn(CO) (PMe3)HSiC13, maybe a little less than is found to be 

the case. 
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It is evident that the phosphine ligand with its electron density 

and low ~-backbonding capabilities is not responsible for changing the 

nature of the bond interaction from MeCpMn(CO) (PMea)HSiCla to 

MeCpMn(CO) (PMe3)HSiHPhz. If PMe3 was responsible for pushing 

MeCpMn(CO)(PMe3)HSiCla to full oxidative addition then 

MeCpMn(CO)(PMe3)HSiHPhz should also be a full oxidative addition 

product. PMea does however change the degree of interaction to a small 

extent, resulting in a stronger Si-H bond interaction with the metal in 

both compounds as compared to their dicarbonyl derivatives. 
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CHAPTER 7 

ELECTRONIC STRUCTURE FACTORS OF Ge-H 

BOND ACTIVATION BY TRANSITION METALS IN Cp'Mn(CO)2HGePh3 

COMPLEXES (Cp' - Cp, MeCp, C5Mes) 

Introduction 

The electronic structure factors of Ge-H bond interaction with the 

transition metal center are studied in this chapter. The complexes 

studied are of the formula Cp'Mn(CO)2HGePh3 (where Cp'- Cp, MeCp. C5Me5. 

Ph - C6HS)' From reaction chemistry of the germyl complexes. it has 

been proposed that these compounds may also be "frozen intermediates" in 

the oxidative addition of the Ge-H bond to the Mn center similar to 

their silyl analogs. The aim is to find out the electronic structure 

mechanism of Ge-H bond interaction (u or u*) and also to measure the 

extent of interaction relative to the silyl analogs. 

The germyl complexes are prepared either by oxidative addition of 

Ph3GeH to Cp'Mn(CO)328 or by protonation of the related anions, 

Scheme 1 

hv Ph3GeH 
Cp'Mn(CO)3 + THF ----> Cp'Mn(CO)2(THF) -----> Cp'Mn(CO)2HGePh3 

Scheme 2 

hv H+ 
Ph3GeLi + Cp'Mn(CO)3 ----> [Cp'(CO)2(GePh3)Mn]- --> Cp'Mn(CO)2HGePh3 
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Scheme 1 was found to be successful for the synthesis of the compounds 

described in this chapter. The details of the syntheses are given in 

Chapter 2. The compounds are difficult to handle because they are very 

reactive and moisture-sensitive. The si1y1 analogs were synthesized 

according to Scheme 1 but this process is not very efficient for Re and 

Fe compounds 78 which were prepared by the route proposed in Scheme 2. 

The germy1 anions are Lewis bases to Cp'Mn(CO)3 affording the manganate 

anions [Cp'(CO)2MnGePh3]-' These then add a proton to give 

Cp' Mn (CO) 2HGePh3 . 

Independent of the method of preparation of the germy1 compounds, 

only cis isomers are obtained. This was also observed in the case of 

the si1y1 compounds. 28.38-39 It was postulated that the presence of Mn, 

Si, H 3c-2e bonding led to the formation of only cis. isomers. This 

point was discussed in detail in Chapter 3. The assignment of the 

configuration is based on the relative intensities of the two carbonyl 

stretching bands in the IR spectrum, i.e. the higher frequency 

(symmetric) stretching band is slightly more intense than the lower. A 

similar assignment was proposed for other si1y1 manganese hydrides27 

and confirmed by X_ ray27 and neutron diffraction studies. 35 

The different reactions of the germy1 complexes can be classified 

into three types: (i) elimination (ii) cleavage of the Hn-Ge bond and 

(iii) formation of anions by abstraction of H+. 

(i) Elimination. Cp'Mn(CO)2HGePh3 undergoes elimination of germane when 

treated with PPh3: 
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In the case of the si1y1 compounds, it was argued that since there is a 

Si-H interaction in the ground state of the molecule, the silane is 

eliminated very fast. 4o The rates of reaction of the germy1 compounds 

have been found to be of the same order of magnitude as the analogous 

si1y1 compounds. Mn, Ge, H 3c-2e bond is therefore inferred to be 

present. The reaction with the phosphine is the displacement of one 

two-electron donor ligand by another. 

(ii) Cleavage of the Hn-Ge bond. Nuc1eophi1es such as water or 

methanol and e1ectrophiles such as Cl2 and CCl4 cleave the Mn-Ge bond: 

CpMn(CO)2HGePh3 + Cl2 ---> CIGePh3 

In the si1y1 analogs, reaction with C12 led to elimination of the 

silane: 

CpMn(CO)2HSiPh3 + Cl2 ---> HSiPh3 

These reactions indicate that the Mn-Ge bond might be weaker than the 

Mn-Si bond. On the other hand, they might mean that the germane cannot 

be as easily eliminated as the silane. This indicates that the Ge-H 

interaction is of a lesser order of magnitude than the Si-H interaction. 

(iii) Proton abstraction. Strong bases (NaH, LiAIH4' CH3Li), weak 

bases (Et3N) and even Et4NCI abstract a proton from the germyl 

complexes. In CpMn(CO)2HSiPh3' proton abstraction could only be done 

with very strong bases like NaH.28 Since in the case of CpMn(CO)2HSiC13, 

proton abstraction could be done with weak bases like Et4NCI,28 the 

proton in CpMn(CO)2HSiCI3 was inferred to be more acidic than its phenyl 
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analog. In the case of the germyl complexes, since all bases abstract 

the proton, the proton in these compounds is deduced to be very acidic. 

The reaction chemistry points to the presence of a Mn, Ge, H 3c-2e 

interaction. The germane is easily eliminated by PPha like in the sily1 

analogs. The only discrepancy is the cleavage of the Mn-Ge bond which 

might be due to a weak Mn-Ge bond. Since the oxidation state of Mn and 

a full electronic structure description of the Mn silyl compounds were 

obtained by measuring the photoelectron spectra, the same technique is 

used to find out the electronic structure factors affecting Ge-H bond 

interaction. An opportunity to study the effects of cyclopentadieny1 

ring methylation on Ge-H bond interaction with the metal arises since 

the germyl complex and its methylated derivatives are studied. Chapter 

5 showed how ring methylation helps to deduce the kind of activation 

process prevalent in the silyl complexes. The same principles will be 

used here. A full bonding picture of the germyl complexes is given and 

the electronic structure mechanism of Ge-H bond activation (a or a*) is 

proposed. Since no crystal structure data are available on the germyl 

complexes, the photoelectron spectral data presented here are especially 

important. 

Results 

PES of CpMn(CO)2HGePh~ The He(I) photoelectron spectrum of 

CpMn(CO)2HGePha is shown in Figure 7.1. This spectrum is compared to 

the spectra of CpMn(CO)a and HGePha. This comparison helps in observing 
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the ionization shifts in the complex compared to starting material and 

free ligand. The broad band of overlapping ionizations from 11-15 eV in 

CpMn(COhHGePha are due to the carbonyl Sa and 111' electrons, the Cp a2" 

(~) and a electrons as well as the ligand (HGePha) a electrons. As in 

the silyl complexes, individual assignments in this forest of 

ionizations will not be attempted. 

The 7.5-11 eV region of the spectrum features the Ge-C a 

ionizations, the phenyl ~ ionizations, the Cp el" ring ionizations and 

the metal ionizations. The photoelectron spectrum of HGePha has been 

assigned previously72 and first the ionizations due to the ligand will 

be discussed. 

In CpMn(CO)2HGePha, the ionization at 9.0±O.Os eV is assigned to 

the phenyl ~ electrons. This ionization does not shift from its 

position in the free ligand. Virtually no electron charge shift from 

the metal to the ligand in this complex is therefore indicated. Peak 

positions in the free ligand as well as in the low ionization energy 

region of CpMn(CO)2HGePh3 are compiled in Table 7.1. 

Since the germane-based ligand ionizations in the complex do not 

shift from their positions in the free ligand, spectral subtraction was 

performed. This technique is described in Chapters 2 and 4. 

Subtraction of the free ligand spectrum from that of the complex leaves 

the metal-based and Cp ionizations, which are analytically represented 

in Figure 7.2. This subtraction is most helpful in locating the 

position of the Cp ring ionizations which lie in the region of the 



Ionization Energy (eV) 

15 13 11 9 7 

A 

c 

Figure 7.1 He(l) valence spectral comparison of (A) CpMn(CO)3 
(B) CpMn(CO)2HGePh3 and (C) HGePh3 
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Position ReI. Area 

CpMn(CO)3 7.99 0.65 0.36 1.00 

8.34 0.65 0.36 0.57 

9.85 0.70 0.33 1.31 

10.25 0.80 0.29 0.56 

CpMn (CO) 2HGePh3 7.88 0.50 0.31 1.00 

8.11 0.50 0.31 0.96 

8.37 0.50 0.31 0.98 

9.72 0.46 0.40 2.54 

10.12 0.46 0.40 1.35 

HGePh3 9.03 0.36 0.43 

Table 7.1 Valence Ionization Features of CpMn(CO)3 and 
CpMn (CO hHGePh3 
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phenyl ~ band. It also helps isolate the metal ionizations, the higher 

binding energy edge of which is also near the phenyl ~ ionization. The 

spectral subtraction does not give accurate peak areas, but the 

positions and band profiles are more clearly observed. The positions of 

the ionizations reported in Tables 7.1, 7.2 and 7.4 are determined from 

this analysis. 

In CpMn(COhHGePh3, the Cp el" ring ionizations occur at 9.7 and 

10.1 eV. These ionizations are 0.2 eV shifted to lower ionization 

energy compared to the same ionizations in CpMn(CO)a. This indicates a 

more negative metal center in the complex than in CpMn(CO)3' 

The leading peak of the metal ionization band in CpMn(CO)2HGePha 

is destabilized from its position in CpMn(CO)3 by 0.1 eV. This 

destabilization of the metal orbitals also denotes a more negative metal 

center compared to CpMn(CO)a. The metal ionization band is not split to 

a very great extent and can be represented analytically by the fit of 

three asymmetric Gaussian peaks in a nearly 1:1:1 ratio (Figure 7.2 A). 

The vertical ionization energies, shapes and relative intensities of the 

metal and Cp e 1 " ring ionizations in CpMn(COhHGePha are compiled in 

Table 7.l. 

PES of MeCpMn(CO)2HGePh~ The He(I) photoelectron spectrum of 

MeCpMn(CO)2HGePh3 is shown in Figure 7.3 (B). The valence ionizations 

are compared to those of CpMn(CO)2HGePha and CsMesMn(CO)2HGePha. The 

ionizations in all three compounds are very similar and the subtle 

shifts in ionizations with ring methylation will be considered in 
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Figure 7.2 
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Ionization Energy CeV) 

9.5 8.5 7.5 6.5 

A 

B 

c 

..... 
~ ....... ". . ... . 
~ ...... . 

Ligand subtracted fitted spectra of (A) CpMn(CO)2HGePh3 
(B) MeCpMn(CO)2HGePh3 and (C) C~e~n(CO)2HGePh3 
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detail. The interesting region in the spectra of these compounds is the 

7-11 eV region and Figure 7.4 compares this spectral region in all three 

compounds. 

The phenyl ~ ionizations in MeCpMn(CO)2HGePh3 occur at the same 

position as these ionizations in the free ligand. This indicates, as in 

the case of CpMn(CO)2HGePh3' no substantial electron charge shift from 

the metal to the ligand. The Cp el" ring ionizations in 

MeCpMn(CO)2HGePh3 are 0.1 eV destabilized from their position in 

MeCpMn(CO)3· 

The lower ionization energy metal peak in MeCpMn(CO)2HGePh3 is 

destabilized 0.06 eV compared to CpMn(CO)2HGePh3 while the higher 

binding energy metal peak is 0.04 eV more stabilized than that in 

CpMn(CO)2HGePh3. It is useful to observe the width of the metal bands 

in the three germyl complexes. MeCpMn(CO)2HGePh3 has a 0.69±0.OS eV 

wide band which is ~0.2 eV wider than the metal band in CpMn(CO)2HGePh3 

(O.Sl±O.OS eV). The lower ionization energy metal peak in 

MeCpMn(CO)2HGePh3 is 0.1 eV destabilized and the higher binding energy 

metal peak is 0.2 eV stabilized from their positions in MeCpMn(CO)3. 

This indicates a stronger interaction of the metal with the Ge-H u· 

orbital. The peak positions of MeCpMn(CO)2HGePh3 and that of 

MeCpMn(CO)3 are given in Table 7.2. 

Figure 7.5 illustrates the comparison of the spectral features of 

MeCpMn(CO)2HGePh3 and MeCpMn(CO)2HSiPh3. The Cp e1 " ring ionizations and 

the metal ionizations are at the same position in both the compounds. 



Ionization Energy (eV) 

15 13 11 9 

Figure 7.3 He(I) full spectral comparison of (A) CpMn(CO)2HGePh3 
(B) MeCpMn(CO)2HGePh3 and (C) CsMesMn(CO)2HGePh3 
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Ionization Energy (eV) 

11 10 9 8 7 

Figure 7.4 He(I) 7-11 eV close-up of (A) CpMn(CO)2HGePh3 
(B) MeCpMn(CO)2HGePh3 and (C) CsMesMn(CO)2HGePh3 
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The higher ionization energy peak of the metal band in MeCpMn(CO)2HGePh3 

is 0.05 eV more shifted to higher binding energy than the same peak in 

MeCpMn(CO)2HSiPh3. This indicates that a* interaction in the germy1 

complexes may be greater than in the si1y1 complexes. The comparison of 

the peak positions in MeCpMn(CO)2HGePha and MeCpMn(CO)2HSiPh3 is shown in 

Table 7.3. 

PES of C~5Mn(CO)2HGePh~ The He(I) valence spectrum of 

CsMesMn(CO)2HGePha is shown in Figures 7.3 and 7.4. Since for this 

compound there is evidence of the 3-center-2-e1ectron Mn, Ge, H bond 

ionization in the photoelectron spectrum, the 6.5-10.5 eV spectral 

region of CsMesMn(CO)2HGePh3 is shown in detail in Figure 7.6. 

The phenyl ~ ionizations in CsMesMn(CO)2HGePh3 are unshifted from 

their positions in the free ligand. This again indicates virtually no 

electron charge shift from the metal to the ligand. The Cp el" ring 

ionizations have been assigned to the lower ionization energy edge of 

the phenyl ~ band. This is because the effect of interaction of five 

methyl group orbitals with the Cp el" ring orbitals will destabilize 

them by as much as 1.2 eV. 48 The Cp el" ring ionizations are nearly 1 

eV shifted from their position in CpMn(CO)2HGePha. This is the effect 

of methyl group orbitals interacting with the Cp e 1 " ring orbitals. 48 

These ionizations are also 0.2 eV destabilized from their position in 

CsMesMn(CO)3. This indicates a more negative metal center in 

CsMesMn(CO)2HGePha (cf. CsMesMn(CO)3). Table 7.4 gives the relevant peak 

positions. 
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Figure 7.5 

Ionization Energy (eV) 

10 9 8 7 

A· 

He(I) spectral comparison of (A) MeCpMn(CO)2HSiPh3 
and (B) MeCpMn(CO)2HGePh3 
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Position 

MeCpMn(CO)3 7.90 0.71 

8.23 0.71 

9.59 0.65 

9.99 0.70 

0.41 

0.41 

0.42 

0.28 

ReI. Area 

1.00 

0,.33 

1.15 

0.61 

MeCpMn(CO)2HGePh3 7.82 0.33 0.38 1.00 

Table 7.2 

8.13 0.33 0.38 1.48 

8..41 0.33 0.38 1.38 

9.53 0.38 0.58 2.37 

9.91 0.38 0.58 2.17 

Valence Ionization Features of MeCpMn(CO)3 
and MeCpMn(CO)2HGePh3 
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Position Re1. Area 

7.85 0.32 0.34 1.00 

8.10 0.32 0.34 0.97 

8.36 0.32 0.34 1.15 

9.54 0.57 0.35 1. 76 

9.94 0.57 0.35 0.43 

7.82 0.33 0.38 1.00 

8.13 0.33 0.38 1.48 

8.41 0.33 0.38 1.38 

9.53 0.38 0.58 2.37 

9.91 0.38 0.58 2.17 

Table 7.3 Valence Ionization Features of MeCpMn(CO)2HSiPh3 
and MeCpMn(CO)2HGePh3 
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Figure 7.6 shows in a stepwise fashion the effect of ligand 

subtraction. Figure 7.6(A) is the free ligand spectrum which is 

subtracted from the complex spectrum (Figure 7.6(B» resulting in the 

spectrum shown in Figure 7.6(C). The leading ionization band is the 

metal band which can be analytically represented by the fit of two 

asymmetric Gaussian peaks in a 1:2 ratio. The metal band remains in 

nearly the same position as the metal band in CsMesMn(CO)3 (Figure 

7.6(D». Only the higher bindIng energy metal peak is 0.07 eV more 

stabilized than the peak in the starting material. The metal band in 

CsMesMn(CO)2HGePh3 is O.SS±O.OS eV wide and therefore is ~O.lS eV 

narrower than the metal band in MeCpMn(CO)2HGePha. The significance of 

this observation will be discussed later. Figure 7.2 (C) shows the 

subtracted spectrum of CsMesMn(CO)2HGePh3. The peak at 9.7 eV is present 

in all reasonable subtractions and is assigned to the Mn, Ge, H 3-

center-2-electron bond ionization. 

Figures 7.3 and 7.4 show the spectra of all three germyl 

complexes. The ionization features in all three are very similar. The 

shifts in the ionizations give significant information on the bond 

activation process in all three compounds which is discussed in the next 

section. 

Discussion 

Metal-germyl complexes that have been described in this chapter 

have not been as completely characterized by other techniques as the 
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Figure 7.6 

Ionization 
9.5 

Energy (eV) 
7.5 
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6.5 

Spectral comparison of (A) HGePh3 (B) CsMesMn(CO)2HGePh3 
(C) subtracted spectrum and (D) CsMesMn(CO)3 



Position Re1. Area 

7.52 0.55 0.41 1.00 

7.89 0.55 0.41 0.64 

8.85 0.60 0.40 1.36 

9.26 0.60 0.40 0.53 

7.45 0.60 0.39 1.00 

7.82 0.80 0.36 0.47 

8.67 0.25 0.23 0.50 

8.97 0.25 0.23 0.19 

9.74 0.42 0.43 0.37 

Table 7.4 Valence Ionization Features of CsMesMn(CO)3 and 
CsMesMn (CO) 2HGePh3 
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metal-silyl complexes discussed previously. The reaction chemistry of 

these complexes do indicate a Mn, Ge, H 3-center-2-e1ectron bond28 but 

no crystal structure data are available. Therefore, the photoelectron 

spectroscopic data obtained are especially important not only to show 

whether activation is present or not but also to give a measure of the 

electronic process of Ge-H bond interaction with the metal center. The 

photoelectron data present on Si-H bond interaction greatly help i.n 

determining the nature of the Ge-H bond interaction by comparative 

studies. Moreover, the study in this chapter actually gives the 

ionization energy of the Mn, Ge, H 3-center-2-e1ectron bond. This is a 

landmark event in the work included in this thesis. 

There are three important points to discuss here. First and 

foremost is the nature of the Ge-H bond interaction with the transition 

metal. Secondly, a comparison of the ionization features of a germy1 

complex and its silyl analog is done to observe the effect on the 

electronic structure of substituting a Ge atom for a Si atom. Finally, 

progressive methylation of the cyc10pentadieny1 ring is done in the 

germyl complexes to observe if there is any change in the bond 

interaction. 

Electronic Structure Mechanism of Bond Activation 

In each of the complexes CpMn(CO)2HGePh3, MeCpMn(CO)2HGePh3 and 

CsMesMn(CO)2HGePh3' the ionization features are compared to the same 

ionizations in the starting material and the free ligand, HGePh3. The 
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comparison in the shifts of the ligand-based ionizations reveals 

information concerning the amount of electron charge shift from the 

metal to the ligand. The comparison in the shifts of the metal-based 

ionizations describes the relative charge on the metal in the complexes. 

A. Shift of germane ligand-based ionizations. In free 

tripheny1germane, the phenyl ~ ionizations have their most intense peak 

at 9.0 eV. In CpMn(CO)2HGePh3' MeCpMn(CO)2HGePh3 and C5Me5Mn(CO)2HGePh3' 

also, the phenyl ~ ionization maxima are also at 9.0±0.05 eV. This 

indicates no substantial electron charge shift from the metal to the 

ligand. In CpMn(CO)2HSiC13, the Cl lone pair ionizations were 

destabilized 1 eV from their position in HSiC13. This amount of 

destabilization indicated a SiC13- unit and CpMn(CO)2HSiC13 was found to 

be a Mn(III) complex. MeCpMn(CO)2HSiPh3, on the other hand, a Mn(I) 

species, had the phenyl ~ ionizations in the same position as found in 

HSiPh3. Therefore, the Mn centers in the three germy1 complexes are 

also indicated to be Mn(I) species. Ge-H o· interaction in all these 

compounds, of course, is not very predominant because this process 

entails substantial electron charge shift from the metal to the ligand. 

The non-shift of the phenyl ~ ionizations in the germy1 complexes can 

also be described in the follOWing way. Stabilization of ligand 

ionizations from electrons donated from the Ge-H 0 bond and the net 

positive charge at the metal are balanced by the destabilizations from 

electrons accepted by the Ge-H o· orbital. 
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B. Shift in the Cp e1
tt Ring Ionizations. Since the ligand-based 

ionizations in the complex were in the same position as in the free 

ligand, ligand subtractions on all the compounds were done to locate the 

position of the Cp el" ring ionizations. These ionizations lie buried 

under the phenyl ~ band and their positions are more clearly determined 

after subtraction of the germy1 ionizations. In CpMn(COhHGePh3' the Cp 

el" ring ionizations are destabilized 0.2 eV from CpMn(COh. This 

indicates a more negative metal center in the germy1 complex. The Cp 

el" ring orbitals are donating electrons into empty metal levels. If 

one assumes the germane and the carbonyl u donation to be of s~mi1ar 

magnitude, then the germane u* orbital is not removing as much electron 

density as two CO ~* orbitals. Therefore the metal remains negatively 

charged as seen by the destabilization of the Cp ionizations. 

In MeCpMn(COhHGePh3, the Cp e 1 " ring ionizations are 0.1 eV 

destabilized from their position in MeCpMn(CO)3' The fact that the 

destabilizations are not as much as in CpMn(CO)2HGePh3 indicates that 

the Ge-H u* interaction may be more effective here resulting in a more 

positive metal center (cf. CpMn(CO)2HGePh3)' 

The Cp ionizations in C5MesMn(CO)2HGePh3 are destabilized ~1 eV 

from their positions in CpMn(CO)2HGePh3' This is approximately the 

amount by which these ionizations are destabilized in C5MesMn(CO)3 

compared to their positions in CpMn(CO)3' This is the methylation 

effect due to the strong interaction of the methyl group orbitals with 

the Cp el" ring orbitals. Not much information is obtained about the 
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bond activation process from the shift in the Cp el" ring ionizations in 

this complex but the metal ionization shifts discussed below supply 

significant information. 

C. Metal Ionization Shifts. The shifts in the metal ionizations give 

an indication of the electronic structure mechanism of interaction. In 

CpMn(CO)2HGePh3' the lowest ionization energy metal orbital is 0.1 eV 

destabilized from its position in CpMn(CO)3' This again indicates that 

the one silane u* orbital is a poorer w-acceptor of electron density 

than two CO ~* orbitals. The highest ionization energy metal orbital is 

0.03 eV stabilized from its position in CpMn(CO)3' This metal orbital 

is stabilized as a result of its interaction with the Ge-H u* orbital. 

If one observes the widths of the metal bands in CpMn(CO)2HGePh3 

and MeCpMn(CO)2HGePh3. the metal band is ~0.2 eV wider in the latter 

compound. This is because in the MeCp derivative more u* interaction is 

coming into play due to the greater electron density at the metal center 

and this is evidenced by the stabilization of one of the metal orbitals 

which is interacting with the Ge-H u* orbital. thus widening the metal 

band. The metal bands in the germyl complexes are broader than the 

metal bands in the starting materials which denotes that one Ge-H u· 

orbital is a slightly better ~-acceptor than one CO w* orbital. The Ge

H u* interaction increases in MeCpMn(CO)2HGePh3 as seen by the 0.2 eV 

stabilization of the highest energy metal peak in this compound compared 

to MeCpMn(CO)3' The presence of an electron-donating methyl group on 

the Cp ring forces electron density onto the metal which it dissipates 
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by undergoing more Ge-H 0* interaction. 

In C5Me5Mn(CO)2HGePh3' the metal ionization is 0.07 eV destabilized 

from i.ts position in C5Me5Mn(CO)3 but the metal band is narrower than 

the metal band in MeCpMn(CO)2HGePh3 by ~0.15 eV. The presence of five 

methyl groups on the Cp ring should result in increased o· interaction 

and a broader metal band due to the greater stabilization of the metal 

orbital which interacts with the Ge-H o· orbital. But this is not the 

case. The steric bulk of the C5Me5 ligand probably obstructs the 

addition of the germane (as it did with the silane in 

C5Me5Mn(CO)2HSiHPh2) preventing considerable o· interaction. A more 

important observation in this complex is the third ionization band in 

the ligand-subtracted spectrum. At 9.74 eV, there is an ionization 

which is attributed to the Mn, Ge, H 3-center-2-electron bond. One of 

the reasons for this assumption is that the Ge-H bond in the free ligand 

has an ionization at 10.8 eV.72 It is reasonable that the stabilized 

bond due to the interaction of the Ge-H bond with the metal will have an 

ionization in this region. This ionization is actually buried under the 

phenyl ~ ionizations and is located by ligand subtraction. The Mn, Si, 

H 3-center-2-electron ionization could never be observed because it 

occurs at higher binding energy. The Si-H 0 bond occurs at a higher 

energy than the Ge-H 0 bond. 58,72 Therefore the Mn, Si, H 3-center-2-

electron ionization is buried under the broad band of overlapping 

ionizations in the 11-15 eV region. In the germyl complexes, too, only 

C5Me5Mn(CO)2HGePh3 shows the three-center ionization clearly. This is 
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because in the pentamethyl compound, all the ionizations are shifted to 

lower ionization energy. This is the first finding of a Mn, Ge, H 3-

center-2-electron ionization in photoelectron spectroscopy. 

Comparison of the Si-H and Ge-H Bond Interactions 

MeCpMn(CO)2HSiPha and MeCpMn(CO)2HGePh3 are analogous silyl and 

germyl complexes and it is useful to compare the ionizations of these 

two compounds to see the magnitude of bond activation present. Both 

compounds fail to show substantial electron charge shift from the metal 

to the ligand denoting that u* interaction of the Si-H and Ge-H bonds 

with the Mn center is not the predominant activation process. Both 

compounds show u interaction of the Si-H and Ge-H bond with the metal 

center. The Cp e1" ring ionizations are at the same position in both 

compounds denoting that the charge on the metal in both compounds is 

similar. The metal ionization band is also essentially at the same 

position in both compounds. The highest energy metal orbital in 

MeCpMn(CO)2HGePha, however, is 0.05 eV more stabilized than the same 

orbital in the si1y1 analog. This indicates that the magnitude of Ge-H 

u· orbital interaction with the metal is a little more than the Si-H u* 

interaction resulting in that metal orbital being more stabilized. This 

is to be expected since the Ge-H u* orbital is lower in energy than the 

Si-H u* orbital. The extent of Si-H and Ge-H u interaction with the 

metal are equal in magnitude resulting in little shift in the positions 

of the metal and Cp e1" ring ionizations. 
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Cyclopentadienyl Ring Methylation Effect on Bond Activation 

The Ge-H u* orbital is lower in energy than the Si-H u* orbital so 

there is greater possibility of u* interaction in the germyl complexes. 

Especially in CsMesMn(CO)2HGePh3. there is greater electron density at 

the metal center and u* interaction can become strong enough to result 

in full oxidative addition. But this does not occur as discussed below. 

There are shifts in the metal ionizations on methylation of the Cp 

ring but these shifts are subtle. The metal band in MeCpMn(CO)2HGePh3 

shifts about 0.06 eV to lower binding energy from CpMn(CO)2HGePh3 (cf. 

0.09 eV destabilization on going from CpMn(CO)3 to MeCpMn(CO)3)' The 

extra Ge-H u* interaction in the methylated derivative accounts for the 

lesser destabilization. In CsMesMn(CO)2HGePh3. the metal ionization 

destabilization is 0.5 eV from its position in CpMn(CO)2HGePh3' This is 

the same amount as observed on going from CpMn(CO)3 to CsMesMn(CO)3' 

There is Ge-H u* interaction in this compound which nearly balances the 

u interaction present (as evidenced by the nearly similar positions in 

the metal ionizations in the complexes and their starting materials). 

But the five methyl groups on the cyclopentadienyl ring do not make the 

Ge-H u* interaction predominant to dissipate the negative charge on the 

metal. The metal becomes electron-rich and some of the negative charge 

is dissipated by greater backbonding to the carbonyls (as evidenced by 

lower CO stretches in the pentamethyl compound). As in 

CsMesMn(CO)2HSiHPh2. u* interaction in CsMesMn(CO)2HGePh3 is less than u 

interaction because of the steric bulk of the CsMes ligand. 
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Conclusions 

The shifts in the ligand-based ionizations and the stability and 

splitting pattern of the metal ionizations se1~e to illustrate the 

electronic structure factors of bond activation in these complexes. Ge

H u* interaction, though present, is not predominant in these complexes 

as observed by the non-shift of the germane ligand ionizations in the 

complexes from their position in the free ligand. The metal ionization 

shifts indicate the charge on the metal and these occur at nearly the 

same position as in the starting materials. This indicates that 

CpMn(CO)2HGePh3' MeCpMn(CO)2HGePh3 and C5Me5Mn(CO)2HGePh3 are d6 , Mn(I) 

compounds with the germane acting as a neutral two-electron donor 

ligand. The Ge-H u interaction with the metal is the predominant 

electronic process in all three complexes. Ge-H u* interaction is also 

present in these complexes as indicated by the small amount of 

stabilization incurred by the highest energy metal orbital compared to 

this same orbital in the starting material. 

A comparison of the magnitudes of Ge-H and Si-H u bond 

interactions revealed that these are similar in magnitude. The Ge-H u* 

is a little more than the Si-H u* interaction. The Ge-H u* orbital 

being lower in energy, it was thought that the u* interaction would be 

enough to break the Ge-H bond. This does not happen and it remains to 

be seen whether the Sn-H bond is broken in MeCpMn(CO)2HSnPh3' 

Methylation of the cyclopentadienyl ring was performed in these 

complexes as an electronic structure perturbation to see the effect of 
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bond activation. The bond interaction process does not change as was 

observed on methylating the Cp ring in the si1y1 systems. Methylation 

strives to make the metal more electron-rich which ~s observed in the 

shifts of all the metal-based ionizations to lower binding energy. A 

very important result of methylation, however, is that due to the 

destabilization of all the ionizations, a 3-center-2-e1ectron bond in 

the photoelectron spectrum was observed clearly for the first time. 

This goes to prove without a doubt that a meta1-Ge-H interaction is 

present in these complexes. Since structural studies on these complexes 

have not been done, the photoelectron data are very important in 

characterizing the electronic structures of these compounds. 



CHAPTER 8 

ELECTRONIC STRUCTURE STUDIES OF 

CpFe(CO)2SiR3 COMPLEXES (R - Me, Cl) 

Introduction 
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A study of complexes exhibiting metal-silicon-hydrogen 3-center-2-

electron bonding (metal-silanes) by photoelectron spectroscopy is aided 

by a comparison to compounds where there is no Si-H bond interaction 

present as in metal-silyl complexes. The silyl group ligand ionizations 

in both sets of compounds can be compared to observe the electron charge 

shift from the metal to the SiRa group. This comparison gives 

information on the extent of bond activation in the "activated" 

complexes. The CpMn(CO)2HSiRa complexes exhibit Si-H bond activation 

while the CpFe(CO)2SiRa complexes possess a direct Fe-Si bond. The 

CpFe(CO)2SiRa compounds are isoelectronic with the CpMn(CO)2HSiRa 

complexes and other research groups have compared these compounds 

structurally or by other spectroscopic methods. a6 The study of the 

electronic structure of the CpFe(CO)2SiRa complexes is important in its 

own right since these compounds are used as models for catalysts to 

probe the mechanism of hydrosilation reactions. 25 The compounds also 

show some interesting chemistry which the electronic structure studies 

should shed light on. 
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The mechanism of hydrosilation reactions is not well understood. 

Chalk and Harrod proposed that the olefin inserts into the metal-hydride 

bond of the catalyst. 23 But Wrighton has shown that the olefin can 

insert into the metal-silicon bond. 24 To gain a more complete 

understanding, some complexes are needed which can act as models for 

catalysts to test out the mechanism of hydrosilation. Both 

CpFe(CO)2SiCI3 and CpFe(CO)2SiMe3 are good models for the catalysts and 

have been successfully used to study the mechanism. 25 An electronic 

structure study of these complexes helps to reveal the bonding 

capabilities and electron distribution in the complexes. 

Berryhill et al. discovered some interesting reactions of these 

complexes. On treatment with base, the silyl group migrates to the 

cyclopentadienyl ring from the metal and a mechanism for this migration 

is postulated. 79 The reaction is depicted below: 

THF 
CpFe(CO)2SiR3 + base ----> R3SiCp(CO)2Fe- + R'X ---> R3SiCp(CO)2FeR' 

It would be interesting to investigate if the substit\lents on the Si 

affect the migration of the silyl group. 

It is valid to compare the ionization features of CpFe(CO)2SiR3 

and CpMn(CO)2HSiR3 complexes since the d6 Fe(II) .center can be thought 

of as a hydride (2 electrons, 1 proton) added to a Mn(III) center. This 

process is called a "hydride shift" .14 The electrons associated with 

the hydride transfer of two electrons and a proton (Mn-H bond in 

CpMn(CO)2HSiC13) give rise to a band at low ionization energy in the 

photoelectron spectrum of CpFe(COhSiC13. The "hydride shift" 
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phenomenon is explained later in the chapter with a correlation diagram. 

One of the reasons for studying the CpFe(CO)2SiRa complexes is to 

obtain an indication of the position of the Mn-H ionization in 

CpMn(CO)2HSiCla, by comparing the PES of this complex with the PES of 

CpFe(CO)2SiC13 and C5Me5Fe(CO)2H complexes. The comparison of the PES of 

CpMn(CO)2HSiCla and CpFe(CO)2SiCla also gives a measure of the electron 

charge shift from the metal to the ligand in both complexes and shows 

the extent of oxidative addition in the Mn complex. 

Schubert et al. have compared CpMn(CO)2HSiR3 and CpFe(CO)2SiRa 

complexes structurally to determine whether activation is present in the 

Mn complexes. as The CpFe(COhSiRa complexes have "normal" metal-silicon 

bonds and structural comparison shows that MeCpMn(CO)2HSiC13 also has a 

"normal" Mn-Si bond. 34 The Mn-Si bond in MeCpMn(COhHSiC13 is only 0.02 

A longer than the Fe-Si bond and this small lengthening may be 

attributed to change in bonding radii on going from Fe to Mn. 

MeCpMn(CO)2HSiR3 complexes (where R is Ph), however, have long Mn-Si 

bonds which cannot be attributed only to change in bonding radii. These 

complexes, therefore, have Mn, Si, H 3-center-2-electron bonding. 

This chapter also compares the ionization features of several 

CpFe(CO)2L complexes (L is H, CH3, CN, SiMe3' SiCl3). This is done in 

order to compare the ligating characteristics of the silyl ligands to 

those of the other ligands in this system. The photoelectron spectra of 

the Fe-silyl complexes are reported here for the first time, so a 

comparative study to other Fe-ligand systems is necessary to obtain an 
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ligand in the CpFe(CO)2 system. 

Results 
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The He(I) valence photoelectron spectra of CpFe(CO)2SiC13 and 

CpFe(CO)2SiMe3 are shown in Figure 8.1. The region of overlapping 

ionizations from 13.5-15.5 eV consists of the CO 5a and lw ionizations, 

the Cp a2" (symmetric) w electrons and a electrons; individual 

assignments in this region will not be attempted for either compound. 

PES of CpFe(CO)2SiMe~ A close-up of the lower ionization ene~gy region 

is shown in Figure 8.2. The ionization at 9.7 eV is assigned to the Cp 

e1" ring ionizations by correlation with these same ionizations in 

CpFe(CO)2CH370 (9.9 eV). The ionizations at 7.9 eV and 8.4 eV are due to 

the predominantly d metal ionizations (d6
) by comparison with the metal 

ionizations (d6
) in CpFe(CO)2CH3 which occur at 7.8 and 8.0 eV.70 The 

ionization at 8.7 eV is attributed to the Fe-Si electrons by correlation 

with Co-Si ionizations appearing in the same energy vicinity.8o The 

remaining ionizations at 10.1 and 10.6 eV (see Table 8.1) are assigned 

to the Si-C a electrons. These same ionizations appear at 10.7 and 11.0 

eV in'Me3SiH.81 Therefore the Si-C u ionizations are ~0.5 eV less in 

Cp(CO)2FeSiMea than in the free ligand. The significance of this 

observation will be discussed later. 

PES of CpFe(CO)2SiCl~ The assignment of the ionizations in this 

complex are done by correlation with the same ionizations in 
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Figure 8.1 He(I) spectral comparison of (A) CpFe(CO)2SiC13 and 
(B) CpFe(CO)2SiMe3 
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loniza tion Energy' (eV) 

115 10.5 9.5 8.5 7.5 

Figure 8.2 He(I) close-up of Cp(CO)2FeSiMe3 
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Position Wh Wl Peak Area 

CpFe (CO hS iMea 7.89 0.59 0.45 1.0 
8.36 0.59 0.45 0.5 
8.68 0.56 0.49 0.65 
9.68 0.42 0.29 1.01 
10.07 0.70 0.41 1.53 
10.56 0.81 0.77 1.47 

CpFe(CO)2SiCla 8.75 0.59 0.49 1.0 
9.27 0.49 0.38 0.46 
9.68 0.38 0.39 0.64 
10.45 0.37 0.35 0.95 
10.85 0.35 0.38 0.68 
11.24 0.49 0.40 0.94 
11.95 0.39 0.29 1.0 

CpMn(CO)2HSiC1a 8.69 0.55 0.51 1.0 
9.32 0.55 0.51 0.59 
10.27 0.59 0.34 1. 33 
10.66 0.59 0.34 0.79 
10.95 0.33 0.41 0.55 
11.23 0.33 0.41 0.46 
11.59 0.33 0.41 0.52 
12.04 0.46 0.37 1.0 

HSiC1a 11.95 0.37 0.21 0.73 
12.39 0.32 0.33 0.72 
12.62 0.32 0.33 0.37 
13.07 0.28 0.18 1.0 

CsMesFe(CO)2H 7.41 0.47 0.32 1.0 
7.66 0.47 0.32 0.95 
8.21 0.52 0.35 0.93 
8.76 0.68 0.27 2.57 
9.11 0.68 0.27 0.76 
9.81 0.80 0.40 1.18 

Table 8.1 Valence Ionization Features of CpFe(CO)2SiMea. 
CpFe(CO)2SiCla. CpMn(CO)2HSiC13' HSiC13 and CsMesFe(CO)2H 



199 

CpMn(CO)2HSiCla and CpFe(CO)2SiMea' The ionizations at 10.9, 11.2 and 

11.9 eV are due primarily to the C1 lone pair electrons. The comparison 

of the valence ionization features of CpMn(CO)2HSiC1a and CpFe(CO)2SiCla 

is shown in Figure 8.3. The relative intensities and splitting of the 

C1 lone pair ionizations in CpFe(CO)2SiCla are slightly different from 

those in CpMn(CO)2HSiC1a. The ionizations due to the C1 lone pairs at 

11.2 and 11.6 eV in CpMn(CO)2HSiC1a become degenerate in CpFe(CO)2SiCla 

at 11.2 eV. The Cl lone pair ionizations in CpFe(CO)2SiC1a are 0.1 eV 

less than the ionizations in CpMn(CO)2HSiCla. The Cp e1 " ring 

ionizations in CpFe(CO)zSiCla are -0.1 eV greater than in 

CpMn(CO)2HSiCla' 

The ionization at 9.7 eV is assigned to the Fe-Si electrons. This 

ionization is shifted by 1 eV to higher binding energy from its position 

in CpFe(CO)2SiMea' The Fe-Si ionization is 0.4 eV greater than the Mn

Si ionization in CpMn(CO)2HSiC1a (9.3 eV). 

The two metal-based ionizations have a 1:2 intensity pattern in 

both CpFe(CO)2SiMe3 and CpFe(CO)2SiCl3' The metal ionizations in 

CpFe(CO)2SiCl3 are 0.9 eV greater than their position in CpFe(CO)2SiMe3' 

Comparison of the Cp el" ring ionizations and metal ionizations in 

CpFe(CO)2SiC13 and CpFe(CO)2SiMe3 indicate that Fe is more negatively 

charged in CpFe(CO)zSiMe3 than in CpFe(CO)2SiC13' 

Table 8.1 compares the valence ionization potentials of 

CpMn(CO)2HSiC13 and C5Me5Fe(CO)2H. The aim of this comparison is to 

locate the Mn-H ionization in CpMn(CO)2HSiC13' The metal ionizations 
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Figure 8.3 He(I) spectral comparison of (A) CpMn(CO)2HSiC13 and 
(B) Cp(CO)2FeSiC13 
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in CsMesFe(CO)2H are shifted 0.5 eV to lower ionization energy compared 

to the metal ionizations in CpMn(CO)2HSiC13' This gives an indication 

of the charge at the metal center in these compounds and the next 

section will show how the location of the Mn-H ionization is arrived at. 

The Fe-H ionization occurs at 9.8 eV. 

Discussion 

This section will primarily discuss the electronic structure of 

the CpFe(CO)2SiR3 complexes (R - Cl, Me) and show how the analogy with 

Mn complexes helps to locate the Mn-H ionization energy in 

CpMn(CO)2HSiC13' A comparison of the ionization features of 

CpMn(CO)2HSiC13 and Cp(CO)2FeSiC13 reveals the electron charge 

distribution in the two complexes, especially the amount of electron 

charge shift from the metal to the SiC13 fragment. A portion of this 

section will also be dedicated to exploring the ligating characteristics 

of the silyl ligand compared to other ligands in the CpFe(CO)2 system. 

Ionization Information and Electronic Structur.e Studies. The 

ionization features of CpFe(CO)2SiC13 and CpFe(CO)2SiMe3 are easy to 

analyze. In CpFe(CO)2SiC13' the Cl lone pair ionizations are on average 

0.1 eV less than in CpMn(CO)2HSiC13 and are 1.2 eV less than in HSiC13. 

This decrease in ionization potential indicates extensive electron 

charge shift from the metal to the ligand in CpFe(CO)2SiC13' signifying 

the presence of an SiC13- unit. The Cp e l " ring ionizations in 

CpFe(CO)2SiCI3 occur at 10.5 eV which indicates a more positive metal 
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center than in CpFe(COhSiMe3' where the Cp el" ring ionizations occur 

at 9.7 eV (a 0.8 eV shift). This shift is due to the electronegativity 

of the Cl atoms on the Si in CpFe(CO)2SiC13 which stabilizes the metal 

ionizations. 

The Fe-Si ionizations as well as the predominantly metal d 

ionizations in CpFe(CO)2SiMe3 are -1 eV destabilized from their position 

in CpFe(CO)2SiC13' This destabilization is an indication of the 

negative metal center in CpFe(CO)2SiMe3 due to the donation of electron 

density from the SiMe3 ligand. 

w-Acceptor Ability of Silane Ligands in CpFe(CO)2L Systems. In the 

CpFe(CO)2L systems (where L is SiMe3, SiCl3), there is controversy about 

the w-accepting ability of the silyl ligands. 44 The silyl ligands are 

postulated to be good w-acceptors because of the very short Fe-Si bond 

lengths that are observed. Although empty d orbitals on Si are often 

invoked to take part in dw-d~ bonding, in some cases, the acceptor 

orbital on Si is best described as a (/' orbital. 61,62 One theoretical 

study based on extended Huckel MO calculations for (CO)4CoSiCl3 supports 

the presence of small but significant Co-Si w-bonding involving Si d 

orbitals. 63 A study of CpFe(CO)2L (L is alkyl and silyl) compounds by 

Mossbauer and infrared spectroscopy revealed greater s-electron density 

at the iron nucleus for the silyl derivatives, suggesting that silyl 

groups are very good o_donors. 84-87 Photoelectron spectral data can 

provide information on the metal-silicon bonding and the w-acceptor 

ability of the silyl ligands. 74 This is done by comparing the 
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ionization features of the silyl compounds to other CpFe(CO)2L complexes 

(L is H, CHa , CN). 

In the CpFe(CO)2L systems, the coordinate system can be described 

as the z-axis pointing toward the ligand L while the carbonyls are in 

the x-y plane. Therefore, the ~2-Y2 orbital of the Fe backbonds into 

the carbonyls while the ~z and ~ metal orbitals interact with the L 

ligand. Therefore the difference in the ionization energy between the 

~2-Y2 metal ionizations and/or ~z and dyz metal ionizations gives a 

measure of the ~-accepting ability of the L ligand. Figure 8.4 shows 

the relative stabilities of the metal ionizations in a series of 

CpFe(CO)2L complexes. CpFe(CO)2CH3 has the maximum separation in energy 

between the metal levels (0.7 eV) which indicates that the methyl group 

is the worse ~-acceptor. The ~2-Y2 orbital in this complex is 

stabilized more since the carbonyls have to accept more electron density 

as the methyl group is a poor ~-acceptor. The photoelectron spectrum of 

CpFe(CO)2CN shows the strong stabilizing effect of the eN ligand. 

Although the cyanide metal d ionizations are observed to be 

substantially stabilized relative to the methyl compound, there is 

little difference between the relative energies of the metal 

ionizations. The difference in energy between the ~2-y2 ionization and 

one of the ~z/dyz ionizations is 0.5 eV. Therefore it appears that the 

stabilizing ability of the cyanide ligand in this complex comes mostly 

from its overall electronegativity and not from its ability to stabilize 

metal density by ~ back-donation. A cyanide ligand is a very weak ~-



e 

7.0 

dXz 
dyz 

9.5 

~. 
;." \ 

" .-,1 ,',' , \ ------- ,/ \ \ -------' \\ 
\ \ 

' ''-'1 \\ 
/ \ .\ -', ,/ \ \1 

...... " / \ II 
~ I 1\ dxz 

\ \'---- dvyz 
I

I 

\ 
\ ..... ___ ------d'I?-'; 

l" SIMe3 H eN SiCI:s 

Figure 8.4 Stepwise correlation of the metal ionizations in 
Cp(CO)2FeL systems where L is H. CH3• SiMe3' eN and 
SiC13 

204 



205 

acceptor but a stronger ~-acceptor than a methyl group. 

A similar trend is found in the case of the silyl derivatives. 

The metal ionizations in CpFe(CO)2SiCI3 are stabilized 0.9 eV compared 

to the same ionizations in CpFe(CO)2SiMe3' But the difference between 

the relative energies of the metal ionizations is still 0.5 eV. The 

metal ionizations in CpFe(CO)2SiC13 are stabilized due to the 

electronegativity of the SiC13 ligand. Since the split between the 

metal levels is the same in the silyl complexes as in CpFe(CO)2CN, silyl 

ligands from PES data are not good ~-acceptors, their ~-accepting 

ability being similar to cyanide ligands. The SiMe3 ligand is probably 

a better 0 donor than CH3 since the metal is more negatively charged in 

CpFe(CO)2SiMea than in CpFe(CO)2CH3' IR and Mossbauer studies also prove 

this to be the case. Hydride is a poorer ~-acceptor compared to silyl 

and the cyanide ligands since the split in energy between the metal 

levels is 0.68 eV. The ~-acceptor ability of the hydride ligand in this 

system is nearly the same as for the methyl ligand. 

Location of the Hn-H ionization in CpHn(CO)zHSiC13 • Figure 8.3 shows 

comparison of the spectra of CpMn(CO)2HSiCla and Cp(CO)2FeSiCI3. The 

Fe-Si ionization is 0.4 eV stabilized from the Mn-Si ionization and the 

Cp el" ring ionizations in CpFe(CO)2SiC13 are 0.2 eV greater than their 

position in the Mn complex. By the spectral comparison of 

CpFe(CO)2SiC13 and CpMn(CO)2HSiC13' it was still not possible to exactly 

locate the Mn-H ionization but a few possibilities can be eliminated 

from this comparison. The Cl lone pair ionizations in CpMn(CO)2HSiCla 
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occur from 11-12 eV while the same ionizations in CpFe(CO)2SiC13 occur 

from 10.9-11.9 eV. This proves that the electron charge shift from the 

metal to the ligand in the complexes compared are very similar and since 

the Fe complex has a direct Fe-Si bond, this indirectly points to the 

presence of a direct Mn-Si bond. In other words, the Mn complex is a 

full oxidative addition product. The Si-C u ionizations in 

CpFe(CO)2SiMe3 are ~0.5 eV less than in free HSiMe3 signifying the 

presence of a SiMe3- unit. In contrast, the Si-C u ionizations in 

MeCpMn(CO)2HSiPh3 and MeCpMn(CO)2HSiHPh2 remain nearly unshifted from 

their position in free HSiPh3 and HSiHPh2. This is because there is Mn, 

Si, H 3-center-2-e1ectron bonding in these complexes and the electron 

charge shift from the metal to the ligand is less in these complexes 

than in CpFe(CO)2SiMe3' Table 8.1 gives the integrated peak areas of 

the C1 lone pair ionizations in CpFe(CO)2SiC13, CpMn(CO)2HSiC13 and 

HSiC13 • In HSiC13, the a2 combination of the C1 lone pairs occur at 

11.95 eV, the e combination occurs at 12.39 eV, the al combination 

occurs at 12.62 eV and the second e combination occurs at 13.07 eV. In 

CpMn(CO)2HSiC13' these same ionizations are 1 eV less than in HSiC13. 

The ionization at 11.59 eV in the Mn complex is absent in the Fe complex 

but when the integrated peak areas are carefully examined, it is 

apparent that the ionization due to the a 1 combination has become 

degenerate with the first e combination at 11.24 eV in CpFe(CO)2SiC13' 

The Fe complex is of different symmetry than the Mn complex so the 

ionizations probably appear degenerate and in the low symmetry Mn 
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complex, the ionizations are seen separately. The Mn-H ionization does 

not seem to be present in the Cl lone pair ionization region since the 

integrated peak areas do not show it. The ratio of the peak areas of 

the ionizations at 12.04 eV to the combined peak areas of the 

ionizations at 11.59 and 11.23 eV is 1:0.98 in the Mn complex. In the 

Fe complex, this same ratio of the ionizations at 11.95 and 11.24 eV is 

1:0.9. The peak areas of the Cp ionizations of the two complexes do not 

match, the Mn complex having a larger integrated peak area than the Fe 

complex. The Cp band in the Mn complex is 40% more intense than the 

band in the Fe complex. Although the photoionization cross-sections of 

Mn and Fe are different,62 the increase in intensity cannot be 

attributed only to this fact. Therefore the Mn-H ionizations in 

CpMn(COhHSiCla may very well be buried under the Cp e1" ring 

ionizations resulting in the more intense peaks. 

Another spectral comparison was performed in order to locate the 

Mn-H ionization. The spectrum of CpMn(CO)2HSiCla was compared to that 

of CsMesFe(CO)2H. The Cp derivative of the Fe complex is unstable and 

could not be isolated. The ionization due to the ~2-Y2 metal electrons 

in CsMes(CO)2FeH occur at 8.2 eV. 88 Since methylation shifts the metal 

ioniz~tions 0.5 eV,48 CpFe(CO)2H has the same ionization at 8.7 eV. The 

metal ~2-Y2 ionizations in CpMn(CO)2HSiCla occur also at 8.7 eV. 

Therefore the charges at the metal center in CpMn(CO)2HSiC13 and 

CpFe(CO)2H are similar. Therefore the Fe-H and Mn-H ionizations should 

be in the same energy vicinity in these complexes. The Fe-H ionization 
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in CsMesFe(CO)zH occurs at 9.8 eV. It is imperative to know by how much 

the M-H bond shifts on methylation. As an analogy, the M-P ionizations 

in CsMesMn(CO)zPMe3 are shifted 0.4 eV to higher binding energy in 

CpMn(CO)zPMe3.47 Therefore the Fe-H ionization in CpFe(CO)zH would 

probably occur at -10.2 eV. Therefore the Mn-H ionization c.an be said 

to occur in this energy vicinity which places this ionization right 

under the Cp e 1" ring ionizations in CpMn(C0}zHSiC13. 

The ionization features of the Mn and Fe complexes can be related 

if the concept of the "hydride shift" is invoked. The dB, Fe(II) center 

can be thought of as a hydride (2 electrons, 1 proton) added to a 

Mn(III) center (see below). The photoelectron spectra of CpFe(CO)2SiC13 

and CpMn(CO)2HSiC13 can therefore be compared. An ionization 
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Figure 8.5 Ionization correlation of Fe(II) and Mn(III) complexes 
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correlation diagram in Figure 8.5 shows how the ionization features of 

the Mn and Fe complexes compare. The predominantly metal ionizations in 

the Fe complex are stabilized relative to the Mn complex because of the 

increased nuclear charge at the metal center. The ionizations of the Fe 

complex are shifted relative to those of the Mn complex in Figure 8.5 

for purposes of comparison (the ~-Y2 ionization in both complexes is 

kept at the same energy). The electrons associated with the transfer of 

2e- and a proton give rise to a band at the low ionization energy of 

8.75 eV. In CpMn(CO)2HSiC13, these electrons were in the Mn-H bond and 

ionized in the region of ~10.2 eV. 

Conclusions 

The study of CpFe(CO)2SiR3 (R is C1, Me) complexes by 

photoelectron spectroscopy has helped to answer a lot of questions. 

Firstly, the Mn-H ionization in CpMn(CO)2HSiCl3 was obtained by 

comparison of the ionization features of this compound with those of 

CpFe(CO)2SiC13 and CsMesFe(CO)2H. The w-acceptor ability of the silyl 

ligands in this system (which is the subject of controversy) has been 

proposed to be weak from PES studies. An explanation, however, has not 

been offered for the short Fe-Si bond length in these systems and more 

work is needed in this area. 
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CHAPTER 9 

GENERAL SUMMARY AND FUTURE DIRECTIONS 

General Summary 

The general theme of this dissertation is to study the electronic 

structure factors of Si-H and Ge-H bond activation by transition metals. 

The predominant electronic structure interactions of these bonds (0 or 

0*) are described for each of the "activated" complexes. The class of 

complexes chosen has the molecular formula R'CpMn(CO) (L)HER3 where R' is 

H or CH3, L is CO or PMe3' E is Si or Ge and R is Ph or Cl. These 

complexes are "frozen intermediates" in the oxidative addition of the E-

H bond to the metal center. On varying the substituents, these 

complexes display stages of oxidative addition from I through IV as 

shown below: 

~$IR tiR3 ~iR3 
Mr( : 3 --+ Mn : ----.. Mn 

---+ c/ I ',.~ C/ I 'Ii C/ I 'H 
OC 00C. OC 

o ° n m N 

There has been controversy about the stage of activation in these 
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complexes from other studies (structural, 29Si NMR, kinetic, etc.). In 

MeCpMn(CO)2HSiCla, kinetic studies have been interpreted to indicate 

structure IV while structural studies have been interpreted to indicate 

structure II. Photoelectron spectroscopic techniques have been very 

useful in showing the electron distribution in these complexes and 

resolving some of the early controversies. 

Variation of the substituents R, R', Land E affects the extent of 

interaction of the E-H bond with the metal center as measured by 

photoelectron spectroscopy. In Chapters 3 and 4, the extent of E-H bond 

interaction with the metal is measured with changing substituents on Si. 

Electronegative substituents like CIon the Si atom result in the 

formation of a full oxidative addition product represented by structure 

IV. Thus CpMn(CO)2HSiCla is best represented as Mn(III), d4 center as 

proved by He(I)/He(II) intensity studies. On the other hand, if Ph 

substituents are present on the Si atom, an incomplete oxidative 

addition product 1s obtained. MeCpMn(COhHSiPha and MeCpMn(COhHSiHPh2 

have structure II and can be formally said to be Mn(I), d6 systems. 

Though u interaction of the Si-H bond with the metal center is the 

predominant electronic structure mechanism of interaction, a small 

amount of u* interaction is also present in the Ph-substituted 

compounds. 

In the photoelectron spectrometer, the Ph-substituted complexes 

are quite unstable compared to CpMn(CO)2HSiC13 and decompose after a 

short while. This is not very surprising since they are oxidative 
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addition intermediates whereas CpMn(CO)2HSiC13 is a full oxidative 

addition product. MeCpMn(CO)2HSiPh3 sublimes at 85°C but if the 

temperature exceeds B7°C, decomposition occurs as evidenced by the 

spectrum of the free ligand. The stability of the compounds in the 

photoelectron spectrometer gives an indication of the extent of 

oxidative addition present in these complexes. CpMn(CO)2HSiC13 and 

MeCpMn(CO)(PMe3)HSiC13 are the most stable in the instrument over a wide 

range of temperature and these are complete oxidative addition products. 

Chapter 5 deals with Cp ring methylation effects on E-H bond 

interaction with the metal center. Methyl groups on the Cp ring are 

responsible for pushing electron density toward the metal center and a 

more complete oxidative addition product was expected for 

CsMesMn(COhHSiHPh2. It was found th<lt although going from 

CpMn(CO)2HSiHPh2 to MeCpMn(CO)2HSiHPh2' u· interaction of the E-H bond 

with the metal increases, the pentamethy1 compound shows less u· 

interaction and more u interaction. This was also apparent when 

subliming the compounds in the photoelectron spectrometer. 

CsMesMn(CO)2HSiHPh2 decomposes more readily in the instrument than either 

CpMn(CO)2HSiHPh2 or MeCpMn(CO)2HSiHPh2. In other words, 

CsMesMn(COhHSiHPh2 probably has a structure "intermediate between I and 

II. The increase in u interaction in this compound has been attributed 

to steric factors. The bulky CsMes ligand obstructs the addition of the 

silane to the metal center. 
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Chapter 6 deals with substituting a phosphine for a carbonyl and 

observing how Si-H bond activation is affected. Two compounds, 

MeCpMn(CO)(PMe3)HSiCl3 and MeCpMn(CO) (PMe3)HSiHPh2, were studied by 

photoelectron spectroscopy. It was found that the bond activation 

process is more affected by the Si substituents than by substitutions at 

the metal center (i.e. CO/PMe3 substitution). PMe3 has very poor ~

acceptor ability so it was thought that the silane ~-acceptance would 

increase resulting in more complete oxidative addition. 

MeCpMn(CO)(PMe3)HSiCI3 is still a full oxidative addition product while 

MeCpMn(CO)(PMe3)HSiHPh2 is still best represented as a Mn(I) , d6 

complex. The substituents on the Si again tune the extent of bond 

activation. The effect of the phosphine, though, increases o· 

interaction in MeCpMn(CO) (PMe3)HSiHPh2 so that it resembles a structure 

intermediate between II and III. This compound is fairly stable when 

subliming in the instrument compared to the other "activated" complexes. 

The Ge-H bond interaction with the transition metal is described 

in Chapter 7. It was found that Ge-H 0 interaction with the transition 

metal. is of the same magnitude as Si-H 0 interaction with the transition 

metal. In the photoelectron spectrum of CsMesMn(CO)2HGePh3' the Mn, H, 

Ge 3-center-2-electron ionization has been located. CsMesMn(CO)2HGePh3 

is less stable in the instrument than its Cp and MeCp derivatives and, 

like the silyl complexes, the reason for this is more 0 interaction and 

less o· interaction due to steric effects in the pentamethyl complex. 
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Compounds represented fully by either structure I or structure III 

have not been found but some ideas regarding how this might be done are 

presented in the next section. 

FUTURE DIRECTIONS 

The study of Si-H and Ge-H bond activation by transition metals is 

a relatively new area and many portions of it remain unexplored. More 

research that can be done in this area is outlined below. 

Study of Mixed Si-substituted Complexes. In an effort to find a complex 

of structure III, some potential compounds are suggested for 

photoelectron spectral studies. CpMn(CO)2HSiC13 and MeCpMn(CO)2HSiPh3 

were studied by PES and the former compound was found to have structure 

IV while the latter compound has structure II. It is proposed to study 

CpMn(CO)2HSiC12Ph and CpMn(CO)2HSiPh2Cl by photoelectron spectroscopy 

since the ground state of these complexes are likely to have structure 

III. Structure III is a compound where u· interaction of the Si-H bond 

with the metal predominates over u interaction. Related data in this 

area have already been obtained with a preliminary photoelectron 

spectrum of MeCpMn(CO)2HSiFPh2' The full He(I) spectrum of 

MeCpMn(CO)2HSiFPh2 is shown in Figure 9.1. The ionization features of 

this complex are very similar to those of other Ph-substituted 

complexes. A comparison of the ionization features of 

MeCpMn(CO)2HSiHPh2 and MeCpMn(CO)2HSiFPh2 is shown in Figure 9.2. The 
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Figure 9.1 He(I) valence photoelectron spectrum of 
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Figure 9.2 He(!) 7-11 eV spectral region of (A) MeCpMn(CO)2HSiFPh2 
and (B) MeCpMn(CO)2HSiHPh2 
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leading edge of the metal ionization band is slightly more stabilized 

and the phenyl ~ ionization is slightly destabilized in 

MeCpMn(CO)zHSiFPhz compared to MeCpMn(CO)zHSiHPhz . This indicates more 

q* interaction of the Si-H bond with the metal in MeCpMn(CO)zHSiFPhz 

because of the e1ectronegat~ve F substituent on the Si. But 

MeCpMn(CO)zHSiFPhz still is a Mn(I), d6 system of structure II. It is 

to be hoped that the study of MeCpMn(CO)zHSiC1zPh will give a compound 

of structure III, there being two electronegative substituents on the 

Si. More analysis is required on MeCpMn(CO)zHSiFPhz . ~-Donation from F 

to the metal might be a factor which contributes to the degree of three

center bonding. 

PES Study of Rhenium Compounds. The X-ray crystal structure data on 

CpRe(CO)zHSiPh3 reveal a Si-H bond length of 2.2 A which points to a 

hydrido-si1y1 complex with direct Re-Si and Re-H bonds. It would be 

interesting to compare the ionization features of CpRe(CO)zHSiC13 and 

CpRe(CO)zHSiPh3 with their Mn analogs. The Re complexes also in some 

cases show trans geometry of the si1y1 and hydride ligands which further 

rules out Re, Si, H 3-center-2-e1ectron bonding. 78 The electron charge 

shift from the metal to the ligand should be more for the Re complexes 

and this would show up well in the photoelectron spectrum as 

destabilized ligand ionizations. The metal ionizations in 

CpRe(CO)zHSiPh3 should represent a d4 system contrary to the d6 system in 

CpMn(CO)zHSiPh3 and this would also show up well in the PES metal 

ionizations. Also, the ionization features of CpMn(CO)zHSiC13 and 
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CpRe(CO)2HSiC13 should be very similar since both Re and Mn have an 

oxidation state of +3 in these complexes. 

PES of (CO)~~eHSiR3 Complexes (where R is Cl. Ph). . The Fe complexes 

represent compounds where there is no Si-H interaction. The position of 

the Fe-H ionization will help locate Mn-H and Re-H ionizations in 

CpM(CO)2HSiC13 complexes (M is Mn, Re). The study of the Fe complexes 

is also an opportunity to study systems where there is no Si-H 

interaction. Also, the additional perturbation is the change of the 

metal from Mn to Fe. 

This compound is said to exhibit Cr, Si, H 

3-center-2-electron bonding from X-ray studies. B9 It would be 

interesting to compare the ionization features of CsMesCr(CO)2HSiHPh2 and 

C5Me5Mn(CO)2HSiHPh2 and obtain the effect of change of the metal on Si-H 

bond interaction with the metal. 

Dinuclear Compounds Exhibiting M. H. Si Interactions. 

[CP2TiSiH2Phh and Cp~Ti2HSiH2Ph (structures are shown below) from X-ray 

studies exhibit Ti,H, Si 3-center-2-electron bonding. eo If the 

. H. 

Cp:t -r~ · .~ CP:l. 
"-r· .. :)l.' • 

/ \'.H H Ph 
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compounds do sublime in the instrument, this is an opportunity to study 

Si-H bond interaction with an early transition metal. The electronic 

structure factors of bond activation here may be quite different from 

those observed for the Mn-silane complexes. 

Iron Complexes Containing Fe. H. Sf Three-center Bonds. A class of 

complexes having the formula CpFe(CO)H(SiR3 )2 (where R is CI, F2Me and 

Me2Ph) has been studied by X-ray techniques. 91-93 In 

CpFe(CO) (H) (SiF2Me)2, the hydrogen has been located. The overall 

geometry of the three complexes is basically the four-legged piano-stool 

type, the hydride being trans to CO and cis to both SiR3 ligands. The 

Si-H distance is 2.06 A which indicates that if there is a Si-H 

interaction, it must be a very weak interaction. Evidence for 3-center-

2-electron bonding in these complexes is controversial and photoelectron 

spectroscopy on these compounds should be able to shed light on the 

extent of Si-H bond interaction. 

Electronic Structure Study Of Model Catalysts Involved In Hydrosilation 

The compounds studied in this dissertation have enormous 

applications in industrial processes like hydrosilation. As mentioned 

before, the mechanism of hydrosilation is not well understood. 

CpMn(CO)2HSiR3 complexes can be used as model catalysts to probe the 

mechanism of hydrosilation. There is mounting evidence that insertion 

of alkenes into the metal-silicon bond is a key step in 

hydrosilation. 24 ,25 Discovery and study of observable alkene insertions 
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into metal-silicon bonds (or migration of silyl groups to coordianted 

alkenes) are therefore of interest. Additionally, such reactions could 

be useful synthetic me~hods for introducing silyl groups into organic 

molecules. The insertion of an alkene into the metal-silicon bond can 

be tested and the electronic structure studies on any intermediates 

produced can be performed. CpMn(CO)zHSiC13 is prepared by irradiating 

CpMn(CO)3 and the silane. CpMn(CO)zCzH4 can be prepared94 by irradiating 

CpMn(CO)3 and ethylene. It will be interesting to see what happens when 

CpMn(CO)ZHSiC13 is irradiated in the presence of ethylene. (Does the 

ethylene insert into the metal-silicon bond?) On the other hand, 

CpMn(CO)zCzH4 can be irradiated in the presence of silane and the 

_ products analyzed. Stoichiometric reactions of silyl complexes with 

ethylene are reported to give vinylsi1anes in addition to the normal 

products as shown below: 

60-70°C 
----------> C *Rh~ py 

50 atm 
CZH4 

Irradiation of a solution of Cp*RhHz(SiEt3)z in the presence of ethylene 

produced Cp*Rh(CZH4 ) (SiEt3 )H which was characterized in solution. 95 

Similarly, photolysis of CpRh(CZH4)z in the presence of HSiR3 (R - Me, 

Et) produced CpRh(CZH4) (SiR3 )H which was also characterized in 

solution. 96 

Conclusions 

The studies included in this dissertation have explored in detail Si-H 

and Ge-H bond interaction with transition metals and opened up new areas 
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of exploration in metal-silane chemistry. It is not always easy to 

determine the hydrogen position by X-ray studies, and the results of 

other physical and chemical studies have been ambiguous. This 

dissertation shows how photoelectron spectroscopy can very well detect 

"activation" products. 
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